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ABSTRACT

In Arabidopsis thaliana (L.) Heynh the sizg of the pool of free proline increases up to 27-
fold in response to osmofic stress. The magmtude of this accumulation is dependent upon
the rate of imposition of the stress. Numerous reports have suggested a role for proline
accumulation as a gencral adaptation to environmental stress. However, controversy
surrounds the beneficial effect of proline asccumulation in plants under adverse

environmental conditions.

Stress-induced proline accumulation in plants occurs mainly by de nove synthesis from
glutamate, The final and only commitied step of proline biosynthesis in plants is catalysed
by A'-pyrroline-S-carboxylate reductase (PSCR). The sequence of an incomplete 999 bp
cDNA encoding PSCR from A. thaliana was determined. This enabled a preliminary
molecular study of the structure and function of both the gene and the corresponding

ENFYME.

The 999 bp cDNA insert in the clone YAP0O5ST was sequenced on the sense and antisense
strands following subcloning of four sub-fragments in appropriate onentations. Comparison
with known plant PSCR sequences revealed that YAPO57 does not encode the first 23 N-
terminal amino acids of PSCR from 4rabidopsis. However, it does encode the remaining
253 amino acid residucs of Arabidopsis P3CR. The cDNA YAPOST Is complee on the 3'
end as indicated by the presence of a poly(A) tail. The nucleotide sequence determined
shows complete homology 1o the comesponding exons of the genomic copy of a bona fide
gene encoding PSCR. in A. thaliana (Verbruggen er al, 1993). The only difference observed
between the sequence of Y APOS7 and that of a cDNA sequenced by these workers is that
polyadenylation was initiated seven nucleotides earfier in YAP057 than in the sequence of

the published cDNA,

Genomic Southern analysis suggests the presence of only a single copy of the genc
encoding PSCR in Arabidopsis. Restriction mapping and sequencing the ends of another
incomplete Arabidepsis PSCR cDNA clone FAFI2S (664 bp) indicated that the regions
sequenced were completely homologous to the corresponding portions of Y APOS7.



Analysis of codon usage in the Arabidopsis gene encoding PSCR revealed it to closely
resemble the consensus patiern of codon usage in 4. thaliana. This suggests that the gene
is moderately expressed. Expression of the gene encoding PSCR in Arabidopsis is not likely
lo be subject to translational control,

Although PSCR from A. thaliana has a faidy high composition of hydrophobic amino acid
residues, it does not possess any stretches of hydrophobic amino acids of sufficient length
o acl as membrane-spanning domamns or to anchor the enzyme in 2 membrane, Nather docs
it contain an N-ferminal leader sequence capable of directing it to cither the plastid or
mutochondnon. The enzyme therefore appears 1o be cytosolic.

The nucleic acid and deduced amino acid sequences of Arabidopsis PSCR were compared
with those from eleven other organisms for which PSCR sequences are currently available
Except among, the three differcnt plants examined, PSCR sequences displayed less identity
at the amino acid level than at the mucleotide level.

The deduced amino acid sequence of Arabidopsis PSCR exhibits high similarity to the
corresponding genes and amino acid sequences of PSCR from soybean and pea. Lower but
significant gimilarity was observed to the amino acid sequences of PSCRs from human,
Saccharomyces cerevisiae and the bacteria Escherichia coli, Pseudomonas aeruginosa,
Thermus thermophilus, Mycobacterium leprae, Treponema pallidum and Methanobrevibacter
amithii Similarity was also observed to the ranslational product of a gene from Hacillus
subtilis with high homology to the E colf proC genc. However, comstruction of a
phenogram indicating the relatedness of the various PSCR enzymes suggeats that sequence
analysis of this enzyme is not 2 good indicator of cvolutionary relatedness of organisms
from different biological kingdoms.

Multiple alignment of the twelve known PSCR sequences indicated homology between the
sequences across their entire lengths. Homology was particularty high in the C-terminal
wﬁmufﬁnF%:ﬁdnhmﬂmwﬁsmﬁmmdeM
binding of the substrate A'-pyrroline-5-carboxylate (PSC), Another region displaying high
sequence conservation was found in the central portion of all PSCRs. All PSCRs studicd,
ﬁﬁhﬂﬂﬂﬂ?ﬂﬁmtﬂﬁﬁuuﬂﬁmﬂﬂ“ﬂnﬂhﬂmﬂ:ﬂ
binding a micotnamide dinucicotide cofactor. Comparison of this region with conscnsus
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sequences for NADH and NADPH binding sites in prolcins suggests that NADPH is the
preferred reductant used by PSCRs from plants and human In contrast, the N-terminal
domains of PSCRs from S cerevisiae, M. smithii, T. thermophilus and M. laprae display
greater similanty (o 2 consensus NADH-binding site. The definite preference of plant PSCRs
for NADPH in comparison with NADH suggests that PSCR may be involved in regulating
the redox potential within plant cells and that this step in proline biosynthesis from
glutamate may be of imponance in overall metabolic regulation.

Three amino acid residocs arc universally conserved in all PSCRs smdied. All are found
within blocks of high sequence similarity. These residoes are likely 1o be of importance in
the structure or catalytic mechanism of PSCIL A number of other residucs are common to
scveral of the enzymes examined These may also be of importance in subsequent
manipulation of Arabidopsis PSCR at the molecular level

Prediction of the pulative secondary structures of 4. thaliana, sovbean, pea, human and £
coli indicated a high degree of similarity between the enzymes. This was particularly evident
in the region of the putative PSC-binding domain Considerable similarity cxists in
hydropbobicity profiles of PSCRs from these five organisms.

FProline levels in reproductive organs of unstressed Arabidopsis plants were considerably
higher than those in vegetative tissues. This suggests differential expression of enzymes
invalved in proline metabolism in these ongans. fn i hybridisation studies indicated an
increase in Jevels of mRNA transcripts encoding PSCR in stem tissues in response to water
deprivation stress. Regulation of levels of mRNA transcript encoding PSCR in Arabidopsis
therefore appears 1o be an osmotically scnsitive process, Furthermore, this accumulation of
transcnpt occurred in a tissue-specific manner. In particular, an increase in lovels of
transcript encoding PSCR was observed in the cortical parenchyma, phloem, vascular
cambium and pith parenchyma in the vicinity of the protoxylem.

Th:timﬁﬂmnfﬂﬂﬁﬁudhgainmnnim&ngmlhmﬂmdmtmﬁngnfﬂ:mlunf
proline in adaptation 10 environmental stress is discussed.
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1. INTRODUCTION

The ability of a plant to grow depends not only on its photosynthetic capacity, but also on
its sbility to maintain dry matter accumulation in the presence of a variety of stresses. The
scssile habit of plants requircs that they must be able to adapt to environmental stress.
Despite their developmental plasticity, the ways in which plants respond w0 their
environmen! are constrained by their genctic makeup.

Furthermore, most plants do not achicve their full genctic potential for productivity because
of environmental stress. For most crops growing under field conditions, average agricultural
yields are only 12-30% of maximum yiclds. This suggests that cument agricultural
productivity, even in first world countries, is probably only 25% of its maximum potential
(Boyer, 1982). Of the wide spectrum of abiotic stresses encountered by most plants in the
ficld, hyperosmotic stresses caused by drought and salinity are the major constraints to crop
yicld (Boyer, 1982).

The reduction in plant growth accompanying environmental stress is usually beyond the
control of agriculluralists. Accordingly, stress physiology is currently one of the most active
aress of rescarch in contemporary plant physiology. Better understanding of how planis
respond to unfavourable physiochemical environments and how such stresses limit growth
is likely to provide a rational basis for the development of stress tolerant varictics.
Appreciation of the physiological mochanisms that cnable plant survival in suboptimal
environments 18 of particular inierest in developing counines, where these are ofien the only
habitats into which agriculiure can expand. In the light of increasing population pressures,
accelerated rates of desertification and salinisation and the widely-anticipated cffects of
global climate change, such research is likely to assume cven greater importance in the
future.

The success of traditional breeding practices in enhancing stress-tolerance is limited (Horsch,
1993). Since genetic recombination does not usually occur at sites that are close together,
traditional approaches normally result in the transfer of large blocks of genes from the donor
plant to the recipient. Of these, only one or a few may be desired. The remainder may be
tolerated usually without observable effect, although examples of unwanted linkages are well



known (Horsch, 1993). Alteration of precise physiological attributes of plants is difficult,
if not impossible, using such approaches. Furthermore, the pool of genes available for
transfer to crops is usually limited to those found in other vanetes of the same crop or
closely related wild species (Horsch, 1993).

The advent of genctic transformation of plants in the past decade has introduced the
possibility of direcfly influencing particular metsbolic responses 1o stress by a precise
transfer of single genes, theoretically from any organism, into plants. One such response is
the accumulation of the imino acid proline. Free proline has been reported to accumulate
in a range of plants in response to stresses including water deprivation, salinity stress,
temperature stress, heavy metal stress, anacrobiosis and pathogen infection. In some species,
proling accunmlated in response to osmolic stress may account for up to 10% of the dry
weight (Stewart and Lee, 1974). In maize roots grown at low water potentials, proline
accumulation accounts for approximately 45% of the total osmotic adjustment (Voetberg and
Sharp, 1991). While several amino acids are known to accumulate in response to csmoftic
stress, proline has a specific protective role in the adaptation of plant cells 0 waler
deprivation (Handa er al, 1986).

Since the discovery of this phenomenon over forty years ago (Kemble and MacPherson,
1954), a large body of literature has accumulated conceming the physiology of proline
accumulation. Howeover, confroversy confinues as to whether the response has any real
adaptive value or is in part simply an incidental consequence of stress-induced changes in
metabolism.

The objective of this study was the characlerisation of the gene from Arabidopsis thaliana
(L.) Heynh. that encodes the last enzvme in the proline biosynithetic pathways From
glutamate and ormithine, where A'-pymroline-S-carboxylate serves as an intermediate. Not
only should better understanding of proline acoumulation at the molecular level complement
the larpe body of physiological information that has accumulated concerning the process,
but it may also pave the way for the development of transgenic crops exhibiting enhanced

b

environmental tolerance. The choice of Arabidopsis thaliana as the plant of study was based -

on the use of this species a5 a model system in plant molecular biology,



2. Literature Review

2.1 Pmoline accumulation as a response to environmental

Stress

2.1.1 A definition of stress

The physical environment of all living organisms is in a constant state of flux. In order to
survive environmental fluctuations, organisms have evolved adaptations to the environments
envirommental conditions, sclection for the development of tolerance to the provalent
environmenial conditions has been strong throughout their evolution. The absence of
mobility among higher plants has resulted in their acquiring unique sets of responses to
environmental insult.

Environmental variables that may impact on plant growth and distribution include
temperature, nutrient deficiency, flood-induced anacrobiosis, high imradiance, metal toxicity
and availability of water. In addition to these abiotic factors, biotic variables such as
herbivory by insects, grazing by animals and infection by microbial or fimgal pathogens
may also limit plant growth and reproductive capacity.

Abiotic factors in the environment such as light, water, temperature and mineral nutrients
may occur at cither minimum and maximum threshold levels beyond which a plant cannot
for damage (Levitt, 1980). Any deviation from the optimal level of the factor concerned
‘may constituie a stress on the plant (Levini, 1980). A precise definition of plant stress is
difficult. In engincering torms, stress is “a force or a system of forces producing deformation
or strain®. By analogy, in a biclogical system stress may thus be defined as the result of any
external force causing an intermal strain (Levitt, 1980). Osmond ef al (1987) defined stress--
as "any factor that decreases plant growth and reproduction below the genotype's potential®.
Within the acceptable limits of the factor concerned, there are degrees of stress. The more
removed the factor is from the level optimal for growth, the more stressful the environment.



Since the environmental conditions to which both native and agricultural plant communities
are exposed are scldom optimal, plants can be said to be experiencing some stress al all
times. Mos! natural environments are continuously sub- or supra-optimal with respect to at
least one of the environmental parametens (Lewvitt, 1980), Furthermore, even the most
moderate covironments experience scasonal fluctuations in light, moisture, temperature,
nutrients or exposure 0 pathogens, often to levels not optimal for plant growth (Chapin,
1991a). Offen, these stresses do not occur in isolation, but are coupled (Wover, 1989). For
cxample, high temperature and reduced water supply ofien occur al the same time. Stomatal
closure resulting from deficit prevents ranspirational cooling and exacerbates hear stress.
Restricted water availability decreases ion mobility and may thus reduce the rate at which
nutrients become available in solls (Chapin, 1991b). Water deficit also reduces the flux of
nutrients (o the rool surface, the rale of nutrien! uplake by plant roots, and the requirement
of plants for nuirients (Chapin, 1991b), Soil salinity may also interfere with nutrient uptake.
Often these indirect effects on plant putrition are as important as the direct effects of water
stress. Also, most environmental stresses increase susceptibility to infection by pathogens.
Thercfore, plants continuously need o adapt 1o new combinations of stresses they may
encounter.

The acclimation of plants 1o environmental stresses must ultimately occur at the level of the
genome. It may imvolve both short-term responses that confer immediate benefit as well as
long-term physiological and/or morphological modifications that ensure sunvival in the event
of the stress persisting or even increasing in severity, These changes help 1o minimise stress
in the plant and to maximise the use of internal and external resources.

The advances in molecular technologies during the past decade have enabled preliminary
dissection of genomic responses to stress and the mechanisms whereby these are regulated.
To date, a number of plant genes have been identified, the expression of which increases
rapidly in respomse fto water deficil, temperature shifis, pathogenicity, anacrobiosis,
hyperoxia and exposure 10 heavy motals (Sachs and Ho, 1986). Although much remains o
be understood conceming the response of the plant genome (o stress, these findings are
already enhancing our understanding of how plants perceive a stressful situation and respond -
appropriately (o the challenge.



2.1.2 The functional significance of proline accumulation during
hypemsmotic stress

2.1.2.1 Adaptations to hyperosmotic stress

Watcr is an essential resource for plant life. At the cellular level, it is used in chemical
reactions as well as (o maintain subcellular compartmentation by conferring stability 10
membranes. At the whole plant-level, water is the main carrier for substances travelling
among plant organs and tssues. Moreover, owing to the large difference in water polential
between the hydrated plant cell and the much drier atmosphere, no other substance in plants
is replaced in the same quantities as water (Boyer, 1982). Thercfore, any limitation in waler
availability affects almost all plant functions, including photosynthetic carbon fixation,
mineral nutrient uptake by roots and solute transport (Chapin, 1991a). Accordingly, stress
physiologists concur that of all the major physiochemical resources exploiied by plants,
namely water, carbon dioxide, soil nutrients, oxygen and radistion, water is the most
limiting resource (Boyer, 1982). In the ficld, the two conditions contributing mast frequently
to water deficit are drought and soil salimty (Boyer, 1982).

A direct and inscparable relationship exists botween salinity stress and water deprivation.
Salinity causcs waler stress by lowerning the water potential of the rooting medium. The
resultant lowering of osmotic potential interferes with the ability of plants to use available
waler. In the rest of this text, the term hyperosmotic stress will be used to describe both
drought and salinity stress. However, it is important 10 note that salinity stress also has an
tomic component, which may introduce stress effects not found in plants which have simply
been deprived of water.

Considering the vital need for maintaining adequate levels of water, plants have evalved a
number of responses 10 cope with osmotic stress. Al the cellular level, these are manifested
by chemical, molecular and physiological responses. In addifion, structural and
morphological modifications may occur at the level of the entire organism (McCue and
Hanson, 1990). Of these adaptations, biochemical respansecs at the cellufar level appear to
be the most conserved throughout the plant kingdom (Hanson and Hitz, 1982). In contrast,

maorphological and long-term physiological responses are offen more specialised and
restricted o individual species.



2.1.2.2 Accumulation of organic osmolytes as a response (o
hyperosmotic stress

Water loss resulting from hyperosmotic stress initiates a number of regulatory processes that
enable adaptation to the new ccllular conditions (Hanson and Hitz, 1982). In particular,
water deficits induce lowering of cellular osmotic potential as 2 mechanism of ensuring
maintenance of cell rgor. This decline in the osmotic potential 2s a response lo water
deficit may be achicved by decreased cell volume, which results in increased concentrations
of cellular solutes 2= water is lost from the vacuole. Such osmoregulation occurs until
intracellular osmotic potential is approximately equal to the potential of the medium
surrounding the ccll (Tumer and Jones, 1981).

However, the best characterised biochemical response of plant cells to water deficit is the
sccumulation of organic osmolytes, which enable maintenance of water potential by osmotic
adjustment. The accumulation of organic solutes within the cell reduces cellular water
potential below the external water potential, while avoiding deleteriously high ionic strength.
This enables water to move into the cell and to be maintained there (Tumer and Jones,
19€1). Osmotic adjustment is an important mechanism in tolerance of hyperosmotic stress
because it enables continuation of cell expansion (Wyn Jones and Gorham, 1983; Hsiao et
al, 1976), stomatal and photosynthetic adjustments (Ludlow, 1980) and confinuation of
plant growth even under the adverse environmental conditions.

A number of organic osmolytes have been identified in plant cells. Besides proline, they
include betaines and other zwilterionic quatemnary ammonium compounds (Rhodes and
Hanson, 1993; Hanson et al; 1994), polyols such as glycerol, mannitol, sucrose, sorbitol
and pinitol (Brown and Hellebust, 1978; Handa ef al, 1983; Le Rudulier ef af, 1984; Binzel
et al, 1987, Adams er al, 1992), protein amino acids including asparagine (Bamett and
Naylor, 1966; Venckamp and Koot, 1988) and arginine (Boggess and Stewart, 1976;
Boggess et al, 1976b; Stewart and Boggess, 1977) as well as non-protein amino acids such
as omithine (Boggess and Stewari, 1976; Boggess o al, 1976a) and y-aminobutyrate
(Handa ot al, 1986). The importance of osmolyte accumulation in plants exposed to~
hyperosmotic stress has been demonstrated recently by the enhanced stress tolerance of
transgenic tobacco plants expressing a bacterial gene causing mannitol accurmmlation
(Tarczynski ef al, 1993),



Unlike cellular inorganic soluies such as K°, these osmoprotectants stabilise proicins and
membrancs when present al sufficiently high concentrations and may thus raise the
oyioplasmic osmotic pressure in stressed cells withoul delelerious effects (Yancey ef al,
1982). This compatibility with cellular metabolism has resulied in them being referred to
as compatible solutes (Brown and Simpson, 1972). Excessive lovels of inorganic ions would
not only inactivale enzymes, but also alter the jonic composition of the cytosol. This would
in um, most likely affect cellular electroncutrality and membrane-associsied phenomena and
thereby negate the ultimate goal of osmotic regulation, which is the preservation of
macromolecular activity. Therefore, although accumulation of inorganic ions is important
in osmotic adjustment of plant cells, it is confined to the metabolically inactive vacuolar
compartment. Non-loxic compatible solutes accumulate in the cell cyioplasm (Stewart and
Lee, 1974; Hall ef al, 1978; Paul and Cockburn, 1989, Ketchum of al, 1991). Together,
increased levels of organic solutes in the cytoplasm and accumulation of electrolytes in the
vacuole restores low water potential in cells, thus allowing water absorption and the
appropriate turgor neoded for growth.

However, in metabolic terms, osmolywe symthesis is far more costly than electrolyte
accumulation. Analysis of the cost benefit of turgor regulation with different solutes (Raven,
19€5) indicates that only 2-4 mol photons of light encrgy is needed for the accumulation
of 1 Csmal KCl or NaCl, whereas 68-78 mol photons is noeded for the synthesis of 1
Osmol sorbitol or mannitol, 70-93 mol photons for | Osmol proline, and 78-101 photons
for | Osmol glycine betaine. The cxact amount of energy needed in each case depends on
whether the solutes are accumulsted in the roots or shoots and, for proline and glycine
betaine, also on whether NO," or NH," is ssed as nitrogen source (Raven, 1985). Therefore,
although metabolically expensive to produce, compatible solutes arc preforable o inorganic
wons for cytoplasmic osmotic adjustment.

Despite the range of cellular osmolyies identified in a variety of plants, proline appeans to
be the most sbundant compatible solute accumulsted during hyperosmotic stress in a wide
spectrum of plant specics. Froline accumulation in response to hyperosmotic stress has been
demonstrated in a large number of plants, some of which are indicated in Table 2.1 .-

Cellular accumulation of proline as a response (o dehydration is a widespread phenomenon,
MMMEW%MMMMHWMFMM



Table 2.1 : Imduction of proline accumulstion during by peroamotc stress in plants. Where
more than one soi of data has been obtained from a single specien, the highest level af

proline sccumulation reported is given. Adapted from Delamey and Verma (1993),

S pecies [Prolinal M4 | Stress condition Reference
wEprel
Algae
Srichorocew hocillan i 40 | 13 mowmal kg™ m-iﬂﬂﬂ-
Doty i sdivess plean
Anchidepsn faafiow: (L. ) Heyeh B30 w:&mm L and Candekar
Aster tripolnas L 8 131 mM NaCl Chony of ad {1982)
Glyconw L
mh“ 11 200 mM NaCl Koll arad (1991}
nadules 3
Gosnypriurs frivmihim L = B0 withlbaol ding wutss iﬁ#l:h‘dm
H.mnmm.-L ik 1.0 M serbiml Wremch of ol [1550)
e e s si9 | 29% e Harsds. ot al (1986)
Mot pptiver L.
acterioids 0| 150 mM Ne R al
T oigere of al (1991)
Merermh L.

. mm' 1 400 mM NaCl Treichel (1985)
Mesembroaritenson cryciallimem 1. i 400 mM NaCl Thomas ef af (1992)
Nications L i

v Pt | 43| NS Sicke ot al (1957)
Filsm soffveam 1. 36 I =M Nald and
Magber (1377 kofF
Rh-mdt;“m L 10% PEG Corcuern of al (198%)
Spimacia sleroceae L I =1 mPa and Cavalien
(15
Tiemnarix fe L. 48 120 mM Nad j
o ket o=
Vicia fabe L 8 V. and Koot
RO e -

Monocotyledonows planin
Hovderan vulgare | 3 13 mba Boggess er all (1976a)
Oryaa gatiwz L 4 50 mM KOV Chou ef af, (1991)
FPerrszesan americonem |. 0 1'% Nl Das er al. (1990)
h#jﬁh-ﬂ..}yhﬂh

Var, Feterits (lewven) 16.24 =21.1 bar Blum end Ebercon

Var. BTxA197 a2 =162 bar % ef al. (1985)
Trifteurns aestivom L.

apex and leaves 1954 -3.6 mPa Munns f al (1979)
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sccumulation in response 1o hyperosmotc stress has also been observed in cubaciena
(Measures, 1975; Le Rudubier et al, 1984; Whatmore ef al, 1990), diatoms (Schobert,
1977a), protozoa (Geoffrion and Larochelle, 1984; Poulin ef al, 1987), algae (Brown and
Hellebust, 1978; Greenway and Setter, 1979; Brown and Hellebust, 1980; Laliberte and
Hellebust, 1989a), invertebrates (Gilles, 1979; Burion, 1991) and vericbraies (Lambert and
Hoffman, 1982). This supports the proposal that prior to the evolution of the homeoosmotic
mechanisms in higher organisms, proline accumulation may have been a universal response
to osmotic stress (Measures, 1975). It is interesting to note that despite the pgreat
evolutionary distance between bacteria, animals and plants, only a few classes of osmolyies
are found (Yancey ef al, 1982), This convergence probably reflects the need for common
properties, especially the demand for compatibility with subcellular structure and function.
Apparently, proline has many of these propertics.

Although a number of free amino acids accumulale in many organisms in response to
hyperosmotic stress, the preferential use of proline is most likely due to a combination of
metabolic reasons and the unique biophysical and biochemical properties of this imino acid.

2.1.2.3 Biophysical and biochemical advantages of proline as an
osmoticum

Throughout the fiterature it is generally assumed that, at least in the case of hyperosmotic
stress, proline acts primarily as a compatible solute which mediates osmotic adjustment.
Focus has therefore centred on the osmotic and biophysical phenomena associated with
proline accumulation, in particular its protective effect on cylosolic enzymes and various
cellular structures during dehydration The inclusion of the a-amino group within the
pymrolidone ring structure bestows a number of special properties on proline relative to other
amino acids (Adams and Frank, 1980).

Two alternative hypothcses have been poposed for the mechanism whereby proline
stabiliscs enzymes duning osmotic stress. The first hiypothesis, proposed by Schobert (1977b)
is that proline inferacts with hydrophobic surface residues of proteins. Binding of the
aliphatic portion of the proline ring 10 nonpolar residues on proteins via hydrophobic
interactions results in exposure of the highly charped carboxyl and imino moicties of the
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proline molecule to the aqueous environment. This interaction therefore results in coating
of the protein with a hydrophilic shell (Schobert, 1977b). The increase in the total
hydrophilic area of the protein stabilises it by increasing its solubility in an environment of
low water availability and high ionic strength. Support for the conclusion that proline has
unusual interactions with proteins was provided by the observation of Schobert and
Tschesche (1978) that proline at concentrations of 5-6 M could enhance the solubility of
insulin, f-lactoglobulin and bovine serum albumin.

However, the mechanism for the mode of action of proline on protein stability proposed by
Schobert (1977b) has been coniradicted by the observations of other workers (Pollard and
Wyn Jones, 1979; Paleg ef al, 1981, 1984; Nash et al, 1982; Arakawa and Timasheff,
1983, 1985) who have concluded that the special protective properties of proline and other
to avoid protein surfaces. Arakawa and TimashefT (1985) demonsiraied that proline does nol
affect the partial molar volumes of proteins in aqueous solutions. These workers suggested
that protcins are stabilised by solutes which are excloded from their surfaces because the
surface arca of denatured proteins is generally gresier than that of native proteins (Arakswa
and Timasheff, 1985). Therefore, solutes that are excluded from protein surfaces tend ©
favour the native conformation. Arakawa and Timasheff (1985) also noted that organic
compounds that are excluded from protein surfaces are generally uncharged af physiological
pH and thus have minimum clectrostatic inferactions with protcins. In this context it is
interesting (o note that proline does not camy a net electrical charge at pH 7 (Csonka, 1989).
Proline can therefore be accumulated to high intraceflular concentrations withow! greaty
disturbing the structures of cellular macromolecules. Solutes that carry a net clectrical charge
are generally more deleterious to protcin stability than nompolar or zwinerionic solutes
(Arakawa and Timasheff, 1985).

Besides having a stabilising effect on proteins, it has also been proposed that proline action
may invaive effects on the hydration layer surrounding phospholipids and possibly also its
intercalation between phospholipid head groups (Rudolf er al, 1986). Scveral studics have
identified membranes 2s being a primary target of damage during hyperosmotic stress
(Heber, 1967, Heber ef al, 1973; Santarius, 1973; Steponkus, 1984). This suggests that
maintenance of membrane integrity might be an important adaptation to condifions of
reduced water availability.
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Proline may also stabilise other cellular structures such as polyribosomes. In seedlings of
millet, proline enhances the incorporation of radioactive precursors into profeins, causing
an increased translatability of mRNAs (Kandpal and Rao, 1985). Stability of the machinery
of protein biosynthesis during stress is likely to be important in order to ensure continued
translation of mRNAs involved in acclimation to stress, and production of proteins involved
in post-siress recovery.

Besides its stabilising effects on cellular structure, proline is also capable of detoxifying free
radicals by forming long-lived adducts with them (Floyd and Nagy, 1984; Smimoff and
Cumbes, 1989). This is a feature of most, but not all compatible solutes (Smimofl’ and
Cumbes, 1989). The extensive accumulation of active oxygen species during hyperosmotic
stress and their contribution to damage induced by water deficit has recently been reviewed
by Smimoff (1993). The most likely explanation for the accumulation of active oxygen
during water deficit is the concomitant reduction in photosynthetic rate (Kaiser, 1987,
Chaves, 1991). Water deficit causes limitation to CO, uptake because of stomatal closure.
Limitation in CO, fixation results in exposure of chloroplasts to excess excitation energy.
This increases the rate of formation of active oxygen species (Smimoff, 1993).

It has long been recognised that oxygen toxicity is a far more threatening challenge to plants
than to most other acrobic organisms. Green plant tissues are particularly prone to oxygen
surrounding atmosphere (Smimoff, 1993). Furthermore, chloroplasts contain large amounts
of polyunsaturated lipids in the thylakoid membranes and chiorophyll can absorb light and
usc this energy to form various oxygen species capable of causing damage (Smimoff, 1993).

Oxygen radicals are among the most reactive chemical species known and are therefore
potentially damaging to cells. In particular, they initiate lipid peroxidation, inactivate
. proteins and damage nucleic acids (Farr and Kogoma, 1991). In order to deal with the toxic
and potentially lethal effects of active oxygen, plants like all acrobic organisms, have
evolved a number of protective scavenging or antioxidant defence systems. These are both
enzymatic or nonenzymatic. The most important enzymatic protective defences capable of .
removing, neutralising or scavenging free radical and oxy intermediates are the peroxidases,
catalases and superoxide dismutases (Bowler er al, 1992). In addition, the best known
nonenzymatic defences include the low molecular weight nonprotein sulfhydryls glutathione,
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cysicine and cysteinyl glycine, the vitamins ascorbate and a-tocopherol as well as
carotenoids such as f-carotene. It is likely that crowding of the cyloplasm and chloroplastic
stroma with these free radical scavengers might intercept active oxygen specics before they
can destroy cellular function

The comparatively recent identification of proline as a free radical scavenger (Floyd and
Nagy, 1984; Smimoff and Cumbes, 1989) suggests that its accumulation might also
contribute to the scavenging of active oxygen species. In support ol this hypothesis, Alia
ot al (1991) have demonstrated that proline enhances the photochemical electron transport
activitics of isolated thylakoid membrancs by amesting photoinhibitory damage. The extent
of the stimulaion was greater in thylakoids of salt-stressed plants in companison with
unstressed plants (Alia er al, 1991). Proline reduced lipid peroxidation during strong
illumination. This suggests that its protective action was mediated wia its ability 1o scavenge
free radicals (Alia er al, 1991).

In keeping with the findings of Alia et al (1991), Van Rensburg ef al {1993) provided

indirect evidence that proline levels in fobacco cultivars displaying different levels of

drought tolerance were positively comelated with the membrane integrity of their

chloroplasts, This effect may have arisen from either or both a direct protective effect of

proline on the membranes or a redoction in free radical activity which would have prevenied
ve lipid  dai

Nevertheless, the functionality of proline in plants exposed o water deficit may have more
aspects than those simply associated with its biophysical and biochemical properfics. Several
amino acids are excluded from protein surfaces 1o the same extentt as proline (Arakawa and
Timasheff, 1983, 1985) and are not toxic 10 enzyme activity at high concentrations (Y ancey
¢t al, 1982). Furthermore, owing to their high reactivity, free madicals react with many
compatible solutes other than proline (Smimofl and Cumbes, 1989). Therefore, the
argumenis presenied above cannot disprove the possibility that the protective action of
proline on subcellular structure and its ability to scavenge free radicals is merely incidental
and not of physialogical importance.

Furthermore, the validity of many of these arguments rests on the presence of a sufficiently
large pool of free proline. This is not always found in many glycophytes in which proline
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accumulation has been reported. The nature of proline metabolism and its unique position
in relation to the rest of intermediary metabolism are also likely to have acted in favour of
proline as the preferred osmoticum in many plants.

2.1.2.4 Metabolic reasons for the suitability of proline
accummmuilation as a stress response

In establishing why of all the amino acids, proline appears to have been selected as the
choice osmoticum, it may be of value to compare its metabolism with that of other amino
acids. In comparison with most other amino acids, proline has the metabolic advantage of
being the terminal product of a relatively short and highly regulated pathway. Proline
accumulation therefore affects fewer metabolic reactions than the buildup of multi-use
substrates (c.g. glutamaic) which are connecied by several equilibrium enzymes to major
metabolic intermediates, Furthermore, as poinied out by Phang (1985), proline and its
immediate precursor A'-pyrroline-S-carboxylate (PSC) are not intercomverted by a single
reversible enzyme, but by two distinct enzymes with different mechaniems and in different
subccliular compartments (Section 2.2). Therefore, proline and PSC are not linked by a
single equilibrium reaction and the final product of the proline biosynthetic pathway is not
necessarily in equilibrium with its immediate precursor. Furthermare, because its a-nitrogen
is a secondary amine, proline cannot participate in the transamination or decarboxylation
reactions common to other amino acids (Phang, 1985). As outlined in Section 2.2, proline
biosynthesis from both glutamate and omithine occurs via the intermediate A'-pyrroline-5-
carboxylate (P5C). The strategic location of A'-pyrroline-5-carboxylate (PSC) in intermodiary
metabolism suggests that it may mediate carbon transfer between the urea and tricarboxylic
acid (TCA) cycles (Phang, 1985; LaRosa ef al, 1991)

In addition, the proline biosynthetic pathway from glutamate, although short, imvolves an
extremely high rate of consumption of reductants (Section 2.2.1). Furthermore, proline
degradation is capable of high energy output {Atkinson, 1977). These two features are likely
to have contributed substantially to a role for proline in plants as a resource of valoe cither
in the acclimation o stress or in recovery upon relief from stress.
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In this respect, several workers (Stewart and Voetberg, 1985; Bellinger and Larher, 1987,
Kohl et al, 1988; Venckamp, 1989; Shetty er al, 1992) have proposed that selective
preservation of the proline response in plants may relate to endpoints other than simply
supplving proline. Indeed, it may be the metabolic processes ol proline synthesis and
degradation themselves that have been selected for by evolution as » means to tolerate
stress. This line of thought is in keeping with what is known conceming the functionality
of scveral other pathways involving amino acid metabolism. For example, the
interconversions of aspartaic and malate in the malate-sspartate shutde play a critical role
in transferming reducing cquivalents from the cywplasm inio the mitochondria (Douce and
Neuburger, 1990). In such cases it is the metabolic process itself which is of physiological
value and not the products of the reaction. Therefore, the benefit of proline accumulation
may derive more from its metabolism than from its contribution to the intracellular pool of

free proline.

In this respect, it is interesting 10 note that certain workers (Blum and Ebercon, 1976; Itai
ﬂ%%““ﬁhpﬁﬂ&ﬂuﬂkhi
augments growth upom recovery from stress, rather than serving any direct function in
enduring the stress itself Bengston ef al (1978) suggested thal proline may serve as a
reserve substance for the synthesis of chlorophyll upon relief of stress. An adaptive role for
proline acting as a sink for reduced nitrogen and carbon was suggested by Tully et al
(1979). Ahmad and Hellebust (1988) also proposed that proline may be a nitrogen storage
compound during stress. Ericson and Alfinitos (1984) suggested that proline may be an
important component of stress proleins. However, Stewart ef al (1977) found no evidence
that proline levels affected rates of protein synthesis in leaves. While proline may be directly
incorporated into protein during post-siress recovery, this does mol sccount for why it should
be accumulated during stress in preference 1o any of the other nincteen amino acids found
In profcins.

A possible exception 1o this argument is the synthesis of proline- and hydroxyproline-rich
cell wall glycoproteins, These have been collectively referred to as "extensin® - a somewhat
misleading term since extensin actually promotes cell wall rigidity (Casssb and Vamer. |
1988). A resmiction in cell expansion has been supgested 1o be sssociated with osmotic
adjustments in plant cells (Van Volkenburgh and Boyer, 1985), Plant cell wall glycoprotcins
are believed o reoulate coll cevnarsinm (Cacrsh and Liermer TOEEY & fo b o s &
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proteins such as collagen, hydroxyproline residues in extensin arise from hydroxylation of
peptide-hound proline (Adams and Frank, 1980). It is thus possible that changes in cell wall
proicins induced by osmotic stress mighi depond on changes in intracellular proline
concentrations. However, Golan-Goldhirsh er al (19940) found no significant effect of stress
on proline and hydroxyproline contents of a purified cell wall fraction of sunflower. It
appears as though changes in the physiochemical properties of the cell wall accomparying
osmofic adjustment lic in other posttranslational modifications of cxtensin that are
independent of the pool of free proline that acocumulates during osmotic adjustment. Proline
sccumulated during hyperosmolic stress therefore does not appear to affect the synthesis of
proteins important in stress (olerance.

It is more fikely that proline constitutes a readily accessible source of energy or carbon afier
relief of stress or provides reducing power Io support metabolic responses critical to
recovery from hypercsmotic stress. Possible metabolic functions of proline biosynthesis and
degradation in plants during and afier relief from stress are represented diagrammatically in
Figure 2.1.

A moic for proline in recovery from stress is consisient with the observation that the
extensive accumulation of profine in stressed tissues is usually followed by is mpid
disappearance when the stress is removed. For example, in the alga Chiorella emersonii, a
visihle decrease in proline levels is evident within ten minutes afier relief of hyperosmotic
stress (Greenway and Setier, 1979). This is primarily by oxidation via PSC o ghutamate and
2-oxoglutarate (Section 2.2.3). In this respect, proline differs from glycine betaine which is
a metabolically inert end product (Hanson and Nelsen, 1978) and is maintained &t stable
levels long afier relief from stress (Goas of al, 1982; Naidu e al, 1990).

Whereas proline biosynthesis is cytosolic, proline oxidation to 2-oxoglutarate occurs
-exclusively in the mitochondria (Figure 2.1; Section 2.2.3). The mitochondrial location of
proline degradation suggests that this process may make a significant contribution to the
m::rnhtﬁpmluﬂimnndﬁhmﬂﬂﬁ]mhmm&ﬁnnm
mm&.mmm#m&nmﬁlﬂwm -
recover upon relief of stress. In barley leaves recovering from drought, consumption of the
mwhmhhmﬂulmmndyﬂglﬂmmdm
theorstically contribute carbon 1o the TCA cycle at a rate sufficient 10 account for 20% of
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Figure 2.1 : Possible metabolic functions of proline biosynihesis and degradation in planis
during snd afer reliel (rom stress. Processes occurming in the mitochondrion are likely w
be of imporiance anly in recovery from stress. Abbreviations of infermediates are : A,
adenine; AMP, adenosine monophosphate; G, guanine; G-6-P, glucose-6-phosphate; Glu,
glutamate; GMP, guanosine monophosphate; Hx, hypoxanthine; IMP, inosine
monophosphate; 2-0G, 2-oxoglutarate; Om, omthine; 6-PG, 6-phosphogluconate; PSC, A'-
pymoline-5-carboxylate; PP-ribose-FP, phosphoribosylpyrophosphate; Pro, proline; R-5-F;
ribose-5-phosphate; Ru-5-P, dbulose-5-phosphate. Abbreviations of enzymes are : AGPRT,
adenine phosphoribosylransferase; G6PGH, glucose-G-phosphate dehydrogenase; GDH,
glutamaite dehydrogenase; HGIRT, hypoxanthine, guanine phosphoribosyl transferase; OAT,
omithine S-aminotransferase; 6PGDH, 6-phosphogluconate dehydrogenase; PSCRDH, PSC
‘dehydrogenase; PSCR, P5C reductase; P5CS, PSC synthase; POx, proline oxidase, Also
indicated is the tricarboxylic acid (TCA) oycle.

Reducing equivalents produced in the oxidation of Pro, P5C, Glu and 2-0OG are represented
by H:". The presence of a putative mitochondrial membrane-bound proline transport system -
(Cavalieri and Huang, 1980) is also indicated The enzymes of the oxidative pentose
phosphate pathway and PSCR. are present in both the cytoplasm and plastids.

Adapted from Phang (1985) and Kohl ef al (1988)



the wotal respiratory activity (Stewan and Voetherg, 1985) The accumulation of proline
appears 10 be an cxcellent means of storing cncrey since the oxidation of one molecule of
proline can yicld 30 ATP equvalents { Atkinson, 1977)

A number of observalions in different biological systcms support & role for proline as a
primer for TCA cycle activity in plants recovering from osmotic stress. For example, proline
1s used as the primary mitochondrial foel in encrgy-<intensive processes such as insect flight
(Weeda ef al, 1979, Gide, 1992) and thermogenesis in the voodoo lily (Skubatz ef al,
1989). High levels of proline oxidation in the bacterioids of nitrogen-fixing root nodules of
urcide-producing legumes suggest that proline is the primary energy source used by the
bacterioids in fuclling the energy-intensive process of nitrogen fixation (Kohl et al, 1948).
Onxidation of proline is also believed to provide most of the energy required for pollen
germination (Hong-qi ef al, 1982; Palfi and Palfi, 1982). Proline is the most abundant froe
aming acid in pollen grains and its amount in pollen grains is cormclated with pollen
viability. Additional evidence for a role for proline in priming oxidative respiration comes
from studies involving animals deficient in proline oxidase activity. Both the PRO/Re mousc
mutan! (Blake, 1972) and sluggish-A mutant of Drosophila (Hayward er al, 1993) are
incapable of proline oxidation and exhibit markedly reduced mobility, presumably as a rosult
of an impaired respiratory rate.

Besides contributing carbon to the TCA cycle, the mitochondrial degradation of proline 10
glutamaic may also provide reducing equivalents needed to suppont mitochondrial electron
ransport and the generation of ATP for recovery from stress and for the ropair of stress-
induced damage (Figure 2.1). Nicotinamide nicleotides cannot cross the inner mitochondrial
membrane, and consequently various shuttlc mechanisms have been proposed for the
transport of hydrogen from cytoplasmically generated NADH to the respiratory chain located
inside the permeability barrier. A proline shutde capable of such hydrogen transfer has been
Mhmmmwmnmmmmmuu
irrgversibility of the reactions catalysed by A'-pyrroline-5-carboxylate reductase (PSCR) and
proline oxidase, but also on the cytosolic location of the former and the mitochondrial

Ly
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mediate transfer of redox poiential between the cytosol and mitochondrion, and thereby
stimulate oxidative respiration.
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Proline synthesis in plants has also been implicated in regulation of cytosolic pH
(Venekamp, 1989) and cellular redox potential (Bellinger and Larher, 1987, Kohl et al,
1988, 1991). These hypotheses are based on the high demand for reductant in the proline
biosynthetic pathway from glutamate. Although NADPH appears to be the preferred
reductant in proline biosynthesis in plants, the proline biosynthetic enzymes appear capable
of using its non-phosphorylated amalogue NADH (Section 2.21). Depending on the
availability of NADPH, NADH which is normally more ubiquitous in the cell (Suyer, 1988)
may be the reductant used, especially under conditions of NADPH limitation.

As a rosult of the ability of proline biosyntheic enzymes to recognise both of the
nicotinamide nucleotides, proline biosynthesis may direcdy impings on the redox potential
of the cell by aliering the level of oxidation of the cellular pools of both NADH and
NADPH. This most likely has widespread physiological consequences. The possible role of
PSCR and other enzymes involved in PSC and profine metabolism in influencing the ratios
of oxidised'reduced pyndine nucleotide cofactors in animal tissues has been reviewed by
Phang (1985). Phang and co-warkers have cstablished an exiensive hypothesis based on the
assumption that proline and P5C constitute a redox couple and provide a mechamnism for the
intercompartmental and intercefiular transfer of redox polential in animal cells. The ransfer
of redox potential alfers the ratio of NAD(PYNAD(P)H, thercby activating certain metabolic
pathways dependent on the level of oxidation of the pyridine nucleotide pools. The rationale
behind the extensive siudies conducted by this group (Yeh and Phang, 1981; Mixson and
Phang, 1988; Yeh and Phang, 1988; Memill ef al, 1989) is the observation that in certain
cancerous cell-types, regulation of PSC-metabolism often bears no apparent relationship 1o
the accumulation of proline as the end product. These workers have proposed that in certain
cell types, under certain physiological conditions or during particular developmental stages,
the generation of NADPH during proline synthesis occurs al the expense of proline
production. In this way, proline biosynthesis is primanly of importance in the regulation of
carbohydrate metabolism and proline is merely o byproduct of the biosynthetic pathway
(Phang, 1985)

Both NADH and NADPH are ancillary electron camiers for a wide variety of enzymes
involved in metabolism (Stryer, 1988). The oxidation of NADH by the cytochromes of the
electron transport chain constitutes the principal source of cellular ATF, The pyridine
nuclcotide cofactor NADH |s thus a major currency in cellular cnergetics (Stryer, 1988). In
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contrast, the phosphorylated form of NADH, namely NADPH, is importan! in providing
reducing power for reductive biosyntheses (Stryer, 1988). An alteration in the ratio of the
relative amounts of the reduced form of these coenzymes to their oxidised form is therefore
likely 1o have widespread influences on cellular metabolism. In plants, NADPH is generated
both by the oxidative pentose phosphate pathway and by the light reactions of
photosynihesis (Stryer, 1988). Proline synthesis may be a means of regulating the level of
reduction of the two pools of nicotinamide nucleotide coenzymes. Alteration of the
NAD/NADH ratio impacts direcly on cellular energetics, while the ratio NADP/NADPH
is important in regulation of photosynthesis and reductive biosynthescs.

Under conditions of osmotic stress, the redox potential of plant cells is advencly affected
in several ways. Activity of the mitochondrial electron transport system is decreased (Sells
and Koepe, 1981; Schmitt and Dizengremel, 1989). This results in an sccumulation of
NADH and H', which is likely to inhibit several important metabolic reactions that require
NAD and cause an increase in cellular acidity. Furthormore, inhibition of coupling of ATP
synthesis to plastidial clectron transport during water stress (Kaiser, 1987; Chaves, 1991)
decreascs the ratio of NADP/NADPH. This may have serious implications for regulation of
many important biosynthetic reactions. Theoretically, proline biosynthesis is capable of
oxidising reduced forms of both coenzymes and thereby maintaining a redox potential
compatible with metabolism under normal conditions. In this way, proline sccumulated
under stress conditions may act as a sink for excess reductants by providing the NADP
nceded for the resumption of photosynthesis or increased activity of the oxidative pentose
phosphate pathway (Figure 2.1). Altematively, if NADH is used as an electron donor in
proline biosynthesis, the NAD generaied may drive axidative respiration upon relief from
siress.

In light of this role for proline in acting as a non-toxic store of excess reductant, it is
interesting to note that most other common cellular osmolytes, including betaines, sucrose,
tmﬂnhandwdimlammnhighlyrnmmmeHM|mnlhﬂuﬁnuﬁmdmng
sircss (Bellinger and Larher, 1987). Apparcnily, the production of most csmolytes under
mﬁﬁmﬂhwwnmmmhmwmudﬁnﬁgm *
reductant, which may cause redox imbalance (Bellinger and Larher, 1987).



a0

Proline biosynthesis from glutamate might be an adaptive mechamsm o reduce the
accumulation of NADH during osmotic stress. The decline in oxidative respiration during
psmotic stress (Schmitt and Dizengremel, 1989) occurs at a time when even higher cnergy
requirements are fo be expected in order to deal with ocsmoregulation. Such adaptational
processes might include ion pumping or the synthesis of compatible organic solutes. [t
therefore seems feasible to expect that the basal rate of oxidative respiration should be
maintained, if not inoreased during hyperosmofic stress. Proline biosynthesis during
hyperosmotic stress may be a means of activating the tumover of ATP, pyridine nucleotides
and carbon skeletons in order to ensure continued respiratory activity. Proline biosynthesis
may restore glucose catabolism, either via the glycolytic pathway and TCA cycle (when
NADH serves as reductant in proline biosynthesis) or the oxidative pentose phosphate
pathway (when NADPH is oxidised) and prevent extensive reduction of the pyridine
nucleotide pools. Overall protein synthesis declines during water stress (Dungey and Davies,
1982a). Normally, protein synthesis consumes ATP, reduced pyridine nucleotides and carbon
skeleons  (Bellinger and Larher, 1987), Under condifions of waler deficit, proline
biosynthesis may substitute for protein synthesis in the umover of ATP and the oxidation
of the NAD(P)H poal.

Therefore, elevated levels of proline biosynthesis under conditions of hyperosmotic stress
might maintain the NAD/NADH or NADP/NADPH ratios at values compatible with normal
metabolism even in the presence of severs water deficit. The decline in levels of proline
axidation (Section 2.2.3) and PSC synthesis from omithine (Section 2.2.2), both of which
occur in the mitochondria is consistent with the need to prevent further reduction of the
NAD pool in mitochondria. Proline biosynthesis within the chloroplast has been reported
(Stewar, 1981). Activity of PSCR has been demonstrated in chloroplasts of tobacco
(Noguchi et al, 1966) and pea (Rayapati er al, 1989). It is tempting to speculate that
mhmmdmﬂimhhlmﬂﬁmhﬁumg!mhdﬂ:mhﬂdtdummptmidz
HADPMhphﬂ@mtnrﬂ:ﬁmMﬂr,Mnﬁcpmﬁnﬁmmﬁwﬂamﬂy
hﬂiwwmuhﬁmﬁqﬁv@ﬂhmiﬁﬁmpﬂ:phwﬁ:mpﬂmqhmc
plastid. The entire sequence of axidative pentose phosphate pathway enzymes are located -
inmmp{nﬁd;{E:numdFm.lmLthmmphmphmm“Eﬁty
has been demonstrated in chloroplasts (Stitt and ap Rees, 1980) and plastids from
cauliflower buds (Journet and Douce, 1985) and sycamaore suspension cultures (Frehner er
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The lower K of plani PSCR for NADPH in comparison with NADH (Section 2.2.1.2)
suggests that reductant tumover by the proline biosynthetic pathway during stress may b
more important in metabolic regulation than in maintaining oxidative respiration upon relief
from stress. In most cellular systems, analysis of relative redox ratios reveals that the ratio
NAD/NADH is relatively high, while the NADP/NADPH matio is very low (Phang, 1985).
This suggests that the NADP pool is mostly reduced (Phang, 1985). Therefore, a small
change in NADP/NADPH ratios may have a large effect on flux through a redox-sensitive
pathway dependent on NADPH. The oxidation of glucose-6-phosphate via the oxidative
peniose phosphate pathway (Figure 2.1) is such a pathway.

It has long been considered that the ratio of carbon flux through glycolysis relative to the
flux through the oxidative pentose phosphate pathway is an indicator of the physiological
state of a tssue. A relatively high rate of carbon flux through the peniose phosphate
pathway is considered to support a high rate of biosynthesis in an actively growing or
differentiating tissue (Miemyk, 1990). Control of the partitioning of carbon through the two
pathways is mediated primarily through regulation of the carly reactions. If the activity of
the glycolytic enzyme phosphofructokinase is inhibited, then more carbon is diverted
through the oxidative pentose phosphate pathway (Miemyk, 1988). Converscly, inhibition
of glucosc-6-phosphate dehydrogenase and 6-phosphogluconate dehtydrogenase increases
carbon flux through glycolysis.

The enzyme glucose-6-phosphate dehydrogenase, which catalyses the rate-limiting step in
the oxidative pentose phosphate pathway is not only dependent on NADP availability, but
is also inhiblied by NADPH (Miemnyk, 1990). This extreme sensitivity to the lovel af
oxidation of the coenzyme suggests that even a small rise in the NADP/NADPH ratio would
open such & metabolic gate and thereby have important consequences for overall cellular
metabolism. In particular, ribose-5-phosphate production would increase and become
(available as a substrate for nucleotide biosynthesis (Figure 2.1), Considering the in vive
concentrations of NAD/NADH and NADP/NADPH, the respective redox ratios of the two
pyridine nuclootides and the preferential use of NADPH in proline biosynthesis, the
conversion of P5C to proline is likely to affect the mtio of NADP/NADPH more than the
NADVNADH ratio (Phang, 1985),
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ribose-S-phosphate production. [t has been shown that addition of PSC stimulates synthesis
of phosphoribosyl pyrophosphate and therefore increases purine biosynthesis (Yeh er al,
1981; Yeh and Phang, 1988). Based on these findings in an animal system, Kohl er al
(1988) postulated thai extremely high levels of proline biosynihesis in nitrogen-fixing
nodules of soybean function primarily to regencrate NADP needed to support the oxidative
pentose phosphate pathway in the plani cytosol. High levels of activity of the pentosc
phosphate pathway are meeded in root nodules of tropical legumes to supply ribose-3-
phosphate for the synthesis of purines and ureides.

Although no work has been reporied on the possible functional significance of the alicration
of NADP/NADPH ratios by prolinc biosynthesis in response 1o water deprivation, il 18
possible that this may be of considerable importance. Proline biosynthesis may be important
in increasing the NADPNADPH ratic during stress (o0 augment the synthesis of purine
ribonucleotides by both salvage and de novo pathways upon the relief of stress (Figure 2.1),
Although DNA biosynthesis is not affected by water stress, rates of RNA synthesis are
enhanced in water stressed millet seedlings (Kandpal and Rao, 1985). Many of these
transcripts are likely to encode products which are important in acclimation to stress.
Allernatively, enhanced nucleotide synthesis might be essential to support the re-initiation
of growth upon rebief from stress. Generation of pentose phosphates is also essential for the
synthesia of cell wall polymers (Micmyk, 1990).

A number of studies using both plant and amimal systems have provided evidence that
proline metabolism may be associsiod with enhanced rates of ccll division Proline
stimulates cytokinin-induced shoot organogenesis in Cucumis melo (Shetty o al, 1992).
These workers proposed that the basis for this response was an increase in the supply of
NADP for purine biosynthesis, which would be necded to maintain rapid cell division. The
carboxylic acid), a proline analogue known to inhibit profine oxidation (Elthon and Stewart,
1984), markedly reduced the extent of profine-mediated shoot formation. Thioproline has
also been reported to stimulate proline synthesis in barley (Beflagna of al, 1986) and Vigna
radiata (Kumar and Sharma, 1989). This is consistent with an enhancing effect of
thioproline on embryogencsis in C. melo (Shetty er al, 1992). Since the process of proline
synthesis, rather than the presence of proline per se, is important in enhancing activity of
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the oxidative pentose phosphate pathway (Figure 2.1), these findings arc in keeping with the
proposal that proline metabolism is intimately linked with nucleotide biosynthesis.

Supplementation of tissue culture media with proline is also known to stimulate auxin-
induced somatic embryogenesis in scveral plant systems (Nuoti-Ronchi er al, 1984
Armstrong and Green, 1985, Trigiano and Conger, 1987; Radojevic, 1988; Shetty and
Asano, 1991, Radojevic and Subofic, 1992, Shetty and McKemsic, 1993). Proline also
stimulates clongation of alfalfa somaftic embryos on a hormone-free medium (Stuart and
Strickland, 1984). A role for proline metabolism in directing cell differentiation in certain
mammalian cancer systems has also been proposed (Phang ef al, 1982). Proline is capable
of reversing the inhibiion of differentiation by L-azetidine-2-carboxylic acid (a proline
analogue) of Leydig cells in the rat fetal testin (Jost et al, 1988). Furthermore, thioproline
is a component of plant biostmulanis such as Ergostm (Beflagna et ol, 1986). This
provides further evidence of the involvement of proline metabolism in the overall regulation
of plant growth. I is also consistent with the observation that thioproline can reduce certain
types of animal tumours (Brugarolas and Gosalvez, 1980; Grier ot al, 1983). In this context,
it is also interesting o note that following injection of Agrobacterium mumefaciens Conn.
into stems of tobacco and tomato, levels of proline in the resultant crown galls are 70 and
22 imes higher than those found in normal stem tssues of the respective plants (Seitz and
Hochster, 1964). While this may reflect a response to the stress associated with pathogen
infection (Section 2.1.3), it is also likely 1o be associated with the rapid proliferation of cells
within the crown gall tumours.

An oxidative component is a festure of virtually afl stresses known to induce proline
accumulsion (Section 1.13). Defense mechanisms employed by plant cells exposed to
oxidative stress have already been described briefly inm Section 2.1.23, Protective
mechanisms against active oxygen species, such as the peroxidase and glutathione system
regencration of these substrates, 1 is possibie that proline biosynthesis may be important in
tumover of the reduced and oxidised forms of NADP in order to provide such a source of
reducing power. The enzymes of the Halliwell-Asada pathway involved in free radical
scavenger metabolism are dependent on NADPH (Bowler of al, 1992) In particular,
thioredoxin reductase and glutathione reductase use NADPH as an cloctron source. Repair
of protcin damage induced by active axygen by methionine sulphoxide reductase also



requires NADPH (Farr and Kogoma, 1991). Likewise, the reduction of the acsorbate free

radical monodehydroascorbate back o ascorhate, catalysed by monodchydroascorhate
reductase, is also dependent on the concomitant axidation of NADPH (Dalton et al, 1992).

In this respect, it is interesting to note that glucose-6-phosphate dehydrogenase is induced
by oxidative stress in Escherichia coli (Greenberg and Demple, 1989; Kao and Hassan,
1985; Tsancva and Weiss, 1990). This suggests that enhanced activity of the oxidative
pentose phosphate pathway activity may be important in the development of tolerance to
high levels of active oxygen species within the cell. Analogous studies in planis systems are
limited. However, Argandona and Pahlich (1991) demonstrated a four-fold increase in
activity of glucose-6-phosphate dehydrogenase in water stressed epidermal tissue and in
primary leaves of barley. Activation of glucose-6-phosphate dehydrogenase has also been
observed in pea root tips which were salt stressed (Porath and Poljakoff-Mayber, 1964).
These workers reported that the stress treatment decreased glucose consumplion via
glycolysis. In light of the accepted functioning of the reaction catalysed by glucose-6-
phosphate dehydrogenase as the rate-limiting reaction in the oxidative pentose phosphate
pathway, this increased activity suggests that in plants, the oxidative pentose phosphate
pathway may be activated by hyperosmotic stress. Enhanced profine biosynthesis during
hyperosmotic stress may stimulate activity of the oxidative pentose phosphate pathway by
generating NADP (Figure 2.1). This is likely to be of particular importance in chloroplasts,
which are particularty prone to oxygen toxicity (Smimoff, 1993; Section 2.1.2.3). As already
described, both proline biosynthesis (Stewart, 1981) and pentose phosphate pathway activity
(St and ap Rees, 1980) have been reported in chloroplasts.

A decrease in intraceilular pH has been implicated as one factor capable of eliciting proline
accumulation (Pesci and Beffagna, 1985; Gorng and Plescher, 1986; Chou et al, 1991).
Weak acids such as acetale and isobutyrate induce proline accumulation in leaf sepments
of barley seedlings, wheat scedlings and rice. However, there is no data indicating at what
level this effect is mediated. It is likely that the increase in H' could stimulate NAINPYH-
mediated reduction of organic acids by dehydrogenases. Accumulation of proline could be

the consequence of such reactions,

An increase in concentration of organic acids is a significant consequence of water stress
mn all plants, especially those capable of Crassulacean acid metabolism (Osmond, 1978;



Timpa et al, 1986, Hubac et al, 1986; Venckamp er al, 1989). Citrate accumulates due to
reduced availability of NAD resulting from the impairment of electron ransport. Malate and
lactate accumulation may be ascribed to the oxidanon of NADH in their synthesis (Saradhi
and Saradhi, 1991). Furthermore, the drop in ATP level accompanying a decline in
respiration under water stress might coninbute to an increasc in acidity as a result of the
inhibition of proton pumping at low ATP concentrations.

This increase in organic acid concentration resulls in a concurrenl increase in the
concentration of H' ions. Under normal conditions of water supply, these H ions are
exchanged against K' in the oot system (Dijkshoom et al, 1968; Allen and Raven, 1987),
Phosphoenolpyruvate carboxylase and malic enzyme have been implicated in the control of
cytosolic pH under normal conditions of water supply (Smith and Brown, 1981; Davies,
1986). In the case of drought, water uptake 1s blocked, sometimes completely. As a resull,
this mechanism of K' exchange is reduced because ion uptake from the rooting medium is
inhibited. The resulting decline in cytosolic pH could have disastrous consequences for
several physiological processes. In particular, with only two exceptions, all the pH optima
of the enzymes of the TCA cycle fall between pH 6.8 and pH 7.8 (Venekamp, 1989).
Therefore, a drop in the cytosolic pH towards the acid range would probably diminish the
activity of oxidative respiration. Maintenance of oxidative respiration depends on the
adequate removal of excess H'. This might be mediated by the accumulation of proline.

Under such conditions, Davies (1986) proposed that an important means of regulating
cytosolic pH might be the conversion

X + NAD(PH + H ——=XH, + NAD(P)’

,Catalysed by a dehydrogenating enzyme. Removal of H' fons occurs in both formation and
reduction of the intermediate PSC during proline biosynthesis from glutamate (Section
2.2.1). If the precursor glutamate is derived from 2-oxoglutarate wvia glutamate
dehydrogenase, this involves another dehydrogenation (Layzell, 1990), This has led o the
proposal that proline synthesis may be an efficient metabolic mechanism 1o counteract the
increase in cytosolic acidity during strese (Venckamp, 1989).
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Furthermore, in studies conducted with Vicia faba plants, Venckamp and Koot (1988) and
Venckamp of al (1989) demonstrated that the organic acids of oxidative respiration, namely
citrate, malate and lactate, are the direct source of the carbon skeletons required for proline
synthesis under conditions of water deficit. Therefore, proline accumulation appean to
combat the problem of cytosolic acidity s a second level too, namely depletion of the
organic acid pool itself

Of course, continued removal of H induces a concurren! formation of NAID(P), which needs
0 be reduced back wo NAIDP)H in order for proline synthesis 1o continoe. Normally, this
would occur by means of the metabolism of glucose via glycolysis and the TCA cvcle or
via the oxidative pentose phosphate pathway. However, besides NAD(P)H, H' ions would
be regencraied. Venckamp (1989) has suggested thal under conditions of water deficit,
generation of NAD(P)H might be possible without the concurment production of H' by the
mitochondrial oxidation of glycine. This yields NH,", €O, and a methylens tetrabydrofolate
derivative and involves the concurrent reduction of NAINP) withouwt liberation of H
(Tolberr, 1981). This is a general reaction ocouming in the mitochondria of leaves in both
G and C, plants.

Therefore, several featurcs of the metabolic reactions involved in proline hiosynthesis and
oxidation suggest that the metabolism of proline, rather than the accumulation of the free
imino acid itself, is important in stress tolerance. Whereas a strong casc has been presented
for the regulatory role of PSC-proline interconversions in metabolism in animal systems
(Phang, 1985), analogous investigations in plants arc limited. The nodules of certain
nitrogen-fixing legumes arc characterised by extremely high rates of activity of proline
metabolic pathways (Kohl e of, 1988). Proline biosynthesis in root nodules is believed to
generate NADF, and thereby stimulate activity of the oxidative pentose phosphate pathway,
This generates phosphoribosyl pyrophosphate required for the synthesis of ureides. However,
a comparison botween urcide- and amide-exporting nodules revealed similar high PSCR
activitics, although only the ureide-forming type of nodule would require stimulated purine
nucicotide synthesis (Kohl er al, 1991). The only significant difference between urcide- and
amide-exporting nodules was the considerably higher activities of proline oxidasc in the -
bacteroids of the urcide-exporting species. However, the importance of this finding is not

clear.



To date in stress physiology research, most work on the metabolic importance of proline
biosynthesis from glutamate has centred on the possible role of the pathway in reducing
acidity. Litile attention has been paid to the metabolic regulatory implications of proline
metabolism. Proline accumulation may be closely linked with the activity of oxidative
respiration. Although proline may constitute a source of 2-oxoglutarate to serve either as
substrate for the TCA cycle, this is only likely to occur upon relief from stress. During
stress, il 15 more likely that proline synthesis is involved in redox transfer. Redox polential
is likely to be severely aliered by water deprivation owing to the concomitant decrease in
electron transport in both mitochondria and chloroplasts, During the period of exposure to
siress, proline synthesis may be a mechanism of preventing lethal over-reduction of the
pyridine nucleotide pools and maintain NADPYNAD(P)H ratios at values compatible with
nommal cell metabolism. Upon relief of stress, mitochondrial oxidation of the accumulated
proling is likely to prime TCA cycle activity and thercby provide emergy needed for
recovery.

2.1.2.5 Arguments for and against proline accumulation as an
adaptive response to hyperosmotic stress

Despite the multitude of possible roles proline may serve in plants during osmotic stress,
none of the evidence currently available directly proves a function for profine in the process
of acclimation to osmotic stress. It siill remains necessary to establish that the apparent
relationship between proline accumulation and stress tolerance is more than simply a
corrclation. Increases in proline levels in stressed tissues do not necessarily indicate an
adaptation to stress. Rather, proline accumulation may simply result from a disruption in

cellular metabalism 22 a reenlt of severs waler stress.

“’hﬁﬁ:almgubndynfnim:uppmulpﬁiﬁwmd:ﬁmhdwmpmﬁm
accumulation and adsplation to csmotic stress (Singh er al, 1972; Bar-Nun and Poljakoff-
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nat been corroborated by other warkers (Hanson ef al, 1977, 1979; Ferreira ot al, 1979,

Tal et al, 1979; Hassan and Wilkins, 1988; Ashraf 1989). Results of certain workers
(Chandler and Thorpe, 1987a, 1987b; Rodriguez and Heyser, 1988) have cven indicated
proline to be negatively comrelated with osmoregulation in stressed plant tissues,
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Although a number of desirable physiochemical propertics are exhibited by proline at molar
concentrations (Schobert and Tschesche, 197E), these may not play a decisive role when
proline is found at the relatively modest concentrations generally observed m plant cells
adapted to hyperosmolic conditions. Schobert and Tschesche (1978) reported that proline
concentrations above 5 M were capable of enhancing the solubility of insulin by
approximately 170-fold. However, at concentrations below this, proline had only negligible
effects. Furthermore, many studies which have implicated a protective role for proline on
subcellular structures (Pollard and Wyn Jones, 1979, Paleg e al., 1981, 1984; Arakawa and
Timasheff - 1983, 1985; Rudolf et al, 1986; Schwab and Gaff, 1990) have, of necessity,
been performed in vitro, with enzymes and membrane systems removed from their natural
micro-environment and in the case of proteins, usually at low non-physiological levels.

However, the angument that proline levels in stressed plants may be inadequate to protect
subcellular structure assumes that the imino acid i not compartmentalised within the cell.
Some evidence suggests that compartmentation of proline within the cell may occur. Several
workers (Stewart and Lee, 1974; Hasson and Poljakoff-Mayber, 1983; Ketchum er al,, 1991)
have reported that proline accumulation in vacuolated plant cells in response to
hyperosmotic stress is primarily restricted to the cytoplasm and cytoplasmic organelles, This
mighl ensure relatively high localised concentrabions of cellular proline. The cytoplasm
constitutes only 5-10% of the csmotic volume (Briggs and Roberison, 1957) of vacuolated
cells (Flowers and Yeo, 1986). Therefore, relatively small amounts of solute in the
cytoplasm may account for cytosolic psmotic adjustment to low external water potential.
Consequently, localised concentrations of proline within the cell may be sufficient in certain
cascs t0 account for the protective action of proline on protein-structure as proposed by
Schobert and Tschesche (1978). Furthermore, the actual concentration of proline within the
cyloplasm is likely to be higher than what is apparent because of the reduction in cell
volume that accompanics dehydmation {Turner and Jones, 1981).

Nevertheless, Pablich er al (1983) demonmstraled that in polyethylene plvcol-treated
Nicotiana rustica protoplasts, most proline is sequestered in the vacuole. This implies that
increases in proline accurmulation in this species probably has no pronounced osmotic ar
biophysical inﬂuminlh:qtqium,hﬂduulmufpm&mnmwuhﬁmnuyhu
mediated via its metabolism (Section 2.1.2.4). This could be mediated at either or both the
level of proline hiosynthesis during stress, or by proline degradation upon relief from stress.
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In contrast most of the accumulated proline effective in oamoregulation of cultured cells
of the salt marsh grass Distichiis spicata was found in the cytoplasm (Ketchum et al, 1991).
Cells maintained a cytoplasmic proline concentration at least one order of magmtude greater
than that of the vacuole. This would be important in mainicnance of osmofic balance
between the vacuole and cytosol, especially in halophytes, which absorb much NaCl and
store it in the vacuole. It is gencrally accepied that osmofic adjustment with organic
compatible solutes in the cytoplasm balances inorganic ion storage in the vacuole (Stewart
and Lee, 1974). Confinement of the compatible solute pinitol to the cytoplasm when
Mesembryanthemum crystallimim is salt stressed has also been shown No pinitol
accumulated in the vacuole (Paul and Cockbum, 1989). Similarly, Hall er al (1978)
demonstrated that glycine betaine accumulated by Suaeda maritima was restncied
exclusively to the cytoplasm. Therefore, vacuolar accumulation of proling in osmotically-
stressed Nicotiana rustica may be a feature unique to this specics,

Bellinger and Larher (1987) have argued that frequent use of the term "accumulation” in
relation to increases in proline lovels is misleading, since it has even been wsed 1o descibe
an increase of less than 100% in an initially low proline pool (approximately 0.1 mM, Pesci
and Beflagna, 1984). Another argument against functionality for proline sccomulation is that
this responsc is not a feature of the response of all higher plants to hyperosmotic stress. For
cxample, increased concentrations of chloride or sulphate salis could not effectively
stimulate proline accummlation in sugarcanc leaves of a salt-sensitive variety (Naik and
Joshi, 1983). Similarly, pigeon pea plants fail to accumulate proline at high salinity levels
(Joshi, 1984). In Andropogon glomeratus, a C, nonhalophytic salt marsh grass, proline
mmylmdnhmmwdmmﬁghlmﬁiuﬁﬂymnqﬁmﬁ
lo increase ils concentrations (Bowman, 1988). Cucumber, which is particularly sensitive
o water deprivation, docs not accumulate proline as a result of water stress. Even
cxogenous application of proline, which has shown to be taken up by the tissue, does not
increase stress tolerance of cocumber (Ital and Paleg, 1982).

Contradictory reports for the stabilising effect of proline on enzymes have been made.
Schwab and Gaff (1990) reported a protective role for proline on the activities of NAD-
mﬂmndﬁyﬁw;ﬂmmﬁﬂmﬁanWmdﬂwdmgmc
and glyceraldehyde phosphate dehydrogenase from two grasses, onc dessication-tolerant and
the other dessication-sensitive. Almost full protection of enzyme activitics was obtained
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when proline was added at a molar ratio of 2:1 (protectant to salt) with the simultansous
addition of salt to the reaction media. No protection was found when proline was added
afier a 1 h preincubation of enzyme extracis with high salt concentrations (above 0.5 M)
Extracts from air-dry leaves of the dessication tolerant species Sporobolus stapfianus
recovered almost fully afier 5 h incubation in 1 M proline (Schwab and Gaff, 1990).
Although Manctas ef al. (1986) also reporied full protection of phosphoenolpyruvale
carboxylase agasinst NaCl inhibition in two species of Poaceae with a proline concentration
between 200-800 mM, proline acted as a competitive inhibitor of the same enzyme from
members of the Chenopodiacese (Manetas of al, 1986).

Such issues have led 1o much debale as o the exact function of proline, if any, in
hyperosmotic stress. In particular, controversy continucs 25 1o whether proline is a cause ar
the consequence of metabolic adaptation b stress condiions. For example, it might be
argued that proline biosynthesis may simply be extremely sensitive to elevated levels of
reductants and organic acids that sccumulate during osmaotic stress. Altematively, if proline
is a redax shutlle molocule (Scction 2.1.2.4), a8 has been established in certain mammalian
tissues (Phang, 1985) and proposed in mitrogen fixing nodules (Kohl er al, 1988),
uncoupling of the redox shuttle mechanism might cause proline accumulation. A decline in
proline oxidation concomitant with water stress (Stewart ef al, 1977, Section 22.3) might
cause such uncoupling. Increased proline synthesis in response to osmotic stress would
cxacerbate this situation. Proline accumulation may then merely be 2 symptom of metabolic
dysfunction. The biocompatible features of proline and its apparent lack of toxicity to cells
suggests that such sccumulation might be tolerated until homeostasis is regained,

Attempts to correlate the ability of different varieties of the same species 1o sccumulate
proline with their drought resistance ratings have met with differemt results. Positive
correlations between capacity for proline sccumulation and drought tolerance have been
found in ten barlcy cultivars (Singh et al, 1972), two muize cultivars (O'Regan ef oL, 1993)
and four tohacco cultivars (Van Rensbarg ef al, 1993). The Last study reparted that drought
Hﬂnﬁmm.ﬂnhmmmﬂﬁllﬂnmﬁlﬁhﬂmﬂ
mum&mummammm.mp«mw“
comrelation with proline accumulation (Pandey and Srivastava, 1990)



a1

However, Hanson ef al. (1977) have challenged the value of proline-accumulating potential
mapﬂﬂdhﬂmmwmmﬁﬁmm#hﬁw,FMmm,
Richards and Thurling {1979) observed only a weak comrelation between yield under drought
and proline accumulation in Brassica napus. Proline accumulation appears to be a poor
indicator of salt tolerance in black gram (Ashraf, 1989) and soybean (Moftah and Michel,
1987). The latter study found proline levels to be inversely correlated with the tolerance of
soybean to salinity stress. In black gram, a negative correlation of proline accumulation with
salt tolerance was observed (Ashraf, 1989). Levy ef al (1988) found no relation between
proline content in leaves or tubers of potatoes and their relevant tolerance or susceptibility
to salinity. Both Blum and Ebereon (1976) and Bhaskaran e al (1985) respectively failed
to correlate drought tolerance with the capacity of cight and ten cultivars of sorghum to
accumulate proline,

Furthermore, although stress-induced proline accumulation is usually rapid, in certain species
it begins only when cell injury is already evident (Hanson et al, 1977, Mofish and Michel,
1987). Moreover, in certain specics such as Brassica napus, elevated levels of proline may
persist for up to one month after stressed cells have been retumed o normal csmotic
conditions (Chandler and Thorpe, 1987b). This suggesis that it is unlikely thal proline makes
any contribution to recovery from stress in callus cultures of Brassica mapus

Observations such as these have resulted in the establishment of a school of thought
supporiing the conclusion of Hanson ef al (1979) that proline accumulation is merely a
symptom of profound metabolic disturbance induced by a reduction in water potential. To
adherents of this philosophy, the sensitivity of proline biosynthesis to expanded pools of
organic acids or reductants following hyperosmotic stress does not provide adequate
evidence that the process jiself is of any fonotional importance in acclimation to osmotic

Blress.

However, Delauney and Verma (1993) point oot that the absence of a positive correlation
between proline accumulation and osmotolerance in some specics does not negate an
adaptive role for proline per se. Rather, it may reflect the prodominance in these species of
osmoregulatory mechanisms other than osmotic adjustment. Many altemative responses 1o
hyperosmotic stress other than proline accumulation are possible. The choice of a response
18 likely to be dependent on the carbon and nitrogen allocation paticms found to be optimal
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by the species in question. It is also likely to be influenced by plant size and total surface
area as well as by stomatal physiology. Proline accumulation is dependent on the availability
of sufficient carbohydrates (Hsiao, 1973) Differences hetween species or even varieties in
their capacities for starch mobilisation may also account for differences in their ability to
accumulate proline.

The mechanism of drought stress tolerance in many plant species is through avoidance of
the stress. Such adaptations are often at the whole plant level. They may be morphological,
for example increased leaf waxiness, leaf pubescence or development of a more extensive
and decper rooting system (Malik et al, 1979; Sharp and Davies, 1985). Alternatively,
adaptations to stress tolerance are often developmental. For example, the time of flowering
of a specics is often a determinant of stress avoidance. A shorter life cycle may enable the
plant to maturc safely during a rainfall period. Annual plants characteristically spend the
driest periods of the year in a dormant state. Yet other adaptations to hyperosmotic stress
may be physiological. These might include active exclusion of salt or sequestration of ions
within the vacuole.

Alternatively, poor proline accumulators may have evolved metabolic responses other than
proline accumulation. A number of changes in the protein and mRNA populations of plant
celis have been observed in response to hyperosmotic stress (Singh ef ol, 1985, Winicov
et al, 1989). Despilc its apparcnl eminence, it would be a gross oversimplification 1o
examine proline accumulation in isolstion, when examining plant stress responses. One such
metabolic adaptation, common to many drought tolerant species, might be s shift in
photosynihesis from the C, pholosynthetic pathway to Crassulaccan acid metabolism
(Cushman et al, 1992). Another might be the accumulation of alternative csmolyies, It is
well known that the extent to which any of the common intracellular solutes play a role in
osmotic adjustment varics between different plant specics. Different osmolyie preferences
also exist among species of bacteria (Csonka, 1989, Madkour ef al, 1990).

Although the pathways of proline biosynthesis and degradation are obviously present in all
cells, several workers (Itsi and Paleg, 1981; Naik and Joshi, 1983; Joshi, 1984; Bowman, -
1988) have reported proline accumulation to be minimal in certain plants exposed 1o osmotic
stress. However, in species where proline is not accumulated 10 substantial levels, other
osmolyies tend lo accumulate. Presumably this is 1o cope with the osmotic load by
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compensating for a low level of proline. In most specics studied, a reciprocal relationship
is evident between the levels of free proline and the preferred osmoprotectant. In specics
where both proline and glycine betaine accumulate, for example Aster tripolium, the
metabolic pathways imvolved in accumulation of both compatible solutes appear to be highly
coordinated (Goas et al., 1982).

Many glycophytes modulate cellular osmotic balance primanly by wsing low molecular
weight carbohydrates (Greenway and Munns, 1980; Weimberg ot al., 1982). In these plants,
proline is most probably only of secondary importance, Some plants are almost exclusively
sorbitol or mannitol accumulators. Such species include members of the Plantaginaceas
(Abmad et al, 1979), brown algae (Reed ef al, 1985) and 4 pium graveclens (Larher, 1987).
They do not accumulate proline. Furthermore, euhalophyles are typically not proline
accumulators. Members of the Chenopodiaceac, which exhibit among the highest sali
tolerances reporied, accumulate glycine betaine in preference to proline (Coughlan and Wyn
Jones, 1980). The stabilising effect of glycine betaine on enzymes isolated from members
of the Chenopodiaceae, but inhibitory effect of proline on the same enzyme activities has
led to the proposal that enzymes from certain species may have coevalved with the osmolyte
selected for by that species (Manetas ef al, 1986; Nikopoulos and Manetas, 1991). This may
explain the strong taxonomic preference towards a particular osmolyte in cerfain plant
families.

Proline accumulation is not believed to play a major role in the osmoregulation of most
halophyies (Storey and Wyn Jones, 1977; Doddema ef al, 1986; Demmig and Winter,
1986). Plants growing in saline environments usually accumulate large amounts of NaCl in
the tissue. Owing (o the inhibitory effect of sodinm and chloride ions on many enzymes,
their presence in the cytoplasm should be minimal. Evidence for the compartmentation of
electrolytes between the cytosol and vacuole in halophytes has been presented by Stewart
and Les (1974) and Ketchum ef al. (1991). The nccessary osmotic halance between the two
compartments is achicved through accumulation of organic solutes in the cytoplasm. Besides
playing an csmotic role, compatible soluies are likely to protect enzymes against
denaturation or inhibition of activity, ”

However, some proline accumulation in halophytes is frequently observed as an initial
response (o an osmolic stross imposed very rapidly or (o levels much higher than those
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promoting normal growth (Storey and Wyn Jones, 1977; Doddema er al, 1986). However,
the levels of proline accumulated are unlikely to be csmotically effective. Presumably this
provides time to activalc more permaneni adaptive responses. Furthermore, cxcoptions o
this generalisation for halopliytes do exist For example, the halophyte Triglockin maritima
is a typical proline accurnulator and does not produce a significant amount of glycine
betaine (Stewart and Lee, 1974).

Instcad of detracting from evidence for an cemoregulatory role for proline, these findings
provide strong support for functionality of proline in plants that are proline accumulators.
Species which have selected for other osmolytes, probably on the basis of differences in
their carbon and nitrogen allocation patterns, have apparently dispensed of this otherwise
presented by Hanson ef al (1979) that proline accumulation Is nothing more than a
symptom of metabolic modifications induced by stress.

Direct regulation of proline accumulastion by other osmoprofectants has recently been
reporied by Lather ef al (1993). These workers showed that in leaf discs of Brassica napus,
proline accumulation induced by mannitol, polyethylene glycol, sodium chloride or sodium
nitrate could be inhibited by glycine betaine and two other betaines, pipecolic acid and
dimethylsulphoniopropanoic acid. Although it was not established whether the inhibition
operated al the level of restoring feedback inhibition of proline biosynthesis or enhancing
degradation, this finding suggests the existence of a fincly-controlled mechanism of
attenuating stress-induced proline accumulation in the presence of sufficient amounts of an
m:iqli.ﬂ'ﬂmh.hhqﬁunmmrfwm
in counteracting the effects of hyperosmotic stress.

Drought tolerance in plants is almost certainly dependent on a complex of often unrelated
properties. Failure w0 comclatc drought tolerance with only ome of several possible
mhmmﬁhw:hﬂihﬂnﬁrhmhmﬂﬁm
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that in many specics, no straightforward relationship between proline accumulation and -
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and biochomical processes,
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Although much evidence for functionality of proline accumulation in plant sysicms is
indirect, more compelling evidence in favour of a direct role for proline in counteracting the
effects of hyperosmotic stress comes from studies in which application of exogenous proline
has been shown to have a protective effect on bacteria, as well as whole plants, individual
plant tissues and isolated plant organs.

The osmoprotective propertics of proline were first reported in a prokaryotic system when
Christian (1955) observed thai exogenous proline could alleviate the growih inhibitory
effects of osmotic stress in Salmonella oranienburg, A wide variety of osmotically-stressed
bacteria have been shown to accumulate proline (Measures, 1975) and addition of proline
o hyperosmotic media stimulates the growth rate of many bacterial species (Kicft and
Spence, 1988; Gloux and Le Rudulicr, 1989). Prolinc-overproducing mutants of Escherichia
coli (Dandckar and Uratsu, 1988) and Serratie marcescens (Sugiura and Kisumi, 1985)
clearty exhibit increased osmotolerance. Transfer of a plasmid-bome gene encoding a
feedback-resistant y-glutamyl kinase from Saimonella typhimurium (Csonka, 1981; Mahan
and Csonka, 1983) 1o E. coli and Klebsiella preumoniae confers proline overproduction and
associated osmotolerance (Jakowee ef al, 1985).

Furthermore, some evidence in favour of a functional role of proline as a compatible solute
has been obtzined by cxogenous application of proline 1o whole plants or to isolated plant
tissucs. Addition of 100 mM proline to a Hoagland solution containing 120 mM NaCl
neutralised the effect of salinity stress on peas and Tamarix tetragyna (Bar-Nun and
Poljakoff-Mayber, 1977). In the same study, proline was also found to counteract the NaCl-
induced inhibition of pea sced germination. Handa ef al (1986) demonstrated that addition
of exogenous proline to culture medium during waler stress and osmotic downshock
alleviated the normally resulting inhibition of growth of tomato cell suspension cultures.
Such a protective role was not observed for any of the other amino acids tested (Handa e
alL, 1986). Addition of 10 mM proline to cultured barley embryos increased shoot clongation
under saline conditions (Lone ot al, 1987). This effect was atiributed to the ability of
proline to decrease the leaf salt load. Callus lines of Cicer arietinum grown in a medium
mimmﬂﬂdlnmmmwmmﬁymm )
and Ganapathy, 1985).
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These data implicate a direet rolc for proline imself, and do not implicate the process of
proline biosynthesis as being of importance in stress tolerance. The process of proline
synthesis, as opposed 1o the presence of proline i important in coupling the oxidative
pentose phosphate pathway to regulate purine metabolism and nucleotide umover (Figure
2.1} In contrast, ltai and Paleg (1982) reported beneficial eflects of exogenous proline
during recovery of barley plants from water stress. However, no effect on growth dunng
stress was noted (Itai and Paleg, 1982). This is consisicn! with the hypothesis that proline
confers its adaptive advantage via its metabolism upon relief from stress (Section 2.12 4).

Nevertheloss, as with much of the work done concerming the beneficial effects of proline
in stressed plants, coniradictory findings have also been reporied in which exogenous proline
docs not confer any advantage on stressed plants. For example, the presence of 1 mM or
10 mM proline in media containing 100 mM or 200 mM NaCl had little offoct on the
growth of sal-adapted callus of nce (Kishor, 1989). However, the same study indicated that
some concentrations of proline significantly increased the growth of sall-unadapled rice
callus. Proline (10 mM) inhibited the growth of salt grass suspension cultures in the
presence of 260 mM NaCl (Rodriguez and Heyser, 1988), Nevertheless, it is worth noting
that in this study, exogenous [“CJ-proline inhibited the normal biosynthesis of profine that
would have ocourred in suspensions grown at this salinity level. This may sccount for this
result The findings of Rodriguez and Heyser (1988) bolster the argument presented in
Section 2.1.2.4 that the synthesis of proline and not merdly its presence, is of importance
in counieracting the effects of hyperosmotic stress.

Another approach 10 resolving the confroversy surrounding the role of proline in adaptation
10 stress has been the isolation of mutants which over-produce proline under non-stressed
conditions. Cell lines of Daucws carota with a twelve times increase in proline contomt
demonstrale an enhanced resistance to high salinity (Riccardi e al 1983). A bardey mutant
resistant to hydroxyproline accomulated proline in the soluble fraction of the leaf 1o three
times the normal amount (Kueh and Bright, 1982). The growth of this mutant was less
mwmﬂnﬂmlmmmwﬂuﬂmw
conditions hwﬁmmwﬂﬁdummﬂmnpﬁddmm,
However, at constant concentrations of NaCl above 100 mM and in polyethylene glycol (0-
mﬁiLm:mafhmmﬂﬂiﬂ-wpﬂnmmﬂyhﬁthﬂ:uhm
Broght, 1982) This implicd that a three-fold increase of proline content in the mutant did
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not confer an increased ability o grow mnder walcr stress.

dependent glutamate synthase, and possessing low levels of glutamate, the primary precursor
for proline ender conditions of stress (Section 2.2) When wild-type barlcy plants were
subject 0 a gradual increase in water deficit by soil drying, there was a rapid sccumulation
of proline {Al-Sulaiti ef al, 1990). However, the glutamaie synthase deficient mutani lacked
the ability to accumulaie proline and showed premature symptoms of stress. Forthermore,
unfike the wild-type plants, the glutamate synthase deficient mutants exhibited a decrease
in root 1o shoot mtio following the soil drying treatment (Al-Sulaiti ef al, 1990).

Three lines of evidence intuitively suggest a functionality for proline in osmotic stress.
Firstly, as pointed out by Handa ef al (1986) the accumulation of proline in a diverse armay
of organisms spanning the biological kingdoms is unlikely to be coincidental. Furthermaore,
proline concentrations are directly proportional 1 the salinity level or the intensity of water
stress. Also, besides the rapidity of accummlstion following the onset of stress, proline is
usually lost rapidly upon restoring plants o optimal growth conditions, principally by
oxidation (Paleg and Aspinall, 1981). This reinforces the idea that proline sccumulation
under stressfud conditions has some functional significance. Many other organic solutes
which are accumulated during stress (eg. glycine betaine) do not show a similar decline
(Goas «t al, 1982; Naidu et al, 1990). Asparagine synthesis has been reported {0 increase
upon relief from stress (Venckamp and Koot, 1988).

2.1.2.6 Conclusion

Proline accumulation in response to hyperosmotic stress is & highly complex and still
incompletely understood process. Although presently there is no unified model available for
a comprehensive view of the functional significance of proline during hyperosmotic stress,
it is most likely that the effects of an accumulation of free proline are multifsceted Proline
Mﬁﬂmﬂmmm&mﬂfullmnwm )
mummmmmmhm.@mm
potential.
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In particular, proline may act as a frec-radical scavenger (Smimoff and Cumbes, 1989),
protect subcellular structure by an interaction with enzymes (Schobert, 1977b; Arakawa and
Timasheff, 1985), membrancs (Rudolf er al, 1986) or ribosomes (Kandpal and Rao, 1985)
or serve as a carbon or nitrogen source for recovery upon relief from hyperosmotic stress
(Dashek and Erickson, 1981). During stress, proline biosynthesis may assume a priniary role
in reducing cytosolic acidity following a breakdown of other mechanisms capable of
regulating cytosolic pH (Venckamp, 1989). To date, comparatively little attention has been
devoled to the possibility that proline synthesised during stress may act as a non-lethal store
of reductant for use in repair of stress-induced damage and the resumption of growth upon
reflum (o normal conditions. Coupling of proline synthesis to the oxidative pentose
phosphate pathway may be important in increasing ribose-5-phosphate production for the
synthesis of nucleotides needed for enhanced transcription of genes which encode products
important for stress tolerance. Nucleotide synthesis may also be required for the initiation
of cell division upon relief from siress. Aliematively, pentose phosphates produced by the
oxidative pentose phosphate pathway may be of importance in the synthesis of cell wall
polymers during plant growth following relief from stress.

However, the debate whether proline is a symplom of drought susceptibility or a response
with possible adaptive significance has yet o be resolved. Considering the importance of
understanding and increasing plant resistance to drought, the controversy regarding the
adaptive significance of proline is likely to continue until it is possible to distinguish
conclusively between what may be a response due to altered metabalic balance and what
is of adaptive significance. Appreciation of the functional significance of proline
accumulation in response lo hyperosmotic stress is not trivial. It is of vital importance to
make a distinction between what is an adaptive response and what is merely an incidental
consequence of stress before implementing plant-improvement programs aimed at enhancing
stress resistance.

The abundance of lilerature accumulated over the past forty years conceming the physiology
of proline accumulation in plants and its possible significance, is rife with contradiction, The
conclusions drawn by different workers are oficn in direct dispute. This maost probably arises
from the range of possible adaptations that planis may choose in dealing with esmotic siress
(Delauney and Verma, 1993). Proline accumulation is only one of a number of possible
measures which planis may take to ameliorate the negative effects of hyperosmotic stress,
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The accumulation of proline in cultivars is not always correlated with their stress tolerance.
Much of the lack in reproducibility of results obtasined from the same species probably arises
from a failure to use standardised methods and conditions. For example, recent work (Naidu
et al, 1992) has reconciled the conflicting results of Singh er al (1972) and Hanson et al
(1977) conceming proline accumulation in barley cultivars. Apparentdy, these two groups
of workers used plants grown and stressed under different vapour pressure deficits, which
accounts for their contradictory results (Naidu of al, 1992).

Increasingly, evidence is emerging that proline production and metabolism is extremely
sensitive (o the growth emvironment and that the previous environmental history of the plam
has a large impact on its response to any change in the environment. The extent of proline
accurnulation is affected by the rate of imposition of stress (Naidu ef al, 1990), stress
precondiioning, organ type and age and genetic vanation within and between species
(Cramer of al, 1990). Vanations in the level of inadvertent acchimation to water deprivation
prior to imposition of experimental stress conditions are also likely to account for much of
the variability in data obtained.

Many workers who have reported a negative comrelation between profine accumulation and
stress tolerance have used cell culture systems (Bhaskaran of al, 1985; Chandler and
Thorpe, 1987a, 1987b; Hassan and Wilkins, 1988; Rodriguez and Heyser, 1988). The ability
io extrapolate such results direcfly back to a whole plant system is questionable,
Furthermore, experimental work with certain plants has involved wounding as a necessary
step, especially for precursor uptake, protoplast isolation or simply handling of parts of
larger plants. Wang ef al (1982) have demonstrated that proline accumulates in excised rice
leaves. This suggests that such experimental approaches may introduce metabolic artifacts
unrelated to osmotically-induced proline sccumulation and thereby influence the outcome
of experimenis.

Fwﬂﬂmhmw“mhmwhﬂhﬁnuhmmw
sucrose solutions (osmotic stress) or by treatment with high concentrations of NaCl (salt
sirese). In the former case, it has been shown that abworbable csmotic agents panly
mihmmndhummﬂ%ﬂummﬂdiuﬁmuﬂﬂdmmu&m{ﬁm
and Johnson, 1987). In the latter case, the general effects of water deficiency may be
superimposed by specific effects of jon imbalances. Although salinity stress constitutes an
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osmotic stress, it differs from water deprivation stress. This is reflected in the kinetics of
proline accumulation and degradation (Voctberg and Stewart, 1984). In barley, proline is
degraded rapidly as a result of recovery from water stress, but not as an immediate response
to salt removal from media (Voetberg and Stewart, 1984). Stewart and Voctberg (1985)
demonsirated a correlation between abscisic acid (ABA) and proline accumulations in water-
stressed barley. When ABA levels exceeded a threshold level, they induced proline
accumulation. However, in salt-treated plants, turgor was mantained and proline
accumulation was not dependent on precursory ABA accumulation. This suggests that the
mechanisms that initiate proline accumulation in response to water stress and salt stress may
be different,

Proline accumulation is a complex function depending not only on the rate of synthesis, but
also on the rate of utilisation of the imino acid in protein synthesis, rate of proline oxidation
and of proline release via protein tumover. Differences between genotypes may derive from
any of these processes.

However, the sustained interest in proline accomulation as a response (0 hyperosmotic stress
suggesis an overall consensus that the response of proline accumulation must be of some
physiological importance. Failure of certain species o accumulate proline or demonstrale
increased stress tolerance upon treatment with proline does not necessarily withdraw from
a possible significance of proline accumulation in other species (Delauney and Verma,
1993),

The comparatively recent emergence of molecular techniques provides an effective means
of analysing the importance of physiological events. It is likely that use of such an approach
will indicate the relative rignificance of prmoline accnmulation as a response 1o hyperosmotic
stress. Understanding how proline accumulation is regulated at the biochemical and
maolecular level is likely to be of great value in defining precisely the significance of proline
accumulation in plants exposed fo hyperosmotic stress. In order to do this, the genes
imvolved in proline accumulation need to be fully characterised. This may enable the use of
ransgenic methodologies to alter proline metabolism in plants. Subsequent to this, molecular =
genetic methods may be used to experimentally manipulate transgenic plants. This is likely
10 enable asscssment of the functionality of proline during and after osmotic stress and to
climinate much of the controversy conceming the functional sipnificance of the response.



2.1.3 Pwoline accumulation as a general stress response

Proline sccumulation in plants has been reported in response to 3 range of other stresses
other than water deficit induced by drought or salinity. These include temperature extremes,
nutrient deficiency, heavy metal toxicity, exposure to atmospheric pollutants, infection by
pathogens, anacrobiosis and nutrient deficiency (Table 2.2). This range of stresses capable
ol inducing probine accumulation suggests that the response may be part of a general
adaptation to adverse environmental conditions. Engineening crops to overproduce profine
may thus be 3 good objective in increasing their overall tolerance to emvironmental stress.

It seems likely that many of the features of proline and its metabolism that are likely to be
of functional value during hyperosmotic stress (Sections 2.1.2.3 and 2.1.2.4) apply equally
in response to other stresses, For example, Saradhi and Saradhi (1991) have suggested that
dunng heavy metal stress, proline accumulation may play a role in the regulation of cellular
redox potentials as outlined in Section 2.1.2.4.

Furthermore, if proline is accepted as a stabiliser of proteins (Schobert, 197Th; Pollard and
Wyn Jones, 1979; Paleg ef al, 1984; Arakawa and Timasheff, 1985), membranes (Rudolf
et al, 1986) and polysomes (Kandpal and Rao, 1985) during hypcrosmotic stress, then its
accumulation is likely 1o be of significance in all stresses capable causing damage to
subcellular structures, Nash er al (1982) and Paleg ot al (1981) have demonstrated that
proline stabilises enzyme structure against heat denaturation, without substantive loss in their
catalytic activity. Krall ef al (1989) reported that proline protects maize pyruvale phosphate
dikinasc from cold denaturation. A role for proline in preventing protein degradation and/or
iactivation of enzymes in plants subjected to nutrient deficiency has been proposed by
Rogozinska and Flasinski (1987). Prolinc is capable of preventing freezing-induced
inactivation of membrane activitics (Heber ef al, 1973). Since plant membrane damage
during chilling is related to the peroxidation of membrane lipid duc to stress-induced
sccumulation of free radicals (Wise and Naylor, 1987), it is possible that proline may act
as an antioxidant to counteract chilling-induced free radical accumulation. Furthermore, use
ﬂpﬂhulwhhmﬁMﬂ-nﬁimW'
has been reported by Hellergren and Li (1981) and Withers and King (1979). It is likely that
this effect is modisted at the Jevel of protoction against solution effects caused by
dehydration during freezing (Withers and King, 1979),
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Table 2.2 : Stresses other than direct osmotic stress that cause proline accumulation

Stress Species Reference
High tempersture 29*C) Hordewm wlpare | Chu er al (1974)
39y Raphorus sativa L
T L Euo of ol (1588}
poos s
Low wemperature [ 2C) Lolium perenne L Dienper (1972}
(4 Hordeum vuigare L Chu #fal (1974)
l."l:g Raphamus sativa L.
F:! Hordeum distichum L.\ Cha & al (1978}
<] Triticum aertivum L.
{ 4°%C) Triticum aestivam L, Naidu ef af (1991)
Hesvy metal siress {Cd, Ca, ¥n, Ph) Cafamis cafan L. Saradhi and Saradhi
Vigna murgo L. (1991)
Triticum aextivem L.
(Cu, Zn) Lenma minor L. Bassi gnd Sharma
(1993)
Pathogen infection (tungro vimsa) Orza sativa L. Mohanty and Sndhar
(1981)
(A tumefaciens) Niconana kabacums L Seitz und Hochwter
(1964)
i L. Meon et al (1978)
Citrus app & al
(1974)
{ Pipeophthers moat tot) Citrur paradiri L. Hanks and Feldman
1963
(Nematode infestation) m‘ S
L Mieon et al (1978)
Atmospheric pollatants (50, NH,, NO;) Oryea sativa L. {Aﬂuﬂ-rﬂ
1988)
Flooding-induced anserabiasis Hellanthus amies L. | Wample and Bewley
(197
Lycoparsicon Aloni and Rosenshtein
excwierstum | (1987}
Kuo and Chen {1980)
Citrus app Labanuuskes er al
(1974)
Nutrient deficlency (low CT) Brassica spp Freney ef &l {1959)
(low K, Mg) Theobroma cavae |. Machicado and
Boyaton (1961)
{low Za, Cu, Mg) Citrus app Stewart (1962)
(low Mg) Purum satrvem L Kian md Jager (1978)
low ) (T ——— Nemec and Meredifh

(1981)




e —

413

Evidence that proline may stabilise polysomes during water deficit has been provided by
Kandpal and Rao (1985) Polysome degradation is a common symptom of several
environmental stresses. Besides being a response to water deficiency (Hsiao, 1970; Bartels
et al, 1988), polysome instability has been reported in respomse to nutrient deficiency
{Webster and Van't Hof, 1973; Webster, 1980; Walier and Hahlbrock, 1985), anacrobiosis
(Lin and Eey, 1967, Sachs er al, 1980), wounding (Theillet ef al, 1982) and heat shock
(Key et al, 1981). It is tempting to speculate that proline may serve to stabilise the
ranslational apparatus of cells duning exposure to a number of different stresses. However,
the stabilising cffects of proline on subcellular structure cannot account! for proline
accumulation in response to the full range of stresses listed in Table 2.2,

Oxidative stress appears to be a common component o all of the stresses and physiological
frec radical or oxidative damage in plants include water deficit (Smimoff, 1993),
temperature extremes (Kendall and McKersie, 1989, Schoner and Krause, 1990; Mishra and
Singhal, 1992), metal toxicity (De Vos ef al, 1992; Moran et al., 1994), exposure to air
pollutants (Mchthom ¢t al, 1990) and nutrient deficiency (Cakmak and Marschner, 1988).
Furthermore, the response of plants to infection by pathogens appears to have a stromg
oxidative component (Apostol ef al, 1989; Chen er al, 1993). All of these stresses induce
proline accumulation (Table 22). As outlined in Section 2.1.23, proline may act as a
scavenger of free radicals which accumulate during oxidative stress. Alternatively, turnover
of the NADPH poal by proline biosynthesis may increase activity of the axidative peniose
mmquy(smﬁmz.lzﬁmmmmmqm
NADPH for the enzymes of the Halliwell-Asada pathway which are involved in free radical
scavenger metabolism (Bowler of al, 1992)

The range of stresses capable of inducing proline accumulation introduces the issue of
clucidating the molccular basis of this response. If it is assumed that proline accurnulation
in response to this disparate range of stresses is triggered by the same fundamental
mechanism, this necessitates examination of features common the suite of arvironmental
conditions shown in Table 2.2. In the light of the involvement of axidative stress in all of
mwmqﬂihﬁﬁumm-im.ﬁmfﬂﬂhhht
hmmh“h&vﬂhﬂﬂmmh&mﬂhhﬁnﬁ
lmhudgmﬂdd’mmdr:pﬁrmqmumdiﬁﬂ&ymnhuﬂﬂdhmﬁw
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oxygen of its products (Farr and Kogomz, 1991). It is currently not known whether similar
regulation of gene cxpression by active oxygen specics ocours in plants. However, in
scoordance with evidence that proline is an effective scavenger of free radicals (Alia er o,
1991; Smimoff and Cumbes, 1989), its de novo synthesis in response 1o axidative stress
would not be unexpected.

Alicrnatively, it has been suggestod that many similar effects of differcmt environmental
challenges might be duc to the existence of a gencral plant stress response mechanism
capable of transducing environmental signals into physiological events (Hanson and Hitz,
1982; Chapin, 1991a; Vemon ef al, 1993). This is consistent with the natural coupling of
mos! environmental stresses. Not only do environmental stresses frequently operate in
concert, but they are often linked by common aspects of their effects, the signal systoms
whereby thoy aro detected, or the response to them (Nover, 1989). It scems probable that
during the coume of evolution, plants have acquired a set of distinct bur partially
overlapping stress response systems fo enable them (o survive and propagate under a
multitude of unfmvourable environmental conditions. This centralised system of physiological
responses might enable plants to respond to any physiological stress, regardless of its nature
(Chapin, 1991a). However, the basic physiological framework that regulates plant growth
in response to stress is likely 10 be extremely compiex, involving changes in hormone
balsnce, water relations, carbon balance and nutrient use (Chapin, 19%1a; Vemon e al,
1993).

The hypothesis of & central stress response sysiem is parficulardly appealing i the plamt
maolocular biologist If many or all of the potential environmental stresses act dircctly on 2
common pathway, then the mapping of stress perception 1o responses &t the cellular level
is considerably simplificd. The almost universal nature of proline accurmulation throughout
the plant kingdom (Table 2.1) suggests that the response may be induced at an cardy stage
in a cascade phenomenon designed 1o produce a rapid highly amplified response immespective
of the nature of the particular stress encountered. 11 is possible that characterisation of the
maolecular basis of proline accumulation may serve as a paradigm for understanding signal
ransduction pathway(s) that link(s) environmental stress with changes in genc expression.
Al present, the mochanism of perception of osmotic stress by plants and the transformation
of such a physical phenomenon into metabolic responses remains enigmatic (Bray, 1994).



Some evidence is available to support the existence of such a peneral stress response syslem
in prokaryotes. A close connection of oxidative stress and the heat shock response 1s valid
for bacteria. Morgan ot al (1986) and Van Bogelen et al (1987) have defined overlapping
stress domains, which have been proposed 1o be parts of a common regulatory entity
{stimulon). Changes in gene expression related to nutrient starvation have been extensively
studied in microorganisms. Metabolic reprogramming in Escherichia coli and Salmonella
tvphimuriwm under conditions of glucose, phosphate or nitrogen starvation is associated with
synthesis of complex, partially overapping sets of new starvation proteins. Some of these
arc also induced by heat shock (Jenkins ef al, 1988; Spector er al, 1986). Furthermore,
starvation of E coli increases heat resistance (Jenkins ef ol, 1988). These findings may be
a guide for futre investigations into whether higher plants posscss an analogous general
sircss response sysiem.

Conceivably, such a transduction pathway might be triggered by changes in the levels of
respond to most cnvironmental stresses by changing their hormone balance, frequently
producing more abscisic acid (ABA) and less cytokinins (Chapin, 1991a) These hormonal
changes may comstituic the trigger responsible for directly eliciting reduced growth in
response fo stress (Chapin, 1991a). Although it is likely that there may be several modes
of action of plant hormones, increasing evidence poinis o their primary actions at the level
of gene expression (Parthicr, 1989), Characterisation of the effects of stress modulators on
Bene activity is thus likely to be an important component in elucidating the physiological
changes that accompany imposition of environmental stress,

ABA is ofien referred 1o as a generalised stress hormone, which may be the produced as a
consequence of different stresses which affect water status in the plant (Chandler and
Robertson, 1994). An increase in ABA is commonly observed in all situations of water
deficit and most aspects of the response are mimicked by the application of exogenous
ABA. Osmotic stress is a common component in many environmental factors capable of
8t the same time. High lovels of heavy metals in soils are likely to interfere with water
uplake by roots (Chapin, 1991b). The reduced mobility of water associated with chilling can
ﬂwmmw&cmdﬁnﬂymmduﬁdm.hhﬂmmﬁm
infernal osmotic stress because ice formation in the extracellular spaces removes water from
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the intracellular environment (Hejala er al, 1990).

Endogenous ABA confent has been shown 1o rise in cold-stressed plant tssue (Daie and
Campbell, 1981; Chen er al, 1983; Taylor er al, 1990). Exogenous ABA treatment also
induces chilling and freezing Iolerance in many plant species (Bomman and Jansson, 1980;
Rikin « al, 1975 Chen er al, 1983; Reaney of al, 1989; Lang et al, 1989). The
involvement of ABA in induced freezing tolerance has been further implicated by the
observation that an ABA-deficieni mutant of Arabidopris s unable to undergo cold-
acclimation; the ability to acclimate is restored by addition of exogenous ABA (Heino et al,
1990). ABA also increases in response to insufficient nitrogen supply (Radin e al, 1962)
as well as in response to flood-induced anaerobiosis (Wadman van Schravendijk and van
Andel, 1985). Levels of ABA have also been shown o rise in maize ssedlings exposed o
cadmivm (Bosham-Smith et al, 1988). This implicates ABA as part of a response
mechanism (o heavy metal toxicity,

A role for ABA in induction of proline sccumulation has been investigated by severl
workers. Exogenous ABA treatments result in increased proline concentration in barley
(Aspinall ef al, 1973; McDonnell of ol, 1983; Stewart, 1980; Stewart and Voetberg, 1985
Rajagopal and Anderson, 1978), Lolium temulentum (Aspinall et al., 1973), pea (Hasson and
Poljakoff-Mayber, 1983), Arabidopsis thaliana (Finkelstein and Somerville, 1990) and rice
(Chou et al, 1991). The effect of ABA on proline accumulation is attributable o neither
acidification of the cell sap (Chou et al, 1991) nor to a reduction in proline degradation
(Stewart, 1980; Dallmicr and Stewart, 1992). Stewart (1980) presented evidence that the
main effect of ABA on proline metabolism is stimulated proline synthesis from glutamate.

However, Henson (1985) showed that injecting ABA into the midsib of Penmisemum
increased the endogenous ABA concentration but had no cffect on proline accumulation.
Likewise, McDonnell et al (1983) reported that exogenous ABA treatments had no effect
on proline accumulation in Spinacia or Pervisetum seedlings. Wample and Bewley (1975)
found that ABA was incapable of inducing proline accumulation in unstressed sunflower
plants, Thomas e al (1992) reported that exogenous ABA was a poor substitute for NaCl ~
mwmmmaummmmm
in a wilty mutant of tomato that contains low levels of ABA and does not sccumulate ABA
in response fo stress was as rapid as in wild-type plants thar did accumulate ABA (Stewart
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and Voctberg, 1987). This finding contrasts with those of Finkelstein and Somerville (1990)
using three ABA-insensitive mutants of 4rabidopsis. In two of these, proline accumulation
in response to exogenous ABA was approximately half that found in wild-type plants,
Therefore, ABA and proline accumulation are not causally linked in all species. Stewart and
Voetberg (1985) have argued that some of the variability in data concerning AB A-induced
proline accumulation in different species may be due to problems of penetration and
differences in metabolism of applied ABA in different species.

However, induction of proline accumulation by exogenous application of ABA does not
conclusively prove that ABA is involved in the regulation of proline concentration at low
water potentials. Although Stewart and Voetberg (1987) found exogenous ABA to increase
proline levels in barley leaves, dehydration-induced proline accumulation in barey was
unaffected by treatment with fluoridone, an inhibitor of ABA synthesis. In badey (Stewan
and Voetberg, 1985) and maize (ORegan ef al, 1993), ABA accuomulation in response to
water siress precedes a ose in proline levels and upon relief from stress, a decline in ABA
preccdes the disappearance of proline. This observation is consistent with, bul does not
demonstrate, a role for ABA in causing stress-induced proline accumulation. Nevertheless,
Ober and Sharp (1994) recently reported that accumulation of proline in the maize primary
root tp at low water potentials is dependent on ABA, as the response was not observed in
wild-type roots treated with fluoridone or in roots of & mutant deficient in carotenoid (and
ABA) synthesis,

Together with ABA, cytokinins appear to play an important role in the regulation of growth
under stress conditions. However, whereas ABA usually increases in response (o
environmental stress, cytokinin levels decline in water-stressed plants (Itai and Vaadia,
1971) and planix exposed tn anaerobinsis (Aurrows and Carr, 1969). Cytokinin levels retum
e normal upon reliel’ from stress (Walker and Dumbroff, 1981). Cytokinin levels have been
shown (0 decline under conditions of low nitrogen supply (Chapin, 1991a).

Wample and Bewley (1975) reported that benzyladenine inhibited proline accumulation
induced by wilting or flooding. Proline levels in wilted sunflower plants treated willi
benzyladenine were less than 25% of the level found in wilted plants which were not treated
with the cytokinin. Treatment of unstressed plants with benzyladenine caused at least a 50%
decrease in proline levels throughout the plant (Wample and Bewley, 1975). In Pennisetum
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(Eder and Huber, 1977), barley (Stewart o al, 1986) and rice (Chou et al, 1991), cytokinin
reduces the extend of ABA-induced proline accumulation. Stewart ef al (1986) also
demonstrated that benzyladenine inhibits proline accumulation in wilted and sali-shocked
leaves of barey, However, the mechanism of action of cytokinin on proline levels is
unclear. Stewart of al (1986) showed that benzyladenine did not affect ABA accumulation
or disappearance in salt-stressed barley. This eliminates the possibility that cytokinin might
inhibit stress-induced ABA accummulation in barley. Cytokinin application both before and
after imposition of salt siress was found 1o tnhibit proline sccumulation (Stewan ef al,
1986). In contrast, Chou ef al (1991) found no evidence of a cytokinin-mediated inhibition
of isobutyric acid-induced accumulation of proline. These workers concluded that cytokinin
docs not have a direct effect on proline metabolism, but appears to affect the accumulation
of proline via an interaction with ABA.

Therefore, of the classical growth regulators, ABA and cytokinin appear to be the most
likely candidates for mediating proline accumulation in response to environmental stress,
Not only does evidence for hormonal regulation of proline accumulation provide evidence
fulfmﬁundrdunfpmlincinimm]mhuthﬂmmﬂuhmuduhﬂm
proline metabolism may be affected by a general stress response system concemed with the
acclimation of plants to commonly encountered environmental stresses.

Besides alterstions in the levels of these hormones, evidence is currently available
implicating cvents such as changes in jasmonate concentration, redistribution of intracellular
Ca™ and protein phospharylation in linkage of the perception of environmental stress fo
changes in gene expression (Skriver and Mundy, 1990; Maslenkova ef al, 1992; Bray,
1994; Reinbothe o al, 1994). 1t is probable that these might also play an important role in
medisting the sccumulation of proline during stress. Many hormones and newrological
stimuli in animals regulate cell meubolim by inducing an alteration in the Ca™
 concentration in the cytoplasm. As in animal systems, it appears that plant growth regulators
nﬁnhlﬂlﬁnd]ﬂnﬂf‘lmuhmﬂwnuﬁnﬂmﬂnrhﬁmmuﬂdﬁnh.lmlﬂmh
m&”--mmmhm&mthm
systems is therefore highly probable, In the light of a possible role for Ca** as a secandary -
winltu:thnqhxmpnmcnfplmh.llllhwﬂﬁngmmuﬂhahﬂni[lﬁm
mmmw.mﬁwmmurmhﬂumurum
mﬂmquﬂmmdhycf'-Hnﬂntnmmmmurm



i i

biosynthetic enzyme A'-pymroline-5-carboxylate synthetase (PSCS) from Figna aconitifolia
contains a potential phosphorylation site. This may be of importance in the loss of feedback
inhibition of proline bicsynthesis during hyperosmotic stress (Hu of al, 1992, Delauncy and
Vierma, 1993). Urao et al (1994) recently reported the isolation of two genes encoding Ca™-
dependent protein kinases induced by drought and high salt stresses in Arabidopsis. These
are likely to be of importance in modulation of signal transduction imvolved in drought-
inducible gene expression.

In conclusion, the capacity of a multitude of environmental paramcters to induce proline
accurnulation (Table 2.2) suggests that this may be one of a limited suite of mechanisms that
natural selection has chosen for coping with any of several environmental stresses that plants
may encountcr. Analysis of stress responses unique 1o a specics o group of closely related
species is likely 1o be of only limited value in understanding stress responses in plants from
different environments. An apparenily convergen! siress responsc such as proline
accumulation may enable a synthesis of the mechanistic basis of stress responses. Currently,
the molecular basis of proline accumulation is completely unknown [solaion and
characterisation of the genes involved in the process is an essential prerequisite to increasing
our overall understanding of the process and how it may be rogulasted. It is therefore
possible that characierisation of the molecular basis of proline sccumulation may serve as
a paradigm for understanding the signal transduction pathway(s) that link{s) environmental
stress with changes in gene expression.
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2.2 Proline biosynthesis and degradation in plants

A thoroogh understanding of the physiology and biochemistry of proline accumulation is
an cssenfial prerequisite for any attempt to understand the genetic regulation of proline
accumulation in plants. There are al least four mechanisms whereby proline may accumulate
in response to stress (Hanson and Hitz, 1982). These include increased synthesis from its
precursors glutamate and omithine, reduced oxidation, impaired incorporation into profein
due to a decline in protein synthesis or accelerated protein breakdown.

Although a decline in incorporation of free proline info profcin (Stewart er al, 1977;
Dungey and Davies, 1982a) and increase in protein degradation (Petric and Wood, 1958;
Shah and Loomis, 1965; Thompson et al, 1966; Dungey and Davies, 1982b) commonly
occur in response o osmotic stress in planis, quantities of free proline accumulated in
response Lo osmotic stress are far greater than can be accounted for by such mechanisms
(Stewart, 1981; Venckamp and Koot, 1988).

Metabolic labelling studies (Boggess and Stewart, 1976; Boggess e al, 19762; Rhodes of
al, 1986) indicate that most of the proline accumulated in plants in response to stress is the
result of enhanced synthesis from glutamate. However, there is also a decrease in proline
oxidation concomitant with the onset of stress (Stewant e al, 1977; Ravapati and Stewart,
1991). Proline may also be synthesised from omithine (Adams and Frank, 1980; Delauncy
et al, 1993). However, this biosynthetic route is not believed 1w make a significant
contribution to the vast proline pool accumulated in many plants during stress (Boggess and
Stewart, 1976; Delauney ot al, 1993).

Use of translational and transcriptional inhibitors in studies on ten-day-old Arabidopsis
thaliana plantlets indicated that both de nove transcription and translation are required
during the first four hours of salt stress before proline begins to accumulate (Verbruggen
et al, 1993). The ranscriptional and translational inhibitors cordycepin and cycloheximide
also inhibit proline accumulation in barley leaves that have wilied (Stewart ef al, 1986) or

boen treated with ABA (Stewart ef al, 1986; Pesci, 1987) or isobutyric acid (Pesci, 1987).



In salt-shocked leaves of barlcy, cordycepin-mediated inhibifion of transcripion prevents
proiine accumulation when added after salinisation but before proline begins o accumulate,
but not when added after the onset of proline accumulation (Stewant ef al, 1986). These
results conflict with those of Verbruggen er al (1993) who found that cordycepin adversely
affected proline accumulation even twelve hours after imposition of sall stress in
Arabidapsis. The translational inhibitor cycloheximide delays proline accumulation in sali-
shocked bardey leaves (Stewant et al, 1986). However, with time proline accumulates in
cycloheximide-treated leaves at rates comparable 1o salt-treated controls, This delay and
subsequent accumulation is observed when cycloheximide is added before, during and after
salt treatment. However, the earfier in the sali-treatment period that cycloheximide is
applied, the longer is the observed delay (Stewart et al, 1986). These data (Stewart ef al,
1986; Pesci, 1987, Verbruggen ef al, 1993) indicate that gene activation is involved in
proline accumulation.

Howcver, genetic regulation of proline accumulation may vary between specics. For
example, m the unicellular alga Chiorella auiotrophica, proline accumulation begins
immediately after csmotic shock and is not dependent on protein synthesis {Ahmad and
Hellebust, 1984). In cultured cells of the salt marsh grass Distichlis spicata, sali-induced
accumulation of proline was inhibited by cycloheximide but not by the transcriptional
inhibitor actinomycin D (Ketchum et al, 1991), This indicates that mRNA translation, not
mRNA transcription, is required before proline production in this species. Proline
accumulation may be regulated exclusively at the level of translation of transcripts encoding
the biosynthetic enzymes. However, it is worth noting that actinomycin D had no effect on
profine accumulation in wilted barlcy lcaves, whercas cordycepin inhibited the process
(Stewart of al, 1986). These workers attributed this to a difficulty in ensuring penetration
of the inhibitor into cells, The results of Ketchum ef al (1991) should therefore not be
inﬁwﬂndmmmyhﬂmﬂﬂmmhwurw
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increases in both transcription of the proline biosynthetic genes and tramslation of the _
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oxidation occurs at the enzyme level (Rayapat and Stewart, 1991).
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In any event, these data confirm thal proline accumulation is mediated dirccly al the
genomic level. This suggests that proline accumulation is a regulated response o osmotic
siress and therefore likely to be of adaptational value. The genetic control of proline
accumulation in plants therefore warranis investigaion.

Pathways nfpmﬁn:hiua}whui:mddw:ﬁmhiplmmmnhnwuinﬁgumll

2.2.1 Biosynthesis from glutamate

Numerous studies (Mormis er al, 1969; Boggess and Stewart, 1976; Boggess ef al, 1976x;
Wang ef al, 1982; Badzinski Buhl and Stewart, 1983; Rhodes et al, 1986; Venckamp and
Kool, 1988: Venckamp ef al., 1989) indicate that most of the proline accumulated in plants
in respomse (o stress is synthesised de novo from ghutamate. To date, much of our
understanding of proline biosynthesis from glutamate in planis is by analogy to the enzymes
defined genetically and biochemically in Escherichia colf (Baich and Pierson, 1965; Baich,
1969, 1971; Rossi et al, 1977a; Hayzer and Moses, 1978, Hayzer and Leisinger, 1980,
1981, 1982; Deutch ¢ al, 1982; Hayzer and Leisinger, 1983; Hayzer, 1983; Deutch et al,
1984).

Proline biosynthesis from glutamate has been thoroughly characterised in £ coli (Leisinger,
1987). The biosynthetic pathway of proline from glutamate is shown in Figure 2.3, In

E, coli, the proline biosynihetic pathway begins with the phosphorylation of glutamate by
y-glutamyl kinase (y-GEK; ATP{L-glutamate S-phosphotransferase; EC 2.7.2.11; encoded by
the prof gene), to form y-glutamyl phosphate, which is reduced to glutamic-y-semialdshyde
{(GSA) by GSA dehydrogenase (L-glutamate S-semialdehyde:NADP® oxidoreductase
[phosphorylating]; EC 1.2.1.41; encoded by the prod pgene). The intermediale GSA
spontancously cyclises to A'-pymoline-5-carboxylate (P5C), which is reduced by PSC
reductase (PSCR; L-proline:NAD(P)" S-oxidoreductase; EC 1.5.1.2; encoded by the proC
gene) to proline, )

This pathway was first proposed by Vogel and Davis (1952). Subsequent isotope dilution
experiments {(Vogel and Kopac, 1939) rovealed thai unlabelled GSA decreased the



53

| |

N-acetylglutamate — — — — Ornithine + » » Arglinine
m-CIAT
2-oxoglutarate KAV
™ N\
B-OAT
m-.nm.-/ pP2C
ATP ADP PICR
* +
RS NADPH NADP
Hcf_/ - PSCR
SPON.
Glutamate |, GSA « PEC ey W
/’;cn‘\ 1 | e
et FAD FADH,

Figure 2.2 : Pathways of proline biosynthesis and degradation in plants. The pathways of
proline biosynthesis from glutamate and omithine converge at the point of formation of
GSA, with the subsequent spontancous cyclisation of GSA to P5C and its reduction to
proline being common to both pathways. Abbreviations of intermediates are : GSA,
glutamic-y-semialdehyde; KAV, a-keto-S-aminovalerate; P2C, &'-p)wrulm-!-clhxyllt:
P5C, &'-pyrruhna-s-onbnxylln Abbreviations of enzymes are : a-OAT, omithine-a-
aminotransferase; §-OAT, omithine-S-aminotransferase; PSCDH, PS5SC dehydrogenase;
P2CR, P2C reductase; PSCR, P5SC reductase; PSCS, PSC synthase; POx, proline oxidase.
The interconversions of GSA and P5C as well as KAV and P2C are spontancous
cyclisations. Conclusive evidence supporting the biosynthesis of proline from omithine via
KAV and P2C (shown in grey) is currently not available.

To date, no data has been presented to support the conlention that any of the enzymatic
conversions in the biosynthetic pathway from glutamate are reversible. The final step in
proline formation and initial step in proline degradation are catalysed by different enzymes.
‘The formation and catabolism of the intermediates GSA and P5C, which are in equilibrium
with one another, are also catalysed by separate enzymes. The reaction catalysed by 5-OAT
may be reversible.

Adapated from Wagner and Backer (1992) and Delauney et al (1993).
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Figure 2.3 : Proline biosynthesis from glutamate in Escherichia coli. L-glutamate is
activated by y-glutamyl kinase to form L-glutamyl-y-phosphate. This unstable intermediate
is subsequently converted to glutamic-y-semialdehyde (GSA) by GSA dehydrogenase. It is
believed that the first two enzymes form a complex which ensures that the glutamyl-y-
phosphate remains enzyme bound. Glutamic-y-semialdehyde spontancously cyclises to form
A'-pyrroline-5-carboxylate (P5C). In the final step, P5C is converted to L-proline by the
action of P5C reductase (PSCR). The names assigned to the genes encoding the three proline
biosynthetic enzymes are indicated in parentheses.

Adapted from Delauney and Verma (1993).



incorporation of [*C]-glutamate into proline. This supported the proposed route. A further
important step in formulating the model for proline biosynthesis in bacteria was (he
demonstration that feedback regulation of the pathway by proline was at some stage between
glutamate and GSA (Strecker, 1957, Baich and Picson, 1965). Baich {1969) provided
evidence that the ATP-dependent enzymatically-catalysed phosphorylation of glutamate was
inthibited by proline, This finding supporied the existence of a y-GK specifically involved
in P5C synthesis and led 1o the formulation of the pathway in its present form
Subscquently, £ coli mutants resistant to proline inhibition in wvo have been shown o
contain y-GK's with markedly reduced sensitivity 1o proline (Smith of af, 1984; Rushlow
ef al, 1984; Caonks ef ol 1988; Dandekar and Uratsu, 198%). This has confirmed that in
E oo, regulation of profine biosynthesis is primarily s the level of fecdback inhibition of
y-GE.

Hesides & coli, genes and enzymes involved in proline biosynthesis from glutamate have
also been sidied in microorganisms such as Pseudomonas aeruginosa (Krishna and
Lemsinger, 1979, Knshna ef al,, 1979; Savioz er al, 1990), Salmoneila typhtmurium (Mahan
and Csonka, 1983); Serratia marcescens (Omori et al, 1991), Campylobacter jejuni (Lee
ef al, 1985, Lovic and Chan, 1993), Methanchrevibacter smithii (Hamilton and Reeve,
1985), Desulphovibrio desulphuricans (Fons et al, 1991), Clostridium sporogenes (Costilow
and Cooper, 1978), Treponema pailidum (Gherardini et al, 1990), Bacillus subtilis {(Lewis
and Wake, 1989; Ahn and Wake, 1991), Thermus thermophilus (Hoshino et al, 1994) and
Saccharomyces cerevisiae (Brandriss, 1979; Matsuzawa and Ishiguro, 1980a, 1980k,
Tomenchok and Brandriss, 1987; Brandriss and Falvey, 1992; Li and Brandriss, 1992).
Proline biosynthesis from glutamate has also been chamacierised at the enzyme and genetic
levels in mammalian systems (Smith et al, 1980; Yeh of al, 1981; Henslee ef al, 1983;
Wakabayashi and Joncs, 1983; Merrill et al, 1989; Wakabayashi er al, 1991; Dougherty
et al, 1992).

In all organisms studicd to date, proline biosynthesis from glutamate occurs via the same
pathway, originally defined in £. coli. This conservation of the pathway has been confirmed
by a range of complementation experiments involving diverse organisms often from different
biological kingdoms. For example, the PROI, PROZ and PRO3 genes from S cerevisiae,
mmn&aﬂu&mmmmwwmum
proB, prad and proC mutanis of E coli and S typhimurium (Tomenchok and Brandrics
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1987). Similarly, the £ coly proB gene restores proline prototrophy to the PRO! mutant of
5 cerewisioe (Orser et al, lﬂl}ﬁuthhgnmur[:jqfumﬂﬂhiu-hhm
complement both prod and proB mutants of E coli (Lec ef al, 1985). A cDNA from the
plant Vigna aconitifolia encoding a iifunctional enzyme capabic of PSC synthesis
mmplqmnnupmﬂ‘.prmrﬂpmﬂdmnumhdemb{Huﬂﬂ.lmlﬂmcﬂHﬁ
mvsmmmmmmmasmdsam
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with genes encoding PSCRs from soybcan (Delauncy and Verma, 1990), T. pallidim
(Gherardini et al, 1990) and A. thaliana (Verbruggen ef al, 1993}

Study of proline biosynthesis in microbial and animal systems and use of comparative
enzymology and physiology has contributed greatly 1o our understanding of proline
Eurnﬂﬂhinplmmmﬁnmprdimﬁmyn&mhinpimhhlwfmndm
particular on the role played by the relevant genes and enzymes in osmotic adjustment
during hyperosmotic stress (Section 21.2). Despite the wealth of information on the
enzymology of proline biosynthesis from glutamate gleaned from studies conducted using
E coli and other microorganisms, this approach has been less useful in clucidating the
osmotic regulation of proline accumulation in plants.

Whereas proline accumulation is 3 primiive response 0 osmotic stress, conserved
throughout evolution in both cukaryoles and prokaryotes (Measures, 1975), the sources of
this accumulation differ. Members of the Enterobacteriaceae accummlate proline as a
response 10 stress by enhanced uptake of exogenous proline and neither synthesis nor
catabolism of proline is subject to osmotic control (Csonka, 1989). Osmotic stress has no
effect on the rate of proline synthesis or degradation jn thesc orgamisms, but insicad
stimulates the activity of the ProP and ProU proline transport systens by inducing
transcription of the proP and proll operons (Csonka and Hanson, 1991). A third and major
proline permease, encoded by the putP gene is not affected by an increase in the osmolarity
of the medium (Csonka, 1989). The PufP protein is required for transport of proline when
this metabolite is used a8 a carbon or nitrogen source (Csonka, 1989). The producis of the
proll and praP genes also recognisc glycine betaine as a substrate (Caimey et al, 19852, ~
1985h). Proline accumulation in Staphylococcus aureus al low water polential is also by
ransport { Anderson and Witier, 1982). In contrast, proline synthesis and dogradation appears
to be under osmotic control in other Gram-positive bacteria (Csonka, 1989). Whatmore et
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al (1990) have shown that in B. subfilis, osmotic upshock in a minimal medium increases
proline synthesis. However, most eubacteria appear 1o depend on exogenous proline as an
osmoprotectant (Csonka and Hanson, 1991)

Ta daie, the mosi extensive information obtained concerning proline biosynthesis in plants
has been pbtained by molecular studies. The contral of proline biosynthesis in plants is more
complex than in prokaryotic systems since there are biosynthetic routes rom both glotamate
and omithine (Delauney and Verma, 1993). Both of these biosynthetic routes are regulated
at the levels of enzyme activity and gene expression. Proline metabolism in plants also
differs from that in mammalian systems in several important respects, particularly in relation
1o regulation and subcellular compartmentation.

2.2.1.1 Synthesis of PSC

For many years, understanding of proline biosynthesis lagged far behind that of other amine
acid biosynthetic pathways. In parficular, despite circumstantial evidence in favour of
validity of the first two stcps of proline proposed by Vogel and Davis (1952), formal proof
of the mechanism of P5C synihesis was elusive. This can largely be ascribed o the extreme
lability of y-glutamy! phosphate to nucleophilic attack and its tendency 1o cyclise 1o
S-oxopymolidine-2-carboxylate (Strecker, 1957). This hampered efforts to develop specific
and sonsitive assays for the fint two enzymes of the pathway, It was only with the
comvergence of cnzymology and recombinant DNA technology in the cardy 1980s that
conclusive evidence for the pathway cmerged in prokaryofic systems. Owing 1o the
compantive difficulty of enzyme assay in planis added to the low abundance of amino acid
biosynthetic enzymes offen observed within plant cells (Matthews o al, 1988), conclusive
demonstration of a PSC-synthesising reaction in plants was not forthcoming for over 25
years, despite conceried cfforts by soveral research groups,

Eeccently, the previously unknown natige of PSC synthesis in plants was resolved by the
isolation of a cDNA encoding a bi-functional cnzyme A'-pymoline-S-carboxylate synthase
(P3CS) in Vigna aconmitfolia (Hu et al, 1992). Assay of the recombinant enzyme and
complementation of an K coli proB4 mutant indicated that in Pigna, PSCS catalyses the
first two steps in proline biosynthesis from glutamate. This represented the first unequivocal
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evidence for the existence of a P3C-synthesising reaction in plants. A clone encoding a
bifunctional y-GK/GSA dehydrogenase has also been identified from a tomato cDNA library
(Garcia-Rios ef al, 1991), Vigna PSCS has both y-GK and GSA dehydrogenase activities.
The two enzymatic domains of PSCS comespond 1o the products of the proB and prod
genes of E. coli and contain a Jeucine zipper in cach domain, which may facilifate inter- or
intra-molecular interaction of the protein (Hu e al, 1992).

A mnumber of observations concemning the enzymology and genctics of PSC synthesis in
bacieria are consistent with the existence of a bifonctional enzyme responsible for PSC
synihesis in plants. Consideration of the lability of free y-glutamyl phosphate Jed to the
notion that in K coli, this compound may exist in wve as an enzyme-bound intermediate
{(Baich, 1969). Funthermore, Smith et al (1984) demonsirated that 1o be enzymatically
active, £ coli yv-GK needs to be complexed with GSA dehydrogenase in an obligatory
complex which is extremely labile in vitro. The first two enzymes of proline biosynthesis
in Ecoli are belicved to function in a complex comprising six subunits of each polypeptide
(Deuich er al, 1984). Previous gel filtration studies with crude extracts (Hayzer and Moses,
1978) had suggested the cxistence of an enzyme complex catalysing the first two reactions
in profine biosynthesis and thercby cnsuring the direct transfer of the unstable intermediate
Previous attiempts o purify y-GK had led to the dissociation of the two enzymes with a
consequent loss of activity of the first enzyme. Purification of y-GK from E coli (Smith er
al, 1984) was successful because a strain containing the proBd genes in a multicopy
expression vector (Deutch et al, 1984) yiclded starting material of high specific activity,
Furthermore, the coupled-cnzyme assay used throughout the purification, which was based
on the NADPH-dependent reduction of y-glutamyl phosphate by GSA dehydrogenase,
satisfied the requirement of y-GK for the second enzyme in the pathway.

mmmmummtm:f:hﬁnﬂmnﬁrﬁgﬁﬂ
MhﬂthmﬂﬂxmhﬂNEMﬁwﬂymm
of the prad gene, with their coding sequences located within 15 and 12 bp of cach other
(Deutch er al, 1984; Omori er al, 1991). In both species, both genes appear 1o share a
common promoter and to be transcribed inlo a single mRNA encoding both proteins.
Similarly, in & whmmmhpnﬂudpmm&mlm“mm
Mmmhm{hﬁhnﬂﬂwﬂlﬂhﬂ#ﬂwhm
with the suggestion that the kinase and reductase form a molecular complex ensuring direct
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transfer of the intermediate and protecting it from nucleophilic attack (Baich, 1969).
Biosynthesis of both enzymes in close proximity is likely to result in relatively high
localised concentrations of both enzymes. This is likely to facilitate formation of a physical
complex (Deutch ef al, 1984). Furthermore, although the genes encoding the two PSC-
synthesising enzymes in C. jgjum are not amanged in tandem (Louie and Chan, 1993), a

4.8 kb fragment of C. jgjuni DNA is capable of complementing an £ coli proBA mutant
(Lec et al, 1985). This suggests that they are in the same vicinity on the chromosome.

While the proBid genes comprise an operon at 5.8 min on the E coli chromosome, proC
represents a distinct transcriptional unit located at 8.9 min on the genctic map (Bachmann,
1990). In the genctic map of S. typhimurium, the three pro genes are arranged in a similar
fashion (Sanderson and Hartman, 1978). The proB and prod genes of all prokaryotes appear
to be closely related to cach other in their location on the chromosome. It has even been
suggested by Hu ef al (1992) that the high level of sequence similarity of the E coli ProB
and ProA proteins indicates that they arose by duplication of an ancestral gene. It scems
possible that over time, mutation of a stop codon at the 3' end of the gene encoding y-GK
has enabled the fusion of these two genes in plants to form a gene encoding a bifunctional
enzyme.

A similar cvent appears to have occurred in the evolution of another bifunctional plant
et al, 1991; Weisemann and Matthews, 1993; Ghislain er al, 1994). Although PSCS activity
has been detected in mammalian cells (Smith ef al, 1980; Wakabayashi and Jones, 1983;
Wakabayashi ef al, 1983; Kramer et al, 1985; Wakabayashi et al,, 1991), it is currently not
known whether this is duc to a single bifunctional enzyme or to separale enzymes associated
in a complex.

In S cerevisice, two separate genes (PRO! and PRO2) encode y-GK and GSA
dehydrogenase (Tomenchok and Brandriss, 1987; Li and Brandriss, 1992). However, it is
Mﬁhﬂﬂneﬁumwﬂom-amlnhm&m
MMMTm-dM(IMWMM‘
PRO! genc complemented bacterial proB strains carrying deletion mutations but not those
mmmm-mumummmmm
the bacterial GSA dehydrogenase if it is not already complexed with a defective bacterial
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kinase polypeptide (Tomenchok and Brandriss, 1987).

As in bacierial systems (Smith er al, 1984; Dandekar and Uratsu, 1988; Omon ef al, 1991),
stimulation of proline biosynthesis in plants has been related to loss of fecdback inhibition
of proline biosynthesis by the end product of the pathway. Radicisotope experiments
(Bogpess ef al, 1976a) suggest that this loss of feedback inhibition occurs af the Jevel of
PSC formation. Accordingly, PSCS from V. acomitifolia is sensitive o feodback inhibition
by proline (Hu et o, 1992) and is thus the most likely site for the regulation of proline
biosynthesis in plants. However, the scositivity of the recombinant Figna enzyme o
feodback inhibiton was thirty imes less than that of wild-type E.coli y-GK (Hu er al,
1592). The mechanism whereby this feedback inhibition is lost under conditions of stress
romains unknown. However, it is of interest to note that a potential phospborylation site has
been identified in P5CS from V. acomitifplia (Hu « al, 1992) This may be of some
regulatory significance in reducing feedback inhibstion of PSC synthesis in plants during

Siress.

In contrast fo the bacterial and plant enzymes, conversion of glutamate 1o PSC in animals
is not inhibited by proline. However, omithine inhibits mammalian PSCS activity (Smith
et al, 1980; Hensleo & al, 1983). The possibility of a similar regulation via this alternative
precursor of PSC was not investigated by Hu er al (1992). Furthermore, in vitro studies
with purified £ colf v-GK (Smith e af, 1984) suggest that the activity of the enzyme is
modulaied not only by proline but also by glutamate and ADP. The sigmoidal saturation
kinetics of y-GK are likely to render it insensitive to small fuciustions in the concentration
ﬂmmum-mmﬁmmumm
concentrations of glutamate (Smith e al, 1984). Competitive inhibition by ADP with
respect o ATF is most likely responsible for inhibition of the enzyme under conditions of
eocrgy depiction and therefore responsible for fine-tuning proline biosynthesis with the
energy charge of the cell (Smith er al, 1984). Partially purified y-GK from Pseudomonas
uwmmmﬁﬁﬂmﬂmmwnﬁmmmm.
1979). Future investigations of the allosteric regulation of plant PSCS are likely to be of
interest in the overall regulation of profine accumulation under stress conditions.

Although not purified to homogeneity, mammalian PSCS activity has been demonstrated in
3 mitochondrial membrane fraction (Wakabayashi and Jones, 1983; Wakabayashi er af
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1983). The reaction is dependent on ATP and NADPH. The cofisctor NADH cannot replace
Hﬂﬁﬂiﬁyﬁmﬂlﬂ.ﬂllm.lmwmw
mmnmmndwmmﬂ-ﬁummmm
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al, 1992).

wdmmmthhmwmmmmmwt.
IMLhﬂmqﬂﬁdehhwniﬁ:ﬁmﬂﬂh
W.FqumiimmHﬂﬂmﬂum
nmmmwipdmufﬂwpamm{nmdnd,lwu.mmm
rqﬂ:ﬂmd?ﬂqﬂui:lhﬂﬂiﬂﬁﬂhﬂhnﬂﬂjmmuw.ﬁmh
ﬂiqﬂ.ﬂﬁuqﬂmﬁwnﬂhﬂhdpﬂuhﬂmu{ﬂh
Enterobacteriaccac appears 1o be subject to osmotic control (Csonka, 1989).

The possibility that ranscription of the Figna gene encoding PSCS may be inactivated by
mnumﬂwﬂuﬂd{lﬂllﬂmmmdﬂuﬂﬁmmswﬁﬁq
by profinc al e gonctic lovel is unlikely. Expression of prolf in E coli (Deusch of al,
1984) and § marcescens (Omor et al, 1991) is insensitive 10 feedback inhibition by
profine. Similarly, in 5 cerevisice, PRO/ expression is not repressed by additon of
exogenous proline 1o the growth medium (Li and Brandniss, 1992).

2.2.1.2 Reduction of PSC

Of all the proline bicsynthetic enzymes, A'-pymoline-S—carboxylate reductase (PSCR) has
been the most widely studied of the biochemical and genetic levels. This can largely be
attributed to the relative case with which this enzyme may be assayed i comparisen with
the lack of a rcliable assay for the PSC-synthesising reaction in plants (Rayapati o ol
1989). Much of the inforest in PSCR in animal sysicms is associsted with its relationship
to control of the flux of PSC, which has been identified as an importanl source of
intercellular redox potential and a regulator of cellular metabolism (Phang, 1985; Mixson
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and Phang, 1988; Yeh and Phang, 1981, 1988; Memill er al, 1989). By virtue of its
modulaion of P5SC, the level and allosteric properfics of PSCR impinge on several
physiologically important processes common to both plant and animal cells. Furthermore,
its location at the branch point between the proline synthetic routes from glutamate and
ornithine suggests that PSCR may be a control point in proline biosynthesis from these two
precursors (Phang, 1985; LaRosa ef al, 1991).

Activity of PSCR in higher plants was first detected by Meister er al (1957). To date, plant
PSCR has been purified 10 apparent homogeneity from Hordeum wvulgare (barley; Krueger
et al, 1986), Nicotiana tabacum (tobacco; LaRosa ef al, 1991) and Glvane max (soybean;
Chilson et al, 1991; Szoke er al, 1992). Activity of PSCR has also been measured in
cotyledons of Arachis hypogaea (peanut; Mazclis and Fowden, 1969, 1971), wheat germ
(Triticum oesthvum, Mazelis and Croveling, 1974), cotvledons of Cucurbita moschata
(pumpkin; Splittstoesser and Splittstoesser, 1973; Rena and Splitistoesser, 1975), cell
suspension cultures of Aesembryvanthemum nodiflorum (Treichel, 1986) and Solanum
fuberosum (potato; Corcucra of al, 1989) as well as in groen leaves and etiolated shoots of
Pisum sathvum (pea; Eayapati of al, 1989)

In addition, the enzyme has been partially purified and characterised from various animal
sources (Smith and Greenberg, 1956, Meister et al, 1957, Smith and Greenberg, 1957;
Adams and Goldstone, 1960; Greenberg, 1962; Peisach and Strecker, 1962; Swocker, 1971,
bacteria (Meister ef al, 1957, Adams and Goldstone, 1960; Costilow and Cooper, 197%;
Meile and Leisinger, 1982), Newrospora crassa (Yura and Vogel, 1959) and Saccharomyces
cerevisioe (Matsuzawa and Ishiguro, 1980a, 1980b). Human erythrocyte PSCR has been
purified to homogeneity (Memill e al, 1989).

Genes encoding PSCR have been isolated and sequenced from a range of phvlogenctically
distinct organisms. These include the plants soybean (Delauncy and Verma, 1990), pea
(Williamson and Slocum, 1992) and Arabidopsis thaliana (Verbruggen er al, 1993)
Sﬁmn{ﬂimnﬁrgm:ﬁunﬂmqﬁrmwnd,ML
& cerevisioe (Brandriss and Falvey, 1992), the archacbacterium Methanobravibacter smithii
Mmmwﬂmmmmmmpw&m The
wbmmﬂwimlu&hnhn&mﬂwmm:hﬂuﬁm&dmﬁﬁnmh
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(Deutch et al, 1984), Pseudomonas aeruginosa (Savioz et al, 1990) and Thermus
thermophilus (Hoshino et al, 1994) as well as Gram-positive bacleria. An open reading
frame in the Bacillus subtilis genome encoding a product with high similarity o the £ colr
proC pene product has been sequenced by Lewis and Wake (1989). In addition, sequences
of genes encoding PSCRs from Mypeobacterium leprae (author(s) unknown, GenPept
Accession No, U00018) and the spirochaete Treponema pallidum (F.C. Gherhardini, C.R.
Moomaw and P.J. Bassford, Swiss Prot Accession No. P27771) have been entered in
international sequence databases.

The enzymes encoded by these penes vary in size from 251 (M. smithi; Hamilton and
Reeve, 1985) to 319 (H. sapiens, Dougherty et al, 1992) amino acids in length. However,
the human enzyme appears o be exceptionally large. It contains a C-terminal extension with
no homology to other sequences PSCRs. This C-ferminal region is possibly of regulatory
importance (Dougherty ef al, 1992),

In cases where data indicating the size of the native enzyme are available, PSCR appears
to be a multimer comprised of identical subunits. From Table 2.3, if is apparent that the size
of the PSCR monomer from all sources is approximately 30 000 Da. However, the number
of subunits in the holocnzyme is variable between species. Whereas PSCR. from human
erythrocytes (Memill e ol, 1989) and E coli (Deuich ef al, 1982) appears to be a ten-mer
ar twelve-mer, the enzyme from rat lens (Shiono et al, 1986 cited by Morrill of at, 1989)
is an octamer and PSCR from 8, cerevisiae is a tetramer (Matsuzawa and Ishiguro, 1980a;
Brandriss and Falvey, 1992). Reporied sizes of native plant PSCRs vary from within the
range of 200 000 Da in wheat germ (Mazelis and Creveling, 1974) to 480 000 Da in barley
(Krueger er al, 1986). Although native polyacrylamide gel clectrophoresis (PAGE) is not
scournte for determinations of moleculor mass, LaRosa ef ol (1991) cstimated native
tobacco PSCR 1o be between 300 000 and 400 000 Da. These data suggest that most plant
P5SCERs may comprise at least twelve identical subunits.

However, it is questionable whether this multimeric conformation is cssenfial for enzymatic
activity. Szoke et al (1992) purified monomeric soybean nodule PSCR (approximately

29 000 Da) tw homogeneity by overexpression of the corresponding ¢cDNA in E coli.
Assembly of the multimeric form apparently did not occur in this forsign host, however,
activity was still evident. Since translation was imitiated from the start codon of the soybean



Table 2.3 : Native and subunit molecular weights of PSCRs characterised to date.

Species Molecular Weight Reference
Native® Subunid
Bacteria
Escherichia coli 320 000 ND Rossi ef al (1977%)
280 000 B 112 Deutch er al. (1982)
Pseudomonas 95 000 Knshna ef al (1979)
aeruginosa
18 097 Savioz ef al. (1990)
Thermus thermophiha | 50 000 - 190 000 27 819 Hoshino ef al. (1994)
Mycobacterium leprae ND 30 240 Author(s) unknown,
= GenPept Acc. No.
uooo18
Treponema pallidum 170 000 Gherardiru ef al{1990)
28 142 Swiss Prot Acc. No.
P27771
Methanobrevibacter ND 27 B36 Hemilton and Reeve
srmithif (1985)
Yemts
Saccharomyces 125 000 Matsuzawa and
cerevisiae Ishiguro (1980a)
30 120 Brandriss and Falvey
(1992)
Plants
Triticum aestivum L. approx. 200 000 ND Mazelis and Creveling
(1974)
Hordewm vulgare L. 220 000 - 480 000 30 000 (3DS-PAGE) Krueger ef al (1986)
Mesemb ryanthemum 324 000 ND Treichel (1986)
nodiflorum L.
Glycine max L. ND 28 586 Delsuney and Verma
{1931)
Nicotiana tabacum L. 300 000 - 400 000 ND LaRosa et al (1991)
(PAGE)
Pizum sativum L. ND 28 242 Williamson and
Slocum (1992)
Arabidopsic thalinna ND 28 626 Verbruggen ef al
(L.) Heynh. (1993)
Animals
Homo saprens 300 000 - 350 000 30 000 (SDS-PAGE) Memll er af . (1989)
33 400 Dougherty er al
(1992)
Deduced using gel filtration, unless otherwise specified
Deduced from the nucleotide sequence of the comresponding gene, unless otherwise specified

ND Not determined
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cDNA (Delauncy and Verma, 1990), the enzyme purified was not a fused protein (Szoke
al al, 1992).

Krueger «f al (1986) ascribed the variation in the number of subunits participating in the
PSCR homopalymer to differences in the buffer environment of the enzyme. Gel filiration
in Tris buffer indicated a native molecular weight of 480 000 Da, whercas when phosphate
buffer was used, a fairly broad elution profile with 2 main peak of molecular weight

220 000 Da and additional distinct shonlders on both sides of the main peak was observed
(Krueger of al, 1986). Thus, differences in the buffers used in different purification
stralegies for PSCRs may cxplain some of the heterogencity obscrved in the reported sizes
of native enzymes. LaRosa ef al (1991) found no difforences in the clectrophoretic
mobilities of native PSCRs from Na(l-adapied and non-adapied tobacco cells. However, as
suggesied by Krucger or al (1986), the possibility that changes in qualernary structure of
P5CHs by aggregation or disaggregation of the subunits may be of regulatory significance
cannot be disregarded.

Although the reaction catalysed by PSCR is nol normally ratelimiting in proline
biogynthesis in plants (LaRosa ef al, 1991; Szoke af al, 1992), increased activities of PSCR
and enhanced expression of the commesponding gene have been showm in a number of plants
in which proline participates in osmotic adjustment Activity of PSCR incressed
approximately four fold in response to salt stress in both the halophyte Mesembryanthemum
nodifiorum (Treichel, 1986) and the halophytic alga Chlorella autotrophica (Laliberte and
Hellchust, 1989b). A four-fold increase in activity of PSCR from the epidermal cells of
waler-stresscd barley leaves has also been reported (Argandona and Pahlich, 1991). Both
KCl and MgCl, increased PSCR activity in pea chiloroplasts by at least two fold (Rayapati
ef al, 1989). Furthermore, levels of PSCR transcripl increased six-fold in the roots of
soybean scedlings (Delauncy and Verma, 1990) and approximately five-fold in the roots of
pea seedlings (Williamson and Slocum, 1992) in response to shori-torm salinisation
Verbruggen f al (1993) have reporied 3 comespondingly high induction of PSCR
wmhmmwmwmdﬁm
hmhmﬁmhnﬂﬂﬁhhﬂmu{ﬁmﬁmm
transcription by salt stress (Hu er al. 1992),
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These findings suggest that even if PSCR docs not catalyse the rate-limiting step in proline
biosynthesis, transcription of the comresponding gene is an osmotically sensitive process. It
is tempting to speculate that stress-inducible transcription of the proline biosynthetic genes
and/or translation of the corresponding transcrpts indicates that proline accumulation is
critical to survival of the stress. However, it may be that the process is simply sensitive 1o
the stress rather than being part of a tolerance mechanism.

Amino acid iosynthetic pathways are penerally compartmentalised in cukaryotes. Most
amino acid biosynthetic genes charactenised to date encode enzymes destined for the
chloroplast (Coruzzi, 1991). Accordingly, PSCR activity has been detected in the chloroplast
fraction of tobacco (Noguchi ef al, 1966) and pea (Rayapati er al, 1989) leaves. The latter
waorkers reported that PSCR in chloroplasts can account for all of the pea leaf PSCR activity
(Rayapati et al. 1989). Rayapati et al (1989) also detected PSCR activity within the
otioplasts of etiolated seedlings. On the basis of its kinetic parameters, this enzyme appeared
to be different o PSCR found in chloroplasts (Rayapati er al, 1989). However, in soybean
root nodules, PSCR is in the cytosol and not in plastids (Kohl ef al, 1988).

Interesungly, the curve showing changes in activity of PSCR from mung bean hypocotyls
with increasing pH has a shoulder between pH 6.0 and 6.4 that corresponds with the optimal
PSCR. activity from barley shoots (Elthon and Stewari, 1984), In contrast, the optimal
activity of mung bean PSCR at pH 8.0 corresponds with a shoulder of activity in the barley
enzyme (Elthon and Stewart, 1984). It has been speculated by these workers that this may
mum&mmmhﬂummmmw
noted in the pH dependence of PSCRs from pumpkin cotyledons (Rena and Splittstocsser,
1975) and pes plastids (Rayapati of al, 1989). However, although PSCR from cultured
tﬂﬂﬂnu&ﬁnml“hﬂdmmquthMd’ﬂn
PSCRs (Noguchi er al, 1966; Splittstocsser and Splittstocsser, 1973; Miler and Stewart,
_lﬂﬁhﬂmm}IﬂMIMEﬂnﬂn&,lﬁnmm}unhﬂMHdﬂdpﬂ
optima were apparcnt (LaRosa ef al, 1991). Similardy, Chilson et al. (1991) failed to
MlWMhhﬁMHMMWMMMH
PH. This study used a PSCR purified over 2 300 fold (Chilson er al, 1991). A single pH
upmmbummpHTﬂudeﬂuhmﬂﬁrFﬂaﬁmmmﬂ
Cucurbita moschata cotyledons (Splittsioesser and Splittstoesser, 1973), The PSCRs from
five halophytes studicd by Treichel (1986) all exhibited a single pH optimem of
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approximately pH 7. Furthermore, although PSCR activities from chloroplasts and ctioplasts
¢ach had two scparate pH oplima, native isoelectric focusing revealed only a single band
of PSCR activity with a pl of 7.8 (Rayapati er al, 1989). [t therefore remains uncertain
whether multiple pH optima of certain plant PSCRs reflect the existence of isozymes or noL

Nevertheless, convincing evidence for the existence of PSCR. isoenzymes has been presented
in soybean, where 15% of PSCR activity in the leaves was reporied 1o be associated with
the plastidic fraction (Szoke er al, 1992). Western blot assays of proteins from cytosol and
plastid fractions of soybean leaves indicated that an antibody specific for soybean PSCR
reacied with a slightly smaller peptide in the chioroplast than in the cytosol (Szoke er al,
1992). These workers suggested that this smaller peptide may be a processed PSCR. devoid
of a transit peptide. However, expression af a soybean gene encoding PSCR in transgenic
tobacco led to the sccumulation of the enzyme exclusively in the cytoplasm. This
demonstrated the absence of a transit peptide capable of targeting the enzyme 1o the plastd.
Chilson et al (1991) have also provided evidence for the existence of isozymes of PSCR
in soybean, although these workers were unable to prove conclusively the apparently
different polypeptides did not represent different degrees of self association of the same
polypeptide, its interaction with other cellular constituents or posi-translational modifications.

Gienomic Southern analysis has suggested the presence of multiple copics of PSCR-encoding
genes in soybean (Delauncy and Verma, 1990), pea (Williamson and Slocum, 1992) and
possibly also in Arabidopsis (Verbruggen et al, 1993). However, throughout the purification
of tobacco PSCR, no cvidence of multiple peaks of activity was observed in
chromatographic profiles (LaRosa & al, 1991).

The absence of a comvincing transit peptide in the primary structure of the peptides
comresponding 1o any of the plant PSCR clones isolated to date (Delauncy and Verma, 1990,
Williamson and Slocum, 1992; Verbruggen ef al, 1993) suggests that they all encode
Mmhmmﬂﬂhmﬂui?ﬂmh“m
be due to cross-hybridisation or the presence of either pseudogenes or identical functional
copics of the gene in these species. In Arabidopsis, multiple copies arc only apparent under
hybridisation conditions of medium to low stringency (Verbruggen ef al, 1993).
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Therefore, the genetic basis for the existence of chloroplastic PSCR or the pH dependence
of PSCR activity from certain plant species remains wncertain. Mammalian PSCR activity
is located primarily in the cytosol (Meister of al, 1957, Peisach and Strecker, 1962).
Soybean nodule (Kohl ef al, 1988) and ycast (Brandriss and Falvey, 1992) P5CRs have also
been reporied (0 be cyiosolic proteins. One possibility is that chloroplastic P3CR may be
encoded by a chloroplastic gene and that the enzyme is not translocated from the cytoplasm
to the chloroplast in a manner similar to the translocation of other nuclearly-encoded
chioroplastic enzymes. Preliminary, yet inconclusive evidence in favour of a PSCR gene in
the soybean plastome was reported by Delanney and Verma (1990).

Similar controversy surrounds the existence of multiple genes encoding PSCH in animal
systems. Af least two forms of PSCR may exist in humans. They have been distinguished
primarily on the basis of their relative affinities for coenzymes and sensitivitics o inhibition
by proline and NADP (Yeh and Phang 1981). One form, typified by that found in
proliferating fibroblasts (Y eh ef al, 1981), scems to be involved in the generation of proline
for protein synthesis. The erythrocyie enzyme, an exampls, of the sccond type, appears o
have a primary role in tansfeming intercellular redox potential (Yeh and Phang, 1981).
However, Dougherty et al (1992) have suggested that human PSCR is encoded by a single
copy gene. These workers suggested that differential splicing of the PSCR mRNA. or
differential use of polyadenylation sites might account for the presence of at least two bands
when poly(A) mRNA is probed with the human PSCR ¢DNA (Dougherty er al, 1992).
Allostenic regulation of post-tranilational modifications of the same gene product in different
tissues also remain possible explanations for the differcnt activities (Dougherty e al, 1992),

Kinetic studies have indicated that all PSCRs isolated to date exhibit Michaclis-Menten
kinctics. This has permiticd the determination of the kinetic parameters of enzymes from
different sources (Table 2.4).

Enzymatic studies have indicated that most PSCRs characierised 1o date can use either
NADH or NADPH to support the reduction of PSC (Noguchi ef al, 1966; Mazelis and
Fowden, 1971; Mazclis and Creveling, 1974; Rena and Splittstocsser, 1975; Miler and -
Stewart, 1976; Rossi ot al, 1977a; Krishna et al, 1979; Matsuzawa and Ishiguro, 1980s;
Yeh et al, 1981; Deutch er al, 1982, Krueger of al, 1986; Treichel, 1986; Hellebust and
Larochelle, 1988; Kohl ef al, 198%; Mermill ef af, 1989, Rayapati ef al, 1989; LaRosa



Table 2.4 : Affinities of PSCRs for substrate and pyridine nucleotide cofactors.

fi9

Specles Ligand K Heference
Hacleria
Excherichia coll PSC 0.15 mM (0.09 - 0.14 mM NADFH)
PsC 0.14 mM (0.15 - 0.20 mM NADH) Rossi et al (1977)
HADFH 0,03 mM - 0L mM P3C)
HADH 0.23 mM (0.3 - 0.8 mM P5C)
FPreudomonas PiC 0.08 mM (0.2 mM NADH)
LI fa PsC 0,12 mM (0.2 mM NADPH) Erishna ef al {1979)
NADPH 0.20 mM (0.5 mM P5C)
NADH  0.05 mM (0.5 mM PSC)
Desuffovibrio PsC 0.1 - 02 mM Fons efal (1921)
demuffiricans Norway | NADH 03 mM
Yoty
Saccharomycer PiC 0.0 mM {0.11 mM NADH) Mutruraws, ind
CErEvREE HADPH 0.0056 mM (0.16 mM Ishiguro (1980%)
HADH 0.0048 mM (0.16 mM % v
Protoroans
Acanthamoeha PSC 0.012 mM (0.4 mM NADH)
caarballavi PiC 0320 mM (0.4 mM NADPH) Hellebust end
NADPH 0100 mM Larochelle (1988)
NADH 0.015 mM
Plants
Nicotiana fobecum L PsC 015 - 0.18 mM (041 mM NADPH)
PsC 0.60 mM (0.51 mM NADH) LaRowa af al (15991)
HADPH 0.03 mM 0.7 mM
NADH 0.51 mM (0.7 mM P5C)
Gilyeimg marx L. PSC 0.12 mM (0.68 mM NADPH)
P3C 020 mM (D68 mM NADH)
{root nodules) NADPH 0,06 mM (0.5 mM PSC) Kohl er al (1988)
KADH 135 mM (0.5 mM P5C)
P5C 0211 mM (024 mM NADPH)
(lemves) PSC 0.179 mM (024 mM NADH) Sxoke of al (1957
NADPH 0031 mM (0.48 mM P5C)
KADH 0385 mM (0.48 mM PSC)
Pinew sativm L NADPH 012 mM (2 mM P5C)
{chlomplarts) MNADH 015 mM 3 mM P5C)
| L {19
(tiolated seediings) | NADPH 010 mM (2 mM PSC) s b
NADH  0.43 mM (2 mM PSO)
Animah
Home rapuens P3C 023 mM (1.0 mM NADPH)
(erythrocytes) PSC lu-;: :HH g.ﬂ mM NADH)
NADPH 7 mM
NADH 064 -u{u-uaﬁg P o 1)
(Gbroblasts) PsC 0.20 mM (0.27 mM NADPH)
I;T::.DPH ﬂu.;; mM (0.36 mM NADH)
mM (0.04 mM
e 0.12 MMM @04 2t Eﬂq Yeh er al (1981)
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el al, 1991; Szoke ef al, 1992).

Although soybean PSCR in vitro uses both NADPH and NADH as cofactors, its £ value
for NADH is approximately twelve-fold higher than for NADPH (Szoke er al., 1992,

Table 2.4). Kohl ef al (1988) also found the soybean nodule enzyme to possess a
considerably higher X, for NADH than NADPH, although these workers estimated it to be
approximately 25 times larger (Table 2.4). Although Miler and Stewart (1976) also reporicd
a lower K_ of saybean PSCR for NADPH than NADH, activity was higher with NADH.

The P5CRs from tobacco chloroplasts (Noguchi ef al, 1966), peanut cotyledons {Mazelis
and Fowden, 1971), barley leaves (Krueger er al, 1986) and pea chloroplasts (Rayapati
ef al, 1989) arc also more active with NADPH than NADH. Tumover rates of PSCR from
M. nodiflorum are four to five fold higher with NADPH than NADH (Treichel, 1986),

In contrast, although PSCR in ctioplasts of etiolated pea shoots has a lower X for NADPH
than NADH (Table 2.4), is V_J/K_ ratios with the two cofactors indicates that it is more
active with NADH than NADPH (Rayapati ef al, 1989). The PSCR from wheat perm was
reported to use NADPH at only 25% of the rate of use of NADH (Mazelis and Creveling,
1974). Rena and Splittstoesser (1975) reported that PSCR from pumpkin cotyledons had a
2.5 fold greater activity with NADH than NADPH. Eadier workers (Splittstoesser and
Splittstoesser, 1973) reported the activity of pumpkin PSCR to be 4.5 fold greater in the
presence of NADH than NADPH.

A ten 1o twenty fold higher affinity for NADPH than for NADH has also been observed for

parified human erythrocyte PSCR (Memill er al, 1989; Table 2.4). These workers also

reported a five to ten fold higher affinity for PSC with NADPH as a cofactor than with

NADH. In contrast, no significant difference in K, was detected for PSC in the presence of

NADPH or NADH using soybean PSCR (Kohl er al, 1988; Szoke er al, 1992).

Nevertheless, LaRosa et al (1991) reported that the K of tobacco PSCR for PSC. js lower

inhmmnfﬂmmmnﬂﬂﬂﬂﬂﬂelulﬂmmdhmplurm

characterised, tobacco PSCR also displays a preference for NADPH over NADH as a
reductant (LaRosa ef al, 1991; Table 2.4).
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S cerevisiae does mot appear to display any preference for either NADH or NADPH
(Matsuzawa and Ishiguro, 1980a; Table 2.4). Affinity of PSCR from the soil amoeba
Acanthamoeba castellanii (Hellebust and Larochelle, 1988) for NADPH is almost an order
of magnitude lower than for NADH and maximum activity with NADH is eight times higher
than with NADPH (Table 2.4). The PSCR from P. aeruginosa also appears to preferentally
use NADH over NADPH (Krishna e al, 1979; Table 2.4). A highly purified form of
Clostridial PSCR specifically used NADH (Costilow and Cooper, 1978). Similarly, an
unfractionated system from blowfly flight muscle (Balboni, 1978) catalysed P5C reduction
to proline only in the presence of NADH.

Given that NADPH is metabolically more expensive than NADH, the definite cofactor
preference exhibited by plant PSCRs is likely to be of some significance. It supports the
hypothesis that PSCR activity is involved in the regulation of cellular redox potential by
affecting the level of reduction af the NADPH pool and i therefore important in metabaolic
regulation (Section 2.1.2.4),

On the basis of the kinctic data presented in Table 2.4, there appear 1o be two classes of
PSCR, which may be classified on the basis of their preference for cither phosphorylated
or non-phosphorylated pyridine muclootide cofactors. It is interesting to note that the
enzymes with higher affinity for NADH generally have correspondingly higher affinities for
P5C in comparison with those using NADPH (Table 2.4).

In the E coli PSCR, proline and NADP, the end-products of the reaction, act as competitive
inhibitors of the enzyme (Rossi ef al, 1977a). The cofactor NAD does not inhibit £ coli
PSCR (Rossi ef al, 1977a). The PSCR from P. aeruginosa is also inhibited by proline, but
not by high concentrations of NAD or NADP (Krishna «f al, 1979). Howover, the high
levels of proline required for inhibition of PSCRs from E colf and P, aeruginasa make {1
arguable as to whether this is of any physiological significance (Krishna er al, 1979).
Nevertheless, in mammalian cell culture systems, it has been suggested that the high
sensitivity of PSCR to proline is an effective control of proline synthesis (Valle et oL, 1973
Valle et al, 1975). Inhibition of proline synthesis from glutamate via inhibition of PSCR
in mammalian coltured cclls has also been reported by Eagle ef al (1965), Rena and
Splittstoesser (1975) reported 25% inhibition of PSCR from pumpkin cotyledons by 20 mM
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protine. However, soybean PSCR is only inhibited st proline concentrations five times in
excess of this (Miler and Stewart, 1976). Slight inhibition of PSCR from pumpkin
cotyledons by 50 mM proline has also been reported by Splittstoesser and Splittsioesser
(1973}

Soybean PSCR activity is inhibited by NADP, but not by proline, NAD or ATF (Kaohl

ei al, 1990; Szoke et al, 1992). Both NADH- and NADPH-dependent activities of soybean
PSCR are inhibited by NADP (Miler and Stewart, 1976). Inhibition of PSCR by NADF has
also been reported for the enzyme from pumpkin cotyledons (Splittstocsser and
Splittstoesser, 1973; Rena and Splittstoesser, 1975). The same simation applies to PSCR
isolated from human erythrocytes (Mermill o al, 1989). This, together with the cofactor
preference exhibited by PSCRs directly supponts the hypothesis that PSCR activity is
involved in regulation of cellular redox potential and is therefore important in metabolic
regulation (Section 2.1.2.4).

There is indirect evidence of at least two forms of PSCR in animal tssues. They arc
distinguished primarily on the basis of their relative affiniies for coenzymes and their
sensitivitics to inhibition by proline and NADP (Yeh and Phang, 1981). One form, typified
by that found in cultured fibroblasts (Yeh er al, 1981) and a lymphoblastoid cell line
(Lorans and Phang, 1981), seems to be involved in the generation of proline for protein
synthesis, This form has a similar affinity for aither cofactor and an affinity for PSC that is
not dependent on the choice of cofactor. This form is inhibited by proline but not by NADP.
The primary rolc of a sccond form, identificd in human ervthrocytes (Mermill e al, 1989),
bovine rotine (Matsuzawa, 1982 cited by Memill er af, 1989) and raf Jens (Shiono ef al,
1986 cited by Memill ef oL, 1989) has a twenty to sixty fold lower K, for NADPH wersus
NADH and has a five 1o twelve fold higher affimty for PSC with NADPH as cofacior
(Merrill et al, 1989). Purified erythrocyte PSCR uses NADPH exclusively when both
pynidine nuclcotides arc available ar physiologic concentrations (Merrill o1 al . 1989). This
sccond form, which is inhibited by NADP, but not by proline, appears 1o be involved in the
transfer of intereclinlar redox potential by the production of NADP which is necessary for
activity of the oxidative pentose phosphate pathway.

Comparable evidence for PSCR isozymes in plant tissues is not as strong. Plants require
PSCR for proline synthesis needed for basic housekeeping functions such as protein and cell



wall biosynthesis. It is appealing to speculate that s possible means wherchy these
requirements may be regulated independently of stress<induced proline biosynthesis may be
via alternative forms of PSCR. Nevertheless, a proline sensitive PSCR analogous to the
enzyme found in human fibroblasts (Yeh er al, 1981) has not been described in plant
ussucs, Partially-purified PSCR from soybean exhibited partial inhibition by proline only at
very high concentrations (Miler and Stewart, 1976). Subsequent workers (Kohl ef al, 19888;
Szoke ef al, 1992) have failed to confirm any inhibitory effect of proline on soybean PSCR.
Splittstoesser and Splitistoesser (1973) reported only very weak inhibition of pumpkin PSCR
by proline. However, it is interesting to note that activity of P5CR in pumpkin in the
presence of both NADH and NADPH was equal to the activitics in the presence of cither
NADH and NADPH alone (Rena and Splitistoesser, 1975). This was interpreted to suggest
the presence of two isoforms of P5CR; one using NADH and the other NADPH (Rena and
Splinsioesser, 1975). Nevertheless in an extensive study of PSCRs from both salt-adspicd
and non-adapted tobacco cells, LaRosa et al {1991) failed to0 demonstrate any differences
in the enzyme from both sources in their affinities for cofactors or PSC, their pH profiles,
chromatographic behaviour during purification or electrophoretic mobility of the native
enzymes. In contrast however, Treichel (1986) reported that adaptation of M. nodiflorum
cells 1o 200 mM and 400 mM NaCl resulted in a drop in the £_ of PSCR for PSC.

The osmoregulation of PSCR expression in plants (Delsuncy and Verma, 1990; Williamson
and Slocum, 1992 Verbruggen & al, 1993) contrasts with a lack of transcriptional
regulation of Arabidopsis PSCR expression by proline (Verbruggen er al, 1993). Exogenous
profine also has no cffect on expression of the PROJ gene from S cervvisice (Brandriss and
Falvey, 1992). In Salmonella typhimurium, the proC gene, unlike most other amino acid
biosynthetic gones, is constitutively expressed (Brady and Csonka, 1988). Profine starvation
or excess has little effect on P-galactosidase synthesis in strains of 5 typhimurium carrying
proC-lacZ operon fusions (Brady and Csonka, 1988).

Hnwm.ﬂcﬂnhﬂni{l?il}fﬁhdhﬂdﬁ[ﬂmhqcﬁﬂlFﬂmﬁuﬂywhm
proC was cloned into multicopy expression plasmids and introduced into £ coli. This lack

T3

of a gene dosage effect appeans to be specific for proC, since it was not observed with

cither the proff or prad genes in K coli (Smith e al, 1984). Deutch er al (1984) suggested
ﬂwﬂwhnkufluumggnmqunﬂifmfurﬂinmegmmEmEn:li,ghlh:ﬂmmuh
of cither autogenous regulation of prot” by proline or a requirement for positive activation
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of proC.

This argument in favour of possible transcriptional regulation of PSCR is bolstered by the
observation of Rossi ef al (1977h) that argl” mutants of E. coli (deficient in acetylomithine-
S-aminotransferase) possess clevated levels (20-60% higher) of PSCR acovity in crude
extracts, However, the nature of this mutation has not yet been clucidated.

Diespite the lack of regulation of exogenous proline on PRO3I expression in S cerevisioe
(Brandriss and Falvey, 1992), comparison of the yeast PROJ and PRO3 promoters revealed
several highly homologous regions (Li and Brandriss, 1992). It was speculated by these
workers that these homologous sequences may be binding sites for a regulatory protein
capable of coordinating expression of the yeast proline biosynthetic genes (Li and Brandriss,
1992). Many amino acid biosynthetic gencs in & cerevisiae are regulated by a global system
known as the general control of amino acid biosynthesis (Hinncbusch, 1988). Starvation for
a single amino acid in the pathways regulated by this system causes an increase in RNA and
enzyme production of all the co-regulated members of the group.

In this conlext it is interesting 1o note that the 5 untransiated region of the Arabidopris
PSCR pene contains a GCN4-analogous binding site motif (Verbrugeen ot al, 1993). The
trapscriptional factor GCN4 is responsible for regulating expression of genes mvolved in the
general control of amino acid biosynthesis in yeast (Amdt and Fink, 1986). Furthermore,
molecular analysis of the aspartaic kinasc-homoserine dehydrogenase gene from Arabidopsis
recently presented by Ghislain er al (1994) also revealed the presence of a sequence similar
to the GCN4 binding site in the vicinity of the TATA box. Although it is currcntly ot
known whether a system of general control of amino acid biosynthesis exists in plants as
in ycast, it is tempting to speculatc that these regulatory clements may be imvolved in
controlling carbon flux into amino acid bicsynthesis in plants.

In & cerevisiae, the PROI and PRO2 gencs arc regulated by the general amino acid control
system (Li and Brandriss, 1992). In contrast, despite the presence of a sequence identical
to the core GCN4 binding site, transcription of the PRO3 gene does not appear 1o be under
the control of the GCN4 protein (Brandriss and Falvey, 1992). However, the possibility that
in plants transcription of the gene encoding PSCR may also be regulated by the cellular
stams of other amino acids cannot be disregarded. The Arabidopsis PSCR sequence



presented by Verbruggen et al (1993) is the only genomic plant sequence currently
available. Isolation of genomic clones encoding PSCRS from other plant species may

2.2.2 Synthesis from omithine

In eukaryotes, the control of proline biosynthesis is more complex than in Escherichia coll,
since proline may also be synthesised from the non-protein amino acid omithine (Adams
and Frank, 1980). Omithine may either be carbamylated to citrulline for participation in the
urea cycle or transaminated to glutamic-y-semialdehyde (GSA) and its 1aumtomer
Al-pyrroline-S-carboxylate (PSC) for subsequent conversion to proline or glutamate
(Jones, 1985).

Omithine S-aminotransferase (OAT; L-omithine:2-oxo-acid aminotransferase, EC 2.6.1.13)
catalyses the condensation of omithine with 2-oxoglutarate to form glutamate and GSA. The
GSA is in chemical equilibrium with its enamine PSC, which may be reduced to proline or
axidised to glutamate (Strecker, 1965).

Activity of plant OAT has been defected in mung bean (Bone, 1959), wheat (Kleczhowski
and Kretovich, 1960), sunflower (Smith, 1962), peannt (Mazelic and Fowden, 1969),
pumpkin (Splittstoesser and Fowden, 1973), squash (Lu and Mazelis, 1975) and pea
(Kleczhowski and Kretovich, 1960; Taylor and Stewart, 1981).

A cDNA encoding OAT has recently been isolaled from Figna acomitifolia (Delauney ef al,
1993). This cDNA was isolated by complementation of an E coli profid proline suxotroph
grown In the presence of omithine. The gene product was capable of transaminating

‘omithine to GSA, thereby by-passing the block in GSA synthesis from glutamaie in the

(Delauncy ef al, 1993)

On the basis of enzymatic studics conducted in sevoral species (Bone, 1959, Smith, 1962;
Taylor and Stewari, 1981), and the presence of a mitochondsial transit peptide in the Vigna
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OAT cDNA (Delauney ef al, 1993), it is likely that OAT is located in mitochondria in
plants. Mammalian OAT is also 3 mitochondrial matrix enzyme which is synthesised with
mH-uuninﬂunuitpapddcﬂmhdmr:ddwhtgmwinmﬂmnﬂmhmdﬁm{hmﬂ
al, 1986), Tn contrast, OAT from Saccharomyces cerevisiau is cylosolic (Degols, 1987).

Examination of the propertics of Vigna OAT expressed in E colf indicated that in vitre the
mmmwmﬂmmﬂsﬂ-ﬂwunﬂﬂﬁﬁm&hy
proline (Delauney et al, 1993). Reversibility would suggest that conversion of P5C to
omithine could supply intermediates for citrulline synthesis. Several workers using animal
gystems have pointed out that P5SC is one of only a few metabolites of both the urea and
TCA cycles (Hagedom and Phang, 1983; Wakabayashi and Jones, 1983, Phang, 1985).
Biosynihesis and degradation of proline, omithine and glutamate may occur by single-step
interconversions of PSC. It has therefore been proposed that regulation of P5C metabolism
and the relative sizes of the PSC pools in the cytsol and mitochondria may be important
in controlling relative flux through these pathways and, in addition, subcellular and tesue
comparimentalisation of PSC may prevent futile cycling of these amino acids. However. the
irreversibility of recombinant Figna OAT, which contrasts with the freely reversible reaction
catalysed by OAT in animal systems (Jones, 1985), suggests that an analogous situation may
not apply in plants. Therefore, evidence available to date does not support the conversion
of PSC o omithine in plants.

However, oquilibrium of the reaction catalysed by mammalian OAT is towards GSA
formation (Strecker, 1965). Jones (1985) has argued that although mamy workers have
reported mammalian OAT activity 1o proceed solely towards GSA, this is because the
chemical formation and stability of GSA and its tawtomer PSC pull the reaction in this
direction in vitre. In vive, the concentration of the substrates 2-oxoglutarate and glutamate
as well as omithine and P5C and the strength of their binding to the enzyme may be more
importan! in determining the directionality of the reaction (Jones, 1985). Therefore, the
possibility that PSC might regulate flux through the TCA and urea cycles in plants cannot
be completely climinated. Metabolic labelling studies may resolve this issue.

On the basiz of examining the levels of PSCS and OAT mRNA transcripts in secdlings of
V. aconitifolia, Delauncy eof al. (1993) concluded that both pathways contribule to proline
synthesis under normal physiological conditions. In plants subjected to salinity stress, OAT
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mRNA levels were markedly depressed concomitant with the elevation of PSCS transcript
levels. Similardy, in nitrogen-starved plants, reduced levels of OAT mRENA accompanied
increased amounts of PSCS transcripl (Delauney o al, 1993). This was mierpreted (o imply
that synthesis from glutamate predominates under stress conditions such as high salinity and
nutricn! limitation. In contrast, synthesis from omithine assumes prominence under high
nitrogen input (Delauncy ef al, 1993). This model is in kecping with the goncrally accepted
tenet that glutamate is the primary precursor of proline acoumulated in response (o the
imposition of osmotic stress (Boggess and Stewart, 1976). However, it introduces the
complication that the relative importance of the proline biosynthetic pathway trom glutamaie
during stress may be affecied by (he nitrogen ststus of the plant. The relative contributions
of the two pathways in different tissocs and during different dovelopmental stages remain
to be defined

In contrast to the findings of Boggess and Stewart (1976) and Delauncy et al (1993),
Wrench er ol (1977) found that in osmotically stressed Helianthus tuberosus tubers, arginine
the immediate precursor of omithine, is quantitatively more important than glotamate in
proline biosynthesis. A similar situstion applics in wilted bean leaves (Stewan and Boggess,
1977). Furthermore, proline arises from both glutamate and arginine in water-stressed
Cyclotella cryptico cells (Liv and Hellebust, 1976a, 1976b). Clearly, closer examination of
the relative contributions of the pathways of proline synthesis from glutamate and omithine
in scveral species during stress s warmanted.

The complexity of profine iosynihesis in planis is increased cven further by the possibility
that two pathways mxy exist for the synthesis of proline from omithine, Radiolabelling
expetiments conducted by Mestichelli ef al (1979) suggest the existence of an altemative
pathway involving the intermediates a-keto-S-aminovalerate and its cyclic taumomer

a'MMMEHWHMMMmu
B-hydrogen stoms were maintained, while the c-hydrogen atoms were lost This was
interpreted 1o indicate a route via a-keto-5-aminovaleric acid in addition to the route via
GMIIMdm&mMMdemhﬁMhpﬁm
biosynthesis, namely omithine-x-aminotransferase (EC unassigned) and A'-pyrroline-2-
carboxylate reductase (P2CR; EC 1.5.1.1). This proposal has subsequently been challenged
hyﬂdummdﬁmk{]ﬂsﬂ}whuumﬂmhnmuchmgummm
m&uﬁﬁwmmuﬂumm&ummmu



TH

misinterpretation of the data

Although Delanney o al (1993) did not recover omithine-a-aminotransforase and P2CR
cDNAs in thewr search for cDNAs encoding enzymes of proline synthesis in higher plants,
the complementation strategy used by these workers was not suitable for cloning these
genes. Cloning of omithine-S-aminotransferase was possible because the proBfid deficient
& coli strain employed harboured a functional proC gene encoding PSCR. Cloning of an
ornithine-¢-aminotransferase by the same approach would require a profid deficien sirain
harbouring a gene encoding a fimctional F2CR. Since E coli does not possess P2CR activity
{Leisinger, 1987), a complementation strategy is not suitable for screening for the gene
encoding ormithine-a-aminotransferase. Likewise, a P2CR ¢cDNA would not be expected o
complement proC mutants of E coli, Therefore, although molecular evidence is currently
lacking. the possibility that a parallel pathway of peoline synthesis from ornithine exists, via
P2C, canmot be yot be completely excluded. If comect, it would introdoce the possibility of
a further level of regulation of proline biosynthesis via control of omithine-a-
aminotransferase or P2CR at either the lovel of enzyme activity or gene expression.

Although no evidence for the pathway of proline synthesis from omithine via P2C was
found in rat imestinal mucosa (Wakabayashi and Jones, 1983), P2CR has boen reported 1o
have been partially purificd from rat kidney (Meister, 1962), Other carly siudies of proline
metabolism also implicated F2C as an intermediste in proline oxidstion (Blanchard ef al,
1944; Ling and Hedrick, 1964). Nevertheless, subsequent workers have failed to validate
these findings. Thercfore, until more comvincing evidence in favour of P2C as an
intarmediste in proline metabolism is presented, the reaction catalysed by PSCR remains the
only commitied step in proline biosynthesis. Irrespective of whether or not proline may also
arise from omithine via a P2C intermediate, PSCR is likely to be of crifical importance in
profine biosynthesis. [ts location al the branch point between PSC synthesised from both
glutamate and omithine suggests 8 possible regulatory mle for PSCR in controlling flux
from the two routes.

In mammalian tissue, ornithine inhibits PSCS activity (Henslee et al, 1983). Although this =
pmihﬂiq'wunmimuﬁgamwmﬂniﬂﬂﬂ.pﬂh:hdmﬁmm:ﬁvhyn{
recombinant Figna OAT activity (Delsuncy o al, 1993). This cootrasts with an earfier
roport (Splittstocsser and Fowden, 1973) that OAT activity in pumpkin seed is inhibited by
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proline. Hoowever, Lu and Mazelis (1975) also reporied no inhibition of Cucurbita pepo
OAT activity by proline, but inhibition by valine, leucine and isoleucine. Activity of the
recombinant Vigna OAT was also inhibited by valine (Delauney er al, 1993).

Although E coli synthesises proline exclusively from glutamate (Leisinger, 1987), many
Gram-positive bacteria also synthesise proline from omithine. For example, Clastridium
botulimium and C. sporogenes use omithine cyclase (E.C. 43.1.12) (Muth and Costilow,
1974). Others, such a8 Bocillus subtilis and Psewdomonas aeruginosa, rely om
acctylomithine-5-transaminase (E.C. 2.6.1.11) for biosynthesis of proline from ommithine
(Albrecht and Vogel, 1964). Members of the genus Agrobacterium convert omithine into
pﬂmmﬂuﬁﬁm:ﬁﬂmﬁm{ﬂdﬁﬂnd.lﬂg}.ﬂmﬂ,mmﬂmd
these activitics have been detected in higher plants.

The diversity of metabolic rowes from omithine o proline among these microbial systems
suggests that it may be more difficult to extrapolate dirccly from thesc systems 1o plants
than was originally believed. Although proline synthesis from omithine does not appear o
be important under conditions of stress, much remains 1o be leamnt about the contnbution
of omithine to the proline pool and the regulation of flux through the pathways from both
precursors. To date, molecular studics suggest that the choice of pathway followed depends
on the nitrogen status of the plant High nitrogen input induces OAT pene expression
possibly via an accumulation of omithine or arginine (Delauncy ot al, 1993). A similar
induction of OAT gene expression by exogenous arginine occurs in yeast (Brandriss and
Magasanik, 1980). However, these data in plants still need to be corroborated by assaying
enzyme activity and measuring the metabolic flux through the respective pathways in vive
in order to establish the role of the metabolites under different physiological conditions.

2.2.3 Pwoline degradation

Besides enhanced synthesis, proline accumulation is also be controlled at the level of proline
degradation. Nevertheless, although inhibition of proline oxidation undoubtably contributes
1o proline sccumulation during stress, it is not sufficient in itself to account for the observed
rafes of accumulation (Elthon and Stewart, 1984).
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In plants, the oxidation of proline to ghitsmate occurs within mitochondria (Boggess ef al,
1978; Huang and Cavalieri, 1979; Elthon and Stewart, 1981; Sells and Koepe, 1981; Elthon
and Stewar, 1982) This is also the case in other cukaryoles studied, including
Saccharomyves cerevisioe (Krzywicki and Brandriss, 1984; Brandriss and Krzywicki, 1986;
Wang and Brandriss, 1987) and animals such as ral (Brunmer and Neupert, 1969; Small and
Jones, 1990) and Drasaphila melanogaster (Hayward et al, 1993).

Proline axidation is catalysed by the sequential action of two enzymes, proline oxidase
{L-proline : O, oxidoreductase; EC 1.4.3), and P5C dehydrogenase (Pyrroline-5-carboxylate
¢ NAINFY omdoreduciase; EC 1.5.1.12) Proline oxidase converts proline to PSC. The
oxidation of P5C o glutamate is catalysed by PSC dehydrogenase (Figure 2.2). In plants,
both proline oxidase (Boggess of al, 1978) and PSC debydrogenase (Stewart and Lai, 1974;
Boggess et al, 1975) arc bound 1o the matrix side of the inner mitochondrial membrane
(Elthon and Stewart, 1981, 1982). In prokaryotes, such as Escherichia colf (Scarpulla and
Soffer, 1978) and Salmanella yphimurium (Menzel and Roth, 1981), proline oxidase is
associated with the plasma membrane. In £ coli (Frank and Ranhand, 1964) and

& typhimurium (Ratzkin and Roth, 1978), PSC dehydrogenase is believed to be physically
associated with profine oxidase in a protein complex.

As with the enzymes from £ coli (Frank and Ranhand, 1964), the yeast Hamsenulla
subpelliculosa (Ling and Hedrick, 1964) and mammals (Johnson and Strecker, 1962
Strecker, lﬁ?l]plmnﬁlinnmfdntilmmnm-dnpmﬂmﬂnmdn{ﬂumam
Cavalieri, 1979; Elthon and Stewart, 1982). Although NAD s the preferred dectron acceptor
for PSC dehydrogenase, NADP may also be used, although its use viclds lower rates of
activity (Stewan and Lai, 1974)

Eﬂmmuhﬁnﬂmhm&mmmhﬂnlmﬁm
af the clectron transport chain (Elthon and Stewart, 1981, 1982). The oxidation of boih
proline and PSC in maize mitochondria is inhibited by rolenone (Elthon and Stewart, 1981),
mmummmm“hmmmMmulml
mnfﬁnmﬁﬁwmmmmmﬂm.ﬂ 1981). Similarly,
mmdﬁdﬂuymmﬁumﬁumpﬂumﬂ-thdnm
ﬁm:ﬁmu!dmmﬂﬂnmllﬂﬂmﬁhlﬂ?}ﬂnwm,mﬂbﬂuﬁﬁw
:mhdnm[uﬂifuiﬁdﬂmmﬂindudndhhmq{wmmd



Brandriss, 1987). Two P5C dehydrogenases have been found in plant mitochondria. One
oxidises P3C derived from proline and the other oxidises PSC from omithine (Elthon and
Stewart, 1982). The latter enzyme forms a complex with mitochondrial OAT (Elthon and
Stewart, 1982).

Activity of plant proline oxidase is reduced during salt stresa (Stewart ef al, 1977, Rayapati
snd Stewart, 1991). This is most probably atributable at least in part to an alteration in the
permeability of mitochondrial membranes concomitant with water stress and salinisation
(Miller er al, 1971; Nir et al, 1971; Jolivet et al, 1990). However, the oxidation of proline
is more sensitive to waler stress than is the oxidation of other mitochondrial substrates (Sells
and Kocpe, 1981). Results presented by these workers suggest that the decreased oxidation
of proline observed in mitochondria from water-stressed maize seedlings is the result of an
alicration in membrane integnty that uniquely affects the enzymes involved in proline
degradation (Sells and Koepe, 1981).

A mole for the cnzymes catalysing proline degradation in recovery from stress has already
been discussed in Section 2124, Proline oxidation is believed to provide energy and
carban skeletons for 2 number of processes. It is likely that proline oxidation replenishes
TCA cycle intermediates to keep them at the appropriate levels needed for the high energy
demands upon relief from stress,

To date, genes encoding proline oxidase or PSC dehydrogenase have not been isolated from
plants. Nevertheless, isolation of the PUT! and sigd gencs encoding proline oxidase in

& cerevirioe (Wang and Brandriss, 1987) and D. melanogarter (Hayward of al, 1993)
respectively, has been reparted. In bath organisms, proline oxidase is 3 nuclearly encoded,
WMdmmmmﬂm”m
PSC dehydrogenase in S. cerevisioe has also been cloned and characterised (Brandriss, 1983:
,WNMIMHMMJPHW&W
by proline at the transcriptional level. Both PUT! and PUTZ arc regulated by a control
clement encoded by the PUT3 gene (Brandriss and Magasanik, 19792, 1979%; Brandriss,
1587). Mutations in the PUT3 gene resull in constitutive expression of both proline oxidase -
and PSC dehydrogenase (Brandriss and Magasanik. 1979b; Brandriss, 1987). The existence
hﬁmdmmmhmﬂ&ghﬂlﬂmmdwhmhm
dmumﬂdhhh.}hnnmhmhcmhhhmﬂngmm&mﬂxmidduﬁm
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in proliné oxidation by mitochondria isolated from stressed maize scedlings aficr only very
modest waler stress does not occur when osmotic stress is imposed on isolated mitochondria
from non-stressed seedlings (Sells and Koepe, 1981). This suggests that such a regulatory
clement in plants may account for the differential regulation of proline oxidation under
stressed and non-stressed condinons,

Mutants of Arabidopsis thaliana resistant 1o the proline analogue azetidine-2-carboxylic acid
have been itolated (Verbruggen and Jacobs, 1987; Khan and ehle, 1991). It is possible that
these may be deficient in proline oxidase activity. Alternatively, they may be deficient 1n
a mitochondrial proline transporter needed for transport of cytosolic proline into
mitochondria. In light of the fact that proline uptake into the mitochondrial matrix is both
stercospecific and reversibly sensitive 1o sulfhydryl reagents (Cavalieri and Huang, 1980)
in addition 10 being sensitive to uncouplers (Elthon and Stowart, 1981), the uptake of proline
into mitochondria is likely 0 be a camer-mediaied, energy-dependent process. Proline
oxidation in such mutants may therefore be blocked cither at the transport or the
dehydrogenase level. Only one of the three Arabidopsis mutanis resistant to azetidine-2-
carboxylic acid posscssed significantly clevated levels of proline (Verbruggen and Jacobs,
1967). Mutants resistant o toxic proline analogues are likely o be useful tools in funre
investigations into the importance of a decline in proline oxidation in plants experiencing
stress. Furthermore, they may indicate whether transport of cytoplasmic proline info
mitochondria is specifically affected by relatively short periods of water deprivation. They
arc also likely 1o be of value in the isolation of plant pencs involved in proline oxidation.

Inactivation of proline oxidase is likely 1o be an imporiant target in future attempls 1o
overproduce proline in plants, Bloom ef al (1983) reporied that an E coli strain unable to
degrade proline owing to a chromosomal deletion in the gene encoding proline oxidase was
capable of yielding 27 g proline per litre, with 40% comversion of plucose to proline.
However, this strain also contained a vector camying a proB4 operon encoding a foedback
resistand y-GK and & proC gene. It is thorefore not known at what level the proline
averproduction was facilitated.

In Saccharomyces cereviriae, proline induces both proline oxidase and P5C dehydrogenase
mm-mw1m1m;mwmmmmmmq
and Brandriss, 1987) and P5C dehydrogenase (Brandriss, 1983) are regulated by proline at
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in al least six of the twelve sequences aligned are shaded. Two glycine residues known to be critical for

function of PSCR from T thermophilus (Hoshino ef al, 1994) are boxed. Positions of introns in the
corresponding Arabidopsis gene encoding PSCR (Verbruggen ef al, 1993) arc indicated by armows. Three
residues conserved in all known P3CR sequences are indicated by asterisks abowve the aligned sequences.

Figure 4.12 using the computer program MACAW (Schuler ef al, 1991). Amino acid residues conserved

Figure 4.13 : Alignment of twelve PSCR sequences. Alignment was based on the blocks selected in
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2.3 Arabidopsis as a model system in plant molecular studies

Traditionally, plant physiologists and geneticists have studied a wide vanety of plant
species. These have been selected mainly on the basis of their suitability to specific types
of research or because of the economic 1mportance of a particular species concerned
(Koorneef, 1991). In particular, tomato (Lycopersicon esculentum) has been one of the
leading models for genetic studics in dicotyledonous plants (Hille er al, 1989). Rice (Oryza
satiia) and maize (Zea mays) are commonly-studied representative monocotyledonous
species. Tobacco (Nicotiana tabacum) has also been the subject of numerous studies, owing
mainly to its amenability to cell and tissue culture, Despite their agriculiural value,
representative legumes such as pea (Piswm sativem) and soybean (Glycine mar) have
received less attention, largely because of their problematic transformability. However, a
fealure common to all of these systems is a high degree of genetic complexity (Table 2.5).
This causes difficulty in the application of genetic techmques o these plants, The hexaploid
nature of wheat (Trificum gestrvum) complicates mutational analysis (Foomeef, 1991).

Cumrently a major focus in biology is the accumulation of genctic knowledge at the
molecular level. The stated goals of the U.S. Genome Project include the production of fifty
megabases of DNA sequence data per year by 1998 and the identification and correlation
of genes in humans and model organisms (Collins and Galas, 1993). During the past decade,
the challenge of obtzining an integrated view of the molecular basis of plant growth and
development has resulied in 2 reduction in the number of plant species studied. The power
of focusing on a single species as a model system of a group of organisms has been shown
by the multitude of scientists working in other ficlds with organisms such as Escherichia
coli, Drosophila melanogaster, Caenorhabditis elegans, mouse and man. Increasingly, the
small crucifer Arabidopsis thaliana (L.) Heyoh. (Figure 24) is being established as the
analogous model system in contemporary plant biology. Arabidopsis thaliana is 3 winter
annual endemic to the moderate temperature 20nes of the world (Rédei, 1992).

A large number of projects cumently underway throughout the wordd are involved in a
concerted effort to characterise the Arabidopsis genome and patterns of its expression. The
most common approach being adopted in the resolution of the latter question is nuclcotide
Wufmmut‘mmmmnmmmmm



Table 2.5 : Genomie complexity of representative plant species compared with a vins, »

chlgroplast snd human. {Adapted from Grierson and Covey, 1988).

Species

DNA
content

(PR per
genome)

8.4 x 10
1.3 x 10°
40 x 107
0.1

0.9
5.6

432

0.75

19

10
49
2.

10

173

19

6.0

Poldy

2r = 10

4 = 40

=14

x =24

e = 24
4r = 48

2r =24
ir= 14
dr = 48

Gx = 42

r =2
2r = 46

Number of bp
in genome

I I BN S

8024

124 x 10"
390 x 10
0.93 x 10

869 x 10"
540 x 10°

417 x 10™
724 x 10

370x% 10

9.65 % 10°
4731 10
203 = 10

9.65 x 10¢

1.67 % 10"

3.76 x 10°
579 x 100




Figure 2.4 : Arabidopsis thaliana (L.) Heynh.
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organs and during different stages of development or different physiological states. These
partially resolved nucleotide sequences, commonly referred to as expressed sequence tags
(ESTs) are used in homology searches of one or more of the nucleotide databases in an
attempt to cstablish their identity. They may subsequent be used to define sequence tagged
siles {STS's) in transcript maps of the Arabidopris genome or for a comprehensive survey
of penes during different stages of the life cycle. To date, the ends of more than 1152
randomly selected cDNA clones from Arabidopsis have been sequenced and a large
proportion of these cDNAs have been identified (Hofte ef al, 1993), These are distributed
over a broad spectrum of metabolic pathways and constitule & comprehensive survey of
expressed genes. Similar cfforis to characterise expression using ESTs have been reporied
in human (Adams ef al, 1991, 1992, 1993; Okubo er al, 1992), Caenorhabditis elegans
(McCombie ef al, 1992, Walerston er al, 1992), mouse (Hadg, 1991), maize (Keith ef al,
1993) and Brassica napus (Park et al, 1993),

A number of factors qualify the suitability of Arabidopsis as a tool in plant genetics. Its
nuclear genome (n=3) is the smallest known among higher plants, containing about

0.7-1 x 10° bp (Leutweiler ef al, 1984). As shown in Table 2.5, all other flowering plants
for which similar measurements have been made show haploid genome sizes from several-
fold 1o almost five hundred-fold higher than the Arabidopsis measurement. Furthermore,
owing to the ncar-absence of inferspersed repetitive DNA, genomic redundancy is very low
(Meycrowitz and Pruitt, 1985). What sclective advantage, if any, is served by such an
unusual genome size and organisation for a flowering plant is uncertain, However, the
practical advantage of working with minimal smounts of genomic DNA and repetitive
sequences in molecular biological experiments, such as gene cloning and chromosome
walking, is obvious.

Amm&mmmhﬁwdmmnqum
These include high seed yicld, casy cultivation in limited space, rapid development, casy
crossing with full fertility of the hybrids and the availability of several efficient
transformation procedures (Feldman and Marks, 1987; Valvekens et al, 1988). Because of
its small size, short life cycle and high festility, Arabidopsis is a choice organism for the
huhﬁmnfhnﬂ:spmmmuﬂmm.tﬁdﬁwdmhﬁq
developmental, hormonal and discase-resistant mutants of Arabidopsis have been isolated
(Rédei and Koncz, 1992; Anderson, 1994). Mutants remain onc of the major tools enabling
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the cloning of certain plant genes. This is possible using molecular techniques such as
chromosome walking, tagging, deletion cloning or differential screening of mutant and wild-
type mRNAs.

Differential screening of specific mRNAs and the use of heterologous probes, often from
organisms outside of the plant kingdom, are widely used for plani gene solation. This
applies particularly to those involved in primary metabolism. However, this approach is not
tenable for the isolation of all plant genes, especially those whose products are unique to
plants. An important advantage of obtaining a mutant is that one can directly observe what
effect the gene has on plant growth by comparing the mutani and wild-type phenotypes.

Several different ecotypes of Arabidopsis are currently available (Anderson, 1994). The two
most commonly veed in molecular studies are the ecotypes Landsberg erecta and Columbia.
A number of markers, loci and traits which differ between those two ecotype have been
identified. For example, the erecta mutation carried by Landsberg erecta confers a short and
crect stature on this plamt (Rédei, 1992). Columbia has the wild-lype gene and is therefore
taller and less compact. The two ecotypes differ in their susceptibility 1o the fungal pathogen
waﬂﬁmf“l“hﬂﬁ“m“lﬂbﬂgﬂm
displays resistance to the downy mildew (Parker et al, 1993). Recently, Aufsatz and Grimm
(1594) demonstrated that a pathogen-inducible gene from Arabidopsis is expressed in an
ecolype-specific manner. Both ecotypes display differences in their drought-adaptive
strategies, with Columbia being more drought tolerant than Landsberg erecta (Vartanian er
al, 1994).

To date, less atiention has been devoted to stress responses of Arabidopsts than to
deciphering the structure of the genome and characterisation of basic housckeeping genes
of this plant. In the past, » common avenue lowards understanding responses of plants to
-environmental stresses has been o compare traits of planis from extreme covironmental
regimes with those endemic to more moderate habitats. However, it is unlikely that many
of the physiological and morphological adaptations associated with survival under conditions
of extreme stress are applicable 10 crop plants grown in faily mesic cvironments. In this
respect, Arabidopsis seems well suited & a model system for stress responses in agriculture.
It may be argued that the short growing season of Arabidopsis functions as an attribute of
drought escape. Unformmately, 1o date the adaptive behaviour of this species fo



B4

hyperosmotic stress has not been described in any significant detail. Further work in this
respect will be necessary to establish exactly how effectively Arabidopsis serves as a model
specics in drought tolerance rescarch.

However, it is likely that many principles of plant development and growth are commeon to
aﬂﬁghupimﬁ.?mﬁmmnmhﬁmh-gmdmhnf:mpmuﬁmmmm
been highly conserved throughout the plant kingdom (Table 2.1). To date, a range of
osmotic stresses have been shown to increase proline levels up to twenty-fold in 4 rabidopsis
(Chiang and Dandekar, 1991). Verbruggen ef al (1993) reported that following salinisation,
proline may account for up to 20% of the free amino acid pool in Arabidopsis plantlets.
This indicates that this specics is a typical proline accumulator. The wealth of gencs and
mutants that continue to be isolated from Arabidopsis make this system particularly
attractive to elucidate the relationships between proline biosynthesis and the rest of
intermediary metabolism.

Cbviously, there are considerations which caution against elimination of other higher plant
model systems. Acquisition of specific experimental data focusing on the particular crop in
question will always be important. Furthermore, a disadvantage for certain types of research
is the small size of Arabidopsis, particulady of its seeds and seedlings. For seed
development studies, maize is a more attractive aliernative (Sheridan, 1988). Studies on
floral development and pigmentation are more suited to use of Pefumia or Antirrhinum
(Koomecf, 1991). However, having at least one reference plant species which has been
cxtensively characierised is likely fo bo exiremely uscful. The case of detecting a particular
gene from one species in another using molecular probes should enable efficient switching
between species. In conclusion therefore, although Arabidopsis is not an economically
important organism, ite anthropoceniric valoe rests on the depth of scientific information that
can be gathered by its use as a model plant system.
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2.4 Fundamentals of plant gene structure and regulation

Over the past twenty years, the striking advances in nucleic acid analysis in genoral and in
DNA cloning and sequencing in particular have made available a greai deal of data on the
primary structure of soveral plant genes. This has indicated that many features of plant gene
structure arc identical to those found in other living organisms (Lefebvre, 1990). Many
concepts in plant gene structure and regulation derive from amimal wyeast and bacterial
sysierms. This inferaction between plant and non-plant research has been and continues to
be extremely rewarding. Plant genes usc the same genetic code, are split by introns and use
regulatory mechamisms that arc similar in principle 10 those characterised in ycasl and
aimal systems.

In basic terms, all genes comprise a coding region surmounded on both sides by non-
translated regions. The coding region or open reading frame (ORF) specifies the amino acid
sequence of the gene product Regions preceding the ORF on the 5" end are responsible for
regulation of transcription from the DNA template (Lefebvre, 1990). However, cukaryotic
genes differ in several important respects from their prokaryotic counterparts. In particolar,
they are not arranged in operons, and their coding regions are often interupted by introns.
Therefore, primary mRNA transcripts ofien require post-transcriptional splicing in order to
form mature functional mRNAs (Lefebvre, 1990). Although plant genes resemble animal
genes more closely than bacterial genes (Lefebvre, 1990), a number of subdle differences
distinguish the two. This brief review will deal primarily with aspects of plant gene strocture
and potential regulatory mechanisms which differ from those found in animal and bacterial
systems.

2.4.1 Upstream regulatory regions

Our current understanding of eukaryotic gene regulation implicates the involvement of 3
m&fmﬂmmﬂﬁmwﬁﬂmlﬂmmnwmm
regulate the cxpression of the gene. Gene activation apparcatly results from an interplay
between trans-acting protein factors and cis-acting DNA elements (Lefebvre, 1990). Cis-
uﬁngDHAdumnhm:ﬁruﬂyb}'bningmmmndwimﬂmgmniu 5 end. Activity
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of cis-acting clements is dependent on the binding of specific transcriptional factors. These
trans-acting factors that bind to cis-acting regulatory elements are encoded by genes that are
often located on a different chromosome from the target gene (Lefebvre, 1990). Diffusible
kmmmﬂmmmmm-mhdmﬂnmdmhum

1994).

Cis-acting elements have been operationally classified as promoters (usually found within
100 bp upstream of the transcription start site) and enhancers, Eukaryotic promoters consist
afmnnﬁudm.ThanpmwTﬁTAbmwnﬁmﬁmﬂrnlmd:nqmmis
usually located approximatcly 30 bp upstream of the transeriptional start position
(Kuhlemeier, 1992). This site directs RNA polymerase II to the correct transcriptional start
site, Centred around 75 bp upstream of the transcription initiation site are one or more
elements responsible for regulating the frequency of initiation (Lefebvre, 1990). This second
class of cis-acting DNA clements includes binding sites for proteins that interact directly
with the RNA polymerase complex. These cis-acting elements can function at vanable
distances from the TATA box (Kuhlemeier, 1992).

In animal genes, the CAAT box is a common clemeht found at this position. However,
CAAT boxes arc ofien sbsent from plant genes (Lefebvre, 1990). Certain of the genes
encoding the small subumit of nbulose-1,5-bisphosphate carboxylase have no apparent
requirement for CAAT or funcionally equivalent sequences (Morelli of al, 1985
Kuhlemeier of al, 1987). However, cercal genes have a consensus sequence, the CATC box,
90 bp upstream of the transcription initiation site. This element may substitute for the CAAT
box commonly found in animal genes (Kreis ef al, 1986). Ofien the cis-acting clements
upsircam of the TATA box are regulatory. They frequently only enhance or repress
transcription under specific cellular or environmental conditions. A classical example is the
heat-shock element, which when fused upstream of the TATA box of a reporter gene,
increascs transcription only at high temperatures (Pelham and Bienz, 1982). Protein footprini
studies have resulted in the identification of proteins that bind to the heat-shock clement and
acl as transcription factors. Such heat-shock transcription factors have been cloned from
plants (Vierling, 1991).

Ironically, comparatively litthe is known about plant TATA boxes or genes without TATA
boxes (Kuhlemeier, 1992). This contrasts with the multitude of reports that confinue to be
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made which describe other upstream regulatory elements. Although the TATA box is the
binding site for RNA polymerase and its associated faclors, other cis-acting regulatory
elements can bind & varety of DNA-binding proteins, Some of the upstream binding
proteins are probably general transcription faciors which are present in all or at least most
cell types and active under most if not all conditions (Kuhlemeier, 1992). Fairly "gencral”
transcription factors appear to be responsible for the initiation of a basal level of
wanscription at promoter sites. Other trans-acting factors superimpose more specific changes
in the expression of particular genes in response to certain environmental or cellular stimuli
and account for the fincly-<tuncd regulation of individual genes

Enhancer clements are another feature of cukaryvotic genes which may be involved in the
regulation of transcription. Enhancer-binding factors impose a further level of regulation on
the basic transcriptional apparatus, thereby modifying the rate of initiation and efficiency
of ranscription (Lefebvre, 1990). Enhancers are 100-200 bp in length and can act in cither
orientation and at a considerable distance (up to 30 kb upstream or dowmsiream) from the
promoter of the target gene (Lefebvre, 1990). Since they are found on the same chromosome
as the larget gene, they arc cis-acting clements. However, they may be 5 or 3' 1o the
transcriptional start and usually act by stimulating the nearest promoler (Lefebvre, 1990).

One of the best studied plant promoters is the cauliflower mosaic virus (CaMV) 355
promoter. This very strong viral promoter produces the 355 genomic RNA of the
cauliflower mosaic virus, Early experiments revealed that fusion of approximately 1000 bp
of CaMV 355 promoter DNA 1o various reporter genes resulted in high levels of expression
of these genes (Kuhlemeier, 1992). Levels of expression were not affected by various
endogenous and ermvironmental cues such as hormones, heat shock and Fight (Odell er al,
1985, Kay of al, 1987, Ow et al, 1987). Furthermore, fusion of the CaMV 355 promoter
o reporter genes resulls in apparently constitutive expression of the gene in all plant tissues
(Kuhlemeier, 1992).

A central problem in research on plant gene regulation is the mechanizsm of cell- or tissue-
specific gene expression (Benfey and Chua, 1989, 1990). Any higher plant comprises a
range of cell-types. A division of labour among the various plant tissues ensures that each
cell type performs different physiological functions. In any single cell type, only a fraction
of the full complement of genes are expressed at any one time. Since all cells contain an
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identical complement of DNA, a mechanism must exist which ensures the specific and
ordered expression of only those genes of importance in a particular tissue. Mainlenance and
slight alterations of this differcntial gene expression arc probably the primary determinants
of the various cellular phenotypes observed in multicellular organisms.

Current evidence suggests that common sets of cell- or tissue-specific frans-acting factors
provide the basis for tissue-specific cxpression. Investigation of the transcriptional regulation
of the prototypical plant promoter CaMV 358 has revealed that it is modular and comprised
of several cis elements, each of which confers tissue-gpecific expression (Benfoy ef al,
1989; 1990a). The apparen! constitutive expression of the CaMV 358 promoter results from
the combinatorial and synergistic interaction of various cis elements and not from a single
cis-acting clement that confers constitutive expression (Benfey er al, 1990b). This modular
constitution of ¢is elements has been proposed to apply 1o all plant promoters, regardless
of their regulation. It is also likely to serve as a paradigm for elucidating the temporal
regulation of gene expression duning development and the response of gene activity fo
extracellular factors, such as environmental extremes.

However, studies on the regulation of plant gens dxpression are still in their infancy.
Transcriptional regulation is likely to be determined not only by the intrinsic properties of
the transcription factor and its cognate binding site, but also by complex interactions of
multiple faciors and multiple binding sites (Kohlemeier, 1992). A single factor may have
different affinities for different binding sifes and/or may bind cooperatively. Factors muay
compete for single or overlapping binding sifes, which may result in changed interactions
with the RNA polymerase complex (Kuhlemeier, 1992). Recently, Nechaus ef al (1994)
provided evidence that the high level of expression of as-/ clement of the CaMV 358
promoter in roots and reduced expression in leaves or cotyledons may be attributed to
inability of as-/ to compete for a limiting amount of its cognate transcription factor(s)
present m leaves or cotyledons. Regulation of pene expression may therefore be either at
the level of the gene itself or at the level of production of the cognate transcription factor(s).
Furthermore, many frans-acting factors may not bind to DNA clemenis dircctly, but rather
interact with the transcripional apparatus via so-called bridging proteins which bear contact
sifes for RNA-polymerase and upstream DNA-binding elements (Lewin, 1990).
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A growing number of putative plant transcription factors continue to be characterised. Many
are structurally relatod. Most fall into the class of the so-called bZip proteins, which contain
a leucine zipper dimerisation motif and a basic DNA-binding domain (Kuhlemeier, 1992)
A high degree of similarity in the basic DNA-binding domain has been observed in faciors
molated by virue of their affinity to0 cir-acting clements from genes regulated by cues as
different as light and abscisic acid (Kuhlemeier, 1992). Detailed knowledge of how in witro
binding specificity occurs is accumulsting. However, a cumemt challenge remains the
clucidation of how these factors bring about the very precise bot diverse rogulation of the
target genes which they control

2.4.2 The open reading frame

The open reading frame (ORF) of a gene specifies the amino acid sequence of the gene
product. It comprises a number of codons. A codon is a triplet base sequence specifying a
particular amino acid. The triplet base code of the nucleic acid sequence (genetic code) in
the form of codons governs the sequential joining of amino acids 10 make the gene product

1.4.1.1 Codon usage

Since there arc 64 possible codons and only 20 amino acids, most amino acids within a
gene product are encoded for by several codoms. Only tryptophan and methionine are
encoded for by single codons. The remasining 18 amino acids are encoded by two to six
synomymous codons, The gemetic code is therefore highly redundant, However, this
redundancy is not random. With the exception of serine, loucine and arginine, all
synonymous codons differ only in the third base of the triplet. Pairs of codons of the gencral
form XYC and XYU (where X and Y represent any base) always code for the same amino
acid.

The choice among synomymous codons in both prokaryotic and cukaryotic genes is
distinctly non-random (Bennetzen and Hall, 1982; Ikemurs, 1982: Sharp et al, 1988;
Murray et al, Iﬂﬂ;ﬁmphdlndﬂmi,lﬂmlmirmaﬂ,mﬂﬂﬁmgm
show a bias in the choice of which of several dopenerate triplets are usad 1o code Frr
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particular amino acid. Codons usage data, iff analysed using the appropnate stalistics, muy
yvicld a wide range of information about an ORF. Depending on the species [rom which the
DNA sequence derives, it may be possible lo predict whether an ORF is indeed likely 1o be
a gene {States and Gish, 1994). Furthermore, on the basis of the codon usage pattem of an
ORF, it may be possible 1o speculate about the normal level of expression of the gene, ity
recent evolutionary history or even its chromosomal location (Lloyd and Sharp, 1992),

A useful measure of general codon usage bias is the effective number of codons wsed in a
gene, N, (Wright, 1990). The value of N, can range from 20, in the case of extreme bias
where one codon is used exclusively for each amino acid, to 61 when the use of all
alternative codons is equally likely for a single amino acid (Wright, 1990). The parameter
N, therefore reprosents a simple measure of how far the codon usage of a gene departs from
equal usage of synonymous codons,

Synonymous codon usage paiterns vary af two levels (Tkemura, 1985, Sharp et ol, 1988)
Finstly, codon mape differs among specics. However, fairly clossly related species such &
Escherichia coli and Salmonells typhimurium, or Homo sapiens and Bos towrus arc
generally quite similar (Sharp er al, 1988). ln a study of 207 plant gencs, Murmay ef af
(1989) demonstraied that in the plant kingdom, there is also a clear distinction between
monocotylodonous plants and dicofyledonous plants in the patiern of rolative use of
synonymous codons. Codon usage in the two taxonomic groups differs primarily in the wse
of G or C in the degenerate thind base (Murray of al, 1989). The nuclcar and chioroplast
genomes of plants also have difforent coding strategios (Murray er al, 1989) Secondly,
codon usage vanes, sometimes considerably, within genes from the same genome
(Bennetzen and Hall, 1982, Murray of al, 1989).

Using a multivaniate method to analyse codon usage in many mRNAs, Grantham ef al
(1980, 1981) originally demonstrated clear similarities of synonymous codon usage between
different protein genes of the same or taxonomically related genomes and dissimilarities
between genes of taxonomically distinct genomes. 1t is now well established that the non-
random choice among synonymous codons can mostly be attributed to the availability of -
isosccopting tRNAs within a cell. In both 5 coli (Bennctzen and Hall, 1982) and
Saccharomyces cerevisiae (Bennetzen and Hall, 1982; Tkemura, 1982), preferred codons
have been shown to be highly homalogous 1o the major isoaccepting (RNA species.
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There is considerable variation in the exiont o which any given genc uses only preferred
codons or insicad draws indiscriminately from the entire set of 61 sensc codons. [1 has been
shown in E coli and § cerevizias that genes which are strongly expressed are more bissed
in their codon usage than genes with a lower level of expression (Bennetzen and Hall,
1982). There is also a strong positive correlation between the abundance of an iscaccepting
IRNA species and the occurrence of the corresponding synonymous codon (Bennetzen and
Hall, 1982). This suggests that codon usage frequency is a means of modifving translation
in these umiccllular orgamisms. A similar situstion sppeans to apply in plants. lovestigation
of the codon preference of genes encoding highly abundant proteins such as chlorophyll ab
binding protein and the small subunit of ribulose-1,5-bisphosphate carboxylase revealed that
these highly expressed genes are more restricted in their codon usage than plani genes in
general (Murray ef al, 198%), Therefore, natural selection appears o have shaped the pattem
of codon usage s in genes.

Two explanstions for the physiological basis of biased codon usage have besn proposed by
Bennetzen and Hall (1982). The most obvious explanation involves translation rate of
mRNA for sbundant proteins. Since these proteins are required at high intracellular levels,
it could be presumed that there is a selective pressure fo translate their mRNAs rapidly and
repetitively. Since the concentration of charged cognate t(RNA govemns the time required 1o
add an amino acid opposite each codon, rapid translation is favoured by the wse of triplets
for abundant tRNAs. Therefore, in genes encoding proteins required in large amounts,
substitution of tiplets for high abundance t(RNAs by triplets for low abundance isoacceptors
might be deleterious. Continued selection for a high output of the particular protein will act
to retain a set of preferred codons within the gene (Bennetzen and Hall, 1982). Conversely,
speed of wanslation has little selective value for low abundance proteins or those which do
not show a rapid increase in levels over a short period. As a result, mutations to triplets
mwwmm-mﬂhwdmw.cmmr
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many options available to ensurc high output of gene product Mutations which affect
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Bennetzen and Hall (1982) also proposed another physiological basis for biased codon
usage. This involves the deleienows sitoation which would ansc should codons
commespanding o rare tRNA iscacceptors be used in mRNAs of high abundance. Use of a
rare isoaccepting (RNA species in coding for abundant proteins would draw heavily on the
pool of that species. Undoubtably, as a large fraction of the available (RNA molecules
would be discharged and the pool depleted, all ribosomes translating mRNAs containing the
relevant codons would stall, This block in translation might increase the risk of earty
termination and/or translational emror. In comfrast, occasiomal use of a low abundance
aminoacylated t(RNA by soveral genes making proteins of low abundance would not deplete
the pool of the rare iscaccepting (RNA substantially. Consequently, strong sclection pressurc
against use of the codon in question would not operate in these genes (Bennetzen and Hall,
1982). Overall, from these two explanations it was deduced that deviation from the observed
patiern of codon biss would result in lowered fitness for the organism Codon usage can
therefore be explained by a balance between the forces of mutational bias and translational
selection.

In a multicellular organism that has undergone considerable differentiation, such as a higher
plani, changes i (RNA profiles have been reporied 1o ocour in a tissne-specific manner
(Bennetzen and Hall, 1982). This introduces the possibility of codon usage being used as
on mcans of regulating tissuc-specific gene cxpression. If the distribution of isoaccepting
tRNAs within the cclls of a tissuc matches the codon usage bias of abundant cell-specific
mRNAs, then the outpul of major proteins in that tissue may be maximised. Altematively,
codon usage bias may ensure that minor mRNAs may be maintained at a low level within
that tissuc. Campbell and Gowri (1990) have provided convincing evidence that tissue-
mﬂsmdmﬂhrﬂMMﬂmwhmm
However, tissuc-spocific expression of the dicotyledonous genes analysed did not appear 1o
be related to differemces in codon usage (Campbell and Gowri, 1990).

2.4.2.2 Intron splicing

mmmdhmﬁmdmmﬂmgmmlﬂilhﬁumﬁ:gmndm
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maize (Heidecker and Messing, 1986), the chlorophyll a® binding protein of wheat
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{(Kuhlemcicr et al, 1987) and the Arabidopsis discase resistance gene RFS2 (Mindrinos et
al, 1994).

Introns may have resulted from genetic recombination, thereby bringing protein-domains
originally encoded by separate genes. The presence of introns may ensure that coding
sequences are kept intact during genetic crossing over events (Lefebvre, 1990)
Allematively, over time introns may also have increased the likelihood of DNA crossing-
over events, therchy enabling evolution of multi-domain proteins. In certain plant genes,
such as the gene cncoding leghacmoglobin (Bogusz er al, 1988), introns are inscrted
between DNA sequences that encode scparate domains of the protein. The sovbean
leghacmoglobin gene has one more intron than the animal hacmoglobins {Jensen et al,
1981), although the first and third introns appear to be precisely homologous in position 1o
all other known functional haemoglobin genes, This suggests that homologous infron/exon
splice junctions have been maintained in the globin genes throughout evolution. However,
conservation of intron splice sites in genes is not always evident. For example, there is no
obvious relationshup betwoen the distnbution of infrons within plant actin genes and the
functional domains of the comesponding gene products (Grierson and Covey, 1988) A
comparatively recent discovery is that introns may affect plant gene expression. The first
intron of the maize penc encoding alcohol dehydrogenase is required for high levels of
transcription of the gene (Leuhrsen and Walbot, 1991).

Precise excision of intron sequences from the primary gene transcript (pre-mRMA) and
concomitant ligation of the exans is accomplished through the nuclcar multistcp process of
pre-mRNA splicing (Padget! ef al, 1986, Manistis and Reed, 1987; Sharp, 1987). Many
introns in genes from lower cukaryotes have the capacity for self-splicing in the absence of
proteins or an energy supply (Zaug ef al, 1983). However, introns of most plant gencs
required specific small nuclear dbonucleotide particles (snRNPs) and protcins which musi
bind to intron splice sites in onder to form a competent splicoosome, the particle that
canalyses the splicing process (Green, 1986; Padgctt et al, 1986; Maniatis and Reed, 1987;
Sharp, 1987).

Computer analysis of plant introns (Brown, 1986) has led to the identification of consemsus
sequences for splice sites at junctions of introns and exons and also the identification of a
putative branch poini possibly iovolved in the splicing process. Many of these are very
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similar to those identified in ammal systems. This suggests common mechanisms for
recognition and excision of introns in eukaryoles. In particular, 2 feature of all introms in
cularyotic pre-mRNAs appears io be the prosence of a GU dinucleotide at the §' splice sile
and an AG dinucleotide at the 3° splice site (Csank of al, 1990). However, these two
dinuclentides occur elsewhere within exons and introns without being mistaken for splice
sites (Goodall and Filipowicz, 1989). This suggests that rather than defining the intron
borders within a unigue sequence, accuracy of splicing is dependent on the presence and
appropriate positioning of various sequence clements o which vanous snRNF particles and
proteins must bind to form a competent splicoosome. The nature and relstive importance of
these individual sequence clements vanies between different organisms (Goodall and
Filipowicz, 1989).

Introns in plant nuclear genes are removed by the same lariat-type mechanism as in animals
(Padgett et al, 1986; Maniatis and Reed, 1987, Sharp, 1987). However, the sequence
requirements for splice site recognition in animal and plant genes are subtly different In
general, plant cells do not process the introns of transcripts cxpressed from introduced
verichraic genes (Barta ef al, 1986; Van Santen and Spritz, 1987, Wichaner ef al, 1988).
The requircments for intron recognition in plants also Wiffer from those in both metazoa and
yeast (Goodall and Filipowicz, 1989). In contrast, plant introns appear 1o be faithfully
processed in ammal systems (Brown ef al, 1986; Hartmuth and Barta, 1986; Van Santen
and Spritz, 1987, Wichauner ef al, 1988),

Sequence clements involved in intron recognition in vertcbrale genes consist of §' and 3'
splice sites, a branch region and a polypyrimidine tract adjacent 1o the ¥ splice site (Goodall
&nd Filipowicz, 1989). Plant genes arc characterised by 2 general absence of an analogous
polypyrimidine tract at their 3' ends (Wichaver or al, 1988), A 3 polypyrimidine tract is not
required for splicing in plants (Goodall and Filipowicz, 1989). In the yeast & cerevisice,
sequences near the 5 splice sife and the branch point are highly conserved (Green, 1986;
Pndpnﬂd.lﬂﬂhmmmmummpﬁﬂm
(Parker et al, 1987) appcars to be the major factor providing specificity for 3' end

recognition, with no equivalent to the polypyrimidine tract found in vertshrate introns. ’
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cantent. Goodall and Filipowicz (1989) demonstrated that high A+U content in addiion 10
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appropriste splice-site sequences is sufficient for the processing of pre-mRNA introns in
plant cells. Within the tntron, it is not the specific sequence or its location, but rather the
ratio of A+L content to G+C content that is the most important determinant of splicing
efficiency (Goodall and Filipowicz, 1989). These workens observed that in the vicinity of
the splice sites of 171 introns from dicotyledonous plants, an average A-+U content of 74%
contrasted strongly with an average A+U content of only 55% in the flanking exon
sequences (Goodall and Filipowicz, 1989). They speculated that AlU-richness may be
necessary for splicing ecither because such stretches have minimal secondary structure-
forming potential or AU-rich sequences act as binding sites for one or more splicing factors
(Goodall and Filipowicz, 1989)

The process of intron splicing represents a possible mode of regulation of cukaryotic gene
cxpression al the postiranscriptional level, In the majority of instances studied to date, each
and every onc of the exons present in a gene 1 incorporated into the mature mENA through
the invaniani ligation of consecutive pairs of donor and acoeplor splice sites, removing every
intron. This conventional form of splicing, ofien referred 10 as constitutive splicing, yields
a2 single gene product from cach transcriptional unit. However, not all genes are spliced
canstitutively. 1t is now well established that in many genes, splice sites of nonconsecutive
exons are joined in the processing of certain primary transcripts (Andreadis ef aol, 1987,
Breitbart er al, 1987). Such so-called aliemative pre-mRNA splicing may exclude cither
certin individual exon sequences or clustens of exon sequences from the mature mRNA in
some transcripts but include them in others (Andreadis er al, 1987; Breitbart of ol, 1987).
The use of such differential splicing patiorns of pre-mBRMNA transcripts rosults in the
gencraion of an amay of related but structurally distinct isoforms from single genes.
Altemative splicing of introns in pre-mRNAs therefore represents & mechanism of gencrating
different products of slightly different enzymatic activities from a single gene.

2.4.3 The 3' end and polyadenylation

In cukaryotes, primary mRNA transcripts (pre-mRNAs) of nuclcar genes are longer than the |
mature and translatable mRNAs present in the cywoplasm. The synthesis of pre-mRNA is
followed, therefore, by extensive processing which includes 5 capping with



= —— e

13

T-methylguanosine residues and intron splicing. In addition, the precursor mRNA is
processed by endonucleolytic cleavage and subsequent addition of a polyadenylate tract to
the 3-OH generated by this cleavage. This tract of polyadenylate is required for subsequent
posttranscriptional cvents and enables the expression of the mature mRNA in the cytoplasm
(Hunt, 1994). Polyadenylation is therefore an essential siep in the course of the expression

of penes in cukaryoles.

The formation of 3' ends of mRNAs appears to be different betweoen plant and mammalian
genes. Whereas the conserved hexanucleotide AAUAAA found 10 - 30 bp before the 3" end
is the polyadenylation signal in animal sysiems (Birmsieil er of, 1985; Platt, 1986), the
requirement for such a site in plant mRNAs is less stringent (Heidocker and Messing, 1986
Mogen ef al, 1990; Kuhlemeier, 1992). An exact match for the canonical AAUAAA motif
can be found near polyadenylation sites in only approximately one third of plant genes
(Hunt, 1994). An additiomal 50% of plant gene 3' regions currently characterised contain

43 bp out of 6 maiches for this sequence. A significant proportion (15%) of plant
polysdenylation sites have no AAUAAA-lke motif (FHum, 1994) However, as in
mammalian genes, polvadenylation signals in plant pre-mRNAs wsually precede the end of
the mature message by 18 to 36 nucleotides (Joshi,' 1987). Plants have boen found to
recognise animal gene polyadenylation signals with reduced cfficiency and st somewhat
different sites (Hunt ef al, 1987). This suggests that the spatial relationship between the
proposed specificity factor that recognises AAUAAA and the endonucleolytic clesvage site
is different in plants from the analogous relstionship in animals. Furthermore, unlike
mammalian transcripts, mRNAs arising from singlc plant tramscription units are often
heterogenous at their 3' ends because of the occurrence of multiple sites of polyadenylation
(Dean o al, 1986)

Flant poly(A) mRNA usually contains more than one AAUAAA-like polyadenylation signal,
dlthough mommally oaly one s fimctional (Lefebvre, 1990). The role of multiple
polyadenylation signals and what, if anything, controls the choice of which one is used is
mnnﬂynmnhmHmm.hmmmwhuumupﬂyﬁmﬂaﬁudpﬂ:mfm
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maize¢ 2ein gene family indicates that genes in which hairpin structure arcund the first
polyadenylation signal is stabilised appear to use this first signal (Heidecker and Messing,
1986).

In mammalian genes, the AAUAAA signal is generally the only upsiream clement needed
for efficient polyadenylation (Birnsteil er al, 1985; Platt, 1986). Palyadenylation in plants
is likely to be directed by other signals in addition to near-upstream regions analogous to
the mammalian AAUAAA-like motif. This is supporied by the observation that these
polyadenylation signals (now more comrectly referred to as near-upstream elements; NUEs)
have frequently been found to occur unrecognised in the coding regions and introns of
several plant genes (Dean ef al, 1986). Current evidence suggests that plant poly(A) signals
are composed of several cisy elements that operate in concert in order to ensure cleavage and
polvadenylation of pre-mBNAs (Hunt, 1994). Unlike animal genes, no sequences
downstream of the polyadenylation site appear to be necessary for determination of the ¥
ends of plant mRNA transcripts (Kuhlemeier, 1992). However, elements upstream of
AAUAAA-lke motifs have been found in several plant genes (Mogen ef al, 1990; Sanfacan
el al, 1991).

The most distinctive feature of plant polyadenylation signals in comparison with those used
by animals and yeast is the requirement of sequences upstream from possible AAUAAA
motifs (Hunt, 1994). Besides these polyadenylation signals (NUEs) usually located within
40 mucleotides of the polyadenylation site, polyadenylation in plant genes is also dependent
on far-upstream clements (FUEs), which are relatively distant from their associated sites, and
the actual sites of polyadenylation themselves (Hunt, 1994).

Far upstream elements can control more than one site within a gene, although not
necessarily equally (MacDonald ef al, 1991; Mogen et al, 1992). They are not responsible
-ﬁrﬂﬂﬂﬂﬂ'mﬂﬂﬂﬂ:ﬂfﬁ:mn%%ﬂ]&ﬁmﬁﬁﬁmﬂmww
be interchangeable (Mogen er al, 1992). At present, no strict consensus sequence that
comelates with FUE function has been identified (Hunt, 1994). Furthermore, there are no
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et al, 1990). However, FUEs characterised to date appear to possess a decided UG-richness
(foshi, 1987, An et al, 1989; Ingelbrecht er al, 1989). It has been suggested by Hunmt
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(1994) that this UG-richness alone might suffice for FUE function, much as All-nchness
contributes to intron definition in plants (Section 2.4.2.2), Currently, it appears that many
different subelements contribute to FUE function, and that the particular combinations of
subclements determine the properties of any FUE. These domains possessing FUE activity
are usually found between 40 and 160 nucleotides upstream from the sites they control
(Hunt, 1994).

As with FUEs, there is no siricily conserved polyadenylation site consensus in plani gencs.
However, the average base composifion near these cleavage sites is distinctive (Joshi, 1987)
The defining feature of most polyadenylation sites in plant genes is probably the occurrence
of a Y A (Y=pyrimidine) dinucleotide in a U-rich region. The site of polvadenylation appears
to be an independent cis clement in plant polyadenylation signals. Mogen ef al (1992) have
demonstrated that a single cleavage site in the pea rbef gene can function with two different
NUEs, but only if the polyadenylation site is brought to an appropriate position by deletion.
Based on the known locations of NUEs and polyadenylation sites in several penes, it
appears that NUEs and polyadenylation sites usmally muost occur within 20 and 30
nucleotides of each other in order to permit efficient polyadenylation (Hunt, 1994)

2.4.4 Stress-inducible genes as tools in studies of gene structure
and regulation

Despite the vast increase in our appreciation of the struchural basis of pene regulation, there
are still many unanswered questions. Perhaps the most obwvious is how the finely-tuned

expression of the full complement of genes is regulated during development and m response
o emvironmental factors.

Any terminally differentiated cell expresses only the array of genes required for its stable
functioning. This implics that at any one time, only a fraction of the genome will be
expressed. The mechanisms wherehy this expression is regulated are largely unknown
mm.lﬁnmdﬂmmm:hmhhm&mnﬁﬁu:mﬁ
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penes and a decline in levels of expression of others (Section 21.1). This enables
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mobilisation of the necessary defenses tn response to the environmental challenge. At the
molecular level, this response is often characterised not only by its extreme rapidity, but also
by its immensity. Such features make siress responsive genes jdeal candidates as paradigms
for elucidating the mechanisms of finely-uned gene regulation.

It is likely that most stress-inducible genes have associated DNA sequences capable of
percciving stress signals, Many such cis-acting elements have already been identified. Far
example, the 5' region of a cold-regulated Arabidopsis gene has cis-acting clements (hat
confer cold-; drought- and ABA-regulated gene expression (Baker ef al, 1994). Yamaguchi-
Shinozaki and Shinozaki (1994) have identified a different cis-acting element m a
dehydration-responsive gene of Arabidopsis which is involved in responsiveness to drought,
low temperature and high salinity. The promoter of the Arabidopsis gene encoding alcohol
dehydrogenase is inducible by anaerobicsis, dehydration and low temperature siress
(Dolferus ef al, 1994). Analysis of the promoter region of this gene using §' deletion and
substitution mutants has enabled identification of promoter elements which interact
ditterentially under these different stress conditions. Une element is necessary for cold and
dehydration induction and is homologous to the abscisic acid responsive element ideéntified
in wheat (Guiltinan ef al, 1990). However, a gencral stross responsive element within the
promoter of the Arabidopsis gene encoding alcohol dehydrogenase has been identified which
18 responsive fo all three stresses (Dolferus ef al, 1994,

Molecular analysis of stress-responsive genes 1s likely to be particularly important in
contnbuting to our overall understanding of gene structure and the molecular events needed
to mgger changes in gene expression. In particular, the cis- and frans- acting factors
involved in ABA-induced gene expression have been analysed extensively. A conserved
sequence YACGTGGT has been reported 1o funcion sz an ABA responsive element in
many ABA-responsive genes (Marcotte o al, 1989; Mundy er al, 1990; Bray, 1991).
Certain cDNAs encoding DNA-binding proteins that specifically bind to the ABA-
responsive clement have been cloned and shown 1o encode products containing the basic
domaineucine zipper (bZIF) structure (Guiltinan er al, 1990; Oeda et al, 1991).

Promoter sequences required for induction of pencs by anaerobiosis have also been
identified. The anacrobic regulatory clement contains two subregions, each with a consensus
sequence present in all anacrobically regulated genes examined to date (Ricard ef al, 1994).
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This suggests a common mechanism of gene activation by anacrobiosis. The anacrobic
regulatory element shares properties with other enhancer elements, functioning in both
orientations, with subregions interacting cooperatively while multiple clements act additively
(Ricard er al, 1994). Activation is belicved to be mediated via sequence-specific trans-
acting DNA-binding proteins.

The induction of proline accumulation by a range of environmental stresses (Section 2.1.3)
makes it particularly challenging to elucidate the molecular basis whereby the genes
involved in the response are regulated. The mechanism(s) of signal transduction involved
in translating an environmental parameter into a physiological response at the genetic level
are likely to be extremely complex (Bray, 1994). Elucidation of how signals arising from
the disparate range of stresses capable of cliciting proline accumulation cross-react and
network in order 1o induce highly specific and regulated patterns of gene expression remains
a challenge for the future. Preliminary characterisation of the structure of the genes encoding
proline biosynthetic enzymes is an essential prerequisite for such investigations.
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2.5 Fundamentals of protein structure, function and evolution

Although the gene is the primary unit of hereditary, its ultimate expression is dependent
on the processes of wanscripion and translation to produce its comresponding protein
product. With the exception of possible minor post-translational modifications, all the
information required for specifying the primary structure of the protein product is contained
within the mucleotide sequence of the gene. Therefore, having established the nucleotide
sequence of a gene, the amino acid sequence of its corresponding product may be deduced.
Although protein sequences may be determined by the sequential degradation of the
polypeplide chain, or subfragments thereof (Hunkapiller et al, 1974; Walsh er al, 1981),
an casier and more accurate method of determining profein soquences is the sequencing of
the corresponding gene or cDNA.

Proteins may be classified into three main categories : globular, membrane and fibrous
proteins (Fasman, 1990). Globular proteins pack tghtly w form distinct tertiary
conformations, by association of various secondary structures (usually a-helices and
p-strands with infervening [-tums) into vanious domains (Fasman, 1990). The sequence of
amino acids in a polypeptide chain is known as the primary structure.

Protcins are usually biologically active only when folded in their native conformations.
Therefore, appreciation of their three~dimensional structures is the key to understanding
how they function st the molecular level. Furthermore, in looking af the relatedness of
profeins, two protcins may be topologically very similar despite apparently poor
conservation of primary structure (Darby and Creighton, 1993). Since structure tends to
change more comservatively than sequence, distant evolutionary relationships between
proteins may afien only by discemable at the level of protein conformation

(Doolittle, 1989).

The covalent struciure of a polypeptide chain is not sufficient (o defermine ity thres-
dimensional structure owing to the possibility of different rotations about the many covalent
bonds (Darby and Creighton, 1993). Since poptide units are effectively rigid proups thar
mﬁnkndinmnnhahlhymuluﬂhmdiuﬂmt_m.ﬂundjdegmud&mﬂmﬂwy
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have are rotations about these bonds (Branden and Tooze, 1991). Each unit can rotate
around either the C-C' or N-C, bonds. By convention, the angle of rotation around the

N-C, bond is referred to as phi () and the angle around the C_<C" bond from the same C,
atom is referred o as psi () (Branden and Tooze, 1991). In this way, cach amino acid
residue is associated with two conformational angles @ and  (Branden and Tooze, 1991).
Since these are the only degrees of freedom, the conformation of the whole main chain of
the polypeptide is completely determined when the & and w angles for cach amino acid arc

defined (Branden and Tooze, 1991),

For a single amino acid residue, most combinations of the @ and v torsion angles are not
permitied because of staric collisions between the main chain and the side chain (Branden
and Tooze, 1991). The permitted values of the @ and \p torsion angles depend upon the
size and shape of the side chain (Darby and Creighton, 1993). Furthermore, in a
polypeptide chain, unfavourable steric interactions with atoms of neighbouring residues may
also limit the combinations of @' and v that are permissible.

The combinations of @ and v torsion angles in a polypeptide chain are usually described
by Ramachandran plots (Ramachandran and Sasisckharan, 1968). These analyse the
configurational energy in terms of the two dihedral angles at the a-carbon atom of the
peplide bond.

Analysis of Ramachandran plots constructed from a mumber of accurately determined
protein structures roveals that the ange of permitted bond angles ® and v is greatest for
glycine residues because of the absence of a bulky side chain in plycine (Branden and
Tooze, 1991). This enables glycine residues to provide flexibility in the polypeptide chain
and to make tight turns (Darby and Creighton, 1993). Glycine thus plays a structurally very
important role; it permits unusual main chain conformations in proicins. Other residucs
have much less conformational flexibility. Residues with bulky side chains, such as valine
m&hulmnhqmm&yn&upt:mﬁﬂdmﬂ'ﬂndwngln{ﬂuﬁyuﬂ
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and Creighton, 1993).
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2.5.1 The three-dimensional structure of proteins

In three dimensional terms, proteins may be defined in terms of a structural hierarchy
{Blake, 1985). The lowest level of this scale of increasing complexity is represented by the
regular and local clements of secondary structure, These include m-helices, [ahoots and
random coil structures. Preferred packing pattemns of secondary struciure (supersecondary
structures) constitute the mext level of complexity, The third level is represented by
domains. Domains have the properties of a folded protein molecule, but are linked
covalently through the polypeptide chain o one or more other domains (Blake, 1985). The
fourth level, the tertiary structure, is the complete folding of the polypeptide chain to form
the protein molecule. In multmenc profeins, gquaternary structure describes the three
dimensional arrangemenis of the different subumits (Blake, 1985), Whercas the upper and
lower levels of this hierarchy may usnally be rigorousty defined, supersecondary structures
and domains arc ofien more clusive o absolute definition (Blake, 1985)

2.5.1.1 Secondary structure

In globular proteins, the polypeptide chain tends to run back and forth across a protein or
individual domain from one surface to another. Each run wsually, although not always,
contains 3 helix or is part of a f-plested sheet These constituent parts are usually separated
from cach other by tums or random coil stroctures (Richardson and Richardson, 1989).

In general, a-helices and P-sheets occur in short segments. Their lengths are primarily
limited by the diameter of the domain in which they ocour (Richardson and Richardson,
1989). Furthermore, it is often difficult to establish cxactly where regions of a-helix or
&Mmﬂmmiﬁuﬁmﬂmmmmhﬂdhﬂndﬂﬁ.
to the extent of losing a hydrogen bond, and may have frayed ends. [-sheets are afien
interrupied by (-bulges, which result when onc or two residues broak the rogular pattern
of sheet hydrogen-bonding (Richardson and Richardson, 1989),

Taking all proleins of known structure topether 9% of residucs are invalved in wall.
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p-sheets and 30% in coils and tums (Darby and Creighton, 1993).

The a-helix

The a-helix is the most common regular conformation in proteins (Richardson and
Richardson, 1989). It is characterised by hydrogen bonding between the backbone carbonyl
axygen stom of each residue and the backbone NH of the fourth residue along the chain
(Darby and Creighton, 1993). In an ideal a-helix, this leaves the first three NH groups and
the last three carbonyl oxygens of the helix without hydrogen bonds. The average o-helix
is 17A long and contains eleven residues, which corresponds to three tums (Richardson and
Richardson, 1989). However, a-helices in globular proteins vary considerably in length and
may range from four or five amino acids to over forty residues (Branden and Tooze, 1991).
The pitch, or repeal, of an ideal o-helix is 3.6 residues per twm (Richardson and
Richardson, 1989). For that pitch, the nse per residue along the helix axis is 1.5A, or 5.44
per tum. Although real helices maich this value quite well, a difference in the average piich
of as linde as 5% (between eg. 3.5 and 3.7 residues per tum), may produce an offs<t of an
entire residuc by the end of a typical four- or five-tumn helix (Richardson and Richardson,
1989),

With the excoption of proline, which causes the helix to kink, all amino acids are
structurally compatible with the formation of a-helices. However, they differ in their
tendencies 1o do so (Darby and Creighton, 1993). Although proline is generally regarded
as a belix destabiliser, it is frequently found within the first tamn of an a-helix (Richardson
and Richardson, 1989). In this position, its lack of backbone hydrogen bonding can be
accommodated and its side chain geometry is quite favoursble (Richardson and Richardson,
1989)

The stability of any given a-helix depends on what residues are present. For example,
glyane residues diminish the stability of the helix because of their flexibility in the
mﬁiddmwhbﬂ:ﬁmhnprﬁcmﬁghhﬂmmpﬂwmﬂmd -
Richardson, 1989). Residues with longer side chains are more restricted in their side-chain
conformations in the helix and are less likely to be helical (Darby and Creighton, 1993),
Negatively and positively charged residues at the N- and C-termini of the o-helix,
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respectively, cohance stability of the belix (Darby and Creighton, 1993). The opposite
locations destabilise the helix (Darby and Creighton, 1993). Interactions between side-
chains may also affect the stability of the c-helix (Darby and Creighton, 1993)

Amphipathic helices have non-polar side chains on one side and polar side chains on the
other (Eisenberg of al, 1982). The non-polar surfaces of such amphipathic helices 1end 1o
interact with each other or with other non-polar surfaces such as those of membranes. The
amphipathic mature of such helices is usually expressed as the hydrophobic moment
(Fisenberg er al, 1982). This describes the spatial separation of hydrophobic and polar
groups in the a-helix

The p-sheet

After the a-helix, the second major element of regular sccondary structure in proteins is the
f-strand, which has the polypeptide backbone extended. Individual f-strands usually consist
of berween five to ten residues (Branden and Tooze, 1991). The average length of festrands
is 20A, which corresponds to 6.5 residues (Darby ahd Creighton, 1993). The extended
structure of the f-strand is not stable in isolation and is observed only in [-sheets. These
are aggregates of multiple f-strands (Darby and Creighton, 1993). Therefore, whereas
m-helices involve repeating patterns of Jocal hydrogen bonding, f-structure involves
repeating patterns of hydrogen bonds between distant parts of the polypeptide backbone
(Richardson and Richardson, 1989),

The side chains on P-strands extend approximately perpendicular to the plane of hydrogen
bonding. Along the strand, they alternate from one side 10 the other, but on adjacent strands
participating in f-sheet formation, they arc in register (Richardson and Richardson, 1989)
fstrands are cross-linked to other P-strands running cither in the same (parallel) or
opposite (antiparallel) directions with respect to one another. The linkage is via hydrogen
bonds between the carbonyl and NH groups that protrude from the peptide chain at right
angles to the side chains (Darby and Creighton, 1993). The f-sheets that are formed from -
P-strands are “pleated”, with C,_ atoms occurring successively above and below the planc of
the [sheet (Branden and Tooze, 1991). Both parallel and antiparallel f-sheets have distinctive
patterns of hydrogen bonding (Branden and Tooze, 1991).



For antiparalle] f-sheets, typically one side is buried within the interior and the other side
is exposed to the solvenl. As a consequence, the amino acid types lend 1o allernale between
hydrophobic and hydrophilic (Richardson and Richardson, 1989). In contrast, parallel sheets
arc usually buried on both sides. Their central sequences are usually highly hydrophobic
and hydrophilic residues concentrate at the ends (Richardson and Richardson, 1989).

The factors that stabilise the B-strand and P-shest conformations are not certain, for there
is currently no adequate model for studying their formation (Darby and Creighton, 1993)
However, as with a proline in an a-helix, there may be disruptions of hydrogen bonding
in f-structure. By far the most common is the P-bulge (Richardson er al, 1978) This
results from the insertion of an extra residue into one strand so that between a pair of
hydrogen bonds there is now one residue on the normal strand bot two residues on the
bulged strand (Richardson ef al, 1978). Proline residucs are relatively rare in f-sheets as
they cannot participate in the hydrogen bonding network (Darby and Creighton, 1993)
Noverthieless, proline is common as a "breaker™ residue at the end of 2 P-strand and in
[-bulges (Richardson and Richardson, 1989)

The random coil

Random coils, otherwise refemed io as loop regions, are sections of the polypeptide chain
that connect regions of regular secondary struciure (Branden and Tooze, 1991). Unlike
helices and sheets, these are non-repetitive regions and are characterised by possessing no
wmrmw“-ﬂmh&hmdm
interactions betwoen atoms distant in the covalent structure and with the solvent. Despite
their designation 2s “random” structures, coils are nevertheless well-ordored, compact and
stable picces of secondary structure (Richandson and Richardson, 1989). Surveys of the
known three-dimensional structures of loops have shown that they fall into a rather limited
mﬂmﬂﬂﬂl“MﬂiMmMﬂTm
1991),

Mmﬂhmuuﬂmwamﬁdm&nﬁmmamﬁmtnm
Mfmhuﬁhhjtnﬂmﬁcmdhmﬂm.hmnﬂdm
wmmmmﬁmmmwmm.
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Here the main chain carbonyl and NH groups of loop regions, which in general do not
form hydrogen bonds with each other, can hydrogen bond to water molecules. Accordingly,
loop regions exposed to solvent are frequently rich in charged and polar hydrophilic
residues (Branden and Tooze, 1991). Frequently, coil regions reverse the direction of the
polypeptide chain (Richardson and Richardson, 1989). For a short region of polypeptide
chain, only three to four residues are needed to reverse direction or enable the chain to fold
back on itself (Richardson and Richardson, 1989). The conformations of short loops depend
primarily on the position within the loop of special residues (usually glycine, asparagine
or proline) that enable the chain to take up an unusual conformation.

Random coil regions often connect successive a-helices or strands of p-sheet that interact
with each other to form supersecondary structures. Such structures include P-hairpins (two
successive strands of anti-parallel P-sheet connected by a tumn) and pairs of anti-parallel
packed helices (Branden and Tooze, 1991). A structural motif common to many nuclcotide-
binding domains is a strand of sheet followed by an anti-parallel helix followed by a
parallel strand of P-sheet (Wierenga et al, 1986). This conformation requires two regions
of coiled structure.

The p-turn is a common structural feature of most globular proteins (Richardson and
Richardson, 1989). In most proteins, scgments of a-helices or f-sheets fold back on
themselves to yicld a series of secondary structure elements. These are usually punctuated
by turns (Doolittle, 1989). Chou and Fasman (1978a) found that tumns tend to be composed
of a definite subset of amino acids. Prominent among these is the frequent occurrence of
a proline residue at the second position of a four-residue tum sequence (Chou and Fasman,
1978a).

Tums have a strong tendency to occur at local maxima of hydrophilicity (Rose and Seltzer,
1977). Accordingly, although P-turns may on occasion be buried within the interior of the
molecule (Rose ef al, 1983), they arc usually situated at the surface of the protein where
MnWhhmmﬁm 1989).

hmmrndamcu]-wcmminmidnﬂwﬁdlnufhwuuuh
hindn;mbnmmdfom&ngnﬁveiiu(ﬂnndmdem 1991). Other coil
Mthlwdylwmmdmﬁmﬂyuﬂﬁndhiﬁmmid
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substitutions, Whereas amino actd substitutions within the hydrophobic core may disrupt
the critical packing interactions required for protein stability, substitutions on the protein
surtace arc nsually innocuous (Darby and Crelghton, 1993).

2.5.1.2 Supersecondary structure

At the atomic level, protein structures are extremely complex and umique. However, if
attention is focused on the interactions of the secondary structures found within proteins,
it becomes apparent that many protein structures possess topological similarities (Darby and
Creighton, 1993). Owing to the limited number of ways in which a-helices, f-shoets and
turns can be linked together, there appear fo be a finite number of folding patterns found
within proteins (Darby and Creighton, 1993).

The term supersecondary structure was introduced by Rao and Rossman (1973) to describe
compact clements of secondary structure. In general, supersecondary structures exemplify
a number of basic rules of protein topology. In particular, elements of sscondary structure
that are sequential in the primary structure are frequently adjacent in the tertiary structure
and tend to pack in an antiparallel manner (Darby and Creighton, 1993). Furthermore,
connections beiween elements of secondary structure do not cross each other or make knots
in the polypeptide chain (Darby and Creighton, 1993),

2.5.1.3 Domuains

A domain may be simply described as a part of a molecule whose structure is organised
like a complete globulsr protein (Blake, 1985). It differs from a single molecule in that it
18 connected by a polypepiide chain to one or more other domains of similar characteristics.
"The majority of proteins with polypeptide chains longer than 200 residues confain domains,
and the longer the chain the larger the number of domains (Blake, 1985). In domain
enzymes, individoal substrates or effectors are ofien bound (o individual domains, which
are usually structurally independent and capable of folding indepondently (Darby and
Creighton, 1993). However, the active sile is usually located at the interface between
domains (Blake, 1985).
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Domains are formed from compact, contiguous chain structures (Wetlaufer, 1973)
Generally, domains include only residues that are consecutive in the peptide chain (Darby
and Creighton, 1993), However, a number of workers (Wetaufer, 1973; Richardson, 1981;
Rose, 1978) have defined domains in a number of significantly different ways, In particular,
these workers have disagreed on how small a domain may be.

It is now clear that proteins fall into distinct structural (amilies, built from an apparently
limited set of motifs. Peptide geometry and the limited conformational staics of L-amino
acids dictate that the o-helix, f-strand and composile sccondary structure patierns
(supersecondary structures) dominate protein structures. The same structural motifs recur
many times in "unrelated” proteins. These recurrent motifs have strengthened the concept
of a hierarchy of protein structure comprising building blocks of gradually increasing
complexity. Domains have often been experimentally observed to be folding intermediates,
with cach domain showing its own cooperative transition (Kim and Baldwin, 1982), The
folding of domains provides indisputable evidence of hierarchical folding of proteins a1 the
tertiary structure level (Richardson and Richardson, 1989) Besides being proposcd as
intermediates in process of folding (Kim and Baldwin, 1982), domains have also been
proposed as functional units within the native strocture (Richardson, 1981; Rossman and
Argos, 1981; Kim and Baldwin, 1982) and possibly even as fundamental genctic units
(Gilbert, 1978; Blake, 1979).

Domains arc usually associated with individual functions (Blake, 1985). Rossman ef al
(1974) demonstrated that a number of NAD-requiring deliydrogenases which use different
substrates are all characterised by a particular o fi-unit capable of binding the ADP-moicty
of the dinucleotide in an identical manner. Although different profeine with this fold bind
WNAD in very similar ways, they froquently possess very different smino acid sequences
within the binding site. Nevertheless, there are some similarities in sequence, for within
each Paf unit, there is a highly conserved sequence, Gly-X-Gly-X-X-Gly (X represents any
residuc). This makes it possible 10 identify nucleotide-binding domains from amino acid
sequence alone (Wicrenga et al, 1986; Scrutton ef al, 1990) .

Wicrenga et al (1986) derived an amino acid sequence *fingerprint” that may be wed 1o
Hmlmmwﬂlﬂdm-ﬂnﬂuﬂnﬂhmﬁﬁﬁmm
This fingerpring, comstructed from snalysis of five proteins, is & sor of cloven rules



describing the type of aminoe acid that should occur at a specific position within a pepride
fragment forming an ADP-binding Pap-fold. The total length of this fingerprint varies
between 29 and 31 residucs (Wicrenga ef al, 1986)

The first two glycine residues in the Gly-X-Gly-X-X-Gily sequence motif occur in a loop
between the f-strand and the following a-helix. The first glycine residue is essential for the
tighiness of the tum at the end of the fist strand of the f-sheet and marks the beginning
of the succeeding o-helix. The second glycine residue allows the dinucleotide to be bound
without obstruction from an amino acid side chain af this position. The third glycine is
Immﬂhmn a-helix, where the absence of a side chain permits especially close packing
of the Pof unil (Wierenga et al, 1986). There are also six positions that always have
hydrophobic residues, because they form the hydrophobic core between the ni-helix and the
two P-strands. In NAD-binding domains, a conserved glutamic acid or aspartic residue
interacts through a hydrogen bond with the 2-hydroxyl of the adenine ribose of the
nucleotide (Wicrenga f al, 1986) . The adenine moiety binds in a hydrophobic clefl, while
the nicotinamide ring binds so that one face is in a polar environment and the other
interacts with non-polar amino acid side-chains (Darby and Creighton, 1993).

Minor alterations o the NAD-binding site permit binding of NADP, The third glycine of
the conscnsus soquence becomes alanine, so that the packing between the [i-sheet and a-
belix is no longer so close. This enables accommodation of the of the additionsl -
phosphate found in NADP. Furthermore, the negatively charged residue ot the C-terminal
end of the sccond strand is replaced, presumably to sccommodate the X-phosphate group
on the coomyme (Scrufion ef al; 1990). The negatively charged acidic residue
characteristic of NAD-binding proteins is therefore the principle means wherchy (hese
enzymes discriminate between NAD and NADP as coenzyme (Branden and Tooze, 1991}

Consideration of the structure of the dinucleotide-binding fold demonstrates that there arc
strong stereochemical constraints af specific positions in the polypeptide chain that must
be respected in arder to preserve the structure and function of a domain. The amino acids
at these key sites are ofien diagnostic.



2.5.1.4 Tertiary structure

The polypeptide chains of globular proteins pack tightly to form distinct tertiary
conformations, usually producing a hydrophobic core (Fasman, 1989). Usually,
approximately 75% of the interior space of globular proteins is filled by atoms (Darby and
Creighton, 1993). The compaciness of the protein results from the close packing of the
clements of secondary structure. Often disulphide cross-links between cysteine residucs
further stabilise the structure (Richardson and Richardson, 1989). Once the tertiary structure
has been assumed, the torsion angles of most peptide bonds are close fo those that are
allowed (Darby and Creighton, 1993). Therefore, relatively little conformational strain is
incorporated into the three-dimensional structure unless it is required for functional reasons
(Darby and Creighton, 1993).

Although short segments of a- and f-secondary structures may be mixed in globular
proteins, they do so in a relatively well organised manner to form identifisble classes of
tertiary structure (Levitt and Clothier, 1976). Since there is a definite recurrence of
structural themes among apparently unrelated proteins, it is common to classify them on
the basis of topology or “fold™.

Most proteins can be classified as belonging to one of four basic classes according to their
secondary structural arrangement (Levitt and Chothia, 1976). In the “all-c” class, only
a-helices are preseni as sccondary structures and the chain folds to pack the helices
together in certain well-defined amrangements. In the *all-B* class, all of the structures are
P-strands which hydrogen bond together to form twisted sheets packed face to face (Levitt
and Chothia, 1976). In proteins belonging to the "o+f" class, both a- and P-structures are
present, but are segregated in different domains within the protein (Levitt and Chothia,
1976).

The final class is the “o/" class in which a-helices and f-strands alternate along the length
of the polypeptide chain (Levitt and Chothia, 1976). Commonly, these proteins have a
central P-sheet comprising parallel f-strands, flanked on cither side by a-helices running
antiparallel to the local f-strands. Alternatively, a central P-sheet of "a/f* proteins may
form a barrel, with associated a-helices forming an outer layer 1o the barrel structure
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(Branden and Tooze, 1991)

2.5.1.5 Quatemary structure

Quaternary structure describes the association of multiple subunits in multimeric proteins
(Darby and Creighton, 1993). These subunits may be identical or different. Although the
subunits are cssentially independently folded structures, their entropic advantage of
remaining independent may be overcome if they have surfaces that are complementary in
shape and physical inferactions. Such physical interactions might include non-polar
interactions, hydrogen bonds or salt bridges (Darby and Creighton, 1993). Depending on
the mode of association, there may be a fixed number of subunits, frequently two or four,
or a variable number (Darby and Creighlon, 1993).

Intcractions botween identical subumils are cither isologous or hetorologous (Dartry and
Creighton, 1993). Whercas isologous intcractions involve the same surfaces om cach
monomer, heterologous interactions use different surfaces (Darby and Creighton, 1993).
Isologous interactions usually produce structures with a fixed number of subunits. In
contrast, heierologous interactions between monomers have no inherent limitation to the
size of the aggregates that they produce. Frequently, they lead 1o indefinite polymerisation,
as appears 1o be the case in P5CRs characterised 1o date (Table 2.3).

The tightness of binding of subunits in multimeric protcins is determined by the number
and strengths of the contacts made between the individual subunits. The strength of the
interaction between subunils can vary widely (Darby and Creighton, 1993). Whereas certain
quatcrnary structurcs arc cxtremely difficult o dissociate, in many proteins, the interactions
are s0 weak that they are of dubious physiclogical significance. As outlined in Section
2.11.2, PSCR. may be such a protein in which sssnmption of a specific quatemary structore
is not crifical for activity,
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2.5.2 Prediction of protein structure ab initio

Most aspects of protein configuration derive, in the final analysis, from the properties of
the particular sequence of amino acids that make up the polypeptide chain. These properties
include the characteristics of both the individual side chains and the polypeptide backbone.
This is cvidenced by the remarkable sclf-assembly capabilifies shown by many proteins for
folding in vitro (Richardson and Richardson, 1989).

Therefore, a central tenet of profein chemistry is that the three-dimensional structure of a
protein is determined by its amino acid sequence. The classical experiments of Anfinsen
and co-workers (Anfinsen ef al, 1961; Anfinsen, 1973) proved that ribonuclease could be
denatured and refolded without loss of enzymatic activity. This demonstrated that the amino
acid sequence contains enough information to define the three dimensional structure of a
profein in a particular environment. Despite the recent identification of sets of proteins
called chaperonces that are required for the formation of proper tertiary structure of many
protcins (Branden and Tooze, 1991), these proteins merely act as catalysts to increase the
rates of the final steps in the folding process (Branden and Tooze, 1991) Therefore, the
mfleence of chaperones on the folding of certain proteins does not in principle violate the
central dogma of protein folding.

The accoptance of the tenet that primary structure determines the overall conformation of
a protein has led 1o several attempts by both theareticians and experimentalists to predict
the conformation of proteins based on the consideration of the amino acid sequence alone
(Fasman, 1989). Since well-cstablished principles of physics and chemisty must govern the
structure and function of profeina, in principle, it should therefore be possible to predict
Mmﬂmmbﬁﬁﬁm&ﬂ&ﬂﬁg
polypeptide chains into their unique conformations based exclusively on their amino acid
scquences remuains one af the most persistent and challenging problems in molecular
biology (Chou, 1989). Despite knowing the complete three dimensional structure of some
three hundred different proleins, it is still not possible to formulate a set of peneral rules
to enable prediction of the three dimensional structure of a protein from the amino acid )
sequence of it polypeptide chain (Branden and Tooze, 1991). At the present time, the
ﬂlm—dimmimdmmuflpuﬁ]mbcdﬂemdmdnpuhumuny. unless the
structure of a closely related protein is known
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Several workers (Levitt and Warshell, 1975; McCammon ef al, 1977, Weiner et al, 1984)
have speculated that, based on the assumption that a protein folds in order to minimise the
free energy, the native structure of a protein could be predicted by calculating the tofal free
energy of a protein and finding the global minimum. However, strategics employing energy
minimisation have failed to predict chain folding accurately (Hagler and Honig, 1978;
Cohen and Sternberg, 1980), The main problem encountered with the simulation of protein
folding using cnérgy muinimisation approaches is the existence of many conformations
corresponding to a minimum in potential enérgy (Fasman, 1989). Therefore at present, it
is still impossible to predict the three dimensional structure of a protein by quantum-
mechanical approaches to minimise the free energy of an all-atom representation (Fasman,
1989).

2.5.2.1 Prediction of secondary structure

The local, regular clements of sccondary structure have been the subject of puwst appruaches
to protein structure prediction. For many years, it has been speculated that the ability to
accurately predict secondary structure elements may. enable prediction of how they pack
together to generate the folded conformation. Since the regular clements of secondary
structure simplify the comprehension and description of complex lertiary structures, the
ability to make a good prediction of secondary structure is of crucial importance whenever
an alcmpt is made to predict the three-dimensional structure of a protein molecule
{Gamier ef al, 1978).

To date, over twenty different proposals have been presented for the prediction of the
secondary structure of protein conformation from the amino acid sequence (Fasman, 1989).
Hm,hhmﬁmmmhmﬁmdmmm
Imdsmﬂufﬁnumd["ﬂmm (1974a, 1974b, 1978a, 1978b), Gamier et al (1978) and
Lim (1974a, 1974b). The first two methods use an empirical statistical approach using
pumﬂ::nhlﬁnadﬁnmhnﬂyrhdkmmmmdmhmuﬁ;me
predictive strategy of Lim (1974a, 1974b) is based on stereochemical criteria.

Simaq-hdinm,ﬁ-nhmﬁmdmmcﬂmwdﬂmﬁundmtbﬁnﬁﬁduﬂ,hmhyuwmi
adjacent residucs, a scgment of a particular secondary structure is much more probable
when several sequential residues tend to prefer that structure, Accordinply. most nredictive
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methods examine shori-range inferactions betwesn residues and are based on the premise
that the local sequence of a polypeptide chain determines its local structure.

The Chou-Fasman algonthm for the prediction of protein secondary structure is onc of the
most widely used predictive schemes (Prevelige and Fasman, 1989). This is becavse of its
relative simplicity and its reasonably high degroe of accuracy. It is an empirical method
based on the corrclation berween amino acid distnbution and conformational settings in
proteins of known structure. The froquency with which individual amino acids or short
peplides within known strociures occur in a-helices, P-sheets or reverse tums can be used
o evaluate the probability that these secondary structures may occur in the peptide of
interest.

Chou and Fasman (1974a) carcfully examined the X-ray determined structures of fifieen
prolans contaimng a total of 2 473 amino acid residucs. Thee number of occurrences of
a given amino acid in the a-helix, f-sheet and coil conformations used to define the
conformational parameters P, P, and P, respectively (Chou and Fasman, 1974a). These
parameters are essentally a measure of a given amino acid’s preference to be found in
physiochemical parameters defining protein stabality, such as hydrophobicity, which are properdy
weighted for their relative importance (Prevelige and Fasman, 1989). Having computed these
conformational parameters, Chou and Fasman formulated a set of empirical rules for predicting
protein structure (Chou and Fasman, 1974b). The development of these empirical niles was guided
by underdying considerations of protein stracture (Provelige and Fasman, 1989). Amino acids were
clagsified as favouring, breaking, or being indifferent to cach type of conformation. An
abbroviated set of rules used in applying the Chou-Fasman predictive method is provided in
Appendix 2. The method is simple in principle. Using the conformational parameter, one finds
nucleation sites within the sequence and extends them until a stretch of amino acids is
encountered that has a greater disposition for another type of structure. At this point, the
structure is terminated. This process is repeated throughout the length of the potypeptide chain
until the entire sequence is predicted.

ledlednhmmﬂﬂﬁmdwmmmlytEnfu-hulh

ﬂdm-ﬂnﬂmhﬂﬂ:ﬂ“dtmmmwfﬂmlﬂme&lm]md
dﬂﬂniu'ngdnnmﬁxmnﬁmﬂpummﬂﬂnmmﬂylhnfmﬁmﬁdmdduufﬂwﬂ
in tums (Chou and Fasman, 1977), In the case of tums, a significant difference was
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observed in the frequency of the first, second, third and fourth positions of P tums for all
residues. Some residues, such as proline, were found to have a dramatic positional
preference. Therefore, this positional preference was considered in the parameter for the
prediction of mms (Chou and Fasman, 1979).

Another popular method used in secondary structure prediction is that presented by Garnier
et al (1978). This approach is based on information theory and considers the effects of
residues from positions -8 to #+8 on the conformation of the residue at position i. The
prediction of the conformational state of each residue involves evaluation of an equation
for each conformational state and then selection of the conformation with the highest
information content (Garnier of al, 1978).

Analysis of an entire polypeptide chain is facilitaled by a computer program. From the
information content of the equation for each conformational state, a value can be subiracted
before comparison of the information contents, This value is referred o as the decision
congtant (Gamier of al, 1978). The decision constant is an adjostable parameter chosen
with the aim of producing optimal predictions by introducing a slight bias, However, choice
of a decision constant prior to secondary structural predictions requires an independent
measurement of the percentage composition of o-helical and P-sheet regions within the
protein of interest. This may be established by circular dichroism or optical rotatory
mecasurements (Gamier ef al, 1978), Howeover, prior choice of a decision constant is
usually vnly critival (o improving the prediction ol prolcins thal are cxceplionally rich in
eiiher w-helical or f-sheet regions (Garnier et al, 1978).

A fundamental difference between the predictive methods of Chou and Fasman (18782,
1978b) and Gammier er al (1978) is the extent of involvement of the user in making
decisions concemning the assignment of secondary structores. The guidelines set out by
Chou and Fasman (1978a, 1978b) are qualitative rather than quantitative, and therefore
open 1o interpretation by the user. Since these rules lack the rgorous definition required
by a computer algorithm, the data gencrated must be reduced by hand. In contrast, the
computer-generated predictions provided using the algorithm of Gamier ef al. (1978) assign
residucs to a single conformational state in a completely unambignous manner (Gamier et
al., 1978). These workers have argued that any sccondary structure predictive method
should always be presented as an algorithm. Only in this way can ambiguities be resolved
and objective predictions guaranteed (Garnicr ef al, 1978). In defense of this challenge.
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Prevelige and Fasman (1990) have argued that in reducing predictive data o a mingle
conformational state, significant information may be lost, Frequently, regions within a
polypeptide chain will display significant propensity for more than one type of structure.
Such regions may be sites of conformatonal change and are often likely to be of
considerable importance (Fasman, 1989).

The secondary structure assignments gencrated using the methods of Chou and Fasman
(1978a, 1978b) and Garnier ef al (1978) cannot be used unquestioningly. Neither of the
methods provides accuracy comparable with structural determinations using N-ray
crystallography. At present, our ability to predict secondary structure is not better than
distinguishing helix, sheet and tum residucs with slightly over 60% accuracy (Fasman,
1989). A particulady difficult problem common to all current predictive siralegies remains
that of defining precisely where pieces of secondary structure begin and end (Richardson
and Richardson, 1989).

The concept of a limit to the accuracy of predicting secondary structures has a clear
theoretical basis. As pointed out by Garnier of al (1978), in order 1o achieve a compact
globular structure, the tertiary interactions between residues far apart in the amino acid
sequence are ofien likely to override the intrinsic conformational tendencics of many amino
acid residues within the polypeptide chain. It is likely that interactions between residoes
distant in the amino acid sequence, which are not considered in such predictions, have
substantial roles 1o play in determining the secondary structure of any segment.

Mevertheless, in predicting the secondary structuure of 8 protein, there is a distinct advantape
to amalysing the sequences of homologous profeins which are likely w0 have similar
sccondary and tertiary structures (Gamier e al, 1978). Comparison of results obtained from
analysis of homologous proicins is therefore 3 means of venifying the predicted sccondary
structure. In predicting the secondary strociure of a profein, use of more than one predictive
method is also advisable. Comparison of the results obtained with different methods is
likely o provide some indication of the significance of the results obtained.

2.5.2.2 (lass prediction

Despite the comparatively low success rate of predictive methods in accurately assigning
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individual regions of sequence o partcular conformations (Fasman, 1989; Section 2.5.2.1),
conternporary predictive methods can do a fairly good job of distinguishing the basic
classes of protein families (Richardson and Richardson, 1989). This cnables classification
af the protein of inicrest 1o one of these four basic classes of protcins (o, f, a+p and a/B)
originally defined by Levitt and Chothia (1976). A simple means of assigning a protein of
unknown struciure to one of these classes is useful as conformational parameters denived
from known proteins of that class may then be used 1o predict the unknown prolein
conformation (Chou, 1989),

Protein structural classes may also be predicicd on the basis of amino acid composition
{Chou, 1989). Analysis of the X-ray structures of 64 different proteins, in terms of their a-
helical and f-sheel regions as well as their amino acid compositions (Chou, 1979, 1980
cited by Chou, 1989) revealed that the four distinct classes of proteins, wiz. o, i, @+ and
/i {Levitt and Chothia, 1976; Section 2.5.1.4) had significandy differemt amino acid
compositions, A computensed algorithm is capable of assigning proteins 1o the correct
structural class based on amino acid composition with B0% accuracy (Chou, 1989). Other
waorkers have noticed a similar relationship between the amino acid composition of a
protein and the structural class to which it belongs. Assignment of the folding types of 135
profems of known three dimensional structure in terms of their amino acid compositions,
gave an accuracy of 79% (Nakashima ef al, 1986 cited by Fasman 1990),

As outlined in Section 2.5.1.4, although o+ and o[} prolcins contain almost identical
amounts of helices and f-sheets, they differ in the topological packing of their a- and
p-regions (Levitt and Chothia, 1976). In o+ proteins, the a-helical and P-sheet structures
do not mix, but tend to segrogate in differont domains within the protein. In contrast, /B
protems are comprised of approximately alternating a-helices and f-strands (Levitt and
Chothia, 1976).

Chou (1989) has suggested two powerful criteria for distinguishing a-+f and /) proteins.
Fuﬂr.mdnhullﬁwﬂwudmmmdﬂwymwwﬂﬁrhplin
Only four of the representative set sclecied by Chou (1989) contained fewer than 243
amino acids (Chou, 1989). The average size of the @/f) proteins was 271 amino acids
(Chou, 1989) hmthMdMu+ﬂmlMHwnm
135 amino acid residues (Chou, 1989). The larger size of @/ proteins in comparison with
l:|:+ﬂ]:n'n{=imhnmmwtmm:ﬂmhtwmm:bdﬂrmmﬂﬂnlmmgmuﬂy
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divided into st least rwo domains (Chou, 1989, Branden and Tooze, 1991),

Furthermore, there is a significant difference in the amino acid compositions of a/f} and
a+f proteins. In particular, o/fl protcins are characterised by a high abundance of
hydrphaobic residucs and a low content of cysteine (Chou, 1989), In the sct of proleins
belonging to both classes that was studied by Chou (1989), in comparison with the o/f
proteins, the o+ proteins had greater amounis of asparagine, tyrosine and cysteine and Jess
valine, leucine, lysine and glutamato (Chou, 1989),

Therefore, although the helix and sheet contents of o+f and /P proteins are usually almost
identical, the two classes may be distinguished on the basis of their chain length and amino

2.5.2.3 Hydmophobicity

Prediction of the secondary structures of proteins provides litfle conclusive information
concerning the actual location of individual amino acid residucs within a protein molecule
However, analysis of the relative hydrophobicities of stretches of amino acids within a
polypeptide chain provides a rough translation of the one-dimensional property of protein
primary structure inlo the thres-dimensional configuration assumed by that protein (Branden
and Tooze, 1991)

Since the native structure of any globular protein must exist in the presence of water, the
analysis of its interaction with water is central o the prediction of profcin structure. A
central dogma of protein chemistry is that three-dimensional structures are entirely dictated
by primary structures (Doolitle, 1989). However, another fundamental tenet about protein
folding is that it is driven by the entropy of removing hydrophobic groups from contact
with the aqueous environment (Richardson and Richardson, 1989).

Patterns of hydrophobic versus hydrophilic side chains are very important for the prediction
of protein structure simply by virtue of their preferential occurrence on the inside versur
the putside of the folded polypeptide chain (Richardson and Richardson, 1989} In most
globular proteins, alanine, glycine, isoleucine, leucine, phenylalanine and valine comprise
approximately 63% of the residues found in the protein interior (Darby and Creighton,
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1993). In contrast, charged residues, even those paired in sall bridges with net neutrality,
are comparatively rare in the interiors of proteins. About 96% of charged groups within
globular proteins occur at the surface (Darby and Creighton, 1993),

Waler is statistically more ordered next o hydrophobic side chains than in bulk solvem
(Richardson and Richardson, 1989) Water molecules cannot hydrogen-bond with
hydrophobic side chains and are thercby resmcied in their onentation. In conirast, hydrogen
bonded ordenng occurs next o hydrophilic side chains (Richardson and Richardson, 1989).
Therefore, it is more favourable for hydrophobic groups o interact with cach other, and
waters (0 inferact with waters, than for hydrophobic side chains to inferact with waiers
{Richardson and Richardson, 1989). This is the dominant effect that drives soluble globular
proteins towards compact, folded conformations in solution, However, it is important o
notc that noi all profeins exist in the same solvent conditions. In particular, the overall
folding constraints are different for membrane-bound proteins and for soluble proteins.

Although there is no doubt sbout the overnll importance of hydrophobicity in predicting
the structures of proteins, its detailed characterisation has been complicated by the
multiplicity of scales for measuring it (Richardson and Richardson, 1989). Hydrophobicity
is rolated to electrostatic charge, to hydrogen-bonding capability, and 1o surface area of
aliphatic and sromatic carbons. However, there is no consensus as to how these varioos
factors should be weighted (Richardson and Richardson, 1989). This has led to the
development of several hydrophobicity scales, each of which assign  different
hydrophobicity values 1o cach of the twenty amino acids. Hydrophobicity scales have been
presented by, amongst others, Janin (1979), Wolfenden ef al (1981) and Rose et al (1985),

However, by far the most widely used hydrophobicity scale is that presented by Kyic and
Doolile {1982). This scale is based on an amalgam of experimental observations
concerning the hydrophilic and hydrophobic propertics of the side chains of the twenty
amino acids found in protcins. The two most important parameters comsidersd in the
hydrophobicity scale of Kytc and Docliftle (1982) are the transfer free energy of a residue
betwoen the water and vapour phases and the interior/exterior distribution of the residue in
soluble proteins of known structare (Kyte and Doolitile, 19%2),

Using this mh,lhrdmphnhicitypnﬁlnmyh:mpmudbymupmiwly averaging the
by drophobicity of a protein within a moving window that {s stepped along the amino acid
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sequence. This window should be larper tham 2 single tom (that is. grester than four
residucs), but smaller than a complex scgment such as 2 wm-helix (that is, less than welve
residues) (Rose and Dworkin, 1989). A midpoint finc is plotied that comresponds to the
grand average of the hydropathy of amino acid compositions found in most proteins (Kyte
and Doolitde, 1982)

The resultant hydrophobncity profile (a graph of the average hvdrophobicity per residuc
agains! position in the sequence) provides a simple way of quantifying the concentration
of hydrophobic msidues along the linear polypeptide chain. Local extrema in
bvdrophobicity may then be used predictively. In the case of soluble globular proteins,
there is a remarkable cormespondence between the interior portions of their sequences and
the regions appearing on the hydrophobic side of the midpoint line, as well as the exterior
portions and the regions on the hydrophilic side (Kyte and Doolittle, 1982) Given the
sequence of a protein of unknown structure, hydrophobicity plots have also been used to
predict chain torms and antigenic sites (Rose and Dworkin, 1989).

Hydrophobicity analysis is particularly useful for interpreting membranc-associated protein
sequences (Finer-Moore ef al, 1989). Membrano-incorporated segments that are in contac
with lipids must be in an ordered configuration. The reason for this lies in the necessity 1o
saluraic the hydrogen bonds intramolecularty, since the lipid hydrocarbon chains cannot
partcipate in hydrogen bonding (Jihnig, 1989). However, they may be in cither a-helix or
in f-srand conformation (Jihnig, 1989) Helices represent the most stable structures in
membrancs as the hydmgen bonds can be formed along the helix ac intrachain bends
(fihmig, 1989). A membranc-spanning helix requires af least twenty hydrophobic residues
with a mean hydrophobicity of st lcast 1.6 (Jihnig, 1989).

2.5.2.4 Conclusion

Thcpmdicﬁﬂnafﬂuhﬂqlmunﬂflm.&mhmimlﬁdwhpuniuy
the major unsclved wﬂmhmmw.ﬂm&mmd
approaches suggested by several workers, our ability to predict secondary structure is not
(Fasman, 1989). Kyte and Doolitle (1982) have also pointed out several mitations
inherent in their method of predicting the surface probabilities of individual residues.
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Analysis of known protein structures indicates that the extent to which residues are bunied
depends not only on hydrophobicity, but also on steric effects that determine packing
within the crowded interior of the macromolecule (Kyte and Doolittle, 1982). Hydrophobic
residucs frequently occur on the surfaces of proteins, where their nonpolar side chains may
be removed from contact with water by being buried between pieces of secondary structure
(Kyte and Doolittle, 1982).

The primary limitation of all of the current methods available for the prediction of protein
structure is that protein molecules are hicrarchical or modular only to a limited extent
Local interactions in the sequence can only partially determine even the local levels of
structure (Fasman, 1989). Although short-range inferactions appear to play the dominant
role in determining the amino acid conformation of a protein, the rest of the protein has an
influence even on local secondary structure (Fasman, 1989). These additional interactions
required to stabilise the conformation uniquely are not within the predictive powers of
currenl strategies.

Richardson and Richardson (1989) conclude that both cooperativity and hierarchy are
important principles in protein folding. They are coexistent and complementary. Whereas
hicrarchy makes folding possible, cooperativity is vital for the biological functioning of
proteins as it confers versatility, responsiveness and functionality, as in the case of allosteric
regulation of enzyme activity (Richardson and Richardson, 1989).

2.5.3 The evolution of protein structures

An organism’s genome and the immediate products of its cxpression, namely proteins,
probably represent the ultimate record of its evolutionary history (Doolittle, 1989). Most
contemporary gene products are the result of past geme duplications and subsequent
&mmmmmmmmm 1990),

Cmiwuﬂyﬁﬂnﬂﬁ-whubmm:poﬂnﬂmdhmmng
the process of evolution (Wilson ef al, 1977; Felsenstein, 1988). These workers have
MMMWMWIMB&WM&MWM
Mwﬁlmﬁmmm“ﬂwhmﬁhﬂm&uh
most accurate phylogenetic trees.
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Fitch and Margoliash (1967) demonstrated that amino acid sequences of cytochrome ¢ from
different animals produced a phylogeny that corresponded well with phylogenetic
relationships developed from data gathered trom many disciplines over decades of lime.
This indicated for the first time that the information contained within a single protein
molecule could be used to trace the evolutionary history of organisms. Subsequent to this
pioneering study, analysis of many other protein sequences has indicated the value of
constructing evolutionary trees on the basis of data gathered from related molecules found
in different species (Felsenstein, 1988). Many of these studies have indicated that in most
cases the deduced phylogenics bear a strong resemblance to evolutionary tress constructed
from classical comparative anatomy.

Besides its obvious taxonomic value, an appreciation of how proteins have changed dunng
evolution may enable one to infer the structure of an unknown protein on the basis of
amino acid sequence alone, provided that a structure from a related protein 18 available
{Doolittle, 1989).

Cme possible mechanism whereby new proteins may arise is by duplication of an existing
gene, followed by mutational divergence of the two new genes and their protein products,
This enables the onginal function of the one gene to be maintained while the other may
mutate to fulfil a different function, This accounts for the existence of protemn families
comprising, for example, differen! dehydrogenases, protcases, phosphatases or kinases
{Darby and Creighton, 1993). For example, the NAD dependent dehydrogenases comprisc
a family of enzymes that bind NAD through a common structural framework, the
dinucleotide-binding fold (Section 2.5.1.3). This framework binds NAD in a very similar
way in these enzymes despite very differenl amino acid scquences. The NAD-binding
domains are linked (o catalytic domains, which have different structures. These enzymes
are likely o have evolved by pene Tusion of a common ancestral gene for an NAL-binding
protein with different genes encoding metabolite-binding proteins (Branden and Tooze,
1991),

Evolutionary divergence has resulted in many forms of essentially the same protein, all with
the same biological function in different species. The only constraini in this divergence is
that functionality of the enzyme be maintained. If structural changes do no hamm, they have
a good chance of passing through the filter of natural sclection (Doolittle, 1989), Therefors,
the nature of the evolutionary divergence permifted in amino acid sequence reflects
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constraints of structure and function on enzyme activity.

The most frequently encountered amino acid replacements during protcin cvolution are
those conserving the type of side chain, for example, argimine for lysine, aspartic acid for
glutamic acid or phenylalanine for tyrosine (Darby and Creighton, 1993). However,
functionally important residues in enzymes, such as those involved in the binding of
substrates or in catalysis, are the most highly conserved (Darby and Creighton, 1993).
Therefore, a high degree of conservation of an amino acid residue in homologous enzymes
from different sources is likely to indicate that a residue is important in contnbuting to the
active site or parbcipating in the catalytic mechanism. For example, all of the amino acid
residues involved in the active sife or othcrwise participating in the catalytic mechanism
of human glutathione reductase (Pai and Schulez, 1983; Pai er al, 1988) arc conserved in
the £ coli enzyme with the exception of a single conservative substitution (Greer and
Perham, 1986).

The vast majonty of cvolutionary change appears 10 be functionally ncutral; natwral
selection has been primarily negative in selecting against mutations that produce functional
change (Darby and Creighton, 1993). Point mutations and insertions are most common in
non-functional residues, such as those found in random coil structures at the surface
(Section 2.5.1.1). When homologous amino acid sequences from different species are
compared, if is frequently found that insertions and deletions of a few residues occur almost
exclusively in loop regions (Branden and Tooze, 1991). During evolution, the hydrophobic
cores of proteins appear to be much more stable than surface residues. Presumably,
mutations in hydrophobic cores are rare because they disrupt critical packing interactions
required for conformational stability (Darby and Creighton, 1993). In contrast, substitutions
on the surface area are usually innocuous.

Enunin:ﬂnnufrdatndpmﬁumudsﬂuwlﬁhgmﬂmdingpmm}rbﬁ
preserved, there are distortions in the primary structure which increase in magnitude as the
mﬂmﬂdmmmmﬂnﬁmﬂﬁjrﬁm‘hﬂhm
&ﬂydmmﬁ:hm:mdmhmﬁhmqﬂﬁh&w
fold, wﬂnmmdhmMmm&mmﬁ:ﬂmﬂmm
ﬁmmﬂﬁmnﬁumﬁphﬂmwﬂﬁuﬂﬁ“dpﬁmﬂummmh
blurred to the point where recognition is no longer possible (Doolitle, 1989).
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Alternatively, the absence of sequence homology between proteins of similar structure may
be ascribed to them having arisen independently through convergent evolution (Darby and
Creighton, 1993). There are a larpe number of ways in which the twenty amino acids found
in profeins may be assembled into equivalent structures, and fwo or more very dissimilar
amino acid sequences may give rise to very similar three-dimensional structures, Similar
sequences may thus result from convergence as a result of selection for particular structures
(Doolitile, 1989).

A fundsmecntal principle that has emerged from structural analyses of protein structures is
the occurrence of recurring structural motifs in proteins (Branden and Tooze, 1991). The
obscrvation that proteins of unrelated functions are often built up from combinations of
these recurrent motifs suggests that certain structural themes have been used fime and again
throughout the course of evolution (Branden and Tooze, 1991). The (a/P), barrel, orginally
identified in tnose phosphate isomerase, has been proposed as a common protein fold that
has ansen by convergent evolution (Branden and Tooze, 1991). Many of the seventeen
known cxamples of Uus fold have no sequence homology and only slight functional
similarities (Darby and Creghlon, 1993). The (w/B)y barrel is a plausible candidate for
having arisen independently in several proteing as’ it represents one of the simplest
thermodynamically stable structures that an a/f protein can adopt (Branden and Tooze,
1991).

Although many common motifs within proteing may have arisen by convergence, proteins
which exhibit smilarity over the full course of their lengths must be the result of
divergence. The greater the number of residues over which a resemblance extends, the less
likely it is to be the result of chance or convergence (Doolitile, 1989).

Probably the most evident effect of evoluticnary history on profein structure is the
prevalence of approximasely duplicated parts within difforent proteins (Darby and
Creighton, 1993). Domains, and perhaps smaller soquences as well, are spparcnitly
inferchanged within and between proteins (Doolittle, 1989). Doolitde (1985) has noted that
many of the proteins which have probably arisen fairly recently in evolutionary terms are
mosaics, apparently built up by linking fogether two or more domuins that have been
Wﬁmmm.mmmmmmwm
by a process of domain shuffling.
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Domains are often encoded at the gene level by individual exons (Blake, 1978, 1979;
Gilbert, 1978; Traut, 1986), The evolutionary significance of spliting cukaryvotic genes into
coding sequences (exons) and noncoding sequences (introns) was first proposed by
Toncgawa ef al (1978). In this scheme, individual exons correspond to functional or
structural units of proteins, Recombination within the intronic regions of genes could
reassort these functions into novel protein products, Alternatively, intron delction may chicit
shuffling of a functional unit encoded by a single exon. Point mutations at intron/exon
uplice junctions could reeult in the deletion or sddiion of whole blocks of amino acid
sequences, while variable splicing could enable transcription of both the original and new
gene products simultancously (Gilbert, 1978; Tonegawa ef al, 1978). Therefore, genes for
proteins may have evolved by the genetic shuffling of different exons 10 generate different
proteins composed of different combinations of structural units (Gilbert, 1978; Blake,
1979),

In accordance with this hypothesis, it has frequently been observed that introns are often
found in sites of structural genes corresponding (o loop regions in the protein structure
(Branden and Tooze, 1991), During evolution, hydrophobic cores are gencrally more stable
than residucs exposed (o the surface (Branden and Tooze, 1991). Craik f al (1983) have
speculated that » reason why intron-cxon splice junction frequently map to surface loops
i5 that the alterations mediated by the sliding of these junctions can be effected without
disrupting the swbility of the protcin core. This would invariably destrov enzymatic
activity,

Some evidence in favour of the hypothesis of domain shuffling cxists for certain proteins.
For example, the exons of the gene encoding mouse f-crystallin encode the four structural
mofifs of (he corrcsponding protein. Three introns arc present at the junctions between the
motifs (Branden and Tooze, 1991). Examination of the genomic sequence of the gene
encoding a plasma membrane H-ATPase in Arabidopsis has revealed partial conservation
nfumhum:hﬁnwiﬂuupmmuimﬂﬂh*ﬁ?}ud&'-ﬂ?uu{?nﬂnmdsmm
1989). This suggests a degenerate correspondence between exons and the structural motifs
found in enkaryotic ATPases.

Hmm,dﬂmqhmrnudmwmmmmwwihm&nm.
ﬂhgﬂmﬁmddﬁphumuhsﬁﬂhﬁngdnhuﬂ{ﬂﬁn, 1985). At present, there s
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no well defined universal relationship between exons and protein structure.
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3. Matenals and Methods

3.1 Reagents

All common laboratory chemicals used were of the highest quality available, Agarose wis
purchased from Promega (Madison, WI). Sequencing grade polyacrylamide was purchased
from Stratagene Inc. (La Jolla, CA). GelSlick™ is a product of AT Biochemicals Inc.
(Malvern, PA). Unless otherwise specified, all enzymes, antibiotics, sequencing primers and
other reagents used in molecular protocols were obtained from Bochringer Mannheim, South
Africa.

The plasmids pBluescriptl® SK' and pBluescriptll® SK* and helper phage M13 RA08 are
products of Stratagens Inc. (La Jolla, CA) The plasmid pUCIE was obtained from
Bochringer Mannheim, S.A. Sceds of Arabidopsis thaliana (L.) Heynh. ecotype Columbia
were purchased from Lehle Seeds (Tucson, AZ)

The Digoxigenin (DIG) Nucleic Acid Labelling and Detection Kits were obtained from
Bochringer-Mannheim, S.A. The Sequenase® Version 2.0 Sequencing Kit is 2 product of US
Biochemical Corp. (Cleveland, OH). The Geneclean DNA Purification System was obtained
from Bio 101 Inc. (La Jolla, CA). The ECL™ Gene Detection Kit, Hybond N° nylon
membranes, [a-"S[dATP and Hyperfilm-ECL autoradiography film are products of
Amersham International (Buckinghamshire, England),

Unless otherwise specified, all reagents were used according o the instructions of the
manufaciurer.

3.2 Bacterial strains

Escherichio coli strmin HB101 (hedf hedM prod2 lacZ24 leuB thi-] rpal 20 supB44 recd | 3)
was wsed for transformation with both Y APOST and FAFI2S cDNA clones. The E coli
strain NL1-Bloe (endA! hodRi7(rkmk") supfed thi-l X recdl gyrd96 reld! (lac) [F,



proAB, laclgZAMI1S, Tnl0 (tet)]) was used as the host for the plasmids bearing the six
fragments of the Y APQS7 insert subcloned for sequencing infernal regions within the insert
of YAPO5T. All bacteria were maintained on the appropriate seiective media at all nmes.

3.3 Plant growth

Seeds of Arabidopsis thaliana (L.) Heynh, ecotype Columbia were germinated on a mixture
af peat-moss, vermiculite and perdite (1:1:1) and fertilised weekly with a complete nutrient
solution (Somerville and Ogren, 1982, Appendix 1) in a thermostatically controlled
greenhouse, Greenhouse temperatures varied between 18°C and 26°C. The transmittance of
the preenhouse to solar radiation was 35%.

3.4 Proline assays

3.4.1. Determination of tissue proline contents

Proline was assayed as described by Bates ef al (1973), Depending on the tissue being
assayed, 0.5-1.0 g of plant material was frozen in liquid nitrogen and ground (o a fine
powder with a mortar and pestle, When necessary, frozen material was stored at -70°C until
needed. The material was homogenised in 10 ml of 3% (w/v) sulphosalicylic acid and the
homogenate centrifuged at 14 000 x g for 20 min af 4°C. Two ml aliquots of supernatan
solution were transferred to clean ubes and reacted with 2 ml of acid ninhydrn reagent

{Appendix 1) and 2 ml of glacial acetic acid for 1 h at 100°C. The reaction was ferminated
in an ice bath. After warming o room temperature, the reaction mixture was extracied with
4 ml of toluene by vigorous vortexing for 15 s The toluene phase containing the red
chromophore was aspirated and its absorbance read at 520 nm using toluenc as a blank.
Proline concentration was determined using a standard curve constructed from A, readings
obtained from assaying 0.1 1o 40 yumol of proline. In cases where proline concentrations
were beyond the hinear range of the standard curve, samples were diluted and values
obtained were multiplied by the appropriate dilution factor.



3.4.2, Osmofic stress teatments

In order fo establish whether 4. thaligna accumulates proline in responsc o hyperosmotic
stress, five week old plants were transferred to a controlled environment chamber (22°C;
70% relative humidity; 200 pE.m™s" continuous light} and allowed to acclimate for 3 days.
Plants were watered with nutrient solution upon transfer to the growth chamber.

In order to assess whether the rate of imposition of stress affected the amount of proline
accumulated, plants were watered with solutions of increasing concentrations of NaCl
{50 mM NaCl, 100 mM NaCl and 200 mM NaCl) at B b, 12 h and 16 h intervals. Sali
solutions were prepared in distilled water (dH,0). In order to establish whether the nature
of the csmoficum used affected proline sccumulation, additional plants were watered with
solutions of polyethylene glycol (PEG-6000) at 16 h intervals. The concentrations of
polyethylene glycol used provided solutions with solute potentials equivalent to those used
in the salinisation experiments {Lang, 1967; Michel and Kaufmann, 1973). Solutions of
FEG-6000 were prepared in dH, 0. Control plants were watered with diH,0 that was not
supplemented with any osmoticom. In all cases, plants were watered until the solution
applied began to emerge from the bottom of the pot.

Six h after the last application of osmoticum, basal rosette leaves, stems sections and
siliques were harvested, weighed and their proline content determined as outlined above. All
determinations were performed in triplicate.

3.4.3. Organ-specific proline levels in unstressed plants

Leaves from the basal rosette, rools, stem scgments, siliques, flowers and ripe sceds were
assayed for their proline content as outlined above, All determinations were conducted in
triplicate.
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3.5 Sources of Arabidopsis thaliana ¢cDNA clones encoding
PSCR

The ¢cDNA clones YAPO57 and FAFJ2S were isolated as part of the French Arabidopsis
cDNA sequencing initiative sponsored by the Centre National de |a Recherche Scientifique
(Hbfie er al, 1993). Both cloncs are expressed sequence tags (ESTs; Section 13)
Preliminary identification of these clones was based on homology of a short stretch of their
sequences 1o plant PSCRs of known sequence.,

The cDMA clone YAPQST (ATTS0197, EMBL Accession No. Z17623) was obtained from
M. Raynal (Laboratoire de¢ Physiologic ef Biologie Moléculaire Végétales, Universite de
Perpignan, France). It was isolated from a fibrary constructed from developing siliques of
A. thaliana ecotype Columbia (Girandat ef al, 1992). The insert of Y APOST was cloned into
the EcoR] site of Lambda ZAPIl (Stratagenc, La Jolla, CA). The phagemid pBlucscriptll
SK" was subsequently excised from this phage vector following global in wve excizion of
the AZAPO Lbrary (M. Raymal pers. commun) Scquence determinafion of the 355
nucleotides closesi o the T7 priming site of this vecior revealed the ranslation prodoct of
one open reading frame (ORF) to have high homology 1o the N-terminal regions of the
translation products of the genes encoding PSCE. from soybean (Delauncy er al, 1990) and
pea (Williamson and Slocum, 1992)

The cDNA clone FAFI2S (ATTS3034; EMBL Accession No. 733985) was obtained from
J. Fleck (Institut de Biologic Moléculsire des Plantes, Strasbourp. France). It was isolated
from the Strasbourg-A library constructed from green leaf strips of 4 thaliana ecotype
Columbia incubated in liquid culture medium (Y, Parmenticr, pers. commun "), The insert
of FAFI2S was directionally cloned into the EcoRl and Xhal sites of pBluescriptd] SK-
Sequence determination of the 365 nucleotides closest to the T7 priming site of pBluescriptil
SK' revealed it to posscss high homology o part of the gene emcoding PSCR from
Arabidopais (Verbruggen er al, 1993)

"Y. Parmentier, Instingt de Biologic Moléculaires des Planies, Strasbourg, France
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For both YAPOS7 and FAFJ25, the 2 pg of lyophilised DNA provided was suspended in
20 il of dH,0 and a 5 pl aliquot used to wansform the £ colt strain HB101. Cultures of
bacteria carrying Y AP0S7 or FAFJ25 were grown in LB broth (Appendix 1) supplemented
with 100 pgml” of ampicillin and stored at -70°C after dilution with an equal volume of
Glycerol Freezer Store Solution (Appendix 1).

3.6 Transformation of E. celi with plasmid DNA

Transtormation of £ coli with plasmid DNA was performed using 2 modification of the
method described by Manniatis ef al (1989). An overnight culture of the appropriate sirain
of £ coli was grown in LB broth st 37°C. Thirty ml of fresh LB broth in 2 250 mi fask
was inoculated with 200 l of overnight culture and grown at 37°C with gentle agitation
uniil the culture reached mid-log phase (A,, = 05). Onc ml aliquots of cells were
centrifuged for 1 min {6 D00 % ) and the supematant solution decanted. The cell pellet was
resuspended in 400 jul of 0.1 M MgCl, and the cells pelicted by centrifugation (6 000 x g,
| min). Afier decanting the supemate, the cells were resuspended in 200 pl of 0.1 M CaCl,
and left on ice for 3 h

A volume of aqueous DNA solution no greater than 20 wl containing al least 100 ng of
DNA was added to the competont cells and the contents of the twhe mixed gentiy. The
mixiure of competent cells and DNA was incubated on ice for 30 min. During this time, a
small volume of LB broth was warmed to 37°C. The competent cells were heat-shocked by
dircct transfer 10 42°C for | min. One ml of LB broth, pre-warmed to 37°C, was added (o
the transformed cells. The cells were left to incubate at 37°C for 20 min. Two hundred
of ccll suspension was spread over LB plates contaiming suitable selective antibioticis) and
the plates incubated overnight at 37°C.

3.7 Plasmid miniprep

Plasmid minipreps were performed according 0 the modified alkaline lysis method of
Feliciello and Chinali (1993). A single bacterial colony was mmoculated into 20 ml of LB
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containing the appropriate antibiotic(s) in a 100 ml flask. After overnight growth at 37°C,
cells were pelleted by centrifugation in a Sorvall 5534 rotor (10 000 x g, 10 min). The
supernatant solution was discarded and the cells resuspended in 2 ml of icecold STE buffer

{Appendix 1).

The cell suspension was halved, with two 1 ml aliquots each being transferred into a 1.5 ml
microfuge tube and kept on ice. Following centrifugation in a microfuge (6 000 x g, 1 min),
the supemnatant was removed and the pellet resuspended completely in 250 pl of ice-cold
solution [ (Appendix 1) by repeated vigorous vortexing. Bacterial suspensions were kept on
ice. Five hundred l of freshly prepared solution I1 (Appendix 1) was added to each tube,
The contents of the tube were mixed immediately by inverting the tube three to four times.
Tubes were stored on ice for 3-5 min. Seven hundred and fifty 1 of ice-cold 4M potassium
acetale-2M  acetic acid (Appendix 1) was added o each wbe. Tubes were shaken
immediately and vigorously by hand to mix the contents thoroughly and left on ice for 10

min.

Following cenmfugation (12 000 x g, 10 min), 14 ml of supernatant solution was
transferred to 3 2 ml microfuge mbe, taking care 1o avoid collecting any denatured material
that had not been pelleted, Seven hundred i of isopropanol was added o each tube and
mixed well by inversion. Samples were left for 5 min al room temperature, prior to
centrifugation (12 000 x g, 10 min). The supemnate was decanted, and each tube placed back
in the original onentation. Afler brief centrifugation (12 000 x g, 10 s), all remaining
supematant solution was removed using a 1 ml disposable syringe.

Pellets were resuspended in 250 pl of TE buffer (Appendix 1) containing 100 pgml*
Dihlase-free RMase (Appendix 1) and lefi at room temperature for 15 min. Thiee hundied
il of an 88% isopropanol-0.2M potassium acetate solution (Appendix 1) was added, Afier
mixing by brief vortexing, tubes were left at room temperature for 10 min Following
centrifugation (12 000 x g, 10 min), the supematant solution was discarded, Tubes were
recentrifuged briefly and residual supemate withdrawn using a 1 ml disposable syringe.
After washing the pellets in 70% ethanol to remove any residual salr, pellets were dred in

a vacuum dessicator and resuspended in 100 ! of TE buffer. Plasmid DNA was stored at
=20°C.
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3.8 Punfication of DNA fragments

Incerts or gene fragments gencrated by restrichon digestion were scparated on a 1.1%
agarose gel by electrophoresis in 1x TAE buffer prepared from a 50x TAE buffer siock
{Appendix 1). The DNA fragments were purified using the Geneclean system (Biol01 Inc,,
La Jolla, CA). Following visualisation of the DNA on a Spectroline TC-312A LIV
transilluminator {312 nm), the fragment of interest was excised from the agarose gel. Care
was tmken 1o trim ofl as much of the agarose as possible which did not contain fluorescent
DMA. Less than 400 (l of pel {of weight less than 0.4 g) was transfered 1o 2 1.5 ml
microfuge whe and exactly three volumes of 3 Nal solution (Biol01 Inc.) added. The
sample was incubated of 30°C with occasional pentle agitation until all the agarse had
dissolved. Care was taken not {0 exceed 2 5 min incubation ai this lemperature.

A solution of glass milk (Biol0] Inc) was vorexed well for at Jeast 30 s before
immediately adding 5 jul of the glassmilk solution to the dissolved agarose and mixing well.
The suspension was incubated at room lemperature for § min. The side of the ube was
tapped gently at | min intervals to ensure complete suspension of the glass particles.

The glacs milk was pelleted by brief centrifugation (6 000 x g, 5 1) and washed with
500 wl of ice cold NEW wash buffer (Biol0l Inc.) The pellet was resuspended in fresh
NEW wash buffer and the process of centrifugation and resuspension repeated. Following
a third centrifugation (6 000 x g, 5 s), all traces of NEW wash buffer were removed by
aspiration using & | ml disposable syringe. The DNA bound to the glass milk was eluted
inte 20 pl of dH,0 by incubation at 50°C for 2 min. The glass milk was pelleted

(6 000 x g, 10 5} and the DNA solution transferred 1o a clean microfuge tube for subsequent
manpulation

3.9 DNA ligation

Mdﬂﬂﬂmﬁ:ﬁhﬂﬁﬁihtﬂmmﬁ:ﬁmml]nﬂdﬂmm&g
[ragmenis ﬁmﬁmﬂdmll.jﬂiwgﬂ.h:ﬂuwﬁn‘:ﬂmhnmﬁcﬁmm
did not exhibit optmal activity in the same restriction buffer, the DNA was digested
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sequentially with both enzymes. Following the firt digestion, DNA was precipitated by
addition of 0.1 vol of 3M sodium acctate (pH 5.2) and 1 vol of ethanol. The resiricted [¥NA
was then resuspended in an appropriate restricion buffer and digested with the second
enzyme. Following precipitation as outlined above, the pellet was washed in 70% ethanol
and the DNA dried in a vacuum dessicator prior 10 resuspension in an appropriale amount
of dH,0. Following electrophoresis (80V) through a 1.1% agarose gel in 1x TAE buffer,
the sizes of fragments were determined by comparison of their migration with that of the
fragments of Molecular Weight Marker I (Boehringer Mannheim;, Appendix 1). (Gene
fragments of interest were recovered and purified as described in Section 3.8,

The ends of the digested veclor DNA were dephosphorylated by adding 1 umil of calf
intestinal alkaline phosphatase (Bochringer Mannheim) 1o S g of vector DNA in a total
volume of 20 ul of dephosphorylation buffer (Boehringer Mannheim). Following incubation
for | har 37°C, the alkaline phosphatase was inactivated by heating the reaction 1o 75°C for
15 min. The sample was lefi to cool 10 room temperature. The DNA was precipitated by
addition of 0.1 vol of 3 M sodium acetate (pH 5.2) and 1 vol of ethanol. Residual sall was
removed by washing the pellet with 70% cthanol. The DNA pellet was resuspended in

20 1 of dH,0 and quantified by measuring the absorhance at 260 nm using a Pharmacia
GeneQuant RNA/DNA Calculator. The concentration of DNA was calculaled as outlined
in Appendix 1. The digested vector DNA was diluted to a final concentration of

0.15 pgjd”

All igation reactions contained | it of T4 DNA ligase (Bochringer Mannheim), 2 ul T4
DNA ligase buffer (Bochringer Mannheim) and | il of 20 mM dATP, prepared by five-fold
dilution of a 100 mM dATP stock (Bochringer Mannheim) in dH,0. Reactions were made
up 1o a final volume of 20 ul with the DNA to be ligated. In each cxperiment, ratios of
vectorinsert of 1:15, 7:8 and 15:1 were wsed. The concentration of the DNA fragment to
be inserted was 0,05 pg.ml”.

As a mogative control, a ligation reaction containing 16 pl of digested vector DNA was sel
up. In cases where vector DINA was digested with a single resiriction enzyme, this indicated
whether or not the dephosphorylation step was effective. In ligations irvolving directional
cloning, this indicated whether or not both sites were digested 1o completion
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Following ovemnight ligation at 10°C, 200 ul aliquots of competent E coli X1L1-Blue cells
{prepared as ouilined in Section 3.6) were transformed with the entire ligation reaction (20
w) and plated onto LB plates containing 100 pgml” ampicillin and 12,5 pgml®
tetracycline. Thirty min prior to plating cells, 50 yd of 2% (w/v) S-bromo-4-chloro-3-indoyl-
p-D-galactoside (X-Gal) dissolved in dimethylformamide and 10 wpl of 100 mM
isopropylthicgalactoside (IFTG) were spread over the surface of the agar 1o enable detection
of recombinants by bluc/white colour selection. Blue colonies assumed their characteristic
colouration owing to their ability to cleave the chromogeneic substrate X-Gal in the
presence of [PTG, an analogue of lactose. Since insertion of a fragment of foreign DNA into
the polycloning site of pBluescript invanably results in production of an incompetent lacZ”
gene product, recombinant cells were unable to metabolise X-Gal and therefore appeared

white.

After overnight growth at 37°C, plates were incubated at 4°C for 10 h o cohance the
formation of the blue colour, White colonies were picked and restreaked onto the same
media to confirm that they did not contain a functional lacZ' gene. In all experiments, at
least 15% of the colonies carried a non-functional lacZ’ gene. Following plasmid isolation
from selected white colonies, these were tested for the presence of an appropriately-sized
wsert by resiriction analysis using appropriale restriction enzymes.

3.10 Single-stranded DNA isolation

Single-stranded DNA for sequencing was isolated by rescue from pBluescriptl] phagemid
28 descnbed by Stratagene. The process is dependent on sequences orginating from
filamentous (1) bacteriophage that have been placed within the phagemid (Figure 3.1), and
on the presence of a varicty of f1 bacteriophage-derived proteins provided by f1 helper
phage (Stratagene).

A szingle colony hﬂ‘bmningltwphagmﬁdhﬁaﬂngﬂwappmurht:immw;sgmm
overnight in 10 ml LB in the presence of 100 pgml' ampicillin and 125 pg.mi*
letracycline. Selection for the F episome in the presence of ietracycline was essential as it
contains the gencs for expression of the pili required for infection by flamentous phage
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Figure 3.1 : The pBluescrip®ll SK (+/-) phagemid (Stratagene). The SK designati

indicates that the polylinker is oriented such that lacZ u'u?s‘:igpﬁun)‘pmixﬁum Sadz
Kpnl. The lacZ gene encoding p-glucuronidase provides a-complementation for blue/white
uulmr_:deﬂiun afr?cumbinml phagemids. The f1(+) and f1(-) orgins of replication are
found in the phgmﬁ pBluescript SK” and pBluescript SK respectively. In pBluescript
SK, the f1(+) mg;m of replication enables recovery of the sense strand of the lacZ gene
when ahm!nmmnlﬁting the pBluescriptll phagemid is co-infected with helper phage.
In pBluescript SK, the f1(-) origin of replication enables recovery of the antisense strand
;El:::mz;meﬂmahm ltrnncom::mng the pBluescriptll phagemid is co-infected
. hdpu'}.ph:ge. The ColE1 origin of replication is used in the absence of helper phage

The sequence of the multiple cloning site (MCS) containing restriction si

: gilcs
.wwdwwhmﬂmﬂmmnﬁu@aﬁﬂ
mﬂ::;nunngmumedu‘:sequmdnsmﬁms.ﬂnuppalhndh designated the (+)
strand and the lower strand is designated the (-) strand.
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(Stratagene). The following moming, 10 ml of Superbroth {Appendix 1) in a 100 ml flask
was inoculated with 300 ul of the overnight culture and grown with shaking at 50 strokes
per min in & 37°C waterbath. After approximartely 2 h, the culture had an absorbance reading

of 03 at 600 nm.

Helper phage M13 R408 (Stratagenc) was added to the culture using 2 multiplicity of
infection (phage:cells) of 20:1. Under the growth conditions described, al Agy=0.3, there
were approximately 2.5 x 10° cells.ml”. Throughout the period of experimentation, the fitre
of the stock of M13 R408 used remained approximately 3.0 x 10" pfo.ml”, After addition
of the helper phage, the culture was shaken at 37°C (50 strokes.min™) for £ h

The culture was heated 10 65°C for 15 min 1o kill the cells, centrifuged in a stenle tube
(10 000 x g, 10 min) and the supernatant solution stored overnight in a stenle fask at 4°C.
Heating to 65°C does not affect the viability of the helper phage (Stratagenc),

Aliguots of 1.2 ml of supemnate were added to 1.5 ml microfuge tubes and 300 ul of M13
precipitation solution (Appendix 1) added 10 cach wbe. Tubes were inveried o mix thew
comtenis thoroughly, and left for 15 min & room lemperatwre W allow the phage to
precipitate. Afier pelleting the precipitsted phage (12 000 x g, 15 min), the pellet was
resuspended in 300 pl of TE buffer.

An equal volume of aquilibrated phenolchloroformzisoamyl alcobol (25:24:1) was added
to cach tubc and the DNA extracied by vigorous vorexing for | min, followed by
scparation of the organic and aguoous phases by centrifugation (12 000 x g, 15 min). Phenol
was equifibrated 2= outlined in Appendix | Extraction with phenol-chloroform:isoantyl
alcohol was repeated until no white interface betwoen the two phases remained evident. This
was followed by an extraction with chloroform o remove any residual phenol.

Single-stranded DNA was precipitated by addition of an equal vol of 7.5 M ammonium
acetate (pH 7.5} and 2 vol of cold cthanol. Samples were left on ice for 15 min prior (o
pelleting by cenmrifugation (12 000 x g, 15 min). Supernatani solution was decanted, the
mbes cenmrifuged briefly (6 000 x g, 5 5) and the last remnants of supemate withdrawn
using a | ml disposable syringe. The precipitated DNA was washed with B0% ethanol prior
to vacuum drying and resuspension in 10 pl of TE buffer. The DNA was then quantified
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3.11 Sequencing

Sequencing was performed using the dideoxy chain-termination method (Sanger er al,
1977). All sequencing was conducted using the Sequenase™ Version 2.0 sequencing kit (US
Biochemical Corp.). Sequenase Version 2.0 polymerase is & genetic variant of bacteriophage
T7 DNA polymerase created by in vitre genetic manipulation (Tabor and Richardson, 1987,
1989).

Both single-stranded and double-stranded sequencing reactions were performed according
to the procedures suggested by the manufacmrers. Howewer, template preparation for
sequencing was by methods different to those recommended by US Biochemical Corp.
Single stranded template was prepared as ouflined in Section 3.10 and double stranded
template was prepared as described in Section 3.7

The T3 (AATTAACCCTCACTAAAGGG) and T7 (TAATACGACTCACTATAGGG)
promoter-specific primers were obtained from Boehringer Mannheim. Clone pPEA was
sequenced using the M13 forward primer (GTAAAACGACGGCCAGT) oblained from
Bochringer Mannheim. Sequencing reactions were separated on a Hoefer Poker Face II
apparatus, connected to a Hoefer PS 2500 DC power supply.

3.11.1 8% Polyacrylamide gel preparation

Sevenly five g of urea was dissolved in a mixmre of 30 ml 40% acrylamide:N, N “methylene-
bis-acrylamide (19:1) mixture, 15 ml 10x TBE (Appendix 1) and 45 ml of dH,0. The
solution was made up to a final volume of 150 ml with dH,O. After depassing under
vacuum for 20 min, 1.5 ml of freshiy-prepared 10% ammonium persulphate solution and
23 pl of NN.NIN“tetramethylethylenedizmine (TEMED) were added to the solution. After
complete mixing by vigorous swiring, the solution was poured between the two glass plares
and left to polymerise at room lemperature. Both glass sequencing plates were pre-reated
with GelSlick™ (AT Biochemicals Inc.) 1o facilitate casy removal of the pel following
electrophoresis.
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3.11.2 Annealing of single-stmnded templates to primer

For each set of four sequencing lancs, a single annealing (and subsequent labelling) reaction
was used. One pl of primer (0.5 pmolyd™), 2 W of 53 Sequenase buffer (US Biochemical
Comp, Appendix 1) and 7 pl of DNA solution (contaiming | g single-stranded DNA
templaie) were combined (n a microfuge tube. The capped tube was warmed to 65°C for
2 min and then allowed 10 cool slowly to room temperature in 250 ml of water that had
been pre-hested to 65°C. Onoe the tomperature was below 35°C, the tube contaming the
template annealed to primer was placed on 1ce and labelled within 4 h

3.11.3 Dermaturation and annealing of double-stranded templates

Plasmid DNA was purified as described in Section 3.7, Five pg of plasmid was denatured
by addition of 0.1 vol of ZM NaOH, 2 mM EDTA and incubation st 37°C for 30 min. The
mixiure was neutralised by adding 0.1 vol of 3 M sodium scetate (pH 5.5) and the DNA
precipitated with 2 vol of ethanol a1 -70°C for 15 min. Afier washing the DNA with 70%
ethanol, it was redissolved in 7 il of dH,0, and 2 i of Sx Sequenase buffer and 1 pl of
the appropriate primer were added Annecaling was performed as described for single-
stranded template (Section 3.11.2),

3.11.4 Labelling

The 5x dGTP labelling mix (US Biochemical Corp.; Appendix 1) was diluted five-fold with
dH;0 and Sequenzic Viersion 2.0 polymerase (US Biochemical Comp.; Appendix 1) was
ﬂmdlihk:ﬂdmﬁmhﬁﬂﬁﬂwm;m 1. P
wmlmdummmwcupumfmm
mmmusmd[ﬂmwmmﬂmmmﬂ;mm
and 2yl of diluted Sequenase polymerase were added to the 10 |l of ice-cold annealed
DNA mixiure, The contents of the fube were mixed and incubated on ice for § min. ™S-
labelled dATP was used in preference (o ™P-labelled nucleotide as ™5 has a longer half life
and provides superior autoradiographic resolution (Biggin ef al, 1983).
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3.11.5 Termination

Labelling reaction (3.5 ul) was transferred to cach of 4 tubes cach contmming 1.5 pl of one
of the ddGTP, ddATP, ddTTP and ddCTP termination mixes (US Biochemical Corp.;
Appendix 1). The contents of the tubes wene mixed and incubated for 5 min at 37°C. Since
no problems with compressions were encountered, the dITP termination mixes supplied in
the kit were not used.

Reactions were stopped by addition of 4 @l of stop solution (US Biochemical Corp.,
Appendix 1). Samples were heated to 75°C for 2 min before loading 3 jl immediately onto
a sequencing gel which had been pre-run for at least 30 min at a constant power of 60 W,
Sequencing gels were run using Ix TBE buffer.

(Giels were run at a constant power of 60 W. Three 3 pl aliquots of cach of the four reaction
mixes were loaded at 2.5 h intervals. This enabled the determination of up to 265
nucleotides from a single set of sequencing reactions, while still permitting an overlap of
at least 30 nucleotides between successive loadings. Under the conditions described,
nucleotide sequence could routinely be read to within 30 nucleotides downstream from the
priming site. In all sequencing experimens, the interface between the vector and the inser
could be discerned from the third loading.

Gels were ransferred onto Whatman 3 MM chromatography paper and dried on a Hoefer
SE 1160 slab gel dner. The dried gels were exposed to Hyperfilm f-max film (Amersham)
for at least 48 h before developing the film.

3.12 Sequencing strategies

3.12.1 YAPO5T7

The names of clones used in sequencing of YAP05S7 and descriptions of how they were
generaled arc summarnised in Table 3.1.



Table 3.1 : Clones used in the sequencing of YAPOS7, The clone YAP057 was obtained
from M. Raynal (Laboratoire de Physiologic et Biologic Moléculaire Végétales, Universite
de Perpignan, France). All other clones were produced in this siudy. The phagemid vedtors
pBlucscrptll® SK” and pBluescriptl® SK” (Figure 3.1) are products of Stratagene (La Jolla,
CA) The plasmid vector pUCIS is a product of Bochninger Mannheim.

Clone Name

Y APasT

pHPA

Description

=ﬂ=—_

999 bp insert cloned into EcoRl site of pBluescriptll SK-

493 bp fragment generated by double digesnon of
Y APOS7 with EcoRl and HindIll cloned into the Feoltl
and HindI1l sites of pBluescriptll SK”

214 bp fragment gencrated by double digestion of
Y APOST with EcoRl and HindIIl cloned into the EcoRl

and HindIll sites of pBlucscripti]l SK*

292 bp fragment penerated by digestion of Y APOST with
Hindlll cloned into the HindIll site of pPluescript] SK';
the 5 end of the sense strand of the cDNA encoding
Arabidopsts PSCR is closest w the T3 promoter

292 bp fragment generated by digestion of YAP0S7 with
Hindlll cloned into the HindIll gite of pBluescripd] SK-,
the 5" end ol the sense strand of the ¢cDNA encoding
Arabidopsts PSCR is closest to the 17 promoter

226 bp fragment gencrated by double digestion of
YAPO57 with HindIll and Psil cloned into the HindITl

and Psd sites of pBluescriptll SK'

267 bp fragment generated by double digestion of
Y APOS7 with EcoRI and Psrl cloned into the EcoRI and
Psd sites of pUCLE

Both strands of YAPOST were sequenced using a combination of double- and single-
stranded templates. The ends of the insent of Y APOST were sequenced msing double-stranded
template of pBluescriptl SK- in which Y APO57 insert had been cloned into the EcoR] site.
The T3 and T7 promater-specific primers (Boehringer Mannheim) were used.
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A 292 bp fragment generated by digestion of YAPOS7 with HindIll was subcloned into
pBluescriptll SK™ and three recombinant clones sequenced using the T3 prmer. Of these,
two clones, pHHA and pHHB were found to have inseried in opposite orientations. This
enabled sequencing of both strands of this internal fragment using single stranded template

A 226 bp fragment generated by double-digestion of YAPOS7 with Psdl and HindIll was
subcloned into compatible sites in pBluescnptll SK* to gencrate clone pHPA. Single-
stranded template obtained from this clone was sequenced using the T3 primer.

Double-digestion of Y AP057 with EcoRl and HindlIl yiclded three fragments of sizes 214
bp, 292 bp and 493 bp. The 214 bp and 493 bp fragments were cloned into pBluescriptl]
SK” which had been double-digested with EcoRI and Hindlll to provide clones pEHsB and
pEHIC respectively. These were sequenced with the T7 primer using single stranded
tomplate.

The close alignment of Psd and EcoRl sites in the pBluescrip] vectors (Figure 3.1)
prevents their double-digestion using these enzymes. Therefore, the 267 bp fragmemt
generated by double digestion of Y AP057 with Psd and EcoRI was subcloned into pUCIS
to generate clone pPEA. Double-stranded template was used 1o sequence this insert using
the M13 forward primer (Bochringer Mannheim).

3.12.2 FAFR2S

In order to establish whether the inscrt of the clone FAFJ2S contained a more complete
cDNA than that contained in YAP057, the ends of FAFJ2S were sequenced by priming off
Mﬁdﬁmﬁhﬂﬂhhhﬂh&smmﬂ:mm
termini were sequenced on one strand only.
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3.13 Computational sequence analysis

Computer searches of the GenBank, Furopean Molecular Biology Laboratory (EMBL),
GrenPepl, Swiss Prot and Protein Information Resource (PIR) sequence databases were
conducted using the BLAST programs (Altschul & al, 1990, Gish and States, 1993)
accessed via electronic mail server (blast@nchi.nlm nih.gov),

Sequences were edited manually to align ovorlapping segmons between loadings. Vector
sequence at the end closest to the priming site was removed afier its identification with
BLASTN (Altschul & al, 1994) using 3 cut-off PAMI120 score of |30. Sequences were
translated in all six reading frames and compared with the non-redundant profein database
at the National Centre for Biotechnology and Information (NCHI, Bethesda, MD) using
BLASTX (Alischul ot al, 1994). The sequences of genes encoding PSCRs and their
deduced amino acid products were retrieved from the non-redundant protein database at the

NCBI via electronic mail server (retrieve@nchinlm nih.gov).

The computer programs AIX3 (Gotoh, 1986), CODONS (Lloyd and Sharmp, 1992),
MACAW (Schuler ¢t al, 1991}, PREDICTT (Cirmenes of al,, 1989) and SEQAID II (DD.
Rhoads and D.J. Roufa, Kansas State University) were retrieved from the EMBL electronic

mail server {netservii@iembl heidelberg de).

Sccondary structure probabilities were determined according to Chou and Fasman (1978a,
1978b) and Garmier ef al (1978) using numerical data generated by the computer programs
SEQAID [ and PREDICTT respectively. Assignment of secondary structure using the
method of Chou and Fasman (19782, 1978b) was performed by visual inspection of the
numerical data using a set of guidelines provided by Fasman (1985). Thesc milcs arc
outlined in Appendix 2 For Chou Fasman prediction of secondary structure, six residuss
were averaged for a-helix formation and four residucs averaged for determinations of the
formation of bath [-sheet and fHum structures. Using the method of Gamier o al (1978),
a window of length six amino acid residues was used for all determinations. All decision
constants in predictions using the method of Gamier er al (1978) were taken as zero in
order to avoid overpredictions of secondary structures, Secondary structure predictions using
the method of Gamier ef ol (1978) were generated by computational interpretations of the



numerical data conducted by the computer program PREDICT7 (Carmenes et al., 1989).

Hydrophathy profiles were calculated according to Kyte and Doolittle (1982) with a window
of length six amino acid residues using PREDICT7. Determinations of codon usage bias in
the gene encoding Arabidopsis PSCR and amino acid usage in the corresponding gene
product were established using the computer program CODONS.

Homology of stretches of amino acid sequences to protein domains of known structure
and/or function was assessed by searching the SBASE protein domain sequence library
release 3.0 (Pongor et al, 1994) via automated electronic mail  server

(sbase@icgeb.trieste.it).

Phenogram consiruction was performed using the SAHN, COPH and XCOMP programs in
the package NTSYSpc (Numerical Taxonomy and Multivariate Analysis System, Versjon

1.80, Exeter Software).

All other analysis of DNA sequences was conducted using the computer package DNAsis
(Hibio).

3.14 Genomic copy number determination

3.14.1 Genomic DNA Extraction (D.M. Horvath, pers. commum. ")

Approximately 3 g of leaf tissuc from the basal rosette of mature Arabidopsis thaliana
plants was washed for 1 minute in 70% EtOH and left in a 50% dilution of Jik™ (a 1.75%
‘(w!v) solution of sodium hypochlonte) for 10 min. Following 3 washes in a large excess
of water, the tissue was dried, placed in a pre-chilled porcelain mortar and covered with
liquid nitrogen. After grinding to a fine powder, the frozen material was added to 6 ml of

" D. M. Horvath, Laboratory of Plant Molecular Biology, Rockefeller University, New York

0



genomic DNA extraction buffer (Appendix 1) in a 40 ml teflon centrifuge tube. The tssuc
was thawed rapidly by warming the tube in a waterbath at 42°C, The tube was shaken for
10 min ot 37°C waterbath. Five ml of a mixfure of phenol chloroformeisoamyl alcohol
(100:100:1) was added to the suspension and the mixture vortexed for 30 4 and left 1o shake

at 37°C for a further 10 mn.

After centrifugation (10 000 x g, 10 min), 5 ml of the aqueous phase was transferred 1o a
new tube, Five hundred ul of 3 M sodium acetate (pH 5.2) and 6 ml of isopropanol were
added and the mbe inveried several times to ensure complete mixing. Afler centrifugation
(10 600 x g, 10 min), the supemnatant was withdrawn and the pellct washed with 70%
cthanal  The pellet was resuspended in 500 jul of TE buffer and DNasc-free RNase added
io a final concentration of 100 pg.mi®. Following incubation for 15 min af 37°C, DNA was
precipitated by the addition of 0.1 vol of 3 M sodium acetate (pH 5.2) and | vol of ethancl
After a bricf centrifugation (12 000 x g, 1 min), the supematant solution was discarded. The
peliet was washed with 70% ethanol, dried and resuspended in 500 j of stenle dH,O.

3.14.2 Digestion of genomic DNA

Genomic DNA was digested with Xhal, Xbal, Kpnl and EeaR1 (Bochringer Mannheim). For
each digestion, 20 pg of genomic DNA was digested overnight at 37°C with 20 pl
(200 units) of the appropriaste enzyme in a total volume of 500 pl Besides the inclusion of
50yl of the appropriate 10x restriction buffer, all restriction digestions also contained a final
concentration of 2.5 mM spermiding (Sigma) and 0.1 mgmi® bovine serum albumin
(Bochringer Mannheim). Afier a 12 h incubation at 37°C, the reactions were spiked with an
additional 50 units of the appropriate restriction enzyme and left to incubate for a further
2 h at 37°C. The restricted DNA was precipitated by the addition of 50 ul of 3 M sodium
acctate (pH 5.2) and $50 1 of ethanol. Following centrifugation (12 000 x g, 10 min), the
pellet was washed with 200 .l of 70% cthanol to remove residual sall, then dncd and
resuspended in 30 ul of dH,O. Following addition of 5 pl of 10x loading buffer
(Appendix 1), samples wore loaded onio a 0.8% agarose gel contsining 1x TBE. Samples
were electrophoresed in 1x TBE at 25 V overnight and stained in a 20 pp ml™ solution of
cthidiom bromide (Sigma). The gel was examined on a Spectroline TC-312A UV
transilluminator to confirm that the DNA was smeared the full length of the lane
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3.14.3 Southem Hybridisation

Southemn hybridisation was performed according 1o the instructions provided with the BCL™
direct nucleic acid labelling and detection system (Amersham).

3.143.1 Processing the gel

Following clectrophoresis, the DNA in the gel was depurinated by placing the gel in a pyrex
dish and covering it with 500 mi of freshiy preparcd 0.25 N HCl and agitating gently until
the bromophenol bluc marker had tomed completely yellow. This took approximately 10
min Following depurination, the gel was rinsed bricfly with distilled water and covered with
500 ml of denaturation solution (Appendix 1). The gel was agitated gently for 15 min, the
solution discarded, 500 mi of fresh denaturation solution added and agitation continued for
a further 15 min. The denaturation solution was discarded and the gel rinsed briefly with
500 mi of distlied waier. The dH,O0 was discarded and the gel immersed in 500 mi of
neutralisation solution (Appendix 1) Afier gentle agitation for 30 min, the neutralisation
solution was replaced with an equal volume of fresh neutralisation solution and agiabon
continued for a further 30 min.

33432 Transfer

Blotting was performed with slight modification to the method described by Southern
(1975). A pyrex dish was partially filled with 20x SSC (Appendix 1) and a glass plate laid
over the dish. This was covered with Whatman IMM paper that had been pre-soaked in 20x
S5C 10 serve as a wick, The gel was placed on the 3MM paper, taking care o avoid
trapping air bubbies. A suitably-sized Hybond N° membrane { Amersham) was placed on top
of the gel and any air bubbles removed by rolling 2 10 ml glass pipetic over the surface of
the membrane. Gloves were wom during this and all subsequent steps involving handling
of the membrane, as the oils and nucleic acids on bare hands may cause artifscts duning
transfer or detection (Amersham). A lead pencil was used 1o mark the position of the wells
on the membrane and 1o distinguish the side of the membranc 10 which DNA was
transferred.



The perimeter of the membrane was lined with Parafilm® (American National Can™) 1o
ensure direct transfer of DNA to the membrane. The membrane was overlaid with three
sheets of filter paper which had been soaked m 20x S5C, again taking care to remove all
air bubbles. A 15 cm stack of adsorbent tissue paper was placed on top of the 3MM paper
and a weight of approximately 750 g applied evenly over the blot 1o ensure even transfer.
The system was left 1o blot at room temperature for 16 h

Following blotting, the stack of paper towelling was removed and the membrane lified off
the gel using forceps. The membrane was rinsed in 6x SSC for 1 min with gentle agitation
lo remove agarose and left to dry DNA face up on a pad of filter paper ai the back of a
laminar flow bench. DNA was fixed 1o the membrane by baking the membrane at 80°C for
Z2h

The efficiency of transfer of the DNA was assessed by staining the compressed gel in a
20 pg.ml” solution of ethidium bromide and visualisation on a Spectroline TC-312A UV

3.1433 Hybridisation

Hybridisation was performed using hybridisation buffer supplied in the ECL direct nucleic
miﬁuhnuingmddnmdmm{mem-imhﬂaMmmhm}wu
used 1o cnsure 3 final ratio of 0.25 ml buffer per om’ of membrane. Blocking agent
(Amersham) and NaCl were added to final concentrations of 5% (w/v) and 0.5 M
mmwly.mhﬂmw"umfﬂﬂwnmthﬂhﬂmk&gm
fMlMlﬂWﬂh“MlMWfﬁthlmﬁn
stirer. The buffer was then heated 1o 42°C and mixed occasionally for a further 1 h.

Iﬁhﬁﬁmﬁmwuwfmmdh.ﬁbﬁdﬂﬁMMmmmumm fixed
DNA was soaked in 2x SSC and loosely rolled in a sheet of nylon mesh with the DNA
surface of the blot facing inwards. The mesh was placed in a Hybaid glass hybridisation
mh:{dmdiumlar.!ﬂmlﬂﬂg}:umiﬂrglImumlnfhﬁﬂvﬂmﬂlnﬂdhﬂt
nppmimdimﬂm&mﬂmmmnfdmmﬁminﬂmwunkmMndud:my
bubbles between the membrane and the mesh or the hybridisation tube
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The 2x SSC was poured off and hybridisation buffer added. Following pre-hybridisation for
2 h at 42°C in the rotisserie oven, some of the buffer was withdrawn for mixing with
labelled probe. The probe was added to the rest of the buffer. Care was taken not to place
probe directly onto the membrane. Hybridisation was performed overnight at 42°C.

3.13.3.4 Labelling of DNA probe

During the course of prehybridisation, DNA was labelled with the enzyme horseradish
peroxidase. YAPOS7 DNA was diluted with dH,0 to a concentration of 10 ng.ul” and
sufficient diluted DNA withdrawn to provide a final probe concentration of 10 ng probe per
m! of hybridisation buffer. The DNA was denatured in a vigorously boiling water bath for
5 min and then immediately cooled on ice for 5 min. After collecting the contents at the
bottom of the tube by bref centrifugation, an equivalent volume of DNA labelling reagent
(Amersham) was added to the cooled DNA and the contents of the tube mixed gently but
thoroughly. Gluteraldehyde solution (Amersham) was added in a volume equivalent 1o the
volume of the labelling reagent in order to cross-link the enzyme to the probe (Amersham).
After mixing by bricf vortexing, the contents of the tube were collecied at the bottom of the
tube by centrifugation, and the mixture incubated at 37°C for 10 min. Probe was
immediately diluted in an aliquot of buffer used for prehybridisation and added to the rest
of the buffer in the hybridisation tube, taking care to avoid placing it directly on the
membrane.

3.143.5 Stringency washing

Primary wash buffer (Appendix 1) was pre-heated 10 42°C. Afier removing the hybridisation
buffer from the twbe, primary wash buffer was added at a volume of approximately

5 mLem™ of membrane. This was replaced with fresh primary wash buffer after 20 min
washing at 42°C. Neither primary wash exceeded 20 min,

The primary wash buffer was discarded and the blot transferred from the hybridisation tube
to a dish. The blot was washed with an excess of secondary wash buffer by gentle agitation
at room temperature for 5 min. A further wash in fresh secondary buffer was performed at
room lemperature for 5 min.
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3.14.3.6 Signal generafion and detection

The ECL direct nueleic acid labelling and delection system is based on enhanced
chemiluminescence (Whitehead ef al, 1983),

Equal volumes of detection reagents 1 and 2 { Amersham) were mixed o provide 0.125 ml
solution per cm’ of membrane. Secondary wash buffer was drained from the blot and the
defection reagent mixfure added directly to the surface carrying the DNA. Following
meubation for 1 min at room lemperature, excess detection reagent mixture was drained off
by gently laying the blot, DNA side up, on Whatman 3MM paper for a few seconds. For
ophimum sensitivity, it was nccessary lo work with reasonable speed from this point in the
detection procedurs. The blot was wrapped in plastic film (Cling Wrap™, Multifoil Pty Lid,
5.A.). Care was taken to gently smooth out any air pockets. The blot was placed DNA side
up in a film cassette, a sheet of Hyperfilm-ECL film {Amersham) placed over iy, and the
cassefte closed for an exposure period of 120 min

3.15 Tissue-specific transcription of the Arabidopsis gene
encoding PSCR

1.15.1 Water stress treatment

Mature Arabidapsis thaliana plants were siressed by withholding water until plants
displayed symptoms. of wilting. The ambicnt temperature of the greenhouse environment did
not drop below 18°C or exceed 26°C. Under the ambient condifions at the time of
experimentation, an eight day drought caused severe loss of urgor in the flowering stem.
Non-stressed plants were provided with sufficient water during the treatment period o
ensure that they displayed no visible signs of water deprivation.



3.15.2 Determination of relative water content (RWC)

Tl:ﬂ“ﬂ:ﬂf'imsn:ﬁmﬁlmlmlgmnhmmhmdh}mighhgﬂmﬁuurawﬁM
m&rﬁngnuemﬁmsmiﬂ,ﬂfmih{ﬁﬁlmlmm‘gﬁm.dq’hgﬂﬂﬂffm
ﬁﬂhmdwidingmm!hnpumﬂg:rﬂ:ﬁww:ﬁmﬂ:ﬂwumaﬂﬂnd

according to the formmula:

B = e oo ST Pl Targae — {dey weTghET * 190

Four replicates of each determination of RWC were made.

3.15.3 Probe isolation and labelling

The 999 bp insen in YAPOS7 wan isolatod by digesting plasmid DNA with Feofld and
excising the fragmeni from a 1% agarosc gel. Probe was purified as described in Section

3K

Digoxigenin-dabelled probe was generated with Klenow polymerase by random primed
(Foinberg and Vogelstain, 1983) incorporation of digoxigenin-labelled deoxyuridine
tiphosphate (DIG-SUTP), In DIG-ILTTP, the steroid hapten digoxigenin is covalently linked
o dUTP via a spacer arm (Bochringer Mannbeim). Three pg of lincarised Y APOS7 insen
DNA was dissolved in 15 ul of dH,0. The DNA was denatured by heating to 100°C for
10 min followed by chilling rapidly on ice. Two ul of 10x hexanucleotide mixture (DIG
DNA Labelling Kit, Bochringer Mannheim), 2 j of 10x DIG dNTF labelling mixmre (DIG
DNA Labelling Kit, Bochringer Mannheim; Appendix 1) and 2 units of Klenow DNA
polymerase (IDIG DNA Labelling Kit; Bochringer Mannheim) were added 10 the denatured
DNA. After briel centrifugation (6 000 x g, 5 5) in order to seitle the contents 1o the botlom
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of the microfuge tube, the sample was incubated at 37°C for 3 h The labelling reaction was
terminated by the sddition of 2 ul of 0.2 M Na,EDTA {pH 8.0). The labelled DNA was
precipitaled by the addition of 2.5 w of 4 M Lil and 75 wl of cold cthanol and left

-20°C for 2 h After pellcting the DNA by cenmfugaton (12 000 x g, 10 mn), the pelict
was washed with 30 ul of 70% cthanol, dned under vacoum and resuspended in 50 Wl of

TE bulfer.

The cfficiency of labelling was checked by the method of direct detection outlined by
Bochringer Mannheim (DIG Nucleie Acid Detection Kif). Ten-fold dilutions (10° 10 107)
of a 0.1 mg.ml" stock of unlabelled Y APOST insert DNA were denatured as described above
and 2yl of each dilution spotted onto & Hybond-N" nylon membrane (Amersham), The
DNA was fixed 10 the membrane by exposure to L'V light (312 nm) from a Spectroline
TC-312A transilluminator for 3 min. Ovemnight hybrdisation at 42°C in (he presence of
25 ng of labelled YAPOS5T inscrt DNA per ml of DIG hybridisation buffer ( Appendix 1),
high-stringency washing and signal detection were performed as described by Bochringer
Mannheim (DIG Nucleic Acid Detection Kit). Using the labelled DNA, hybridisation 1o
amounts of tuget [IXNA down W 20 pg was evident This confirmed that cificient labelfing

of the DNA probe had occumred.

3.15.4 In situ hybrdisation

Sacﬁmnm;lwﬁ:rmmhyhidiuﬁmmﬁglmuﬁiuﬁmnfhm:ﬂmd
described by Ausubel of al (1987). Unless specified, all steps were conducted at room

temperature, At all stages up until detection, care was taken to ensure RNase free conditions.
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All reagents were autoclaved wherever possible, Fresh hand-cut sections of stem tissue

3 cm above the basal roseite were transferred immediately to 4% (w/v) paraformaldehyde
solution {Appendix 1) and fixed for 20 min ai 4°C. Longer fixation imes vielded poorer
end-results, presumably because extended cross-linking of the tissue provented penctrabon
of the probe. Shorter fixation times resulted in poor preservation of the tissue. Fixation was
stopped by incubation in 3x PBS (Appendix 1) for 2 min at 4°C. Sechons were dehydrated
by passage through a graded ethanol series. This involved transfer of the sections to aqueous
solunons each containing 0.85% (w/v) NaCl and 50% ethanol, 70% cthanol and 85%
¢thanol, then 95% ethanol (no NaCl) and 100% ethanol. Sections were lefi to equilibrate in
each of these ethanol solutions for 10 min. All dehydration steps were performed at 4°C.
Endogenous peroxidases were inactivated by incubation for 30 min in 2% (viv) hydrogen
peroxide in methanol. Following rehydration in the same graded ethannl series outlined
above (4°C), sections were incubated for 10 min in 0.2 N HCI in order to remove profein.
Following two 15 min washes in 2x S5C at 70°C, and a 5 min wash in 2x $5C, specimens
were re-fixed in 4% (wiv) paraformaldehyde solution (20 min). Post-fixation was stopped
by wransfer 1o 3x PBS (2 min). This was followed by a 2 min rinse in PBS. At this poirit,
RNase controls were incubated in 100 pp.ml™ DNase-free RNase in 2% SSC for 30 min at

37°C. Subsequent to this step, extreme caution was exercised not fo contaminate any of the

other sections with RNase.

Sections were equilibrated for 2 min in freshly prepared 0.1 M tmiethanolamine buffer,

pH 8.0 (Appendix 1) followed by two successive transfors to the same bufier containing
0.25% (viv) and 0.5% {v/v) acetic anhydnde respectively, Each of these sleps involved
incubation for § min. Acetylation of fissue sections prevents non-specific clectrostatic

binding of the probe o positively charged amino groups within tissuc sections {Wilkinson,



1992).

Hyhimwimwmmﬂmu!dntﬂcﬁmwm performed as described by
Aoehringer Mannhetm (DIG Nucleic Acid Detection Kit). After nnsing with 2x S5C,
:nnpluwm;rr:hyhﬁuiudinmﬁhfhﬁﬁuliunhnﬂufurzhul-zf.mhlhcm
of formamide within the buffer ensured high stringency of hybridisation at temperatures nof
deleterious 1o the tissue sections. DIG hybridisation buffier containing labelled DNA probe
(03 pgml®) was added to scctions for overnight hybridisation ai 42°C. Following post-
hyhiﬂ.innwuﬁ:gﬂwnw-hninhSﬂf.mhnlinﬁmmwﬁminwﬂhin1155[1‘
and one 30 min wash in 0.5% $5C), immunological detection of the hybridised probe using
an anti-digoxigenin-peroxidase conjugate was performed as described by Bochringer

Mannheim.

Sections were washed by incubation for § min al room temperature with 500 wl of

Buifer 1 (Appendix 1). Blocking was performed by incubation of samples for 30 min in
200 w of Buffer 2 (Appendix 1). Anti-digoxigenin antibody conjugated with horscradish
peroxidase was diluted 1:20 in 100 mM Tris-HCL, 150 mM NaCl (pH 7.5) to provide a final
concentration of 7.5 units Fab fagments per ml. The samples were incubated with the
diluied antibody conjugate al room lemperature in a moist chamber for 2 h. Unbound
antibody conjugate was removed by three successive washes with 200yl of Buffer 1. Each
wash was of 10 min duration. This was followed by two washes in 200 ) of Buffer 3
(Appendix 1), each of | min duration. After rinsing the samples in 200 W of dH,0, 200
of peroxidasc subsirate (Bochringer Mannheim) was vacuum infiltrated (10* Pa) into the
sections for 1 min. This was done in order 1o prevent antifacts ansing from differential
penctration ol substrate inlo the tissue. Following infiltration of the peroxidase substraie, the
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reaction was terminated immediately by aspirating the peroxidase substrate and adding a
large excess of water. Samples were viewed immediately using an Olympus BH-2 light

microscope.

In situ hybridisation to stem sections from well-watered and water-stressed plants was
performed in duplicate. Relative water contents were determined for stem sections used in
both experiments. The control to confirm inactivation of endogenous peroxidase activity was
performed in both experiments. The RNase control hybridisation was performed once only.
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4. Results

4.1 Proline accumulation in Arabidopsis thaliana (1.) Heynh. during
hy perosmotic stress.

E:pumn[m:ﬂmﬂmbdapmpilﬂlmhrpﬂmmﬁt-m:uu:dmminduﬁﬂ
proline content of the leaves, stems and siliques (Figure 4.1). Plans imigated with solutions
of increasing NaCl concentration (50 mM, 100 mM and 200 mM NaCl) at 12 b intervals
aceurnudated more proline in leaves, stems and siliques than those watered with solutions
of increasing NaCl concentration at 8 h intervals. OF all the salinisation treatments, irmgation
with 50 mM. 100 mM and 200 mM NaCl solutions at 16 h intervals caused the greatest
accumulation of proline (Figure 4.1).

Irrigation of plants with solutions of polyethylene glycol (PEG-6000) of equivalent solutc
potential 1o the NaCl solutions at 16 h intervals indicated that this induces far greater
accumulation of proline in leaves, stems and siliques than salinisation (Figure 4.1). Plants
irmigated with solutions of PEG-6000 showed much more severe indications of wilting than
those walcred with salt solutions.

For all hyperosmotic stresses imposed, the percentage increase in proline was greater for
stems and leaves than for siliques (Figure 4.1).

[Jetermination of proline content in non-stressed Arabidopsis planis revealed thal proling
levels varied in different plant parts (Figure 4.2). Amounts of free proline per g of fresh
weight were highest for flowers. Ripening siliques and ripe sceds also show high lovels of
free proline. The frec proline content of vegetative tsspes (stems, Jeaves and rools)
approximately an ovder of magnitude lower than that of reproductive tissues (siliques,
flowers and seeda). The Jowest proline levels were observed in roots (Figure 4.2).
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Figure 4.1 : Proline sccumulation in leaves, stems and siliques of A. thaliana in response
to hyperssmotic stress. Mahoe planis were imgaled with solufions of mncreasing NaCl
concentration (50 mM, 100 mM, 200 mM) at 8 h, 12 h and 16 h intervals, and with
solutions of PEG-6000 of osmotic potentials equal to the NaCl solutions at 16 h intervals.
As a control, plants were imigated al 16 h intervals with a volume of water equivalent o
that used in the stress treatments. Levels of proline were determined in (A) leaves of the
basal rosctte, (B) stems and (C) dpening siliques. Values reporied are averages of throe
replicates cach. Vertical lines above the bars indicate the 95% confidence limit.
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Figure 4.2 : Proline contents of different organs and seeds of A. thafiana under non-stressed
conditions. The free proline content of leaves, stems, roots, siliques, flowers and rpe sceds

were determined. Data represent three replicates. Vertical lines above the bars indicalc the
93% confidence limit.

164



164

4.2 Nucleotide sequence of YAPUS7 and deduced amino acld sequence of the
YAMST gene product

The strategy used 1o sequence the insert of Y APOS7 is shown in Figure 4.3, The clones used
in each sequence determination have been described in Table 3.1.

Using the ligation and transformation protocols oaflined in Sections 3.9 and 3.6 respectively,
plating of XLI-Blue cells ramsformed with the prodocts of ligation reachions routinely
yiclded 2l lcast 400 colonies per plate. Of thesc, af least 15% of the colonies were white.
Plasmids solated from selected white colonics all contuned inserts of a size corresponding
to thai of the fragment intended 1o be inserted.

Owerall, 87 3% of the insert within Y APOS7 was sequenced on both strands {Figure 4.3).
The results for these sections were unequivocal and confirmatory of one another.
Sequencing of YAPOS7 revealed that it contained an insent of size 999 bp. The nucleotide
sequence of this insert is shown in Figure 4.4. Also indicated in Figure 4 4 is the transiation
product of the largest open reading frame (OHF) within the insert of Y APOS7. This is not
a complcte ORF as it lacks a stan codon

The deduced incomplete ORF of the YAP0S57 insert is terminated by the ochre stop codon
TAA (Figure 4.4). A further 253 nucleotides of untranslated sequence follows on the 3 end.
The cDNA is terminated by a poly(A) tract 18 nucleotides in length (Figure 4.4) Two
potential polyadenylation signals AAAATA and ATAAAA (Dean ef al, 1986) are located
at the respective positions 19 and 170 nucleotides upstream of the sile of polvadenylaton
(Figure 4.4),

Alignment of the nocleotide sequence of Y APOST with the genomic PSCR sequence from
drﬂﬁmﬁﬂhﬁmﬂ&lﬂ]}“nﬂhlﬂﬂﬁ:d?ﬁﬁﬂﬂhﬂfﬂﬂrﬂ:m
homology 1o the corresponding exons of the PACR gene (Figure 4.5).

A dot matrix plot (Boswell and Lesk, 1988) representing the alignment of the nucleotide
sequence of YAPOST with the genomic clone encoding Arobidopsis PSCR {(Verbruggen e
al, 1993) is shown in Figure 4.6, Regions with no homology indicated by gaps and shifts
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Hindlll HindIll Pstl EcoRl

YAPDST (T3]

e -i-*

100 bp

Figure 4.3 : Stralegy employed for sequencing of Y APOST. Arrows indicate the sequencing
direction and the length of sequence obtained in individual sequencing experiments
Hestriction sites used 1o gencraie the vanious sequence star siles are indicated Broken lines
indicate sequence data obtained using double-stranded template; solid lines indicate sequence
obtained using single stranded template. Also indicaled are the names of the clones used in
cach sequence determination (Table 3.1} The primer wsed in cach rcaction s indicated in
parentheses. The scale bar represents 100 bp.
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1 AGAGTATAGC TAGAGGTGTG GTTGCTTCCG GTGTGCTTCC TCCTAATOGT ATATGCACCG
5 I A RGYV vV aAaSG VLP PNR I1CTA
61 CCGTTCACTC AAATCTCAAT CGCCGTGATG TCTTCGAATC CTTTGGUGTT AATGTCTTCT
vVHS NLN RRDV FES FGV NV FS
121 CCACTAGCGA AGAAGTTGTT AAAGAAAGCG ATGTTGTCAT ATTCTCTGTG AAACCTCAAG
TSE EVY KEKESD VVI FSY KPFQUV
181 TTGTTAAGAA GGCTGTCACA GAATTAAAGT CGAAGCTTTC AAAGAATAAG ATTCTGGTTT
VKK AYT ELKS KELS KNEK I LVS
241 CTGTTGCAGC TGGAATCAAG TTGAATGATT TACAGGAATG GTCTGGTCAA GATCGATTCA
vVAA GIK LNDL QEW 5§ DRFI
301 TAAGGGTGAT GCCTAATACA CCTGOCGCTG TTGGTGAGGC AGCTTCAGTT ATGAGCCTTG
R vVMM PNT PAAY GBA ASV M S LG
361 GCACAGGAGC AACGGAAGAG GATGGAGCAA TTGTTGCTAT GTTGTTTGGC GCGGTGGGGA
TGA TEE DGATI VAWM LFG AV GEK
411 AGATATTGAA AGCTGATGAG AAAATGTTTG ATGCTGTCAC TGGTCTCAGT GGAAGTGGAL
I LE ADE KMFD A VT CLS GS GP
481 CAGCATACAT ATTTTTAGCA ATTGAAGCTT TAGCCOATGG AGGAGTAGCT CCTGGTTTAC
A YT FLA I EAL ADG GV A AGLEP
541 CCOCAGAGCT TOCATTGACT TTAGCTTCAC ACACOCTTCT TCGAGCTGCA ACGATGGTTA
R EL ALS LASEG TVL GCGAAMTMHNYVS
601 GCAAAMACTGG GAAGCATCCA GGTGTGTTGA AAGATGATGT TACCTCACCT GOCGGCACTA
ETG RKREP CVLE DDBDVY TSP GGCTT
661 CAATAGCOGG AGTTCATGAA CTAGAGAAAG GCTCTTTCCG GGCAACACTT ATGAATGCAG
| A G V I E L EEKG S FR ATL M NAV
T2l TTGTTGCIGE AGCTAAACGA AGCCGCGAGC TCTCACAGAG CTAAATGATA CATATGTACT
VAA AKR SREL S5 ¢
781 TOCTOCATTG TTTCACCTCA CAGATTAATC AAMTAAGGG TTATGGGCCT TATGGCATTG

B41 CTTCTTTTTA GGOGAGAGTT TTATCCCACT TGTCTTCGAT GGTACAGGTG AAGATTATTT

901 ATCTACACTA TGATGTATTA GTTUCAGACAG AACTCAGATA CTTTTUTATA ATTCTTAATC
961 TAATAAAMT CACTTTCAGT TAAAAAAAAA AAAAAAAAA
Figure 4.4 : Nucleotide sequence and tamistion product of the YAPOST insert

deduced amino acid sequence indicated below the mucleotide scquence represents
::lulimm&hhqﬂm“mﬁ.ﬁmniﬂinﬂuhm

2§ F

The two Hindlll sites (nucleotide positions 213 and 505) as well as the Pad site
:mmmﬁhmd?mmms.uum
underlined. Two putative polyadenylation signal sequences (Dean & al, 1986) arc inlicised
ududnihdhpﬂﬁﬁllﬂlluuhﬂﬁhhhﬂhhm
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ﬁ’ BEl ATTCAADCTT T ACCACTACCT CCTGGTTTAC COCGACACTT TOCATTOAGT

2481 TUATGTTACE TCADCTOOON CCACTACAAT AGOCGEALTT CATCAACTAG AGAAAGGOTE
m'l'n 25 TCATOTTALC TCACCTOOON GACTACAAT AGOCGGASTT ﬂwﬁ ACAAAOCTE

EPFSCHITY Tl ACACTTATEA TECTOCAGTT ARMCGAAGTT GOOAGCTOT
YAPRST ul%mﬂuﬁ%ﬁmmmmmﬁ
PSCHZI 3531 ACAGAOCTAA ATOATADATA TOTACTTOOT ATTGTTT CACUTCACAL

fazost TES ACACAGUTAA ATUATACATA TUTAGITGUT GCTATTOTTT CACTTCACAD AITARTioes

APECRTS 2581 ATAAGOOTTA TGOGUCTTAT OOCATTGOTT GTTTTTAGOD GAGADTTTTA TOOCACTTOT
FAPBST BN ATAAGOROTTA TOGOGOCTTAT GOCATIGOTT GYTTTTAGGE I:u:n.m'rrr: TOCOACTTET

::Hnu 041 CTTCCATUGT AGAGOTOAAD ATTATTTATC TAGATTATGA TOTATTAGTT CAGACAGAAD
APasT BTH OTTCOATORT ACAGETAAG ATTATTTATC TACACTATOA TCTATTAGTT CAGACAGAALD

PSRRI ET0 TCAQATACTT TTOTATAATT CTTAATCTAA TAMMAATCAO TTTCAGFTTT GOOTIC
TAPQET B3 TCAUATACTT TTOTATAATT CTTAATOTAA TAAAANTCAD TTTCACTT s

mu:mnrhmm-rfm-ﬁum
sequence
of Arabidopsis PSCR. manm“ﬂwmmh

italicised and underiined. The 18 A)tail sl the ¥ i
e bp poly(A) end of YAPOST was not included
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m T T T T

Figure 4.6 : Dot matrix plot of the YAPOST cDNA and Arabidopsis PSCR genomic
sequence. The nucleotide sequence of YAPOS7 (x-axis) was aligned with the Arabidopsis
PSR penomic esquience (Verbrugpen of al | 1993) indicated on the v-axie. The caleulation
was performed with the compuier program DINASIS (Hibio), using a window of size nine
nucleotides and a stringency of mine.
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in the diagonal, represent the six introns present within the genomic copy of the Arabidopais
gene encoding PSCR

Alignment of the deduced amino acid sequence of the YAPOST gene product with the
primary structores of PSCHs from Arabidopsis (Verbruggen of al, 1993), Glvoine max
{sovbean; Delmmey and Voma, 1990) and Pium sathum (pea; Williamson and Slocum,
1992) revealed very high homology between the three plant PSCRs (Figure 4.7). The gene
prodoct of YAPOST is identical to the comesponding portion of the Arabidopsi PSCR
scquence (Verbruggen er al, 1993). Alignment with the two legume scquences using
BLAST {Altschul or al, 1990) indicated that YAPOST posscsses 75.1% and 74.7% identity
with the comesponding streiches of sequence of soybean and pea PSCR respectively, No
gaps were introduced in alignment with soybean PSCR. Two gaps, cach comprising a single
nucleotide were inserted in order to facilitate alignment of the Y APOS7 translation product
with the pea PSCR sequence (Figure 4.7). Taking conservative substitutions tnto account,
the product encoded by the YAP(5T insent possesses §85.8% and 7. T% similarity to the
saybean and pea PSCRs respectively.

Comparison of the deduced amino acid sequence of the most likely translation product of
Y APOS7 with the amino acid sequences of plani PSCRs suggests that the Y APOST cDNA
is missing the 5" uniranslated leader sequence and the nucleotide stretch comprising the first
23 codons of the Arabidapsis PSCR gene (Figure 4.7),

4.3 Nucleotide sequence of the termini of FAFRS

In order 1o investigate whether FAFI2S represented a more complete cDINA than Y AP0S7,
thni‘nndJ'mﬁnﬂhncﬂwﬁwwnuqmmdmimlhnnmdﬂnmmm
Mannheim). The sequence determined was not confirmed by sequencing the opposite strand.
The sequence of the ends of FAFJ2S is shown in Figure 4.8, [t has been aligned with the
mucleic acid sequence of Y AP0S7, Both of the ends of FAFJ2S sequenced exhibit complete
homology o the comesponding strelches of nucleotides in YAPOST and the two cDNAs
sequenced by Verbruggen o al (1993). The fact that FAFJ2$ was tnuncated even furiher
from the § end than Y APOST was confirmed by restriction mapping (Figure 4.9). FAFI?S
lacks the Hindlll site present 214 nucleotides from the T7 side of the insert within
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cmmesmmam e — e~ === =« { ] ARCGVVASGVLPPNRICTAVHSNL
MEILPIPAESFEVGFIGAGKMAES I ARGVVASGVLPPNRICTAVHSNL
MEL : PIPAES+ : +GFIGAGEMAES 1 ARG : V: SGVLPP+RI : TAVH: KL
MEI-Pl:++5+: +GFIGAGEMAESIA+G: : : SGVLP: +RI : TAVHSN:

NRRDVFESFGVNVFSTSEEVVEKESDVVI FSVKPQVVEKAVTELKSKLSENKIL
NRRDVFES FGVNVFSTSEEVVEESDVVI FSVEPQVVEKAVTELKSELSKNKI L
RR: : FESFGV:iV: i ¢ 42 o VW ESDVV+ : SVKPQ+VK: :VasL: : :LeK+K+L
+HR:CFES (G iV :Se a0 s VW -5+ VVeFSVEKPQ+VE: :V:¢LK: :L+K+K+L

VSVAAGT KLNDLQEWSGQDRF I RVMPNT PAAVGEAASVMSLGTGATEEDGATV
VSVAAGTKLNDLQEWSGQDRFTRVMPNTPAAVGEAASVMSLGTGATEEDGATV
VSVAAG: KL : DLQEW+G : DRFIRVMPRTPAAVG + AASVMSLG : : ATEEDG: 1 +
VSVAAGIKL : DLQEW+G : +RFIRVMPNTPAAVG + AASVMSLG : : ATEED: ; ++

AMLFGAVCK | LKADEKMFDAVTCLSGSGPAY 1 FLA I EALADGGVAAGLPRELA
AMLFGAVGK ] LKADEKMFDAVTGLSGSGPAYIFLAI EALADGGVAAGLPRELA
A:LFG++GKI : KA+EK: FDA+TGLSGSGPAY + + LAl EALADGGVAAGLPR+ L+
#=LFG++GKIl : KA+EK : FDA+ TGLSGSGPAY + «+ LAl EALADGGVAAGLPR+ L+

LSLASQTVLGAATMVSKTGKHPGVLKDDVTSPGGTT I AGVHELEKGSFRATLM
LSLASQTVLGAATMVSKTGKHPGVLEDDVTSPGGTT] AGVHELEKGSFRATLM
LSLASQTVLGAA+MVS + TGKHPG : LKDDVTSPGGTTI : G+ HELE : G: FH: TLM
LSLASQTVLGAA+M: + ; +GKHPG : LKDDVTSPGGTTI AGVHELEKG : FR : TLM

NAVVAAAKRSRELSQS
NAVVAAAKRSRELSQS
NAVVAAAKRSRELS - -
NAVVAAAKRSRELS- -

.Hh-nilT:.1‘;--:-!lhrlIIHllllmHhutlrlhlhqmuthumnqﬂﬂnnpﬂlnmmng
frame within the insert of Y APOST with the primary structures of plant PSCRs. The deduced
translstion product of Y APOST was aligned with translation products of the

¢DNA pcPSCRS (Verbruggen of al, 1993) and cDNAs encoding PS5CRs from soybean
Mﬂ?m 1990) and pea (Williamson and Slocum, 1992). Conservative
mmwww.mmmhmhnnm
:::T:;:Tﬂinruﬂuns.ﬂﬁunmumtwnupudhnnniudhu1l=lH;h31'iupdﬂ-n{Ahndhu-f
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varos7 | AGAGTATAGC TAGAGGTGTG GTTGCTTCCG GTGTGCTTCC TCCTAATCGT ATATGCACCG

varost Gl COGTTCACTC AAATCTCAAT CGCCGTGATG TCTTCGAATC CTTTGGCGTC AATGTCTTCT

i
varost 121 CCACTAGOGA AGAAGTTGTT AAAGAAAGOG ATCTTGTCAT ATTCTCTGTG AAACCTCAAG

i
varos? 181 TTGTTAAGAA GGCTGTCACA GAATTAAACT CGAAGCTTTC AAAGAATAAG ATTCTGGTTT

varos? 241 CTGTTGCAGC TGGAATCAAC TTGAATGATT T GTCTGGTCAA GATCGATTCA
rarszs | CTGTTGCAGC TGGAATCAAG TTGAATGATT TACAGGAATG GTCTGGTCAA GATCGATTCA

i
vares? 30] TAAGGGTCAT GCCTAATACA CCTGCCGCTG TTGGTGAGGC AGCTTCAGTT ATGAGCCTTC
rarars 61 TAAGGGTGAT GCCTAATACA CCTGCCGCTG TTGGTGAGGC AGCTTCAGTT ATGAGCCTTG

varost 361 GCACAGGAGC AACGGAAGAG GATGGAGCAA TTGTTGCTAT GTTGTTTGGC GCGGTGGGGA
warazs 121 GCACAGCAGC AADGGAAGAG GATGGAGCAA TTGTTGCTAT GTTGTTTGGC GOGGTGGEGA

|
varos® 421 AGATATTGAA AGCCTGATGAG AAAATGTTTG ATGCTGTCAC TGGTCTCAGT GGAAGTGGAC

rarazs 181 AGATATTGAA AGCTGATGAG AAAATCTTTG ATGCTGTCAC TGGTCTCAGT GCAAGTGGAC
varosT 481 CAGCATACAT ATTTTTAGCA ATTGAAGCTT TAGCCGATGG AGGAGTAGCT GUTGGTTTAC

raraen 341 CAGCATACAT ATTTTTAGCA ATTGAAG::: srosgeoii: sisatisess srpasiesns
|

YAIOGT :;1 CCCGAGAGCT TGCATTGAGT TTAGCTTCAC AGACCGTTCT TOGAGCTGCA ACGATGGTTA

A L Frreiusty oplviriiasl fopmesecoy piiespiias jasgqesEi) EUPISEELa

yarast 601 GCAAAACTGG GAAGCATCCA GGTGTGTTCGA AAGATGATGT TACCTCACCT GOUGGCOACTA
Pardas 381 p:iliziiry oprirsassss sirmzosses wasrrrits: (ADCTCACCT COOGCOACTA

varest 661 CAATAGCCGG ACTTCATGAA CTAGAGAAAG GCTCTTTCCG GGCAACACTT ATGAATGCAG
rardzs 421 CAATAGCCGG AGTTCATGAA CTAGAGAAAG GCTCTTTOOG GGCAACACTT ATGAATGCAG

varosT 721 TTIGTTGCTGC AGCTAAACGA AGOOGCGAGC TUTCACAGAG CTAAATGATA CATATGTAGT
rarads 481 TTGTTGCTGC AGCTAAACGA AGOCGUGAGC TCTCACAGAG CTAAATGATA CATATGTAGT

varest TBL TGCTGCATTG TTTCACCTCA CAGATTAATC AAAATAAGGG TTATGGGCCT TATGGCATTC
Farazs 541 TGCTGCATTG TTTCACCTCA CAGATTAATC AAAATAAGGG TTATGGGCCT TATGGCATTG

varest 841 CTTGTTTTTA GGCGAGAGTT TTATCOCCACT TGTCTTCGAT GGTAGAGGTG AAGATTATTT
mrgzs 601 CTTGTTTTTA GOCGAGAGTT TTATCCCACT TGTCTTCGAT GGTAGAGGTGC AAGATTATTT

rarosT 501 ATCTAGACTA TGATGTATTA GTTCAGACAG AACTCAGATA :
o381 KIOT CTTTTCTATA ATTCTTAATC

varesy 961 TAATAAAAAT CAUTTTCAGCT TAAAAAAAAA AAAAAAAAA

Figure 4.8 ; Alignment of the nucleotide sequence of YAPOST with the ends of FAFDS.
The sequence of a 134 bp streich within the centre of FAFJ25 was not determined and is
mﬁmdhmﬁm.ﬁﬂmd’iﬂmtﬂhﬂumwmﬁmﬂiﬁh

mmdiMMmﬁmFﬂhdMﬁnﬁnﬁmnd, 1993) are
denoted by armows.
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EcoRl Hindlll Hindll Pstl EcoRl

| [ | YAPOST
214 506 732 [
Xhol Hindill Putl EcoRl
| | I | FAFJ25
1 265 491 64

Figure 4.9 : Restriction maps of inserts within YAPOST and FAFTS. The exact sizes of all
fragments of YAP057 were deduced from the complete nucleotide sequence (Figure 4.4).

The exact sizes of the fragments generated by double-digestion of FAFJ25 with Xhol and
HindIll as well as with Psfl and EcoRl were determined by sequencing the termini of
FAFI25. Double digestion of FAFJ25 with HindIll and Psfl as well as with Xhol and FeoRI
gencrated fragments of sizes estimated o be approximately 220 bp and 670 bp respectively
(data nol shown). Restnction sites indicated at the ermini of the inserts are vector-derived
cloning sites and are not found within the cDNAs encoding PSCR from Arabidopsis.

Y APO57. Sequencing of FAFI2S from the T3 priming site in pBluescript SK indicated that
it lacks a poly(A) wil (Figure 4.8).

4.4 Polyadenylation in mRNA transcripts encoding Arabidopsis PSCR

Compasison of the 3' ends of three mRNA transcripts encoding Arabidopris PSCR, deduced
by sequencing of the corresponding cDNAs, is shown in Figure 4.10. Analysis of the 3'
untranslated region of Y APOS7 revealed the corresponding mRNA to contain the sequence
UAULTUAUC 67 nucleotides upstream of the second putative polyadenylation signal. This
bears high homology 1o the UAULTUGUA sequence shown to possess far upstream clement
(FUE) activity in the cauliflower mosaic vires polysdenylation signal (Sanfacon er al,
1991). Also present are two UG-rich streiches GUUUU and UUGCUUGUULTTU at the
respective positions 104 and 124 mucleotides upstream of the sitc of polyadenylation. The
UG-richness of these regions suggests that they may be subelements involved in FUE
activity (Hunt, 1994).

The sequence mmwﬁmmhﬁnﬁmmh?w1
contains a Yﬁﬁmﬂﬂ&{?ﬂﬁﬁﬁm}hlﬂﬂmﬁiﬂﬂﬁhndﬂﬁﬁgfmﬂ
many plant gene polyadenylation sites (Joshi, 1987)
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FAFJ25
513 IJ'CIEAEA.G:UMAUGLUM:AUHUGUAEUUIUEEUHUUEUUUCAECLN:H:MHUUMM
E 0 5 *
577 AGGCUUATCEEOCUUAUGGCAUUGCUUGUUUTUAGGCGAGAGUUUUAUCCCACUUGUCUUCGAUG

42 GUAGAGGUGARGA UAUUUAUC U

YAPOST

753 UCACAGAGCURAAUGAUACAUAUGUAGUUGCUGCUAUUGUUUCACCUCACAGAUUAAUCAARATA
5 @ 8 *

B17 EEHEWAWMWLUGE:AWMMWMEWEMWUE

882 GUAGAGGUGAAGA UAUUUAUC UAGACUAUGAUGUAUUAGUUCAGACAGAACUCAGAUACULUL

w46 CURUAAUUCUUAAUCUAAUAAAARUCAC |UUUCAGUL | AAAAAAAAAAAAAAAAAA

poPSCRY (Verbruggen et al., 1993)

047 UCACAGAGCUAAAUGAUACAUAUGUAGUUGC UGCUAUUGUUUCACCUCACAGAUUARUCARAATR
5 g & =
1011 AGGGUUAUGGGCCUUAUGGCAUUGCUUGUUUUUAGGCGAGAGUUUUAUCCCACUUGUCULCGALG

1077 GUAGAGGUGAAGA UAUUUAUC UAGACUAUGAUGUAUUAGUUCAGACAGAACUCAGAUACUUUU
1141 CUAUAAUUCUUAAUCUAATAARAAUCAC |UUUCAGUUUY | GEGUUAAAAAAAAAAAAAAAAAA

gPSCR23 (Verbruggen et al., 1993)

251% TCACAGAGCTAAATGATACATATGTAGTTGCTGCTATTGTTTCACCTCACAGATTAATCARAATA
5 g 5§ = T
2584 AGGETTATGGECCTTATGGCATTGCTTGTTTTTAGGCGAGAGTTT TATCCCACTTGTCTICGATG

2649 GTAGAGGTGAAGA TATTTATC TAGACTATGATGTATTAGTTCAGACAGAACTCAGATACTTTT

2713 CTATRATTCTTAATCTAATARARATCAC TTTCAGTTTT GGGTTCAATATATCTGACCAATAMG
2774 CCRRGCCTCGGAGCTGAT TCTGAT TCTAAAARAAATCGACTARATTARAGAATCTTTTACTAT



4.5 Codon usage in the Arabidopsis gene encoding PSCR

Codon usape in the complete gene encoding PSCR in Arabidopais (Verbruggen ef al, 1993)
is shown in Table 4.1. Ovenall, 4% aof the codons used have an A or T in the third
position. Comparison of codon usage bias in the Arabidopsis PSCR gene with the consensus
Arabidopsis codon usage pattern deduced by analysis of 515 Arabidopsis coding sequences
(M. Cherry, pers. commun.’) revealed no major deviation of codon usage from the
consensus pattern found in Arabidopsis genes charnactensed 1o daie (Table 4.1)

Using the compuier program CODONS (Lloyd and Sharp, 1992), a value of 5565 was
compuled for the cffective number of codons (Wnghl, 1990) used m the complete

Arabidopsis pene encoding PSCR (Verbruggen er al, 1993),

4.6 Amino acid composition of Arabidopsis PSCR

The amino acid composition of Arabidopsis PSCR (Verbroggen ef al, 1993) is shown in
Table 4.2. Arabidopsis PSCR possesses more hydrophobic residues than most of the
Arabidopsiz gene products characterised to date. In particular, the amino acids valine and
alanine are found Al levels approximately twice those found in most Arabidopsis gene
products charactenined 1o date.

4.7 Homology of the gene encoding Arabidopsis PSCR with other genes
encoding PSCR

Smhuﬂhﬂwh:ﬁmﬂmﬁq:lﬂﬁuﬁnhfnmﬂnnﬂummwnudunhun
(National Centre for Biotechnology Information) using the BLAST network service indicated
homology of the deduced amino scid sequence encoded by Y APOS7 1o eleven other PSCRs
from organisms from soveral biological kingdoms. These scarches were conducted using the

"M. Cherry, Department of Molecular Biology » Massachusetts General Hospital, Harvard
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Table 4.1 : Codon wsage In the Arabidopsis gene encoding PSCR.  The sequence of the
complete open reading frame of the gene encoding Arabidopyis PSCR (Verbruggen et al,
1993) was used in the analysis. Values represent the perceniage contribution of each codon
to the amino acid concerned. The consensus Arabidopsiy codon usage pattern 8 provided
in parentheses. This was determined by analysis of 515 coding sequences from Arabidopsis
(M. Cherry, pers. commun.’).

U C A | G |
Phe 164 Ser 160 Tyr 0.0 Cyw 0.0 U
{44 0) a7.4) (411} (31.5)
Phe 616 Ser 12.0 Tyr 1000 | Cys oo | ¢
u (55.9) (143) (58.8) (48.4)
Len 26 ) ot 4.0 oo 1000 | = 0.0 A
(10.5) (183} | (ochm) (345) | (opal) (435)
Len 1.7 Sar 4.0 . 0.0 Ty e | G
a5 (100) | (umben %) aeon) |
Len 104 Pro 343 His 668 Arg 0.0 u
I' (26.8) 05.5) (2.4 {19.3)
Leu 130 e o1 Hm 113 Ay 00 C
5 (14.9) (3.1} (47.8) (6.9
I Len i3 o 18.2 Giln 40.0 ATg 30,0 A
[9.5) [4.9) (50,1} (9.5}
Lau 43 Pra 183 (il £0.0 Arg 10 G
(108) {16.1) {45.8) {19}
—
e 357 The i 93 Asn 1000 | Se 200 7
[40.5) LY )] {373y (133} l
fie 143 Thr 214 Asn 08 Ser 40 L
i (a1.2) (111) (4.7} (l4.8)
A .
e 0.0 The TR, Ly» a4 Arg 10.0 A
(18.1) (26.2) (41.8) (31.9)
I Mn 100 Thr 143 Lys 514 0.0
{100.0) {13.4) (38.1) e (34.3) | “
—1
Val 56 Als 488 Asp 1000 | Giy 196 U
(38 5) (46.1) (£2.3) 057
Val 148 Als 1.4 Asp oo Gly 12 C
¢ 15 (I5.E) o148 .4
| wva 63 Aly 34 Gte 50.0 40.7
(11.4) @mn (46.1) b O8.4) B
Vel 185 Ala LT Oiw 50.0 aly TA
l (26.4) (12.2) (23 8) {12.3) | 4

* M. Cherry, Department of Molecular Biclogy, Massachusetls General Hospital, Harvard
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Table 4.2 : Amino acid composition of Arabidopsis PSCR. The complete amino acid
sequence (Verbruggen ef ol, 1993) was used in the analysis. Values represent the
percentage contribution of each amino acid to the polypeptide chain. Also shown are the
consensus values for the amino acid composition of Arabidopsis gene products.

Ambdﬂps:s PSCR
Consensus *
—
Hydrophilic 50.6 43.9
Basic 13.8 11.6
Lys 6.4 6.9
Arg 5.3 16
His 21 1.1
Acidic 120 10.1
Asp g 36
Gln 6.6 6.5
Wemntral 24.8 222
AET 39 3
Gln 35 18
Cye 16 0.4
Mot 16 1%
Her .7 w1
The 5.4 = |
Hydrophohic 49.0 56.3
Aliphatic 0.8 515
Oy ED 9B
Als 73 127
Vil a.7 L6
Pro 4.8 40
L= 8.7 B3
N 53 51
Aromatic 8.1 4.4
Phe 4.1 40
Ty 18 o4
Trp 1.2 0.4
* Determined by analysis of 515 Adrabid

(M. Chey, I:Ieparlmmr of M

olecular Bin

tll;n.r.r.r coding sequences
ogy, Mh::q-:]msetu Cieneral Hospital, Harvard)



BLASTX algorithm (Altechul ef al, 1990; Alischul er al, 1954).

The Arabidopsis PSCR is homologous to PSCRs trom soybean (Delauncy and Verma, 199(0;
Swiss Prot Accession No. P17817), pea (Williamson and Slocum, 1992; Swiss Prot
Accession No. Q04708), Homo sapiems (human; Dougherty ef afl, 1992; Swiss Prot
Accession No. P32322), Escherichua coli (Deutch er al, 1982; Swiss Prot Accession No,
P00373), Saccharomyces cerevisiae (Brandnss and Falvey, 1992; Swiss Prot Accession No.
P32263), Thermus thermophilus (Hoshino et al, 1994; PIR Accession No. JC2078),
Pseudomonas seruginosa (Savioz er al, 1990, PIR Accession No. JQ0418), AMfycobacterium
leproe (author(s) unknown: GenPept Accession No. UDDO1B), Treponema pallidum (F,.C.
Gherardini, C.R. Moomaw and P.J. Bassford, Swiss Prot Accession No. P277771) and
Methanobrevibacter smithii (Hamilton and Reeve, 1985, Genlept Accession No. 36534).
Homology was also observed between Arabidopsis PSCR and the translation product of an
ORF from the Bacillus subtilis chromosome (Lewis and Wake, 1989; Ahn and Wake, 1991:
Swiss Prot Accession No. F14383).

Percentage identities of the ORF= encoding all known PSCRs are presented in Table 4.3,
Non-translated regions on the 5 and 3 sides of the ORFs were not considered in the
alignment.

4.8 Homology of Arabidopsis PSCR with other PSCRs

Values for the percentage amino acid identities of all PSCRs sequenced to date are presented
in Table 4.4, These were deduced using a global alignment strategy (Gotoh, 1986}, These
values were used to construct phenograms demonstrating the relatedness of all known
PSCRs (Figure 4.11),

4.::1m;mmummnmmmﬁgamﬁ:
comelation values obtained for the UPGMA (=097719) and complete link (r=0.93232)
mmmmmnmmmmﬂmmmmmn
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Table 4.3 : Percentage identities of the nucleic acid sequences of genes enceding PSCRs.
MNucleotide sequences used in the alignment were those of genes encoding PSCRs from
A. thaliana (Verbruggen ef al, 1993), soybean (Llelauncy and Verma, 1990), pea
(Williamson and Slocum, 1992), human (Dougherty et al, 1992), 8 cerevistae (Brandriss
and Falvey, 1992), K. coli (Deutch et al, 1982), P. aeruginosa (Savioz el al, 19590},

M. leprae {(author(s) unknown; GenPept Accesion No. UDD018), T. pallidum

(F.C. Gherardinl, C.R. Moomaw and P.J. Bassford, Swiss Prot Accession No. P27771)
T. thermophilus (Hoshino ef al, 1994) and M. smithii (Hamilton and Reeve, 1985). Also
included in the alignments was an open reading frame from B. subtilis with high homology
o the B cali proC gene (Ahn and Wake, 1991). Alignment was performed using the
program ALX3 (Gotoh, 1986). Only open reading frames of the genes wore used in
alignments. Non-translated regions on the §' and 3' sides of the open reading frames were
not considered in alignments.,

Abbreviations used at the tops of columns are : Soy, G. max, Pea, P. sathvum; Hom,
H. sapiens; Yea, 5 cerevisiar, Eco, & coli; Bac, B. subtilis; Pse, P. aeruginasa, Myc,
M. leprae; Tre, T. pallidum, The, T. thermophilus, Met, M. smuighii.

oy Ifms Hem Yes Eoo Bac Fre Myc Tie The  Met
A thaliama D 712 332 517 %89 %9 %01 %43 507 519 $18
G mmax B1% 371 516 S41 S4) M9 31 493 4E7 K]
P sanvam 33 529 N5 Ne Ji48 489 §17 T 496
M. sapieny e 3T} 3E &4 454 ME Y 912
&, cerevitioe 519 32) 49EF a8)d nn JIE 385
E eali A3 .6 4.0 36K ] 4TE 489
8. mabiis a8 W3y a4 51 a4
P. aeruginesa 455 319 624 a4k
Af leprae 617 918 N7
T. palilichumm 614 W

l'.i-nu‘m\h1 3a
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Table 4.4 : Percentage identities of the amino acid sequences of PSCRs. Amino acid
sequences used in the alignment were those of PSCRs from 4. thaliana (Verbruggen et al,
1993), soybean (Delauney and Verma, 1990), pea (Williamson and Slocum, 1992), human
(Dougherty et al, 1992), 8. cerevisiae (Brandriss and Falvey, 1992), E coli (Deutch et al,
1982), P. aeruginosa (Savioz et al, 1990), M. leprae (author(s) unknown; GenPept
Accesion No. U00018), T. pallidum (F.C. Gherardini, C.R. Moomaw and P.J. Bassford,
Swiss Prot Accession No. P27771), T. thermophilus (Hoshino ef al, 1994) and M. smithii
{Hamilton and Reeve, 1985). Also included in the alignments was the translation product
of an open reading frame from B. subtilis with high homology to the £ coli proC gene
{Ahn and Wake, 1991). Alignment was performed using the program ALX3 (Gotoh, [986).

Abbreviations used at the tops of columns are : Soy, G. max; Pea, P. satvum; Hum,
H. sapiens, Yea, 8 cerevisiae; Eco, E. coli; Bac, B. subtilis, Ps¢, P. aeruginosa;, Myc,

M. leprae; Tre, T. pallidunt, The, T. thermophilus; Met, M. smithii.

S0y Pen Hum Yes Eco  Bac  Pue Myc Tre The  Mef
A thaliama TH: 743 355 i A0 .4 154 381 319 255 340 8.8
& max B0 343 204 }oH 1.3 1.5 180 2472 331 6.8
. pativirs 338 MWE 361 4.0 258 i3 2.6 355 1846
. saptess 268 365 133 371 305 6.1 e 180
& cerevirice 74 238 139 173 |92 2155  IR%
L. el >4 347 LE | 7.7 12 4 18.0
8, subnilis 135 116 176 99 11.5
B geruginosa 374 226 295 186
M leprae 128 38 165
T. pailidum 10 148
T. thermophitus 14.5
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Mtll:l‘hﬂmmwrﬂdnmnrﬁmm twelve diff,
M.GMHMWmmmdhmmﬂﬂx
mdw?ﬁﬂipdrpqﬂhmmhuﬂnﬂﬂn#ﬁ}ﬂmhﬂqwummﬂ:
-m;mﬂm}wmmmumlml
Cophenetic correlation coefficients for both resulis are indicated.
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Analysis revealed that the PSCR sequences from soybean and pea are very similar, and that
the Arabidopsis soquence has over 70% identity o both of these sequences. This cluster of
plant PSCR sequences has greatest identity to the PSCR sequences from the Gram-negatve
bacienia E coli and T. thermophiluy and the human P5CR sequence. The P3CR sequences
from the Gram-negative bacterium FP. aeniginoso and Gram-positive bactenium M. leprae
clustered together using both methods. Using both clustering methods, the PSCR sequences
from M smithii and B. subtilis are most dissimilar to all other known P5CR sequences.

Alignment of twelve PSCR sequences was performed using the computer program MACAW
(Schuler =t al, 1991). Blocks (sets of sequences of the same length taken from several
sequences and aligned without the introduction of gaps) were searched for using the
BLOSUM®62 scoring matrix (Henikoff and Henikoff, 1992). Blocks selected in the alignment
of the PSCR sequences are shown in Figure 4.12.

Figure 4.13 shows alignment of the amine acid sequence of Arabidopsis PSCR with those
from cleven other species. This represents the most extensive alignment of PSCR sequences
presented 1o date. Overall, following alignment, 115 residues were found in identical
positions in at lcast six of the twelve sequences compared. Of these conserved residues, 106
were found in the primary structure of Arabidopsis PSCR. Three amino acid residues were
invariant throughout all of the sequences. In Arabidopsis PSCR, these are Asn,,,, Gly,,, and
Thry,,. In Arabidopsis PSCR, the residues Gly,,, Gly,, Prog,, Leuy,, and Pro,,, are present
at identical positions in eleven of the twelve sequences aligned (Figure 4.13).

Homology is distributed throughout the lengths of the PSCRs aligned. However, there are
also distinct regions of high homology of the Arabidopsis PSCRs with other PSCRs in an
N-terminal region (Gly,, lo Gluy,), a central portion (Arg,,, 10 Gly,,,) including an invariant
asparagine residue (Asn,y, in Arabidopsis PSCR) and a C-terminal region (Pro,,, to Gy ye).
‘Within this C-terminal region, there are two invariant residues (Gly,,, and Thr,, in
Arabidopsis PSCR), a highly conserved leucine (Leu,y, in Arabidopsis PSCR) and two
mmmmmm%hammmlwmﬁ-&
mmmmiﬂnwﬁhdrﬂlﬂnpmmm&muﬂ%fu
pea PSCR 1o 38% for the enzyme from AL smithii,
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Comparison of all twelve PSCR sequences with the contenss of the protein domain databasc
SBASE (Pongor of al, 1994) revealed ten of the twelve PSCRs to posscss N-terminal
regions with homology to known NAD-binding sites (Figure 4.14). No corretponding match
for an NAIDXPH binding site was found for PSCRs from T. pallidum or 5 cerevisiae.
However, PSCR from 5 cerevisioe possesses a C-lerminal region with homology 1o an
FAD-binding site from E coli NADH dehydrogenase (Figure 4.14). No other significani
matches with domains likely to be of importance in PSCR were reportod

Comparison of the sequences of this N-tcrminal domain with keys for NADPH- (Haoukoglu
and Gutfinger, 198%) and NADH- (Branden and Tooze, 1991) binding sites (Figure 4.15)
revealed that the sequences from the plant and human N-terminal domains bear perfect
homology to the key for NADPH-binding sites defined by Hanukoglu and Gutfinger (1989).
In contrast, the comresponding domains of PSCRs from £ cerevirioe, AL smithii,

T. thermophilus and M. leproe display greaier homology o the NADH-binding site
consensus defined by Branden and Tooze (1991). A single mismatch for the NADPH
binding site consensus {Hanukogiu and Gutfinger, 1989) was observed in the saquence of
PSCR from P. aeruginosa and two mismatches for the same sile occur in the N-lerminal
stretches of PSCR sequences from E coli and B subsilis

4.9 Predicted secondary structures of PSCRs from Arabidopsis, soybean, pea,
hurman and E coli

The predicied secondary structures of PSCRs from Arabidopsis, soybean, pea, human and
B coli are preseated in Tables 4.5 to 4.9. Sccondary structure was predicted using both the
methods of Chou and Fasman (1978a, 1978b) and Gamier et al, (1978), Also shown for
cach region of secondary structure is the rationale underlying assignment of that structure,
Numerical data used in the prediction of secondary structure using the methods of Chou and
Fasman (1978a, 1978b) and Gamnier et al. (1978) is presented in Appendix 2.

Using the predictive strategy of Gamier er al (1978), 54.3% of Arabidopsiz PSCR

(Verbruggen et al, 1993) was predicted to comprise n-helix, with 16.3% [F-sheet structure
and B.3% occurring in coils.
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A) Rat 3-hydroxyiscbutyrate dehydrogenase (HAD -binding)

3 PVGFIGLEMENPMAFRNLIFKHGYP 25
P. sativuam 13 +Gri GHM++++AK 27
5. max 13 VGFIG G+M++++A+ ++ G 33
A. thalliana 13 VGFIG G+Mi++4A+ ++ G 33
H. sapiens 24+VGFIG G ++ ++AK 17
T. thermophilos 3 ++F+GLGHHMG ++ K + +G+ 24
B. subrilis 19 V+FIG G+HM++ M +++ Ly
M., smithif 3 +G IG GN+G+ ++ N+1 H + 24
E. coli 9 «GEFIG GNMGo+++ LI G 25
F. aeruginosa § ++FIG GNM+ ++ L +G F 28

B) P.aasruginosa 3-hydroxyiscbutyrate dehydrogenase {MAD-binding)
7 IAFLGLEMGGPMAANLLEAGHRVN 26

M. leprae B IA +G G++G ++ + LL4+AG++V+ LY.
F. saruginosa 6 IAF+G GNM++++ + L 18
E. coli 5 I+F+G GNMG ++ + L+ +0G+ 26
B. sopbrilis 19+AF+G G#M+ M + H4A 18

C) E. coli HADHE dehydrogenase (FAD-binding)
& GGGAGGLEMATQLGHEKLGREEKE !/
5. cerevislae 265 +G  GHE Ass++  LG+KEK 266

D) E. coli HADH dehydrogenase {HAD-binding)
1 IAIVGGGATGVELSAELHNAVEQL 26

M. leprae B IAI+GGG+ G L # L A «Q+ 1]

Figure 414 : Regions of homelogy of PSCRs with known binding sites of adenine
cofactors. Homology of streiches of amino scid sequences 1o protein domains of known
structure and/or function was assessed by scarching the SBASE protein domain soquence
library relcase 3.0 (Pongor ef al, 1994) via clectronic mail server (shasci@icgeb.tricsie.r).
Sequences of PSCRs used in the search were those from Arabidopsis (Verbruggen et al,
1993), soybean (Delsuncy and Verma, 1990), pea (Williamson and Slocum, 1992), human
(Dougherty ot al, 1992), P. aeruginosa (Savioz ef al, 1990), E coli (Doutch o al, 1982),
T. thermophilus (Hoshino et al, 1994), M. lapras (author(s) unknown, GenlPept Acccssion
No. UD0018); & cerevisios (Brandriss and Falvey, 1992), M. smithii (Hamilton and Recve,
1985), B. subsniis (Ahn and Wake, 1991) and T palfidum (F.C. Gherardini, CR. Moomaw
and P.J. Bassford; Swiss Prot Accession No. P27771).

Regions of cleven of the twelve PSCRs studied displayed homology 1o the NAD-binding
siles of 3-hydroxyisobutyrale dehydrogenase from ral and P. aeruginosae and 10 the FAD-
and NAD-binding sites of £ coli NADH dehydrogenase. Sequences accessed from SBASE
are indicated in bold. The positions of amino acid residucs in each sequence are indicated.
Conservative substitutions in P5CR sequences are indicated by “+*, Blank spaces in PSCR
sequences indicate no similarity to the entry in SBASE. No maich was found for an NAIXNF)
or FAD-binding site for PSCR from T pallidum
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A) MADPH-binding site consensus
(Hanukoglu and Gutfinger, 19835)

FEXHKGRGXXAXKXAX K XX KXGK + LKXK

A, thaliana R?GFIGAEKHLESIARG¥VASGULPPHR 112-39)
. max TLGFIG&EKHAEEIARGA?REGHLPFER [12-39)
P, sativum TLGFIG&EKHLESILKGASREEFLPSSR (12-39)
H. sapiens E?EFI EHGQL&FMAKGE‘TMG‘JLHAIH{ ( 2-29)
P. aeruginosa RIAF EEEELTEEEEI GGLRAQGV PAAQT [ 5-32)
B. subtilis MFIGHGSI*EEE{IEGIVFMH{IPKQN (1B-45)
E. coli HGFI GCGNMGKAILLGGL IP.SGQE’T PG [ 4-31)

B) MADH-binding site consensus
(Branden and Tooze, 1991)

KX XN CHEX KGR XX KK KKK XKL LK K ~

5, cerevisiae TLAILGCGVMGQALLSAI YNAPKAAD (4=729)
M, smithii HLGIIGYGHIGELLEQNI----ISHD [2=23)
T. thermophilus RLEF?GLEG{EHEILEGALERG FLRPE {2-28)
M. leprae RIMIGGGE IGEPLLL SGLLF.AERE!‘-’TUJ (12=-33)

Figure 415 : Aminn acid sequences of N-terminal NAD(PIH-hinding siies In PSCRs. N-
terminal sequences of PSCRs from Arabidopsis (Verbruggen er al., 1993), soybean (Delaaney
and Verma, 1990), pea (Williamson and Slocum, 1992), human (Dougherty e al, 1992),
P. aeruginosa (Savioz er al, 1990), E. coli (Deuich ef al, 1982), T. thermophilus (Hoshino
et al, 1994), M. leprae (author(s) unknown; GenPept Accession No. UODG18), 5 cerevisiae
(Brandrss and Falvey, 1992) and M. smvithii (Hamilion and Recve, 1985) were aligned with
NADPH- ﬂﬂmﬁmmmm&ﬁmﬂwﬂlnﬁ@unﬂﬁﬂtﬂm
(1989} and Branden and Tooze (1991) respectively. The WN-terminal region o

the 5 end of an open reading frame from B. subtilis (Ahn and Wake, lﬂﬂl]:s:lﬁnumluded
in the alignment.

Invariani residues in the consensus sequences are indicated in bold. In the consensus
sequences, X represents any amino acid. Hydrophobic residues found at the same positions
memhmmmmmwm
in consensus sequences are denoted + and negatively charged residues as -, Positive residuoes
at the N-termini of PSCRs with NADPH binding sites are italicised. The amino acid residuss
in cach sequence which contribute to the NAD(P)H binding site are indicated in parentheses.
Using these keys, no homology to an NAD(P)H-binding site was found in the PSCE. sequence
gnml‘;%dmﬁm (F.C. Gherardini, C.R. Moomaw and P.J, Bassford; Swiss Prot Accession
a. 1}
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Table 4.5 : Secondary structure prediction for Arabidopsis PSCR. The complete amino acid
sequence of Arabidopsis PSCR (Verbruggen et al, 1993) was used in the analysis.

Chou and Fasman (1978) Garnier et al. (1978)
Residues Structaral Justitication Residues Stractural Justification
assigoment assigoment
1-9 coil 1-6 coil
10-16 B-sheet (eb] > (Pa) 7-17 o-helix Ph > Ps
17-19 coil 18-19 coil
20-27 a-helix [Pa] > [Pb] 20-27 o-helix Fh>Ps
28-33 B-sheet (Pb] > [Pa] 28-33 B-sheet Ps > Ph
34-37 B-tum [Pal<{P1)>{Pb] 34-36 coil
37-39 tum
38-45 f-sheet [Pb] > [Pa] 40-45 B-sheet Ps> Ph
46-49 B-tum [Raj<{R1]<{Pb] 46-48 coil
49-51 turn
50-54 a-helix [Pa] > [Pb] 52-55 {3-sheet Ps > Ph
55-58 B-tum [Pal<{P<{PY] 56-58 tum
59-98 a-helix [Pa] > [Pb] 59-64 coil
65-98 a-helix Ph > Ps
99-115 B-sheet [Pb] > [Pa] 99-106 B-sheet Ps > Ph
107-114 coil
116-119 B-tum [Paj<{P1}>{Pb] 115-121 tum
120-124 B-sheet [Pb] > [Pa) 122-125 B-sheet Ps > Ph
125-128 B-turn [Pal<{Pe)>{Po] 126-131 coil
129-139 a-helix [Pa] > [PH) 132-141 a-helix Ph > Ps
140-143 B-tum [Pa<{Pt]>{Pb] 142-146 coil
144-150 a-helix a] > [Ph
151-165 f-sheet E"} > E;] 147-176 a-helix Ph > Ps
166-176 a-helix o>
177-178 coil 177-183 coil
179-182 f3-tum [Paj<{P1]>{Pb]
183-192 a~helix [Pa] > [Pb) 184-188 B-sheet P> Ph
193-196 B-tum [Pa)<{P1j>{Pb] 189-198 a-helix Ph > Ps
197-205 coil 199-202 coil
206-225 o-helix [Pa] > [Pb] 203-223 a-helix Ph > Ps
226-229 f-tum [Pa]<{Pj>{Pb)] 224-226 turn
227-229 coil
230-236 B-sheet [Pb] > [Pa] 230-237 B-sheet Ps > Ph
237-240 B-tum [Pa]<{P{]>{Pb) 238-242 tum
241-245 B-sheet [Pb] > [Pa] 243-246 B-sheet Ps > Ph
246-272 a-helix [Pa] > [Pb] 247-272 a-helix Ph > Ps
273-276 B-tum (Pu]<{Pj>{Pt) 273-276 tum
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Table 4.6 : Secondary structure prediction for saybean PSCR. The amuno acid sequence of
soybean PSCR (Delauney and Verma, 1990) was used in the analysis.

Chou and Fasman (1978) Garnier er al. (1978)
Residoes E' WI dustification Betldues :;. Justification
BT e i |
10-16 Psheet [¥] = [Pl 12-15 Posheet S Y
1719 coil 16-19 coil
20-27 a-helin [Pu] = [P 10-28 a-helm FaxF
18-13 Prahest ¥ = [Pe) 9-M4 coil
3437 Pum PjTPep{e] ; ; 3; m
1246 f-sheer s} > [Pa] 1946 [-sheet Ps>Ph
47-81 coil 47-33 cail
16-54 tuarn
6265 [-tam [Paj<{P)={P] 6066 eoil
66-119 a-helix [Pa] = [Pt ::TFT g:'hh&f; <3 5
116119 f-tum [Faj{Pl{P) | 18-121 farm
120-124 fesheet (¥ = [Pa) l22-125 [t-aheel P = Ph
125118 -t [Pal<{Pi]={Fh] | 26-131 cail
129-140 B-ehieet [Pl] = (1] H;:ﬂ ﬂ;& =:=
140-144 [Peturm [PajPl={ ) 142-148 coil
147-150 fturn [Pal<{Pe={I] 149150 e
190156 P-aheet [Pb] = [Pa] 191157 coil
157-160 Ptarm [Pej= PP 158-160 tarm
161-164 coil 161-164 coil
165-177 a-helix [Fal = [P 165-17% d-heln PP
| 78-181 frrum rel{rej{re] 176183 eoil
g | g | BB | g | fem | R
197206 [abest iPu] = [Paj 199-204 [-gheer Pe»h
204109 a-helix [Fa] = [Fh] 206-210 cail
| e | e | s | e | nen
134-235 furm
116-129 Peram [Pa]<{P]={Fn] 118-231 trrn
130-136 canl 212-237 Prsheet Pusph
237-340 taem {Par{rj{r) 13E-243 e
14|48 f-shuet P = [Pa] 244-248 Pshoet =P
251254 fi-tum (Paj<{Pi={Pt] 251-25% tum
258-174 a-helix [a] > [P 160-274 a-helix PP
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Table 4.7 : Secondary structure prediction for pea PSCR. The amino acid sequence of pea
PSCR (Williamson and Slocum, 1992) was used in the analysis.

Chou and Fasman (1978) Garnier et al. (1978)
Residues Structural Justification Residues Structoral Justification
assignment assigoment
1-6 f-sheet [Pb] > [Pa] 1-6 f-sheet Ps > Ph
7-10 B-tumn [Pa]<{Pt}>{Pb] 7-11 tumn
11-16 B-sheet [Pb) > [Pa] 12-16 fB-sheet Ps > Ph
17-19 coil . 17-19 coil
20-27 a-helix [Pa) > [Pb) 20-27 a-helix Ph > Ps
| = ERRHE L
38-43 coil 38-43 B-sheet Ps > Ph
44-47 B-turn [Pa)<{Pr}>{Pt] 44-50 coil
ggig E.jhei;: % > H;:! 51-61 fB-sheet Ps > Ph
61-64 B-tum (Pa)<{Pt)>{Pb] 62-65 tun
65-79 B-sheet [Pb) > [Pa) 66-78 -sheet Ps>Ph
80-116 a-helix (Pa) = [Pb) 80-120 a-helix Ph > Ps
124-127 B-turn [Pa)<{PJ>{Pb] 121-123 turn
128-138 coil 124-130 coil
131-136 a-helix Ph > Ps
139-142 B-tumn (Pa)<{Pt)>{Pb] 138-140 B-sheet Ps > Ph
141-144 coil
143-155 a-helix [Pa] > (Pb] 145-156 a-helix Ph > Px
156-159 B-tumn [Pa]<{Pt]>{Pb] 157-165 coil
G | e | B | e | e
176-180 f-tum [Pa]<{P1j>{Pb] 173-182 coil
182-191 a-helix (Pa) > [Pb] 183-188 B-sheet Ps > Ph
192-195 B-tumn [Pa]<{P>{Pb] 189-197 a-helix Ph > Ps
199-202 B-turn [Pa]<{P]>{Pb] 198-202 f-sheet Ps > Ph
203-215 a-helix [Pa) > [Pb] 203-223 a-helix Ph > Ps
224-227 B-tum (Pa]{Pt]>{PV] 224-229 turn
228-235 B-sheet [Pb] > [Pa] 230-236 B-sheet Pz > Ph
236-239 f-tum (Pa]<{P1J>{Pb] 237-241 tum
240-247 [3-sheet [Pb] > [Pa] 242-248 f3-sheet Ps > Ph
250-253 B-tum (Pa)<{Pt}>{Pb] 249-253 tum
254-257 coil 254-258 coil
258-273 a-helix [Pa] > [Pb] 259-273 a-helix Ph > Ps
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Table 4.8 - Secondary structure prediction for human PSCR. The amino acid sequence of
hmFﬂWyHLIHI}wumndhthumltylis-

Chou and Fasman {1978) Garnier et al. (1978)
Reslidees m dustification Residues Lt:fl Justificallon
16 [i-aheet = 146 Perheet s = Fh
7-31 a-helix [P = (M) 831 a-helix Iy = By
32-3% P [PalIP{FY] 3336 cotl
3a-4R a-heliz [Pa] =[] 37-31 iz-helix PP
51-54 frum [Pa}={Pri~{Fb| 52-58 cail
55-1 a-helix [raj = [P 171 a-hebix AR
72-79 P-ghout [Pt] = [Pa] T4-T9 fi-aheet Fa> P
BO-90 -helx P = Pu
§0-112 a-helin frad = [P 9196 Poaheet N>
9798 T
98114 cotl
113119 frahest e = [Pa) 115116 tum
117-120 [-aheet AP
120-123 P-turn [Paj=fPd={rh] 121124 tum
L24-130 a-helix [Pa] > fPs] 125-136 P-ahest Ps > Fh
135-138 f-tam [Paf=Pi={Ts] 137-141 codl
139-131 i-heliz [Pu] =[] 143133 a-helix e
152-160 B-sheet [P] = [Pa] | 54160 [
161-171 a-helix el > [P) 161-171 a-helix P
172174 [-tire (PupPi-{Pu) 172-179 ool
: E::‘; w m% 130-191 a-helix Puos Py
}gﬂ gg m-:i mﬁi 193205 f-sheet P
206-110 a-helix [Pad = [F8] 206-221 a-heliz Py
221-224 f-tum (Pal<{Pr]={T%] 123126 tum
230-111 [t-tum [PalPr]={Ph] 22710 turmn
I34-24% cod n.n7 cogl
138-245 Pahest Fas
246-249 - [Pal<{Pij={Pu] 246-250 tum
2%0-2%3 P-sheet ] = 151-255 Paheer Pi> I
256-291 a-helix [Pa] > [P%] 256-288 a-helin =P
189-292 f-sheet
203-19% coil 193-302 sail
300-303 fm [Paf{={T%) M3-30% [
304-313 coil 06-311 f-sheet e = P
34317 [etmrm [Pad-{Pei{Pul ils-319 B
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Table 4.9 : Secondary structure prediction for PSCR from Escherichia coli The amuno acid
sequence of PSCR from E coli (Deutch er al., 1982) was used in the analysis.

Chou and Fasman (1978) Garnier et al. (1978)
Residues E}}rﬂm Justification Resdues Sliurllr | Justification
1gomen Aslgmen
= ™ | %
E = - L
1334 Psheet ] > [ra} 15-3% P-sheet P > Ph
15-33 Prtum Pal{P{Pe) M-40 codl
40-49 a-helix Pa] > [P} 4149 a-helix = P
s - ks n o dix eSS
7584 a-helix Pal =[] T5-83 [eheet P
BS-8R Pturmn [Pl ={m] 85-90 turm
BO-] 06 P-ehest (T = [P} 21-50 Pshest e
107-111 cal 100-113 c-helix s
112-117 P-sheet (P > (P 114-118 Psheet RS
118-121 P-tam Majd M=) 119-123 coil
122-132 [i-sheet [T] = [P 124-133 P-sheet >R
131-135 -t [Pal-{Pj={Pt] 134-14] ol
136-143 eail
144-155 Pvheet [P} = [Ira] j41-151 a-helix Ph>Pa
152-155 form
156-162 a-helix [1'a] = [ 136-16% a-helia P>
163-170 P-sheat [T = 1w 166-170 fsheot Ps= P
171174 pB-tamn [Pal{Prp={ih] 17L-177 enil
175-180 a-helix [Ps] = [Pt I78=152 -helx Pho= Pu
191-194 f-tum (Pal={i]={Pa] 193-195 cotl
é%ﬁ? E m} 196-226 a-hekix P> P
I15-I1% ii-sherr D] = ) by el pehest P> P
130-133 f-tum [FapiPg={Ps] 3-8 ture
134249 a-helia ) = e D7-269 a-helix M=
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The predicted secondary structures of the five P3CR sequences studied are very similar. The
propensities of different stretches of the polypeptide chains from these enzymes to form
local regions of a-helix or P-shect are represented graphically in Figure 4.16,

4.10 Hydrophobicity profiles of PSCHs from Arabidopsis, soybean, pea,
human and £ coli

Comparison of the hydrophobicity profiles of PSCRs from Arabidopsis, soybecan, pea
human and £ cali indicates some similarity in the tendency for certain stretches of the
polypeptide chain to be concealed within the hydrophobic core of the enzyme (Figure 4.17).

4.11 Genomic DNA analysis

As shown in Figure 4.18, PSCR has a relatively simple genomic patiern. The YAPOS7 probe
hybridised o single fragments of sizes 4 230 bp and 4 335 bp generated by digestion of
Arabidopsis genomic DNA with Xhol and Kpnl respectively. Hybridisation of Y APOST with
¥bal-digested genomic DNA identified two fragments of sizes 4 185 and 2 915 bp.

A strong hybridisation signal was associated with only a single 9 010 bp fragment when
genomic DNA was digested with EcoRL Much weaker hybridisation occurred 1o an EcoRl-

generated genomic fragment of size 7 130 bp.

4.12 Tissue-specific transcription of the Arabidopsis gene encoding PSCR
under non-stressed and water-stress conditions

At the time of sectioning of tissues used for the first in sitw hybridisaion water-stressed
stem tissue had a mean RWC of 45.4% (SE = 2.59) and non-stressed tissue 3 mean RWC
of 89.6% (SE = 1.66). The corresponding values for RWCs from waler-stressed and noo-
stressed tissues during the replication of the experiment were 56.8 % (SE = 3.88) and 83.4%
(SE = 2.79) respectively.
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Figure 4.16 : Secondary structures of PSCRs from Arabidopsis, soybean, pea, human and
E. coli. Secondary structure of PSCRs from (A) Arabidopsis (Verbruggen et al, 1993),
(B) soybean (Delauncy and Verma, 1990), (C) pea (Williamson and Slocum, 1992),

(D) human (Dougherty ¢ al, 1992) and (E) E coli (Deutch of al, 1982) was predicied
according to Garnier ef al (1978) using the computer program PREDICTT (Cirmenes et al,
1989). A window of length six residues was used in all analyses. Decision constants used
for helix and sheet formation were zero. Helical and sheet probability profiles are drawm in
solid and broken lines respectively. In order to facilitate alignment, the 44-residue C-
termunal exiension of PSCR. from homan with no homology 0 other PSCRs characierised
to date was not included in the analysis. This did not affect the profile obtained in the 275
amino acid residucs analysed (dsta mot shown).
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Figure 4.17 : Hydrophobicity profiles of PSCRs from Arabidopsis, soybean, pea, buman and
E. coli. Hydrophobicity of PSCHs Ii’un{ﬁ}l#r‘ﬂb{dam (Verbrugpen er al, 1993), (B)
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Figure 4.18 : Southern blot amalysis of Arabidspss genomic DNA hybodised with the
YAPOST insert.  Samples of genomic DINA (20 ) were digesied with Xhol, ABal, Kpal
“and FcoRl and scparated by electrophoresis through a 0.8% agarose gel. The DNA was
ransferred onto a nylon membrane which was probed with YAPOST insen labelled using
the ECL kit (Amersham). Sizes of DNA fragments in Moleculsr Weight Marker 1T
{Bochrnger Mannheim) are indicated in bp.
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The tissue-specific differences in levels of transcript of the gene encoding P5CR in non-
stressed and water-stressed stem cross-sections are shown in Figures 4.19 and 4.20. These
represent results obtained in both determinations of the tissue-specific accumulation of
transcript encoding PSCR in cross-sections of the Arabidopsis stem under well-watered and

water-stressed conditions.

Under non-stressed conditions (Figure 4.19), visible presence of PSCR transcript is indicated
in the cortex, vascular cambium and pith parenchyma abutting the protoxylem. A low level
of transcript is present in the phloem. An overall increase in the intensity of the signal
generated in these tissues is evident in water-stressed tissue (Figure 4.20). No signal was
generated in the epidermal layer of stems from non-stressed plants (Fig. 4.19). However, an
increase in levels of transcript encoding PSCR was evident in the epidermis of plants
subjected to eight days of water deprivation (Figure 4.20).

Figure 4.21 shows that hybridisation to sections pre-treated with RNase A failed to generate
any signal. This confirms that the pattem observed in the stressed and non-stressed
specimens (Figures 4.19 and 4.20) represents hybridisation to mRNA transcripts.

Treatment of fresh hand-cut sections with peroxidase substrate (Bochringer Mannheim)
suggested that most of the endogenous peroxidase activity was localised in the cortical
parenchyma (result not shown). Incubation of sections in 2% (vAv) H,0, in methanol for 30
min eliminated most of the endogenous peroxidase activity (Figure 4.22). This confirms that
subsequent to their inactivation, endogenous peroxidases did not make a substantial
contribution to the total signal generated.
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Figure 4.19 ; Localisation of transcript encoding PSCR in the flowering stem of Arabidopsis
under well-watered condifions. Following inactivation of endogenous peroxidase activity,
stem sections were hybridised to double-stranded YAPOST probe, The experiment was
performed in duplicate with tissue of mean RWC £9.6% (A) and 83.4% (B). E, epidermis;
C, cortex; PH, phloem; VIC, vascular cambium; PX, protoxylem. The scale bar represents

80 pm.
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Figure 4.20 : Localisstion of transcript encoding PSCR in the lowering stem of Arabidopsis
following water deprivation . Following inactivation of endogenous peroxidase activity,
stem sections were hybridised 1o double-stranded YAPO5T probe. The experiment was
performed in doplicate with tGssue of mean RWC 45.4% (A) and 56.8% (B). E, cpidermis;
C, cortex; PH, phloem; VC, vascular cambium; PX, protoxylem; P, pith The scale bar

represents B0 um.
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(RWC = 45.4% pre-treated with 0.1 mg.ml' RNase. The scale bar represents 80 jum.

Flgure 4.22 : Non-hybridised section of & water-stressed Arabidopsis stem (RWC = 45.4%
incubated with peroxidase substrate (Boehringer Mannheim) following insctivetion of
endogenom peroxidase activity. The scale bar represents 80 pm



5. Discussion

Free proline has been reported to accumulate in & number of plants in response to
environmental stresses such as water deprivation, salinity stress, temperalure extremes, heavy
metal stress. anaerobiosis and pathogen infection (Section 2.1). However, confrovery
continues as o whether the response has any real adaptive value or is mercly an incidental
comsequence of siress-induced changes in metabolism (Section 2.1.2.5). It is likely that use
of the current techniques of molecular biology may help 1o resolve much of the controversy
arising from purely physiological approaches to elucidate the functional significance of
proline accumulation in plants exposed to environmental stress. Furthermore, it is possible
that manipulation of genes encoding enzymes involved in stross-induced proline
accumulation may facilitate the development of transgenic crops which exhibit enhanced
environmenial tolerance.

In plants, the enzyme A'-pymoline-S-carboxylate reductase (PSCR) catalyses the final siep
in proline biosynthesis from glutamate and omithine, where A'-pyrroline-S-carboxylate
(P5C) serves as an intermediate (Section 2.2.1.2). In this study, two Arabidopsis cDNAs
were sequenced in order to characierise the PSCR gene and the comresponding translation
product. A critical picce of information lacking in previous studies of the expression of plant
PSCR genes is detail of the sites of expression of the gene af the tissue-lovel. The tissue-
specific expression of the Arabidopris gene encoding PSCR was investigated as this may
be of significance in anempts 1o increase cxpression of PSCR in transgenic plants.

As shown in Figure 4.1, proline accumulates in the leaves, siems and siliques of mature
Arobidopsris thaliana (1.) Heynh. planis in response o hyperosmotic stress. Proline
accumulation in other plant parts was not investigated The increase in proline levels that
accompanics imposition of hyperosmotic stress suggests that Arabidopsts is suitable as a
model system in which o clucidate the role of proline in osmotic adjustment under
conditions of water deprivation or high salinity. The more extensive accumulation of proline
in response Lo exposure to PEG-6000 than to NaCl (Figure 4.1) may be attributed to the fact
that, unlike NaCl, polyethylene glycol is a non-absorbable osmoticum (Cress and Johnson,
1987),
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The observation that the rate of imposition of salt stress affected the total end amount of
proline accumulated (Figure 4.1) is in keeping with the findings of Naidu er al (1990)
These workers demonstrated that rapid imposition of hyperosmotic stress on wheat seedlings
resulted in the accurmulation of glutamine, asparagine and valine in amounts equal 1o or
greater than that of proline. In contrast, a gradual imposition of stress resulted in proline
being the dominant nitrogen-containing solute accumulated (Naidu et al,, 1990).

In accordance with the findings of Naidu er al (1990), Arabidopsis plants irrigated with
Na(’l soluions of increasing concentrations (50 mM, 100 mM and 200 mM Na(l) over
24 b showed less proline accumuilation than those cxposed (0 the same incremenis in
salinity, but over 36 h. Even greater proline accumulation was observed over a 48 b stress
period, during which plants were immigated with NaCl solutions of the same concentrations
at 16 h intervals. In the light of the findings of Naidu er al (1990), it is possible that in
plants irrigated with NaCl solutions at § h intervals, other nitrogen-containing compounds
may have accumulated instead of proline,

This observation may be of considerable significance in fumre molecular studies of proline
accumulation in plants. To date, most studies of the accumulation of mRNA transcripts
encoding enzymes related 1o profine biosynthesis have used salt shock treatments (Delauney
and Verma, 1990, Ho et al, 1992, Williamson and Slocum, 1992), Gradual imposition of
stress i more akin to what is experienced by plants in the field It is therefore
physiologically more meaningful than the imposition of rapid osmotic shocks. Increases in
transcription of the gene encoding PSCR during salt-stress were not monitored in this smdy,
However, it is possible that gradual imposition of stress may result in higher end-levels of
ranscript encoding PSCR than those observed following an abrupt osmotic shock as used
by Delauncy and Verma (1990) and Williamson and Slocum (1992).

These results also sugges! that proline sccumulation is dependent on changes in cellular
metabolism uﬂwrutmnainqﬂcqngulaﬁmnfthenﬂhmhiuynﬂm&uplﬂmmﬂmm
very few physiological and metabolic parameters which do not change when plants are
exposed o covironmental stress {Hsiao of al | 19?5}.mmmmmm
probably the best characterised are those in which changes are effected in an “all-or-
M'EMMMMMHMWEMM
mmﬂmm.mmmmmwmmwdiﬂ&mmm
respanscs (o stress
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In the case of proline accumulation, such environmentally-induced swilching occurs in »
pathway that is already operational under normal conditions, In particular, it is likely that
a number of metabolic changes need to be effecied in order 10 meet the increased demand
for encrgy, carbon and reducing equivalents which are needed to drive proline biosynthests.
For example, removal of 2-oxoglutarate from the mcarboxylic acid (TCA) cycle for
synthesis of the proline precursor glutamate is likely to nocessitate the replenishment of
TCA cycle inlermediates via anaplcrofic reactions such as the one camlysed by
phosphoenolpyruvale carboxylase (Turpin and Weger, 1990). Several workers have shown
that proline accumulation is dependent on an adequate pool of carbohydrate (Stewart of al,
1966; Hsiao, 1973, Singh er al, 1973; Stewan, 1978). The observation that proline
accumulation s dependent on the mic of imposition of stress therefore provides indircot
evidence (o suggest that creation of ransgenic plams capable of elevated levels of praline
accumulation may also need to be modified in other pathways involved in intermediary
metabolism in order 1o support the metabalic demands of increased proline biosynthesis,

In the light of possible roles for plant growth regulators such as ABA and cytokinins in
mediating proline accumulation in response 1o hyporosmotic stress (Section 2.1.3), it also
scams possible that & gradual imposition of stress may be necessary in onder to ensure
modification of the overall hormonal balance within the stressod plant. Gradual alterafions
in the relative levels of ABA and cyiokinin may be necessary in order to facilitate profine
accumulation in stressed plants.

Proline levels vary between difforont organs of 4. thaliama (Figure 4.2). Under normal
mmm.um&&mmmmnmm
Howers and seeds) are approximately ten-fold higher than those found in vepetative plant
parts (lcaves, stems and roots). The high levels of proline in flowen (Figure 4.2) may be
associated with the ofien observed very high proline content of anthers and polien
(Fukusawa; IHI;HhmndsﬂnlmlPﬂ.LhiuﬂﬂﬂtmIHMHnL
1982). More recently, Mutters of al (1989) and Walton ef al (1991) have suggesied a role
for proline in flower development.

The high levels of proline in ripe secds of Arabidopsis may be related 1o the fact that these
structures need to exhibit dessication tolerance. Although a number of late embryogencsis
abundant (lea) proteins have been identified as being important in the development of
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dessication tolerance of plamt embryos (Dure, 1593), it is possible that high levels of free
proline within seeds may contribute to their capacily o survive the exirome waier loss tha
characterises the dessication of sceds.

Alternatively, the high level of proline in seeds may constituie an encrgy resarve
{Section 2.1.2.4) for use upon sced gormination or prime activity of the oxidafive penfose
phosphate pathway (Section 2.1.2.4) duning germination. Activity of the two ratelimiting
enzymes of the oudative peniose phosphate pathway, namely ghucose-6-phosphate
dehydrogenase and 6-phosphogluconate debydrogenase has been shown to increase m the
carly siages of germination of oal seeds (Mayer and Poljakoff-Mayber, 1989). Perino and
Come (1991) have presenied evidence that activity of the oxidative pentose phosphate
pathway is important in germination of non-dormant apple embryos. Venekamp and Koot
{1984) suggested that the high levels of free proline in the sceds of Micia faba may scrve
a specific function in seed development. Alternatively, seed storage proteins are generally
characterised by a high proline content (Mayer and Poljakoff-Mayber, 1989). High levels
of free proline in seeds may contribute to the synthesis of seed storage proteins. Storage
proteins are synthesised from assimilates ransported indo the seed from other parss of the
plani (Mayer and Poljakofl-Mayber, 1989). This might acoount for the correspondingly high
levels of prolin in ripening siliquos (Figure 4.2)

It is interesting to note that the mean percentage increase in the proline content of siliques
with hyperosmatic siress (Figure 4.1) is much less than that observed in vegetative tissues
such as stems and leaves. Following the PEG-6000 weatment, proline levels in siliques
increased approximaicly four-fold. In leaves and stems, the same treatment caused 18-fold
and 27-fold increases in proline levels respectively (Figure 4.1). Nevertheless, following any
nfduhypummmi::mumﬁupmﬁnhﬁmﬂwmﬁshrhﬂﬂqmﬂm
in leaves or stems (Figure 4.1).

These findings are consistent with the observations of Venckamp and Koot (1988). These
workers demonstrated that prior 1o the imposition of water-stross on Vicia faba plants,
ﬂuwmmdpuduhdlmd:ufﬁummm-EHMumnfm
fumdmhwn.ﬂmmmdmuu.ﬂmmfnﬂnwmgMndlﬂﬂwm-ﬁﬁvﬂmm
increase in proline levels in the vegetative parts was 10- to 25-fold, bui was not more than
three-fold in the generative parts (Venckamp and Koot, 1988) Nevertheless, following
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wuer-depﬁu:ﬁm.mcmﬂn-dsufﬁupmﬁmmﬂmmmdpodswmrﬁﬂtﬁghum
those found in vegetative plant parts (Venckamp and Koot, 1988).

Since the fruits of Arabidopsis possess constitutively higher levels of proline than leaves,
stems or roots under non-stressed conditions (Figure 4.2), this suggests that there is a
maximum threshold for proline accumulation needed to provide osmotic adjustment during
water stress, The initial proline content of a tissue prior to the imposition of stress appears
to influcnce the magnitude of the increase in proline content following the imposition of
stress. In the leaves, stems and siliques of Arabidopsis, the increase in proline during
hyperosmotic stress is almost inversely proportional to the initial proline content in these
tssues pror to stress (Figure 4.1).

Westgate and Boyer (1985) reported that the threshold level of water deficit required to stop
growth in maize varies in an organ-specific manner, It increases from stem (-0.5 MPa) lo
leaves (-1.0 MPa) to roois {-1.4 MPa). Differences in the capacity of these organs for
osmotic adjustment have been suggesied to be the reason for this varation. However,
assumning that proline makes a significant contribution to osmotic adjustment in Arabidopsis,
an analogous situation does not appear to apply in the case of this species (Figure 4.2). Both
Williamson and Slocum (1992) and Verbruggen e ol (1993) have also reported
considerably lower proline levels in roots in comparison with other organs in pea and
Arabidopsis respectively under normal emvironmental conditions. Nevertheless, Venekamp

and Koot {1988) demonstrated that in water-stressed Figia foba, the increass in proline .

levels in roots excoeded that in all other plant parts. It therefore scems possible that

following the imposition of hyporosmotic stress, the free profine content of roots may
increase 10 a level comparable to that found in other Gssues.

The inserts of the cDNA clones YAPOS? and FAFI2S were sequenced in onder to
characterise the A4 rafndopsis gene encoding PSCR and the commsponding transiation product
At present, PSCR is generally accepted to catalyse the final and only commitied step of
proline biosynthesis in plants (Section 2.2.2). The insert within Y AP0S7 was sequenced in
its entircty, with 87.3% of the sequence being confirmed by sequencing of both the sense
and antiscnse strands, The ends of FAFJ2S were sequenced on one strand only.
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Translation of all three reading frames on both strands of YAPO5ST failed 10 reveal a
complete open reading frame (ORF) capable of encoding a product of sufficiem size to
function as a protein. However, as shown in Figure 4.5, the largest incomplete ORF bears
complete homology 1o the commesponding exons of a genomic clone encoding Arabidopsis
PSCR (Verbruggen ef al, 1993). The ORF is incomplete as it lacks a start codon at its

§ end. The cDNA pcPSCRS sequenced by Verbruggen er al (1993) is capable of
complementing an Escherichia coli proC mutant (Verbruggen ef al, 1993). The complete
homology of the deduced translation product of YAPOS7 1o the translation product of the
corresponding portion of pcPSCRS (Figure 4.7) confirms that the insert within YAPOS?
comprises part of a bona fide PSCR genc from Arabidopsis. This conclusion is supported
by the high degree of homology of the deduced amino acid sequence encoded by YAP0S7
with the translation products of PSCR genes from soybean and pea (Figure 4.7). In
particular, the deduced translation product of YAPOS7 possesses 75.1% and 74.7% identity
o the corresponding regions of PSCRs from soybean and pea respectively, Taking
conservative substittions into account, the product encoded by the Y AP0S7 insert possesses
85.8% and £7.7% similanty to the soybean and pea PSCRs respectively (Figure 4.7).

The genomic and cDNA clones sequenced by Verbruggen of al (1993) were isolated from
libraries constructed from the Arabidopsis ecotype Landsberg erecta. In contrast, Y AP0OS7
was isolated from a library constructed from the ccotype Columbia (Giraudat er al, 1992),
This difference in genetic background is not reflected in the nucleotide sequences of cDNAs
encoding PSCRs from both ecotypes. Despite a mumber of well established differences
between these two ccolypes of Arabidopsis (Section 2.3), the structure of the spoprotein-
coding region of the gene encoding PSCR appears to have been completely conserved.
However, since the cDNA YAPOST does not encode the 23 N-terminal amino acid residues
of Arabidopsis PSCR. (Figure 4.7), it is not possible to conclude on the basis of these results

that the sequence of the apoprolein-coding portion of the PSCR. gene has been completely
conserved in both races of Arabidopsis,

The genes from the ecotypes Landsberg ervcta and Columbia which encode the amino acid
biosynthetic enzyme aspartate kinase-homoscrine dehydrogenase have recenty been
:npmmdbyﬂﬁlliunal{lmum:wﬂhmmhdl&ﬂ%udmmidm
hﬂwmﬂmmqmufmndhmncmnml}rpu.mﬂumpumdmhwjm
vaniation in Arabidopsis (Ghislain et al, 1994) The absolute conservation of PSCR

=
=l
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sequence over 233 amino acid residues (Figure 4.7) contrasts with these observations made
by Ghislain ef al (1994). It is appealing to speculate that the importance of PSCR in
environmental tolerance may have sclected stongly for conservation of this sequence in
Arabidopsis.

The complete homology between the nucleotide sequence of YAPOS7 and the Arabidopsis
genomic clone encoding PSCR (Verbruggen ef al, 1993) is cvident in the dot matnx plot
shown in Figure 4.6. This indicates that the apoprotcin-coding region of the Arabidopsis
gene encoding PSCR is inlerrupted by six introns. Analysis of the genomic sequence of
Arabidopsis PSCR (Verbruggen of al, 1993) reveals that all six introns are flanked by the
consensus sequences typical of all eukaryotic genes (Figure 4.5). These are the GT and AG
dinucleotides at the 5" and 3' ends respectively (Csank of al, 1990). As shown below, the
nuclcotides surrounding these twelve splice sites also conform fairly closely to the consensus
sequences of intron splice junctions in plants (Brown, 1986).

asge T A A € T... .....T FC A G JGC
& T 100 100 &7 33 M OW 83 &0 100 106 B0 (PSORM: Verbruggen ef al., 1993)
L 72 100 B TO 55 65 49 68 &7 100 108 60 (coasessus: Brown (008)

The introns within the Arabidopsis PSCR gene range in size from 78 to 125 nucleotides in
length (Figure 4.5). The exons encoding the PSCR apoprotein range in size from 49 to 201
nuclcotides in length (Figure 4.5). The exons encoding the N-terminal (201 nucleotides) and
C-terminal (189 nucleotides) portions of the enzyme are the largest (Figure 4.5). Although
Mﬂmmn:ﬂﬂﬂcfmﬂmﬂdmmgmnmm'lm

2 985 mucleotides has boea reported to occur within the agamous gene from Arabidopsis
(Yanofsky et al, 1990).

In comparison with most other Arabidopsis genes characterised to date, the gene encoding
Pﬂhﬁdyd&hm.muﬁmmmmmW
w-wmlm.wummummwlmmm
mmm‘dnﬂmhwmu{h&mwmhhm
genome is only 2.3. The mean number of introns in genes containing introns is 3.9
(Meyerowitz, 1992). lem.hmnfdxim“hhmm
Arabidopsis PSCR is not an unusually large value. A gene encoding a plasma membrane
proton pump ATPase in Arabidopsis contains fificen introns (Pardo and Scrrano, 1989).
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Comparison of the nuclcotide sequence of YAPOST with the two cDNAs sequenced by
Verbruggen er al (1993) failed to indicate any variation in the paftern of intron splicing in
Arabidopris PSCR transcripts. Sequence analysis of the ends of FAFI2S also failed 1o
implicate variation in splicing of the third, fourth and fifth introns in the 4rabidapsis gene
encoding PSCR (Figure 4.8). Dougherty et ol (1992) implicated altemative splicing of
mtrons (Section 24.2.7) as a possible mechanism which might account for the kinetically
distinguishable PSCE isozymes Gt have been characterised in humans (Table 2.4)
Although the complete sequence homology observed in four cDNAs encoding Arabidopsis
PSCR (Verbruggen er al, 1993; this study) does nol disprove the possibility of alternative
intron splicing occurring during processing of Arabidopsis PSCR pre-mRNA transcripts, it
is nof consistent with the possibility of this being a regulatory mechanism capable of
providing different PSCR activities in plants.

Analysis of the nucleotide composition of the penomic sequence of Arabidopsis PSCR
(Verbruggen er al, 1993) reveals that the A+T content of the introndc DNA is 67.8%, while
the A+T content of the ORF is 53.5%. This correlates well with a value of 71% of A+T
content for the introns and 52% A+T for the ORF of the Arabidopsis gene encoding alcohol
dehydrogenase (Chang and Meyerowitz, 1986). As outlined in Section 2427 (he
mmportance of localised regions of A+U richness of pre-mRNA transcripts in intron
definition in plant genes has been established by Goodall and Filipowicz (1989). The ratio
of A+T content of intronic DNA to the G+C content is an important determinant of splicing
efficiency (Goodall and Filipowicz, 1989), The A+T content of introns with the Arabidopsis
gene encoding PSCR (Verbruggen er al, 1993) docs not vary substantially between the six
introns. This suggests that they are probably spliced with equal efficiency. The ratio of

T o A (T:A) within the intronic regions of the Arabidopsis gene encoding PSCR is 1.51.
This approximates the consensus valucs of T:A found in introns from dicotyledonous plants
(T:A is 1.45) and monocotyledonous plants (T:A is 1.47) (Goodall and Filipowicz, 1989),

Although the Y APO57 cDNA insert is truncated at its 5 end, it is complete at the 3" end.
The ochre stop codon TAA is followed by a streich of 235 nucleotides of 3' untranslaied
sequence (Figure 4.4). This untragsiated stretch inclodes two putative polyadenylation signal
sequences AAAATA and ATAAAA (Dean of al, 1986) at nuclcotide positions §11 and 963
respectively, and is terminated by a poly(A) tract 18 nucleotides in length (Figure 4.4),
Analysis of the genomic sequence of the Arabidopsis PSCR gene {Verbrugpen ef al. 1993)
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to the 3 side of the site of polyadenylation (Figure 4.10) failed to reveal any of the other
posaible polyadenylation signals defined by Dean ef al (1986) or Joshi (1987).

Mihmminﬁgw:i.iﬂ,pdyﬂmjhﬁnnh?ﬁ.ﬁﬂcmmnd?hpuuﬁnrlhmmlh:
partial cDNA pcPSCRY sequenced by Verbruggen et al (19931 The occurrence of
heterogenous 3 ends of mRNAs arising from a single transcriptional unit is nol uncommon
hﬂm:ﬂhnhmmpmﬂhmﬂmﬂmfﬂﬂnnd.lmwﬂ
al., 1986; Sachs er al, 1986; Hunt er al, 1987, Joshi, 1987, Hunt, 1988, Graham er al,
1989; Huni and McDonald, 1989; Mogen ef al, 1990; Montoliu e al, 1990; Sanfacon et
al, 1991). Al least five different polyademylstion sites have been obscrved in the
Arabidopsis LEAFY genc (Wagel e al, 1992)

Alternative sites of polyadenylation in transcripts of the gene encoding FSCR from pea have
been reporicd by Williamson and Slocum (1992). These workers reporied that of three pea
PSCR <DNA clones soquenced, all differed from each other slightly over a short streich of
sequence at the extreme ends of their 3' untranslated regions, only four nucleotides before
the site of polyadenylation (Williamson and Slocum, 1992). However, since only one of the
two cDNA clones sequenced by Verbruggen er al (1993) was comploic af the 3' end,
sequencing of the 3' end of YAPOS7 (Figure 4.10) has provided the first evidence of
multiple sites of poly(A) addition in pre-mRNA transeripts encoding PSCR in Arabidopsis.

Although there is no strictly conserved polyadenylation site consensus in plant genes, the
average base composition near these sites is distinctive. The defining feature for most
polyadenylation sites in plani genes is probably the occumrence of a YA dinucleotide
(Y=pyrimidine) in a U-rich region (Joshi, 1987). The sequence UUUCAGUULIU
mmmedistely adjacent to the site of polyadenylation of the ¥ AP0O57 manscriptional product
(Figure 4.10) may sorve such a mole in defining al lcast onc of the addition sites for
polyadenylation of PSCR pre-mRNA transcripts in Arabidopsis,

It is possible that differences in polyadenyiation of mENA vanscripts may serve a
regulatory role by affecting their stability and/or translational efficiency (Sullivan and Green,
1993). On this basis, il secms reasonable to speculate that certain sites of polyadenylation
in transcripts from the gene encoding PSCR might be uscd preferenfially under normal
conditions when proline biosynthesis is required for basic housekeeping functions (proline
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is necded for protein and ccll wall biosynthesis), while other sites might be preferred under
conditions of environmental stress when an elevated level of proline biosynthesis ia likely
o be of protecirve value.

However, siudies conducted o datc have failed o implicate the differential regulation of
poly{A) site selection under different growth and environmental conditions (Hunt, 1994),
For example, an extensive range of expeniments involving 3' end mapping of RNAs of
several pea genes encoding the small subunit of rdbulose-1,5-bisphosphate carboxylase
(rbeS) rovealed that no significant differences could be observed in the 3" end profiles in
light- and dark-grown plants, in etiolated and mature leaves, in plants exposed 1o blue, red
or far-red light, in leaves of different age or even in transgenic petunia or tohacco when the
rbcS genes were placed under the control of foreign promoters (Nagy er al, 1985, Fluhr and
Chua, 1986; Poulsen et ol, 1986; Kuhlemeier er al, 1987; Kuhlemeior e al, 1988a
Kuhlemeier ef al, 1988b; Lam and Chua, 1990). Furthermore, the observation that virtually
all plant genes have multiple polyadenylation sites (Hunt, 1994) makes it unlikely that this
lack of fidelity in 3' end formation may be of any regulatory significance. Nevertheleas the
possibility that use of allemative polyadenylation sites in the PSCR transcripts of plants
(Williamson and Slocum, 1992; Figure 4.10) may be of importance in controlling levels of
expression of PSCR, cannot yet be excluded completely.

In the majority of plant mENAs the distance between the polyademylation signal and the
addition site is 27 +/- 9 nucleotides (Joshi, 1987). On this basis, it appears that the second
polyadenylation signal AUAAAA (muclcotide position 963 in Y APOS7) has been recognised
in the mRNAs from which both YAPOS7 and pcPSCRY originaied (Figure 4.10),
Verbruggen «f al (1993) reported that Northern analysis of total mRNA from Arabidapais
sceds, roots, stems, flowers and leaves revealed the presence of only a single 1.4 kb
mﬁmmm-pmmmammarwwu
nhuwdhhﬁmm:d-dnh-mmmﬂunfﬂ:&mmipmﬂuu
m:lh-ﬁ:mmmpulyldquﬁimﬁgﬂ{mdmﬁdnpuiﬂm!llhTﬁPﬂinhm
recognised (Verbruggen er al, 1993).

This pattern of polyadenylation of Arabidopsis PSCR transcripts contrasts with the observed
transcriptional pattern of the gene encoding PSCR in pea (Williamson and Slocum, 1992).
These workers reporied the presence of twa mRNA transcripts (1.3 kb and 1.1 kb) encoding
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PSCR in mature pea leaves. These sizes arc comsisten! with recognition of both
polyadenylation signals in the pea gene encoding PSCR (Williamson and Slocum, 1992)
Only the 13 kb transcript is expressed in pea seedlings (Williamson and Slocum, 1992).
This suggests that polyadenylation of pre-mRNA transcripts encoding PSCR is regulated in
pea In contrast, amalysis of cDNAs encoding soybean PSCR suggested that the
comesponding gene posscsses only a single possible polyadenylation signal (Delauncy and
Verma, 1990). This is consistent with the observation of only a single PSCR mRNA
transcript following Northen hybridisation to total mRNA isolated from soybean ool
{(Delauncy and Verma, 1990}

As outlined in Scction 2.4.3, polyadenylation signals (near upstream clements; NUEs) arc
nol the only sequences imvolved in defining the cleavage and poly(A) polymerase
recognition sites within mature mENAs. Within the region of 125 nucleotides upstream of
the second polyadenylation signal in Y AP0S7, there are at least three clements with potential
far upstream clement (FUE) activity (Figure 4.10). These include the sequence
UAULUAUC (nucleotides 895 1o 202) and two UG-nich regions (UUGCUUGUULULIL at
nucleotides 838 to 849 and GUUUU at nucleotides B58 to B62). Hunt (1994) has suggesied
that UG-richness may suffice for FUE function, much as AU-richness contribules 1o intron
definition, as discussed above, The sequence UAULTUAUC bears some homology

(5 matches out of §) to the UAUUUGUA motif shown to posscss FUE activity in the

cauliflower mosaic virus (CaMV) polyadenylation signal (Sanfacon et al, 1991),

It may be of significance to note that, with the exception of the soybean cDNA scquence
{Delauncy and Verma, 1990), all cDNAs encoding cukaryotic PSCRs have relatively short
poly(A) tils. Poly(A) tails of up to 200 nucleotides in length have been reported for plant
gene mENA tenscnpts (Grieson and Covey, 1988). In drebidopwis, mature mRNA
transcripts encoding PSCR which have been characterised to date have poly{A) tracts of
18 bp (Y APOS57, this study) or 19 bp (Verbruggen er al, 1993). An 18 bp poly(A) tract was
reporied for the transcript encoding pea PSCR (Williamson and Slocum, 1992). The polv(A)
tail of the mRNA corresponding to the buman PSCR ¢cDNA sequenced (Dougherty ot al,
1992) is also 18 nucleotides in length. In contrast, a slightly longer poly(A) tract

42 nucleotides in length was observed in the cDNA encoding soybean PSCR (Delauncy and
Verma, 1990). No indication of the most likely polyadenylation paticm in Ssccharommyces
cerevigiae 15 available as only a genomic sequence is available (Brandriss and Falvey, 1992).
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There is some evidence that the stability of a mRNA is related to the length of its poly(A)
sequence. It is possible that “older’ plant mRNAs have sharter poly(A) tails (Gallie, 1993),
The comparatively short paly{A) lails of ranscripts encoding PSCRs therefore suggests a
fairty rapid rate of mmover of mRNAs encoding PSCR i vive. Furthermore, Gallic ef al
(1989) found thai the presence of a poly(A) il on the 3’ end of a plant mRNA greatly
enhanced its ranslational efficiency. The 5 cap and poly(A) tail appear o act synergistically
10 increase translational efficiency (Gallie, 1991 cited by Sullivan and Green, 1993). It
therefore seems feasible to suggest that the relstively short poly(A) tils found in transcripts
encoding PSCRs may affect the rate 2t wihoch they are translated in wvo.

The cDNA clone FAFJ2S is truncated at both the 5 and 3° ends (Figures 4.8 and 4.9). It is
unusual for the ¥ terminus of a cDNA 10 be missing, since synthesis of oligo-dT primed
cDNAs usually starts ar the poly{A) tail of the mRNA. At least two possible explanations
exist for the absence of a poly(A) il in FAFI2S, Firstly, the cDNA used to construct the
library from which FAFJ25 was isolated may have been synthesised by random priming
rather than by the use of an oligo-dT primer. Aliematively, partial degradation of the cDNA
may have occurred prior to it being cloned into the vector. Analysis of the region adjacent
to the 3" terminus of FAFI2S (Figure 4.8) did not reveal the presence of any A-rich stresches
which could have served as a priming site for an oligo-dT primer.

Amalysis of codon usage in the gene encoding PSCR in Arabidopsis indicates a strong
preference for A or T in the third codon position. Overall, 64% of the codons used have
cither an A or T in the third codon position, This bias is in agreement with the obscrved
distribution of codon frequency for dicotyledonous genes (Murray ef al., 1989; Campbeil
and Gowri, 1990). It is also in keeping with the high A+T content (58.6% A+T) in the
Midnmgmmumﬂﬂuud.lﬂumﬂﬂfnﬂhmmﬁmm
PSCR (Verbruggen er al, 1993) displays a paticm of codon usage similar to that observed

mmﬁmﬁmnﬂmﬁﬁhﬁmmnfilﬂi@mﬂqmﬁﬂ:
4.1)

Mnudnnuquﬁwinngmnﬁwsnggmnfmofmhﬁmﬂmmﬂnf
mma&mhmm.wﬂmmﬂnﬂﬂﬁm
has been shown to be affected by whether the transcript requires (RNAs with rare or
prevalent anticodons (Section 2.4.2.1). In E coli (Bennetzen and Hall, 1982), & cerevisiae
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(Bennetzen and Hall, 1982; lkemura, 1982) and Dictyostelium discoidenm (Sharp and
Devine, 1989), highly expressed genes have codon usage that is strongly biased towards a
subsct of “optimal” codons that are most efficiently and/or accurately translated by the most
abundant t(RNA species. Lowly expressed genes are influenced by mutational biases (Section
2.4.2.1). Similar selection for differential codon usage appears to have occurred amongst
plant genes. Highly expressed genes such as those encoding ribulose-1,5-bisphosphate
carboxylase and chlorophyll 2/b binding protein are more restricted in their codon usage
than plant genes in general (Murray et al., 1989).

The high conformity of codon usage in the 4rabidopsis genc encoding PSCR with the
~ consensus codon usage pattern in Arabidopsis (Table 4.1) suggests that the gene is
moderately expressed in vivo. A value of 55.65 for the effective number of codons (Wright,
1990; Section 2.4.2.1) used in the Arabidopsis gene encoding PSCR does not suggest strong
codon usage bias. It is therefore unlikely that the gene encoding PSCR in Arabidopsis is
highly expressed. This is consistent with the comparatively low level of expression of most
plant genes encoding amino acid biosynthetic enzymes (Matthews et al, 1988). Analysis
of the coding regions of 100 dicotyledonous genes by Campbell and Gowni (1990) revealed
that the mean number of codons used in genes belonging to this set was 52. This is slightly
lower than the value of 55.65 determined for the effective number of codons used in the
Arabidopsis gene encoding PSCR. However, it is important to bear in mind that pattern of
codon usage within a gene is not the only factor that determines the level of cutput of the
corresponding product (Bennetzen and Hall, 1982). The relative strength of cis-acting
regulatory regions upstrecam of the gene (Section 2.4.1) is also likely to affect gene
expression by altering the rate of transcription. Other alternative methods of ensuring a high
output of a gene product might include measures taken to increase stability of the
corresponding mRNA transcript or an increase in the number of gene copies within the

genome.

Despite the relatively high similarity of the PSCRs from Thermus thermophilus and
Arabidopsis (Table 4.4; Figure 4.11; Figure 4.13), codon usage in the Arabidopsis gene
encoding PSCR contrasts starkly with that found in the homologous T. thermophilus gene
sequenced by Hoshino et al (1994). The percentage use of G or C in the third codon
position in the genc encoding PSCR in T. thermophilus is 95.4%, whereas 64% of the
codons used in the Arabidopsis PSCR gene have an A or T in the third codon position.
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Cmmpﬂmzm&lufﬁﬂniplnhundsiumﬁsmnﬂﬂl AT double bonds
in the DMNA helix, this is in kecping with the codon usage bias expected of a thermophile
(Kagawa et al, 1984). This suggests that a number of silent nuckeotide substitutions have
occurred in the evolution of PSCRs. These have not alicred the amino acids specified in
mgimu:ﬁﬁnﬂfumqmﬁnmw.Fwnﬂqﬁ;ufﬂidnﬂmﬁdma
the T. thermophilus/A. thaliana pair of PSCRs, T2 resull from silent mutations. Of these 72
comservafive mutations, 61 single base substitutions (84.7%) occur in the third codon
position and involve replacement of an A or T in the Arabidopsis gene with 2 G or C in the
comresponding codon in T, thermophilus

Analysis of the amino acid composition of Arabidopsis PSCR reveals it to be more
hydrophobic than most Arabidopsts gene products currently characterised (Table 4.2). An
isoclectric point (pl) of 8.64 csimated on the basis of the complete amino acid sequence of
Arabidopsis PSCR (Verbruggen et al, 1993) indicates that overall the enzyme is basic and
most probably carries a net positive charge ot physiological pH. This is consistent with a
greater percentage of basic residues in comparison with acidic residues (Table 4.2). The
estimated pl of Arabidopsis PSCR. compares fairly favourably with a pl of 7.8 for PSCR
from etiolated pea shoots (Rayapati ef al, 1989). This was determined using the technique
of isoclectric focusing (Rayapati of al, 1989).

In particular, Arabidopsis PSCR is rich in hydrophobic amino acid residues with aliphatic
side chains (Table 4.7). Both valine and alanine are found a1 levels approxvimately twice
those found in mos! Arabidopsis gene products. However, the enzyme possesses only single
residues of cysteine, tryptophan and tyrosine (Figure 4.7, Table 4.2).

The complete absence of cysteine in PSCHs from soybean, pea and T. thermophiluy and
Mycobacterium leprae contrasts with the presence of four cysteine residues in each of the
PSCRs from human, E coli and Preudomonas aeruginosa, seven cysieine residues in cach
of the PSCRs from S cerevirioe and Methanobrevibocter smithii and eleven cysicine
residues in PSCR from Treponema pallidum (Figure 4.13). However, the positions of the
cysicine residues in PSCRs containing cysieine are not highly conserved (Figure 4.13)
Therefore, sssuming that the fertiary structures of PSCRs are conserved, it is unlikely that
disulphide bridges contribule to maintenance of the tertiary structures of PSCRs.
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Several enzymatic studies conducted on PSCRs trom plants (Mazelis and Fowden, 1971;
Rena and Splitistoesser, 1975; Miler and Stewart, 1976) have indicated that sulflyydryl
group-blocking agents such as cysteine, sodium  bisulphite, Z-mercaptocthanol  and
dithiothreital inhibit PSCR activity, These reagents have a stimulatory effect on thiol
enzymes by keeping their free sulfhydryl groups in the reduced form. However, their
inthibitory effect on PSCR activity led to the conclusion that PSCR is not a thiol enzyme,
but requires disulphide bonds to maintain the proper molecular conformation for activity
(Mazelis and Fowden, 1971).

Neveriheless, analysis of the amino acid composition of the three plant PSCRs for which
sequences are available (Figure 4.7) reveals that the soybean and pea PSCRs are completely
deficient in cysteine and Arabidopsis PSCR contains only a single cysteine residue (Cys,, ).
If the native Arabidopsis PSCR is a homopolymer, it is unlikely that Cys,, participates in
disulphide bonding between subunits as the multimeric structure of plant PSCRs appears to
be rather unstable (Table 2.3; Section 2.2.1.2). The presence of only a single cysteine
residue in Arabidopsis PSCR eliminates the possibility that disulphide bonding may occur
within the 4rabidopsis PSCR polypeptide. Therefore, analysis of sequence data suggests thal
the proposal originally put forward by Mazelis and Fowden (1971) that plant PSCRs may
possess disulphide bonds is not tenable.

It is doubtful that Cys,, is of any functional significance in Arabidopsis PSCR. The absence
of cysteine in soybean and pea PSCRs suggests that Cys,, of Arabidopsis PSCR is unlikely
to provide an active site sulfhydryl group. The high similarity between plant PSCRs (Figure
4.7) suggests that the catalytic mechamsm is haghly conserved amimg these enzymes.
Furthermore, of the three different types of cysteine found in proteins @ free sulfhydryl,
ligand sulflyydryl and disulphides (cyatines), cystcine with a froe sulfhydryl is the moat
uncommaon (Richardson and Richardson, 1989). It is unlikely that Cys,, scrves as a ligand
1o a metal or prosthetic group such as Fe, Zn, Cu or heme as dependence of PSCR activity
on such ligands has ncver been reported. Furthermore, typically two or four cysicine
residuss need (o be clustered together in three dimensions to bind such a group (Richardson
and Richardson, 1989). It is possible that thiol reagents may target an infermediate in the
reaction mechanism itself. Such an intermediate might be an activated double bond in the
subsirate.
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Comparison of known PSCR sequences al the nucleic and deduced amino acid sequence
levels reveals that except between the three plant PSCRs studied, PSCRs show greater
identity at the nocleic acid level (Table 4.3) than af the amino acid level (Table 4.4),
However, in disceming cvolutionary relationships between organisms, protein-proein
comparison is preferable to comparison of the comesponding nucleic acid sequences
(Crawford, 1990). Distinct evolutionary relationships which appear to be merely incidental
at the nucleotide sequence level may be meaningfully discemed at the protein sequence
level,

For the purposes of phylogenetic classification, the amino acid alphabet (comprising twenty
letters) is superior to the nucleic acid alphabet (comprising four letters). The possibility of
an ideniical amino acid residue occuming by chance at an identical position in two proisins
is lower than that of an identical nucleotide occurming in two gene sequences. Furthermore,
natural selection is likely to operate primnarily at the level of the gene product and not at the
level of the gene. The degeneracy of the genetic code also sugpests that molecular
approaches towards establishing relatedness berween organisms are better suited to protein-
proicin companisons than to comparnisons between nucleic acid sequences.

As outlined in Section 2.2.1, a number of inter-species complementation studics { Tomenchok
and Brandriss, 1987; Delauncy and Verma, 1990; Gherardini et al, 1990; Dougherty ef al,
1992; Verbruggen et al, 1993) using genes encoding PSCR have confirmed that this step
in proline biosynthesis is common to all living organisms in which proline metabolism has
been characterised (Adams and Frank, 1980). However, this does not mecessarily imply
similarity of PSCRs from different sources at the molecular level. Several studies have
indicatod that the homology of a plant enzyme to the comesponding bacterial enzyme has
no bearing on the ability of the plant enzyme 10 assemble and function in a bacterium. For
cxample, despite extromely limited homology between plant glutamine synthctase and £ col:
glutamine synthetasc (Tingey ef al, 1988), cDNAs encoding plant glutamine synthetases can
complement an £ coli ghstamine suxotroph (DasSarma ef al, 1986; Snustad et al, 1988).
Similarly, although hacterial scetolactate synthase (an enzyme involved in biosynthesis of
mmmv&:inmwlm-mmﬂam
the corresponding plant enzyme is capable of complementing an £ coli mutant deficient in
the large subunit of acetolactate synthase (Smith o al, 1989), Ability of a plant ¢cDNA to
restore prototrophy to a bacterial amino acid auxotroph is therefore no indication of the

T
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similarity of the amino acid biosynthetic enzymes in both organisms, Overall similarity can
only be deduced by analysis of sequence data.

A local alignment strategy such as the one used in Figure 4.12 and Figure 4.13 is well-
suited to discerning relationships between PSCRs from distantly rclated organisms.
Comparison of the PSCRs from scveral phylogenetically distinct organisms reveals some
conservation in certain regions of the polypeptides (Figure 4.13). This indicates that all
PSCRs are likely to share essentially the same modular structure. As shown in Figure 4.13,
homology amongst the PSCR sequences currently characterised is highest in an N-terminal
region (Gly,, to Glu,, in Arabidopsis PSCR), two central regions (Arg,,, to Gly,,, and Asp,,
to Tyryy in Arabidopsis PSCR) and in a C-terminal region (Pro, to Gly,,, in Arabidopsis
PSCR).

The universally conserved modular structure of the twelve PSCRs suggested in Figure 4.12
and moderate but significant homology of these proteins at the amino acid level

(Figure 4.13) suggests that they arc all derived from the same ancestral protein by a
divergent evolutionary process. Convergent evolution of P5CRs from phylogenctically
distinct organisms is unlikely as there are probably several possible sequence combinations
capable of yielding an equivalent fimctional structure capable of the reduction of P5SC.

Amino acid substitutions do not occur randomly along the sequences of PSCRs

(Figure 4.13). As has been demonstrated in other proteins (Doolite, 1989, Section 2.5.3),
a high degree of identity is cxpecied 10 be found around amino acids likely to be of
functional importance in PSCR activity. Such residues may be involved in the binding of
the pyridine nucleotide cofacior or the substrate PSC. The nature of evolutionary divergence
permitied in the amino acid sequences of PSCRs is thus likely to reflect constraints on the
structure and/or function of the enzyme. [dentification of blocks of amino acids or even
particular residues critical to the fimctionality of PSCR may be of value in future attempts
1o modify plant PSCR activaty at the molecular level. This may be achieved using techniques
such as site-directed mutagenesis. Such manipulation might involve increasing PSCR
activity. This may enhance proline accumulation in transgenic crops and thereby increase
their environmental tolerance and productivity. Alteratively, an alterafion of amino acid
residues known to be critical for PSCR activity may reduce or completely destroy activity
of the enzyme. Transfer of the corresponding mutated gene into a model plant system such



217

uﬁmmdupmm:ymhl:mmﬂfm::d:ﬁwinmuuufﬂnmﬁmmmc
tolerance of plants to environmental extremes.

Following alignment, 115 residues were found in identical positions in af Jeast six of the
mmmwm@:unmmmmmﬁmm
the primary structure of Arabidopsis PSCR. Three amino acid residucs arc invariant
throughout all of the sequenices. In Arabidopsis PSCR, these are Asn,y, Glyy, and Thry,
(Figure 4.13).

Inhibifion of plant PSCR activity by the carbonyl blocking agent hydroxylamine has been
reported in both animal (Pasach and Strecker, 1962) and plant (Splittstocsser and
Splinistoeser, 1973; Rena and Splittstoesser, 1975, Miler and Stewart, 1976) PSCRs. This
suggcsts the importance of an amino acid residue bearing a side chain containing a carbomyl
group in the catalytic mechanism of PSCR. It is possible that inhibition of PSCRs by the
carbonyl-blocking reagent hydroxylamine may reflect inactivation of the universally
conserved asparagine residue in the central portion of all PSCRs aligned (Asn,, in
Arabidopsis PSCR; Figure 4.13).

Consideration of the reaction catalysed by PSCR suggests that the enzyme mus! comprise
at least two domains : one for binding of the reductant NAIXF)H and one for binding the
substrate P5C. All nucleotide cofactor binding enzymes charactenised 1o date fold into st
least two distinet domains (Branden and Tooze, 1991). One binds the coonzyme, while the
other binds the substrate and provides the amino acids necessary for catalysis, The active
sile occurs in a clefl between the two domains (Branden and Tooze, 1991). In most of the
nucleotide-binding profeins presently characterised al the structural level, these domains are
flexible (Branden and Tooze, 1991). This enables the two domaina to move closer 1o each
other during catalysis o ensure thal reactants arc compleicly shiclded from the solvent
during hydride transfer (Branden and Tooze, 1991).

With the exception of PSCR from T. pallidum, all PSCRs characterised contain an

N-terminal NAD(P)H-binding domain (Figure 4.15). However, analysis of the sequences of
the N-crminal domains of twelve PSCRs suggests that distinet differences occur in the
cofsctor preforences of the PSCRs studied. The observation that plant PSCRs appear lo
display a definite preference for NADPH as » reductant (Figure 4.15) is in keeping with
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enzymatic siudies in soybean (Kohl # al, 1988, Szoke of al, 1992) and wbacco (LaRosa
et al, 1991). Data indicating the affinines of these plant PSCRs for NADPH and NADH are
presented in Table 2.4, Furthermere, the K of PSCR from tobacco for PSC is lower in the
presence of NADPH than in the presence of NADH (LaRosa ef al, 1992; Table 2.4). This
supports available evidence suggesting that plant PSCRs use NADPH in preference 1o
NADH. Perfect maiching to the NADPH-binding consensus in the N-terminal cofactor-
binding domain of human P5CR is consistent with the lower K of PSCR from erythrocytes
for NADPH than NADH (Memll &7 al, 1989), but not with the higher affinity of PSCR
from human fibroblasts for NADH (Yeh er al, 1981).

Considering that in metabolic terms, NADPH s much more expensive than NADH,
preferential use of NADPH by plant PSCRs is consistent with a role for proline biosynthesis
in plants in the regulation of the level of reduction of the cellular pool of NADP (Section
2.1.2.4). Human P5CR is the only other cnzyme studied which appears to display a definite
preference for NADPH as reductant (Figure 4.15), This molecular evidence for a definite
cofactor preforence in plant PSCRs may be of some significance in clucidating the role of
proline in plants under conditions of environmental stress.

Several workers (Argandona and Pahlich, 1991; LaRosa ot al, 1991; Szoke er al, 1992
Delauncy and Verma, 1993) have concluded that PSCR is unlikely to play a major role in
the control of flux through the biosynthetic pathway of proline in plants. LaRosa er al
(1991) compared the PSCR activities from salit-adapted and nonadapted lobacco cells. This
revealed that although proline levels in the salt-adapted cells were two orders of magnitude
in excess of proline levels in nonadapted cells, PSCR. activities in the two cell types were
not significantly different (LaRosa er al, 1991). Furthermore, Szoke er al (1992)
demonstrated that a fifty-fold enhancement of PSCR activity in transgenic tobacco plants
expressing soybean PSCR did mot result in any significant increase in proline formation.
Mlﬂmudtlﬂljuﬂﬂﬂ:ldllﬂl}mum.ud\riﬂinﬁmh
limited by the availability of the substrate PSC, and that the enzyme functions at only a
&ﬁmth‘hhﬁﬁﬂhmuPﬂilnmiﬂwmﬂh
controlling proline production, it seems feasible to postulate that an important role of the
enzyme during acclimation to environmental stress might be stabilisation of the
NADP/NADPH couple in the cells of plants exposed to stress (Soction 2.1.24).
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The presence of only a single mismatch with the NADPH-binding site consensus
(Hanukoglu and Gutfinger, 1989) in the cofactor binding site of PSCR from P. aeruginosa
(Figure 4.15) suggests that this enzyme may preferentially use NADPH over NADH.
However, this observation is not consistent with enzymatic studies on PSCR activity from
P. aeruginosa (Krishna et al., 1979). These workers reported that the K of PSCR from

P. aeruginosa for NADPH is four times greater than that for NADH (Table 2.4).

Two mismatches with the NADPH-binding site consensus (Hanukoglu and Gutfinger, 1989)
were found in the corresponding regions of the PSCRs from B. subtilis and E. coli
(Figure 4.15). In contrast, analysis of the cofactor-binding domain of the PSCRs from

8. cerevisiae, M. smithii, T. thermophilus and M. leprae revealed them to posscss closer
resemblance to the NADH-binding site consensus defined by Branden and Tooze (1991)
than to the NADPH-binding site consensus. The evidence that PSCR from S. cerevisiae
preferentially uses NADH instead of NADPH is in keeping with the higher affinity of the
yecast PSCR for NADH in comparison with NADPH and the higher maximum activity of
the enzyme with NADH than with NADPH (Matsuzawa and Ishiguro, 1980a; Table 2.4).

Examination of Figure 4.13 indicates that two glycine residues (Gly,, and Gly,, in
Arabidopsis PSCR) are found in identical positions in eleven of the twelve sequences
following alignment. These glycine residues are likely to play a crucial role in positioning
the central part of NAD(P)H in its correct conformation close to the enzyme. As outlined
in Section 2.5.1.3, thesc two glycine residues form a loop between the first f-strand and the
succeeding a-helix found in the Paf motif capable of binding the ADP-moicty of
dinucleotide cofactors (Wierenga er al, 1986). The first glycine residue is ¢ssential for the
tighiness of the tumn at the end of the first f-strand. The second glycine residue allows the
dinucleotide to be bound without obstruction from a bulky amino acid side chain at this
position (Scrutton ef al., 1990).

The conserved hydrophobic residucs in the N-terminal NAD(P)H-binding sites (Figure 4.15)
are likely to form a core between the a-helix and f-strands (Branden and Tooze, 1991). The
conserved aspartate residues in PSCRs from M. leprae (Asp,,), S. cerevisiae (Asp,) and

M. smithii (Aspy,) as well as Glu,, in PSCR from T. thermophilus (Figure 4.15) are probably
important in binding NADH through hydrogen bonds between the 2“hydroxyl group of its
adenosine ribose (Wierenga et al, 1986). This suggests that PSCRs from these organisms
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are unlikely to bind NADPH as this cofactor has a phosphate group attached to the
2-hydroxyl of the adenosine ribose. This would most likely cause repulsion between the
negative charges of the phosphate group in the 2* position and the acidic amino acid residue
{Wierenga ef al, 1986)

In contrast, it is expected that enzymes binding NADPH using this motif have an amino acid
bearing a small uncharged side chain instead of a negatively-charged acidic residue such as
aspartate or glutamate {Wierenga et al, 1986; Branden and Tooze, 1991). This provides
space for both the phosphate group and a positively charged side chain nearby for binding
this phosphate (Branden and Tooze, 1991). This is consistent with the presence of glycine
residues in positions of the putative NADPH anding sites of P5CRs from A. thaliana,

G. max, P. satrvum, H. sapiens, P. aeruginosa and E. coli that correspond with those of the
negatively charged acidic residues found in NADH-binding sites (Figure 4.15).

As outlined in Section 2.2.1.2, most PSCRs characterised to date can recognise either
NADH or NADPH as cofactors. The ability of oxidoreductases to recognise both NADH
and NADPH is nol unusual. For example, human glutathione reductase binds both cofactors,
although the & for NADH is approximately sixty times higher than that for NADPH
(Pai er al, 1988). This is because NADH lacks the 2-phosphate group of NADPH. It is
belicved that NADH binds to human glutathione reductase in a similar manner 1o NADPH,
except that an inorganic phosphate ion substitutes for the missing 2'-phosphate group on the
cocnzyme (Pai er al, 1988). It is likely that a similar situation may apply in the case of
P5CRs. Despite the kinetic (Table 2.4) and molecular (Figure 4.15) evidence that plant
PSCRs appear 1o preferentially bind NADPH, this does nol necessarily imply that NADPH
hmﬂbyd:mnmmmnib:rhin:nfwﬁ:huﬁhhmpmﬂﬂ:ﬂ:ﬁﬂmhund
may depend on the sizes of the two pools of pyridine nucleotide cofactors within the plant
cell

The apparent absence of an NAD(P)H binding site in PSCR from T. pallidum may be
related to the parasitic lifestyle of this organism. Treponema pallidum, the causative agent
ﬂmﬁmmmmmlﬁguyf-ﬁﬁmwmmm
requirements. To dale, it has been impossible to culture this orpanism in vitre on artificial
medium (Gherardini f al, Immmnﬁmwjﬂﬂm
may in somc way be related 1o the faidy unique nature of the N-terminus of its PSCR
polypeptide.
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Besides the N-terminal NAINP)H-binding domain, all PSCRs appear to share particularly
high homology af their C-terminal ends. In particular, a region located between the amino
acid residues Prog, and Gly,, in PSCR from Arabidopsis is highly conserved in eleven
other PSCRs from the same and different biclogical kingdoms (Figure 4.13). This region
includes two invarant amino acid residues. In drabidopsis PSCR, these are the residues
Gly,,, and Thr,, (Figure 4.13). Also found within this region, which is cighteen amino acids
in length, are three amino acid residues found in eleven of the twelve sequences alipned,
In Arabidopsis PSCR, these are the residues Prog,,, Leu,, and Proy, (Figure 4.13).

Another region of high homology is found in the central portion of all PSCR polypeptides
which have been characterised to date (Figure 4.13). This region, located between Arg,,, and
Gly,y,, is centred around an invariant asparagine residue (Asn,y, in Arabidopsis PSCR). It
18 tempting to speculate that highly conserved amino acids within these central and
C-terminal domains may be involved in binding of the substrate P5C or contribute to the
catalytic mechanism of the enzyme.

In attempiing o identify residues critical to PSCR activity, it may of value to consider the
results of chemical-induced mutation studies of the T. thermophilus gene encoding PSCR
(Hoshino et al, 1994). These workers demonstrated that substitution of Gly,,, in PSCR from
T. thermophilus with an aspartate destroys PSCR activity (Hoshino et al, 1994). This lethal
substitution occurs in the C-torminal domain defined above (Figure 4.13). This suggests that
this glycine residue (Gly,, in the Arabidopsis PSCR), which is also conserved in P5CRs
from soybean, pea, £ cerevisiae, T. pallidum, B. subtilis and M. smithii, may also be crifical
to functionality of PSCR in these specics. This supports the proposal that the C-terminal
domain defined above may be important in catalytic activity of Arabidopsis PSCR. Analysis
of another lethal substitution in the T. thermophilus gene encoding PSCR involving the
replacement of Gly, o (Figure 4.13) with glutamate suggests that Gy, in Arabidopsiz PSCR
may also be critical to the functioning of the enzyme. This glycine residuc is conserved in
the soybean, pea, human, yeast, E coli, B. subtilis, P. aeruginosa and M leprae PSCR
sequences (Figure 4.13). However, it is not within a region of highly conserved residues
{le.]!}ﬁﬁgmmdﬂumﬂwmmhﬁh:whmmm
hmﬁﬁmmmmnﬁﬁhhlm:pﬂdﬁmhﬂﬁmﬁm
(Figurc 4.13).
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Analysis of the posiions of introns within the drabidopsis genc encoding PSCR
(Verbruggen et al, 1993) reveals that these do not occur within parts of the gene encoding
highly conserved stretches of amino acids (Figure 4.13). The shuflling of domains between
profeins is currenily accepted as one mechanism whereby proteins have evolved

{Section 2.5.3). It has been proposed that introns within eukaryotic genes may have resulted
from genetic recombination bringing together domains from ongmally different penes
(Gilbert, 1978; Blake, 1979). It would be interesting to compare the position of exon
boundaries in P5CRs from plant and other eukaryotic somrces in order to mvestipate
whether, as observed for other homologous enzymes or members of large protein families
(Gilberi er al, 1986), there is a correspondence between exons and structural modules
within PSCRs. Unfortunately, the Arabidopsis gene encoding PSCR is the only gene from
a plant or animal for which a genomic sequence is available. It is therefore not possible to
compare ifs intron strocture with that found in other plants or animals,

In contrast 1o the conclusion that an N-terminal region of plant PSCRs is involved in
binding of NAD(P)H (Verbruggen et al, 1993; this study), Williamson and Slocum (1992)
speculated that a C-terminal domain of pea PSCR (spanning the region from Val,,, to Ala,,
in the Arabidopsis PSCR) may be involved in the binding of NAD(P)IL This was based on
their observation that the secondary structure of the sequence fitted the overall consensus
conformation characteristic of the faf-fold involved in binding of the ADP moiety of NAD-
type cofactors (Wierenga et al, 1986; Section 2.5.1.3). Williamson and Slocum (1992)
further suggested that the amino acid sequence GTTIAG (found in Arabidopsis and homan
PﬁCRinwuﬂninpuPSﬂl;FlgwcHS]nu}rhamHﬂD{P]HHndimgsimﬂﬁs
sequence has homology to the GTGIAP motif of the sile capable of binding the ribose-
moiety of NAD(P)H in several prokaryotic and eukaryotic enzymes (Bredi er al, 1991),

Nmmmummﬁdm:mﬁnmuufﬂumwmy
conserved residues in all of the PSCRs studied (Gly,,, and Thr,,, in Arabidopsis PSCR), it
15 unlikely that the argument of Williamson and Slocum is tenahle. Firstly, analysis of the
most likely secondary structures of the C-terminal regions in PSCRs from Arabidopsis
(Table 4.5), soybean (Table 4.6), pea {Table 4.7), human (Table 4.8) and K cpli {Table 4.9)
is not consistent with the flap folding motif for NAD(P)H-binding sites defined by several
workers (Wicrenga et al;1986; Hamikoglu and Gutfinger, 1989, Branden and Tooze, 1991
Section 2.5.1.3). Secondly, the comparatively low homaology of the relevant recions of the
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PSCRs with the I-G-GTGIAPF-F motif for binding the ribose moicty of NADFH
(Bredt ef al, 1991) is not likely to be significant. The greatest number of matches to this
consensus sequence was observed in the C-terminal region of PSCR from 5. cerevisiae

{27% identity).

Furthermore, the site with the core consensus sequence GTGIAP is only capable of binding
the ribose moiety of NADPH (Bredt or al, 1991). To date, all enzymes shown 1o possess
the site capable of binding the ribose moiety also possess a region capable of binding the
adenine moicty of NADPH. This stretch is found between 90 and 100 residues towards the
C-terminal portion of the ribose-binding region (Bredt er al, 1991). All PSCRs charactenised
to date, with the exception of human PSCR, end within 42 residucs on the C-terminal
portion of the start of the sequence GTTIAG. The C-lermunal extension of human PSCR
bears no homology to the consensus sequence of the binding sitc of the adenine moiety of
NADPH defined by Bredt er al (1991). Although it is possible that folding of the
polypeptide chain might bring such a domain capable of binding the adenine moiety within
close proximity to the nbose moicty-binding domain proposed by Williamson and Slocum
(1992), analysis of other regions of PSCRs failed to suggest any homology to the consensus
sequence for the adenine moicty-binding domain defined by Bredt er al (1991).

These flaws in the argument presented by Williamson and Slocum (1992) contrast with the
high consensus sequences for NADH- (Branden and Tooze, 1991) and NADPH- (Hanukoglu
and Guifinger, 1989) binding sites found at the N-terminal end of all of the PSCRs studied
with the exception of PSCR from T. pallidum (Figure 4.15). In their search for a putative
NADPH-binding site in human PSCR, Dougherty et al (1992) also used the key for
NADPH-binding sites defined by Bredt ef al (1991). Although these workers did not find
any significant homology with the ribose- and adenine-moiety binding sites within human
PSCR, they atributed this to the ability of human PSCR to use either NADH or NADPH
{Dougherty ot al, 1992).

As discussed above, a number of similaritics exist in the primary structures of PSCRs from
phylogenetically-distinct organisms. This introduces the possibility that analysis of the
sequences of PSCRs from organisms belonging to different biological kingdoms may be a
useful criterion for determining phylogenctic relationships over the entire spectrum of living
organisms. In order to achicve such a molecular-based classification. one necds 3 molecule
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af appropriately broad d&sinbution. Ribosomal RNA {rRNA) sequences have boen used
extensively in molecular sysiomatic studics (Pace of al, 1986). However, Stackebrandi
(1988) has presented evidence that 168 fRNA scquences tend o overestimate phylogenetic
relationships between bacteria It seems possible that PSCR, an enzyme found in all protists,
animals and plants capablc of proline synthesis (Adams and Frank, 1980), may be a good
choice as a molecule to estimate the evolutionary relatedness of phylogenctically-distinct
OTRATISTS.

The phenograms presented in Figure 4.11 are not in complete agreement with the widely-
accepted universal phylogenetic ree determined from analysis of rRNA sequences (Pace
et al, 1984). In this arangement, plants are more closely related to fungi (such as

& gerevisiae) than to vertcbrates (such as human). The Eubacteria form a grouping distinet
from eukaryotes (Pace et al, 1986). Therefore, use of PSCR does not appear to be a good
choice in assessing evolutionary relatedness between organisms, It is likely that constraints
on the structure andior function of this enzyme have proevented random alteration of the
sequence with time. However, considering that the product of only a small portion of the
genome of each of the organisms has been examined and that no choices were made other
than those dictated by the statistical analyses, the resulls are very promising.

Owing to the arbitrary nature of the rule by which the PSCRs have been clusfered, it is not
possible to decide which phenogram represents the best use of the information, However,
both clustening methods provided phenograms with several common features. In particular,
the three plant PSCRs form a distinct cluster in both of the phenograms shown in Figure
4.11. Both of the algorithms used suggest that on the basis of amino acid identitics, plant
P5CRs bear the greatest resemblance fo PSCRs from human, E coli and T. thermophilus.
Both methods assigned the PSCRs from AL lepror and P, aeruginosa to a discrete cluster,

The high degree of similarity of PSCRs from soybean and pea is consistent with the short
genetic distance between these two legumes. The distinct cluster formed by the three plant
PSCRs (Figure 4.11) is consistent with the high degree of similarity shown between these
enzymes (Figure 4.7). In this context it is interesting to note that several molecular-based
phylogenctic studics have suggested that the Fabaccae (of which soybean and pea are
members) and Brassicaceae (of which Arabidopsis is a member) are closely related. This
was onginally infored by Ramshaw et al (1972) using amino acid sequence dats of
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cytochrome ¢ from different flowering plants. In a series of studies (Martin ef al, 1983;
Martin and Dowd, 1984a, 1984b, 1984¢), Martin and co-workers used sequence data from
the small subunit of nbulose-1,5-bisphosphate carboxylase, cytochrome ¢ and plastocyanin
proteins of representative species from several families to construct consensus phylogenetic
trees for the Angiospermae. In all of these, the Fabaceae and Brassicaceae occur together.
Combination of the data from these three proteins with data from ferredoxin and 58 rRNA
sequences of eleven species of angiosperms also indicated close relatedness of the
Brassicaceac and Fabaceae (Martin of al, 1985). The high degree of similarity of PSCR
from Arabidopsts with the homologous proteins from soybean and pea (Figure 4.7, Table
4.4, Figure 4.11) is therefore consisient with other molecular sysicmatic studics of the
angiosperms. However, sequence data for PSCR from plant species belonging to familics
other than Fabaccac and Brassicaceae 1s currently not available. It is therefore not possible
to comment on how strongly conservation of plant PSCR sequences has been selected for
during the course of evolution.

Also noticeable in Figure 4.11 is the closer identity of the plant PSCRs to PSCRs from
Gram-ncgative bacteria than (o Gram-positive bacteria. In general, Gram-negative bacteria
achicve high intracellular concentrations of proline only by enhanced transport

(Csonka, 1989). Osmotic stress has no effect on the rates of proline synthesis or degradation
in these organisms (Section 2.2.1). In contrast, data is available to suggest that in certain
Gram-positive bacteria such as Brevibacterium lactofermentum (Kawahara er al, 1989;
Kawahara et al, 1990) and B. subtilis (Whatmore et al., 1990), proline is synthesised during
osmotic stress when proline is not present in the emvironment. This capacity for osmotically-
induced proline synthesis is not reflected in the similasity of PSCR primary sequences from
Gram-positive bacicria 1o plant PSCRs (Figure 4.11). This suggests that the greater
relatedness of plant PSCRs to PSCRs from Gram-negative bacteria is unlikely 1o be related
to stress-induced proline biosynthesis by PSCR. This suggesis that in plants, the increase in
PSCR. expression accompanying hyperosmotic stress (Treichel, 1986; Argandona and
Pahlich, 1989, Laliberte and Hellebust, 1989b; Section 2.1.2.2) is most probably mediated
at the genetic level.

All of the Pﬂmm:nﬁadpmmhwﬁﬂuhymhmmmﬂmdu
archachacterium Methanobrevibacter smithai (Table 4.4, Figure 4.11). This is consistent with
the separate evolutionary heritage of the archacbacteria and their classification as a coherent
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group distinet from both eubactena and eukaryotes (Woese and Fox, 1977). The apparent
antiquity of these organisms is supported by the fact that the methanogenic phenotype is
well suifed to the environment presumed 1o exist on carth three to four billion years ago.
The low, but pevertheless significant similanty of eukarvotic and eubactenal P3CRs to
PSCR from an archasbacterium (Figure 4.13) supports the proposal already presented above
that P5CRs have diverged from 4 common ancestral protein.

The poor homology of the Baciflus subtilis sequence with the other PSCR sequences studied
(Table 4.4, Figure 4.11) may be related to the possibility that this protein may not be a
functional PSCR (Ahn and Wake, 1991). Despite significant similarity to other PSCR
sequences (Figure 4.13) and no significant similanily (o any other sequences currently in
international sequence databases, a deletion in the B. subtilis 168 strain SU153 spanning this
ORF does not cause proline auxotrophy (Ahn and Wake, 1991). Furthermore, addition of
proline does not stimulate growth of this muotant on a minimal medium. This finding has yet
to be accounted for. Southemn hybridisation expenments have failed to indicate the presence
of any other proC-like sequences in the 5. subrilis genome (Ahn and Wake, 1991). It is
possible that this bacterium may possess some means of overcoming proline auxotrophy in
the absence of PSCR activity,

[t is important to note that the approach used to trace the divergence of PSCRs assumes thar
the rates of divergence are roughly equal in all branches of the phenogram. [n other words,
this presumes that PSCR has undergone a faidy constant rate of substinution through tme
in different orpanisms. Since the rate of change depends on the mutation rate, this assumes
that many of the amino acid substitutions are largely neutral. Furthermore, use of PSCR
sequences in phylogenetic classification is based on the assumption that the enzymos used
in the analysis are encoded by genes thal possess a common origin and are related by
descent. The highly conserved modular structure of PSCRs indicated in Figure 4.12 and
Figurc 4.13 suggests that this assumption is valid

The data presented in Figure 4.11 cannot strictly be considered as phylogenies of the
organisms studied, bul rather merely as phylogenetic hypotheses of the PSCRs found in
these organisms. Phylogemes deduced from a single molecule cannot be divorced from
phylogenics of the organisms generated from other data (Crawford, 1990). It is not possible
o conclusively infer phylogenctic relationships based exclusively on analysis of a single
molecule. Therefore, this data needs to be combined with sequences from other proteins if
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more stable phylogenies are to be established.

The phenograms presenied in Figure 4,11 were constructed on the basis of percentage
identity and not percentage similarity, Therefore, conservative substitutions in the P5SCRs
studied have not been laken into account. Furthermore, the global alignmen! strategy used
to generate the values presented in Table 4.4 is likely to underestimate the similarity of
proteins, especially if they are distantly related (Schuler ef al, 1991). It is likely that a more
acouraie reflection of the divergence could be gencraied if the folded conformations of the
PSCRs had been considered in the construction of the phenograms. Homologous proteins,
even from distantly related organisms, often share a common folding pattern and similar
topology (Lesk and Chothia, 1986 cited by Pardo and Scrrano, 1989). This sugpests that the
comparauvely low overall sequence identity of PSCRs from distantly related organisms
(Figure 4.13, Table 4.4) may be undercstimate their relatedness.

Despite the poor success record of protein structure predicive methods (Section 2.5.2),
analysis of the most likely features of the secondary structures (Figure 4.16; Tables 4.5 1o
4.9) and of the hydrophobicity profiles (Figure 4.17) of five representative PSCRs suggests
scveral similarities in the structures of these five enzymes. The PSCRs for which structural
predictions were made were those from Arabidopsis (Verbruggen er al, 1993), soybean
(Delauney and Verma, 19%0), pea (Williamson and Slocum, 1990), human (Dougherty

ef al, 1992) and E coli (Deutch et al, 1982). The similarity in secondary strucrure is
particularty evident in a graphical representation of the probabilitics of individual residues
to occur in regions of a-helix or P-sheet (Figure 4.16),

However, owing o the unceriainties of present methods of structure prediction

(Fasman, lﬂﬂ.sﬂmﬁlllh“dhmmhw
unquestioningly. Although many of the predictions made using the methods of Chou and
Fasman (1978) and Gamier e al (1978) arc identical, discrepancics between the two
pcdictive strategics do occur. For example, the two predictive strategics differed in their
pﬁﬁdﬁmn@ﬁquﬁhﬁ}“hﬁﬂﬂhdmﬁﬂmm
between residues  10-16, 151-165 and 184-188 (Table 4.5) Nonctheless, the pattem
um;hgﬁmﬁghutlﬁhﬂﬂ.hﬁuﬂﬂmhlwdmhhpmﬂnﬂw
mmmnmmdmmmmnﬂﬁwdm
P5CHs for which secondary structure was predicted



The most conserved regtons of PSCRs are predicted to be surface loops or tums

(Figure 4.13; Tables 4.5 to 49) For example, the stretches of high homology amongst
PSCRs centred around Pro,., GlY,g, Gl and Prog, in Arabidapsis PSCR (Figure 4.13)
are predicied 1o occur in tums or coil structures in PSCRs from Arabidopsis (Table 4.5),
soybean (Table 4.6), pea (Table 4.7) and buman (Table 4.8).

Analysis of the numerical data obtained using the predictive methods of Chou and Fasman
(1978a, 1978b) and Gamier af al (1978) suggests that both proline residucs found in the
C-terminal putative PSC-binding domain (Prog, and Pro,y, in 4rabidepsis PSCR) canse tuma
in the folding of the polypeptide chain (Table 4.5). These two proline residues are also
conserved in all of the other PSCRs for which secondary structural predictions were made.
As in the Arabidopsis PSCR, they oceur in tums or surface coil structures in PSCRs from
saybean (Table 4.6), pea (Table 4.7), human (Table 4.8) and E coli (Tablc 4.9). Given the
structural constraints imposed by proline residues in protein structure, it is likely that the
high degree of conservation of these residues may be related to spatial requirements within
the local emvironment of the folded chain.

Examination of the structural features {Table 4.5) of regions in Arabidopsis PSCR where
introns occur (Figure 4.13) reveals that splice sites for the third, fourth and fifth introns
(located adjacent lo codons encoding Gin,,,, Ser,,, and Ser,, respectively) correspond with
regions predicted to occur as tum or coil structures (Table 4.5). As outlined in Section
2.5.1.1, coil structures usually occur on the surfaces of globular proteins. Hydrophobicity
data presented in Figure 4.17 are consistent with the suggestion that Gin,,, and Ser,,, found
in Arabidopsis PSCR arc surface residucs. Craik er al (1983) have demonstraied that in

soluble proleins, intron-exon splice junctions frequently map o surface loops which scparate
clements of secondary structure.

As already discussed, altornative splicing of intron-exon junctions is one mechanism
whereby slightly different proteins may arise from transcription of a single gene

(Section 2.4.22). Such a mechanism has been proposed to account for the existence of
kinetically distinguishable isoforms of PSCR in different animal tissues despite the existence
of only a single geme encoding PSCR in human (Dougherty ef al, 1992). The occurrence
of infron-exon junctions al protein surfaces suggests that alternative splicing of introns can
be effecied without disrupting the stability of the protein core (Craik ef al, 1983), Althongh
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as already discussed, no evidence has been obtained for altsmative splicing of pre-miNAs
encoding PSCR in Arabidopsis (Verbroggen ef al, 1993; this study), if is probable that if
such a regulatory mechamsm does exist in plants, then the third, fourth and fifth introns are
the most likely candidates for aliernative splicing Allemative splicing of the first, second
and sixth introns (located adjaceni o codons encoding Ging,, Valy, and Thr,,, is lcss likely
as these occur within regions of organised secondary structure (Table 4.5). Alteration of the
splicing of thesc introns would therefore most probably disrupt the stability of the
hydrophobic core of the enzyme and destroy its capacity for catalvsis,

Analysis of the primary structure of a polypeptide provides no indication of the final three-
dimensional conformation assumed by the polypeptide in vivo. Despite the fact thal the
N-terminal NAD{P)H-hinding domain and C-terminal domain likely to be capable of binding
PSC are located at the opposite extremes of the polypeptide chain, it is likely that these may
be broughi together by folding of the polypeptide chain into its tertiary structure, The active
uite of the enzyme might be expected o occar at the interface between the two domains,
Folding of the polypeptide chain may also bring the region of homology surmounding the
universally conserved asparagine residue in the centre of the polypeptide chain (Asn,,, in
Arabidopsis PSCR) into close proximity with the other domains. Purthermore, the possibility
of movement of the domains relative 1o onc another as part of the catalytic mechanism
cannot be disregarded. However, these proposals arc at best highly speculative, The three-
dimensional structure of PSCR may only be conclusively cstablished using techniques such
as X-ray crystallography or nuclear magnetic resonance.

Using four differcnt predictive strategies for secondary structure including that of Gamier
ef al (197K), Verbruggen ef al (1993) also concluded that the secondary structures of
P3CRs from Arabidopsis, saybean, human, & cerevisiae, E.coli, P.aeruginosa and M., smithii
dmlymmﬁﬁdmhm.mmﬁmufmnmﬂhﬁnmnmmdﬂm?ﬂ
:mqﬁ:nm:mmmﬂ-lhuuhlwmmdudhyu-hﬁmmmd&lmm
stable structure (Verbruggen et al, 1993).

Using the predictive method of Gamier et al (1978) the overall secondary structural content
in Arabidopsis Fﬁmhﬂjﬂnﬂﬂﬂlﬂ%mmmwh
ﬂummhulmglhm:ufdmm:ummnfﬁdmufmmmm
1976, Section 15.1.4].Mmdmﬂmmmm&hmu4wﬁcﬂm
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gmur.‘runlﬂ%mdmmrlhmlﬂ%nt'madmhinﬂ—nhmmtfnrmﬁmnﬂ-huhhmﬂ
al, 1986 cited by Fasman, 1989). However, since sccondary structural predictions
(Tables 4.5 tn 49) suggest that PSCRs are comprised of approximately allomating a-helices
and frstrands, PSCR appears o belong to the o/ff class of proteins.

Analysis of amino scid wsage in Archudopsis PSCR (Table 4.2) is consislen! with its
classification as an @/P protein. Not only do the sizes of PSCRs suggest that they belong
to the a/P class of protcins (Chou, 1989; Section 2.5.2.2), but the high hydrophobic content
ol Arabidopsis PSCR and low content of cysicine are also consisient with this classification
{Chou, 1989, Section 2.5.2.2). Furthermore, the comparatively low contents of asparagine
and tyrosine residues contrast with the high sbundance of valine in Arebidopsis PSCR
(Table 4.2). These features are characteristic of o/} proleins (Chou, 1989)

In o/fl domains, substrate binding crevices are formed by loop regions (Branden and Tooze,
1991} As already discussed, all of the regions displaying high homology amongst the
twelve PSCRs aligned in Figure 4.13 are predicted to occur at the surfaces of the enzymes
for which secondary determinations have been made (Tables 4.5 1o 4.9). Loop regions in
o/f proteins generally do not contribute to structural stability but participate in binding and
catalytic action (Branden and Tooze, 1991).

On the basis of this classification of Arabidopsis PSCR a8 an o/} profzin, it may be possible
10 use conformational parameters derived from known proteins of this class © predict the
three~dimensional conformation assumed by Arabidopsis PSCR. Future mvestigations might
imvolve comparison of PSCR with o/f proteins of known three-dimensional structure. For
example, all of the glycolytic enzymes are o/} structures as are many proteins involved in
the binding and transporting of metabolites (Branden and Tooze, 1991).

There are two main classes of o/f proteins (Branden and Tooze, 1991). In the first class,
a core of eight masted parallel fstrands are armnged close together 1o form a barrel. o-
helices and loops that connect the parallel f-strands are all on the outside of this barrel
(Branden and Tooze, 1991). In 1989, sixteen enzymes of diverse origin but belonging to the
a/f class of proicina were known 10 possess such an cight-stranded f-barrel structure
{Chothia, 1988, Nagano, 19389}
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It is possible that PSCR may have a structure resembling this common folding motif. In this
regard, it is particalarly encouraging (o note that both of the methods used in the prediction
of secondary structure of Arabidopsisr PSCR. (Table 4.5) predict cight regions of [-strand
likely to participate in shoet formation. Analysis of the secondary stroctural predictions of
the four other PSCRs investigated (Tables 4.6 to 4.9) are also consisient with the presence
of at Jeast cight regions of fi-strand within the polypeptide chains.

All PSCRs for which sequences are currently available satisfy another requirement for a
barrel structure. This is that the protein should comprise at least 200 residues (Branden and
Tooze, 1991). The high content of hydrophobic residoes in Arabidopsis PSCR (Table 4.2)
15 also consistent with observation that hydrophobic side chains dominate the core of a/f)
barre] structures (Branden and Tooze, 1991). In particular, valine, isoleucine and leucine
comprse approximaicly 40% of the residues in the f-strands that make up the hydrophobic
corc of a/[i barrels (Branden and Tooze, 1991). While the proposal is merely speculation,
the abundance of barrel structures in proteins belonging 1o the o/B class suggests that this
structure has ansen independently several times throoghout cvolution It provides a
conformation in which stability of proicin structure can be combined with the functional
requurements of many enzymes belonging o the o/fi class of proteins (Branden and Tooze,
1991)

Another conformation common to many protcins of the o/f class is that resembling the
structure of lactate delrydrogenase. In this structure, a central.open, prodominanty parallel
twisted P-sheet is surounded by an ammay of a-helices or loops (Darby and Creighton,
1933). This (P-o-f-a-f3); unit, or Rossman fold has been found in many enzymes capable
of binding dinucleotide cofactors (Darby and Creighton, 1993). Almost all binding sites in
this class of a/f proteins are located in loops that connect the carboxy ends of the f-strands
with the amino end of the a-helices (Branden and Tooze, 1991). However, in contrast 1o the
mmmwﬂmmmmmmmwm
corsiderable vaniation occurs in the structures of open o/ff structures (Branden and Tooze,
1991). nﬁﬂhﬁuhmﬂﬂumumﬁmmmwﬂ
structare. However, the occurrence of this structare amongst many other enzymes that also
bind dinucleotide cofactors suggests that this mav be possibile.
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Anatysis of the hydrophobicity profile of Arabidopsis PSCR (Figure 4.17) indicates that
despite the comparatively high percentage composition of hydrophobic amino acids

(Table 4.2), these are not sufficiently clustered in any particular region of the polypeptide
lo constituic & region likely to be capable of spanning or being anchored within 2 membranc
(Engelman of al, 1982; Kyte and Doolitde, 1982, Argos ef al, 1982 Section 1.5.2.3). The
P5CEs of the organisms for which hydrophobicity data is presented in Figure 4.17 all
appear to be soluble proteins. This conclusion is consistent with enzymatic studies conducied
in plants (Krueger ef al, 1986; LaRosa et al, 1991; Chilson er al, 1992), animals (Merrill
ef al, 1989) and bacteria (Costilow and Cooper, 1978; Meile and Leisinger, 1982) which
have failed 1o indicaie that PSCR may be associated with a particulste cellular fraction.
Localised regions of hydrophobicity within P3CHs most probably represent stretches of the
polypeptide chain concealed within the hydrophobic core of the enzyme.

The hydrophobicity profiles presented in Figure 4.17 indicaw that PSCRs from Arabidopsis,
saybean, pea, human and K coli appear to possess a predominanily hydrophobic N-terminus
and a hydrophilic C-terminus, The presence of a localised region of hydrophobicity within
the N-jerminal regions corresponding fo the putstive NAI(P)H-binding pockets of PSCRs
(Figure 4.15; Figure 4.17) is consistent with the noed for this region to partially enclose the
hydrophobic nicoinamide fing of pyridine dinucleotide cafactors (Darby and Creighton,
1993). Comparison of hydrophobicity within the polypeptide chains of the five PSCRs
studied (Figure 4.17) suggests conservation in the tendency of cortain stretches of the
polypeptide chain to be concealed within the hydrophobic care.

Analysis of the hydrophobicity profile of pea PSCR (Williamson and Slocum, 1992) is not
consistent with the suggestion of Rayapati er al (1989) that a chloroplastic isoform of PSCR
hF.mnmyhmmmm.m.ﬁpmiﬁﬁ@m
hmymmwﬂmdﬂmﬂwns provide an
Wmnfmmmhmﬁmm
et al., 1989), Eisenberg et al (1982) have demonstrated that if the hydrophobic periodicity
of an a-helical region is extreme, the helix may bind 1o membrane surfaces despite the
:hmuhnng:nf:ﬁduwﬁmhﬁqhﬁdwhlp-lﬁﬂﬁhyﬂ.hﬂ
nﬂiﬂﬁchﬂh[ﬁmﬁmﬂJ.lLWWMMHﬁhdﬂmhﬁ:m
hydrophobic residues on the other.
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In this comtext, it is intcresting to note that although cytosolic, human PSCR migrates with
plasma membranes on sucrose density gradients (Yech and Phang, 1981). Mixson and Phang
(1988) have speculated that a membrane-associating domain on this enzyme may allow
physical association of PSCR with a putative membrane-bound P5SC camier in humans. The
only streich of amino acids found in human PSCR likely to possess such an ahility to
associaie with a membrane is found between the amino acid residues His,, and Ser,,,
(Figure 4.17). This region of hydrophobicity is also conserved in the plant and £ coli
PSCRs (Figure 4.17).

In the light of this observation, it is important 0 note thai the application of predicuve
prediction of membranc-embedded proteins (Fasman, 1990). By 1990, only two membrane
protein structures had been determined at high resolution by X-ray diffraction methodologies
(Fasman, 1990). Both are photosynthetic reaction centres. Therefore, Fasman (1990) wams
that one cannot yet cvaluate the accuracy of the majority of predictions of membrane
proteins. The same caution in the use of current predictive strategies to identify whether or
not 2 protein spans a membrane is suggested by Popot and Engelman (1990), Therefore, it
is not possible to conclusively dismiss the proposal of Rayapati er ol (1989) that plant
PSCR may be a membrane-associated protein.

Analysis of the N-ierminal sequence of Arabidopsis PSCR (Verbruggen er al, 1993) reveals
no structural similarity to the consensus chloroplast or mitochondrial target sequences such
as an abundance of hydrophobic residues and a net positive charge (Karfin-Neumann and
Tobin, 1986; White and Scandalics, 1988; Von Heijne of al, 1989). More recently, Von
Hetjoe and Nishikawa (1991) suggested that the most important determinant for chloroplast
mﬁqhuﬂmmhnpuﬂﬂtmbunﬁuhwmﬂmmmuf
the N-terminal region of # polypeptide. In the case of chloroplast targeting peptides, there
is an ﬁmdmﬁﬂmﬂthﬂuﬂmﬁﬂmﬁmﬂﬁ,ﬁmﬂ
Nishikawa, 1991). Therefore in general, N-terminal targeting peptides assume a random coil
conformation. This contrasts with the ordered secondary structure of the N-terminal domains
nfﬂ-u?i{:mﬁhuhﬁuﬂniu:ﬂﬂuuhtnlhuﬂnntmﬂndmn
the immediate N-tcrmini of PSCRs from Arabidopsis (Table 4.5) and soybean (Table 4.6)
are of insufficient length to constitute a targeting peptide (Von Heijne e al, 1989; Von
Hetjne and Nishikawa, 1991),



234

Furthermore, expression of the soybean cDNA isolated by Delauncy and YVerma (1990) in
transgenic tobacco resulted in the accumulation of the enzyme exclusively in the cylosol
(Szoke er al, 1992). The high degree of similanty of Arabidopsis PSCR to soybean PSCR
al the N-terminal regions of both enzymes (Figure 4.7) suggests that Arabidopsis PSCR also
lacks a transit peptide capable of targeting the enzyme (o the plasud.

Reparts of chioroplastic PSCR in tobacco (Noguchi ef al., 1966) and pea (Rayapati ef al.,
1989) cannot be explained using the molecular data on plant PSCRs which is currently
available. To date all nuclear-encoded chloroplast proteins analysed in detail are synthesised
as precursors with Neterminal transit peptides 35-80 amino acids in length that are cleaved
off during or immedistely after import inio the plastid (White and Scandalios, 1988). An
alternative possibility to explain the chloroplastic location of PSCR reported in tobacco
{(Noguchi ef al, 1966) and pea (Rayapati ef al, 1989) is that PSCR may be encoded by the
chloroplastic genome. Although Delauney and Verma (1990) reported preliminary data from
Southem analysis implicating the existence of 2 PSCR gene in soybean chloroplastic DNA,
these results were not presented.

It is unlikely that the Arabidopsis PSCR gene corresponding to the cDNA Y APOS7 is
chloroplastic since it contains six introns. Owing to the prokaryotic origin of chloroplasts,
chloroplastic genes seldom possess introns (Sugiura, 1992). Furthermore, most of the introns
of genes within the plastome possess boundary sequences that differ from those found in
nuclear genes of 'cukaryotes (Sugiura, 1992). Many introns within genes of the plasiome arc
likely 1o be self-splicing (Sugiura, 1992). The GT and AG dinucieotides af the 5' and ' ends
of introns of the PSCR gene from Arabidopsis (Verbruggen et al, 1993; Figure 4.5) suggest
that the gene from which the YAPOS7 cDNA is derived s located in the nucleus, These
boundary sequences arc charactenistic of all known introns within eukaryotic nuclear genes
(Csank of al, l?ﬂﬂ}.hlﬂiﬂ,ﬂumdﬂmﬁcmmﬁuuﬂy
approximately 120 kb of unique sequence (Sugiura, 1992). Assuming a size of 1.2 kb for
mwmﬂﬁ:mhihﬂ:ﬂyhmmmﬁmm}w.ﬁhﬁg
mmm:ﬂtﬂliﬁ“lﬁlmuummmmmﬁngmldm
(Sugiura, 1992). Many of these, such as the large subunit of ribulose-1,5-bisphosphate
carboxylase/oxygenase, are involved in photosynthesis. Furthermore, in an extensive review
ufmmumdﬁmmmmmmuwuwmm
mﬂbﬁdwﬁﬂmmmmeWME
encoded by the plasiome.
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The conclusion that PSCR activity in Arabidopas is restricied exclusively o the oytoplasm
is supporied by the results of Southern genomic analysis conducted during this study.
Genomic copy number determination (Figure 4 1%) suggests that the pene encoding PSCR
is present in a single copy in the drabidopss genome. A much more complex pattern of
genomic fragments would be expected if the gene was present in multiple copies. It is
possible that the faint hybridisation to 2 7.1 kb fragment in the lane containing FeoRI-
digested genomic DNA represents the presence of a PSCR pseudogene in Arabidopsis, This
may have arisen by duplication of a PSCR gene and subsequent divergence from the
functional PSCR gene, With the exception of Xbal, none of the enzymes used in the copy
number determination (Figure 4.1%) cot within the genomic clone encoding PSCR
(Verbruggen er al, 1993). The presence of two bands of equal imtensity following
clectrophoresis of the Xbal digest is consistent with the existence of an tbal site within the
gene encoding PSCR in Arabidopsis (Verbrugpen of al, 1993), This site ocenrs within the
third intron 3t mucleotide position 1690 in the genomic clone gPSCR23 (Verbruggen of al,
1993; Figure 4.5).

Comparison of the Southern blot shown in Figure 4.18 with the results of genomic DNA
analysis performed by Verbruggen e al (1993) reveals that these workers obtained an
idﬂnﬂhﬂ:@m-ﬁwmﬁnmﬁ&mh&aﬁd@mmw
Landsberg erecta. However, although these workers also observed hybridisation to wo
fragments generated by digestion of genomic DNA with Xpal, these fragments
(approximately 1.6 kb and 0.95 kb) were much smaller than the sizes obtained in this study
(approximately 42 kb and 29 kb). This difference most probably snses from
polymorphisms in Yhal sites upstream and downstream of the genes encoding PSCRs in the
mﬂMArmmmmv-&m#dumjunMmew
Landsherg erecta, all work in this study employed the ecotype Columbia. In this context it
umamﬂﬁhﬂﬂ:ﬂﬂnﬁaﬁummmnm
phmhmhdwmmmmmﬂm
{ Anderson, l?ﬂ}.Thnﬂﬂwwnnhhhrhiﬁﬁmmnfﬂd—ﬁmdm
DNA are unlikely to have arisen from incomplete digestion in this study as the bands are
dhﬁmadmmhmﬂdwdﬂumm?nhm:uﬁnimm.
digested genomic DNA (Figure 4.18).
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The ¥ APOST probe hybridised to single fragments of sizes approximately 4.2 and 4.3 kb
generated by dipestion of Arabidapsic genomic DNA with Xhol and Epnl respectively.
Hybridisation panterns of the gene encoding PSCR to Xpal- and Xhol-digested genomic
DMNA were not investipated by Verbrugpen ef al (1993).

Establishing whether or not isozymes of PSCR exist in planis is of considerable importance
and remains a confentious issue. [dentification of multiple copies of genes encoding PSCR
in a single gemome migh! have important implications for the regulation of proline
biosynthesis under normal conditions and during stress, In much the same way that it has
been proposed that different forms of PSCR serve different metabolic roles in different
animal tissues (Phang, 1985), so it seems possible that different PSCRs may exist in plants.
One isozyme (possibly inhibited by proline) might be involved in basic housckeeping
fimetions of the cell such as providing proline nesded for protein and ccll wall hissynthesis.
Another isozyme, for which profine inhibiion is considerably reduced or absent, could
function in proline biosynthesis under conditions of stress. Therefore, the indication that
reduction of PSC o proline is catalysed by a single enzyme in Arabidopsis is an important
coniribution towards molecular characterisation of this siep in proline biosynthesis.

This finding in Lrabidopsis contrasts with results of genomic copy number determinations
for genes encoding PSCR in soybean (Delauncy and Verma, 1990) and pea (Williamson and
Slocum, 1992). Results of these workers suggest that in legumes, there may be two to three
copics of the gene encoding PSCR. Nevertheless, extemsive restriction analysis and
sequencing of a number of cDNA clones from both species failed to indicate that different
PS5CR genes may be cxpressed in soybean (Delauney and Verma, 1990) and pea
(Williamson and Slocum, 1992). The apparent presence of multiple copies of genes
cncoding PSCRs in these two legumes may arise from gene duplication evenis that have
given rise o pseudogenes or multiple copies of functional genes inserted of different
chromosomal locations. Allermatively it may be attributed to the presence of unrelated
scquences possessing chance identity (o the PSCR gene over short stretches of nucleotides.
The larger size of the nuclear genomes of both soybean and pea (Table 2.5) suggests that
the possibility of such cross-hybridisation occurring in analysis of legume genomic INA
is grealer than that expected during analysis of the Arabidopsis genome.
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Nevertheless, this inferpretation 15 speculative. Northern analysis of total mRNA from
mature pea leaves indicated the presence of two mRNA transcripts encoding PSCR
(Williamson and Slocum, 1992). The sizes of these transcripts led these workers to suggest
that this was mos! likely due to the recognition of different polyadenylation signals in pre-
mRNA transcripts arising from a single gene encoding PSCR. However, it is possible that
these transcripls may arise from transcription of two different genes encoding PSCR. in pea.
The existence of only a single copy of the gene encoding PSCR in Arabidopsis does not
climinate the possibility of there being P5CR isozymes in other plant specics. It has becn
demonstrated that in Arabidopsis, many genes which belong to large multipene families in
other plant groups, are present as single copies or in very small gene families (Meyerowitz,
1987). Nevertheless, many amino acid biosynthetic enzymes have isoforms cven in
Arabidopsis (Coruzd, 1991).

The conclusion that a single gene encodes PSCR in Arabidopsis adds sipnificance 1o the
results nbtained from in sine hybridisation sudies (Figures 4.19 1o 4.22). The existence of
only a single copy of the gene encoding PSCR in Arabidopsis eliminates the possibility of
there being isoforms of PSCR in this species. This therefore climinates the possibility that
different genes encoding PSCR may oxhibit different tissue-specific patiems of transcript
accumulation o those observed in Figures 4.19 and 4.20. It can thus be concluded thai the
results of these in sine hybridisations represent hybridisation to transcript encoding the only
functional PSCR gene in Arabidopsis

As outlined in Section 2.4.1, current understanding of plant gene regulation implicates the
imvolvement of both cis-acting DNA clements and rrans-acting factors. As more data
accumulates from amimal syvstems, which are presently betier characterised than the
equivalent plant systema, the cmorging picture suggests that common scts of cell- or tissue-
lﬁﬁﬁcmwm-ﬁﬁqmmmﬂhhfmﬂuwwﬁﬁﬂmimhﬂﬂ
Mﬁ:ghﬂﬁmdyﬂmhwndﬂ:dmmﬁmhﬂmwhmbrﬂuuupmlﬁ:
expression of Arabidopsis PSCR. may be regulated al the molecular level, the rosults of

in situ Northem hybridisation studics (Figures 4.19 and 4.20) suggest a complex mechanism
nfr:gd:ﬁnnufFiERu:mdemﬂnmwﬂ]lmlwdlmmunhhighufinﬂn
ﬂmﬁﬁquumdmd;afdnﬁuapmmminﬂuhvu.ﬂmumdmtﬁgmtll.
This suggests differential expression of genes invalved in proline metabalism in these
structures. Verbruggen et al (1993) have demomstrated that the pene encoding PSCR in
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Arabidopsis is differentially expressed in organs of mature plants. Levels of mRNA
transcript encoding PSCR are higher in roots than in flowers, Stems and leaves possess
approximately equal levels of PSCR transcript, which is less abundant in these organs than
in flowers. Ripening seeds possess greator levels of PSCR transcript than any of these

organs (Verbruggen ef al, 1993).

All previous work on transeriptional regulation of genes encoding proline biosynthetic
enzymes from plants has involved studying the effect of salinity stress (Delauney and
Verma, 1990; Hu «tf ol, 1992; Williamson and Slocum, 1992; Verbruggen et al, 1993).
Although this provides an absolute and highly reproducible method of inducing stress,
salimsation introduces a number of complications into the induction of hyperosmotic stress.
The effects of salinity on plant processes are at least three-fold. Salinity not only induces
waler stress as a result of the osmotic effect of high MaCl concentrations, but ionic effects
of MaCl include mincral toxicity and interruptions to the mineral nutrition of the plant
{Chapin, 1991b). The multipartite nature of salinily stress confers difficulty in establishing
the level al which the stress 15 operating. This is particularly cntical in the case of proline
accumulation as it appears 10 be a general response 1o stress (Section 2.1.3). The effects
elicited by salinisation may therefore be the resull of cither osmofic stress or the signalling
of a mineral deficiency.

For studies involving the s sine hybndisation of YAPOST probe to mRNA transcript
encoding PSCR, plants were water-stressed by drying of the rooting medium in preference
to other methods, since this reflecis more accurately the natural imposition of water
deprivation stress. The results presented in Figure 4.19 and Figure 4.20 represent the first
report of an accumulation of PSCR mENA transcript in plants induced by water deprivation
by drying rather than hy =salinisation

The water siatus of siem sections from stressed and non-stressed Arabidopsis plants was
assessed by determination of their relative water contents (RWCs) in preference to
determination of water potentials. As with many plant metabolic processes (Sinclair and
Ludlow, 1985), proline accumulation is poody related to plant water potential (Handa et al,
1986; Naidu ef al, 1992). These and other workers (Argandona and Pahlich, 1991) have
found that the RWC of tissue is a far better parameter for examining proline metabolism in
relation to the water status of plants.



239

The accumulation of the transcript encoding PSCR in responsc o water deprivation is
consistent with the observed increases in PS5CR transcripts induced in salt-stressed soybean
(Delauney and Verma, 1990), pea (Williamson and Slocum, 1992) and Arabidopsis
(Verbruggen ef al, 1993). All of these workers concluded that transcription of the gene
encoding PSCR in plants is osmoregulated. However, as pointed out by Csonka and Hanson
(1991), the observation that osmotic shifis change the rate of transcniption of a particular
gene is not sufficient evidence o conclude that the gene itsclf is subject lo osmotic control.
Transcription of PSCR may depend on some other aspect of cell physiology affected
indirectly by the osmolarity. Furthermore, induction of expression of the gene encoding
PSCR in response 0 hyperosmotic stress is not in itself sufficient evidence 1o conclude that
the gene product confers tolerance 1o the stress imposed.

The results shown in Figure 4,19 indicate that under non-stressed conditions, mRNA
transcript encoding PSCR is present in the cortex, vascular cambium and pith parenchyma
abutting the protoxylem. Transcript encoding PSCR is present at a low level in the phloem
(Figure 4.19). An overall increase in the intensity of the signal penerated in all of these
tissues is cvident in stem sections from water-stressed plants (Figure 4.20). Although the
presence of transcript encoding PSCR is not evident in the epidermus of non-stressed stems
(Figure 4.19A), a small increase in levels of transcript encoding PSCR is evident in the
epidermis of plants subjected to cight days of water deprivation (Figure 4.20A). The slightly
more dramatic increases in overall signal generated during the first cxperiment

(Figures 4.19A and 4.20A) in comparison with those observed during the replication of the
experiment (Figurcs 4.198 and 4.208) may be related to the fact that the differences in the
RWCs between stem sections from stressed and non-stressed plants were greater in the first
experiment than in the subsequent replication of the i situ hybridisation {Section 4.12).

The rcsults presented in Figure l.l?m:lﬁgmcl.zﬂdnnndmmwh
transcription of the gene encoding PSCR per se, but only differences in abundance of the
Pmmmmmuumuumdmmm
has been obtainod

mmmmmmmmwam.lmlmummm
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level of transcripion of the gene in wiwa Nevertheless, as with most hybridisation
techniques, under optimal conditions in situ hybridisation is exquisitely sensitive. Detection
of RNAs present at only 0.25 - 0.5 kbum™ {5-10 molecules per 20 um’ cell) has been
reported (Angerer and Angerer, 1992). This comresponds with a concentration of mRNA
approximately 0.02% of that of total message uniformly distributed in the tissue.

The absence of any detectable signal following hybridisation to RNase-treated stem scctions
(Figure 4.21) is a valid indication that the tissue-specific signal generated in the stressed and
non-stressed specimens (Figure 4.19 and Figure 4.20) represents hybridisation to mRNA
transcripts, Endogenous peroxidases did not make a substantial contribution to the signal
generated in both stressed and non-stressed sections as pre-treatment with hydrogen peroxide
in methanol climinated most of the endogenous peroxidase activity within the tissuc

(Figure 4.22). Furthermore, since the blossoms and leaves of Digitalis plants are the only
natural source of digoxigenin (Boehringer Mannheim Nonradioactive In Sitw Hybridisation
Manual, 1992), this eliminatcs the possibility that non-specific binding of anti-DIG antibody
o Arabidopsis stem sections may have occurred prior 1o the detection stop (Section 3.15.4).

Gene activity may be regulated st several different levele. Some poesibilities include control
of initiation, clongation and lermination of transcription, DNA methylation, regulation of
mRNA stability, post-transcriptional modification such as transcript splicing or altcration of
mENA socondary structure as well as control of translational efficiency (Sullivan and Green,
1993). Further possibilitics at the post-translational level are regulation of protein stability
and protein modification, such as phosphorylaion (Ramjeva and Boudet, 1987) or
glycosylation (Hubbard and Ivatt, 1981). Therefore, it would be premature o conclude on
the basis of these results alone that PSCR activity is necessarily higher in the tissues
mentioned above.

‘However, searches for potential phosphorylation and N-glycosylation sites in the sequences
of plant PSCRs sequenced to date (Delsuney and Verma, 1990; Williamson and Slocum,
1992; Verbruggen ef al, 1993) failed to implicate mgulation of PSCR via glycosylation or
phosphorylation. Post-translational regulation of PSCR activity via these mechanisms is
therefore unlikely. The possibility of reguiation of PSCE activity at the transcriptional level
could be investigated by observing whether water stress induces any change in ranscription
mmmhwmmmmﬂmmmmmdm
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accumulation nsing Morthern analysis. Nuclear run-on experiments might indicate whether
ar not regulation of PSCR expression by water deprivation operates al the level of altering
stability of the corresponding mENA transcript.

Nevertheless, results of these in situ hybridisation studies are consistent with much of the
data available in lilerature concemning proline accumulation in plants. For example, the high
level of mRNA transcript encoding PSCR in the cortical parenchyma is consistent with the
phuhqnﬂmﬁard:nfﬁ:ﬁminhmw&nﬂh—mﬁlﬁmmﬂgm
has been reported by several workers and a role for photosynthesis in the process has been
suppested (Jayee of al, 1992).

The high level of PSCR transcript in phloem tissue in response to water deprivation
(Figure 4.20) may be related to the findings of Heineke ot al (1992). While studying the
consequence of the expression of a chimeric yeast acid invertase gene in the apoplast of
potatoes, these workers demonstrated that when phloem loading of sucrose is blocked.
proline accumulates 1o very high levels. Cress and Johnson (1987) and more recently Larher
ef al (1993) have demonstrated a strong comrelation between levels of non-structural
carbohydrates such as sucrose, and induction of proline accumulation. High sucrose levels
in phloem may be responsible for constiutively elevaled levels of proline synthesis in this
tissue, The well-documented increase in sucrose synthesis in responsc to osmolic stress
(Zrenner and Stitt, 1991) provides further evidence in favour of a role for the accumulation
of non-structural carbobydrates in the stimulation of proline biosynthesis, Whether this effect
is medialed through the supply of carbon skelctons for proline biosynthesis or via an
unspecified indirect effect is cumently unknown Howewver, if the cnhanced level of
transcription of the PSCR gene in phlocm tissue in response to water deprivation

(Figure 4.20) is rclaled to sucrose accumulation, it raises the possibility that sucrose
asccumulation in phlocm may represend an osmotic stross ol the tissue-level to which
-transcription of the PSCR gene is responsive.

Altematively, PSCR activity in (he phlocm may be important in translocation of proline
during waler stress. As outlined in Section 2.1.2.4, an adaptive role for proline acting s a
sink for reduced nitrogen and carbon has been suggestcd by several workers (Tully of al,
1979, Dashek and FErickson, 198]; Fukuisku and Yamads, 1984 Ahmad and
Hellebust, 1988). Tully er al (1979) demonstrated that water stressed barley seedlings
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removed spproximately 25% of the total reduced leaf blade nitrogen by translocation
through the phlocm. This nitrogen removal coincided with an active translocation of [*C]-
labelled photosynthate. In a subsequent paper (Hanson and Tully, 1979), the same workers
reported that proline carried approximately 10% of the nitrogen exported per day from
wilted barlcy leaves. This value was obtained through calculation of mass tansfer ratos of
exported [M'Cl-glmtamate, ["*Cl-glutamine and ["*Cl-proline following the metabolism of
[**C}-glutamate which had been administered 1o wilted barley leaves. Both [*C]-glntamate
and ["*C}-proline eatered the phioem following their administration to either turgid or wilied
blades. Both tracen were translocated al velocities similar to those for carbon dioxide
asmmulates. These findings suggest thal ranslocation of free proline through phloem
clemenis may be an important aspect of the adapive role played by proline during
hyperosmotic stress.

The observation of high levels of PSCHR transcript in the phloem of water-stressed stems
suggests the possibility that 2 promoter element conferring expression in the phlocm may
exist in the upstream region of the gene encoding PSCR in Arabidopss. This possibility
could be investigated by fusion of the §' end of the gene to a suitable reporter gene such
as the £ ecoli widd gene encoding feglucuromdase (GUS: Jefferson of al, 1986) and
expression of the construct in transpenic plants. Using thi= approach, Edwards ef al (1990)
have demonstrated that the promoter of the gene encoding a cytasolic isoform of glutamine
synthase n pea i active exclesively in the phloem clemenns of all organs in mature
transgenic lobacco plants. Like proline, glutamine is also exporied from wilted barley leaves
via the phloem (Tully ef al, 1979).

High levels of transcript encoding PSCR in the vasculer cambium are consistent with the
sbundance of soluble proline in meristematic tissues (Durzan and Steward, 1963; Dashek
mﬂEﬂchm,lﬂlH.'ﬂilillhn'mhqiuﬁlhdnlpmﬂaﬁm {Section 2.1.2.4) that
profine biosynthesis might be importani in stimulating nuclcotide biosynthesis needed for
rapid profiferation of cells, Meristemalic tissues arc characterised by high rates of cell
division

Nuﬁmwmm&mdwmmm4.lm}, A slight
humhlmﬁﬂ?ﬂumiplumhhqﬁdmhufﬁmdmhﬂdufm
(Figure 4.30A). However, the results do not suggest that a significant level of proline
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biosynthesis occurs in this tssue, Klein and [tai (1989) found no proline accumulation in
the epidermis of stressed Commelina communis. In contrast, accumulabon of proline in the
epidermis of water stressed barley leaves has been reported by Argandona and Pahlich
(1991). However, it is not known whether or not this increase i1s a consequence of
translocation of the imino acid from photosynthetic tissue (Argandona and Pahlich, 1991).

The dramatic increase in PSCR. transcript levels in the wvicinity of the protoxylem in response
to water deprivation (Figure 4.20) may be part of an adaptive mechanism to localised water
deficit. Under condiions of reduced waler availability, water may be withdrawn from
adjacent living tissues as a result of the reduction in xylem pressure potential (Jarvis, 1981).
As sugpested by Diamantoglou and Rhizopoulou (1992), proline accomulation in
neighbouring tissues may lower their solute potential and thereby diminish their requirement
for water. Hanson er al (1977) demonstrated that the increase in free proline at any point
in a wilted leaf tracks the decline in water status at that poinl

Alternatively, synthesis of proline m the vicmty of the protoxylem may serve a
developmental role. A stimulatory effect of auxin-induced xylogenesis by proline in stem
explants of Coleus was reported by Roberts and Baba (1968). Furthermare, a high level of
proline biosynthesis in Nicotiana callus grown on media supplemented with 15% PEG has
been comrelated with stimulated xylogenesis compared with unstressed controls (Bormman
and Huber, 1979).

Although a number of workers (Delauney and Verma, 1990; Hu ef al, 1992 Williamson
and Slocum, 1992; Verbruggen ef al, 1993) have cxamined relative levels of mRNA
transcripts encoding proline biosynthetic cnzymes in different plant organs, the tissue-
specificity of the response has never been investizated. These rosults therefore reproscut the
hirst report of a tissue-specific pattern of accumulation of a proline biosynthetic enzyme.

The observation that hyperosmotic siress can induce proline accumulation in callus culfures
of sorghum (Bhaskaran et al, 1985), Brassica napus (Chandler and Thorpe, 19872, 1987h),
rice (Kishor, 1988), alfalfa (Shah er al, 1990), pead millet (Das er al., 1990), sugar beet

(Le Daly ot al, 1991) and tobacco (Eberhardr and Wepmann, 1979; Binzel ef al,, 1987) as
well as in suspension culture cells of tomato (Handa ef al, 1983, 1986; Rhodes of al,
1986), Distchlis spicata (Ketchum ot al, 1991} and Mesembryanthemum crystallinum
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(Adams ef al, 1992) suggests that proline accumulation is strictly a cellular response to
stress. In contrast, a requirement for tissue differeniation has been suppested for proline
scoumulation in response to water-deprivation stress in maize (Tharre-Caballero e al, 1988).
These workers failed to comelale an increase in proline levels in drought-stressed maize
scedlings with no increase in proline levels of callus cultures subjecied o a similar loss of
water. This led Ibarra-Cabellero et al (1988) 1o conclude that proline accumulation in
response to drought stress is dependent on systemic organisation of the plant. In support of
this suggestion that commumcation between different tissues is required to elicit proline
accumillation, Voetberg and Sharp {1991) have reporied a differential sccumulation of
proline towards the apex of the maize primary root.

The results of the in sitv hybnidisation studies presented in Figures 4.19 and 4.20 provide
evidence in favour of both of the arguments that proline accumulation is cither strictly a
cellular response (Adams ef al, 1992) or that it is dependent on tissuc-organisation (Tharra-
Cabellero et al, 1988). The striking dssue-gpecificity of the hybrdisation pattern presented
in Figure 4.20 supports the latter hypothesis. However, the possibility that cellular water
status might directly affect transcript accumulation in individual cells cannot be excluded.
In particular, as has been discussed already, the high levels of PSCR transcript in phloem
and in the vicinity of protoxylem clements may be responses io osmofic siress at the tissue
lovel.

Presently little is understood conceming the differences in genctic regulation between plant
cells in culture and those present in intact plants. Stress responses characteristic of the
facultative halophyte Adesembryanthemum crystallimam, such as induction of Crassulacean
acid metabolism and pinitol accumulation, are not elicited when suspension cells of this
specics arc subjected (0 salinily stress (Adams ef al, 1992). This suggesis that cells in
culture mimic only parily the stress response mechanisms of intact plants.

Tmpuiﬁuil}'ufpmﬁn:lmﬂﬂimiuqﬂhdmmwmnﬂtMmuhufmuu
tolerant lines on the basis of ther ability to accumulate proline are not feasible as cell
mnmmm:ﬂmdun!d:ﬂnﬂmﬂmlnlﬁddmm:mmdnuf
waler stress does not remain constant a5 progressive dehydration of the soil ocours, The
Mﬁmmdemhﬁnmﬁdﬂman
vary greatly. Although the use of cultured tissues may circumvent such problems. the
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behaviour of excised Geswes or cell culturess may nof be consisteni with the behaviour of the
whole plants from which they were derived. In the light of this observation, it is interesting
to note that many workers (Tal ef al, 1978; Bhaskaran ef al, 1985; Chandler and Thorpe,
19872, 1987b, Hassan and Wilkins, |988; Rodriguez and Heywer, 1988) who have
discredited the value of proline poccumulation as an adaptive mechanism o hyperosmotic
siress have used cell cultures as experimental systems. Examination of the tissue-specific
accumulation of proline in plant parts other than stems (this work) and root tips (Voetberg
and Sharp, 1991; Ober and Sharp, 1994) may provide further evidence that proline
sccumulation might be dependent on the sysiemic organisation of the plant.

Al present it is not possible o unequivocally correlate the elevated levels of PSCR transcript
that accompany water stress directly with elevated PSCR activity and proline content.
Furthermore, although changes at the mRNA level are often thought to reflect changes in
the level of transcription, this may not be the case. As already mentioned, expression of
PSCR may be regulated at cither a posi-transcriptional or post-translational level

Some cvidence cxists for post-translational regulation of PSCR activity. Argandona and
Pahlich (1991) failed to comelate PSCR activity with the amount of enzyme present in
barley leaves, These workers used immunoblotting to demonstrate that a five- to eight-fold
increase in levels of PSCH activity accompanying water deprivation stress did not result
from increased proiein content of PSCR (Amgandona and Pahlich, 1991), The mechanism
behind this activation remains to be clarified. In Arabidopsis, & greater abundance of PSCR
transcript in roots than in leaves (Verbruggen of ol, 1993) does not comrelate with higher
free proline levels in leaves in comparison to roots (Verbruggen of ol, 1993; Figure 4.2).
Furthermore, S2oke of al (1992) demonstrated an effect of NaCl on the activity profile of
soybean PSCR with changes in pH (Section 2.2.1.2). Whether this finding is of any
significance in vivo is currently not known. LaRosa et al. (1991) failed 10 demonstrate amy
differcnces in the activitics or kinetic properties of PSCR isolated from salt-adapled and non-
adapted tobacco cells,

mhwmmmmqummmmn{m
activity in plants. Although Williamson and Slecum (1992) did not measure PSCR activities
prior to and during salinisation of pea scedlings, immuncblot analysis failed to indicate that
PSCR transcript levels paralleled levels of the enzyme. However, proline levels did increase
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together with transcript accumulation (Williamson and Slocum, 1992). This was interpreted
to indicate that possibly salt stress simply induces synthesis and/or stabilisation of mENA
transcript encoding PSCR without a corresponding increase in the level of the gene product
(Williamson and Slocum, 1992). Furthermore, Verbruggen et al (1993) demonstrated that
in ten-day-old drabidopsis seedlings, addition of the translational inhibitor cordycepin
inhibited proline accumulation when added 12 h after imposition of salt stress, whereas
addition of the transcriptional inhibitor cycloheximide did not.

There is some evidence that other stress-related proteins in plants share a paftern of
regulation analogous to that observed with PSCR. For example, expression of the mRNA
encoding osmotin in tobacco is strongly induced by ABA, although there is no effect of
ABA treatment on osmotin protein (LaRosa ef al, 1992). This suggests that as with water
stress and PSCR cxpression, ABA exerts at least two different effects on osmotin gene
expression; one operating on mRNA levels, and the other affecting cither translation or
stability of osmotin.

The exponential increase in our understanding of plant pene regulation is likely to lead o
the identification of both specific regulatory DNA sequences responsible for stress-inducible
and tissue-specific expression and the frans-acting prolein factors that bind to these
clemenis, To identify these regions and the proteins that bind them, the techniques of
DMasel footprinting (Green ef al, 1989) and gel mobility shifi assays (Gamer and Revain,
1981; Foed and Crothers, 1981; Foster ef al, 1990) will be important

It is likely that in order to fully understand the sequence of cvents responsible for the
transcriptional activation of the gene encoding PSCR, it will be necessary to establish
whether irans-acting factors Interact with specific DMNA sequences upsiream of the open
reading frame. In the event of such transcriptional factors being identified, investigation of
the regulation of their expression is likely to be necessary in order to fully understand the
osmotically-sensitive induction of PSCR. gene expression and the tissue-specific localisation
of PSCR transcript. Thus, the genes encoding such putative trans-acting factors will need
to be isolated, and their expression and functional regulation cxamined. Tt is hoped that use
of such data or the fusion of a reporter gene such as the GUS gene (Jefferson et al, 1986)
lo upsircam regions of the PSCR gene may confirm the findings of this study conceming
the tissue-specific and osmoregulated expression of the genc encoding PSCR,
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An important goal of future studics is likely to be overproduction of proline in
agriculturally-significant crops via recombinant DNA technology. This may increase their
environmental tolerance and productivity. The spatial distribution of the proline accumulated
in such transgenic plants may be an important consideration in ensuring their efficacy under
ficld conditions. The identificaion of cis-acting DNA clements and trans-acting
transcriptional factors controlling the osmoregulation and tissue-specific expression of PSCR
may also be critical in facilitating such an endeavour.
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6. Conclusion

Presently, there is no unified model available for the role of proline accumulation in plants
expased to environmental stress (Section 2.1.2). With regard to hyperosmotic stress, proline
accumulation most likely represents a mechanism of dehydration avoidance. Accumulated
proline most probably enables the plant to maintain sufficient tssuc hydration for
appropriate functioning of the metabolic processes involved in growth and development
under conditions of water stress.

Sufficient data is currently not available to conclude that the correlation between proline
accumulation and development of stress is proof that the imino acid has some adaptive value
in postponing stress of increasing stress tolerance. Many critics argue that any beneficial
effects from this stress-induced disturbance of nitrogen metabolism are coincidental.
MNevertheless, this viewpoint seems unlikely smince if proline accummulation served mo
function, natural selection would undoubtably have operated against conservation of sach
an encriy-infensive process.

The use of recombinant DNA techmiques in studics on proline metabolism in plants ts likely
to provide some long overdue answers 10 a number of questions concerning the value of
proline accumulation as a stress response. Already, the demonstration that in plants 2
bifuncional cngyme catalyscs the rate-limiting sicp in pyoline bosynihesis (Hu er al, 1992)
represents 3 major siep in the understanding of the system. However, the clucidation of the
complete nucleotide sequence of a genomic clone of plant A'-pyrroline-S-carboxylate
synthetase (P5CS) remains a roquirement for the functional analvsis of clements involved
in cxpression of this gene.

The potential of transgenic plant systems in studying the physiological effects of proline
overproduction o underproduction canmot be oversmphasised In this respect, it is
partcularly encouraging to note that elevated levels of another organic esmolyte mannital
in transgenic tobacco plants expressing the bacterial gene encoding mannitol- | -phosphate
dehydrogenase, cohances osmotolerance (Tarczynski ef al, 1993).

Il the engineenng of proline biosynthesis in 2 model system such as Arabidopsis is
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successful in increasing osmotolerance, the same approach may be applicable to important
crops such as maize, soybean, wheal and rice. It might also be feasible o transform a
proling-overproducer with additional genes implicated in the determunation of osmotolerance
in order to augment osmoregulation. Far example, Hanson et al {1994) have recently shown
that members of the Plumbaginaceae subjected to paricularly harsh osmobc stress have
evolved the ability to convert their chronically large pool of proline into proline betaine and
hydroxyproline betaine. In bacterial osmoprofection bioassays, these two osmolytes are more
effective than proline (Hanson ef al, 1994), This mises the possibility of enhancing the
effectiveness of proline even further by engineering its conversion io betaines during severe
stress. The enzymes and genes involved in biosynthesis of glycine betaine have already been
isolated (Brouquisse of al, 1989; Werctilnyk and Hanson, 1990). The list of potential
candidates for transfer inlo plants is likely to increase. A novel methyl transferase imvolved
in pinitol production in Mesembryanthemum crystaliinum has been identified by Vernon and
Bohnert (1992). Manipulation of the expression of the corresponding gene in transgenic
plants is likely to contribute to our overall appreciation of the value of osmolyles.
Overexpression of the yeast HALI protcin, which has homologues in plants, has been
shown to overcome Na™ toxicity in yeast (Gaxiola of al, 1992). This may well be another
candidate for transfer into plants in the near future.

Since agricultural inputs are becoming more costly and scarce, plants possessing genetic
adaptations for improved performance in the ficdd arc likely 10 be readily sccepted by the
public. Furthermore, the sccumulation of proline in respomse 1o a wide spectrum of stresses
suggests that modification of proline metabolism is an ideal tarpet for increasing the overall
stress lolevance of plants. Studies in prokaryoles suggest that in hacteria, osmotic tolerance
is not necessanly dependent on the inleraction of & large ammay of gene products, but may
simply be reduced 1o a simple phenomenco such as accumulation of a compatible solute
(Csonka, 198%; Csonka and Hanson, 1991).

Huwm,ﬂwuddh:mhmhnmhmdhmurhphﬂmmm
the full range of environmental stresses plants may experience. Tranafer or manipulation of
a single gene or cven upregulation of an entire bMosynthetic pathway is unlikely to be
nﬁ:im&nmm:ﬁmm‘ﬂngmnﬂpuiﬂnmﬁnmnfhumuﬂu{u}
mmmdmmwmmuimmmmnr
molecular biology may provide valusble insights into the impartani roles these pathways
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may play in acclimation to 4 range of covironmental stresscs. For example, inhibiting
proline biosynthesis by partially blocking sctivity of proline biosynthelic enzymes with
antisense constructs (Bird and Ray, 1991) under the control of stress-mduable promoters
(Melson ef al, 1992) may furnish conclusive evidence of the adaptive significance of proline
acoumulation in increasing resistance to stress. A reduction in the level of prolme
degradation by proline oxidase using an antisensc spproach may cause clevated levels of
proline accumulation in stressed plants. Elevated synthesis of PSCS in transgenic plants is
unlikely to cause proline overproduction since the enzyme from Figna econitifolia exhibits
almost complete inhibinon in vitro in the presence of 10 mM proline (Hu er al, 1992)
Proline accumulates up o 129 mM in salt-adapted tobacco cells (Binzel er al, 1987)
Modification of this enzyme, possibly by sile-directed mutagenesis may causc a loss in its
feedback inhibition by proline (Verma af al, 1992) and may therefore be a prerequisite for
increased expression of PSCS activity, Alternatively, the mechanisms mediating the loss in
feedback inhibition of PSC synthesis during stress will need to be clucidated.

Unlike pest or herbicide resistance, the tolerance trait of a plant 1o drought or salinity is
determined by mmitiple gencs located in a large number of Joci and usually on different
chromosomes. Drought tolorance should therefore not be considered as a unique heritable
trait, bul perhaps as 2 complex of ofien unrelated plant propertics (Visser, 1994). To date,
the complexity of tolerance mechanisms has limited the application of genetic engineering
in developing transgenic stress-inlerant crops. Furthermore, a stress is scldom experienced
in isolstion. Thercfore ideally, transgemic plants should cxhibit tolerance 1o several of the
abiotic stresses they encounter in the fidd The induction of proline accumulation in
response (0 many stresses commonly encountersd in namral environments (Section 2.1.3)
suggesis that overproduction of proline in tansgenic plants may increase their overall
tolerance to biotic and abwotic stresses.

In spite of the explosive development of biotechnology over the past two decades, ity use
for oblaining new abiotic stress-toleran! vanetics has been very limited The lack of
suflicien! information on the molecular biclogy of plants is certainly the greatest constraint
to the effective use of biotechnology for increasing stress tolerance, For example, even
though transgenic tobacco capable of accumulating mannitol exhibited increased salt
tolerance, growih under stress was severely rotarded (Tarczynski ef al, 1993)
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Abiotic stress tolerance is a complex physiological response resulting from expression of
many genes cither simultancously or in succession. This multigenic character of stress
resistance imposes limits to genetic manipulation. Most importanty, very litlie is known
about the molecular basis of important physiological and biochemical responses and
characteristics of plants. In this respect, further charactenisation of proline biosynthesis and
degradation in Arabidopsis is likely to contnibule substantially 1o the establishment of this
plant species as a rescarch tool in clucidating stress mechanisms in all plants.

One prerequisite for the manipulation of prolinc biosynthetic rates alonc is complete
characterisation of the relative contributions of the pathways from glutamate and omnithine
under different physiological conditions and duning different developmental stages.

Clearly, cloning and characterisation of the gones involved in proline metabolism is unlikely
to answer many of the questions about the functionality of proline accumulation under
stress. However, comparison of the amino acid sequences of a range of PSCR enzymes in
this study has indicated conserved features of all PSCRs that are likely to be of importance
in functioning of the Arabidopsis enzyme. These may be of value in future efforts to
manipulate PSCR activity at the molecular level. Integration of this information with the
results of studics of the physiology and anatomical location of proline accumulation is likely
10 go some way to answering an cnigma that has intrigued plant physiologists over the past
forty years.
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