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Abstract
Hypochlorous acid (HOCl) is a potent oxidant generated by myeloperoxidase (MPO), which is an abundant enzyme used for
defense against microbes. We examined the potential role of HOCl in corrin ring destruction and subsequent formation of
cyanogen chloride (CNCl) from dicyanocobinamide ((CN)2-Cbi). Stopped-flow analysis revealed that the reaction consists of
at least three observable steps, including at least two sequential transient intermediates prior to corrin ring destruction. The
first two steps were attributed to sequential replacement of the two cyanide ligands with hypochlorite, while the third step
was the destruction of the corrin ring. The formation of (OCl)(CN)-Cbi and its conversion to (OCl)2-Cbi was fitted to a first
order rate equation with second order rate constants of 0.002 and 0.0002 mM21s21, respectively. The significantly lower rate
of the second step compared to the first suggests that the replacement of the first cyanide molecule by hypochlorite causes
an alteration in the ligand trans effects changing the affinity and/or accessibility of Co toward hypochlorite. Plots of the
apparent rate constants as a function of HOCl concentration for all the three steps were linear with Y-intercepts close to
zero, indicating that HOCl binds in an irreversible one-step mechanism. Collectively, these results illustrate functional
differences in the corrin ring environments toward binding of diatomic ligands.
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mechanism that involves disruption of axial coordination of the Co
atom and cleavage of the corrin ring [8].
The structure of the Cbl and dicyanocobinamide ((CN)2-Cbi), a
naturally occurring intermediate of vitamin B12 synthesis, are
based on a corrin ring. In the corrin ring four of the six
coordination sites of the cobalt (Co) atom are the pyrrole nitrogen
atoms, which are provided by the corrin ring (Figure 1). In Cbl,
the fifth position of the Co atom (the lower or a- axial ligand) is
taken by one of the nitrogens of the 5,6- dimethylbenzimidazole
group [9]. The other nitrogen of the 5,6-dimethylbenzimidazole is
connected to a five-carbon sugar, which in turn links to a
phosphate group, and then back to the corrin ring via one of the
seven-amide groups at the periphery of the corrin ring. Finally, the
sixth position (the upper/b-axial ligand, also called the site of
reactivity, is occupied by a cyano group (-CN) (Figure 1A).
Cobinamides (Cbi) are vitamin B12 derivatives that lack the
dimethylbenzimidazole group at the a-axial ligand. The solubility,
stability, and the CN- binding ability of cobalamin derivatives
depend on the type of the b-axial ligand and the presence or lack
of 5,6-dimethylbenzimidazole at the a-axial ligand [10–16] The
presence of this group in Cbi causes the increased binding ability
to CN- (100 times greater than Cbl), explaining the difference of

Introduction
Cyanogen chloride (CNCl, CAS 506-77-4) is a disinfectant
byproduct found in drinking water treated with free chlorine and
chloramines at concentrations ranging from 0.45–0.8 mg/L [1,2].
CNCl can be hydrolyzed to form hydrogen cyanide (HCN), and
hypochlorous acid (HOCl) [3]. Cyanogen chloride and its reduced
final product cyanide (CN-) are highly toxic, and their damage
potential depends mainly on the concentration and duration of
exposure [4]. Any exposure to higher concentrations causes
immediate injury to multiple organs in the central nervous,
cardiovascular, and pulmonary systems [5]. Prolonged exposure
can cause permanent brain damage, muscle paralysis, coma, and
death [4]. The ability of these molecules to react with sulfhydryl
compounds such as protein thiols and reduced glutathione (GSH)
causes the toxicity elicited in biological systems [6]. They are also
known to block the electron transport chain by inhibiting
mitochondrial cytochrome C oxidase, initiating a fatal series of
events by decreased oxidative metabolism and oxygen utilization
[7]. Recently, we have shown that significant amounts of CNCl/
CN- are liberated by mixing cyanocobalamin (Cbl), the most
common supplemental form of vitamin B12, with HOCl through a
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Cbi as compared to Cbl in CN- detoxification of massive CNpoisoning [17,18]. Dicyanocobinamide plays an important role,
both in vitro and in intact cells, as a soluble guanylate cyclase
(sGC) co-activator by targeting the N-terminal regulatory regions,
an action which resembles the effect of forskolin on adenylyl
cyclases [19]. It increases intracellular cGMP levels and displays
vasorelaxant activity in phenylephrine-constricted rat aortic rings
in an endothelium-independent manner. Both effects are synergistically potentiated by BAY41-2272, (an NO-independent
soluble guanylate cyclase stimulator consisting of structurally
diverse benzylindazole/pyrazolopyridine and acrylamide derivatives) [19]. Recently, it has been shown that (CN)2-Cbi and related
vitamin B12 derivatives may serve not only as nitric oxide (NO)
scavengers [20], but also as NO synthase (NOS) inhibitors [21].
They have also been shown to serve as potent inhibitors of HIV-1
integrase and may prove useful as anti-viral treatments [22].
Hypochlorous acide, which is produced by heme peroxidase
and myeloperoxidase (MPO) using hydrogen peroxide (H2O2) and
chloride (Cl-) as co-substrates, is a vital component of the innate
immune system, which protects the host through the oxidative
destruction of invading pathogens and microbes [23,24]. Activated
neutrophils have been previously found to generate around 150–
425 mM of HOCl per hour [24–27], and it has been estimated that
HOCl levels can reach up to 5 mM at sites of inflammation [28].
Furthermore, the progression of a number of pathological
conditions including atherosclerosis, pulmonary fibrosis, vascular
and diabetic complications, glomerulonephritis, cancer and even
oocyte aging have been linked to high levels of reactive oxygen
species (ROS) such as HOCl [29–33].
With the use of a combination of optical absorbance and rapid
kinetic approaches, we now show that HOCl mediates (CN)2-Cbi
corrin destruction through a complex multistep process. This
sequence includes the generation of at least two kinetically and
spectrophotometrically distinct intermediates prior to corrin ring
destruction and the generation of CNCl. Collectively, these kinetic
behaviors distinguish HOCl from other ROS, and provide a
foundation to advance our understanding of the role of HOCl
plays in destroying the tetrapyrrole-based compounds as well as
the associated toxicity.

methionine, methanol- HPLC grade, were obtained from Sigma
Aldrich (St. Louis, MO, USA).

Absorbance Measurements
A Cary 100 Bio UV–visible spectrophotometer was used to
record the absorbance spectra, at 25uC, pH 7.0. Experiments were
performed in a 1-ml phosphate buffer solution (200 mM, pH 7.4),
and then supplemented with fixed amount of (CN)2-Cbi (10 mM)
followed by increasing concentrations of HOCl. Reaction
completion was assured after 2 hours of incubation, and methionine (5-fold of the final HOCl concentration) was added to
eliminate excess HOCl, and absorbance changes were recorded
from 300 to 700 nm.

Rapid Kinetic Measurements
A dual syringe stopped-flow instrument from Hi-Tech, Ltd.
(Model SF-61) was used to perform kinetic measurements of
HOCl mediated (CN)2-Cbi destruction. Measurements were
carried out in an aerobic atmosphere at 25uC and 37uC following
rapid mixing of equal volumes of a buffer solution containing a
fixed amount of (CN)2-Cbi (20 mM; initial), and a buffer solution
containing increasing concentration of HOCl. The time course of
the absorbance change was fitted to a single-exponential (Eq. 1), or
a double-exponential (Eq. 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 stoppedflow instrument was attached to a rapid scanning diode array
device (Hi-Tech). This instrument was designed to collect multiple
complete spectra (200–800 nm) for specific time ranges. The
detector was automatically calibrated relative to a holmium oxide
filter, as it had 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 ~1{e{kt zC

ðEq:1Þ

Y ~Ae{k1 t zBe{k2 t zC

ðEq:2Þ

Materials and Methods
Materials
All the materials used were of highest purity grade and used
without further purification. Sodium hypochlorite (NaOCl),
pyridine, 1,3 dimethyl barbituric acid, Cbl, (CN)2-Cbi, L-

Figure 1. Structures of cyanocobalamin (Cbl) (left panel) and dicyanocobinamide ((CN)2-Cbi)) (right panel).
doi:10.1371/journal.pone.0110595.g001
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Colorimetric detection of CNCl
CNCl was detected colorimetrically using the pyridine-1,3
dimethyl barbituric acid reagent as previously reported [34]. The
amount of CNCl was determined from the extinction coefficient of
1.036105 M21cm21 for the violet colored complex [35].

pH Measurements
An experiment on the effect of pH on HOCl mediated (CN)2Cbi corrin destruction was carried out using 50 mM sodium
acetate buffer (pH 4.5 and 5.7), and 50 mM phosphate buffer
(pH 6–9). The different spectra were collected at 25uC.

Solution Preparation
HOCl preparation. HOCl was prepared using a slight
modification of a previously published method [36]. Briefly, a
stock solution of HOCl was prepared by adding 1 mL NaOCl
solution to 40 mL of 154 mM NaCl and the pH was adjusted to
approximately 3 by adding HCl. The concentration of active total
chlorine species in solution expressed as [HOCl]T (where
[HOCl]T = [HOCl] + [Cl2] + [Cl32] + [OCl2]) in 154 mM
NaCl was determined by converting all the active chlorine species
to OCl2 by adding a single bolus of 40 mL 5 M NaOH and
measuring the concentration of OCl2. The concentration of
OCl2 was determined spectrophotometrically at 292 nm
(e = 362 M21 cm21). Secondary to the fact that HOCl is unstable,
the stock solution was freshly prepared daily, stored on ice, and
used within one hour of preparation. For further experiments,
dilutions were made from the stock solution using 200 mM
phosphate buffer pH 7, to give working solutions of lower HOCl
concentrations.
(CN)2-Cbi preparation. Dicyanocobinamide stock solution
was prepared by dissolving an exact weight of (CN)2-Cbi in
distilled water.

Figure 2. Stability of (CN)2-Cbi as a function of pH. UV-visible
difference measurements recorded after dissolving equal amounts of
(CN)2-Cbi (14 mM, final) at different pH values as described under
‘‘Materials and Methods.’’
doi:10.1371/journal.pone.0110595.g002

Spectrophotometric and rapid kinetic characterization of
the interaction between HOCl and (CN)2-Cbi
We next utilized a diode array stopped-flow spectrophotometer
to investigate the kinetics of the reaction of (CN)2-Cbi with
increasing concentrations of HOCl. Reactions were run in the
dark (vitamin B12 derivatives have been considered light sensitive
analytes) under aerobic conditions, at 25uC, pH 6.4–9.0. At
physiologic pH, rapid mixing of a solution of 20 mM (CN)2-Cbi
with 80-fold molar excess of HOCl resulted in the rapid formation
of a transient intermediate that displayed a decrease in the corrin
absorbance peak at 366 nm and broad visible bands centered at
493 and 613 nm, typical of a six-coordinate complex Figure 3
(upper Panel). This spectrum differs from that of (CN)2-Cbi, whose
corrin maxima are centered at 366 with two resolved visible peaks
at 538 and 578 nm [37]. This spectrum also differs from that of
both a-cyano, b-aqua-cobinamide (UV/Vis 353, 496, and
525 nm) and a-aqua, b-cyano-cobinamide (UV/Vis 354, 497,
and 527 nm) [37]. The spectrum for (CN)2-Cbi reported by Zhou
and Zelder that was also supported by 1H NMR [37] matches our
spectrum indicating that (CN)2-Cbi is the starting compound.
Furthermore, there is no alteration in the (CN)2-Cbi upon the
addition of excess CN- to the reaction mixture solidifying the
evidence in favor of (CN)2-Cbi as the starting compound. The
spectrum of the intermediate that initially formed following
addition of HOCl/OCl- to (CN)2-Cbi is consistent with the
replacement of one of the CN- groups with hypochlorite ion
(OCl-). This Cbi intermediate formed within 2.4 s after mixing,
but was unstable and rapidly converted into a more stable
intermediate within 12 s, as judged by further decrease in the
absorbance at 366 nm and a time-dependent shift in visible
absorbance peak from 613 to 493 nm. These spectral changes
were attributed to the replacement of the second CN- group with
OCl-, as shown in Figure 3 (middle Panel). The second transient
intermediate that formed within 12 s of initiating the reaction was
also unstable and this was followed by spontaneous corrin ring
destruction, within minutes of initiating the reaction (Figure 3,
lower Panel). This conclusion was made by the decrease and

Results
Stability of (CN)2-Cbi and the distribution of chlorine
species as a function of pH
We first investigated the stability of (CN)2-Cbi as a function of
pH. Figure 2 shows the UV-visible absorption spectra of (CN)2Cbi prepared at different pHs ranging from 4.5–9.0. At pH range
6.5–9.0, the spectra exhibited corrin maxima centered at 366 with
two resolved visible peaks at 538 and 578 nm. At pH 4.5, the
spectra exhibited corrin maxima centered at 354 with visible
bands centered at 497, and 526 nm, indicating the replacement of
one of the CN- molecules with H2O and the formation of an H2OCbi-CN complex [37]. At pHs between 5.7 and 6 the spectra
demonstrated an equilibrium mixture of (CN)2-Cbi and (CN)-Cbi(H2O). These results are consistent with those previously reported
by Ye et al. in which the instability of Cbi/Cbl at lower pHs was
described [38]. The pH profiles of Cl2, OCl-, and HOCl
populations have been previously reported by Kettle et al. [39].
The HOCl population shows a bell-shaped pattern, with optimum
pH ranging from 3.0 to 7.0 with a sharp drop to ,50% at pH 2
(Cl2 and HOCl are about equal) and to ,50% at pH 7.4 (HOCl
and OCl- are about equal). At pH greater than 7, OCl- starts to
form and becomes the predominant species at pH 9 and above.
Collectively, these observations have been used as a guide to
investigate the reaction of HOCl against (CN)2-Cbi utilizing rapid
kinetic measurements.
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flattening in the absorbance spectra indicating oxidative destruction of the corrin ring. Spectral transitions between each
intermediate formed revealed distinct and well-defined isosbestic
points (Figure 3). Thus sequential formation and decay of Cbi
intermediates occur at sufficiently different rates to enable each
process to be studied by conventional (i.e., single mixing) stoppedflow methods. Similar intermediates were observed when the
experiments were repeated at pH 6.4 and 9.0 (where HOCl and
OCl-, respectively, predominated); however the rate constants of
the transition from one intermediate to another were slower (see
below). Collectively, these results indicate that HOCl binds (CN)2Cbi generating two unstable transient intermediates before corrin
ring fragmentation. The generation of the transient octahedral
intermediate, (OCl)(CN)-Cbi, and its conversion to (OCl)2-Cbi was
characterized by one set of isosbestic points at 520 and 602 nm, as
well as differing responses to varying HOCl concentrations.
We next utilized single wavelength stopped-flow to elucidate the
mechanism by which HOCl mediates ligand replacement and
corrin ring destruction. At pH 7.4 when the reaction was
monitored at 613 nm, there was a rapid increase in absorbance
which reached a maximum intensity in less than 10 s, and then
decayed over a period of approximately 100 s when a solution of
10 mM (CN)2-Cbi was rapidly mixed with 200 mM HOCl
(Figure 4). The time course for this reaction was fitted to Eq. 2
with values of k1 and k2 of 0.30 and 0.026 s21, respectively. The
increase in absorbance at the start of the reaction can be attributed
to axial ligand replacement of one of the CN- groups while the
subsequent decrease in absorbance that took place over the next
100 s can be attributed to the replacement of the second CNgroup. These experiments were conducted with fixed amounts of
(CN)2-Cbi with increasing concentrations of HOCl. The addition
of increasing concentrations of HOCl to (CN)2-Cbi resulted in
dramatic effects on the rates of the buildup, duration, and decay as
assessed by stopped-flow spectroscopy (Figure 4). HOCl was
readily used as a ligand of (CN)2-Cbi, as indicated by the
enhanced rate of this intermediate formation (Figures 3 and 4). As
shown in Figure 5A, the rate of both phases increased linearly
when plotted as a function of HOCl concentration, yielding
second-order rate constants of 0.002 mM21 s21 and
0.0002 mM21 s21 for the first and second phases, respectively.
Figure 3 shows the decrease in absorbance at 613 nm that took
place during the next 100 s of the reaction when increasing
concentrations of HOCl were rapidly mixed with a fixed
concentration of (CN)2-Cbi (10 mM). This decrease and flattening
in the spectra associated with a lack of isosbestic points was
attributed to Cbi destruction that could be due to the loss of
hyperconjugation in the molecule, Co atom release, and/or Cbi
fragmentation. Plots of HOCl concentration versus observed rates
of corrin destruction demonstrated linear kinetics and yielded a
second-order rate constant (k3) of 4.061025 mM21 s21 (Figure 5B). In all cases, the plots intersected the axes near the origin
indicating that the transient intermediates formed and subsequent
Cbi corrin destruction are essentially irreversible (Figure 5).
At pH 6.5 where HOCl is the predominant species in the
solution there is little or no effect on the rate constants or the
intermediates that formed upon mixing HOCl with (CN)2-Cbi
compared to pH 7.4, as judged by single wavelength stopped-flow
measurements (Figure 7). Rapid kinetic measurements performed
at pH 9, where OCl- is the predominant species in the solution,
revealed that the rate constants of ligand replacement and corrin
ring destruction were 3–4 fold lower than those observed at a
lower pH range (6.5–7.4) (Figure 7), indicating the stability of
(CN)2-Cbi at this pH range.

PLOS ONE | www.plosone.org

Figure 3. Diode array rapid scanning spectra for the intermediates and corrin ring destruction by reacting (CN)2-Cbi with
HOCl at three sequential time frames. Panel A, spectra traces
collected at 0.0, 0.4, 0.8, 1.2, 1.6, and 2.4 s and was attributed to the
replacement of the first molecule of CN- with OCl in (CN)2-Cbi. Panel B,
spectra traces collected at 2.4, 5.0, 7.4, and 12.0 and were attributed to
the replacement of the second molecule of CN- with OCl in (CN)2-Cbi.
Panel C, spectra collected at 12.0, 22.0, 40.0, and 120.0 s and was
attributed to corrin ring destruction. Experiments were carried out by
rapid mixing a phosphate buffer solution (200 mM, pH 7.0), at 25uC,
supplemented with 20 mM (CN)2-Cbi with a same volume of a buffer
solution supplemented with 80-fold excess of HOCl. Arrows indicate the
direction of spectral change over time as each intermediate advanced
to the next. These data are representative of three independent
experiments.
doi:10.1371/journal.pone.0110595.g003
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Figure 4. The effect of HOCl concentration on the formation,
duration of (OCl) (CN)-Cbi and its conversion to (OCl)2-Cbi. A
solution containing sodium phosphate buffer (200 mM, pH 7.0)
supplemented with 5 mm (final) dicyanocobiamide was rapidly mixed
with an equal volume of buffer containing increasing concentrations of
HOCl (200, 300, 600, 800, and 1200 mM, final) at 25uC. Replacement of
the first CN- molecule by OCl-, duration, and its decay to (OCl)2-Cbl were
monitored as a function of time by observing spectral changes at
613 nm. The final concentration of HOCl in mixtures is indicated.
doi:10.1371/journal.pone.0110595.g004
Figure 5. Rate constants of the axial ligands replacement and
corrin ring destruction of dicyanocobinamide as a function of
HOCl concentration. Upper panel, the observed rate constants of
(OCl)(CN)-Cbi complex formation (open circles) and its conversion to
(OCl)2-Cbi (monitored at 613 nm) (closed circles) observed in Fig. 3
were plotted as a function of HOCl concentration. R2 values for the first
and second phases were 0.992 and 0.995 respectively. Data represent
the mean of triplicate determinations from an experiment performed
three times. Lower panel, the rate constants for the corrin ring
destruction, for the same reaction, monitored at 493 nm as a function
of HOCl concentration. R2 value was found to be 0.987. These data are
representative of three independent experiments and the standard
error for each individual rate constant has been estimated to be less
than 8%.
doi:10.1371/journal.pone.0110595.g005

Corrin ring destruction can also occur at a lower pH (4–5)
where one of the CN- molecules is replaced with H2O (data not
shown). Importantly, replacement of one of the CN- molecules
with H2O did not show any sign of protection against HOCl
destruction. The characteristic spectrum of (CN)-Cbi-(H2O) was
also observed when (CN)2-Cbi was mixed with low concentration
of HOCl (eg., 1:1, or 1:2 mole equivalent of (CN)2Cbi:HOCl,
respectively). The (CN)-Cbi-(H2O) complexes that formed at low
HOCl concentrations were identified by liquid chromatography
mass spectrometry (LC-MS) analysis and rapid kinetic measurements (data not shown).
In increase in the temperature from 25 to 37uC nearly doubles
the rate of the reactions, but the kinetic behavior and the sequence
of the reaction stays the same. We selected to show the results at
25uC to slow the reaction for clarity purposes.

previously reported [44]. The exact nature of the Co-complex is
currently under investigation in our laboratory. Collectively,
HOCl not only mediated (CN)2-Cbi ring destruction, but also
mediated the generation of CN-/CNCl.

Liberation of CNCl and Co from (CN)2-Cbi after HOCl
treatment
We next investigated whether the CN- released from the (CN)2Cbi molecule reacts with the excess HOCl in the reaction mixture
to form cyanogen chloride (CNCl). Dicyanocobinamide (110 mM)
was treated with 50-fold molar excess of HOCl and the
accumulation of CNCl was measured using the pyridine-1,3
dimethyl barbituric acid colorimetric assay as previously reported.
As shown in Figure 6, the amount of CNCl generated from the
reaction of (CN)2-Cbi with HOCl was approximately 1.8 fold the
amount generated from the same reaction of Cbl with HOCl.
Thus, the destruction of (CN)2-Cbi mediated by HOCl is more
toxic than that of Cbl.
In contrast to what was observed for the reaction of
hemoproteins and free heme with HOCl where we detected
Fe2+ release [40–43], we were unable to determine the oxidation
state of the Co ion and the nature of the axial ligation to the Co
after corrin ring destruction by HOCl. This is due to several
different smaller fragments of the corrin ring generated that might
coordinate to Co. Colorless Cobalt (II)/(III) complexes have
PLOS ONE | www.plosone.org

Discussion
In this work, we showed that HOCl mediates (CN)2-Cbi corrin
ring destruction and subsequent liberation of toxic CNCl. Corrin
ring destruction occurs through a mechanism that initially
involved the sequential replacement of the CN- groups by OClmolecules. Changes in the corrin ring geometry either from the
alteration in oxidation state of the Co atom or by the replacement
of the axial ligands might make the ring more susceptible to
HOCl-mediated oxidation and destruction. Thus, secondary to
the liberation of toxic CNCl/HCN/CN- molecules, cyanocobalamin derivatives may display harmful effects in chronic inflammatory states where HOCl is elevated.
In general, the characteristic spectroscopic features of vitamin
B12 derivatives are extremely sensitive to the alteration of both the
axial ligands, the modification of the corrin ring, as well as the
oxidation state of the Co atom [45,46]. These events may have
5
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parameters are interconnected and alteration of one modulates the
others [13]. In (CN)2-Cbi, the coordination around the central Co
atom is a distorted octahedron [47]. Although the Co-C and C-N
bond lengths of both axial ligands along with the Co-C-CN angles
are almost equal (within the experimental error), the X-ray
analysis indicated that the two CN- molecules located at both axial
ligands exhibit differences in conformation [47]. These differences
resulted, namely, from the orientation of the two CN- molecules in
two different directions. Indeed, one of the N-C-Co linkages is
consistently bent away from the bond linking the two-pyrrole
groups directly while the other linkage can take up a variety of
orientations. This flexibility allows for the interaction of the corrin
edge to adjacent atoms of the side chains with CN-, and the
occurrence and effects of specific CN-H bonding [47]. These
events, accompanied by changes in the corrin ring fold angle, may
cause a steric effect that masks one site and minimally restricts
access of the ligand replacement to the other site. This behavior is
an exceptional case among other tetrapyrrole compounds and
explains why the replacement of CN- molecules at both axial sites
happened sequentially rather than simultaneously when a fixed
amount of (CN)2-Cbi was rapidly mixed with increasing concentrations of HOCl.
The shift and alteration in the UV-visible spectra indicate that
the ligand replacement of the first CN- molecule by OCl- and the
formation of the (OCl)(CN)-Cbl complex displays distinct effects
on the corrin Co microenvironment. This is expected, since the
OCl- molecule has different physical and chemical properties such
as ion size, electronegativity, and affinity toward Co. Given the
radius, polarizability, flexibility, and charge of OCl- compared to
CN-, OCl- displays the potential capacity to adopt a bent geometry
and bind (CN)2-Cbi to form a six-coordinate complex. The
interactions of (OCl)(CN)-Cbi with the second OCl- molecule
suggest that the bond of OCl- has electronic influences on the Cobound CN. Hypochlorite, like other bulky ligands, may display a
longer cobalt-ligand (Co-L) bond and a large corrin ring fold angle
due to a large area of contact (Van der Waals) with the corrin ring
which shortens the trans Co-L bond [48]. Therefore, replacement
of the first CN- with OCl- in (CN)2-Cbi is likely accompanied by a

Figure 6. Cyanocobalamin and (CN)2-Cbi destruction mediated
by HOCl causes the liberation of CNCl. Equal concentrations of Cbl
and (CN)2-Cbi (110 mM) were treated with 50-fold molar excess of HOCl
and CNCl generation were assayed colorimetrically as detailed under
Materials and methods. The data are representative of three
independent experiments with the error bars representing the standard
error measurements.
doi:10.1371/journal.pone.0110595.g006

various effects on the geometric parameters of Cbi including the
modulation of the Co atom’s electronically charged microenvironment by changing a variety of factors. These include the
location of the Co atom (in the plane or out of the plane of the
corrin ring), the distance between the Co atom and the axial
ligands, the distance between the Co atom and the four Ns of the
pyrrole rings, the corrin ring fold angle, and the Co-ligand bond
angles and their ability to make Van der Waals contact with the
corrin ring [47]. There is a considerable amount of evidence from
several X-ray crystallographic studies that indicate that these

Figure 7. Rate constants for the formation and decay of the intermediates that formed upon mixing (CN)2-Cbi with HOCl. (CN)2-Cbi
was rapid-mixed with buffer containing HOCl at various concentrations. Rates of complex formation and decay were determined at three different
pHs (6.5, 7.4, and 9.0) by following absorbance change at 613 or 493 nm, at 10uC, and the rate constants determined as described in the text. These
data are representative of three independent experiments and the standard error for each individual rate constant has been estimated to be less than
3%.
doi:10.1371/journal.pone.0110595.g007
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strengthening of the remaining Co-CN linkage which may allow
the Co ion to move away from the corrin ring center and closer to
the CN- molecule. Such a process may increase the affinity of the
corrin ring towards CN-, which ceases the pyrrole ring movement.
Thus, replacement of the second CN- molecule with OCl- should
be more difficult than that observed for the first CN- molecule.
This notion is supported by the slower rate constant of OClbinding to the second site.
The perturbation in the electronic structure of the corrin ring
mediated by HOCl modification and oxidation may also play an
important role in deactivating the axial coordination site toward
ligand substitution. This assumption is built on a previous study by
Brown et al., which showed that the substitution of the C10 by an
electron-withdrawing group such as NO deactivates the axial
coordination site toward ligand substitution [48]. Chemaly et al.,
have also demonstrated that modifications of C10 and C5, in
which the H atoms are replaced by Cl and OH, respectively,
depend strongly on the polarizability of the axial ligand [49]. The
hypochlorite ion is a more stable and less active form of chlorine. It
is still capable of replacing both CN- molecules of (CN)2-Cbi and
mediating corrin ring destruction but at slower rates. Indeed, our
rapid kinetic measurements reveal that the rate constants of ligand
replacement and corrin ring destruction are 3–4 fold lower than
those observed at a lower pH where HOCl is the predominant
species (Figure 7). A mechanism that describes the involvement of
HOCl in tetrapyrrole macrocyclic compound destruction (e.g.
corrin ring, heme, and porphyrin) that could apply to (CN)2-Cbi
corrin ring damage was described by Maitra et al., and Abu-Soud
et al., [8,40]. In this model, we showed that following ligand
replacement, HOCl oxidatively cleaved the corrin ring leading to
the generation of a dicorrinic derivative. The attack of HOCl to
the carbon–methyne bridges between the adjacent corrin rings led
to the formation of chlorinated adducts, which by releasing
chloride, formed an epoxide or aminal. The epoxide gave rise to a
hydroxylated compound with the hydroxyl group being attached
to the carbon-methyne bridge of the tetrapyrrole moiety, where
the initial attack by HOCl occurred.
Comparison of the kinetic data obtained for the reaction of
(CN)2-Cbi with HOCl showed in Figures 3–5 with recently
reported reactions of Cbl with HOCl showed the involvement of
several kinetically and spectrophotometrically distinguishable
marks. Interaction of HOCl with Cbl consists of a three-step
mechanism: a lag phase interval parallel to the weakening and
release of the a-axial ligand; a-axial ligand replacement leading to
the formation of a new hexa-coordinated intermediate; and corrin
destruction with subsequent CNCl formation [8]. The dependence
of the pseudo-first-order rate constants of the two initial phases on
the concentration of HOCl are noticeably curved indicating that
these reactions are second order with respect to HOCl and follow
the rate expression (kobs = k1[HOCl]2) with second order rate
constants for the first and second phases of 161027 mM22s21 and
361027 mM22s21, respectively [8]. It was concluded that the
chlorinated intermediate was generated through two consecutive
steps based on the similar trends and close proximity of the values
of the rate constants for the first and second steps. The rate
constant of Cbl destruction is relatively slow with a second order
rate constant of (261025 mM21s21). The second order rate
constant of HOCl mediated Cbl corrin ring destruction is
comparable to the rate constants of HOCl with (CN)2-Cbi and
other biomolecules such as C = C in lipid molecules, adenine
mononucleotide phosphate, and backbone amides in protein
chains (for a detailed review see [23,50]). Multiple fragments were
identified utilizing HPLC and mass spectrometry when Cbl was
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treated with HOCl in phosphate buffer associated with a buildup
of CNCl. Similar products have been obtained when the reaction
was carried out in plasma, indicating the biological relevance of
our finding [40]. A biphasic reaction has also been reported for
CN- with (OH)(H2O)-Cbi to form (CN)2-Cbi [2,45]. In this
reaction, the replacement of the H2O molecule by CN- has been
suggested as an initial step due to favorable thermodynamic and
kinetic reasons, subsequently (OH)(CN)-Cbi was attacked by the
second CN- molecule to form (CN)2-Cbi. In addition, Baldwin et
al. [51] have reported that cyanoaquacobinamide reacts with CNmuch faster than either (H2O)2-Cbi or (H2O)(OH)-Cbi due
presumably to the stronger trans-labializing effect of CNcompared to OH2 [2,45].
Sharina et al., showed that (CN)2-Cbi acts as a sGC coactivator
both in vitro and in intact cells [19]. Heme depletion or heme
oxidation does not affect (CN)2-Cbi-dependent activation. In
addition to their antimalarial activity, a recent study by Weinberg
et al. has shown that cobalamins and cobinamides inhibit the three
NOS isoforms to various degrees [21]. The authors suggested that
these compounds could be administered acutely, subacutely, or
chronically in certain diseases in which NO acts in a deleterious
fashion (e.g., inflammatory diseases) with very few side effects. Our
current finding opposes this implication. While cobalamins are
widely used to treat human cyanide poisoning because of their
efficacy and high affinity for CN-, exposure of (CN)2-Cbi to HOCl
can undermine these beneficial effects and generate proinflammatory reaction products, such as CNCl. Hypochlorous acid
mediates corrin ring destruction and liberates toxic molecular
products such as CN-/HCN/CNCl, all potent blood agents. More
recently, we have shown that HOCl can promote heme
destruction in free heme, hemoproteins, and red blood cells
leading to iron release and protein aggregation [40]. Our work,
thus, provides some exciting evidence to support the potential
relationship between elevated levels of free metals and elevated
activity of MPO. This deleterious relationship, during inflammation, could manifest in lipoprotein oxidation in vivo, the initiation
of immunologic reactions, and the production of damaging ROS
such as hydroxyl radicals (NOH) via a Fenton-like reaction when
reducing agents are available (Cl- can reduce Co3+ to Co2+
[33,52]. The higher toxicity of (CN)2-Cbi destruction mediated by
HOCl compared to Cbl destruction is reflected by the liberation of
almost twice the amount of CNCl. The overall kinetic mechanism
that describes our current finding is shown in Figure 7. Thus,
supplementation with HOCl scavenger may provide a beneficial
effect through prevention of the formation of CNCl. Indeed,
previous studies by Matthews et al. have shown that treatment of
HL60 cells (cells expressing MPO) by Cbl led to cytotoxicity,
which could be prevented by adding methionine, a potent
scavenger of HOCl, to the medium [53].

Acknowledgments
This work was supported by the National Institutes of Health grant
RO1HL066367 and R01HL094230, the Children’s Hospital of Michigan,
and the Molecular Phenotyping Core of the Michigan Nutrition and
Obesity Research Center (DK089503). Dr. Iyad. A. Ali is a Fulbright
Senior Research Scholar in Dr. H. M. A-S laboratory.

Author Contributions
Conceived and designed the experiments: DM IA HAS SP. Performed the
experiments: DM IA RA FS. Analyzed the data: DM IA RA FS.
Contributed reagents/materials/analysis tools: DM IA RA FS. Wrote the
paper: HAS GS SP SK.

7

November 2014 | Volume 9 | Issue 11 | e110595

Hypochlorous Acid and Corrin Ring Destruction

References
1. Na CZ, Olson TM (2006) Mechanism and kinetics of cyanogen chloride
formation from the chlorination of glycine. Environmental Science &
Technology 40: 1469–1477.
2. Krasner SW, McGuire MJ, Jacangelo JG, Patania NL, Reagan KM, et al. (1989)
The occurrence of disinfection by-products in US drinking water. J Am Water
Works Assoc 81: 41–53.
3. Ma J, Dasgupta PK (2010) Recent developments in cyanide detection: a review.
Anal Chim Acta 673: 117–125.
4. Brennan RJ, Waeckerle JF, Sharp TW, Lillibridge SR (1999) Chemical warfare
agents: emergency medical and emergency public health issues. Ann Emerg Med
34: 191–204.
5. Szinicz L (2005) History of chemical and biological warfare agents. Toxicology
214: 167–181.
6. Aldridge WN (1951) The conversion of cyanogen chloride to cyanide in the
presence of blood proteins and sulphydryl compounds. Biochem J 48: 271–276.
7. Turrens JF, Alexandre A, Lehninger AL (1985) Ubisemiquinone is the electron
donor for superoxide formation by complex III of heart mitochondria. Arch
Biochem Biophys 237: 408–414.
8. Abu-Soud HM, Maitra D, Byun J, Souza CE, Banerjee J, et al. (2012) The
reaction of HOCl and cyanocobalamin: corrin destruction and the liberation of
cyanogen chloride. Free Radic Biol Med 52: 616–625.
9. Banerjee R, Ragsdale SW (2003) The many faces of vitamin B12: catalysis by
cobalamin-dependent enzymes. Annu Rev Biochem 72: 209–247.
10. Hodgkin DG, Pickworth J, Robertson JH, Trueblood KN, Prosen RJ, et al.
(1955) The crystal structure of the hexacarboxylic acid derived from B12 and the
molecular structure of the vitamin. Nature 176: 325–328.
11. Gruber K, Puffer B, Krautler B (2011) Vitamin B12-derivatives-enzyme
cofactors and ligands of proteins and nucleic acids. Chem Soc Rev 40: 4346–
4363.
12. Brown KL, Cheng S, Zou X, Zubkowski JD, Valente EJ, et al. (1997) Cis Effects
in the Cobalt Corrins. 1. Crystal Structures of 10-Chloroaquacobalamin
Perchlorate, 10-Chlorocyanocobalamin, and 10-Chloromethylcobalamin. Inorg
Chem 36: 3666–3675.
13. Brescianipahor N, Calligaris M, Randaccio L, Toscano PJ (1982) Structural
Aspects of a Vitamin-B12 Model - Crystal and Molecular-Structure of TransCyanobis(Dimethylglyoximato)(Trimethyl Phosphite)-Cobalt(Iii). Journal of the
Chemical Society-Dalton Transactions: 1009–1011.
14. Randaccio L, Furlan M, Geremia S, Slouf M (1998) Preparation and X-ray
analysis of crystals of azido- and chlorocobalamin containing LiCl: A structural
model for the interactions of the corrin ring with ionic species. Inorg Chem 37:
5390–5393.
15. Kamiya K, Kennard O (1982) The X-Ray Structure-Analysis of Anhydrous
Heptamethyl Dicyanocobyrinate (Cobester). Journal of the Chemical SocietyPerkin Transactions 1: 2279–2288.
16. Krautler B, Konrat R, Stupperich E, Farber G, Gruber K, et al. (1994) Direct
Evidence for the Conformational Deformation of the Corrin Ring by the
Nucleotide Base in Vitamin-B12 - Synthesis and Solution Spectroscopic and
Crystal-Structure Analysis of Co-Beta-Cyanoimidazolylcobamide. Inorg Chem
33: 4128–4139.
17. Broderick KE, Balasubramanian M, Chan A, Potluri P, Feala J, et al. (2007) The
cobalamin precursor cobinamide detoxifies nitroprusside-generated cyanide.
Exp Biol Med (Maywood) 232: 789–798.
18. Broderick KE, Potluri P, Zhuang S, Scheffler IE, Sharma VS, et al. (2006)
Cyanide detoxification by the cobalamin precursor cobinamide. Exp Biol Med
(Maywood) 231: 641–649.
19. Sharina I, Sobolevsky M, Doursout MF, Gryko D, Martin E (2012)
Cobinamides are novel coactivators of nitric oxide receptor that target soluble
guanylyl cyclase catalytic domain. J Pharmacol Exp Ther 340: 723–732.
20. Broderick KE, Singh V, Zhuang S, Kambo A, Chen JC, et al. (2005) Nitric
oxide scavenging by the cobalamin precursor cobinamide. J Biol Chem 280:
8678–8685.
21. Weinberg JB, Chen Y, Jiang N, Beasley BE, Salerno JC, et al. (2009) Inhibition
of nitric oxide synthase by cobalamins and cobinamides. Free Radic Biol Med
46: 1626–1632.
22. Weinberg JB, Shugars DC, Sherman PA, Sauls DL, Fyfe JA (1998) Cobalamin
inhibition of HIV-1 integrase and integration of HIV-1 DNA into cellular DNA.
Biochem Biophys Res Commun 246: 393–397.
23. Davies MJ, Hawkins CL, Pattison DI, Rees MD (2008) Mammalian heme
peroxidases: from molecular mechanisms to health implications. Antioxid Redox
Signal 10: 1199–1234.
24. Kettle AJ, Winterbourn CC (1994) Assays for the chlorination activity of
myeloperoxidase. Methods Enzymol 233: 502–512.
25. Malech HL, Gallin JI (1987) Current concepts: immunology. Neutrophils in
human diseases. N Engl J Med 317: 687–694.
26. Pullar JM, Vissers MC, Winterbourn CC (2000) Living with a killer: the effects
of hypochlorous acid on mammalian cells. IUBMB Life 50: 259–266.
27. Weiss SJ, Klein R, Slivka A, Wei M (1982) Chlorination of taurine by human
neutrophils. Evidence for hypochlorous acid generation. J Clin Invest 70: 598–
607.

PLOS ONE | www.plosone.org

28. Hampton MB, Kettle AJ, Winterbourn CC (1998) Inside the neutrophil
phagosome: oxidants, myeloperoxidase, and bacterial killing. Blood 92: 3007–
3017.
29. Goud AP, Goud PT, Diamond MP, Gonik B, Abu-Soud HM (2008) Reactive
oxygen species and oocyte aging: role of superoxide, hydrogen peroxide, and
hypochlorous acid. Free Radic Biol Med 44: 1295–1304.
30. Vivekanadan-Giri A, Wang JH, Byun J, Pennathur S (2008) Mass spectrometric
quantification of amino acid oxidation products identifies oxidative mechanisms
of diabetic end-organ damage. Rev Endocr Metab Disord 9: 275–287.
31. Pennathur S, Heinecke JW (2007) Mechanisms for oxidative stress in diabetic
cardiovascular disease. Antioxid Redox Signal 9: 955–969.
32. Fletcher NM, Jiang Z, Ali-Fehmi R, Levin NK, Belotte J, et al. (2011)
Myeloperoxidase and free iron levels: potential biomarkers for early detection
and prognosis of ovarian cancer. Cancer Biomark 10: 267–275.
33. Nicholls SJ, Hazen SL (2009) Myeloperoxidase, modified lipoproteins, and
atherogenesis. J Lipid Res 50 Suppl: S346–351.
34. Lundquist P, Rosling H, Sorbo B (1985) Determination of cyanide in whole
blood, erythrocytes, and plasma. Clin Chem 31: 591–595.
35. Gumus G, Demirata B, Apak R (2000) Simultaneous spectrophotometric
determination of cyanide and thiocyanate after separation on a melamineformaldehyde resin. Talanta 53: 305–315.
36. Wang L, Bassiri M, Najafi R, Najafi K, Yang J, et al. (2007) Hypochlorous acid
as a potential wound care agent: part I. Stabilized hypochlorous acid: a
component of the inorganic armamentarium of innate immunity. J Burns
Wounds 6: e5.
37. Zhou K, Zelder F (2011) Identification of Diastereomeric Cyano–Aqua
Cobinamides with a Backbone-Modified Vitamin B12 Derivative and with 1H
NMR Spectroscopy. European Journal of Inorganic Chemistry 2011: 53–57.
38. Eitenmiller RR, Ye L, Landen WO (2008) Vitamin analysis for the health and
food sciences. Boca Raton: CRC Press. xxi, 637 p.
39. Kettle AJ, Albrett AM, Chapman AL, Dickerhof N, Forbes LV, et al. (2014)
Measuring chlorine bleach in biology and medicine. Biochim Biophys Acta
1840: 781–793.
40. Maitra D, Byun J, Andreana PR, Abdulhamid I, Diamond MP, et al. (2011)
Reaction of hemoglobin with HOCl: mechanism of heme destruction and free
iron release. Free Radic Biol Med 51: 374–386.
41. Maitra D, Shaeib F, Abdulhamid I, Abdulridha RM, Saed GM, et al. (2013)
Myeloperoxidase acts as a source of free iron during steady-state catalysis by a
feedback inhibitory pathway. Free Radic Biol Med 63: 90–98.
42. Souza CE, Maitra D, Saed GM, Diamond MP, Moura AA, et al. (2011)
Hypochlorous acid-induced heme degradation from lactoperoxidase as a novel
mechanism of free iron release and tissue injury in inflammatory diseases. PLoS
One 6: e27641.
43. Maitra D, Byun J, Andreana PR, Abdulhamid I, Saed GM, et al. (2011)
Mechanism of hypochlorous acid-mediated heme destruction and free iron
release. Free Radic Biol Med 51: 364–373.
44. Huttemann TJ, Foxman BM, Sperati CR, Verkade JG (1965) Transition Metal
Complexes of a Constrained Phosphite Ester. IV. Compounds of Cobalt(I),
Cobalt(III), Nickel(II), and Nickel(0). Inorganic Chemistry 4: 950–953.
45. Ma J, Dasgupta PK, Zelder FH, Boss GR (2012) Cobinamide chemistries for
photometric cyanide determination. A merging zone liquid core waveguide
cyanide analyzer using cyanoaquacobinamide. Anal Chim Acta 736: 78–84.
46. Schneider Z, Stroinski A (1987) Comprehensive B12: chemistry, biochemistry,
nutrition, ecology, medicine: de Gruyter.
47. Markwell AJ, Pratt JM, Shaikjee MS, Toerien JG (1987) The chemistry of
vitamin B12. Part 28. Crystal structure of dicyanocobyrinic acid heptamethyl
ester and its interaction with alcohols: the effects of hydrogen bonding to coordinated cyanide. J Chem Soc, Dalton Trans: 1349–1357.
48. Brown KL (2005) Chemistry and enzymology of vitamin B12. Chem Rev 105:
2075–2149.
49. Chemaly SM, Brown KL, Fernandes MA, Munro OQ, Grimmer C, et al. (2011)
Probing the nature of the Co(III) ion in corrins: the structural and electronic
properties of dicyano- and aquacyanocobyrinic acid heptamethyl ester and a
stable yellow dicyano- and aquacyanocobyrinic acid heptamethyl ester. Inorg
Chem 50: 8700–8718.
50. Pattison DI, Davies MJ (2006) Reactions of myeloperoxidase-derived oxidants
with biological substrates: Gaining chemical insight into human inflammatory
diseases. Current Medicinal Chemistry 13: 3271–3290.
51. Baldwin DA, Betterton EA, Pratt JM (1983) The chemistry of vitamin B12. Part
20. Diaquocobinamide: pK values and evidence for conformational isomers.
J Chem Soc, Dalton Trans: 217–223.
52. Saini Y, Greenwood KK, Merrill C, Kim KY, Patial S, et al. (2010) Acute
cobalt-induced lung injury and the role of hypoxia-inducible factor 1alpha in
modulating inflammation. Toxicol Sci 116: 673–681.
53. Matthews JH (1997) Cyanocobalamin [c-lactam] inhibits vitamin B12 and
causes cytotoxicity in HL60 cells: methionine protects cells completely. Blood 89:
4600–4607.

8

November 2014 | Volume 9 | Issue 11 | e110595

