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Abstract

Overproduction of hypochlorous acid (HOCI) has been associated with the development of variety
of disorders such as inflammation, heart disease, pulmonary fibrosis and cancer through its ability
to modify different biomolecules. HOCI is a potent oxidant generated by the myeloperoxidase-
hydrogen peroxide-chloride system. Recently, we have provided evidence to support the important
link between higher levels of HOCI with heme destruction and free iron release from hemoglobin
and RBCs. Our current finding extend this work and show the ability of HOCI to mediate the
destruction of metal-ion derivatives of tetrapyrrole macrocyclic rings, such as cyanocobalamin
(Cobl) a common pharmacological form of vitamin B12. Cyanocobalamin is a water soluble
vitamin which plays an essential role as an enzyme cofactor and antioxidant, modulating nucleic
acid metabolism and gene regulation. It is widely used as a therapeutic agent and supplement,
because of its efficacy and stability. In this report, we demonstrate that while Cobl can be an
excellent antioxidant, exposure to high levels of HOCI can overcome the beneficial effects of Cobl
and generate proinflammatory reaction products. Our rapid kinetic, HPLC and mass spectrometric
analyses showed that HOCI can mediate corrin ring destruction and liberate cyanogen chloride
(CNCI) through a mechanism that initially involves a-axial ligand replacement in Cobl to form a
chlorinated derivative, hydrolysis, and cleavage of the phosphor-nucleotide moiety. Additionally,
it can liberate free Co which can perpetuate metal-ion induced oxidant stress. Taken together, this
is the first report of generation of toxic molecular products through the interaction of Cobl with
HOCI.
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INTRODUCTION

HOCI is a potent oxidant generated by myeloperoxidase (MPO), a neutrophil-derived heme
peroxidase that uses hydrogen peroxide (H,O5) and chloride (CI7) as co-substrates [1].
HOCI plays an important role in the innate immune system by oxidatively destroying
invading pathogens and microbes. However, sustained high levels of HOCI may cause host
tissue injury in acute and chronic inflammatory conditions [2]. Activated neutrophils have
been reported to generate around 150-425 uM of HOCI per hour [3, 4]. It is estimated that
HOCI levels reach about 5 mM at sites of inflammation [5]. Indeed, high level of HOCI has
been implicated in development and progression of a number of pathological conditions
such as vasculitis, atherosclerosis, pulmonary fibrosis, diabetic complications,
glomerulonephritis, cancer and even oocyte ageing [6-9]. HOCI also causes protein
chlorination [10] and protein aggregation [11] which have been demonstrated in
neurodegenerative disorders such as in amyloid plaques and Parkinson’s disease [12-14].
HOCI can react with cyanide (CN™) to generate an extremely toxic compound, cyanogen
chloride (CNCI), which in turn is hydrolyzed by water to produce hydrogen cyanide (HCN)
[15].

CNCl is a volatile and toxic asphyxiant that can affect multiple organs such as the central
nervous, cardiovascular and pulmonary systems[16]. It is an extremely labile molecule and
its toxicity in biological system lies in its ability to release CN™ through its reaction with
sulfhydryl compounds such as GSH and protein thiols [17]. The liberated CN™ can in turn
inhibit mitochondrial cytochrome oxidase [18] and hence block electron transport, resulting
in decreased oxidative metabolism and oxygen utilization, a fatal process for an organism.

Vitamin B12 is an important water-soluble vitamin which regulates red blood cell and neural
cell activity and displays antioxidant properties [19, 20]. Deficiency of this vitamin has been
associated with megaloblastic anemia and cognitive dysfunction in neurodegenerative
disorders including Parkinson’s and Alzheimer’s disease [21]. Cyanocobalamin (Cobl) is the
most common supplemental form of vitamin B12. Cyanocobalamin at doses of 100 to 1000
ug, are commonly prescribed for subjects with deficiency of the vitamin in conditions such
as pernicious anemia[22]. Cobl is produced from hydroxocobalamin, naturally produced by
bacteria, and used in all natural products. In the process of purification and separation of
hydroxocobalamin from bacteria through charcoal (a substance rich with cyanide) columns,
hydroxocobalamin changes to cyanocobalamin form. Cobl’s structure is mainly based on a
corrin ring, which is similar to the porphyrin moiety found in hemoproteins with two pyrrole
rings attached directly to each other and a Co atom residing in the center. Four of the six
coordination sites of Co atom are the pyrroyle nitrogen atoms provided by the corrin ring,
and a fifth is a nitrogen of the 5,6- dimethylbenzimidazole group at the lower (or a-) axial
ligand (Fig. 1) [23]. The other nitrogen of the 5,6-dimethylbenzimidazole is linked to a five-
carbon sugar, which in turn connects to a phosphate group, and then back onto the corrin
ring via one of the seven-amide groups attached to the periphery of the corrin ring. The sixth
coordination site, known as the center of reactivity, is the upper/B-axial ligand occupied by a
cyano group (-CN). These characteristic features make the corrin ring more flexible and less
flat compared to the porphyrin ring.
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Recently we have demonstrated that HOCI can oxidatively cleave the heme moiety from
hemoglobin and free heme to release free iron [24, 25]. In this work we extended our
observation to Cobl, a similar corrin macrocyclic compound. Our results for the first time
show that HOCI can mediate destruction of the corrin ring of Cobl, through a mechanism
that involves disruption of axial coordination of the Co atom and cleavage of the corrin ring.
The liberated CN™ reacts with HOCI and generates CNCI.

MATERIALS AND METHODS

Materials

All the materials used were of highest purity grade and used without further purification.
Sodium hypochlorite (NaOCI), pyridine, 1,3 dimethyl barbituric acid, Cobl, L-methioning,
methanol- HPLC grade, were obtained from Sigma Aldrich (St. Louis, MO, USA).

Absorbance Measurements

The absorbance spectra was recorded using a Cary 100 Bio UV-visible spectrophotometer,
at 25 °C, pH 7.0. Experiments were performed in a 1-ml phosphate buffer solution (200
mM, pH 7.4) supplemented with fixed amount of Cobl (11 pM) and increasing
concentration of HOCI (0, 100, 200, 300, 400, 500, 600, 1000 uM). After 2 hours incubation
for reaction completion, methionine (5-fold of the final HOCI concentration) was added to
eliminate excess HOCI and absorbance changes were recorded from 300 to 700 nm.

Rapid Kinetic Measurements

The kinetic measurements of HOCI-mediated Cobl destruction were performed using a dual
syringe stopped-flow instrument obtained from Hi-Tech, Ltd. (Model SF-61). Measurements
were carried out under an aerobic atmosphere at 25°C following rapid mixing of equal
volumes of a buffer solution contains fixed amount of Cobl (22 uM) and a buffer solution
containing increasing concentration of HOCI. The time course of the absorbance change was
fitted to a single-exponential (Eg. 1), or a double-exponential (Eqg. 2) function as indicated.
Signal-to-noise ratios for all kinetic analyses were improved by averaging at least six to
eight individual traces. In some experiments, the stopped-flow instrument was attached to a
rapid scanning diode array device (Hi-Tech) designed to collect multiple numbers of
complete spectra (200-800 nm) at specific time ranges. The detector was automatically
calibrated relative to a holmium oxide filter, as it has spectral peaks at 360.8, 418.5, 446.0,
453.4, 460.4, 536.4, and 637.5 nm, which were used by the software to correctly align pixel
positions with wavelength.

Y=1l-e¥4tC Eq1

Y:Ae_klt + Be_kgt +C Eq.2

High Performance Liquid Chromatography (HPLC) analysis

HPLC analyses was carried out using a Shimadzu HPLC system equipped with a SCL-10A
system controller, with a binary pump solvent delivery (LC-10 AD) module and a
SIL-10AD auto-injector connected to a SPD-M10A diode array detector (DAD) and a
RF-10A XL fluorescence detector. Alltech 5 um particle size, 4.6 x 150 mm reverse-phase
octadecylsilica (C18) HPLC column was used. The photodiode array detector was set at 360
nm to monitor the chromatogram. The column was eluted at a flow rate of 1.0 mL/min with
linear gradients of solvents A and B (A, water; B, methanol). The solvent gradient was as
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follows: 0 to 15 min, 20-85% B; 15 to 20 min, 85% B; then the solvent B composition
dropped down to 20% within 21 min and the column was equilibrated at 20% solvent B for
25 min. After treatment of Cobl with HOCI, 50 pL of the reaction mixture was injected.
Each sample was analyzed in triplicate.

Colorimetric detection of CNCI

CNCI was detected colorimetrically using the pyridine-1,3 dimethyl barbituric acid reagent
[26]. In this assay, CNCI reacts with pyridine to form a dialdehyde, Glutacon dialdehyde,
which then reacts with 1,3 dimethyl barbituric acid and condenses to form a violet colored
polymethine dye (Eq. 3). The composition of the pyridine-1,3, dimethyl barbituric acid
(coloring reagent) was as follows. 1.2 g of 1, 3 dimethy! barbituric acid was dissolved in a
mixture of 12.8 mL of water and 6 mL of pyridine, and then 1.2 mL of HCI was added to the
solution to bring the total volume to 20 mL. 500 pL of coloring reagent was added to 500 pL
of cyanocobalamin-HOCI reaction mixture and was incubated for 15 minutes at 10°C. The
absorbance of the resulting violet-colored solution was measured at 587.5 nm against
cyanocobalamin-HOCI reaction mixture (without addition of coloring reagent, but diluted
with equal volume of water) to substract the absorbance due to residual cyanocobalamine.
The amount of CNCI was determined from the extinction coeffcient of 1.03 x 10° M~1cm™!
for the violet colored complex [27].

Violet colored complex

Eq. 3

Treatment of Cobl with HOCI in human plasma

Plasma was isolated from whole blood collected in heparinized tubes from healthy
individuals. All procedures were approved by Institutional Review Board at Wayne State
University. Briefly, blood samples were centrifuged at 10,000 g for 15 minutes at 4 °C.
After centrifugation, the clear supernatant was collected and used for experiments. 50 pL of
human plasma was spiked with 25 uM of Cobl and increasing concentrations of HOCI were
added and the final volume adjusted to 100 pL. The molar ratios of Cobl: HOCI in the
reaction mixtures were 0, 5, 10, 20, 30, 40, 50, 60 and 100. After addition of HOCI the
reaction mixture was incubated for 2 hours for the reaction to go to completion. Following
which the reaction was terminated by adding methionine. Following protein precipitation
with 40 % trichloroacetic acid, the reaction mixture was subjected to HPLC and liquid
chromatography mass spectrometry (LC-MS) analysis.

Mass spectrometric analysis of Cobl-HOCI reaction mixture

Mass spectrometry (MS) experiments were performed using an Agilent 6410 Triple
Quadrupole mass spectrometer and an Agilent 6210 high resolution TOF instrument coupled
with an Agilent 1200 HPLC system (Agilent Technologies, New Castle, DE), equipped with
an electrospray source. Waters symmetry (Waters Corporation, Milford, MA) C18 column
(particle size 3.5 ym; 2.1 x 100 mm) was used to separate reaction products. Solvent A was
H,0 with 0.1% formic acid and solvent B was acetonitrile with 0.1% formic acid. The
column was equilibrated with 100% solvent A. The gradient was: 0-45% solvent B over 10
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min; 45-95% solvent B over 10 min; 95% solvent B for 1 min 95-0% solvent B for 1 min;
and 100% solvent A for 13 min. 5 pL of the sample was injected at a flow rate of 0.25 mL/
min. Liquid chromatography electrospray ionization (LC/ESI) MS in the positive mode was
performed by triple quadrupole MS instrument using the following parameters: spray
voltage 4000 V, drying gas flow 10 L/min, drying gas temperature 325°C, and nebulizer
pressure 40 psi. Fragmentor voltage was 300 V in MS2 scan mode. Mass range between m/z
300 to 1400 was scanned to obtain full scan mass spectra. LC/electrospray ionization
(ESI)MS with high resolution time of flight (TOF) instrument in the positive mode was
performed using the following parameters: spray voltage 3500 V, drying gas flow 10 L/min,
drying gas temperature 350°C, and nebulizer pressure 40 psi. Fragmentor voltage was 150 V
in full scan mode. Mass range between /2 100 to 1500 was scanned to obtain full scan
mass spectra. Two reference masses at /7/z121.050873 and /m/z922.009798 were used to
obtain accurate mass measurement within 5 ppm.

Solution Preparation

HOCI preparation: HOCI was prepared following a slight modification of a published
method [28]. Briefly, a stock solution of HOCI was prepared by adding 1 mL NaOCI
solution to 40 mL of 154 mM and the pH was adjusted to around 3 by adding HCI. The
concentration of active total chlorine species in solution expressed as [HOCI]+ (where
[HOCI]t = [HOCI] + [Clo] + [CI3T] + [OCIT]) in 154 mM NaCl was determined by
converting all the active chlorine species to OCI™ by adding a single bolus of 40 yL 5 M
NaOH and measuring the concentration of OCI™. The concentration of OCI~™ was determined
spectrophotometrically at 292 nm (e = 362 M~ cm~1). As HOCI is unstable, the stock
solution was freshly prepared on a daily basis, stored on ice, and used within one hour of
preparation. For further experimentations, dilutions were made from the stock solution using
200 mM phosphate buffer pH 7, to give working solutions of lower HOCI concentration.

Cobl preparation: Cobl stock solution was prepared by dissolving Cobl in distilled water.
The concentration of Cobl stock solution was determined spectrophotometrically at 361 nm
(e=27.5mM1cm™).

Kinetics of reaction of HOCI| with Cobl

We report a kinetic study of the reaction of an isolated, well-characterized Cobl with HOCI.
We first characterized HOCI binding to Cobl and its subsequent effects on its destruction.
Spectrophotometric studies demonstrated that incubation of Cobl with increasing
concentrations of HOCI for 2h caused ligand replacement and Cobl destruction, as judged
by a remarkable shift, decrease, and flattening in the absorbance spectra (Fig. 2A). Reactions
reported here were run in the dark under aerobic condition, at 25°C. The starting trace
(dotted line) is the spectrum of Cobl (11 uM) prior to HOCI addition. The prominent
absorbance peak centered at 360 nm with absorbance shoulders at 540 and 550 nm,
indicative of intact corrin ring with CN™ as the a-axial ligand. Incubation of Cobl with lower
concentration (100 uM) of HOCI for 2h caused a distinct shift in UV absorption peak (from
360 to 363 nm), and an additional shift in the visible absorption region from (550 to 590
nm). This distinct red shift of the absorbance spectra was indicative of a-axial ligand
replacement, as reported earlier [29]. Incubation of Cobl with higher concentration (>100
uM) of HOCI caused decrease and flattening in the absorbance spectra indicating oxidative
destruction of the corrin ring. Traces 1-7 of Fig. 2A (solid line from top to bottom) are the
end point spectra recorded after incubating identical amounts of Cobl with 100, 200, 300,
400, 500, 600, 1000 uM of HOCI for 2 hours.
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We next utilized stopped-flow kinetic techniques to elucidate the mechanism by which
HOCI mediated ligand replacement and corrin ring destruction. The time courses for the
ligand replacement and the corrin ring destruction monitored at 363 and 590 nm were very
similar. Each had a distinctive lag phase followed by an increase in absorbance which
reaches a maximum intensity in less than 60 s and then decays over a period of
approximately 200 min when a solution of 11 pM of Cobl was rapidly mixed with fixed
HOCI concentration of 1000 pM, at 25°C (Fig. 2B). The time course for this reaction was
fitted to Eq. 2 with values of k; and ky of 0.24 and 0.11 s71, respectively. The lag phase at
the start of the reaction can be attributed to Cobl conformational change or perhaps the
ionization of bond 5,6- dimethylbenzimidazole group, which partially limits the rate of axial
ligand replacement. These experiments were conducted with fixed amount of Cobl versus
increasing concentration of HOCI. The conformational change, corresponding to the lag
phase, displays similar spectral characteristics to the native Cobl. The subsequent increase in
absorbance that takes place in the next 60 s can be attributed to the axial ligand (either CN~
or 5,6- dimethylbenzimidazole) replacement of the Cobl molecule. Fitting each stopped flow
traces obtained as a function of HOCI concentration to a two-exponential function (Eg. 2)
showed that there was a variation in the observed rate constants. As shown in Fig 3A, the
rate of both phases increased exponentially when plotted as a function of HOCI
concentration. These characteristic slow rates at low HOCI levels may indicate that axial
ligands of Cobl significantly restrict the access of HOCI to the corrin catalytic site. The
parallel exponential increase in both the fast and slow rate constants may indicate that the
ligand replacement rate is limited by the rate of the conformational change. Fig. 2C shows
the decrease in absorbance at 590 nm that take place during the next 200 min of the reaction
when increasing concentration of HOCI were rapidly mixed with a fixed concentration of
Cobl (11 pM). This absorbance decrease can be attributed to Cobl destruction. The variation
of the pseudo-first-order rate constant with the final HOCI concentration was linear, and the
plot intersected the axes near the origin (Fig. 3B). Therefore, Cobl destruction mediated by
HOCI is essentially irreversible. The second-order rate constant for the Cobl destruction
estimated from the slope is found to be 2 x 107> pM~1s71,

Liberation of CNCI from Cobl after HOCI treatment

To confirm our results from the spectrophotometric and kinetic studies, that Cobl interaction
with HOCI leads to ligand substitution and corrin ring destruction, we hypothesized that the
liberated CN™ will react with excess HOCI in the reaction mixture to form CNCI. Cobl (110
pM) was treated with different molar ratios of HOCI and the accumulation of CNCl as a
function of increasing molar ratios of HOCI to Cobl was measured using the pyridine-1,3
dimethy! barbituric acid colorimetric assay (see Materials and Methods for details) (Fig. 4).
From the plot it can be seen that there is an initial lag phase in the amount of CNCI being
formed (up to 3.5:1 HOCI:Cobl ratio) beyond which the CNCI concentration increases
linearly and plateaus of above 28:1 HOCI:Cobl ratio (Fig. 4), suggesting that 28 molecules
of HOCI are required to completely destroy 1 molecule of Cobl and release CNCI.

HPLC analysis of Cobl-HOCI reaction

Fig. S1 shows the chromatograms of Cobl treated with increasing molar ratios of HOCI.
Under our experimental condition Cobl eluted around 9 minutes and was identified by its
characteristic spectral peaks at 360, 520 and 545 nm obtained from the diode array detector.
As the HOCI concentration was increased, formation of new products with different
retention times and spectral properties were seen. As shown in Fig. S1, when Cobl was
treated with 3.4 times excess of HOCI there was a significant decrease in the signal for Cobl
and concomitant formation of six new products with spectral characteristics similar to those
of incomplete corrinoids as reported earlier [30]. Around 10 min and 13 min we observed
two species with spectral characteristics very similar to that observed from the stopped-flow
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kinetic experiment. Therefore, we propose these two compounds might be two stereosiomers
of the a-axial ligand replaced form of the parent Cobl molecule. When HOCI concentration
was further increased, all the incomplete corrinoids disappeared and only the a-axial ligand
replaced form persisted. Finally, at higher concentration (> 60 fold excess of HOCI) there
was complete destruction of the corrin ring as evidenced from the disappearance of the
peaks. From these experiments we conclude that Cobl interacts with HOCI to undergo
ligand replacement in its a-axial position, which ultimately leads to corrin destruction.

LC-MS analysis of Cobl-HOCI reaction products

LC-MS studies with different molar ratios of HOCI:Cobl reaction mixture were performed
to identify the corrin degradation products. At lower HOCI concentration predominantly
intact Cobl was detected (/7/z 1355, Fig 5). Another form of Cobl /21354 was detected
with the corrin ring and the a-axial ligand intact but where the coordination between the Co
atom and the N atom of the 5-6 dimethylbenzimidazole has been disrupted (Fig. 5). At
higher HOCI concentration a chlorinated derivative of Cobl was detected from the
characteristic chlorination isotope pattern, m/z 1389 (Fig. 5). The structure of this
chlorinated complex reveals a ligand replacement on the a-axial side of the molecule as
indicated from the spectrophotometric and HPLC analyses. The two axial ligands of the
central Co atom are CN™ and CI~, with the phopshonucleotide moiety still intact, but not
coordinated to the Co atom. Further oxidative modification of the m/z 1389 product leads to
the formation of m/z279 (Fig. 6). Ultimately at higher HOCI concentrations a corrin
degradation product was detected which resulted from the oxidative cleavage of the carbon-
carbon double bond, m/z 579 (Fig. 6).

Reaction of Cobl with HOCI in human plasma

We studied the reaction between HOCI and Cobl in human plasma utilizing both HPLC and
LC-MS analysis. Human plasma (50 pL) was spiked with 25 uM of Cobl and different
molar ratios of HOCI (5 to 100 fold) were added and the final volume adjusted to 100 pL.
The reaction mixtures were incubated for 2 hr for reaction completion. The reactions were
then terminated by adding methionine and HPLC analysis were performed following
trichloroacetic acid precipitation to remove proteins. The HPLC chromatograms, at 360 nm,
showed similar trends to that when Cobl were treated with HOCI in phosphate buffer
solution. Furthermore LC-MS analysis revealed that all of the four molecular ions, (m/z
1355, 1354, 1389 and 279) (see Fig. 5 and 6) were detected when Cobl was treated with
HOCI in plasma. These studies show that although HOCI has multitude of potential targets
in plasma, this chemistry is still operative and indicates the biological relevance of our
findings.

DISCUSSION

Our central finding is that HOCI nonenzymatically mediates Cobl destruction and
subsequent liberation of toxic CNCI. This was independently demonstrated by using direct
spectrophotometric and rapid Kinetic measurements as well as colorimetric assay to monitor:
axial ligand replacement and the corrin ring destruction; the degree of oxidation and
destruction of the corrin ring; and the liberation of CNCI.

Our results demonstrate for the first time the significant role of HOCI in disturbing the
stability of Cobl. The UV-visible spectrum of Cobl is extremely sensitive to ligand
replacement of both a- and B-axial ligands. For example, a significant blue shifted UV-
visible spectrum was produced upon the replacement of the -axial ligand with different
substituent (e.g. H,O, CH3, adenosyl and OH) [31-34] whereas a significant red shifted
spectrum resulted upon the replacement of the dimethylbenzimidazole group attached to a-

Free Radlic Biol Med. Author manuscript; available in PMC 2013 September 30.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Abu-Soud et al.

Page 8

axial with different substituent (e.g. CN™) [29]. Despite the high affinity of HOCI towards
CN~ (k op = 1.22x10° M~1s71, at 25° C) [15], the present results failed to demonstrate a
direct CN™ removal prior to the corrin ring destruction. This conclusion is strongly
supported by the high affinity of Co central towards CN molecule, which prevents the
accessibility of HOCI to the -axial position. Instead, HOCI-mediates the breakage and
replacement of the a-axial ligand as judged by the redshifted spectral displacement when a
low concentration of HOCI was added to Cobl (Fig. 2). This new species was predominant
at low HOCI concentration and its accumulation was decreased by increasing HOCI
concentration, and completely disappears at higher HOCI concentration (see Fig. S1). The
corrin ring destruction seems to account for the complete loss and flattening of the
absorbance spectrum. Changes in the corrin ring geometry upon alteration in oxidation state
of the Co atom or by the replacement of the axial ligands might therefore make the ring
more susceptible to HOCI-mediated oxidation and destruction. Corrin ring opening and/or
destruction was associated with a significant Co release and liberation of CNCI. The lag
phase that was observed in Fig. 4 could be attributed to minimum concentration of HOCI
that is required for ligand replacement prior to corrin destruction. This is consistent with the
HPLC analysis (Fig. S1) which shows significant accumulation of the chlorinated metabolite
at 3.4:1 HOCI:Cobl ratio.

Insights into mechanisms for HOCI binding to Cobl and novel mode of Cobl destruction
may provide important clues towards understanding the catalytic action of MPO at sites of
inflammation. Using spectral and rapid kinetic measurements, we showed that molecular
HOCI binds to Cobl through a distinct and novel mechanism. Rather than occurring through
a simple, reversible one step mechanism, as is typical for HOCI binding to ferric
hemoproteins [24], the reaction involves several kinetically and spectrophotometrically
distinguishable marks. Single wavelength stopped-flow measurements revealed that the
interaction of HOCI with Cobl consists of at least three elementary steps. The spectral
changes at 363 nm over time reveals the presence of a lag phase with the kinetic tracing over
the initial 5s of reaction, followed by an increase in absorbance in the next 5s, and a
decrease in the absorbance over the next few hours. During the lag phase interval, the
coordination environment of the metal center does not change, thus making reasonable the
assumption that this step is associated with weakening and the release of the a-axial ligand.
This permits the a-axial ligand replacement leading to the formation of a new hexa-
coordinated intermediate. This process is illustrated by the increase in absorbance following
the lag phase monitored at 363 nm. An identified intermediate with /2 value of 1389 is an
example, where the intact nucleotide loop is still attached to the corrin ring but is not
coordinated to the Co atom instead Cl atom is bound to a-axial position. Kinetic traces for
the formation of the chlorinated intermediate as a function of HOCI concentration were best
fitted to a two exponential function (Fig. 2B). As shown in Fig. 3A, the dependence of the
pseudo-first-order rate constants of both phases on the concentration of HOCI are noticeably
curved indicating that the reaction order of this substitution reaction in Cobl is higher than 1.
In fact, there are second order in the HOCI concentration and the reactions follow the rate
expression (Kops = k1[HOCI]?) with second order rate constants of the first and second phase
of 1 x 107" uM~2s71 and 3 x 1077 pM~2s™1, respectively. On the basis of the similar trends
and close proximity of the value of the rate constants for the first and second steps, we
concluded that the chlorinated intermediate is generated through two consecutive steps as
shown in Scheme 1.

Our data clearly showed that a-axial ligand replacement initiates corrin ring destruction and
the release and fragmentation of the 5,6 dimethylbenzimidazole group. The oxidation of
Cobl by a slight excess of HOCI was accompanied by a remarkable change from red color to
colorless. The disappearance of Cobl spectra could be due to the loss of hyperconjugation in
the molecule, Co atom release, and/or Cobl fragmentation. The rate constant of Caobl
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destruction obtained by fitting the decrease in absorbance monitored at 363 nm to a one
exponential function is relatively slow with a positive slope (2 x 107> uM~1s1) obtained
when HOCI concentration was plotted against observed rate constant. The second order rate
constant of HOCI mediated Cobl corrin ring destruction is comparable to the rate constants
of HOCI with C=C in lipid molecules, adenine mononucleotide phosphate and backbone
amides in protein chains (for a detailed review see [6, 35]). This similarity of the rate
constants of HOCI with Cobl and other biomolecules indicated that HOCI can destroy Cobl
in a complex biological mixture. Indeed, when Cobl was treated with HOCI in plasma, all
the four molecular ions which were observed in the phosphate buffer reaction mixture was
detected. These findings show that although HOCI has multitude of potential targets in
plasma it is still capable of destroying Cobl indicating the biological relevance of our
finding. The zero y-intercept confirms the irreversible nature of the reaction. The severity of
Cobl destruction as assessed by the number and chain lengths of the various oxidative
metabolites and subsequent buildup of CNCI is HOCI concentration dependent. The current
work extends our recent work that showed the ability of HOCI to mediate the destruction of
metal-ion derivatives of tetrapyrrole macrocyclic rings and their significant role in HOCI
scavenging.

A proposed chemical mechanism that describes the modification and fragmentation of Caobl
is shown in Scheme I1. In this model, HOCI first oxidized the tertiary alcohol group in the
furanose molecule of the 5,6 dimethylbenzimidazole ligand to a ketone. This reaction
proceeds through the attack of the CIO3™ anion generated from OCI™ (30CI™ - CIO3™ +
2CI7) [36]. The H atom of the tertiary alcohol group forms a hydrogen bond with the
adjacent O~ of the phosphate moiety to form a stable 6 membered ring. The reaction
mechanism is analogous to oxidation of alcohols by Dess—Martin periodinane reagent [37,
38]. However, the higher stability of this six membered ring favors the oxidation of the
tertiray alcohol as opposed to the primary alcohol of the furanose molecule. In this reaction,
ClO3™ is added onto the O atom on the phosphate group which occurs by donation of the
lone pair of the O atom to the Cl atom of CIO3™. In the next step, a proton is exchanged with
the solvent and following intamolecular electron rearrangement (as shown in Scheme 2), the
alcohol group is oxidized to a ketone. Simultaneously with this oxidation there is a breakage
or weakening of the coordination between Co and the N of the 5,6 dimethylbenzimidazole,
leading to a ‘base-off’ conformation of the molecule. This molecule with a molecular weight
of 1353 was identified in LC-MS as /m/z 1354 in the electrospray positive mode. The m/z
1354 compound then undergoes a ligand replacement where a Cl~, generated from OCI™ (as
mentioned above) binds to a-axial side of the structure. This chlorinated derivative is
identified as /m/z 1389 in LC-MS, with a distinct chlorine isotope pattern. Subsequent to the
ligand replacement reaction there is a cleavage of the phosphate group (through a simple
acid hydrolysis as shown in Scheme 2A) of the 5,6 dimethylbenzimidazole moiety
(identified as m/z 359) leading to the removal of this phosphonucleotide from the Cobl
molecule. Additionally, there was oxidative cleavage of the corrin ring, as described
previously [24, 25] which leads to the formation of di-corrinic derivative identified as m/z
579. The phosphonucleotide moiety that was cleaved from the Cobl molecule underwent
further oxidative modification. Initially the hydroxide group (liberated from homolytic
cleavge of the HOCI molecule) attacked the H atom of the five membered ring (as shown in
the scheme) and eliminate the H as a water molecule. This led to the formation of a benzyl
radical, from which the electron on the carbon atom attacked the bond between the esterifed
O and the carbon chain. In the next step through further attack of another molecule of HOCI
and subsequent intramolecular electron rearrangement, the phosphate group is released with
the formation of an tertiary carbonyl group on the five membered carbon ring. The
dephosphorylated moiety undergoes further oxidative modifications to form a demethylated
epoxide compound, /m/z 279 through a mechanism as shown in Scheme 2B. Based on
previously published mechanisms of HOCI’s reaction with carbon-carbon double bonds, any
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of the three double bonds in the six membered ring could form an epoxide. Also, any of the
two methyl groups can potentally get demethylated by HOCI as shown in our mechanism.
Since the structure of the m/z279 is only based on mass analysis, the exact location of the
epoxide and the demethylation remains to be clarified. Thus, Cobl is a potent scavenger of
HOCI as evident from our finding that one molecule of Cobl has the potential capacity to
scavenge multiple molecules of HOCI. The cobalt moiety of hydroxycobalamine avidly
binds to intracellular cyanide (with greater affinity than cytochrome oxidase) forming
cyanocobalamin. This molecule is stable, with few side effects, and is readily excreted in the
urine. Therefore, hydroxycobalamine has been used to treat cyanide poisoning in clinical
settings [39, 40].

However, acute or chronic inflammation can potentially lead to excess HOCI in
inflammatory microenvironment where the antioxidant defenses are overwhelmed. In this
scenario, the interaction of HOCI with Cobl can lead to localized toxic effects. The potential
causes of the toxicity of HOCI-Cobl interaction could be related to: the release of free Co
that may initiate an immunologic reaction in hypoxic and inflammatory states [41]; and the
release of CNCI/CN™ that can lead to the inhibition of mitochondrial cytochrome oxidase
[18]. A recent study has demonstrated that reactive oxygen species like superoxide can be
scavenged by intracellular Cobl when antioxidant defenses are overwhelmed [42]. Free Co
might reduce molecular oxygen to cobalt bound oxygen radical adduct having strong
oxidant properties [44]. It may also take part in Fenton-like reactions and produce hydroxyl
radical ('OH) in the presence of superoxide dismutase (SOD) and hydrogen peroxide (H,05)
at sites of inflammation [44]. Cobalt has also been demonstrated to initiate reactive oxygen
species in cancer cells and brain tissues and affect proliferation and cause DNA damage[44].
Cyanogen chloride is a colorless-to-pale yellow liquid that turns into a gas near room
temperature. This reagent is a highly toxic chemical asphyxiant affecting mitochondrial
respiration. Thus, supplementation with a HOCI scavenger may provide a beneficiary effect
through prevention of the formation of CNCI. Indeed, previous studies by Matthews have
shown that treatment of HL60 cells (cells expressing MPO) by Cobl led to cytotoxicity,
which could be prevented by adding methionine, a potent scavenger of HOCI, to the
medium [45].

Multiple lines of evidence suggest that MPO may play a role in atherogenesis, lung
disorders and various types of cancer. For example, immunohistochemical and biochemical
analyses showed the enzyme and its oxidation products to be localized within human
atherosclerotic lesions [46] and ovarian cancer cells [47]. HOCl-mediated Cobl destruction
may also exert indirect cardiovascular effects through its ability to disrupt the conversion of
homocysteine /folic acid to methionine. Thus, enhanced levels of HOCI may lead to
increased serum levels of homocysteine, a risk factor for cardiovascular disease [48]. HOCI-
mediated Cobl destruction may also disturb the conversion of methylmalonic acid to
succinyl-CoA [49], an input to the citric acid cycle [50, 51]. Previously, we have shown that
MPO may serve as a source of free iron under oxidative stress when both NO and O,°~ are
elevated [52]. It has also been shown that iron accumulates in atherosclerotic lesions in a
catalytically active form. More recently, we have shown that HOCI can promote heme
destruction in free heme, hemoproteins, and red blood cells leading to iron release and
protein aggregation [24]. Our work, thus, provide some exciting evidence to support the
relationship between elevated levels of free metals and elevated activity of MPO. The role of
MPO in the destruction of tetrapyrrole macrocyclic rings and the release of free metals may
provide an additional pathway for the involvement of MPO in lipoprotein oxidation /n vivo
[53].

Therefore, inhibiting MPO and/or eliminating its final products may play a beneficiary role
in biological systems in reducing the metal release mediated by HOCI. Related studies from
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our lab have shown that MPO can be inhibited at three different points: 1) through heme
reduction that causes collapse or narrowing in heme pocket geometry that prevents the
access of the substrate to the catalytic site of the enzyme (e.g. ascorbate) [54]; 2) switching
the MPO catalytic cycle from peroxidation to catalase-like activity (e.g. melatonin,
tryptophan, tryptophan analogs) [55-59]; or 3) direct scavenging of HOCI (e.g. lycopene)
[60].

Vitamin B12 is essential for neural function and a significant portion of elderly population is
deficient in this water-soluble vitamin [61]. Our results indicate that this vitamin displays a
beneficial effect in scavenging HOCI, or a harmful effect in chronic inflammatory states by
destroying Cobl and generating free Co, CNCI and CN. It appears that in a system with
optimal concentrations of vitamin B12, the scavenging property is well utilized, but in
antioxidant deficient states, the effect of HOCI dominates and free cobalt generated in the
process may add to the vicious cycle of generation of more oxidative stress.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Structure of cyanocobalamin.
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Figure2.
UV/Vis spectral changes and kinetic analysis of Cobl-HOCI interaction. Panel A shows the
spectral changes for concentration dependence of HOCI-mediated corrin ring destruction.
The dashed line represents spectral traces of Cobl (11 uM) recorded in phosphate buffer
(200 mM, pH 7), at 25°C. Spectral traces (solid lines, from top to bottom) were recorded
after 2 h of incubation of a fixed amount Cobl with increasing concentration of HOCI (100,
200, 300, 400, 600 and 1000 puM), at 25°C. Arrows in the panel indicate the direction of
spectral change as a function of increasing concentration of HOCI. Panel B shows the
stopped-flow trace monitored at 363 nm when a buffer solution containing Cobl (11 yM,
final) was rapidly mixed with an equal volume of buffer solution supplemented with HOCI
(1000 uM, final), at 25 °C. The red line represents the theoretical fit generated by the
software when the raw data (blue line) was fitted to a two exponential function (Eqg. 2).
Panel C contains the kinetic traces for the reaction monitored at 590 nm, when Cobl (11
MM) was mixed with increasing concentrations of HOCI (250, 750, 1250 and 1500 uM).
These data are representative of three independent experiments.
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Figure 3.

Rate constant of a-axial ligand replacement and corrin ring destruction of Cobl as a function
of HOCI concentration. The observed rate constants for the formation of Cobl intermediate
upon reacting Cobl with HOCI (panel A) and subsequent Cobl destruction (panel B)
monitored at 363 nm observed in Fig. 3 were plotted as a function of HOCI concentration. A
solution containing 11 uM Cobl was rapidly mixed with an equal volume of sodium
phosphate buffer (200 mM, pH 7) supplemented with varying concentration of HOCI at 25
°C. The high concentration of the phosphate buffer is to keep the pH of the solution
unaltered after the addition of HOCI. These data are representative of three independent
experiments and the standard error for each individual rate constant has been estimated to be
less than 5%.
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Cobl destruction mediated by HOCI causes the liberation of CNCI. Cobl was treated with
increasing molar ratios of HOCI:Cobl and CNCI generation was assayed colorimetrically as
detailed in the Materials and Methods section. The data are a representative of three
independent experiments with the error bars representing the standard error measurements.
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Figureb.

Mass spectrometric detection of Cobl-HOCI reaction products. The extracted ion
chromatogram (A) and MS spectrum (B) of unreacted Cobl as detected from the Cobl-HOCI
reaction mixture. The molecular ion was detected in the [M+H]* form and had a /7/z of
1355. Disruption of coordination in Cobl when reacted with HOCI formed a ‘base-off’
intermediate. Examination of the MS spectrum revealed that the [M+H]* ion had a m/z
1354. (C) The extracted ion chromatogram, (D) The MS spectrum of the peak and (E) the
assigned structure of /2 1354. Formation of a chlorinated derivative of Cobl on reacting
with HOCI with a [M + H]" ion having a /7/21389. (F) The extracted ion chromatogram,
(G) the MS spectrum of the peak. Note the presence of one chlorine atom as the ion intensity
of the [M+H+2]* ion is approximately 40% of [M+H]*, indicating a chlorine isotope
pattern. (H) The assigned structure of m7/z 1389.
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Figure®6.

Oxidative modification of the phosphonucleotide moiety and the corrin ring of Cobl.
Extracted ion chromatogram (A & B) and MS spectrum (C) of oxidatively modified
phosphonucleotide moiety and corrin degradation product, detected from the Cobl-HOCI
reaction mixture. The molecular ion was detected in the [M+H]* form and had a mm/z of 279
and 579. The assigned structures of m/z279 and 579 are shown in D & E.
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Kinetic model depicting the reaction between Cobl and HOCI leading to ligand replacement

and corrin ring destruction.
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A: Mechanism of ligand replacement and corrin ring clevage
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B: Mechanism of dephosphorylation and demethylation
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Scheme 2.
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A general kinetic model explains the interaction of Cobl with HOCI leading to the axial

ligand replacement, corrin ring degradation.
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