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Chromatography/High-Resolution Mass Spectrometry Studies on
the Reactions of the Carbonate Radical with Vitamin B,,

Derivatives

Rohan S. Dassanayake,” Jacob T. Shelley,”’ Diane E. Cabelli,*™ and Nicola E. Brasch*"

(Abstract: The reactions of the carbonate radical anion
(CO;™) with vitamin B,, derivatives were studied by pulse ra-
diolysis. The carbonate radical anion directly oxidizes the
metal center of cob(ll)alamin quantitively to give hydroxyco-
balamin, with a bimolecular rate constant of 2.0x10°m's™".
The reaction of CO;~ with hydroxycobalamin proceeds in
two steps. The second-order rate constant for the first reac-
tion is 43x10®m~'s™". The rate of the second reaction is in-
dependent of the hydroxycobalamin concentration and is
approximately 3.0x10%s™". Evidence for formation of corri-
noid complexes differing from cobalamin by the abstraction
of two or four hydrogen atoms from the corrin macrocycle
and lactone ring formation has been obtained by ultra-high-
performance liquid chromatography/high-resolution mass

spectrometry (UHPLC/HRMS). A mechanism is proposed in\

which abstraction of a hydrogen atom by CO;~ from
a carbon atom not involved in the m conjugation system of
the corrin occurs in the first step, resulting in formation of
a Co" C-centered radical that undergoes rapid intramolecular
electron transfer to form the corresponding Co" carbocation
complex for about 50% of these complexes. Subsequent
competing pathways lead to formation of corrinoid com-
plexes with two fewer hydrogen atoms and lactone deriva-
tives of B,,. Our results demonstrate the potential of UHPLC
combined with HRMS in the separation and identification of
tetrapyrrole macrocycles with minor modifications from their
parent molecule.

/

Introduction

Reactive oxygen and nitrogen species (ROS/RNS) are involved
in numerous physiological and pathological processes, includ-
ing cellular defense mechanisms, signal transduction, mainte-
nance of cellular redox homeostasis, gene expression, and
apoptosis."” ROS/RNS include free radicals such as nitric oxide
('NO), superoxide (0,), the hydroxyl radical (‘OH), nitrogen di-
oxide (NO,), and strong oxidizing and/or nitrating agents such
as peroxynitrite/peroxynitrous acid (ONOO(H)), hydrogen per-
oxide, and alkyl peroxide species (ROO, ROOH). The imbalance
between the intracellular production of ROS/RNS and cellular
defense mechanisms to destroy these species results in elevat-
ed ROS/RNS levels, which is known as oxidative stress. Exces-
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sive ROS/RNS levels are associated with numerous diseases in-
cluding cardiovascular disease, cancer, neurological diseases,
and aging in general.”

The carbonic acid/carbon dioxide plus water equilibrium
[Eg. (1)] plays a crucial role in maintaining physiological pH
conditions in mammals, with carbon dioxide being present in
human tissues at millimolar concentrations.”

COj(aq) + H,0(/) = H,CO5(,q) = HCO;3™ (o) + H (o (1)

As a consequence of this equilibrium, the role of the related
radical, the carbonate radical anion (CO;7), in human disease
and toxicology has become an area of considerable interest.””
As part of the immune response, activated macrophages pro-
duce high concentrations of ‘NO and O,, which react at
almost diffusion-controlled rates to generate ONOO(H).” CO,™
is generated from homolytic cleavage of the peroxo bond of
the nitrosoperoxycarbonate anion (ONOOCO, ), the species
formed from the reaction of ONOO~ with CO,."® It has also
been proposed that CO;" is an intermediate formed from one-
electron oxidation of HCO;™ at the active site of Cu, Zn-super-
oxide dismutase and xanthine oxidase."”

CO;" is a strong one-electron oxidant (E(CO;~, H*/HCO; ) =
1.78 V at pH 7.00® and 1.59 V at pH 12.50®") with an absorb-
ance maximum at 600 nm (g50nm=1860M"'cm™).'% CO,~
reacts readily with tyrosine, cysteine, tryptophan, and methio-
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nine residues of proteins, and guanine residues of DNA and
RNA.®7™ Studies on the reactivity of CO;~ with transition
metal complexes,"? Mn porphyrins,"® and heme proteins® '
have also been reported. CO;~ oxidizes reduced metal cen-
ters,'* 9 abstracts one or more hydrogen atoms from the
ligand, and/or reacts with amino acid side chains of proteins
leading to formation of radical complexes.” 4

Vitamin B,, derivatives, also known as cobalamins (Cbls),
Figure 1, are essential cofactors for mammalian methionine
synthase and mitochondrial methylmalonyl-CoA mutase."
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Figure 1. Labeling scheme for cobalamins. X =Me, 5'-deoxyadenosyl (Ado),
H,O, OH, CN, NO etc.

Like porphyrins, the metal center of reduced cobalamins is rap-
idly oxidized by ROS/RNS, including superoxide,'®'” nitric
oxide,"® peroxynitrite,"? nitrogen dioxide,*® and nitrite.”" Fur-
thermore ROS such as NO inactivate methionine synthase and
methylmalonyl-CoA mutase.”” However, cell studies also show
that vitamin B,, derivatives protect against superoxide and hy-
drogen peroxide - induced intracellular oxidative stress,"®*
suggesting a potential role of cobalamin as a ROS/RNS scav-
enger for at least some of these ROS/RNS.

An important consideration is whether ROS/RNS damage the
corrin ring of the cobalamin in addition to oxidizing the metal
center of the reduced cobalamin forms. In this study pulse ra-
diolysis has been utilized to investigate the reactions of the
carbonate radical anion with cob(ll)alamin and cob(lll)alamin.
The metal center of cob(ll)alamin is rapidly oxidized by CO;~
to cob(lll)alamin. Ultra-high-performance liquid chromatogra-
phy combined with high-resolution mass spectrometry analysis
has been successfully applied for the first time to analyze the
complex mixture of corrinoid products that are obtained upon
exposing cob(lll)alamin to CO;™.
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Results and Discussion

The reaction between cob(ll)alamin (Cbl(ll)) and CO,™~

The reaction between CO;~ and the reduced vitamin B;, deriv-
ative, cob(ll)alamin, was studied by pulse radiolysis. The Cbl(II)
concentration was kept at least five times higher than the
CO;™ concentration, to achieve essentially pseudo-first order
conditions.  Self-recombination of CO;~ (k=(4.3+0.4)x
10°m~"'s7 ') was unimportant in the time frame of the kinetic
measurements. Figure 2 shows a plot of absorbance at 355 nm
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<
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time, s

Figure 2. Change in absorbance at 355 nm versus time for the reaction of
CO;"™ (1.6x107°m) with excess Cbl(ll) (2.4x 107°m) at pH 9.00 (0.080 m
KHCO,, 0.040 m KH,PO,, RT, /=0.20 M, N,O-saturated buffer). The best fit of
the data to a first-order rate equation is superimposed on the data, giving
Kops = (4.8 £0.2)x10% s

versus time for the reaction between Cbl(ll) (2.4x107>m) and
CO;™ (1.6x107°m) at pH 9.00. The data in Figure 2 fit well to
a first-order rate equation, with an observed first-order rate
constant, k,,,=(4.840.2)x10*s™". The rate constant is the
same within experimental error when data are collected at
435 nm (kyp=(4.840.2)x10% s™'; Figure S1, Supporting Infor-
mation). Interestingly, k. for the reaction between Cbl(ll) and
CO;™ decreased slightly upon repetitive pulsing of the same
solution. It was subsequently shown that CO;™ reacts with the
reaction product (Cbl(lll)=HOCbI), which may explain this ob-
servation. Hence data were collected with freshly prepared sol-
utions for each measurement.

Rate constants for the reaction between Cbl(ll) and CO; ™~
were also determined at other Cbl(ll) concentrations at pH 9.00
and the data are summarized in Figure 3. The data fit well to
a straight line passing through the origin, consistent with
a single irreversible reaction. The linear relationship suggests
that the reaction is first-order with respect to Cbl(ll). From the
slope, the apparent second-order rate constant (k,,,) of the re-
action was (2.0£+0.1)x10°m 's™".

The pH dependence of the reaction was also investigated.
Rate constants were determined at pH 10.52 and 11.50 at
a range of Cbl(ll) concentrations and the corresponding plots
of kg, versus [Cbl(ll)] once again allowed the determination of
k., values (Figures S2 and S3, Supporting Information). Within
experimental error, k,,, is independent of pH ((2.0£0.1)x
10°m~"'s™" from pH 9.00-11.50 (Table S1, Supporting Informa-
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Figure 3. Observed pseudo first-order rate, k,,, versus Cbl(Il) concentration
for the reaction between excess Cbl(ll) ((2.4-6.0)x 107> m) and CO;™ ((1.6-
10.3)x 1075 m) at pH 9.00 (0.040 M KH,PO,, 0.080 M KHCO,, /=0.20 M, RT, N,O-
saturated solutions). Data have been fitted with a line passing through
origin, giving k,,,=(2.0£0.1)x10°m 's™".

app —

tion). Note that it was not possible to conduct experiments at
pH values below 9.00 at the same HCO,~ concentration, since
the roughly 50 times lower reactivity of OH" with HCO;™ (k=
85x10°Mm's™"; pK,(HCO;") ca. 10™Y) compared to OH' with
COs* (k=3.9%x10°m s ")) results in incomplete scavenging
of OH' by the carbonate buffer.

It is well established that Cbl(ll) is oxidized to aquacobala-
min/hydroxycobalamin (H,0Cbl"/HOCbI; pK,(H,OCbl ") =7.8%
in air" In order to determine whether Cbl(ll) is also oxidized
to HOCbI by CO;, the change in absorbance with time was
measured at different wavelengths for the reaction of Cbl(ll)
with CO;. The pulse radiolysis data were converted from ab-
sorbance to molar extinction coefficient values by assuming
that one CO;" oxidizes one Cbl(ll) to HOCbI. This plot was
compared with the change in molar extinction coefficient
upon oxidizing Cbl(ll) to HOCbI at pH 9.00, Figure 4. It is impor-
tant to note that it was not possible to obtain full spectra as
a function of time from our experimental setup for the pulse
radiolysis experiments. There is excellent agreement between
the two sets of data and the isosbestic wavelengths observed
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Figure 4. Change in molar extinction coefficient versus wavelength for the
reaction of (m) Cbl(Il) (4.5x 107> m) with CO;" ((2.0-13.5)x 10~°m; produced
by pulse radiolysis) at pH 9.00 (0.080 M KHCO;, 0.040 M KH,PO,, RT, /=0.20 m,
N,O-saturated solution) and (@) Cbl(ll) (6.5x 10*m) exposed to O, (from air),
to form HOCbI (pH 9.00, 0.080 M KHCO,, 0.040 M KH,PO,, RT, I=0.20 m). The
last values were calculated by converting absorbance values to molar extinc-
tion coefficients by dividing by the total Cbl concentration and subtracting
one spectrum from the other.
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at 375, 490, and 578 nm correspond to the expected values re-
ported for the Cbl(Il)/HOCbI conversion."* A similar result was
also obtained at pH 10.52 (Figure S4, Supporting Information);
hence under the pH conditions of our study CO,~ oxidizes
Cbl(ll) to Cbl(lll) (HOCbI).

The stoichiometry of the reaction between Cbl(ll) and CO;™
was investigated through the aid of a ®°Co y-source to gener-
ate CO;". Figure 5 shows UV/Vis spectroscopy data in which
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Figure 5. UV/Vis spectra for equilibrated solutions of Cbl(ll) (4.0x107° m)
with 0-2.0 mol equiv CO;™™ at pH 11.50 (0.058 m KH,PO,, 0.040 M KHCO,,
/=0.20 M, RT, N,O-saturated solution). Inset: Plot of absorbance at 312 nm
versus mol equiv of CO;™.

a Cbl(ll) sample (4.0x107°m) was repeatedly exposed to a con-
tinuous flux of CO;™ (2.5x107"m CO;"s™") at 32's time inter-
vals (0-2 mol equiv CO;~ added in total) and UV/Vis absorp-
tion spectra recorded. Cbl(ll) is oxidized to HOCbI (4,,,,=358,
418, and 535 nm) with sharp isosbestic points observed at 337,
374, 490, and 575 nm, in agreement with literature values for
the Cbl(Il)/HOCbI conversion."™ The inset to Figure 5 gives
a plot of absorbance at 312 nm as a function of mol equiv of
CO;"~ added for the same data. The absorbance at 312 nm de-
creased linearly up to 1.0 mol equiv CO;~ and is unchanged
upon the addition of further CO;"~ up to 1.4 mol equiv CO;".
From this data it is clear that the complete oxidation of Cbl(Il)
to Cbl(lll) was observed after the addition of 1.0 mol equiv CO,.

The product solution of the reaction between Cbl(ll) and
1.0 mol equiv CO;~ (pH 11.50) was also analyzed by HPLC,
once again confirming the formation of a single reaction prod-
uct, HOCbl, Figure S5 in the Supporting Information. (Note that
HOCDbI is converted to H,OCbl* under the mildly acidic condi-
tions of the HPLC experiment.) Very small amounts (<2% by
area at 350 nm) of unknown corrinoid species were also pres-
ent, Figure S5 in the Supporting Information.

Our data suggest that the reaction between Cbl(ll) and
CO;" proceeds according to Equation (2), with clean oxidation
of the metal center of Cbl(ll) to give HOCbI.

Cbl(Il) + CO;™ + H,0 — HOCbI(Ill) + HCO, - (2)

The second-order rate constant of (2.040.1)x10°m 's™" is
of a comparable magnitude to the rate constants reported for
the oxidation of the Fe" center of heme proteins to Fe" by
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CO;" (0.057-1.1x10°m 's '), the oxidation of Mn" porphyr-

ins to Mn" by CO," ((1-5)x10°m~'s ') and the oxidation of
Mn" porphyrins to Mn" by CO;~ ((0.27-5.4)x10°m 's '), A
single reaction was observed for the oxidation of Mn" and Mn"
porphyrins by CO;~."¥ For heme proteins it has been pro-
posed that CO;™ either initially abstracts a hydrogen atom to
generate a protein radical intermediate, which subsequently
oxidizes the Fe*" center through intra- and intermolecular
pathways,"**9 or that CO, directly oxidizes the reduced
metal center."**"' For the reaction between Cbl(ll) and CO;~
is most likely that the reaction involves direct oxidation of the
metal center by CO; . This is consistent with the 1:1 stoichi-
ometry, the observation that a 1:1 stoichiometry was not ob-
served in the reaction between Cbl(lll) and CO5;™~, and UHPLC/
HRMS data showing that CO;"~ can abstract multiple hydrogen
atoms from the periphery of the corrin ring of Cbl(lll) (Table S2,
Supporting Information).

Upon the addition of further CO;™™ (> 1.4 mol equiv CO;") to
Cbl(ll), additional small changes are observed in the UV/Vis
spectrum (Figure S6, Supporting Information). These findings
suggest that the HOCbI produced in the reaction also reacts
with CO;™", despite the metal center of HOCbI already existing
in the highest obtainable oxidation state (Co"). Therefore, sep-
arate experiments were carried out to investigate this system.

The reaction between hydroxycobalamin (HOCbI) and CO;™~

The reaction of CO;~ with the Co" vitamin B,, complex hy-
droxycobalamin was studied by pulse radiolysis under analo-
gous conditions to the Cbl(ll) +CO;~ experiments, at pH 9.00,
10.52, and 11.50. Figure 6 shows the change in absorbance at
530 nm over time for the reaction of CO,~ (1.5x10°m) with
excess HOCbI (4.0x107°wm) at pH 11.50. From these data it is
clear that two major reactions are observed. The best fit of the
data to two consecutive irreversible first-order reactions is su-
perimposed on the data, giving k., =(2.240.1)x10*s™" and
(3.640.2)x 10° s7". The rate constants are essentially the
(2.2+0.1)x

kZobs
same when data were collected at 390 nm (k;p=

0.00 -

-0.02 -

AAbs

-0.04

-0.06 -

0.0 4.0x10* 8.0x10™

time, s

Figure 6. Plot of change in absorbance at 530 nm versus time for the reac-
tion of CO;™ (1.5x107° m) with excess HOCbI (4.0x 107° m) at pH 11.50
(0.040 KHCO;, 0.058 M KH,PO,, /=0.20 M, RT). The best fit of the data to two
consecutive first-order reactions is superimposed on the data, giving
Kyops=(2.24£0.1)x 10* s and kop, = (3.6 +0.2)x 10° s~
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10*s™" and Ky, =(3.4+£0.2)x 10 s"; Figure S7, Supporting In-
formation).

Rate data were subsequently collected over a range of
HOCbI concentrations, keeping the HOCbI concentration in
excess ((4.0-20)x107°>m) compared with the CO,"~ concentra-
tion. Figure 7 shows the plot of observed rate constant (ki)

8.0x10" '

)

2 4.0x10* i
<

| §
0.0 : . .
0.00 7.50x10°  1.50x10*  2.25x10™
[CbI(I], M

Figure 7. Observed rate constant, k., versus HOCbl concentration for the
initial reaction between HOCbI ((4.0-20.0)x 107> m) and CO;™ ((1.6—

25.0)x 107°m) at pH 11.50 (0.058 M KH,PO,, 0.040 M KHCO,, /=0.20 m, RT,
N,O-saturated solution). Data have been fitted to a line passing through
origin, giving ky,,,=(4.5+0.2)x10°m's™".

Tapp —

for the first reaction of Cbl(lll) with CO;~ as a function of
Cbl(lll) concentration at pH 11.50 (0.040m KH,PO,, 0.080 M
KHCO;, /=0.20 M, RT, N,O-saturated buffer). The data fit well to
a straight line passing through the origin, consistent with
a single irreversible reaction. The linear relationship suggests
that the reaction is first-order with respect to the concentra-
tion of Cbl(lll). From the slope, the apparent second-order rate
constant of the reaction at this pH (ky,,,) is (4.540.2)X
108 -1 —1

Kinetic data were also collected over a range of HOCbI con-
centrations at pH 9.00 and 10.52 (only for a single concentra-
tion of Cbl(lll)), giving Kyop,=(4.1£0.2)x10°m~'s™" (Figure S8,
Supporting Information) and (4.4+0.2)x108m™'s™', respective-
ly. Given the similarity in these rate constants to the value ob-
tained at pH 11.50 ((4.5£0.2)x10°M's™"), ky,, is independent
of pH in this pH range. The data is summarized in Table 1. The
observed rate constant for the second reaction, kyy,, was
found to be essentially independent of the HOCbI concentra-
tion at pH 11.52 (see Table 1).

Table 1. Apparent second-order rate constants (k;,,,) and observed first-
order rate constants (kys) for the reaction of HOCbI with CO;™ as a func-
tion of pH (carbonate buffer, /=0.20 M, RT, N,O-saturated solution). Errors
in individual values are estimated to be about 10%.

pH 10* [HOCbI] 10° [CO,™] 10 Kyapp 1072 Kygps

+0.02 [m] [M] M~ s7] [s'19
9.00 0.4-2.0 0.3-1.2 4.1 1.8

10.52 0.5 0.3-2.5 4.4 33

11.50 0.5-2.5 0.3-3.0 45 35

[a] Mean value of 3-9 data points. [b] Reported rate constant is based on
a single data point.
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» CbI(Il) equiv CO;. The absorbance
A HOChI change was considerably smaller

than that observed for the reac-
tion between Cbl(ll) and CO; ™,
Figure 5. Specifically, the absorb-
ance change at 358 nm for the
. reaction of HOCbl with 1.0 mol
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Figure 8. Plot of extinction coefficient versus wavelength for the reaction of HOCbI (4.0x 107> m) with CO5™ ((1.5-
7.5)x107°m)) at pH 11.50 (0.058 M KH,PO,, 0.040 M KHCO,, /=0.20 m, RT, N,O-saturated solution) (a) intermediate
and (m) final product. Inset: Molar extinction coefficients of (o) HOCbl and (m) Cbl(Il).

Figure 8 shows the absorbance spectra of the intermediate
and the product(s) generated from the pulse radiolysis data,
for which the molar extinction coefficients, calculated assum-
ing a mechanism in which one carbonate radical is converted
to the first intermediate and that the intermediate is converted
to the second intermediate, are used to facilitate better com-
parison with known spectra (Figure 8 inset). The absorption
spectrum of the intermediate was obtained by the addition of
extinction coefficients of the HOCbI to the extinction coeffi-
cient of the intermediate to accommodate for the loss of start-
ing material in the pulse. An analogous procedure was carried
out to calculate the extinction coefficient of the product. The
inset of Figure 8 shows UV/Vis absorption spectra of HOCbI
and Cbl(ll) for comparison purposes. Within the limitations of
the experimental set up, the spectrum of the intermediate is
not typical for either Cbl(ll) or HOCbI (Co" corrinoids are blue
shifted compared with Co" corrinoids), but instead resembles
an approximately equal mixture of both. The spectrum of the
product solution is similar to that expected for a Co" corrinoid
and is remarkably similar to the starting complex, HOCbIl. Simi-
lar spectral changes were also observed for data collected at
pH 10.52 (Figure S9, Supporting Information).

The stoichiometry of the reaction between HOCbl and CO;™
was also investigated utilizing a ®°Co source to generate CO;™~
by means of y radiolysis of water. Figure 9 shows UV/Vis spec-
troscopy data in which a single HOCbl sample (5.0x107°m)
was exposed repeatedly to a CO;™ flux (2.5x107"MCO;"s™")
for 40 s time periods (0-2.0 mol equiv CO;"~ added) and UV/Vis
spectra recorded. The most notable point here is that there is
a relatively small spectral change. From Figure 9 it is clear that
the absorbance at 350 and 550 nm decreases, whereas the ab-
sorbance at 460 nm increases as the mol equiv of CO;™ in-
creases. The isosbestic points observed at 334, 383, 491, and
594 nm are not consistent with conversion between HOCbI/
Cbl(Il) (337, 374, 490, and 574 nm)."™ The inset to Figure 9
gives a plot of absorbance at 358 nm versus mol equiv of
CO; generated from the same data. The absorbance at
358 nm decreases linearly upon the addition of up to 2.0 mol

Chem. Eur. J. 2015, 21, 6409 - 6419 www.chemeurj.org
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equiv CO;™ is about 10% of that
observed for the Cbl(I)/HOCbI
conversion. Importantly, after the
addition of 2.0 mol equiv CO; ",
no significant spectral change
was observed after exposing the
final product solution to air, con-
sistent with the final product(s)
being corrin ring-modified Co"
corrinoid complexes rather than
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07 1.4 2.1
equiv of 00;’

0.0

300 450 600
Wavelength, nm

Figure 9. UV/Vis spectra for equilibrated solutions of HOCbl (5.0x 107> m)
with 0-2.0 mol equiv CO;™~ at pH 11.50 (0.058 m KH,PO,, 0.040 M KHCO,,
1=0.20 M, RT, N,O-saturated solution). Inset: Plot of absorbance at 358 nm
versus mol equiv of CO;™.

the product solution containing air-sensitive Co" corrinoid
complexes. This is consistent with the plots of molar extinction
coefficient versus wavelength for this product solution versus
HOCbI, which are indistinguishable from each other (Fig-
ure S10, Supporting Information).

To further investigate the nature of the corrinoid product(s)
of the reaction between HOCbIl and CO;~, a sample of HOCbI
(8.0x107°m) exposed to 1.0molequiv CO;~ at pH 9.00
(0.040m KH,PO,, 0.080m KHCO,, /=0.20Mm, RT, N,O-saturated
buffer) was analyzed by ultra-high-performance liquid chroma-
tography combined with high-resolution mass spectrometry
(UHPLC/HRMS; mass accuracies better than 0.0008 Da). Note
that peak separation was not achievable using conventional
HPLC. The Van de Graaff pulse radiolysis set up was used to
generate CO;~ through the radiolysis of water. From the UV/
Vis absorption chromatogram and the extracted ion signal
chromatogram in the mass range of doubly charged corrinoid
product species (m/z 640-690), Figure 10, it is apparent that
numerous complexes are formed. Analysis of the peaks by MS

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 10. Plot of extracted ion signal in the m/z 640-690 range versus time
for the product solution formed from the reaction between HOCbI

(8.0x 107> m) with 1.0 mol equiv CO;~ at pH 9.00 (0.040 M KH,PO,, 0.080 m
KHCO;, /=0.20 M, RT, N,O-saturated buffer). Inset: Corresponding UV/Vis
chromatogram of the product solution at 350 nm.

shows that the carbonate radical abstracts hydrogen atoms
from multiple sites on the corrin ring, and lactone derivatives
are also formed, see Table S2 in the Supporting Information.
Specifically, seven peaks can be assigned to corrinoids with
two hydrogen atoms abstracted from the corrin ring (Cbl—2H)
and four peaks can be assigned to corrinoids with four fewer
hydrogen atoms than cobalamin (Cbl—4H). Numerous peaks
were assignable to lactone derivatives of B, and lactone com-
plexes minus two hydrogen atoms. Four peaks correspond to
B,, derivatives incorporating two lactone modifications.
Figure 11 gives ion signal chromatograms for m/z=672.783 (=
[(H,OCbl—2H)+H]*") and m/z=673.275 (lactone derivatives of
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[H,OCbl]"). A typical mass spectrum for one of the peaks of
the UV/Vis chromatogram and the corresponding mass spec-
trum simulation is shown in Figure S11, Supporting Informa-
tion. The c-lactone derivative of B,, is well-known, Figure 12,29
with a UV/Vis spectrum that is similar to the parent B,, com-
plex.””” Note that our experimental data does not tell us at
which ring positions lactone formation occurs nor the position
at which two or four hydrogen atoms are abstracted. Unmodi-
fied Cbl reactant was observed at 3.67 min.

o

w"\,com-n2

Figure 12. Structure of the c-lactone analogue of B;.,.

The products of the reaction of HOCbl (1.0x1073m) with
1.0 mol equiv CO5™ (pH 9.00, 0.040m KH,PO,, 0.080 M KHCO,,
/=0.20 M, RT, N,O-saturated buffer) generated by radiolysis of
water utilizing a *°Co source was also analyzed by UHPLC/
HRMS. A comparison of the ion signal chromatogram with the

ion signal chromatogram using
the Van de Graaff to generate
CO;™ is given in Figure S12 in
the  Supporting  Information.
Using the Van der Graff radiation
source, the entire amount of
CO;" is generated within 3 pus
prior to the onset of the second
observed reaction, whereas for
the ®Co experiments, a steady
state flux of CO,~ is produced
over an extended time period.

157 ] 0 5 10

time, min

-
o
1

(3]
Il

lon Signal, Counts x 108

15 20 Given this difference, the chro-
matograms are remarkably simi-
lar, and once again mass spectral
evidence was produced for for-
mation of Cbl—2H, Cbl—4H, Cbl,
lactones, lactones—2H and B,
derivatives incorporating two
lactones upon exposure of
HOCbl to CO; . Peak assign-
ments for the ®Co data are

given in Table S3, Supporting In-

0 4 8 12
time, min

Figure 11. Plot of extracted ion signal for a) m/z=672.783 (corresponding to the doubly charged Cbl—2H com-
plex, and b) m/z=673.275 (lactone derivative of B;,) versus time for the products of the reaction of HOCblI
(8.0x 107> m) with 1.0 mol equiv CO;~ at pH 9.00 (0.040 M KH,PO,, 0.080 M KHCO,, /=0.20 m, RT, N,O-saturated

buffer).
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20 formation.

The UHPLC/HRMS was also re-
corded for commercial
HOCbI-HCI at pH9.00 (0.040m
KH,PO,, 0.080mM KHCO,;, I=
0.20 M, RT; see Figure S13, Sup-
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porting Information). The main peak at 3.66 min can be as-
signed to [Cbl-+H]*" rather than the parent [(H,OCbl)+ H**
complex, indicating that H,OCbl™" is reduced to Cbl(ll), which
undergoes a one-electron oxidation (Cbl(ll)—Cbl(Il)*) by the
ESI source to form Cbl(ll)*. Others have shown that ESI sources
can oxidize or reduce parent molecules.”® The intensity of the
[CblI4-HI** ion in the mass spectrum was significantly weaker
for CNCbl due to the presence of the strong m-acceptor CN™
ligand versus the weaker H,O ligand at the B-axial site (CNCbl
UHPLC/HRMS data not shown). Peak assignments are given in
the Supporting Information, Table S4. Interestingly, the low-
signal peaks observed at 2.77, 3.34 and 3.46 min correspond to
Cbl—2H complexes. A weak peak corresponding to the lactone
was also observed at 10.53 min. Note that the signals associat-
ed with all of these species are significantly greater for the
product mixture of Cbl(lll)+ 1.0 mol equiv CO;™"; hence in this
latter case these species arise as a consequence of reactions
between Cbl(lll) and CO;™, rather than only as impurities in
the commercially obtained Cbl(lll) reactant. Observing these
impurities so clearly in the Cbl reactant highlights the sensitivi-
ty of our UHPLC/HRMS set up versus a conventional LC-MS in-
strument.

A further interesting feature of the UHPLC/HRMS of the
Cbl(Ill) + 1.0 mol equiv CO;"~ product mixture was the observa-
tion of an isomer of cobalamin at about 4.0 min retention time
(Tables S2 and S3 in the Supporting Information), regardless of
the method used to generate CO5™~, which was present only in
freshly diluted samples of the product solution. (This species
was not observed for authentic Cbl(lll), nor the product solu-
tions that had been diluted in water or buffer several days ear-
lier) One possible site for isomerization is at C;3—Cis,
Scheme S1, Supporting Information. Two diasteroisomers are
possible, since hydrogen atoms can add to the radical from
both sides of the corrin ring. It is not clear to us why the
isomer is unstable in dilute solutions.

Reaction pathways observed in the kinetic experiments have
been proposed, Scheme 1, based on several key experimental
observations:

3‘,.,.........

cob(ITalamin H atom abstraction vV

k3, fast

radical

disproportionation
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1) In the kinetic experiments with the Cbl(Ill) concentration in
excess, the first observed reaction was first-order with re-
spect to Cbl(lll), whereas the rate of the second reaction
was independent of the initial concentration of Cbl(lll).

2) Both reactions are independent of pH in the pH range of
this study.

3) A 1:1 HOCbI:CO;~ stoichiometry was not observed and the
products are predominately if not soley Co" complexes.

4) The absorbance changes for the first observed reaction in
the kinetic experiments are consistent with approximately
half the reaction intermediates being Co" complexes.

5) UHPLC/HRMS evidence was found for the formation of cor-
rinoid species that have two or four fewer hydrogen atoms
than Cbl(lll) and lactone derivatives of B;,.

The rate of abstraction of hydrogen atoms by CO,;~ would
be expected to be dependent on the HOCbI concentration,
consistent with the HOCbI concentration dependence of the
first observed reaction. In Scheme 1 abstraction of a hydrogen
atom from the C8 position of the corrin ring is shown. Ab-
stracting hydrogen atoms from carbons involved in the corrin
ring 7t system results in blue shift of the spectrum to give char-
acteristic spectra for “stable yellow corrinoids”;** hence, since
the UV/Vis spectrum of the product mixture is so similar to the
reactant HOCblI, this does not occur to any significant extent
for our system. Four other likely positions where hydrogen
atoms are initially abstracted from HOCbI are the C3, C13, C18
and C19 carbon atoms of the corrin ring (see Figure 1), result-
ing in formation of multiple corrin radical intermediates.’?”23
The rate constant k; is therefore a macroscopic value corre-
sponding to hydrogen abstraction by CO;~ at multiple sites.
Hydrogen atoms can be subsequently added from either side
of the corrin ring, leading to diastereoisomers.

The absorbance changes for the first observed reaction in
the kinetic studies indicate that approximately half the reaction
intermediates are Co" complexes. This finding suggests that
under the experimental conditions of this study a rapid intra-
molecular electron transfer to the Co center of the corrin

c-lactone

v

cob(I)alamin-2H, Cbl-2H cob(INalamin

Scheme 1. Proposed reaction pathways for the reaction of excess Cbl(lll) (HOCbl) with CO;™. Abstraction of a hydrogen atom by CO;™~ can occur at multiple

sites in addition to Cq (shown).
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-NH,

c-lactone

Scheme 2. Proposed reaction pathway for formation of lactone derivatives of B,, (c-lactone formation shown).

occurs for about 50% of the C-centered Co" radicals (k,
Scheme 1), with k, > k;. The abstraction by a C-centered radical
of a hydrogen atom from the solvent (H,0) is slow (k ca. 10*~
10°m~'s7'BY); hence this reaction is unlikely to occur. Experi-
ments in which H,O was replaced with D,0 showed that the
reaction rates of both observed reactions are the same regard-
less of H,O or D,O being the solvent (kg ca. 1, see Figure S14,
Supporting Information); therefore abstraction of a hydrogen
atom from the C-centered radical by solvent is not a rate-de-
termining step. Furthermore the reaction rate was independ-
ent of the HCO;™ or H,PO,~ concentration (additional experi-
ments carried out at 0.20 m carbonate buffer in the absence of
phosphate at pH 9.00); hence these species are also not in-
volved in a rate-determining step (data not shown).

The most plausible mechanism by which a complex minus
two hydrogen atoms is formed is by means of abstraction of
a hydrogen atom from the C-centered radical by another C-
centered radical, Scheme 1 (disproportionation—although this
is only strictly correct if the two C-centered radicals are identi-
cal, which is unlikely to be the case, since there are multiple
sites where hydrogen atom abstraction by CO;™ may occur).
This leads to formation of a complex with two fewer hydrogen
atoms than Cbl(lll) and the original Cbl(lll) complex if the hy-
drogen atom adds to the same side of the corrin, Scheme 1.
This is consistent with the observation that the UV/Vis spec-
trum of the product is very similar to the Cbl(lll) reactant, since
abstraction of two hydrogen atoms from carbon atoms not in-
volved in the m conjugation system will have little effect on
the UV/Vis spectrum. Radical disproportionation reactions for
carbon-centered radicals are well-known and are extremely
rapid (10°-10"°m~'s7").5"32 Given that the oxidation state of
the Co and the corrin ring conjugation is not altered in this
last reaction, this reaction is not observable in the kinetic ex-
periments. The second observed reaction, which is independ-
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ent of the initial Cbl(Ill) concentration and pH, is assigned to
the conversion of the Co" complexes back to Co" C-centered
radicals (k_,).

Importantly, UHPLC/HRMS characterization of the product
mixture of the kinetic and ®Co experiments showed that multi-
ple lactone complexes are formed in addition to Cbl—2H com-
plexes. A mechanism has been proposed for lactone formation
under the conditions of the kinetic experiments (CO;~ con-
sumed in the first step of the reaction), Scheme 2. Under the
conditions of the ®Co experiments in which a constant flux of
CO,™ is generated, it is likely that all Co" complexes are instead
rapidly oxidized to their corresponding Co" forms, given that
the reaction between Cbl(ll) and CO;~ is so rapid (k=2.0x
10°m~'s™', preceding section). Lactone formation (five-mem-
bered rings) can occur subsequent to hydrogen atom abstrac-
tion by CO;~ from C3, C8, C13, and C19, with two possible lac-
tones formed at C3 and C8. Under the conditions used for the
%Co experiments (higher mol equiv CO,™) it is also possible
that CO;™ abstracts a second hydrogen atom from the C-cen-
tered Co" radical to generate Cbl—2H, in addition to rapid oxi-
dation of the Co" carbocation to form the corresponding Co"
complex, which reacts further to form a lactone.

The change in the molar extinction coefficients for the first
observed reaction were found to decrease as the CO;™ radical
concentration increases. For example, the change in the molar
extinction coefficient, Aeg, for the reaction between Cbl(lll)
(80 um) and carbonate (2.8 um) at 530 nm was about
6100m 'cm™" (pH 9.00, 0.20 M KHCO,, RT), whereas Ac¢ for the
reaction between Cbl(lll) (80 um) and carbonate (78 um) at
530 nm was about 3300 M 'cm ™' under the same experimental
conditions. This suggests that in the latter case only approxi-
mately 50% of the carbonate radical reacts with Cbl(lll) to give
Cbl(lly'/Co™*, whereas the remaining CO,~ reacts with the C-
centered radical to abstract a second hydrogen atom and/or
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oxidizes one or more of the Co" radical intermediates, since
the oxidation of a Cbl(ll) by CO;~ is about five times faster
(see above). Finally, it is worth noting that although complete
separation of the species was not possible using conventional
HPLC, the ES-MS of the fractions supports the UHPLC/HRMS re-
sults; specifically evidence was also found for formation of
multiple Cbl—2H species and lactones. The formation of lac-
tone complex(es) was also supported by the FT-IR spectrum of
an HPLC fraction of the product mixture, which exhibited
a peak at 1772 cm™' (C=0 stretch), Figure S15, Supporting In-
formation.

Others have reported that reacting Fe" heme proteins with
CO;™ does not indirectly lead to reduction of the metal cen-
ter®'9 Rate constants for hydrogen atom abstraction by
CO;™ in the range of 4.7x107-3.7x10°m 's™' have been re-
ported for these reactions.”'*9 However, the indirect reduc-
tion of Fe" heme proteins by the hydroxyl radical via a heme
radical intermediate has been reported.**3 The subsequent
transfer of the unpaired electron to the metal center has been
proposed to occur by means of intramolecular and electron-
tunneling mechanisms.”> To our knowledge, rates of intramo-
lecular electron transfer from the periphery of the corrin or
porphyrin to the metal center have not been reported. The
rate constant for the intramolecular reduction of a Fe" heme
protein radical to Fe" is < 10° s7".15%¢

Conclusions

The rate constant of the reaction between Cbl(ll) and CO;~
has been directly determined using pulse radiolysis and was
found to be 2.0x10°m~'s™" (pH 9.00-11.50). Cbl(ll) is cleanly
oxidized to HOCbI. The reaction of CO;~ with HOCbI proceeds
in two steps. The rate constant for the initial abstraction of
a hydrogen atom from the corrin ring by CO;~ is 43Xx
108m 's™! (pH 9.00-11.50), which is five times slower than the
rate constant for the Cbl(ll) +CO;™~ reaction. The observed rate
constant for the second reaction is about 3.0x10%s™" and is in-
dependent of the initial Cbl(lll) concentration. We propose that
CO;™ abstracts hydrogen atoms from multiple carbon atoms
not involved in the m conjugation system, resulting in forma-
tion of a Co" C-centered radical complex, which undergoes
rapid intramolecular transfer of the unpaired electron to the
metal center for about 50% of these complexes. The second
observed step is assigned to conversion of the Co" radical
complex back to the C-centered radical complex, which rapidly
combines with a second C-centered radical to form the start-
ing material and a Cbl—2H complex. UHPLC/HRMS studies of
the products of the reaction between Cbl(lll) and 1.0 mol equiv
CO;™ also provide evidence for formation of multiple lactone
derivatives. Our results highlight the potential of UHPLC/HRMS
to separate and characterize corrinoids with minor structural
modifications. It is likely that this extremely sensitive combined
technique will also be very valuable in the assessment of com-
plex product mixtures of the closely related porphyrin systems.
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Experimental Section
Materials and methods

Chemicals: Hydroxycobalamin hydrochloride, HOCbI-HCI-nH,0 (>
96%, 10-15% water, batch dependent®) was purchased from
Fluka and sodium borohydride (>98%) and acetic acid were ob-
tained from Acros Organics. Potassium dihydrogen phosphate,
sodium hydroxide, ammonia, acetonitrile (HPLC grade), absolute
methanol (LC/MS grade), water (HPLC grade) and potassium cya-
nide (>99%) were purchased from Fisher Scientific. Potassium bi-
carbonate (>99%), sodium hydrogen phosphate (>99%), potassi-
um hydroxide and sodium hydroxide were obtained from J.T. Baker
Chemical Company. Water was purified with a Barnstead Nanopure
Diamond or Millipore water purification systems.

Synthesis of Cob(ll)alamin (CbI(Il)): Cbl(ll) (ca. 96 % pure) was syn-
thesized using a previously described procedure.!®

Determination of Cbl concentrations: Cbl concentrations were
determined by converting Cbls to dicyanocobalamin, (CN),Cbl.
Cobalamins were allowed to react with KCN (0.10m, pH 11.50) to
produce (CN),Cbl™ (£365 nm=30000 M ' cm~'5%),

pH measurements: pH measurements were carried out at room
temperature using an Orion model 520 A or 710 A pH meter
equipped with Mettler-Toledo Inlab 423 or 421 pH electrodes. The
electrode was filled with a 3 m KCl/saturated AgCl solution (pH 7.0)
and standardized with standard buffer solutions at pH 9.00, 10.52,
11.50. Solution pH was adjusted using H;PO,, NaOH, or KOH solu-
tions as necessary.

Pulse radiolysis experiments: Pulse radiolysis studies were carried
out at Brookhaven National Laboratory with a 2 MeV Van de Graaff
accelerator producing electron pulses (pulse width 30-300 ns) that
resulted in about (1-30)x107°m primary radicals generated in
aqueous solution. CO;~ was generated upon irradiation of N,O-sa-
turated aqueous solutions containing 0.080 M carbonate buffer at
pH 9.00 and 0.040 m carbonate buffer at pH 10.52 and pH 11.50 by
means of the reactions given in Equations (3)-(8)."* Irradiating
water generates 'OH, e,,~ and 'H, and in N,O-saturated aqueous
solutions containing HCO; /CO,* these primary radicals are rapidly
converted to CO, .9

H,0-"50H" + e, + H,0, + H + H + H, (3)
€aq + N20 +H,0 — N, + OH™ + OH' (4)
H 4+ N,O — N, + OH' (5)
HCO;™ + OH" — CO;~ + H,0 (6)
CO;% + OH — CO;" + OH" (7)
CO;* +H — HCO;™ +e, (8)

An aqueous potassium thiocyanate solution (0.010m) saturated
with N,O (0.026m) was used for radiation dosimetry, taking
G(SCN),""=6.13, in which G is the number of moles formed per
1.602x 107" J of energy absorbed by the solution, and &,m=
(7590 £230) M 'ecm 5% The optical path of the cell was 2 cm.
Solid Cbl(ll) or HOCbI-HCI was added to the appropriate carbonate
buffer in the solution reservoir that had been rendered anaerobic
by bubbling Ar for about 15 min and the solution was then de-
gassed for a further 15 min. The solution was subsequently saturat-
ed with N,O for about 5 min prior to collecting data. Reported rate
constants are average values of at least three independent meas-
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urements at three different wavelengths. The data were collected
and fitted using the Numerical Integration of Chemical Kinetics
program in PRWIN (by H. Schwarz, BNL). Note that the error of
each measurement is estimated to be about 10%.

®Co y-radiolysis studies on the reaction of cob(ll)alamin and
cob(lll)alamin with carbonate radicals at pH 11.50: A phosphate
buffer solution (pH 11.50; 0.058 M KH,PO,, 0.040 M KHCO,, /=0.20,
25.00 mL) was saturated with N,O gas for 10-15 min. Cbl(ll) (ca.
1.77 mg) solid was quickly added and the solution bubbled for
a further 2-3 min. The solution was transferred to a N,O-flushed
quartz cuvette, capped and the cuvette repeatedly exposed to
a %Co radiation source (ca. 2.5x 1077 mCO,"s7") at a fixed distance
for 40 s time intervals. The UV/Vis spectrum was subsequently re-
corded after each irradiation. A similar experiment was carried out
replacing Cbl(ll) with HOCbI-HCI (pH 11.50; 0.058 M KH,PO,, 0.040 m
KHCO,, 1=0.20, RT).

UV/Vis experiments: Anaerobic UV/Vis spectrometric measure-
ments were carried out using either a Cary 5 (RT measurements) or
a Cary 5000 spectrophotometer equipped with a thermostated
(25.04+0.1°C) cell changer operating with WinUV Bio software (ver-
sion 3.00). Data were fitted using the program Microcal Origin ver-
sion 8.0.

High-performance liquid chromatography (HPLC) experiments:
HPLC analyses were carried out with an Agilent 1100 series HPLC
system equipped with a degasser, quaternary pump, autosampler,
and a photodiode array detector (resolution of 2 nm), using an All-
tech Alltima C,; semipreparative column (5 um, 100 A, 10 mmx
300 mm) thermostated to 25°C. A mobile phase consisting of ace-
tate buffer (1% v/v CH;COOH, pH 3.5), A, and CH,CN (1% v/v
CH;COOH), B, were used with the following method: 0-18 min iso-
cratic elution of 92.5:7.5 A/B, 18-20 min 92.5:7.5 to 50:50 A/B, 20-
25 min isocratic elution of 50:50 A/B, 25-28 min 50:50 to 92.5:7.5
A/B. All gradients were linear and a flow rate of 2 mLmin~" was
used. Product peaks were monitored at 254 and 350 nm.

Ultra-high performance liquid chromatography (UHPLC) experi-
ments: UHPLC analyses were carried out using a Dionex Ulti-
Mate 3000 rapid separation liquid chromatograph equipped with
a degasser, quaternary pump, autosampler, and a photodiode array
detector (bandwidth of 2nm). Analytes were separated on
a Thermo Scientific Hypersil GOLD C,; column (1.9 um, 175 A,
2.1 mmx55 mm). The following multistep gradient method with
acetate buffer (1% v/v CH;COOH, pH 3.5), A, and CH,0OH, 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 mLmin™". Product peaks were monitored at 254 and 350 nm
with a reference wavelength of 398 nm. Eluent from the separation
was directly infused into the electrospray ionization source of the
mass spectrometer, described below.

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 Il probe, Thermo Scientific, Bremen, Germany). The source
was operated at 3.5 kV with a sheath gas flow rate and gas heater
temperature 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 1x10°ions. To
ensure very high mass accuracy (>0.75 mmu), the instrument was
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calibrated daily and a lock mass of m/z 371.10124, due to polysil-
oxane, was used throughout. These settings resulted in a spectral
acquisition rate of ~1.9 spectra/second. All UV absorption and
mass spectral data were collected and processed with the Xcalibur
software (ver. 3.0, Thermo Scientific, San Jose, CA, USA).
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