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Aquacobalamin reacts with m-chloroperoxybenzoic acid (MCPBA) to form a Co(i)-peroxo complex, as

supported by UV-vis, NMR and resonance Raman spectra complemented by mass spectra and density
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functional calculations. At high MCPBA concentrations, degradation of cobalamin is observed as

rsc.lifnjc previously described.

Introduction

Peroxide complexes of biological transition metal centres are in
some cases reactive intermediates in complex reaction mechan-
isms (e.g., in peroxidases, cytochromes P450, non-heme iron/
manganese/copper monooxygenases, iron and copper bleomycin,
vanadium-containing peroxidases and others)."™* Stable peroxo
complexes of biological transition metal centres are also known,
such as with Co(mr) cobalamin (Cbl(m)) or Co(u) bleomycin.>®
Until recently, the reactivity of cobalamin with oxidizing
agents has been confined to processes where, especially with
strong oxidizing agents, the corrin ring is covalently modified
by oxygenation or halogenation, or where Co(1) or Co(u) are
oxidized to Co(m) in an outer-sphere manner.>” ™ Outer-
sphere oxidants such as hexachloroiridate and peroxosulfate
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have no effect on Cbl(m) (data not shown), while hydrogen
peroxide does form a stable and reversible complex, assigned as
Co(m)-hydroperoxo based mostly on UV-vis and NMR spectra
complemented by density functional (DFT) calculations. The
UV-vis spectra (and ensuing properties, such as resonance
Raman spectra) of cobalamin are notoriously insensitive to
changes in the exogenous axial ligand; for instance, the max-
ima of aquacobalamin differ in position from those of hydro-
xocobalamin by less than 10 nm - and the differences between
hydroxo- and hydroperoxocobalamin are even smaller. By con-
trast, the aromatic region of the "H-NMR spectra does offer
distinctively different signatures for each of these cobalamin
complexes.” More recently, another example of peroxide-
cobalamin interaction has been described - with m-chloro-
peroxybenzoic acid (MCPBA)."* In this case Cbl was reported
to act as a catalyst for MCPBA decomposition and subsequent
oxidation of organic substrates. While such pseudoperoxidasic
cycles have been reported previously for Cbl with hydrogen
peroxide or tert-butyl hydroperoxide (tBuOOH) instead of
MCPBA, in all of these previous instances activation of the
peroxo bond was achieved via reaction with Cbl(u) rather than
Cbl(m);*° one may expect a similar mechanism in the MCPBA
case. A second, more recent example of oxygen-oxygen bond
cleavage by aquacobalamin has been reported for peroxo-
monosulfate.'® In a related system - heptamethyl cobyrinate —
a Co(m) adduct with MCPBA was detected at low temperature
using UV-vis, IR, ESR, and ESI-MS."* Somewhat related Co-
peroxo complexes of geminal diols are as stable as to have been
described by X-ray crystallography.®

Reported here are data showing that while a representative
organic peroxide (tBuOOH) brings no significant changes to
the NMR and UV-vis spectra of Cbl(m), MCPBA does yield a
detectable complex, identifiable as such in UV-vis and NMR
spectra corroborated with DFT calculations.
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Materials and methods

Hydroxocobalamin hydrochloride (HOCbI, >98%)
obtained from Sigma-Aldrich (Munich, Germany) and used as
received and hydrogen peroxide 30% was obtained from Chem-
PUR. MCPBA was from Sigma-Aldrich (Munich, Germany) and
was employed in the form of a 2 M stock solution in acetone.
tBuOOH was from Sigma-Aldrich (Munich, Germany), 70%
solution in H,0. The buffer solution was 50 mM phosphate,
pH 7, unless otherwise specified.

UV-vis, NMR, resonance Raman stopped-flow and DFT data
were obtained using a methodology previously described for
the reaction of hydrogen peroxide with aquaCbl, as detailed
below.”

UV-vis spectra were performed on a Cary 50 UV-vis spectro-
photometer (Varian, Inc., Foster City, CA, USA). Stopped-flow
spectra were collected on a Biologic SFM-300 system equipped
with three syringes and sequential mixing, with a high-speed
diode array detector. The stopped-flow data were processed
with the SPECFIT32 software package (BioLogic system, Claix,
France) using a single process for fitting. Time course graphs
are listed in the Figures at 435 nm, specific for the peroxide
adduct.

The NMR spectra were recorded immediately after preparing
the samples, at 22 °C unless otherwise stated, diluting the
sample (at concentrations indicated in text and Figure legends)
with D,O (1:1 volume ratio), on a 400 MHz Bruker instrument.
The NMR titration of aquaCbl with MCPBA was performed at
20 °C on a 500 MHz Bruker Avance spectrometer. The solvent of
choice was pH 7 Britton-Robinson universal buffer prepared in
D,0. 1 mM aquaCbl was titrated with incremental amounts of
MCPBA to final concentrations, as indicated in Fig. S9 (ESIY)
caption. A water-suppression pulse sequence was used for these
measurements.

Raman spectra were measured at 22 °C immediately after
preparing the samples, on a Renishaw inVia Raman spectro-
meter coupled with a Leica microscope. 10 pl of the sample was
dropped on a microscope slide covered with aluminum foil.
The 532 nm laser line with a power of 50 mW was focused on
the sample by using a 5X objective. Each spectrum is repre-
sented as an average of 4 accumulations, 4 seconds each.

High-resolution mass spectra (HRMS) were recorded on an
LTQ ORBITRAP XL mass spectrometer (ThermoScientific) using
positive electrospray ionization. The instrument was externally
calibrated. The samples were prepared at room temperature
(22 °C) and then inserted into the instrument at times indicated
in the Figure legends. The following conditions were used:
source voltage, 3.2 kV; sheath and auxiliary gas flow, 8 and
5 arbitrary units, respectively; vaporizer temperature 50 °C,
capillary temperature 275 °C, analyzer temperature 26 °C;
capillary voltage, 28 V; tube lens voltage, +110 V. The number
of microscans was set to three.

For DFT calculations, the Gaussian09 software package'’
was employed following the methodology previously tested and
described for related Cbl complexes.” The Cbl models were
truncated, with the lateral substituents on the corrin as well as

was
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the methyl groups on the benzimidazole replaced by hydrogen.
Gas-phase geometries and frequency analyses were computed
with the aid of the B3LYP'®'® functional at the def2-SV(P)*°
double-zeta basis set level. Long-range interactions were
accounted for by the use of Grimme’s D3 dispersion
correction.”® TD-DFT derived*' UV-Vis spectra were computed
in the C-PCM solvent continuum adapted for an aqueous
environment.>” For the latter property the B3PW91'®*® func-
tional outperformed B3LYP and was subsequently employed.
Data for the lowest-spin states are shown for each model.
In terms of methodology choice for DFT calculations, previous
studies from us,>**"*® but more importantly from Brunold and
especially from Kozlowski on related systems have each indi-
cated advantages for a functional or another.>*™*> We have,
more in general, shown that even within the same class of
compounds the performance of a functional can vary widely
depending on the property sought, or on apparently simple
changes in ligands (e.g., axial ligation in heme complexes).**™*
The methodology employed here was selected for its ability to
best mimic trends in UV-vis spectra as described in our
previous study on hydroperoxocobalamin, thus also allowing
consistency between the two sets of data. In terms of general
structural features, the cobalamin-peroxo adducts (unlike,
e.g., the case of Cbl(1)) offer no particular challenge - so that
the choice of functional should affect the results at the level
of detail (which, nevertheless, in predicting trends in UV-vis
maxima of Cbl adducts, is essential).

Results and discussion

As shown in Fig. 1, upon reaction with MCPBA the UV-vis
spectrum of aquacobalamin (H,OCbl") undergoes bathochro-
mic shifts reminiscent of the hydroperoxocobalamin adduct.’
Isosbestic points at 461 nm, 340 and 367 nm suggest the
formation of a single new product, which can in principle be
assigned as a peroxoacid(MCPBA)-Cbl(u1) complex analogous to
the previously-reported cobalamin(m)-hydroperoxo complex.
A 0.2 mM affinity for MCPBA binding to Cbl(m) may be deduced
from the data in Fig. 1 (based on the absorbance changes at
351 nm; see also Fig. S2 (ESIY) for titration curves at 490 and
525 nm). At larger MCPBA concentrations (above 5-10 mM) a
slight decrease in intensity in the visible region of the spectrum
is observed, consistent with previous observations of a
chemical reaction with degradation of MCPBA and generation
of reactive redox species.**

No changes in the shape of the UV-vis spectrum of H,OCbl"
were observed with tBuOOH (ESL Fig. S1). If indeed the Cbl
complexes with hydrogen peroxide and with MCPBA entail a
deprotonated peroxo group, and then the pK, values may be
responsible for the fact that tBuOOH does not form such a
complex: the pK, of tBuOOH (12.7) is one unit higher than that
of H,0,, and distinctly higher than that of MCPBA, too (7.6).
At larger tBuOOH concentrations (>10 mM), the spectrum of
Cbl does decay slowly - in line with the known intrinsic
instability of tBuOOH and possibly with catalysis from Cbl;
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Fig.1 UV-vis spectra of 50 pM aquacobalamin treated with MCPBA
(upper panel) and the titration curve at pH 7 monitored at 351 nm (lower
panel).

however, evidence for a detectable tBuOOH-Cbl complex as an
intermediate species in such reactions, if any, has so far not
been identified.

The kinetics of the aquacobalamin + MCPBA reaction may
be followed with stopped-flow UV-vis spectroscopy (cf. Fig. 2
and ESL} Fig. S3 and S4) at MCPBA concentrations distinctly
higher than those in Fig. 1. Between 25 and 75 mM MCPBA, the
experimentally-observed changes in absorbance increase with
the MCPBA concentration as expected. However, this range is
too narrow to allow a meaningful estimation of a rate constant,
and the trend is reversed at 100 mM MCPBA. At all concentra-
tions, the data may be fitted with a single process, where
species A (¢f Fig. 2 and Fig. S3 and S4, ESIY) is essentially
identical to H,OCbl" and species B exhibits a maximum at
560 nm, characteristic of partially degraded corrin,>'"**47:48
This is consistent with the behavior on Cbl in the presence of
such high MCPBA concentrations more extensively described
elsewhere, highlighting the occurrence of peroxide activation
and ensuing oxidative activity."*

Fig. 3 shows NMR spectra collected for H,OCbl" mixed with
tBuOOH and with MCPBA, respectively (with further details
shown in Fig. 4, and proton labelling shown in Fig. S9, ESIT).
The spectrum of the Cbl-tBuOOH mixture retains almost all of
the features of H,OCbl"; slight shifts are seen in the B7, R1 and
C10 signals — possibly due to non-covalent interaction with
tBuOOH, but decidedly not to tBuOO- coordination. A Cbl(i)

18180 | New J. Chem., 2023, 47,18178-18185
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Fig. 2 Upper panel: absorbance time courses from stopped-flow UV-vis
experiments monitoring the reaction of 0.3 mM aquacobalamin with
varying MCPBA concentrations at 575 nm. Lower panel: representative
spectra of species A and B at pH 7, resulted from fitting of the stopped-
flow data 50 mM MCPBA. See also Fig. S3 and S4 (ESI+).
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Fig. 3 H-NMR spectra of Cbl-peroxo mixtures and of reference com-
plexes. Peaks are assigned based as previously described.®> Conditions: 5
mM Cbl(n) (aqua/hydroxo or cyano, as indicated), 5 mM ligand (MCPBA,
tBUuOOH), 50 mM phosphate buffer pH 7 for all samples except aqua base-
off (pH 3, dimethylbenzimidazole deligated) and Cbl-OH (pH 10).

complex with the neutral tBuOOH form is less likely but cannot
be entirely excluded, considering the similar coordination
properties of the tBuOOH hydroxyl vs. water, and the fact that

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2023
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Fig. 4 'H-NMR titration of aquaCbl with MCPBA. Conditions: concentrations indicated in the figure, pH 7 in Britton—Robinson universal buffer (40 mM

each borate, acetate, phosphate).

density functional theory (DFT) calculations suggest much
smaller spectral differences between H,O and H,0, Cbl com-
plexes, compared to H,O vs. a deprotonated peroxide.’
By contrast, the Cbl-MCPBA NMR spectrum is distinctly differ-
ent from aqua as well as from other possible candidates
(hydroxo, base-off aqua). Moreover, the MCPBA signals them-
selves are now all shifted compared to pure MCPBA, consistent
with coordination to Cbl. The minor additional signals seen in
the 7.5-6 ppm region of the Cbl-MCPBA spectrum may be due
to Cbl-bound MCPBA or to degradation products in line with
previous proposals.'® The concentration dependence of the
Cbl-MCPBA "H-NMR spectra (¢f Fig. 4) confirms the latter
observation, with the Cbl signals mostly degraded at 100 mM
MCPBA. The titration also confirms that (1) only one adduct
with MCPBA is formed, and (2) saturation of Cbl occurs below
10 mM, in line with the UV-vis titration of Fig. 1.

DFT geometry optimization of Cbl models with a neutral
MCPBA ligand bound to Co either via the (carboxyl)OH group or
via the Cl atom yield almost identical energies, with the OH
slightly favoured by only ~1 kcal mol ?, ¢f Table S1 (ESIf).

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2023

Since a Co-CI(MCPBA) complex is extremely unlikely, one may
further assume that the same is true for the Co-(H)OO-C(O)-
isomer. This is in line with the fact that indeed organic acids
are not known to be effective ligands to Cbl. On the other hand,
the geometric parameters predicted for the deprotonated
MCPBA as a ligand, as well as for tBuOO- and tBuOOH, are
very similar to those previously reported for H,O, and HOO-
complexes of Cbl at the same level of theory (c¢f Table S1 and
Fig. S5, ESIt).”> Time-dependent DFT (TD-DFT) simulations of
the UV-vis spectra of Co(ur)-OOC(O)-MCPBA (¢f. Table S2 and
Fig. S6, S7, ESIT) reveal maxima at wavelengths intermediary
between those of aqua and of hydroxo Cbl, which (especially
taking into account the limits of the computational method for
such complexes) are in line with the experimental observa-
tions.>** Elongation of the CoO-OH bond in a hydroperoxo
peroxide-Cbl model and in a heme ferric-hydroperoxo model by
1 A was found to entail energy costs of ~45 kcal mol~* in both
cases, with a crossing onto the triplet/quartet state and with
no major changes in partial atomic charges on the Co/Fe or on
the peroxo oxygen atoms. The latter suggests, as expected,

New J. Chem., 2023, 47,18178-18185 | 18181
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$=3/2 Fe(llllheme-OOH"
AE=43.9 kcal/mol (44.1)

Fig. 5 Relative energies for S = 1 Co(in)cobalamin-hydroperoxo and S = 3/
2 Fe(mheme-hydroperoxo adducts after elongation of the O-O bonds by
~1 A relative to the equilibrium state. Also shown are Mulliken spin
densities on the Co, Fe and oxygen atoms. Shown in parentheses are
the relative energies of the low-spin states. The equilibrium geometries of
the low-spin states (S = 0 and S = 1/2, respectively) are taken as references.
From UB3LYP/def2-SV(P)/D3 calculations.

that oxygen-oxygen bond cleavage in both cases would be
homolytic (hence, no change in formal oxidation state from
the Fe(ur)/Co(ui)-hydroperoxo stage) and would lead to a hydro-
xyl radical and a ferryl/chromyl unit. However, as shown in
Fig. 5, while the ferryl does show the classical Fe(iv)-oxo center
spin density distribution (50% on each bonding partner), the
chromyl unit is clearly a Co(i)-oxyl (diamagnetic Co(ur) with an
S =1/2 oxyl ligand) similarly to other late transition metals such
as Cu where “high-valent oxo” complexes in general tend to
feature oxyl ligands, within the framework of the recently
coined “oxo wall” paradigm.™*°~>3

The resonance Raman spectra of Cbl are dominated by the
corrin ring and relatively insensitive to the nature of the
exogenous ligand. Fig. 6 shows that the resonance Raman
spectra of hydroperoxo- and MCPBA-Cbl(i) are very similar to
each other, and slightly different from that of H,OCbl", sug-
gesting that in both cases an anionic peroxo moiety is coordi-
nated to the corrin. The peroxo/MCPBA vs. aqua differences are
observable, especially in the signals at ~1495, 795, 725 and 630
cm ', Possibly of more interest is the band observed for the
control MCPBA sample at 873 cm ™" (cf. Fig. 6 and Fig. S8, ESIY),
which is known®* to be due to the 0-O stretching. This band
overlaps with a shoulder in the aquaCbl spectrum. Importantly,
in the MCPBA + Cbl sample the shoulder at 873 cm " is
distinctly weaker than in the aquaCbl sample; an increase in
intensity would have been expected in a sample where the
signals of aquaCbl and MCPBA overlap physically without any
chemical interaction. This may be taken as evidence against a
scenario where aquaCbl and MCPBA are still intact. Instead,
also importantly, a new weak shoulder at 866 cm ™' appears in
the MCPBA + Cbl spectrum, tentatively assignable as the O-O
stretching of the Cbl-MCPBA complex. For comparison, in the
H,0, + Cbl sample (also shown in Fig. 6 and Fig. S8, ESIt), a
similar shift is seen compared to aquaCbl, but only to
870 cm ™.

In our initial attempts to employ mass spectrometry (HRMS
ESI) to detect the Co(m)-hydroperoxide complex of cobalamin,

18182 | New J. Chem., 2023, 47,18178-18185
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Fig. 6 Resonance Raman spectra of Cbl in the presence or absence of
hydrogen peroxide or MCPBA. Conditions: 1 mM H,OCbl*, 25 mM H,0,,
10 mM MCPBA, 50 mM phosphate pH 7, 22 °C.

only the signal corresponding to pentacoordinated Cbl was
identified, either in aqua® or in peroxo cobalamin. However,
upon recording the ESI spectra immediately after mixing Cbl
with MCPBA in water (~2 minutes from mixing to measure-
ment), a signal could clearly be identified (¢f. Fig. 7) corres-
ponding to a Cbl-MCPBA adduct with the (m/z) found at
1500.5548 [M]" (vs. calculated 1500.5565), alongside the
expected pentacoordinated 1329.5716 [M - mCPBA]" as well
as several z = 2 signals for the Cb]-MCPBA. As shown in ESI,¥
Fig. S10, in a sample incubated for 2 extra minutes before
injecting into the instrument, the relative abundance of the
Cbl-MCPBA peak decreases and, more importantly, several
new signals appear which do not fit the mass of intact Cbl
complexes and are thus taken as evidence for Cbl degradation
in line with above-discussed considerations. At 30 minutes
after mixing, neither the intact pentacoordinated Cbl nor the
Cbl-MCPBA peaks were visible. This time evolution of the
mass spectra was expected: based on the NMR titration, a
10 mM concentration of MCPBA was required in the HRMS
experiment in order to have the cobalt sites saturated.
However, as seen in the UV-vis spectra of Fig. 1 as well as in
the NMR titration of Fig. 4, at 10-20 mM there is already a
decrease in intensity of the Cbl signals, suggestive of partial
degradation; such degradation is expected to be accelerated

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2023
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Fig. 7 Upper panel: ESI(+)-HRMS (m/z) for the Cbl-MCPBA adduct. Calculated for CgoHg3C0ON;30,,PCl 1500.5565, found: 1500.5548 [M]*, 1329.5716
[M-mCPBAI*, 675.7747 IM-mCPBA + Nal?*, 664.7855 5716 [M-mCPBA + H|>". Lower panel: spectrum of the starting material (hydroxocobalamin).
Conditions: 1 mM H,OCbl*, 10 mM MCPBA, 50 mM phosphate pH 7.

by the HRMS protocol (see capillary and vaporizer tempera-

tures in figure legends).

Conclusions

To conclude, Cbl(m) forms a peroxoacid complex with depro-
tonated m-chloroperoxybenzoic acid, as supported by UV-vis,

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2023

'H-NMR and resonance Raman spectroscopic data, density
functional calculations, and mass spectrometry. By contrast,
tBuOOH does not appear to be able to form a peroxo complex
with Cbl(m). These findings suggest that the peroxide coordina-
tion chemistry of cobalamin does extend beyond simply hydro-
gen peroxide,” but that not all peroxo compounds should be
expected to bind to Cbl(i).
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