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The use of N-acetyl-L-methionine (NAM) as a bio-available source for methionine supplementation as well as its ability
to reduce the toxicity of acetaminophen poisoning has been reported. Its interaction with the complex physiological
matrix, however, has not been thoroughly investigated. This manuscript reports on the kinetics and mechanism of
oxidation of NAM by acidic iodate and aqueous iodine. Oxidation of NAM proceeds by a two electron transfer process
resulting in formation of a sole product: N-acetyl-L-methionine sulfoxide (NAMS=0). Data from electrospray ionization
mass spectrometry confirmed the product of oxidation as NAMS=O. The stoichiometry of the reaction was deduced to be
105 + 3NAM — I + 3NAMS=O0. In excess iodate, the stoichiometry was deduced to be 2105 + SNAM + 2H" — I, +
SNAMS=0 + H,O0. The reaction between aqueous iodine and NAM gave a 1 : 1 stoichiometric ratio: NAM + I, + H,O —
NAMS=0 + 2I" + H*. This reaction was relatively rapid when compared with that between NAM and iodate. Tt did,
however, exhibit some auto-inhibitory effects through the formation of triiodide (I5) which is a relatively inert electrophile
when compared with aqueous iodine. A simple mechanism containing 11 reactions gave a reasonably good fit to the

experimental data.
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Introduction

Organosulfur compounds play a major role in synthetic, ana-
Iytical, and medicinal chemistry. Oxidations of these organo-
sulfur compounds appear to be involved in many cellular
functions including protection of the cell from oxidative
damage.!" Sulfur-containing amino acids play an important
role in antioxidant defence in humans.'”) In the physiological
environment sulfur is found in many amino acids, making it
the third most abundant micro-mineral on the basis of total
bodyweight in humans.") Methionine is an essential amino acid
that is required for protein synthesis as well as other biochemical
processes and cell proliferation.'] Methionine, like cysteine,
can act as an antioxidant and as a key component in metabolism
regulation. N-Acetyl-L-methionine (NAM) is a derivative of
the amino acid methionine with an acetyl group attached to
the nitrogen atom. NAM is effectively deacetylated by acyclase
1 (ACY1; EC 3.5.1.14) which is expressed in a wide range of
human tissues including the brain.>*®! Although the deacety-
lating enzyme has been known for years, it remains unclear
which enzyme is responsible for acetylation of methionine. The
current theory suggests that free NAM is the direct result of
degradation of acetylated proteins but there are no previous
documented reports on acetylation of free methionine.l”’ NAM
has long been recognized as a bio-available source for the
essential amino acid methionine.™® Considerable evidence from
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the literature has suggested that NAM can replace methionine as
an essential amino acid in the human diet.!” The two compounds
are nutritionally and metabolically equivalent. Supplemental
methionine may undergo a chemical modification during
processing, producing a disagreeable odour.['”! However, the
protection of the L-acetyl-methionine a-amino group with an
N-acetyl group prevents the Strecker degradation, enhancing
the potential of NAM as a food additive in place of methio-
nine.!""'2 NAM is a powerful antioxidant capable of acting as
an antitoxin to liver toxicity from bromobenzene.!"*! It has been
found to stabilize liver glutathione (GSH) levels after depletion
as a result of acetaminophen toxicity and hence prevent liver
toxicity.!'*! Thus it is also involved in the production of GSH,
cysteine, and taurine, all of which help to eliminate toxins from
the body. A combination of anticancer therapy involving the
infusion of NAM and N-acetyl-L-selenomethionine (NASeM)
shows promising results in targeted anticancer therapy and
thus pharmacokinetic evaluation of the data is currently under-
waty.[15 ] Interestingly, although both NAM and methionine are
required for growth, excess dietary quantities have been shown to
result in progressive decreases in weight gain, and have also
caused comparable hypertrophy of the spleen and increases in
spleen iron levels.!')

Despite the importance of NAM, few studies on its meta-
bolism have been carried out. Several of these studies have
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concentrated on comparing and evaluating the nutritional value
of methionine and NAM. Our research interest has largely
focussed on the kinetics and mechanistic studies of these two
compounds. The sulfur centres of the organosulfur compounds
are highly susceptible to oxidation by various biological oxi-
dants such as H,O, and HOCI, which are formed in neutrophils
during inflammation and have bactericidal effects.!'”>°! The
rate of methionine acetylation to NAM has been found to be very
high in the brains of mice and humans.!”!

Here, the oxidation of NAM by aqueous iodine and acidic
iodate is reported.

Experimental
Materials

The following reagent grade chemicals were used without fur-
ther purification: sodium iodate, perchloric acid (70-72 %),
sodium iodide, iodine, sodium perchlorate, soluble starch,
sodium thiosulfate (Fisher), NAM (Sigma). lodine solutions,
being volatile, were kept capped and standardized spectropho-
tometrically before each set of experiments. Stock solutions of
NAM were prepared just before use.

Methods

The rapid reactions of NAM with iodine were followed on a
Hi-Tech Scientific SF61-DX2 double-mixing stopped-flow
spectrophotometer. These reactions were monitored by fol-
lowing the consumption and formation of iodine at 460 nm
(e=770M "em™"). NAM has no absorbance in the visible
region, while aqueous iodine has an isolated peak at 460 nm
(see Fig. 1). This absorbance reading could also be used for ana-
lytical determination of aqueous iodine. Slower reactions involving
oxidation of NAM by acidified iodate were monitored on a con-
ventional Perkin—Elmer Lambda 25 UV-vis spectrophotometer.
All kinetics experiments were performed at 25.0 +0.5°C
and at an ionic strength of 1.0M (NaClO4). All solutions
were prepared using doubly-distilled deionized water from a
Barnstead Sybron Corporation water purification unit capable
of producing both distilled and deionized water (Nanopure).
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Fig. 1. UV-vis spectra of (a) N-acetyl-L-methionine (NAM), (b) iodine,
and (c) the product of NAM and acidified iodate. Iodine absorbs at 460 nm.
However, the iodine/triiodide mixture results in two additional peaks
observed at 286 and 353 nm. The peak at 460 nm becomes an isosbestic
point for iodine and triiodide. Since NAM does not absorb in the UV-vis
region and there was no interference from iodine/triiodide; the peak at
460 nm was used to quantify iodine concentrations.
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Electrospray ionization mass spectrometry (ESI-MS) of the
product solutions was performed using a Thermo Scientific
LTQ-Orbitrap Discovery mass spectrometer (San Jose, CA)
equipped with an electrospray ionization source operated mostly
in the negative mode.

Results and Discussion
Stoichiometry

For a fixed concentration of acidified NAM (0.001 M), a series
of varying concentrations of excess iodate were added and
solutions left to stand overnight. The excess oxidizing power left
after total consumption of NAM was determined iodometrically
by adding excess iodide and titrating the liberated iodine against
standard thiosulfate with starch as indicator. The volume of
thiosulfate was then plotted against initial iodate concentrations
(see Fig. 2). The linear plot is then extrapolated to the iodate axis
to derive the concentration of iodate needed to just oxidize NAM
with no iodate left to produce iodine from the Dushman reac-
tion.1*? Fig. 2 shows an intercept value of 0.32 x 10> M jodate
which represents the stoichiometric amount of iodate needed to
consume an equal volume 0of 0.001 M NAM. This suggestsa 1:3
stoichiometry of iodate to NAM:

10; + 3NAM — 3NAMS=0 +1" (1)

where NAMS=0 is N-acetyl-L-methionine sulfoxide. The 1:3
ratio indicates a two-electron oxidation of the sulfur centre in
NAM to either the sulfenic acid or the sulfoxide in which the
methionine skeletal structure stays intact (see Scheme 1). 'H
NMR spectra shown in Fig. 3 also confirm the formation of a
single product, the sulfoxide. Oxidation of the sulfur atom to the
sulfoxide renders the sulfur atom chiral, which would show a
complex multiplet for the now diastereotopic methylene protons
next to it. The two sets of methylene protons thus effectively
coalesce. The proton on the asymmetric carbon centre is quite
removed from the oxidized sulfur centre and is not expected to
be altered much by the oxidation. The slight difference observed
between products derived from aqueous iodine and acidic iodate
arises from the fact that iodate oxidations occur, and can only be
carried out, at low pH. The sulfur centre ceases to be asymmetric
if it is oxidized further to the sulfone.

o
o

40 1

W
o
L

n
o
L

-
o
L

Volume of sodium thiosulphate added [mL]

0 T T T T
0 0.002 0.004 0.006 0.008 0.010
Concentration of 103 [M]
Fig. 2. Titration results of oxidation of N-acetyl-L-methionine (NAM) in

excess iodate conditions. The intercept on the [103] axis is 0.00032 M suggest-
ing a 1:3 (iodate to NAM) stoichiometric ratio. [NAM]o= 1.0 x 107> M,
[Ho=50x10">M.
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Sulfenic acids are known to be very unstable and are rarely
isolated, except in sterically hindered molecules.””> ! It is not
anticipated that NAM will be able to stabilize a sulfenic acid.
ESI-MS data shown in Fig. 4 indicates the formation of a single
product: NAMS=0. No other product was observed except for
the addition of a single oxygen onto the sulfur atom of the
thioether. The spectrum in Fig. 4 was obtained in a slight excess
of acidic iodate. It also shows a strong peak for iodide and a
weaker peak for the unreacted iodate. In excess iodate, the
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Scheme 1. N-Acetyl-L-methionine (NAM) is oxidized to N-acetyl-L-
methionine sulfoxide (NAMS=0).
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[26-28]

iodide produced in Eqn 1 asserts the Dushman reaction to

form iodine:
105 + 51" + 6H" — 31, + 3H,0 2)

Thus the overall reaction stoichiometry in excess iodate is a
combination of Eqns 1 and 2 which consumes all the iodide
formed in Eqn 1:

2105 + 5NAM + 2H* — I, + SNAMS=0 + H,0  (3)

The reaction was followed by observing the formation of
iodine, which was only possible in excess iodate, and thus the
stoichiometry in Eqn 3 is the relevant stoichiometry during our
study of this reaction. Fig. 5 shows the ESI mass spectrum
derived from the NAM—iodate reaction at its stoichiometric ratio
of 3:1. The spectrum was acquired before the reaction had
proceeded to completion, and thus still shows peaks for the
substrate and iodate at m/z 191.01 and 174.89 respectively.
Iodine formation was dependent on initial concentrations of
NAM, and the amount of iodine formed was exactly 20 % of the
initial concentration of NAM. Assuming an oxidant to reductant
ratio, R =[105]o/[NAM], > 0.40; the stoichiometry in Eqn 3
was followed. For values of 0.33 < R < 0.40; although molecu-
lar iodine was formed, there was not enough iodate to satisfy
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Fig.3. '"HNMR spectra of (a) N-acetyl-L-methionine (NAM) and (b) the oxidation product of NAM from acidic iodate/iodine which is N-acetyl-L-methionine
sulfoxide. It shows a shift of the S-methyl protons downfield from 2.00 to 2.52 ppm and the S-methylene protons from 2.50 to 2.78 ppm after formation of the
sulfoxide. The formation of the sulfoxide makes the sulfur centre chiral thus making the methylene protons next to the sulfur centre diastereotopic, hence the
complex multiplet. As expected the proton on the asymmetric carbon at 4.35 ppm is barely affected by the sulfoxide formation. The peak at 2.91 ppm is due to

the formation of HDO.*!]
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etric 1 : 1 ratio of [N-acetyl-L-methionine (NAM)] : [I,] using 50 : 50 methanol/

water as solvent. Only two peaks are observed, one for iodide at m/z 126.90 and the sulfoxide product at m/z 206.05.

Eqn 3. An equally relevant reaction in acidic iodate—-NAM
mixtures is the direct reaction of aqueous iodine with NAM.
Its stoichiometry, rate, and viability will determine the overall
reaction dynamics, especially with respect to formation of
iodine. As mentioned above, the ESI-MS spectrum of an
aqueous iodine—NAM mixture (Fig. 4) only gives peaks for
the sulfoxide and for iodide. Through a combination of spectro-
photometric and iodometric techniques, the stoichiometry of the
I,-NAM reaction was deduced to be 1: 1.

I, + NAM + H,0 — NAMS=0 + 21" +2H*  (4)

Reaction Kinetics

Fig. 6 shows successive UV-vis spectra of the reaction mixture
taken every 70s. While the initial spectrum (reactants: NAM,
103, and H") has no peaks in the visible region, after a short
quiescent period, peaks emerge at 355 and 460 nm. These
are attributed to triiodide and the isosbestic point of iodine/
triiodide respectively. Figs 7-9 show that the reaction does not
have a sharp induction period with respect to iodine formation.
Iodine formation is observed almost instantly upon reaction
commencement.

Formation of iodine is derived from the Dushman reac-
tion:??%?7) this requires iodide which has to be derived
from Eqn 1. One would expect a time lag, from reaction
commencement, before formation of iodine is observed. Iodine

formation, however, commences almost immediately (albeit,
slowly at first and increasing in rate of formation). Final
observed iodine concentrations are based on the stoichiometry
of Eqn 3 as in Fig. 7 where initial NAM concentrations
are varied consistently at R > 0.40. Increasing iodate concentra-
tions increased the rate of formation of iodine, but did not
alter the final amount of iodine formed for all solutions with
R>0.40 (Fig. 8). The same was observed for acid variation
experiments shown in Fig. 9. The direct reaction of iodine
with NAM was relatively faster than the iodate oxidation of
NAM, but not overwhelmingly so; such that the rates of these
two sets of reactions were comparable. This can explain the lack
of an induction period in iodine formation for reactions run in
excess iodate.

Kinetics of the I,~NAM Reaction

Fig. 10 shows the dependence of the reaction on NAM
concentrations. The reaction showed typical bimolecular kinet-
ics in which it starts off rapidly and slows down dramatically.
This could also be indicative of a self-inhibiting reaction. The
initial part of the reaction was first order in [NAM]y. A plot of
initial rate of reaction versus [NAM], gave a straight line,
indicating first order kinetics in [NAM]. Data shown in
Fig. 10 give a bimolecular rate constant of 5.23 +0.81 M 's™ ..
Fig. 11 shows the iodine dependence on the rate of reaction; this
also shows initial bimolecular kinetics, and a plot of initial rate
versus iodine concentrations showed first order dependence in



630

iodate_120726143118 #33-44 RT: 0.52-0.70 AV: 12 NL: 4.32E5
T: FTMS - p ESIFull ms [100.00-500.00]
100 - 126.91

95
90

25
20

153 10205 174.89

10 191.03

115, 142.05
503 57 164.04 189.08

138 2
112.04]| 11603 |128.02 \ | 14804 15890|46766 | 18301 |,

Relative abundance
(4]
o
s oo bera b oo teaaa e aaa beva b doaeabevaa bovaa b s b oo v bov s boana boaaa bonaa laaag

199.14

K. Chipiso et al.

206.05

207.05
vl 220.89 238.12 248.84 25523 264.01 276,80 28327  297.15

TTT T[T T T[T T T TTT

T T
110 120 130 140 150 160 170 180 190

l

TTT
200 210 220 230 240 250 260 270 280 290
m/z

Fig.5. Negative mode electrospray ionization mass spectrum of a stoichiometric 3 : 1 ratio of [NAM] : [105 ] using 50 : 50 methanol/water as solvent. The two
major peaks belong to the sulfoxide product at m/z 206.05 and iodide at 126.91. Residual iodate can be seen at m/z 174.89. The spectrum was taken before the

reaction had reached completion.
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Fig. 6. Spectroscopic changes observed every 70 s. [ N-acetyl-L-methionine
(NAM)]p=0.001 M, [103]p=0.02M, and [H"]y=0.05 M.

iodine with a derived rate constant statistically equivalent to the
one derived from data in Fig. 10.

Fig. 12 shows that the product, iodide, inhibits the NAM-I,
reaction. This is the source of the observed auto-inhibition.
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Fig. 7. Absorbance traces for N-acetyl-L-methionine (NAM) variation in
its oxidation by iodate. [I03]o=0.06M, [H']o=0.02M, [NAM],=
(a) 0.002, (b) 0.004 (c) 0.006, (d) 0.008, (e) 0.010, and (f) 0.012M. The
traces show an increase in absorbance as the concentration of NAM is
increased from (a)—(f).

There was no simple relationship derivable from the data in
Fig. 12 linking the rate of reaction with initial iodide concentra-
tions. A plot of the inverse of initial reaction rate versus iodide
concentrations shown in Fig. 13 does show a linear relationship.
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Fig. 8. Absorbance traces of the reaction between N-acetyl-L-methionine
(NAM) and 1035 showing the effect of progressively increasing iodate
concentration. In excess iodate the final iodine amount reaches a maximum
determined by the NAM concentration. All these experimental runs gave the
same final iodine concentrations.
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Fig. 10. Traces showing variation of N-acetyl-L-methionine (NAM) con-
centration with constant iodine concentration. [I,]o=1.0 x 10”*M and
varied [NAM],=(a) 0.00039, (b) 0.00078, (c) 0.0016, (d) 0.0062, and
(e) 0.025 M.

0.2 1

0 T T T T T
0 2 4 6 8 10

Time [min]

Fig. 9. The effect of varying acid concentration for the reaction runs in
excess iodate. Acid is a catalyst in this reaction. [N-acetyl-L-methionine
(NAM)]o=0.01M, [I03]=0.05M, varied [H"]=(a) 0.002, (b) 0.003,
(c) 0.004, (d) 0.005 M, and (e) 0.006 M.

Mechanism

Acidic iodate oxidations have been extensively studied and
standard oxyiodine kinetics have been well established which
involve the initiation reaction of the Dushman reaction as being
dominant.”’*°! This involves protonation of iodate to form
iodic acid which is then attacked by the nucleophilic iodide
species to form an adduct which breaks up in a rate-determining
step to form the reactive oxyiodine species HOI and HIO;:

HY +105 = HIO; (5)
HIO; + I~ = HLO; (6)
HL,O; + H" — HOI + HIO; (rate-determining step) ~ (7)

Since Eqn 7 is the rate-determining step, the rate of the
reaction will be ko[IO3][I ][H*]?. Other laboratories have derived
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Fig. 11. Traces showing effect of progressively increasing iodine concen-

tration on the oxidation of [N-acetyl-L-methionine (NAM)]p = 0.001 M and
[Llo=(a) 1.5x107% (b) 12x107% (¢) 9.0x 107>, (d) 7.0x 107>,
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Fig. 12. (a) Effect of deliberately adding iodide (product of reaction) on

the rate of reaction. [N-acetyl-L-methionine (NAM)],=0.01M, [L]=
0.0003M, and [I']=(a) no added iodide, (b) 0.00005, (c) 0.0001,
(d) 0.0002, and (e) 0.0003M.
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more complex reaction kinetics for the Dushman reaction which
involve a two-term rate law.*® The second pathway involves a
further pre-equilibrium step involving the HI,O5 complex:

HLO; + H' = H,1,0;3 (8)

The H,I,O3 complex is involved in a rapid dehydration
equilibrium:

H,1,0; = 1,O, + H,O (rapld) (9)

This then brings into the mechanistic scheme a new rate-
determining step involving iodide:

L0, + 1" — 130, (rate-determining step) (10)

A series of rapid steps then occur to produce iodine and water:

1,0, + 61" +4H" — 3I; +2H,0 (11)
Combining both pathways, the rate of reaction becomes:

Rate = ko[105 |[I7][H*]* + & [105 ][I [H*] (12)

Eqn 10 is enhanced by high iodide environments, culminat-
ing in formation of triiodide (I5). At low iodide conditions Eqn
11 gives predominantly aqueous molecular iodine:

Modelling the kinetics of the reaction while including the
second term in Eqn 12 did not improve the fit. The volume of
the second term is negligible under the conditions utilized in
this study of the stoichiometry of Eqn 3 since all iodide produced
in the stoichiometry of Eqn 1 is consumed through the Dushman
reaction, and is never high enough to make the second term
in Eqn 12 relevant. Thus this pathway was assumed to be
negligible.

Mechanism of the ,-NAM Reaction

Fig. 14 shows that iodide catalyzes the reaction, at least with
respect to formation of iodine: its rate and its early onset.
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Fig. 14. Absorbance traces, showing the effect of deliberately adding
iodide to the N-acetyl-L-methionine (NAM) oxidation by iodate. A very fast
rate of reaction is initially observed for all concentrations: [NAM], = 0.004 M,
[H]o=0.02 M, [I03] = 0.06 M, and [I'] = (a) 0.0010, (b) 0.0011, (c) 0.0012,
(d) 0.0013, and (e) 0.0014 M.
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However, Fig. 12 shows that iodide inhibits the direct oxidation
of NAM by iodine. The initial step of the NAM-I, reaction is
an electrophilic attack by iodine on the nucleophilic thiol
centre (Eqn 14) followed by a hydrolysis (Eqn 15) to a very
unstable intermediate which immediately rearranges to give the
sulfoxide:

NAM + I, = [NAMS—I|" + 1~ (14)
[NAMS—I]" + H,0 — [NAMS—OH|" + H" + 1~ (15)

The electrophilic species formed in Eqn 15 ( the positively
charged sulfenic acid) can only be stabilized as an S-oxide as has
been observed in thionicotinamide S-oxide (Chart 1)."

Without large stearically hindering, -electron-donating
groups, a sulfenic acid will not be formed.!****! The sulfoxide
is then formed from the formation of the S=0 double bond, with
a concomitant expulsion of a proton.

[NAMS—OH]" — NAMS=0 + H" (16)

No further oxidation occurs past this sulfoxide. Sulfoxides
with electron-donating groups on either side of the sulfur atom
are known to be stable. Methionine sulfoxide can be purchased
as a normal analytical reagent from chemical vendors and is a
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well known bioactive molecule.!'”*'** The overall stoichiom-
etry of this reaction (Eqn 4) introduces iodide ions into the
reaction medium. Jodide is known to form an equilibrium

mixture with aqueous iodine to form triiodide:***)

L+l =1 (17)

Initial attack (Eqn 14) is an electrophilic attack by molecular
iodine. Triiodide, on the other hand, is a nucleophile and would
undergo Eqn 14 at a much slower rate than molecular iodine.
This will inhibit the reaction, and this inhibition intensifies as
the reaction proceeds and more iodide is formed. If one assumes,
in the extreme case, that triiodide is inert, then the rate of the
[,—-NAM reaction is given by:

rate = %ZA[IIY?O (18)

The ‘0’ subscripts denote initial concentrations. One can
re-write Eqn 18 in a linear form as follows:

1 1 Keq[I7]p
rate ka[Lo][NAM]y  ka[Lo]o[NAM],

(19)

A plot of the modulus of the inverse of the rate versus added
iodide concentration should give a straight line that should
deliver a value of k, from the intercept and a value for K, if
indeed I3 was inert. The slope of the plot should deliver the
bimolecular rate constant between iodine and NAM. In the limit
of high initial iodide concentrations, the second term in Eqn 19
dominates. With no iodide ions initially added to the reaction
mixture, Eqn 19 reverts to a pure bimolecular reaction that
should deliver a value for k. This value can be checked against
the one generated from the initial rate data from Figs 10 and 11.
This treatment deduced &, to be 5.65 M~ ! s~!. This value is not
very different from that determined from the initial rate studies
of 5.23 M~ 's™L. If we assume this rate constant, we can utilise
the slope of the graph to determine the K q of the I,/I5 equili-
brium. If the value determined is lower than the literature
valueP of 770 M ™!, this would indicate that I3 is not totally
inert, and does contribute, albeit at a lower effective rate.
A sharp slope in the plot indicates a strong iodide effect and a
larger discrepancy in the reactivities of I, versus I3. The plot in
Fig. 13 deduced a value of K.q=478 M~ (no error bars
available for this value, unless several iodide dependence plots
had been performed at various combinations of initial reagent
concentrations). This deduced value for K. indicates a strong
contribution to oxidation of NAM from I5.

Overall Reaction Dynamics

The reaction of molecular iodine with NAM is sluggish enough
such that it is unable to mop up all the iodine generated through
the Dushman reaction. Hence iodine formation commences
almost as soon as acidic iodate and NAM are mixed together.
Iodate is inert in low acid environments. Highly acidic envir-
onments inhibit Eqn 14, the direct reaction between NAM and
L,, by protonating the nucleophilic sulfur centre of the thioether.
The reaction initiation itself, in the absence of added iodide, is
through a general reaction of iodic acid with the thioether,
generating a cascade of reactive oxyiodine species which will
promote the reaction’s progress. One can write the following
series of reactions (Eqns 20-22), which lead to the initial
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accumulation of iodide and subsequent formation of iodine.
We can represent NAM as RSCHj3, a methyl thioether.

HIO; + RSCH; — HIO, + RSOCH; (20)
HIO, + RSCH; — HOI + RSOCH;3 (21)
HOI + RSCH; — H" + 1~ + RSOCH; (22)

Accumulation of I" from Eqns 20-22 then transfers the rate-
determining step to Eqn 23:

10; +H* + 1~ = HIO, + HOI (23)

Eqn 23 is the initiation reaction for the Dushman reaction in
low iodide conditions, with iodine subsequently generated in a

single reaction:!**!

HOI+ 1~ +H" — I + H,0 (24)

Reduction of iodine by NAM (Eqn 4) generates iodide which
inhibits its further reduction, but catalyzes the reaction that
forms iodine (Eqn 23). Coupled with the protonation of the
sulfur centre, this explains the almost instant iodine formation
observed.

Reaction Modelling

The whole reaction scheme is compiled in the reactions shown
in Table 1. It is a simple 11-reaction scheme that does not
assume complete inertness of the triiodide (the discrepancy in
K.q values obtained from our experimental data and literature
values indicates some activity by triiodide), but the assumed
rate constant was much less than that assumed for aqueous
iodine. The first five reactions are standard iodine and oxyiodine
reactions, and their kinetics values were sourced from literature
values.[?>?772°1 Reaction M6, the association/dissociation of
iodic acid, was derived from silver iodate solubility studies
of Naidich and Ricci.?”! Although a dissociation constant for
HIOj; of 0.163 was derived, it was not easy to extrapolate to our
conditions (pH and ionic strength). Work by Li and Lol*®
deduced a slightly lower value of 0.154, but values as high as
0.470 have also been reported.*”) However, since it is a pro-
tolytic process, reaction rates were assumed to be nearly diffu-
sion-controlled, in both directions, while adhering to the acid
dissociation constant.

Reactions M7-M9 represent the initiation cascade of reac-
tions needed to generate the reactive species through accumu-
lation of iodide. The normally believed theory that iodate
solutions always have high enough iodide concentrations,
~10"°M, to initiate Eqn 23 could not explain the almost instant
production of iodine a few seconds after mixing reaction
solutions. Thus, in simulating the global reaction dynamics,
the most important kinetics parameter is kyg7; the initiation
reaction that starts the iodide formation cascade. The value
adopted for this parameter determined the rate of formation of
aqueous iodine. Kinetic parameters for reactions M8 and M9 are
not relevant for as long as they are faster than the rate constant
for M7. Reactions M9 and M 10 involve oxidation of NAM by
HOI and I, respectively. Reaction M9 involves an oxygen atom
transfer while M10 is an electrophilic attack followed by a
hydrolysis. In this mechanism, we made kyjo > kygpo. Overall,
this did not affect the simulations because of the low HOI
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Table 1. Complete compilation of the reactions involved in the overall scheme for the oxidation of
N-acetyl-L-methionine (NAM) by aqueous iodine and acidic iodate

Number Reaction™ ke, k2
Ml 105 + I" +2H" = HIO, + HOI 2.8, 1.44 x 10°
M2 HIO, + 1" + H" = 2HOI 2.1 % 108,90
M3 HOI+1 +H'"=1, + H,0 3.1x10'2,22
M4 105 + HOI + H' = 2HIO, 8.6 x 107, 2.00
M5 L+l =1 6.2 x10%, 8.5 x 10°
M6 105 + H" = HIO; 5.0 x 10°,1.25 x 10°
M7 HIO; + RSR + H" — HIO, + NAMS=0 + H" 3.8
M8 HIO, + RSR — HOI + NAMS=0 50
M9 HOI + RSR — NAMS=0 + I+ H" 125
M10 I, + RSR + H,0 — NAMS=0 + 2H" + 2I" 5.23
M1l I3 + RSR + H,0 — NAMS=0 + 2H" + 31 1.88
ANAMS=O is the sole oxidation product N-acetyl-L-methionine sulfoxide.
BThe units for the forward (k¢) and reverse (k,) rate constants are determined by reaction molecularity except for
where water is involved.
0.0025 . .
[6] Y. E. Miller, B. Kao, J. Immunoassay 1989, 10, 129. doi:10.1080/
01971528908053232
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