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Kinetic and mechanistic studies on the reaction of a major intracellular vitamin B12 form, cob(II)alamin (Cbl(II)),
with hypochlorous acid/hypochlorite (HOCl/OCl−) have been carried out. Cbl(II) (Co(II)) is rapidly oxidized by
HOCl to predominately aquacobalamin/hydroxycobalamin (Cbl(III), Co(III)) with a second-order rate constant of
2.4 × 107M−1 s−1 (25.0 °C). The stoichiometry of the reaction is 1:1. UHPLC/HRMS analysis of the product mixture
of the reaction of Cbl(II) with 0.9 mol equiv. HOCl provides support for HOCl being initially reduced to Cl• and sub-
sequent H atom abstraction from the corrin macrocycle occurring, resulting in small amounts of corrinoid species
with two or four H atoms fewer than the parent cobalamin. Upon the addition of excess (H)OCl further slower re-
actions are observed. Finally, SDS-PAGE experiments show that HOCl-induced damage to bovine serum albumin
does not occur in the presence of Cbl(II), providing support for Cbl(II) being an efficient HOCl trapping agent.
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1. Introduction

Hypochlorous acid (HOCl) is a potent oxidant secreted by neutro-
phils and monocytes that is generated via the myeloperoxidase (MPO)
catalyzed reaction of chloride with hydrogen peroxide, Eq. (1) [1].

H2O2 þ Cl− þHþ →
MPO

HOClþ H2O ð1Þ

HOCl plays a key role in the innate immune system response against
pathogens and microbes, reacting with superoxide to generate •OH [1,
2]. Under inflammatory conditions, production of HOCl by neutrophils
reaches ~5mM [3,4]. High levels of (H)OCl have been linked tomultiple
diseases including cancer, atherosclerosis and diabetic complications [1,
5]. The involvement of MPO-derived HOCl in neurodegenerative dis-
eases including Parkinson's disease and Alzheimer's disease is also
well known [1,6]. (H)OCl undergoes numerous reactions with biomole-
cules, including chlorination of amines and unsaturated lipids, oxidative
bleaching of heme groups and iron sulfur cluster proteins, oxidation of
thiols and oxidation of nucleic acids [1,7–17]. Several sensitive intracel-
lular detection methods have recently been developed for detecting
(H)OCl using luminescent probes [18,19]. The reactions of (H)OCl
itute, Department of Plant and
SA.
with a variety of transition metal complexes have been reported. Tran-
sitionmetal ions such as Ir(IV), Cu(II) andNi(II) can catalyze the decom-
position of (H)OCl [20]. Several kinetic studies report the oxidation of
transition metal complexes by (H)OCl, including coordination com-
plexes of Mn(III) [21], Ni(II) [22], U(IV) [23], V(III) [24], Pt(II) [25],
Fe(II) [26], Co(III) [3] and Cr(III) [27].

In the presence of chloride, HOCl is in equilibrium with chlorine
under acidic conditions, Eq. (2) [25]. Cl2 is also a potent oxidizing and
chlorinating agent, and indeed, it has recently been proposed that Cl2,
not (H)OCl, is the oxidizing and chlorinating agent generated by the
myeloperoxidase/H2O2/Cl− system [8,28]. Cl2 is a strong 2e− oxidant
and a weaker 1e− oxidant (Eo Cl2/2Cl− = 1.36 V versus NHE at
pH 5.0; Eo Cl2/Cl2− = 0.43 V versus NHE at pH 5.0) [22].

Cl2 aqð Þ þH2O ⇌
k1

k−1

HOClþHþ þ Cl− K ¼ 3:27� 0:11ð Þ � 10−4M2

k1 ¼ 8:7� 0:2 s−1; k−1 ¼ 2:66� 0:03ð Þ � 104 M−2 s−1
ð2Þ

Vitamin B12 and its derivatives, also known as cobalamins (Cbls), are
essential coenzymes in living organisms. The two mammalian B12-
dependent enzyme reactions require either one of the cob(III)alamin
(Co3+) cofactors adenosylcobalamin (AdoCbl, X = 5′-deoxy-5′-
adenosyl (Ado), Fig. 1) or methylcobalamin (MeCbl, X = CH3, Fig. 1)
[29,30]. Methylmalonyl-coenzymeAmutase (MM-CoAmutase) utilizes
AdoCbl as a cofactor to catalyze a carbon skeleton rearrangement
resulting in the conversion of R-methylmalonyl-CoA to succinyl-CoA,
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Fig. 1. The structure of cob(III)alamins. X = CN−, CH3, Ado, H2O, etc.
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an important step in the extraction of energy from several amino acids
and odd chain fatty acids. Methylcobalamin-dependent methionine
synthase catalyzes the methylation of homocysteine (Hcy) to methio-
nine (Met) by 5-methyltetrahydrofolate. Pentacoordinate cob(II)alamin
(Cbl(II), Co2+) is also an important intracellular Cbl derivative.
Cob(III)alamins are reduced to Cbl(II) in a reaction catalyzed by the re-
ductase CblC upon cellular uptake [31].With B12 supplementation intra-
cellular amounts of both protein-bound and free (non-protein bound)
B12 are significant [32–36].

Studies on the reactions of vitamin B12 derivatives with reactive ox-
ygen species (ROS) are of interest for a number of reasons. Cell studies
have shown that for at least some ROS, B12 supplementation reduces
ROS-induced intracellular oxidative stress [37–39]. In addition, a signif-
icant fraction of B12 bound to the B12 transport proteins in the circula-
tion, transcobalamin and haptocorrin, are “Cbl analogs”; that is,
corrinoid complexes incapable of serving as cofactors for B12-
dependent enzyme reactions [40]. Furthermore patients with neurolog-
ical diseases and the elderly have higher plasma levels of Cbl analogs
[41,42]. Elevated ROS levels are associated with neurological disorders
and aging in general. It has been proposed that some of the Cbl analogs
result from endogenousmodifications of the Cbl corrin ring by oxidants
[43]. It is, therefore, of interest to study the reactivity of ROSwith B12 de-
rivatives, in part to establishwhich ROS simply oxidize themetal center
of reduced cobalamins versus those that degrade the corrin ring to pro-
duce an analog of B12. In this study we present studies on the kinetics
and mechanism of the reaction of cob(II)alamin, a major intracellular
of B12, with hypochlorous acid. In addition to rapid oxidation of the
metal center of Cbl(II), evidence was found for decomposition of the
corrin ring by (H)OCl.

2. Experimental section

2.1. Chemicals

Hydroxycobalamin hydrochloride, HOCbl·HCl (·nH2O) (≥96%, 10–
15% water, batch dependent [44]) was purchased from Fluka. Sodium
borohydride (≥98%), silver nitrate, and acetic acid were obtained from
Acros Organics. Potassium dihydrogen phosphate, sodium hydroxide,
ammonia, acetonitrile (HPLC grade), methanol (LC-MS grade), water
(HPLC grade), potassium cyanide (≥99%) and sodium hypochlorite
(12–13% by w/w) were purchased from Fisher Scientific. Bovine
serum albumin was purchased from Bio-Rad. Water was purified
using a Barnstead Nanopure Diamond water purification system.

2.2. Preparation of anaerobic solutions and kinetic measurements

Solutions prepared for Cbl(II) work were degassed by bubbling
through argon for at least 2 h. (H)OCl solutions were freshly prepared.
It has been shown that buffers (phosphate, carbonate, borate, acetate)
have little effect on the rate of decomposition of (H)OCl [45]. Prepara-
tion of all anaerobic solutions were carried out in an MBRAUN
Labmaster 130 (1250/78) glove box filled with argon, equipped with
O2 and H2O sensors and a freezer at −24 °C. Air-free UV–Vis spectro-
metric measurements were carried out in Schlenk cuvettes (cuvettes
fittedwith a J-Young or an equivalent stopcock) using a Cary 5000 spec-
trophotometer equipped with a thermostated (25.0 ± 0.1 °C) cell
changer operating with WinUV Bio software (version 3.00). Kinetic
data for rapid reactions were collected under strictly anaerobic condi-
tions at 25.0 ± 0.1 °C using an Applied Photophysics SX20 stopped-
flow spectrophotometer equipped with a photodiode array detector in
addition to a single wavelength detector, with sequential mixing capa-
bilities. A continuous flow of nitrogen was used to maintain anaerobic
conditions. Data was collected with Pro-Data SX (version 2.1.4) and
Pro-Data Viewer (version 4.1.10) software, and a 1.0 or 0.2 cm
pathlength cellwas utilized. All datawas analyzed usingMicrocal Origin
version 8.0.

2.3. pH measurements

pH measurements were carried out at room temperature using an
Orion model 710A pH meter equipped with Mettler-Toledo Inlab 421
or 423 pH electrodes. The electrode was filled with a 3 M KCl/saturated
AgCl solution (pH7.00) and standardizedwith standard buffer solutions
at pH 8.60–12.00. Solution pHwas adjusted using H3PO4, NaOH, or KOH
solutions as necessary. The error in the pH values is estimated to be
±0.04.

2.4. Synthesis of cob(II)alamin (Cbl(II))

Cbl(II) was synthesized using a previously described procedure [38].

2.4.1. Determination of cobalamin (Cbl) concentrations
Cbl concentrations were determined by converting Cbls to

dicyanocobalamin, (CN)2Cbl−, by reacting with KCN (0.10 M,
pH 11.50). The concentration of the final product was determined
using UV–Vis spectrometry (ε368 nm = 30 mM−1 cm−1) [46].

2.5. Synthesis of chloride-free sodium hypochlorite

Anaerobic solutions of sodium hypochlorite were freshly prepared
to minimize the disproportionation of hypochlorite [47]. Commercially
available NaOCl contains ~10% (w/w) chloride. Chloride-free NaOCl
was prepared by extraction with ethyl acetate [8]. NaOCl (100 ml)
mixed with ethyl acetate (100 ml) was protonated by drop wise addi-
tion of phosphoric acid (final pHof the solutionwas 6.00)with intermit-
tent shaking. The organic phase containing HOCl was washed three
times with H2O, and HOCl was re-extracted into the aqueous phase by
the drop wise addition of NaOH (final pH of the solution was 9.00).
The residual ethyl acetate in the aqueous phase was removed by vigor-
ous bubbling with N2 gas [8]. The final concentrations of both commer-
cially available NaOCl and chloride-free NaOCl solutions were
determined by measuring the absorbance at 292 nm (ε =
350 M−1 cm−1 [48]). New solutions of NaOCl were prepared fresh
daily prior to each experiment to minimize the spontaneous decompo-
sition of HOCl and to ensure that concentrations were accurate.

Image of Fig. 1


Fig. 2. Plot of absorbance vs wavelength for the reaction of Cbl(II) (4.70 × 10−5 M) with
OCl− (5.00 × 10−3 M) at pH 11.30 (0.100 M phosphate buffer, I = 1.0 M (NaCF3SO3),
25.0 °C). Spectra were collected every 2.00 ms for 1.00 s. Inset: The best fit of
absorbance data at 312 nm versus time to a first–order rate equation, giving kobs =
(2.61 ± 0.06) × 102 s−1.
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2.6. HPLC analysis

HPLC analyses were carried out using an Agilent 1100 series HPLC
system equipped with a degasser, quaternary pump, autosampler, and
a photodiode array detector (resolution of 2 nm), using either a
Phenomenex Luna C18 semipreparative column (5 μm, 100 Å,
10 mm × 300 mm; Methods A + B) or an Alltech Alltima (Grace) C18
semipreparative column (5 μm, 100 Å, 10 mm × 300 mm; Method
C) thermostated to 25 °C.

2.7. HPLC analysis of the products of the reaction between Cbl(II) and
(H)OCl

a) In the absence of phenol. The product solution of the reaction be-
tween Cbl(II) (5.0 × 10−4 M) with (H)OCl (4.5 × 10−4 M) at pH 7.00
under anaerobic conditions (0.100 M phosphate buffer, 25.0 °C, I =
1.0 M (NaCF3SO3)) was analyzed by HPLC using Method A. b) In the
presence of phenol. The product solution of the reaction between
Cbl(II) (5.0 × 10−4 M) with (H)OCl (4.5 × 10−4 M) in the presence of
phenol (1.25 × 10−2 M) under anaerobic conditions at pH 7.00
(0.100 M phosphate buffer, 25.0 °C, I = 1.0 M (NaCF3SO3)) was ana-
lyzed by HPLC using Method B. c) In the presence of tyrosine. The prod-
uct solution formed from the reaction between Cbl(II) (5.0 × 10−4 M)
with (H)OCl (4.5 × 10−4 M) in the presence of the excess tyrosine
(1.25 × 10−2 M) at pH 7.00 (0.100 M phosphate buffer, 25.0 °C, I =
1.0 M (NaCF3SO3)) was analyzed using Method C. Method A. A mobile
phase consisting of acetate buffer (1% v/v CH3COOH, pH 3.5), A, and
CH3CN, B, was used in the followingmethod: 0–15min isocratic elution
of 94:6 A:B, 15–17min 94:6 to 30:70 A:B, 17–35min isocratic elution of
30:70 A:B, 35–37 min 30:70 to 94:6 A:B, 37–40 min isocratic elution of
94:6 A:B. All gradientswere linear and a flow rate of 2ml/minwas used.
Product peaks were monitored at 350 nm. Method B. A mobile phase
consisting of acetate buffer (1% v/v CH3COOH, pH 3.5), A, and CH3CN,
B, was used as follows: 0–25 min isocratic elution of 50:50 A:B, 25–
27 min 50:50 to 30:70 A:B, 27–34 min isocratic elution of 30:70 A:B,
34–36 min 30:70 to 50:50 A:B, 37–40 min isocratic elution of 50:50
A:B. All gradients were linear and a flow rate of 2 ml/min was used.
All the standards (phenol, 2-chlorophenol and 4-chlorophenol) were
prepared in 0.10 M phosphate buffer, pH 7.00 and diluted as needed.
Product peaks were monitored at 280 nm. Method C. A mobile phase
consisting of acetate buffer (1% v/v CH3COOH, pH 3.5), A, and CH3OH,
B, were used in the following method: 0–2 min isocratic elution of
70:30 A:B; 2–5 min, linear gradient to 60:40 A:B; 5–27 min, linear gra-
dient to 55:45 A:B; 27–30 min, linear gradient 20:80 A:B; 30–36 min
isocratic elution of 20:80 A:B; 36–38 min, linear gradient 20:80 A:B.
The flow rate of 1 ml/min was used. All the standards (tyrosine, 3-
hydroxytyrosine) were prepared in 0.10 M phosphate buffer, pH 7.00
and diluted as needed. Product peaks were monitored at 280 nm.

2.8. Ultra high performance liquid chromatography (UHPLC) experiments

UHPLC analyseswere carried out using aDionexUltiMate 3000 rapid
separation liquid chromatograph equipped with a degasser, quaternary
pump, autosampler, and a photodiode array detector (bandwidth of
2 nm). Analytes were separated on a Thermo Scientific Hypersil GOLD
C18 column (1.9 μm, 175 Å, 2.1 mm × 55 mm). The following multistep
gradient method with acetate buffer (1% v/v CH3COOH, pH 3.5), A, and
CH3OH, B, was used to separate constituents: 0–15 min 90:10 to 86:14
A:B, 15–20 min 86:14 to 65:35 A:B, 20–21 min 65:35 to 50:50 A:B,
21–26 min isocratic elution of 50:50 (column rinse), 26–27 min 50:50
to 90:10 A:B, 27–30 min isocratic column conditioning at 90:10 A:B.
All gradients were linear and maintained at a flow rate of 0.300 ml/
min. Product peaksweremonitored at 254 and 350 nmwith a reference
wavelength of 398 nm. Eluent from the separation was directly infused
into the electrospray ionization source of the mass spectrometer, de-
scribed below.
2.9. High resolution mass spectrometry (HRMS) measurements

High resolution mass spectra of the eluting species were obtained
using an Exactive Plus mass spectrometer (Thermo Scientific, Bremen,
Germany) equipped with a heated electrospray ionization source
(HESI II probe, Thermo Scientific, Bremen, Germany). The source was
operated at 3.5 kV with a sheath gas flow rate and gas heater tempera-
ture of 25 (manufacturers units) and 310 °C, respectively, to cope with
the relatively high liquid flow rates.

Mass spectra were recorded in the positive ionization mode with a
scan range of 133–2000 m/z, a mass resolving power setting of
140,000, and an automatic gain control (AGC) target value of 1 × 106

ions. To ensure very high mass accuracy (N0.75 mmu), the instrument
was calibrated daily and a lock mass of m/z 371.10124, due to
polysiloxane, was used throughout. These setting resulted in a spectral
acquisition rate of ~1.9 spectra/s. All UV absorption and mass spectral
data were collected and processed with the Xcalibur software (ver.
3.0, Thermo Scientific, San Jose, CA, USA).
3. Results and discussion

The kinetics of the reaction between hypochlorite and the reduced
vitamin B12 complex, cob(II)alamin were studied at pH 8.60–12.00
under anaerobic conditions using stopped-flow spectroscopy. The hy-
pochlorite concentration was kept at least 5 times higher than the
Cbl(II) concentration, to maintain pseudo-first order conditions. Fig. 2
gives UV–Vis spectra for the reaction between Cbl(II) (4.70 × 10−5 M)
and excess OCl− (5.00 × 10−3 M) at pH 11.30 (0.100Mphosphate buff-
er, 25.0 °C, I=1.0M (NaCF3SO3)). Cbl(II) (λmax = 312, 405, 475 nm) is
converted to hydroxycobalamin (HOCbl; λmax = 357, 417, 535 nm)
with sharp isosbestics observed at 337, 374, 490, and 574 nm, in agree-
ment with literature values for the conversion of Cbl(II) to HOCbl [49].
(Note that HPLC/HRMS experiments show that small amounts of spec-
trally indistinguishable corrinoids with two or four H atoms fewer
than cobalamin are also formed – this will be discussed later.) The
inset to Fig. 2 gives the corresponding plot of absorbance at 312 nmver-
sus time. The data fit well to a first-order rate equation, giving kobs =
(2.61 ± 0.06) × 102 s−1.

Rate constants for the reaction between Cbl(II) and OCl− were also
determined at other concentrations at pH 11.30 and the data are sum-
marized in Fig. 3. Data fitted well to a straight line passing through the
origin, consistent with a single irreversible reaction. The linear relation-
ship suggests that the reaction is first-order with respect to the concen-
tration of hypochlorite. From the slope, the apparent second-order rate

Image of Fig. 2


Fig. 3. Plot of kobs versus OCl− concentration for the reaction between Cbl(II)
(5.0 × 10−5 M) and OCl− at pH 11.30 (0.100 M phosphate buffer, 25.0 °C, I = 1.0 M
(NaCF3SO3)). Data were fitted to a line passing through origin, giving kapp = (5.25 ±
0.05) × 103 M−1 s−1.
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constant (kapp) of the reaction can be calculated and was found to be
(5.25 ± 0.05) × 103 M−1 s−1.

The dependence of kapp on pHwas determined at pH 8.60, 8.80, 9.10,
9.40, 9.74, 10.00, 10.50, and 12.00. Data fitted well to a straight line
which passes through the origin at all pH conditions, giving the appar-
ent second-order rate constants, kapp = (1.38 ± 0.02) × 106 M−1 s−1,
(7.45 ± 0.15) × 105 M−1 s−1, (3.97 ± 0.06) × 105 M−1 s−1, (3.36 ±
0.05) × 105 M−1 s−1, (1.36 ± 0.01) × 105 M−1 s−1, (5.95 ±
0.06) × 104 M−1 s−1, (2.12 ± 0.02) × 104 M−1 s−1, and (2.28 ±
0.02) × 103 M−1 s−1 at pH 8.60, 8.80, 9.10, 9.40, 9.74, 10.00, 10.50,
and 12.00, respectively (Supplemental Information, Figs. S1–S8). The
plot in Fig. 4 summarizes the dependence of kapp on pH. It is clear
from these data that kapp increases with decreasing pH. Assuming that
both HOCl and OCl− react with Cbl(II), then.

rate ¼ kOCl‐ Cbl IIð Þ½ � OCl‐½ � þ kHOCl Cbl IIð Þ½ � HOCl½ � ð3Þ

From Eq. (3) it can be shown that

kapp ¼
kHOCl � 10−pH þ kOCl− � Ka HOClð Þ

� �

Ka HOClð Þ þ 10−pH
� � ð4Þ

It was not possible to get a meaningful fit of the experimental data
allowing pKa(HOCl), kHOCl and kOCl− to vary (in this case all three values
had errors larger than the numbers themselves). The most meaningful
fit was instead obtained by fixing pKa(HOCl) = 7.40 [45] and kOCl− =
2.28 × 103 M−1 s−1 (the value of kapp at pH 12.00), and allowing kHOCl
to vary, giving kHOCl = (2.60 ± 0.10) × 107 M−1 s−1.
Fig. 4. Plot of kapp versus pH. The data were fitted to Eq. (4) in the text fixing pKa(HOCl) =
7.40 and kOCl− = 2.28 × 103 M−1 s−1, giving kHOCl = (2.60 ± 0.10) × 107 M−1 s−1.
The stoichiometry of the reaction between Cbl(II) and OCl− at
pH 11.30 was determined by titration. A solution of Cbl(II)
(4.50 × 10−5 M) was left to equilibrate for 10 min with increasing
amounts of OCl− and UV–Vis spectra recorded from 250 to 800 nm.
Fig. 5 shows UV–Vis spectra for equilibrated solutions of Cbl(II) with
0–2.25 mol equiv. OCl− at pH 11.30. The inset to Fig. 5 shows the initial
and final spectra for this experiment. The spectrum of the product and
the isosbestic wavelengths are once again consistent with formation
of HOCbl [49]. From these UV–Vis spectra, a plot of absorbance at
312 nm versus mol equiv. of OCl− was generated, Fig. 5(b). The absor-
bance at 312 nm decreases linearly up to 1.0 mol equiv. of OCl− and is
unchanged upon the addition of further OCl−. This indicates that the
stoichiometry of the reaction of Cbl(II) with OCl− at pH 11.30 is 1:1
Cbl(II):OCl−. Similar experiments were carried out to determine the
stoichiometry at pH 7.00, 9.40, 10.50, and pH 12.00, respectively. The
stoichiometry remained 1:1 Cbl(II):(H)OCl for all pH conditions (Figs.
S9–S12, Supplemental Information).

To confirm HOCbl formation, the 1H NMR spectrum of the product
solution of the reaction of Cbl(II) with 1.3 equiv. OCl− was recorded
(pD 7.40). Five peaks were observed in the aromatic region of the spec-
trum at 7.16 (s, B7), 6.73 (s, B2), 6.50 (s, B4), 6.24 (d, R1) and 6.06 (s,
C10) ppm, Fig. S13, Supplemental Information, in excellent agreement
with chemical shifts reported for HOCbl [44].

With higher concentrations of (H)OCl and at longer reaction times,
other reactions were observed after the rapid oxidation of Cbl(II) to
HOCbl. Fig. 6 shows UV–Vis spectra for the reaction between Cbl(II)
(5.0 × 10−5 M) and excess OCl− (5.00 × 10−3 M) at pH 11.30
(0.100Mphosphate buffer, 25.0 °C, I=1.0M (NaCF3SO3)) over a longer
time period (5 min). The first spectrum corresponds to HOCbl. The ab-
sorbance of the corrinoid subsequently decreases as a function of time
over the entirewavelength range. These spectral changes are consistent
with loss of conjugation in the macrocycle, which give rise to intense π
to π* electronic transitions [50]. Electrophilic attack of HOCl at the
cobalaminmacrocycle may potentially occur, to give cobalamin analogs
[14,15,51,52].

To check that the subsequent reactions at longer times had a negligi-
ble effect on the second-order rate constants obtained with excess con-
centrations of HOCl compared to Cbl(II), rate data for the Cbl(II)+HOCl
reaction was also obtained with the Cbl(II) concentration in excess.
Under these conditions subsequent reactions between HOCbl and
HOCl do not occur. Fig. S14 in the Supplemental Information gives a
plot of kapp versus [Cbl(II)] for the reaction of Cbl(II) (1.00–
2.50) × 10−4 M) with OCl− (2.00 × 10−5 M) at pH 9.40. The best fit of
the data gave kapp= (3.16± 0.02) × 105M−1 s−1, which is in excellent
agreement with the value obtained at the same pH condition with the
OCl− concentration in excess ((3.36 ± 0.05) × 105 M−1 s−1). A similar
result was also obtained at pH 9.10 (kapp = (4.01 ±
0.04) × 105 M−1 s−1 (Fig. S15, Supplemental Information) versus
(3.97 ± 0.06) × 105 M−1 s−1, with [Cbl(II)] or [OCl−] in excess,
respectively).

Studies of reactions involving (H)OCl are complicated by the pres-
ence of chlorine in addition to (H)OCl in the solution, which arises as
a consequence of the equilibrium shown in Eq. (2). Both HOCl and Cl2
are strong oxidants and can oxidize Cbl(II). The redox potentials are
2HOCl, 2H+/Cl2, 2H2O=1.61 V versus NHE [53], Cl2/Cl2−=0.43 V ver-
sus NHE [22] and H2OCbl+/Cbl(II) = 0.20 V versus NHE [54]. Indeed, it
has been suggested that Cl2, not HOCl, is the cytotoxic species generated
by the heme enzyme myeloperoxidase [8,28], and others have shown
that Cl2 can react faster with transition metal complexes compared
with HOCl under acidic conditions [24]. Experiments were therefore
carried out to confirm that HOCl, not Cl2, oxidizes Cbl(II) to HOCbl. If in-
deed Cl2 is the oxidant, more Cl2 will be generated in solution in the
presence of Cl−, Eq. (2), and the addition of Cl− to the solution will
therefore increase the observed rate constant for the reaction. To ensure
that the solution did not contain trace amounts of Cl− for these experi-
ments, strictly chloride-free NaOCl was prepared using a literature

Image of Fig. 3
Image of Fig. 4


Fig. 5. (a) UV–Vis spectra for equilibrated solutions of Cbl(II) with 0–2.25mol equivalents of OCl− at pH 11.30 (0.100M phosphate, I=1.0 M (NaCF3SO3), 25.0 °C). Inset: initial and final
spectra. (b) Plot of absorbance at 312 nm versus mole equiv. OCl− for the data shown in (a). Spectra for ≥1 mol equiv. OCl− are practically indistinguishable from each other.
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procedure (see Experimental section) [8] and the observed rate con-
stant for the reaction between Cbl(II) and OCl− was determined in the
presence of varying concentrations of Cl−. Reactions were carried out
between Cbl(II) (5.0 × 10−5 M) with excess chloride-free OCl−

((1.0 × 10−3 M) at pH 10.00 (0.10 M phosphate buffer, 25.0 °C, I =
1.00 M (NaCF3SO3)). Figs. S16–18 in the Supplemental Information
show plots of absorbance at 312 nm versus time for the reaction be-
tween Cbl(II) (5.0 × 10−5 M) and chloride-free OCl− (1.0 × 10−3 M)
in the presence and absence of added chloride ((1.0 × 10−3 M or
5.0 × 10−3 M), giving kobs = 41.8 ± 0.1, 41.4 ± 0.1 and 41.5 ±
0.1 s−1, respectively. These values are comparable with kobs reported
for the reaction between Cbl(II) (5.0 × 10−5 M) and OCl−

(1.0 × 10−3 M) at pH 10.00 (kobs = 45.1 ± 0.1 s−1). These results are
consistent with HOCl, not Cl2, being the oxidant.

Others have reported that 1e− oxidation of Fe2+ to Fe3+ by HOCl
generates chlorine radicals [26,55] or hydroxyl radicals [1,55]. Both of
these pathways are consistent with the 1:1 Cbl(II):HOCl stoichiometry
results; Eqs. (5) and (6).

Cbl IIð Þ• þHOCl→HOCbl IIIð Þ þ Cl• ð5Þ

H2Oþ Cbl IIð Þ• þHOCl→HOCbl IIIð Þþ•OHþ Cl− þ Hþ ð6Þ

HPLC was used to further probe the initial products of the reaction
between Cbl(II) and (H)OCl. Fig. S19(a) in the Supplemental Informa-
tion shows the HPLC chromatogram of the product solution formed
Fig. 6. Plot of absorbance vs wavelength for the reaction of Cbl(II) (5.00 × 10−5 M) with
OCl− (5.00 × 10−3 M) at pH 11.30 (0.100 M phosphate buffer, I = 1.0 M (NaCF3SO3),
25.0 °C). Spectra were collected every 3.00 s for 5.00 min.
from the reaction between Cbl(II) (5.0 × 10−4 M) with 0.90 mol
equiv. (H)OCl (pH 7.00, 0.10 M phosphate buffer, 25.0 °C, I = 1.0 M
(NaCF3SO3)) using an isocratic method (Method A). The major peak at
9.2 min can be attributed to H2OCbl+. The minor peaks in the ~5–
8 min region are not observed for an authentic sample of H2OCbl+

(Fig. S20, Supplemental Information), and therefore most likely arise
from modified corrinoid species formed when the radical produced
upon 1e− reduction of HOCl by Cbl(II) (either •OH or Cl•) reacts with
the corrinmacrocycle (see below). The small bumpat ~23min observed
duringwashing of the columnwas also observed for authentic H2OCbl+

when an isocratic elution method was used (see Fig. S20 in the Supple-
mental Information).

To probe whether Cl• and/or •OH production directly or indirectly
leads to the complexes which elute in the ~5–8 min region of the chro-
matogram, the HPLC chromatogram of the product solution of the reac-
tion between Cbl(II) (5.0 × 10−5M) and (H)OCl (0.90mol equiv.) in the
presence of a large excess of the efficient radical scavenger phenol
[56–58] (1.25 × 10−2 M) was obtained, Fig. S21. The significant reduc-
tion in the intensity of peaks in the ~5–8 min region compared with
the spectrum shown in Fig. S19(a) provides indirect evidence for
these complexes arising from a subsequent reaction of a radical inter-
mediate with the corrin macrocycle. Using this HPLC elution method,
chlorinated phenols elute with almost the same retention times as phe-
nol itself. A new HPLC method (Method B) was therefore developed
using authentic samples of all compounds, to separate phenol from
the potential chlorinated phenols 2-chlorophenol and 4-chlorophenol
(see Fig. S22, Supplemental Information). However HPLC experiments
could not unequivocally establish whether Cl• is a reaction intermedi-
ate, since (H)OCl directly chlorinates phenol (see Fig. S23, Supplemental
Information) [59,60].

A significantlymore sensitivemethod is Ultra High Performance Liq-
uid Chromatography combined with High Resolution Mass Spectrome-
try (UHPLC/HRMS;mass accuracies better than 0.0008Da). The product
solution of the reaction of Cbl(II) (5.0 × 10−5 M) with 0.9 mol equiv.
OCl− (pH 7.00, 0.050 M KH2PO4, RT) was therefore subsequently ana-
lyzed by UHPLC/HRMS, Fig. S25(a) in the Supplemental Information. A
UHPLC/HRMS chromatogram was also obtained for a Cbl(III) solution,
prepared by the oxidation of Cbl(II) (5.0 × 10−5 M) by air (pH 7.00,
0.050MKH2PO4, RT) for comparison purposes, Fig. S25(b). Peak assign-
ments for both the product solution and the control are given in
Table S1 and S2, respectively, in the Supplemental Information. Assign-
ments for the peaks that were significantly more intense in the former
sample compared with the control are given in Table 1, and can be at-
tributed to corrinoid species with two (Cbl-2H) or four (Cbl-4H) hydro-
gen atoms fewer than cobalamin. A peak was also observed in the

Image of Fig. 5
Image of Fig. 6


Table 1
Mass assignments for ion signals (m/z) whichwere significantlymore intense in the product solution of the reaction between Cbl(II) (5.0 × 10−5M) and 0.9mol equiv. OCl− compared to
the solution of Cbl(II) oxidized to Cbl(III) by air (pH 7.00, 0.050 M KH2PO4, RT).

Retention time (min) Elemental composition Shorthand notation Monoisotopic mass, m/z (Calc) Monoisotopic mass, m/z (actual) Signal intensity

1.52 C62H91O16N13CoP [(H2OCbl-2H) + H2O + H]2+ 681.7883 681.7886 2.3 × 105

1.62 C62H89O15N13CoP [(H2OCbl-2H) + H]2+ 672.7830 672.7833 8.8 × 105

1.87 C62H89O15N13CoP [(H2OCbl-2H) + H]2+ 672.7830 672.7833 9.3 × 105

2.58 C62H87O15N13CoP [(H2OCbl-4H) + H]2+ 671.7752 671.7754 1.2 × 108

2.81 C62H89O15N13CoP [(H2OCbl-2H) + H]2+ 672.7830 672.7836 1.4 × 105

3.00 C62H89O15N13CoP [(H2OCbl-2H) + H]2+ 672.7830 672.7830 1.8 × 106

4.60 C62H88O14N13CoPCl [(Cbl + Cl-H) + H]2+ 681.7662 681.7662 2.3 × 105
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product solution only which can be assigned to a corrinoid species in
which a H atom is replaced by a Cl atom (Cbl + Cl-H). There is excellent
agreement between the calculated and experimentally observed isoto-
pic pattern for this latter peak, Fig. S26, Supplemental Information.
Both the Cl• and HO• radicals are well-known to abstract H atoms [61,
62]. H atoms of the cobalaminmoiety susceptible to abstraction include
the C3, C8, C13, C18 and C19 carbons of the corrin ring [63]. It was re-
cently proposed that subsequent to H atom abstraction from one of
these C centers of Cbl(III) by the carbonate radical, a H atom on an adja-
cent C atom is abstracted to yield a species with two fewer H atoms
(H2OCbl–2H) compared with the parent macrocycle [63]. The H2OCbl–
2H product reacts further via a similar mechanism to generate a
H2OCbl–4H species [63].

Interestingly, for hexacyanoferrate(II) a 1:2 [Fe(CN)6]2+:HOCl stoi-
chiometry was observed, and it was proposed that Cl• produced from
the oxidation of [Fe(CN)6]2+ to [Fe(CN)6]3+ by HOCl also oxidizes
[Fe(CN)6]2+ to [Fe(CN)6]3+ [26]. Our 1:1 Cbl(II):HOCl stoichiometry
is, however, not consistent with oxidation of Cbl(II) by Cl•. Cl• could po-
tentially also reactwith solvent H2O, although this reaction is not partic-
ularly rapid (kobs = 2 × 105 s−1) [64].

HPLC experiments were also carried out to further probe if •OH is
produced as a product of the oxidation of Cbl(II) by HOCl using the effi-
cient •OH scavenger, tyrosine (Tyr) [65]. The product solution of the re-
action between Cbl(II) (5.0 × 10−5 M) and (H)OCl (0.90 mol equiv.) in
the presence of a large excess of tyrosine (1.25 × 10−2 M)was analyzed
using HPLC (Method C; see Fig. S27, Supplemental information). Tyro-
sine and 3-hydroxytyrosine standards were run individually to deter-
mine their retention times (see Fig. S28 (a–b), Supplemental
Information). However 3-hydroxytyrosine was not observed in the
chromatogram, indicating that •OH generation from the oxidation of
Cbl(II) by HOCl is minimal.
Fig. 7.Reducing SDS-PAGE gel of BSA (0.27 μM) treatedwith (H)OCl in the absence (Wells 1–4)
W2: 50 μM (H)OCl;W3: 100 μM (H)OCl;W4: 250 μM (H)OCl;W5: 250 μM (H)OCl+ 250 μMC
250 μM (H)OCl + 5.00 mM Cbl(II). The protein band at ~66 kDa corresponds to BSA.
All classes of biomolecules are damaged by HOCl, including lipids,
carbohydrates, nucleic acids and proteins such as lactoperoxidase,
horseradish peroxidase andmyoglobin [1,7–17]. Vitamin B12 and its de-
rivatives (cob(III)alamins) are reduced to Cbl(II) upon entering cells
[31], and with supplementation a substantial proportion (up to ~50%)
of cytosolic and mitochondrial Cbl exists in its free (non-protein
bound) form [32–36]. Cbls show potential as efficient intracellular scav-
engers of other ROS/RNS including superoxide [37,38], and it is likely
that Cbl(II) is the active Cbl form. Given that the rate constant for the re-
action of Cbl(II) with HOCl is so rapid, HOCl should preferentially react
with Cbl(II) rather than reacting with other biomolecules. To probe
this further, the ability of Cbl(II) to prevent HOCl-induced damage of
the protein bovine serum albumin (BSA) was investigated. Others
have reported that the HOCl-induced fragmentation of albumin primar-
ily arises from chlorination of the amide N atoms leading to peptide
bond cleavage [1,12]. Wells 1–4 of Fig. 7 show a reducing SDS-PAGE
gel of the product solution obtained upon exposing BSA (0.27 μM) to in-
creasing concentrations of HOCl (0, 50, 100 and 250 μM; pH7.00, 0.10M
phosphate buffer, RT). BSA is completely destroyed by HOCl (250 μM).
However exposing BSA to HOCl (250 μM) in the presence of Cbl(II)
(1.0, 2.0, 10 and 20mol equiv., wells 5–8) increasingly protects the pro-
tein from HOCl-induced damage. These data suggest that Cbl(II) is an
extremely good scavenger of HOCl. However further studies are re-
quired to establish if indeed reactions of this type are biologically
relevant.

Finally, others have reported kinetic studies on the reaction between
cyanocobalamin and HOCl (pH 7.00) [3]. CNCl is formed and LC/MS ev-
idence for a CNCbl complex minus a H atom and a chlorinated cyanoco-
balamin species was presented. It is proposed that HOCl substitutes the
α-dimethylbenzimidazole based on UV–vis spectral changes, followed
by nucleotide and corrin ring destruction. Although two observed rate
and presence (Wells 5–8) of Cbl(II) under anaerobic conditions.Well 1 (W1): 0M (H)OCl;
bl(II);W6: 250 μM (H)OCl + 500 μMCbl(II);W7: 250 μM (H)OCl + 2.50 mMCbl(II);W8:

Image of Fig. 7
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constants of almost equal magnitudes are reported, the assignment of
them to specific steps is somewhat speculative and it is possible that
they are in fact mixed values, given the reactivity of HOCl and a plot of
observed rate constant versus (H)OCl increases exponentially.

4. Conclusions

Kinetic and mechanistic studies on the reaction between Cbl(II) and
(H)OCl have been carried out using UV–Vis spectroscopy and stopped-
flow spectroscopy. The apparent rate constant, kapp, increases as the
pH decreases, and rate constants for the reaction of HOCl and OCl-
with Cbl(II) were 2.6 × 107M−1 s−1 and 2.3 × 103M−1 s−1, respective-
ly. The observed second-order rate constant for the reaction at pH 7.00
is large (1.8 × 107M−1 s−1), and at pH7.00 and 5mMHOCl, the half-life
of the reaction is ~8 × 10−3 ms. UHPLC/HRMS studies of the products of
the reaction between Cbl(II) and 0.9 mol equiv. (H)OCl provide evi-
dence for formation of multiple modified corrinoid species including
(Cbl-2H), (Cbl-4H) and a complex in which a H atom of the cobalamin
has been substitutedwith a Cl atom.No evidence for a •OH intermediate
was found using a tyrosine scavenger. SDS-PAGE experiments show
that rapid scavenging of HOCl byCbl(II) prevents HOCl-induced damage
to bovine serum albumin.

Appendix A. Supplementary data

Additional kinetic data, stoichiometry data, 1H NMR data and HPLC
chromatograms; Figs. S1–S25. This material is available alongside the
electronic version of the article in Elsevier Web products, including
ScienceDirect: http://www.sciencedirect.com. Supplementary data as-
sociated with this article can be found in the online version, at http://
dx.doi.org/10.1016/j.jinorgbio.2016.07.009.
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