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Abstract

In biological fluids such as the saliva, the interpseudohalogen cyanogen iodide (ICN)
is produced in the presence or absence of human peroxidases. A mixture of chemical
species with antimicrobial properties is produced in the presence of both I- and SCN-
depending upon the pH of the reaction. The mixture of transient and stable chemical
species includes I2/I3/HOI/ICN. Cyanogen iodide is a potent antimicrobial agent that
is at least 1000 times more effective in killing bacteria than hypothiocyanite (OSCN"),
an exclusive oxidation product of all defensive peroxidases in saliva. It is a chemically
stable product that can accumulate over time in the oral cavity with a half-life of about
16.9 years at pH 7. Our experiments capitalize on the discovery that one ICN is
produced stoichiometrically for every four I molecules that react with SCN". This study
shows that OSCN- oxidizes I to Iz (via HOI/OI" intermediate) which subsequently
reacts with SCN- to produce ICN. The formation of the intermediate HOI/OI- (345 nm)
was confirmed using the stopped-flow spectroscopy. The UV-visible spectrum of ICN
contains an absorbance band at 222 nm. 13C-labelled SCN-, 3C NMR spectroscopy
and mass spectrometry further confirmed the presence of ICN. Here we report for the
first time the second-order rate constants for the reaction of ICN with selected
biological thiols and some preliminary tests on the antimicrobial activity of ICN. The
reactions of ICN with thiols occur with second-order rate constants in the range from
10%2- 10°M1 st at pH 6 - 7.4 as determined by stopped-flow spectroscopy. The rate
constant for the reaction of ICN with a protein-bound thiol (BSA) was also determined
by competition kinetics. ICN reacts with BSA with a second-order rate constant of 130
M1 stat pH 7.4. The rate of ICN reaction with thiols show an inverse relationship

against the pKa of the thiol group. These kinetic rate constants together with the results



of antimicrobial studies (against E.coli) indicate that ICN plays a key antimicrobial role

in the oral cavity and other biological fluids.
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Chapter 1

1. Introduction

1.1. Problem Statement

Microbial infections are an emerging and escalating challenge for public health
globally. The new resistance mechanisms to antibiotic drugs exhibited by
microorganism such as bacteria, fungi, viruses and parasites severely by limits effort
to prevent and treat infections. In the 2014 report titled “Antimicrobial resistance: global
report on surveillance” the world health organization (WHO) note a rise in the number
of life-saving drugs that are rendered ineffective by resistance against serious

diseases such as such tuberculosis, malaria and human immunodeficiency virus. *

The burden added by antibiotic-resistant infections is often reflected in higher
healthcare costs for patients with resistant infections than for patients with non-
resistant infections. Alarming statistics reveal that in the year 2013, infections claimed
approximately 9.2 million lives i.e. about 17% of total deaths worldwide. 2 In the United
States alone, the centers for disease control and prevent (CDC) estimates the annual
infection cases at about 2.8 million, of which approximately 35 000 people
subsequently die every year. Consequently, WHO has identified microbial infections

as a serious threat to global health.



1.2. Aims and Objectives

In this study, kinetic data for the reactions of cyanogen iodide (ICN) with biological
thiols was collected using the stopped-flow system. Furthermore, preliminary
experiments to test the activity of ICN were conducted against Escherichia coli (E.

coli). The specific objectives were to:

» Synthesis and characterization of cyanogen iodide using the literature

methods.

> Determine the second-order rate constants for the reactions of ICN with thiols,

» Preliminary tests on the activity of ICN against E. coli.



1.3. General background

Antimicrobials are agents used to inhibit the growth of or to kill disease causing
microorganisms such as bacteria, fungi, parasites and viruses in living systems. 4°
Human defensive peroxidases play a central role to facilitate the production of
antimicrobials. They employ hydrogen peroxidase (H202) as an oxidant of small
inorganic ions, resulting in the production of antimicrobials that are generally more
effective than H20: itself. 68 Thiocyanate (SCN") is generally regarded the preferred
substrate of and hypothiocyanite (OSCN’) the only product of all defensive
peroxidases in the saliva. %! Interestingly, despite the fact that all human defensive
peroxidases can utilize iodide as a substrate, the involvement of I in the host defense

has largely been ignored. 8

The basis for ignoring possible involvement of I in host defense is its scarcity in most
physiologic fluids due to sequestering in the thyroid gland. However, more studies
challenging this conclusion are emerging in the literature. 1>*2 This work reports on
non-enzymatic reactions that generate ICN and its kinetic reactions with selected

physiologic thiol groups.



1.4. Halogen-based antimicrobial

Cyanogen halides (X-CN, X = ClI, Br, I) are a group of colourless, volatile and highly
cytotoxic compounds. These interpseudohalogens are very irritating to the eyes and
respiratory tract at very low concentrations in the atmosphere. 14 They are also
known as asymmetric pseudohalogens and while BrCN and CICN are the most
studied; information about ICN is poorly reported. They are strong oxidizing agents
and are highly reactive because the pseudogalogen bond is weak. Both CICN and
BrCN are disinfection byproducts that are found in ozone free chlorinated and
monochlorine treated drinking water. 1°?2 Among the several reactions proposed for
their formation in drinking water, the pathways initiated by the reaction of
monochloramine (NH2CIl) and monobromanine (NH2Br) with formaldehyde (HCHO)
are the most reported. The reaction of NH2Br forms BrCN following a parallel reaction
of CICN formation. In addition to formaldehyde, other reactions involving humic acids,

amino acids, proteins and peptides, and purines also lead to CICN formation. 23-26

Furthermore, cyanogen chloride (CICN) can be produced as a toxic disinfection by-
product of the reaction of free chloramines or chlorine with natural organic matter. 2’
CICN can also be produced from the enzyme-based reaction of HCN with H202-Cl in
the presence of myeloperoxidase enzyme. 28 This cyanogen halide can oxidize low
molecular thiols at neutral pH. In addition, it can react with the bovine serum albumin
(BSA) of the bacterium Staphylococcus epidermis specifically targeting the thiol
groups. ** BrCN has been reported to cleave carbon-heteroatoms of tertiary amines
into organo-cyanomides in the von Braun reaction. 2° It is a well-known cleaving
reagent of specifically the proteins. Furthermore, BrCN is also used in the detection

of pyridine compounds. 16-17.29



The second-order rate constant for the formation of CICN and BrCN monochloramine
and monobromamine have been reported. These reactions were studied at 25 °C and

an ionic strength of 0.10 M NaClO4 using the stopped-flow technique. 30-3
NH2Cl + CN" + H20 — NH3 + CICN + OH" k=1.96 x10° M st (1)
NH2Br + CN" + H20 — NHs + BrCN + OH" k=2.63 x10* M st (2)

The rate constants for the formation of CICN, BrCN and ICN were further determined
from the reaction of hypohalous acids (HOCI, HOBr and HOI) with cyanide (CN") as
310 Mt s 57 x10" Mt st and 6.0 x10” M s respectively at 25°C and an ionic

strength of 1.00 M NaClQOa. %2
HOX + CN- — XCN + OH- X =Cl, Brand | (3)

Pseudohalogens (CICN, BrCN and ICN) eventually decomposes through a hydroxide-

catalyzed hydrolysis pathway to produce cyanate ion. 27 32
XCN + H20 — OCN" + X" + 2H* (4)

In the field of study of human defensive peroxidases, it is generally assumed that
iodine from which ICN is produced is only present in trace amounts in most
physiological fluids. 32 This assumption has led to the possible role of iodine in host

defense being largely ignored.

lodine is an essential element in the production of thyroid hormones that regulate
growth and metabolism. Humans rely heavily on dietary sources for iodine intake.
Approximately 15-20 mg is found in a healthy human body and about 70-80 % of this
amount is found in the thyroid gland. 3438 The biological role of halides such as Cl-and

Brand pseudo halide (SCN") in human inflammatory diseases is extensively reported
5



while that of iodide (I) beyond the synthesis of thyroid hormones is not well

understood.

Recent studies have reported that iodide (1) plays an important role in the chemistry
of the oral cavity. 1213 3° This suggests that iodine (I, I2) in the oral cavity can react
with thiocyanate via both the enzyme catalyzed and non-enzymatic reactions to
produce the interpseudohalogen cyanogen iodide (ICN). 1> 15 The oral cavity is known
to produce trace amounts of ICN from the reaction of iodine (I2) with thiocyanate (SCN-
). ICN is believed to be one of the naturally active antimicrobials in the oral cavity of
mammals, responsible for fighting against dental bacteria and formation of tooth
decay. The non-enzymatic reaction are believed to be major contributors as they

provide a variety of pathways through which ICN can be formed.



1.5. Oxidative burst

Neutrophils are cells that provide the first line in host defense against invading foreign
substances including bacteria, fungi and viruses. The redox chemistry of halide-
derived oxidants produced by enzyme (peroxidase)—catalyzed reactions and non-
enzymatic secondary reactions play a crucial role in human health and diseases. ' The
peroxidase system consist of an enzyme (e.g. LPO)/ substrate (e.g. halide or pseudo-
halide) and hydrogen peroxide. & The hypo(pseudo)halides (OCI-, OBr-, Ol-and OSCN-
) are primary products of enzyme-catalyzed reactions possessing antimicrobial

properties. 40-42

Peroxidase

X + H202 —— + OX" + H20 X = CI, Br, I-and SCN- (5)

Hypo(pseudo)halides are powerful oxidants that are capable of modifying lipids,
proteins, nucleic acids and of consuming antioxidants such as glutathione. 4344
Literature evidence suggests that OSCN- is the only product of defensive peroxidases
mammalian fluids such as saliva, milk, tears and mucus. & 4547 This is a result of
thiocyanate generally being regarded a preferred substrate for peroxidases over the
halogens. & 4% 48-49 Hypothiocyanite ions (OSCN") is unstable and is short-lived (pKa
5.3 for HOSCN) and specifically targets thiol groups. 12 42 50-51 Although all of the
peroxidases can utilize iodide (I") as a substrate; its contribution in host defense has
been overlooked due to scarcity of I in most physiological fluids. However, high
concentration of I" in the mucosal layer of the lung which also contains large amounts

of lactoperoxidase (LPO) has been credited for reduced lung infection. 52 In the



presence of I, SCN-, H202 and lactoperoxidase, ICN which is at least 1000 times more

effective in killing bacteria than OSCN-is produced. 12

21+ SCN" + 2H207 S |ON + I + SO + 4H* (©)

The inter (pseudo)halogen (ICN) is thus predicted as the most effective I* antimicrobial
under physiological conditions. The activity of ICN has recently been demonstrated
against Escherichia coli (E. coli) bacteria. 13 Unlike OSCN-, ICN has a much longer
half-life of 16.9 years at pH 7 and therefore can accumulate with time in specific fluids
where they are generated. 12 It is proposed in this work that non-enzymatic secondary
reaction play a more significant role in the production of ICN and other iodide-based
products. It has been known for more than hundred years now that ICN is

stoichiometrically produced when |2 reacts with SCN-. 1°

412 + SCN" + 4H20 — ICN + 71" + SO42 + 8H* )



1.6. Relevant studies on the reaction of hypo(pseudo) halides with biological
groups

1.6.1. Kinetics of the reaction of OSCN- with thiols

Sulfur-containing compounds commonly known as thiols (free and protein-bond) are
preferred targets of hypo(pseudo) halides. % 53 These reactions are often result in
permanent modifications to protein structure and disruptions to redox-regulated
processes. % 115457 While the hypohalides (HOCI, HOBr, and HOI) are highly reactive
towards a variety of biological molecules, HOSCN predominantly react with thiols. **
Studies on the reaction of thiols with hypo(pseudo)halides have shown that disulfides
are common oxidation products of these reactions. %3 However, other studies have
also reported that thiols can be oxidized to sulfenic (RSOH), sulfinic (RSO2H), sulfonic
(RSOsH) acid forms under certain conditions and disulfides can be further oxidized to
thiosulfinate ester (RO(O)SR) and thiosulfonate ester-(RS(02)SR). 48 %8 The reported
kinetic data of thiol oxidation by hypo(pseudo)halides reveals that HOSCN react

rapidly with thiols, with rate constants ranging from 10% — 106 M1 s, see Table 1. %°



Table 1: The second-order rate constants for the reaction of HOSCN with low-

molecular mass to high-molecular mass or macro-thiols (proteins). >°

Substrate pH k2 (HOSCN) (M1s?)
2-nitro-5-thiobenzoate (TNB) | 7.4 (3.8+0.2) x 10°
6.7 (1.62 + 0.03) x 106
6.0 (7.7 £0.9) x 106
L-Cysteine 7.4 (7.8 £1.4) x 104
Cysteamine 7.4 (7.1 +£0.7) x 104
N-Acetyl-cysteine 7.4 (7.3+1.6) x 10°
L-Cysteine methyl ester 7.4 (1.6 £0.1) x 10°
Penicillamine 7.4 (3.0£0.7) x 10°
GSH 7.4 (2.5 + 0.4) x 10*
6.7 (3.1 +0.3) x 10*
6.0 (4.0 £ 0.4) x 10*
BSA, thiol-containing 7.4 (7.6 +1.5) x 104
proteins
Creatine kinase 7.4 (3.1 +0.6) x 104
B-Lactoglobulin 7.4 (1.0 +0.1) x 104
B-L-Crystallins 7.4 (1.4 £0.1) x 104

10



Furthermore, studies shown that HOSCN induces more cell apoptosis than
hypohalides due to its targeting of specific important thiol groups. ¢ The reactivity of
thiols with hypo(pseudo) halides vary substantially and show an inverse dependence
to the pKa of the thiol group. ' Cyanogen iodide (ICN) is highly cytotoxic and its
antimicrobial activity has been described against bacteria such as Escherichia coli (E.
coli); Fusobacterium nucleatum, Candida albicans and Staphylococcus aureus. %263
Despite the potential importance of ICN as an antimicrobial agent, on kinetic data for

its reaction with physiological thiols are not available in the literature.

A recent study has demonstrated that haem proteins lactoperoxidase (LPO) and
myeloperoxidase (MPO) both form ICN in the presence of I, SCN-, and H202. 12 The
formation of ICN by both the enzyme and non-enzymatic suggest possible involvement
in host defense. Furthermore, the extended application of ICN as a preservative in
food, oral care and cosmetic products requires knowledge of the rate constants of its
reactions with biological molecules such as thiols. If the rate of the reaction of ICN with
thiols are slow then its formation reduces potential host damage through the formation
of a relatively milder oxidant. If however the reaction rates are fast, then the reaction
with thiols is likely the pathway through which it executes antimicrobial activity. The
second-order rate constants for ICN with physiological thiols were determine by
competition experiments using 5-thio-2-nitrobenzoic acid (TNB). Competition
experiments were used because physiological thiols do not have unique spectral

signatures and ICN exhibits a low molar extinction coefficient (¢ 222 nm =179 M-t cm™?).

11



1.7. Antimicrobial studies of ICN

Antimicrobial resistance is a major challenge in medicinal applications and in the food
production industry. 1 65-66 Therefore, new antimicrobial agents that are iodine-based
required. These iodine-based antimicrobials (such as ICN) likely play a key role in
controlling bacterial growth in the oral cavity and in the mucosal lining of the lungs
where both iodine and thiocyanate are present. In the presence of a peroxidase
enzyme, |- and SCN- compete for oxidation by H202. 676 These reactions are pH
sensitive and often result in a mixture of various species with antimicrobial properties.
The reaction products of these oxidation reactions have not been characterized in
details. A more recent study carried out by Bafort and co-workers describes the
formation of diiodothiocyanate (I2SCN-) and dithiocyanate iodide (I(SCN)z2) by the
lactoperoxidase catalysed reaction, and from the reaction between ICN and SCN-. °

The biological activity of 2.SCN-was confirmed against Penicillium expansum.

12
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Chapter 2

2. Experimental Procedures

2.1. Reagents and Buffer Solutions

All chemicals were purchased from Sigma Aldrich. Lactoperoxidase from bovine milk,
iodine (2, 99.8%), potassium iodide (KI, 99.5%), hydrogen peroxide (H202, 30 wt.% in
H20), potassium thiocyanate, (KSCN, 99%), sodium phosphate monobasic dihydrate
(NaH2PO4 2H20, 99%), and sodium phosphate dibasic (NazHPOa4, 99%), sodium
hydroxide (NaOH, 98%), sodium hypochlorite (NaOCI, 98%) sodium chloride (NacCl,
%), hydrochloric acid (HCI, 32%), sodium cyanide (NaCN, 97%), diethyl ether
((CH3CH2)20, 99.7%), potassium thiocyanate-13-C (KS*CN, 99%) and 15-N
(KSC™N, 99%), 5,5’-dithiobis-(2-nitrobenzoic acid) (DTNB, 98%), B-mercaptoethanol
(99%), glutathione (GSH, 98%), cysteamine (NH2CH2CH2SH, 95%), penicillamine
((CH3)2C(SH)CH(NH2)CO2H,  99%), L-cysteine (Cys, 98%), L-cysteine
(HSCH2CH(NHCOCHS3)CO2H, 99%), bovine serum albumin-thiols containing protein
(BSA, 96%) were used as received from Sigma Aldrich. Water used for all aqueous

solutions was doubly-distilled in glass.

The 0.1 M phosphate buffer (pH 7.4) solution was prepared by dissolving accurately
weighed quantities of NaH2PO4 2H20 and NazHPO4 in 1 L volumetric flask which was
filled to the mark with distilled water. The ionic strength was adjusted with NaClO4 and
the pH adjustments were made with dilute HCl and NaOH as necessary. A 0.5 M Tris-
HCI buffer (pH 8.8) was prepared by dissolving 32.285 g of Tris in a 1 L volumetric

flask and filled to the mark with distilled water and pH adjusted accordingly using HCI.
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Fresh aqueous solutions of OSCN- were prepared enzymatically using LPO-catalyzed
oxidation of SCN- with H202. LPO (~ 0.1 pM) was incubated with SCN- (5 mM) and the
reaction was initiated by the addition of H202 (1 mM) in 0.1 M phosphate buffer (pH
7.4) at room temperature. The concentration of OSCN- stock solution was quantified
by absorbance at €376nm = 25.6 M1 cm™. 1 OSCN- solution was used within 1 hr of
preparation due to its low stability. This method typically produced ~ 1 mM OSCN-.
UV-vis spectra were collected using an Ocean Optics UBC2000 CCD spectrometer

equipped with a 1 meter WPI fiber optic cell and an ATS D 1000 CE UV light source.

2.1.1. lodine preparation

Aqueous iodine solution was prepared using reagent grade iodine (I2) granules. Due
to partial solubility of Iz in distilled water, granulated 2 was stirred in distilled water for
about 24 hours. 2 To prevent the oxidation of the agueous solution by light, containers
were kept covered with the aluminium foil for the duration of the shaking. The
concentration of 12 was determined spectroscopically using UV-Vis (Amax = 203 nm, €

=19 600 ML cmY). 3

2.1.2. Synthesis of cyanogen iodide (ICN)

The method used was adopted with few modification from Bak and Hillebert. 4 In a
three-necked 500 mL flask with a thermometer, sodium cyanide (NaCN) (27 g, 0.55
mole) was dissolved in 100 mL of distilled water and cooled to 4 °C. lodine (I2) (127 g)
was added while stirring in portions of about 3 to 4 g every 5 minutes over a period of

approximately 30 minutes. After ten minutes of Iz addition, cold diethyl ether (120 mL)
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was added. The reaction mixture was stirred for a few minutes until all the precipitate
was completely dissolved. The organic layer and the aqueous layer were separated
with a previously cooled separating funnel. The organic layer was evaporated under
reduced pressure at room temperature and in the dark. The entire contents were
vigorously stirred at 50 °C for 15 minutes. The mixture was then cooled to 0 °C and
the slightly yellow crystalline cyanogen iodide was filtered and rinsed off with six 25
mL portions of cold water. For highest purity of cyanogen iodide, the obtained product
was dissolved in 150 mL of boiling chloroform and filtered on a hot-water funnel. The
solution was cooled at room temperature for 15 minutes, followed by ice cooling to O
°C. It was filtered by means of suction and washed with 15 mL of cold chloroform three
times. Traces of solvents were further evaporated at room temperature in a fume hood.
ICN crystals were characterized by the UV-Vis spectroscopy at its maximum
absorbance 222 nm. The molar extinction coefficient of ICN was determined to be 179
M-1s1. The authenticity of ICN was further confirmed by *3C NMR spectroscopy, mass

spectrometry, Raman spectroscopy and FT-IR spectroscopy.

2.2. Instrumentation

2.2.1. UV-Vis spectroscopy

Most of the spectrophotometric was carried out with a cary 100 UV-visible
spectrophotometer from Agilent technology in a 1 cm path length quartz cell. An ocean
optic recording instrument equipped with a 1 meter fibre optic cell was employed for

the determination of OSCN- concentration (Amax = 376 nm, €= 26.5 M cm™).
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2.2.2. pH Measurements
The pH measurements of the buffered solutions were performed with a Metrohm 827
pH meter. The pH-meter was calibrated with standard pH reagents. The ionic strength

was kept constant at 1.0 M for most solutions using NaClO.

2.2.3. Stopped-flow studies

Stopped-flow experiments were carried out using the single-mixing mode.
Polychromatic data was obtained from the stopped-flow analyser (Applied
photophysics, SX20) equipped with a Xenon arch lamp and a photodiode detector,
covering the spectral range of 190-730 nm. Pro-Data viewer software was used to
process the kinetic data, SPECFIT (version 3.0.40) was used to deconvolute
polychromatic data and to perform kinetic simulations. Kinetic plots were prepared with

OriginPro (version 9.1) software.

2.2.4. Mass Spectrometry

Mass spectrometry experiments were carried out on a Water Micromass LCT premier
MS instrument equipped with electrospray ionization (ESI) source and time-of-flight
(TOF) mass analyser. The instrument was operated in a positive ion mode. Samples
were injected directly into the instrument. Mass spectra were recorded in the 100-1000

m/z range.
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2.2.5. 3C NMR Measurements

13C NMR spectra were recorded with a Bruker 500 MHz NMR spectrometer. All
measurements were performed using standard NMR tubes at 30 °C. Deuterium oxide
(10% D20) was employed as a frequency lock. Data was analysed using Topspin 2.1,

a Bruker software.

2.2.6. Infrared (IR) Spectroscopy

In this spectroscopic technique, aqueous solutions were placed on an Art Diamond-1
bounce sample holder, followed by immediate collection of the spectrum. A Cary 100
FT-IR spectrometer from Agilent technology was used. The FT-IR data was processed

with OriginPro (version 9.1) software.

2.3. Competition kinetic studies

Second-order rate constants for the reactions of TNB with ICN were measured under
pseudo-first-order conditions by stopped-flow technigue. The kinetic experiments were
conducted with at least a 10-fold excess of TNB over ICN. The reaction was monitored
using the diode-array on the stopped-flow instrument in a single-mixing mode at 412
nm. Rate constants for the reactions of free and protein thiols were determined by
competition with TNB for ICN. Competition experiments involved premixing TNB with
the other thiol and then reacting the mixture with an equal volume of ICN. ICN was
kept a limiting reagent and the reaction was monitored by following the loss of TNB at

412 nm.
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2.4. Antimicrobial studies

The antimicrobial activity of ICN solutions (5 — 50 uM) against Escherichia coli ATCC
25922 strains was determined according to the European Committee on Antimicrobial
Susceptibility Testing (EUCAST) criteria. Briefly, the bacterial strains were cultured
and incubated for 24 h at 37 °C in a nutrient agar broth until an optical density of 0.15
to 0.30 (620 nm) was obtained. Glycerol stock of the E. coli cell cultures were spotted
on agar plates and following treatment, the agar plates were kept in dark conditions at
room temperature for 30 days. The parts of the agar plate where there was no longer
bacterial growth (growth inhibition) were indicative of the minimum inhibitory
concentration (MIC). All experiments were done in duplicate, and we will include

controls with selected reference biocides such as formaldehyde.
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Chapter 3

3. Results and Discussion

3.1. Production of ICN via a non-enzyme system

3.1.1. Reaction of I with OSCN- to form Iz

Researchers generally agree that in the oral cavity, OSCN- is the main product of
primary peroxidase enzymes. A series of chemical reactions involving iodide occur
following the production of hypohalites. These non-enzymatic pathways produce
iodine-based antimicrobial species. Paquette et al, have reported that HOCI can
oxidize I to OI'/HOI depending upon the pH. HOI is formed in acidic media and OI" is
formed in basic conditions. Excess iodide (I") further reacts with I0-/HOI to form I2 as

shown in reaction 8 and 9.
HOCI + | — HOI + CI (8)
HOI+ 1 +H —1I,+H,0 9)

Figure 1 shows spectra obtained shortly after mixing OSCN- with I as a function of
time. The absorption spectra are very similar to those previously reported for HOI/OI-
in chemical literature. * The spectrum features absorption bands mainly at 376 and ~
250 nm for OSCN', and a shoulder around 425 nm that is attributed to lactoperoxidase
(LPO). Ashby et al cautioned against recording the OSCN- spectrum below 300 nm
due to domination by other more absorbing species including thiocyanate and
lactoperoxidase. They further indicated that the absorption at 376 nm is the more

characteristic feature of OSCN- despite the low molar extinction coefficient of 26.5 M-
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1ecm? at this wavelength. In the region between the two isosbestic points at 280 nm

and 350 nm, the growing absorption band is consistent with the presence of HOI. The

HOI band previously observed ~278 nm at pH 12 has shifted to ~303 nm at pH 7.4.

The insert shows the rate at which OSCN- is reacting with I~ under the conditions of

our experiments in the presence of lactoperoxidase.
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Figure 1: Time resolved spectra showing the formation of hypoiodite ion (Ol") and the

disappearance of OSCN'.

The time course for the formation and disappearance of HOI was determined by

monitoring changes in the maximum absorption between 280-350 nm. The formation
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of HOI occurs between 0 to 490 minutes after which, its decomposition commences

as it reacts with excess I" to yield |2 as the final stable product.
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Figure 2: Kinetic trace for the formation and decomposition of HOI between 280-345

nm.
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3.1.2. Reaction of l2 with SCN-to produce cyanogen iodide (ICN)

The changes in the UV spectra occurring when 12 is reacted with SCN- are shown in
Figure 3. Cyanogen iodide the product formed by this reaction has an absorbance
band at 222 nm. Other prominent spectral features are the isosbestic point at 218 nm
and a band at 203 nm due to the disappearance of I2. 2 The reaction is pH sensitive,
being faster in phosphate buffered solutions at pH 7.4 than in unbuffered solutions. In

distilled water, the reaction pH drops rapidly to about pH 6.3 after the reaction.
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Figure 3: Time resolved spectral changes showing the formation of ICN in distilled

water.
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The time course of ICN formation was monitored through spectral changes at 222
nm. The kinetic trace indicates a slow reaction (minute-time scale) and high ICN

stability at pH 7.4 as shown in Figure 4.
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Figure 4: Kinetic trace showing the formation of ICN at 222 nm over time.

The formation of ICN under the conditions of our experiments was further confirmed
using 13C-labelled SCN-. The nature of the *3C-labelled oxidation product was studied
using 3C NMR spectroscopy. The reaction of 13C-labelled thiocyanate (S*3CN, 133.4
ppm) with l2 produced a signal with a chemical shift at 49.8 ppm as shown in Figure
5. In the chemical literature, the chemical shift data reported for the ICN signal is
reported between 51-53 ppm for enzyme catalysed reactions, 49.5 ppm for
commercial pure product in distilled water (pH 4 and 7) 2 and 51.1-51.8 ppm for ICN
in buffered I solution. 4°
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Figure 5: ¥3C NMR spectra for the reaction of I2 with S¥*CN in deionized water.
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3.2.  Synthesis of 5-thio-2-nitrobenzoic acid (TNB)
TNB was obtained as orange crystals from the reduction of the Ellman’s reagent 5,5'-

dithiobis-2-nitrobenzioc acid (DTNB) by B-mercaptoethanol as shown in Scheme 2.

O\ OH
N2 SH
S< B-mercaptoethanol
S - 2X O,N
O,N Tris-HCI buffer, pH 8.8
2 Kept at 8 °C, 12 hours @) OH

HO™ ~O

DTNB NB

Scheme 1: Formation of TNB from the reduction of DTNB.

The purity of TNB was confirmed by UV-Vis spectroscopy at its maximum absorption

of 412 nm (Figure 6).
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Figure 6: The UV-Vis spectra of TNB in phosphate buffer at pH 7.4.
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3.3.  Synthesis of cyanogen iodide (ICN)

Cyanogen iodide was successfully synthesized as white needle like crystals by the
sublimation of iodine and sodium cyanide.  The formation and authenticity of ICN was
confirmed by UV-Vis spectroscopy, nuclear magnetic resonance (NMR), infra-red (IR)

and Raman spectroscopy.

4 )

H,O0, stirred at 4 °C
[> + NaCN » [CN + Nal

Diethyl ether, chloroform

N /

Scheme 2: Synthetic pathway for ICN.
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3.4.Characterization of cyanogen iodide (ICN)
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Figure 7: The UV-Vis spectrum of ICN, maximum absorption at 222 nm, € =179 M1

cm.
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Figure 8: 13C NMR spectrum of ICN.

Cyanogen iodide (ICN) was identified by its chemical shift at 50.20 ppm, a value that
correlates well with literature data reported by Schlorke et al for pure ICN, which
showed a signal at 50.1 ppm. In addition to ICN, Schlorke also reported the formation
of a new singlet signal with a chemical shift approximately 53.0 ppm upon further

addition of I- suggesting the presence of I12CN-. 4
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Figure 9: Mass spectrum of ICN in the positive ion mode.

The mass spectrum of ICN (Figure 9) obtained from the TOF-MS showed a base peak
in the positive ion mode [M+1], m/z = 153.9072. This peak confirms the formation of

ICN which has a molecular mass of 152.92 g.mol.
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Figure 10: Accurate mass spectrum of ICN in the positive ion mode.

The mass spectrum of ICN in Figure 10 showed a peak of interest in the positive ion

mode [M+1], m/z =153.9156. This confirms the authenticity of ICN.
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Figure 11: FT-IR spectrum of ICN.
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Figure 12: Raman spectrum of ICN.

The presence of the intense CN stretch at 2165.6 cm™ in the infrared spectrum
combined with the Raman spectrum showing a band at 2164 cm™ confirms the
presence of ICN. These IR data are in agreement with those reported by Chadwick et

al.’
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3.5. Oxidation of selected biological thiols by ICN

3.5.1. Reaction of ICN with TNB

The rate constant for the reaction of ICN with TNB was measured directly by the
stopped-flow technique. The second-order rate constant obtained for the reaction of
TNB was later used as a reference in subsequent competition kinetic experiments
involving other biological thiol groups. The reaction was studies by following the
disappearance of TNB maximum absorbance at 412 nm. The polychromatic data
featured in Figure 13 is characterized by simultaneous disappearance of TNB at 412
nm and DTNB formation at 324 nm, which are separated by a clear isosbestic point at
approximately 362 nm. In all the stopped-flow experiments, pseudo-first-order

conditions were employed using excess TNB over ICN.

DTNB, 324 nm
0.20 -
TNB, 412 nm

0.15
(b}
(&)
[
@
o)
S 0.10 -
n
o)
<

0.05

Isosbestic point
OOO T T T T T T T T T T N T T 1
250 300 350 400 450 500 550 600

Wavelength (nm)

Figure 13: Time-resolved spectral changes observed after reacting ICN (10 puM) with

TNB (50 pM).
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The rate constant for reaction of the ICN (10 yM) with TNB (50-250 yM) was
determined by fitting kinetic data obtained at 412 nm to a single exponential function.
The fitting of kinetic traces at 412 nm resulted in the observed rate constants (Kobs).
When kobs values were plotted against TNB concentration, it showed a linear
dependence that demonstrates that the reaction is first order in [TNB] (Figure 15, see
Figure 20 in appendix 1 for typical linear plot). The gradient of the linear plot yielded a
second-order rate constant of 2.1 x 10* M1 s, To simulate the acidic conditions in the
phagosome 810 the rate constant for the reaction of TNB with ICN was also

determined at pH 6.0 (Table 2).

0.14 +

0.12 -

0.10 H

Absorbance

0.08

0.06

0 2 4 6 8 10 12 14 16 18 20
Time (sec)
Figure 14: Typical kinetic trace showing the disappearance of TNB at 412 nm over

time.
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Figure 15: Linear plot for the observed rate constants kobs following the disappearance
of TNB at 412 nm. Result are represented as mean standard deviation. Some error

bars are smaller than the size of the symbol.

3.5.2. Reaction of ICN with selected biological thiol groups

The rate of reaction of ICN with biologically important thiol groups including L-cysteine,
cysteamine, N-acetyl-cysteine, L-cysteine methyl ester, penicillamine, glutathione and
protein thiol BSA could not be measured accurately by direct method because these
molecules do not have a clearly defined UV-vis spectra. The rates were thus
determined by competition experiments using the rate constants determined above for

TNB as a reference.
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Competition experiments involved mixing a fixed amount of ICN with increasing
concentration of each thiol at 22 °C. The kinetics of the reactions of ICN with each thiol
was conducted in competition with TNB. Changes in absorbance at 412 nm arising
from the reaction of ICN with TNB were used to measure the rate constants as these
afforded measurements that are free from the interference of other absorbing species.
The change in TNB absorbance obtained in the absence of any competing substrate
(Yieldmax = Ymax), and in its presence (Yieldquench = Yquench) were measured at fixed
time points for each thiol after a complete decay of TNB. Similar kinetic measurements
were made by Skaff et al on the reaction of hypothiocyanite ion (OSCN") with low-

molecular-mass thiols. 8

The reaction of ICN with TNB in the absence of a competing thiol showed a
dependence on ICN concentration. Close inspection of the spectral data indicate that
no interference occurred from other absorbing species in the region of interest. Control
experiments whereby DTNB (a disulfide of TNB) was reacted with ICN, showed no
noticeable absorbance changes, ruling out the oxidation of DTNB by ICN as an
alternative pathway for ICN consumption under the conditions of our experiments.
Figure 16 illustrates typical time-resolved experiments for the reaction of TNB (50 uM)
with ICN (10 uM) in the presence of increasing concentrations of cysteine at pH 7.4.

Kinetic data was analysed according to the linear equation (10).

Ymax [TNB] Kquench [quench]
= + [TNB] (10)
Yquench KTNB

47



The slope from the linear competition plot is equal to kquench/kTne and the y-intercept is
given by the TNB concentration. Using the TNB rate constant obtained above, the
second-order rate constant for the reaction of ICN with other thiols were determined

and are presented in Table 2.
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Figure 16: Kinetic traces showing the loss of TNB absorbance with increasing

concentrations of the competing thiol L-cysteine at 412 nm.

Figure 17 shows error bars representing standard deviations from repeated
experiments (see Figure 21 in appendix 1 for a typical linear competition plot) involving
L-cysteine, which allowed for the second-order rate constant to be determined using

the value of ktne measured above at pH 7.4.
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Figure 17: Plot of the linear analysis for the competitive kinetic data for L-cysteine with
ICN at 412 nm. Result are represented as mean standard deviation. Some error bars

are smaller than the size of the symbol.

The rate constants for the reactions of ICN with thiols have not been previously
reported. Competition kinetic data for the reaction of ICN with other thiols is presented
in Table 2. Rate constants varies over the range between 400 M st (penicillamine,
pH 7.4) — 120000 M1 st (TNB, pH 6.0). The values of the rate constants are generally
smaller than those observed for the reaction of OSCN- with thiols. About 2 — 3 orders

of magnitude difference exist between koscn and kicn.
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Table 2: The second-order rate constants in 0.1M phosphate buffer (pH 7.4) at 22 °C,

for the reaction of ICN with low-molecular-mass thiols.

Substrate Structure pH k2 (ICN) (M1s™)
TBN 7.4 | 2.1(x0.21) x10*
O,N SH
6.7 | 6.8(x0.2)x 10
ooc 6.0 | 1.2(+0.2) x 10°
L-cysteine SH 7.4 2.3 (x0.1) x103
. O
H3N
o
Cysteamine SH 7.4 8.6 (x0.1) x 102
y H3F\]/\/ ( )
N-Acetyl-cysteine 2 7.4 5.4 (£ 0.2) x 102
HS
MO—
HN
%O
L-Cysteine methyl Q 7.4 7.9 (£ 0.2) x 102
CH,
ester HS/W)‘\O/
N
Penicillamine e Q 7.4 4.0 (£ 0.1) x10?
HS o
HaC
NH,
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GSH 7.4 | 1.6(x0.2) x 102

0 6.7 | 2.5(x0.2) x 102
HN

w | 6.0 | 4.3(£0.2)x 102

1.3 (+0.7) x 102

Protein thiol BSA - 7.4

3.5.3. Reaction of ICN with thiol-bearing proteins

Serum albumin is the most abundant and complex protein in the blood plasma of all
vertebrates. It functions as a binder and transporter of numerous compounds including
drugs and toxic waste. ' Bovine Serum Albumin (BSA), a large protein (65 kDa)
derived from cows was selected in our investigation as a model for biological thiol-
containing proteins. Kinetic measurements for the reactions of HOSCN with thiol-
containing proteins have been conducted by Skaff et al. & The values obtained for four
proteins including bovine serum albumin (BSA); creatine kinase (CK), B-lactoglobulin
and B-L-crystallins lie with the range of 1.0 x 10* - 7.0 x 10* M1 s'1. 8 Of the four
proteins studied, BSA showed the highest reactivity with HOSCN an observation

attributed to the highly exposed nucleophilic Cys3* of BSA.

In this study, competition kinetic experiments were carried out using TNB (10 yM) to
measure the rate constant for the reaction of ICN (10 uM) with BSA (50 — 250 puM).
The reaction was followed by monitoring TNB absorbance loss at 412 nm with

increasing BSA concentration. The likely site of ICN attachment is the free Cys®,

51



which has a pKa of 8.5. 8 The second-order rate constant of 1.3 x 102 M s for the
reaction of ICN with BSA at pH 7.4 was obtained. This value is comparable to those
obtained for the reaction of ICN with free thiols as shown in Table 2. The second-order
rate constant for the reaction of BSA with ICN is approximately 2.5 orders of magnitude

smaller than with HOSCN.

3.5.4. Factors influencing the observed rate constants

3.54.1. pH dependence of ICN reactions

The rates of reactions of reduced glutathione (GSH) and TNB with ICN were measured
in the range from pH 7.4 to 6.0. Lower (pH < 7.4) values were studied to mimic
conditions found at sites of inflammation. ° Figure 18 shows an inverse relationship
between the second-order rate constants and the pH for both GSH and TNB. The rate
constants for TNB are 2-3 orders of magnitude larger than GSH at all pH values

considered.

3.5.4.2. Dependence of the reactivity on thiol pKa

A plot of thiol pKa against the second-order rate constants (Figure 18) shows an
inverse relationship. The observed increase in rate constants with decreasing thiol
pKa is consistent with that reported for the reaction of thiols with HOSCN and taurine
chloramine. & 12 This trend indicates that the thiolate (RS-) anion of each thiol is the
reactive species. Only cysteine showed a slight deviation from this correlation. In the
HOSCN study, this behaviour was displayed by cysteamine and attributed to its high

net charge at pH 7.4. 8 The reactivity of ICN with protein cysteine residues was
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determined using BSA. The active site Cys** of BSA has a pKa of 8.5. The reactivity
of ICN with BSA is of the same order of magnitude as the reaction with GSH and two
order of magnitude lower than for the reaction of BSA with HOSCN. The high reactivity
of BSA with HOSCN is attributed to the accessibility of the highly exposed Cys3
residue in BSA. The inverse relationship observed between second-order rate

constant and pKa suggests that other factors beyond pKa play a more important role

on the reactivity.
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Figure 18: The linear plot showing the relationship between the second-order rate

constants and thiol pKa for the reaction of thiols with ICN at pH 7.4. 8
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3.6. Preliminary investigation of ICN antimicrobial activity

The presence of biofilm forming bacteria in nature remains a major challenge in both
industry and medicine. Biofilms are microbial communities that adhere on surfaces
thereby acting as diffusion barriers to approaching antimicrobial agents. The biofilm
matrix insulates embedded bacteria from attack by antimicrobial agents such as ICN.
The surge in reported cases of persistent bacterial infection is closely linked to the
action of biofilms for example, in medicine chronic lung infection is caused by
pseudomonas aeruginosa biofilms in cystic fibrosis patients. 2 In the food industry,
penicillium expansum is recognized as the main cause of decay on apples, pears and

citrus fruits. 3

The aim of this preliminary work was to develop capacity within our research group to
conduct biological tests. Training for these tests was provided by Professor S
Schmidth from the school of life science. The minimum inhibitory concentration of ICN
was determined for Escherichia coli (E. coli) in liquid medium using previously
described method. ** Several ICN solutions (5 — 50 pM) in phosphate buffer at pH 7.4
were tested against E.coli grown on agar plates. Following treatment, agar plates were
incubated under dark conditions in the fumehood at room temperature for 30 days.
lodine/ iodide was also tested because it has antimicrobial properties. > Enhanced
inhibition (after 30 days) of bacterial growth even at 5 uM ICN solution was observed
(Figure 19 (D2)). In contrast, controls with glycerol and Kl (5 uM) showed significant

bacterial growth (Figure 19 B2 and Cz2 respectively).
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0 days

30 days

Figure 19: The agar plates taken before and after placing the plates under the fume
hood cardboard. (A1) Control with no E. coli; (B1) with glycerol; (C1) with KI; (D1) with
ICN. The agar plates taken after 30 days. (Az2) Control with no E. coli; (B2) with

Glycerol; (C2) with KI; (D2) with ICN.
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3.7. Conclusion

Schlorke and co-workers have shown that ICN, a highly cytotoxic antimicrobial agent
is produced by the LPO system in the presence of I"and SCN". 4 Furthermore, we have
shown in this work that non-enzyme reactions of OSCN- with |- produces I2 which
further reacts with SCN- to produce ICN. This study reports for the first time the kinetic
data for the reaction of ICN with selected low-molecular-mass thiols and protein thiol
(BSA). Competition kinetics reveal that ICN reacts rapidly with thiols with second-order
rate constants (in the range 10% — 10° M s) that are approximately 2-3 orders of
magnitude smaller than that for HOSCN. It is conceivable that the role played by these
reactions is more prominent in locations such as the oral cavity where peroxidase,
OSCN/, I'and SCN- are all present in significant amounts. The data indicate that ICN
likely releases its antimicrobial activity in part by targeting the bacterial thiol

components in vivo.
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Appendix 1
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Figure 20: Linear plot for the observed rate constants kobs following the

disappearance of TNB at 412 nm.
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Figure 21: Plot of the linear analysis for the competitive kinetic data for L-cysteine with

ICN at 412 nm.
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