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1. INTRODUCTION

Vitamin B12 and its derivatives, known as cobalamins (Cbls),1

are among Nature’s most complex cofactors. Cbls have been the
subject of intense investigation since vitamin B12 was first
isolated in 1948 in the laboratories of Folkers2 and Smith3,4

and structurally characterized in 1956 in the laboratory of
Dorothy Hodgkin.5�11 These species contain a central low-spin
Co3+ ion ligated equatorially by four nitrogens of a tetrapyrollic
corrin ring and coordinated axially in the lower (R) position by a
N atom of a 5,6-dimethylbenzimidazole (DMB) base that is
attached to the corrin ring via a nucleotide loop and in the upper
(β) position by a variable ligand X (e.g., X = CH3 in methylco-
balamin (MeCbl), 50-deoxyadenosyl in adenosylcobalamin
(AdoCbl), H2O in aquocobalamin (H2OCbl

+), CN� in cyano-
cobalamin or vitamin B12, and L-glutamyl-L-cysteinylglycine,
GS�, in glutathionylcobalamin (GSCbl); see Figure 1).6 Cbl is found
in animals and bacteria, and it is an essential nutrient for humans
because they lack the enzyme machinery for its biosynthesis.
However, Cbl is biosynthesized via both aerobic and anaerobic
pathways in select archaea and bacteria.5,10,12�15

MeCbl and AdoCbl are the enzymatically active forms of the
cofactor required by humans for catalysis in methionine synthase
(MetH)16,17 and methylmalonyl-CoA mutase (MMCM),18 respec-
tively.MeCbl-dependent enzymes likeMetHcatalyzemethyl-transfer

reactions in which the Co�C bond of the cofactor is cleaved
heterolytically.16,19,20 Alternatively, AdoCbl-dependent enzymes
include two classes of isomerases that catalyze rearrangement
reactions via homolytic cleavage of the cofactor’s Co�Cbond.21�24

Cbl deficiency in humans caused by improper diet, a lack of
proper Cbl adsorption, and/or inborn errors in processing Cbl
leads to a variety of adverse conditions, most notably the
disorders of megaloblastic anemia and homocystinuria for errors
in MeCbl processing and methylmalonic aciduria for errors in
AdoCbl processing.25�27 In humans the MeCbl-dependent
MetH and AdoCbl-dependent MMCM are located in different
intracellular locales, the cytosol and the mitochondrial matrix,
respectively. Thus, the intracellular trafficking of Cbl is critical to
maintaining functional MetH and MMCM and has been under
intensive investigation.25,28�31

Glutathione (GSH) is a γ-glutamylcysteinylglycine tripeptide
featuring an unusual peptide linkage between the COO� side
chain of glutamate and the �NH2 group of cysteine. One of the
major roles of GSH in vivo is redox regulation in the intracellular
milieu.32,33 It plays additional roles in the biosynthesis of sulfur-
containing metabolites, metabolism regulation, and protection
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ABSTRACT: Glutathionylcobalamin (GSCbl) is a unique,
biologically relevant cobalamin featuring an axial Co�S bond
that distinguishes it from the enzymatically active forms of
vitamin B12, which possess axial Co�C bonds. GSCbl has been
proposed to serve as an intermediate in cobalamin processing
and, more recently, as a therapeutic for neurological disorders
associated with oxidative stress. In this study, GSCbl and its
close relative cysteinylcobalamin (CysCbl) were investigated
using electronic absorption, circular dichroism, magnetic circu-
lar dichroism, and resonance Raman spectroscopies. The spec-
troscopic data were analyzed in the framework of density
functional theory (DFT) and time-dependent DFT computations to generate experimentally validated electronic structure
descriptions. Although the change in the upper axial ligand from an alkyl to a thiol group represents a major perturbation in terms of
the size, basicity, and polarizability of the coordinating atom, our spectroscopic and computational results reveal striking similarities
in electronic structure betweenmethylcobalamin (MeCbl) and GSCbl, especially with regard to the σ donation from the alkyl/thiol
ligand and the extent of mixing between the cobalt 3d and the ligand frontier orbitals. A detailed comparison of Co�C and Co�S
bonding in MeCbl and GSCbl, respectively, is presented, and the implications of our results with respect to the proposed biological
roles of GSCbl are discussed.
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against free radical damage.34,35 GSH has been reported to reach
concentrations of up to 10mM in cells.36 In the presence of GSH,
H2OCbl

+ is rapidly and irreversibly converted to GSCbl via
β-ligand exchange, with a half-life for formation of 2.8 s at 37 �C
and ∼5 mM concentrations of GSH.37 Thus, any free H2OCbl

+

in the cell lacking protection from a protein chaperone or cellular
organelle is susceptible to conversion to GSCbl, though the
fraction of free intracellular Cbl is estimated to be less than 5%.38

The physiological significance of GSCbl was initially suggested
by Wagner and Bernhauer in 196439 and established more fully
by enzymatic studies completed by Jacobsen and co-workers in
1990.40 GSCbl and sulfitocobalamin (X = SO3

2� in Figure 1) are
the two sulfur-containing Cbls that have been extracted from
cultured endothelial cells and shown to be naturally occurring, as
opposed to resulting from the extraction process.41 Cysteinylco-
balamin (CysCbl) is another thiolatocobalamin, but compared to
GSCbl it is relatively unstable, readily decomposing into a thiyl
radical and Co2+Cbl.42�45 The decreased stability of CysCbl over
GSCbl was attributed to the destabilizing effect of the charged
�NH3

+ group of Cys on the Co�S bond.42 GSCbl has an amide
bond in the place of the �NH3

+ group of Cys; additionally, the
larger size of GS�may enable formation of favorable interactions

between the terminal carboxylates and the corrin side chains,
thereby increasing the stability of GSCbl. The precise role of
GSCbl in vivo is still unclear, but due to its natural occurrence it
has been proposed to be an intermediate in the biosynthesis of
AdoCbl andMeCbl, two pathways that continue to be the subject
of intense research.40,41,46

More recently, GSCbl has been identified as a promising
intracellular antioxidant,46 being nontoxic at concentrations
exceeding 2 mM. GSCbl is able to inhibit intracellular peroxide
production and prevent apoptotic and necrotic cell death in vitro
more efficiently than other forms of Cbl.46 Originally proposed
to be used as a treatment for Alzheimer’s by McCaddon et al. in
2002, GSCbl has continued to show promise for the treatment of
conditions with associated inflammatory oxidative stress, includ-
ing dementia, arthritis, and cancer.47,48 GSCbl has also been shown
to promote MetH activity much more effectively than CNCbl or
H2OCbl

+.40 What remains to be elucidated is why GSCbl is
more effective than any other Cbl in these roles and how exactly
GS� impacts the intracellular processing of free Cbl.

In this study we used electronic absorption (Abs), circular
dichroism (CD), magnetic CD (MCD), and resonance Raman
(rR) spectroscopic techniques to characterize GSCbl and CysCbl.
To complement the experimental data, quantum mechanics/
molecularmechanics (QM/MM) geometry optimizations of entire
cofactormodels were performed and the optimized structures were
used for density functional theory (DFT) calculations to generate
experimentally validated geometric and electronic structure de-
scriptions. Additionally, time-dependent DFT (TDDFT) calcula-
tions were employed to assign the key electronic transitions that
contribute to the Abs, CD, and MCD spectra of GSCbl. Although
GSCbl had been the subject of previous investigations using DFT
calculations49,50 and X-ray absorption spectroscopy,51�53 the simi-
larities and differences in the electronic structures of GSCbl and
other Cbls and the role that the unique Co�S bond plays in
modulating the properties of GSCbl have remained largely un-
explored. By comparing our results for GSCbl to those reported
previously for MeCbl, unique insight has been obtained into the
similarities and differences between the Co�S and Co�C bonding
interactions in thiolatocobalamins and alkylcobalamins, respectively.

2. EXPERIMENTAL AND COMPUTATIONAL METHODS

Synthesis. Glutathione, cysteine, [H2OCbl]Cl, and MeCbl were
purchased from Sigma and used without further purification. GSCbl and
CysCbl were prepared according to published procedures.40 Samples for
low-temperature Abs, CD, and MCD spectroscopic experiments were
prepared in 60% (v/v) glycerol. Samples for low-temperature rR
spectroscopic experiments were prepared as pellets either by injecting
aqueous solutions of the Cbl of interest into N2(l) or by dissolving solid
Cbl in H2O before adding glycerol and injecting the solutions into N2(l).
Spectroscopy. Abs, CD, and MCD spectra were obtained using a

Jasco J-715 spectropolarimeter in conjunction with an Oxford Instru-
ments SM-4000 8T magnetocryostat. All MCD spectra reported herein
were obtained by subtracting the �7 T spectrum from the +7 T
spectrum to eliminate contributions from the natural CD. Sample
concentrations were determined spectrophotometrically at 300 K using
a Varian Cary 5E UV�vis�NIR spectrophotometer and published
molar extinction coefficients.45,54,55

rR spectra were obtained upon excitation with a Coherent I-305 Ar+

ion laser or a Coherent I-302C Kr+ ion laser with∼10�20 mW of laser
power at the sample. The scattered light was collected using a ∼135�
backscattering arrangement, dispersed by an Acton Research triple

Figure 1. Chemical structure and numbering scheme used to identify
the relevant C and N atoms of the corrin ring of Co3+Cbl, where X
denotes the variable upper axial ligand. (Inset top) Upper (β) and lower
(R) faces of the cofactor and orientation of the long axis (LA) and short
axis (SA) of the corrin ring. (Inset bottom) Chemical structure of
glutathione.
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monochromator equipped with 1200 and 2400 grooves/mm gratings,
and analyzed with a Princeton Instruments Spec X: 100BR deep
depletion, back-thinned CCD camera. rR data were collected at 77 K
on frozen pellets situated directly in an EPR dewar filled with N2(l) to
prevent photodegradation.
Computations. Geometry Optimization. Models of GSCbl and

MeCbl for computational studies were generated by quantummechanics/
molecular mechanics (QM/MM) geometry optimizations starting from
the high-resolution X-ray crystal structures of GluCysCbl and MeCbl
(XIQSEV and WIKXOD, respectively).42,49 For the GSCbl model, the
free GSH ligand was geometry optimized separately usingDFTmethods
before appending it to the cobalt ion in place of the GluCys ligand
contained in the XIQSEV structure. In each case the corrin ring, the
benzimidazole lower axial ligand, and the first atom of the upper axial
ligand were included in the QM region, while the remainder of the
model was treated with MM. All geometry optimizations were carried
out on a cluster of 10 Pentium Xeon nodes (Ace computers) employing
the Amsterdam Density Functional (ADF) 2008.01 suite of programs
with an integration parameter of 5.0 and the TZP basis set with a frozen
core through 1s (C, N, O) or 2p (Co, P, S).56�58 The geometry
convergence criteria chosen were 0.0001 hartree in the total energy,
0.001 hartree/Å in the Cartesian gradients, and 0.001 Å in the estimated
uncertainty of the Cartesian coordinates. The density functional utilized
was composed of the Vosko, Wilk, and Nusair-5 local density approx-
imation and the Perdew�Burke�Ernzerhof generalized gradient ap-
proximation for exchange and correlation.59,60

Single-Point DFT and TDDFT Calculations. The ORCA 2.6.35 soft-
warepackage, developedbyDr. FrankNeese (Universit€atBonn,Germany),61

was used to perform single-point DFT and TDDFT calculations on
suitably truncated models of GSCbl and MeCbl, derived from their
respective QM/MM geometry-optimized model. In each case, Becke’s
three-parameter hybrid functional for exchange62,63 was used along with
the Lee�Yang�Parr correlation functional64 (B3LYP). TheTZVP basis
set65 was chosen for Co and all atoms bound directly to Co, while the
VDZ/P basis set66 (Ahlrichs split valence set with one set of first
polarization functions on all atoms) was used in conjunction with the
SV/C auxiliary basis set for the remaining atoms. A total of 60 excited
states were calculated with TDDFT by considering all single excitations
between molecular orbitals (MOs) with orbital energies within a
window of (3 hartree around the highest occupied MO and lowest
unoccupied MO (HOMO/LUMO) gap. To assist in the interpretation
and assignment of key electronic transitions, isosurface plots of theMOs
and electron density difference maps (EDDMs) were generated with the
gOpenMol program67�69 using isodensity values of 0.03 and 0.003 au,
respectively. To compare the computational data with our experimental
Abs spectra of GSCbl and MeCbl, the TDDFT results were used to
compute Abs traces by modeling each predicted transition as a Gaussian
band with a full width at half-maximum of 1700 cm�1.70

3. RESULTS AND ANALYSIS

3.1. Spectroscopic Results for GSCbl, CysCbl, and MeCbl. (i).
Abs, CD, and MCD Data. The Abs, CD, and MCD spectra of
GSCbl, CysCbl, and MeCbl obtained at 280 K are shown in
Figure 2. As expected, the data sets of the two thiolatocobalamins
are nearly identical. The color variation of the complexes from
pink (MeCbl) to deep purple (GSCbl, CysCbl) correlates with a
red shift of the prominent low-energy Abs feature, the so-called
R/β bands. This red shift (by∼400 cm�1) is even more evident
in the corresponding MCD spectra, owing to the increased
resolution of the spectral features in these spectra. A detailed
analysis of theMeCbl Abs, CD, andMCDdata was presented in a
previous publication from this laboratory71 and will be used here

as the basis for a comparison with the results obtained in this
study for the thiolatocobalamins. The R and β bands in the low-
energy region of the MeCbl Abs spectrum were assigned to the
origin and first member of a vibronic progression associated with
a single electronic transition originating from the corrin π-based
HOMO and terminating in the corrin π*-based LUMO. The
energy of this transition was found to vary markedly as a function
of the upper axial ligand, as the σ-donor strength of this ligand
modulates the Co 3dz2 orbital character in the HOMO and, thus,
the strength of the σ-antibonding interaction between the Co ion
and lower axial base in this MO. Consequently, the fact that the
R/β bands appear at nearly the same energies in the Abs spectra
of MeCbl and the thiolatocobalamins implies that the Co�C and
Co�S σ-bonding interactions are quite similar in nature.
Toward higher energy, the three bands in the D/E region

(∼22 000�26 000 cm�1) of the MeCbl Abs spectrum are con-
served in the GSCbl and CysCbl Abs spectra with minimal
(<200 cm�1) energy shifts, though their signs and intensities
within the CD and MCD spectra vary considerably among the
three species. In the high-energy γ region (26 000�33 000 cm�1),
the number and energies of the discernible features are essentially
the same for each species but the relative band intensities again vary
quite substantially. Our previous analysis of the MeCbl Abs
spectrum revealed that the electronic transitions producing the
dominant contributions to the γ region include corrin-centered
πf π* and, to a lesser extent, Co 3df corrin π* charge transfer
excitations with varying polarizations. Hence, small differences in
the charge donation of the axial thiolate and alkyl ligands to the Co
center likely account for the observed spectral variations in this
region.
The GSCbl and MeCbl Abs and MCD spectra were iteratively

fit with the fewest acceptable number of Gaussian bands to
resolve the major electronic transitions contributing to each
data set and to quantify the key differences between them.

Figure 2. Abs (top), CD (center), and 7 T MCD (bottom) spectra at
280 K of GSCbl (�), CysCbl (---), and MeCbl (� 3 3�). The different
regions of the Abs spectra are highlighted.
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These spectral deconvolutions (Figure 3 and Table 1) indicate
that at least 14 bands contribute to theMeCbl and GSCbl spectra
in the region below 34 000 cm�1. The R/β region of the GSCbl

MCD spectrum is dominated by a positively signed band
centered at 17 470 cm�1, with two less intense bands at 16 000
and 18 700 cm�1 also contributing to this region. In contrast, the
R/β region of the MeCbl MCD spectrum is fit with two
positively signed bands of almost equal intensity, previously iden-
tified as the origin and first vibronic sideband associated with the
corrin-based HOMOf LUMO (i.e., corrin πf π*) transition,
as well as two negatively signed bands centered at 20 550 and
21 800 cm�1 (bands 3 and 4, Table 1) that were attributed to
members of a vibrational progression associated with another
corrin-based π f π* transition. The bands contributing to the
γ region of the MeCbl spectra (i.e., above 26 000 cm�1) were
shown previously to arise from at least four distinct electronic
transitions with significant corrin π f π* character. Because
essentially the same set of bands is present in the GSCbl spectra,
we conclude that these spectra also contain contributions from at
least four corrin-based π f π* transitions in the γ region.
(ii). Resonance Raman Data. Figure 4A shows the rR spectra

of frozen aqueous solutions of MeCbl, GSCbl, and CysCbl
obtained with 568.2 nm (17 599 cm�1) laser excitation, corre-
sponding to the low-energy tail of the R/β bands in the
corresponding Abs spectra. Previous rR studies of MeCbl
identified two strongly enhanced features that were assigned as
corrin-based vibrationalmodes polarized along the short axis, νSA
(a corrin mode primarily involving CdC stretching motion
along the C5 3 3 3C15 vector, see Figure 1), at 1543 cm�1 and
the long axis, νLA (which mainly involves CdC stretching
motion along the Co 3 3 3C10 vector), at 1490 cm�1, as well as
a weak feature associated with the Co�C stretching mode,
νCo�C, at 504 cm

�1.71 While νLA and νCo�C are predominantly
enhanced for excitation in resonance with the corrin-based
HOMO f LUMO transition (the R/β region), νSA displays
the largest enhancement for excitation in the γ region. Since the
dominant features in the rR spectra of Cbls are due primarily to
corrin vibrations, the rR spectra of MeCbl, GSCbl, and CysCbl
are very similar. Specifically, in the spectra obtained with
568.2 nm excitation, the dominant feature, corresponding to
νLA, occurs within 5 cm�1 for the three cofactors. However, in
the low-energy region where Co�ligand vibrations are expected

Figure 3. Solid red lines: 280 K Abs and 7 T MCD spectra of MeCbl
(top) and GSCbl (bottom). Dotted black lines: Gaussian deconvolu-
tions of the experimental spectra. Solid black lines: Overall fits obtained
by taking the sum of the individual Gaussian bands.

Table 1. Fit Parameters from Gaussian Deconvolution of the Abs and MCD Spectra of MeCbl (left) and GSCbl (right) Shown
in Figure 3

MeCbl GSCbl

band energy ε (Abs) (mM�1 cm�1) Δε (MCD) (M�1 cm�1) energy ε (Abs) (mM�1 cm�1) Δε (MCD) (M�1 cm�1)

1 17 870 3.8 9.5 17 470 3.1 6.5

2 18 970 8.5 8.5 18 700 6.6 0.3

3 20 550 6.1 �11 20 000 5.6 �1

4 21 800 3.1 �4 21 875 4 �2.1

5 23 350 3.25 4 23 300 4.1 �4.1

6 24 900 2.9 6.4 24 700 4 �3

7 26 450 10.3 17.8 26 800 10 7.8

8 27 800 7.6 13 27 800 7 2.9

9 28 475 6.3 �2 28 800 11 �0.3

10 29 700 11.2 �3 29 900 9.7 �1.5

11 30 675 5.5 �2.5 30 775 6 �2.5

12 31 600 9.3 10 31 600 9.4 1.6

13 32 900 10.8 5 32 900 13 1.3

14 33 700 2 0 33 700 5 �2
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to occur, the GSCbl andCysCbl rR spectra exhibit features at 325
and 327 cm�1, respectively, that have no counterpart in the
MeCbl spectrum.
Because features due to vibrations of the ice lattice occur in the

same spectral region as, and overlap with, the Co�ligand vibra-
tional modes of interest, rR data were also obtained for frozen
samples containing glycerol (Figure 4B). In these spectra the
Co�C stretch for MeCbl appears at 504 cm�1, while the Co�S
stretches (νCo�S) of both GSCbl and CysCbl can now be clearly
discerned at 325 cm�1. The increased mass of the coordinated S
atom of the GS� ligand, relative to that of the C atom of the CH3

ligand in MeCbl, is expected to downshift the νCo�S stretch by
157 cm�1 from the νCo�C stretch, which accounts for most of the
experimentally determined shift of 179 cm�1. The fact that the
νCo�S stretch is resonance enhanced for laser excitation at λex =
568.2 nm (17 599 cm�1), which corresponds to the energy of the

corrin-based HOMO f LUMO transition, indicates that the
Co�S bond and corrin π system of GSCbl are electronically
coupled in a similar manner as the Co�C bond and corrin π
system of MeCbl.71�73

rR spectra of MeCbl, GSCbl, and CysCbl obtained with λex =
363.8 nm (27 488 cm�1) are presented in Figure 5. Laser
excitation in this higher energy spectral region, where corrin
πf π* transitions polarized along the Co 3 3 3C10 vector occur,
gives rise to predominant enhancement of νSA.

74 As shown in
Figure 5, the νSAmodes ofMeCbl, GSCbl, and CysCbl invariably
peak at ∼1543 cm�1. According to a previous study, the
frequency of νSA decreases with decreasing positive charge of
the central Co ion.75 For example, the νSA frequency for
H2OCbl+ is 1543 cm�1, while for Co2+Cbl it is 1509 cm�1,
and for Co1+Cbl it is 1487 cm�1 (Table S1, Supporting
Information). From this comparison, it appears that the alkyl
and thiol ligands donate essentially the same amount of electron
density to theCo3+ ion, consistentwith the similarR/βbandpositions
in the Abs spectra of MeCbl, GSCbl, and CysCbl (vide supra).
3.2. Computational Results. (i). Geometry-Optimized Mod-

els.Models of GSCbl and MeCbl were generated by carrying out
quantum mechanics/molecular mechanics (QM/MM) geome-
try optimization starting from suitably chosen X-ray crystal
structures (see section 2). Overall, the optimized models
(Figure 6) exhibit only small differences from these crystal-
structure data, and their Co�Ncorrin, Co�NDMB, and Co�Xax

bond lengths and corrin fold angles also agree well with those
obtained from X-ray structural studies of related Cbls.42,51�53

The most notable difference between the optimized models and
the crystal structure-based input geometries involves a moderate
flattening of the corrin ring, as revealed by a decrease in the corrin

Figure 4. rR spectra at 77 K ofMeCbl (� 3 3 ), GSCbl (—), and CysCbl
(---) in frozen aqueous solution (A) and a∼90% v/v mixture of glycerol
and water (B) obtained with 568.2 nm (17 599 cm�1) laser excitation.
Ice peaks are marked with asterisks, and the positions of the Co�C and
Co�S stretches are indicated.

Figure 5. rR spectra at 77 K of CysCbl (---), GSCbl (—), and MeCbl
(� 3 3�) in frozen aqueous solution obtained with 363.8 nm
(27 488 cm�1) laser excitation. (Insets) Depictions of the corrin-based
symmetric long-axis (νLA) and short-axis (νSA) stretching modes (the +
and � signs indicate bond elongations and contractions, respectively).
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fold angles along the C5 3 3 3C15 vector (θ) and along the
Co 3 3 3C10 vector (ϕ) by 4�8� (Table S2, Supporting Infor-
mation). The axial Co�NDMB andCo�S bond lengths of GSCbl
decreased by 0.01 and 0.07 Å, respectively, during the QM/MM
geometry optimization, possibly due to removal of constraints
imposed by crystal packing. In contrast, in the case of MeCbl,
both the Co�NDMB and the Co�C axial bond lengths increased
slightly, by 0.09 and 0.01 Å, respectively. Other noticeable changes
during the optimization process were mostly contained within the
MM region and included some movement of the nucleotide loop
and pendant side chains on the corrin mostly at distances > 6 Å
from the Co center. Despite these minor differences between the
QM/MM-optimized models and the X-ray crystal-structure data,
the optimized models nicely reproduce the essential features of the
experimental structures and were thus considered acceptable for
use in further calculations.
( ii). TDDFT Results. TDDFT calculations were carried out on

truncated derivatives of the QM/MM-optimized cofactor mod-
els that included the corrin ring, an imidazole in the lower axial
position, the entire methyl group for MeCbl and�SCH3 instead
of glutathione for GSCbl in the upper axial position, and
hydrogen atoms in place of the corrin side chains at bond lengths
reduced by 30%. Simulated Abs spectra were generated from the
TDDFT results using a Gaussian convolution function with a full
width at half-maximum of 1700 cm�1 and by applying a uniform
red shift of 3000 cm�1 to compensate for the tendency of the
B3LYP hybrid functional to overestimate transition energies.62,63

The TDDFT-computed Abs spectra for MeCbl and GSCbl
(Figure 7, Tables 2 and 3) correctly predict the number, energies,
and relative intensities of the transitions responsible for the main
spectral features observed experimentally. In the case of MeCbl,
our TDDFT results also agree well with those obtained pre-
viously from calculations using the unoptimized crystal-structure
geometry.71 As required by the rR spectra presented above and
published rR excitation profile data for MeCbl,71 TDDFT
predicts the lowest-energy transition responsible for the R/β
band to be polarized along the C5 3 3 3C15 vector (i.e., corrin long
axis) and the transitions in the γ region to be polarized primarily
along the Co 3 3 3C10 vector (corrin short axis).

(iii). DFT-Computed MO Diagrams. The satisfactory agree-
ment between the TDDFT-computed and the experimental Abs
spectra of MeCbl and GSCbl warrants a more detailed analysis of
the DFT-calculated MO descriptions for these models. Isosur-
face plots of the relevantMOs ofMeCbl (left) and GSCbl (right)
are presented in Figure 8. The corrin ring is a strongly σ- and
moderately π-donating tetradentate equatorial ligand; conse-
quently, the Co 3dxy-basedMO (MeCblMO#121, GSCblMO#128)
is strongly σ-antibonding with respect to the Co�N(corrin)
bonds and thus unoccupied, whereas the Co 3dx2�y2-based MO
(MeCbl MO#111, GSCbl MO#118) is essentially nonbonding

Figure 6. QMMM-optimized models (yellow) of GSCbl (A) andMeCbl (B) overlaid on X-ray crystal structure-based input models (colored by atom).

Figure 7. Experimental (280 K) and TDDFT-computed Abs spectra
for MeCbl and GSCbl. The calculated spectra were uniformly red shifted
by 3000 cm�1 to facilitate a direct comparison with the experimental data.
The major bands in the calculated spectra are labeled, and the transitions
producing the dominant contributions are indicated by vertical solid lines.
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and significantly lower in energy (note that thex and y axes are rotated
by 45� about the z axis from the Co�N(corrin) bond vectors).
Overall, the computed MO diagrams for GSCbl and MeCbl

are quite similar, as required by the high resemblance of the
experimental GSCbl and MeCbl Abs spectra (Figure 2). One
clear difference is that the highest occupied MO (HOMO,
MO#124) of GSCbl derives from a lone pair on the S atom of
the GS ligand (SGS) that is oriented perpendicular to the
Co�SGS bond, whereas the HOMO of MeCbl is corrin π-based.
To distinguish between the two SGS lone pairs, the one oriented
parallel to theCo�SGS bondwill be referred to as the SGSπ ) orbital
and the one oriented perpendicular to theCo�SGS bond as the SGS
π^ orbital. Accordingly, it is the SGS π^ orbital that produces the
dominant contribution to the HOMOof GSCbl, while the SGSπ )/
Co 3dz2-based MO#121 is GSCbl’s counterpart to the CMe σ/Co
3dz2-based MO#112 of MeCbl. Note that because the SGS π^
orbital can only engage in “filled/filled” π interactions with
occupied Co 3d orbitals, it does not contribute to Co�SGS
bonding. The other key difference between the computed MO
diagrams for GSCbl andMeCbl is the smaller splitting between the
Co�Xax σ-bonding and σ-antibonding MOs in GSCbl, which
suggests that the Co 3dz2/SGS π )-bonding interaction is somewhat
weaker than the Co 3dz2/CMe σ-bonding interaction (vide infra).
It is particularly interesting to compare the extent of mixing

between the Co 3dz2 and SGS π ) orbitals in GSCbl and between
the Co 3dz2 and the CMe σ orbitals in MeCbl, as this mixing
determines the covalency of the Co�Xax bond. The Co�Xax

σ-bondingMO of GSCbl (MO#121) has 47% SGS π ) and 6% Co
3dz2 contributions, while the corresponding MO of MeCbl

(MO#112) has 36% CMe σ and 15% Co 3dz2 contributions.
The Co 3dz2-based σ-antibonding counterparts contain 42% Co
3dz2 and 24% SGS π ) contributions in GSCbl (MO#126) and a
total of 43% Co 3dz2 and 28% CMe σ contributions in MeCbl
(MOs#119 and #120). A complementary, though less direct
measure of the Co�Xax bond covalency is provided by the com-
position of the highest-energy corrinπ-basedMO. InGSCbl, this
MO (MO#123) has 5% Co 3dz2 and 9% SGS π ) contributions,
while the correspondingMO ofMeCbl (the HOMO) has 5%Co
3dz2 and 5%CMe σ contributions. Overall, this analysis of the key
MOs of GSCbl and MeCbl reveals that the Co�SGS and
Co�CMe bonds are similarly covalent.
(iv). TDDFT-Assisted Spectral Assignments. One notable

difference observed in both the experimental and the TDDFT-
computed Abs spectra of MeCbl and GSCbl is the apparent red
shift of the lowest-energy feature in the latter spectra (Figure 1).
The low-energy (R/β) region of the TDDFT-computed GSCbl
and MeCbl Abs spectra is shown on an expanded scale in
Figure 9, along with electron density difference maps (EDDMs)
that illustrate changes in electron density associated with the
individual electronic transitions. The lowest-energy electronic
transition (band 0) predicted in the GSCbl Abs spectrum has
contributions from three distinct one-electron excitations (Table 3),
where inspection of the corresponding EDDM (Figure 9) reveals
that this transition has primarily SGS π^ f Co 3d/corrin π*
charge transfer character. This transition slightly distorts the
TDDFT-computed Abs envelope for GSCbl in the R/β region,
giving it a unique low-energy shoulder that is absent in the Abs
spectra of alkylcobalamins.

Table 2. TDDFT-Calculated Energies (in cm�1), Polarizations, Oscillator Strengths, and Percent Contributions from
One-Electron Excitations for the Major Electronic Transitions of MeCbl (band designations relate to Figure 7)

band state E (cm�1) polarization f transition % donor MO acceptor MO

i 1 18 260 LA 0.0767 116 f 117 85 cor-π (HOMO) cor-π* (LUMO)

ii 3 20 288 LA 0.0111 115 f 121 20 Co 3dyz/cor-π (HOMO-1) Co 3dxy
110 f 121 14 Co 3dyz/3dx2�y2 Co 3dxy
114 f 121 12 Co 3dxz Co 3dxy

iii 5 22 367 SA 0.0388 115 f 117 64 Co 3dyz/cor-π (HOMO-1) cor-π* (LUMO)

116 f 118 21 cor-π cor-π* (LUMO+1)

iv 6 23 541 LA 0.0431 114 f 117 78 Co 3dxz cor-π* (LUMO)

v 10 27 326 SA 0.0664 116 f 121 30 cor-π Co 3dxy
116 f 118 28 cor-π cor-π* (LUMO+1)

110 f 117 10 Co 3dyz/3dx2�y2 cor-π* (LUMO)

11 27 866 SA 0.0531 111 f 117 31 Co 3dx2�y2/3dyz cor-π* (LUMO)

116 f 118 23 cor-π cor-π* (LUMO+1)

115 f 118 11 Co 3dyz/cor-π (HOMO-1) cor-π* (LUMO+1)

116 f 121 10 cor-π Co 3dxy
vi 13 28 930 SA 0.0286 111 f 117 23 Co 3dx2�y2/3dyz cor-π* (LUMO)

110 f 117 21 Co 3dyz/3dx2�y2 cor-π* (LUMO)

114 f 121 13 Co 3dxz Co 3dxy
14 29 473 LA 0.0919 112 f 117 35 Co 3dz2/3dyz cor-π* (LUMO)

115 f 118 24 Co 3dyz/cor-π (HOMO-1) cor-π* (LUMO+1)

116 f 119 10 cor-π cor/ligand-π*

15 29 968 SA 0.0680 116 f 119 34 cor-π cor/ligand-π*

116 f 120 32 cor-π Co 3dz2/cor-π*

16 30 407 SA 0.0861 114 f 118 16 Co 3dxz cor-π* (LUMO+1)

111 f 119 11 Co 3dx2�y2/3dyz cor/ligand-π*

110 f 120 10 Co 3dyz/3dx2�y2 Co 3dz2/cor-π*
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The dominant transition in the R/β region of the TDDFT-
computed Abs spectra for both GSCbl and MeCbl (band i)
primarily involves a one-electron excitation from the highest-
energy occupied corrin π-based MO to the lowest-energy
unoccupied corrin π*-based MO, corresponding to the
HOMO�1 f LUMO (MO#123 f #125) transition for
GSCbl and the HOMO f LUMO transition for MeCbl
(MO#116 f #117). The EDDMs associated with these
transitions are nearly identical (Figure 9), as are the isosurface
plots for the corresponding donor and acceptor MOs
(Figure 8). Yet, this transition is predicted to be 125 cm�1

lower in energy for GSCbl than for MeCbl, due to the slightly
higher energy of the corrin π-based donor MO in the former,
consistent with the results from the Gaussian deconvolutions
(Table 1, bands 1 and 2). Even though a corrin π f π*
transition is responsible for band i, the EDDMs for both GSCbl
and MeCbl show a significant loss of electron density in the
Co�Xax bonding region (Figure 9), which should weaken this
bond in the excited state. This prediction is in excellent agreement
with the relatively strong enhancement of νCo�S and νCo�C in rR
spectra of GSCbl and MeCbl, respectively, obtained with laser
excitation into the R/β bands (Figure 4).
The second most intense transition contributing to the R/β

region (15 000�22 000 cm�1) of the TDDFT-predicted spectra
(band ii) is also quite similar in nature for GSCbl and MeCbl.
Although this transition is difficult to classify based on the donor
and acceptor MOs involved, inspection of the corresponding
EDDMs (Figure 9) reveals that in each case significant electron
density is transferred from filled Co 3d-based MOs to the empty
Co 3dz2-based MO that also contains a sizable SGS π )- or CMe

σ-orbital contribution (vide supra).

The γ region (above 26 000 cm�1) of the TDDFT-computed
Abs spectrum for GSCbl is dominated by multiple transitions
primarily involving corrin πf π* electronic excitations, though
the donor MOs also contain significant Co 3d orbital character
(Table 3). Similar transitions are also predicted to occur in the γ
region of the MeCbl Abs spectrum (Table 2), albeit with slightly
different energies and intensities. In the case of MeCbl, the large
number of transitions contributing to the γ region was shown
previously to reflect the close energetic proximity of the occupied
Co 3d and corrin π-based frontier orbitals.71 As such, the MeCbl
and GSCbl Abs spectra provide an intriguing contrast to the
“typical” Co3+Cbl Abs spectra of, for example, H2OCbl

+ and
CNCbl. In H2OCbl

+ and CNCbl, which lack the strong σ
donation from the upper axial ligand found in alkylcobalamins
and, as shown here, thiolatocobalamins, the Co 3d-based filled
MOs are at much lower energy than the occupied corrin π-based
frontier MOs.71 Alternatively, in GSCbl and MeCbl the strong σ
donation from the GS and Me ligands, respectively, greatly lowers
the effective nuclear charge of the central Co ion, thereby sig-
nificantly raising the Co 3d orbitals in energy and enabling
extensive mixing with the corrin π-based frontier orbitals. As a
result, the γ regions of the alkyl- and thiolatocobalamin Abs spectra
have contributions from a large number of transitions with similar
energies, leading to the appearance of a broad, weakly structured
Abs envelope in this region (Figure 2), while a single sharp feature
is observed in the γ region of “typical” Co3+Cbl Abs spectra.71

4. DISCUSSION

GSCbl is a physiologically relevant thiolatocobalamin that
has recently attracted considerable interest due, in part, to its

Table 3. TDDFT-Calculated Energies (in cm�1), Polarizations, Oscillator Strengths, and Percent Contributions from One-
Electron Excitations for the Major Electronic Transitions of GSCbl (band designations relate to Figure 7)

band state E (cm�1) polarization f transition % donor MO acceptor MO

0 4 17 365 LA 0.0143 123 f 125 23 cor-π (HOMO-1) cor-π* (LUMO)

124 f 126 18 SGS-π^ (HOMO) Co 3dz2/SGS-π ) (LUMO+1)

122 f 126 16 Co 3dyz/cor-π Co 3dz2/SGS-π ) (LUMO+1)

i 5 18 136 LA 0.0593 123 f 125 62 cor-π (HOMO-1) cor-π* (LUMO)

ii 7 20 465 LA 0.0148 123 f 126 47 cor-π (HOMO-1) Co 3dz2/SGS-π ) (LUMO+1)

118 f 128 14 Co 3dx2�y2 Co 3dxy
iii 10 23 731 SA 0.0290 122 f 125 54 Co 3dyz/cor-π cor-π* (LUMO)

123 f 127 34 cor-π (HOMO-1) cor-π*

iv 11 24 724 LA 0.0434 121 f 125 54 SGS-π )/Co-3d cor-π* (LUMO)

v 15 26 343 LA 0.0348 121 f 125 23 SGS-π )Co-3d cor-π* (LUMO)

119 f 128 14 Co 3dxz/cor-π Co 3dxy
16 26 690 SA 0.0331 119 f 125 16 Co 3dxz/cor-π cor-π* (LUMO)

122 f 128 15 Co 3dyz/cor-π Co 3dxy
123 f 127 13 cor-π (HOMO-1) cor-π*

17 27 482 SA 0.0407 119 f 125 26 Co 3dxz/cor-π cor-π* (LUMO)

120 f 125 24 his-π cor-π* (LUMO)

123 f 127 11 cor-π (HOMO-1) cor-π*

vi 18 28 198 SA 0.0299 120 f 125 59 his-π cor-π* (LUMO)

119 f 125 20 Co 3dxz/cor-π cor-π* (LUMO)

19 28 697 SA 0.1194 123 f 127 18 cor-π (HOMO-1) cor-π*

119 f 125 13 Co 3dxz/cor-π cor-π* (LUMO)

123 f 128 12 cor-π (HOMO-1) Co 3dxy
122 f 125 10 Co 3dyz/cor-π cor-π* (LUMO)
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promise as a treatment for diseases involving oxidative stress.41,46,48

Importantly, in vitro studies revealed that GSCbl is more
effective in protecting cells against oxidative damage than is
GSH alone or in combination with any other Cbl. This distinctive
behavior of GSCbl has prompted us to investigate its electronic
structure, in particular the nature of the Co�S bonding interac-
tion, with a variety of spectroscopic tools. Interestingly, our
spectroscopic data reveal striking similarities betweenGSCbl and
MeCbl, a representative member of the family of alkylcobala-
mins. To corroborate this finding and to develop quantitative
electronic structure descriptions for GSCbl and MeCbl, DFT
and TDDFT computations were performed on suitably trun-
cated cofactor models. The major findings and implications from
these studies are described below.

Axial Ligand Effects on Co3+Cbl Electronic and Vibrational
Spectra. TheAbs, CD,MCD, and rR spectroscopic data ofGSCbl
andMeCbl share several common features, which provides direct
experimental evidence for the similar natures of the Co�S and
Co�C bonding interactions in these species. In each case, the
electronic Abs spectrum exhibits low-energy bands associated
with corrin πf π* transitions polarized along the corrin LA and
higher-energy features attributable to transitions involving corrin
πfπ* and, formally, Co 3df corrinπ* charge transfer excitations
polarized along the corrin SA. Moreover, the frequency of the
corrin-based νSA mode, which has been shown to correlate with
the charge of the central Co ion,75 is identical for GSCbl and
MeCbl.Nonetheless, our spectral data do reveal small but interesting
differences between the electronic structures of GSCbl and MeCbl.

Figure 8. Isosurface plots of the relevant MOs of MeCbl (left) and GSCbl (right). The MOs were shifted vertically to align the LUMOs and are
arranged according to their calculated energies with the doubly occupied and unoccupied orbitals shown below and above, respectively, the horizontal
dashed line (note that the HOMO/LUMO gap is not drawn to scale).
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Both our spectroscopic and our TDDFT computational
results indicate that the β-axial ligation of a thiol instead of an
alkyl in Co3+ Cbl species causes a small (<500 cm�1) red shift of
the lowest-energy Abs feature. Consistent with this finding, our
DFT computations predict the corrinπ-basedMOofGSCbl that
serves as the donor orbital in the one-electron transition respon-
sible for the dominant Abs feature in this region to be slightly
destabilized in energy from the analogous MeCbl MO (Figure 8,
GSCbl MO#123 and MeCbl MO#116). Additionally, our
TDDFT results suggest that the R/β region of the GSCbl Abs
spectrum actually has contributions from two transitions, in
contrast to the single transition responsible for the two low-
energy features in this region of theMeCblAbs spectrum(Figure 9).
The lowest-energy band in the GSCbl Abs spectrum, predicted at
16 000 cm�1 and possibly observed (though not required in the
Gaussian deconvolutions) as a weak low-energy shoulder on the
R band, is a diagnostic feature of thiolate ligation, as it corresponds to
a SGS π^ f Co 3d/corrin π* charge transfer transition.
Despite small differences in band positions and intensities, the

higher-energy γ regions of the experimental GSCbl and MeCbl
Abs spectra can be fit with the same number of Gaussian bands.
The TDDFT-predicted Abs spectra of GSCbl and MeCbl also
share a similar number of bands in this region, where in each case
the underlying transitions are of mixed character. The dominant
contributors to these bands are corrin πfπ* transitions, but Co
3d/SGS or Co 3d/CMe f corrin π* charge transfer transitions
also contribute (Tables 2 and 3), which is why the axial ligands
modulate the appearance of the Abs envelope in this spectral
region.

In the rR spectrum of GSCbl, the Co�S stretch is observed at
325 cm�1, significantly lower in energy than the Co�C stretch of
MeCbl, which peaks at 506 cm�1 (Figure 4A). This difference
can be accounted for largely by the increased mass of the S atom
of GS in comparison to the C atom of Me and, thus, does not
actually reflect a large difference in Co�S and Co�C bond
strengths. Both the Co�S and the Co�C stretches are enhanced
with laser excitation into the low-energy Abs feature associated
with a corrin π f π* transition (Figure 4), specifically the
HOMO�1f LUMO transition for GSCbl and the HOMOf
LUMO transition for MeCbl. Consistent with this experimental
finding, our DFT and TDDFT results indicate that the corre-
sponding donor MOs contain a weak σ-bonding interaction
between the Co 3dz2 and SGS π )/CMe σ orbitals (Figures 8 and
9); hence, removal of an electron from these MOs will weaken
the Co�S/Co�C bonds and cause an enhancement of the
νCo�S and νCo�C modes in the rR spectra of GSCbl and MeCbl,
respectively. Another interesting aspect of our rR data is that the
νSA modes of GSCbl and MeCbl have identical frequencies
(Figure 5), indicating that the Co3+ ions in these two species
possess a similar charge and, thus, that the total charge donation
from the GS and Me ligands to the Co center is comparable.75

Another measure of the axial ligand σ-donor strength is the
contribution of the formally unoccupied Co 3dz2 orbital to the
highest-energy corrin π-based MO. Again, this contribution is
virtually the same for GSCbl (5.4% in the HOMO-1) andMeCbl
(5.2% in the HOMO). The similarities extend to the DFT-
calculated Mulliken populations for each species (Table S3,
Supporting Information), which predict very similar charges
for the R-axial N atoms as well as the two different β-axial
ligands. However, the computed charge of the central Co ion is
significantly lower in GSCbl than in MeCbl. This difference pre-
sumably stems from the increased upper axial ligand�Co bond
lengths in the geometry-optimized model of GSCbl but does not
actually correlate with our experimental rR data, which indicate
that the Co charge is in fact similar in these two species.
Co�S vs Co�C Bonding. The small differences that exist

between the GSCbl and the MeCbl spectra indicate that the
Co�S and Co�C bonds are slightly different in nature, which is
not surprising considering the different energies and composi-
tions of the SGS and CMe frontier orbitals. The HOMO of GSCbl
is the SGS π^-based MO that has no counterpart among the
MeCbl orbitals. The other occupied frontier MOs with signifi-
cant axial ligand orbital contributions are the SGS π )/Co 3dz2-
based MO#121 for GSCbl and CMe σ/Co 3dz2-based MO#112
forMeCbl (Figure 8). Despite their similar compositions,MO#121
of GSCbl is substantially higher in energy than MO#112 of
MeCbl, while the unoccupied Co 3dz2/SGS π )-derived σ-anti-
bonding MO of GSCbl is lower in energy than its Co 3dz2/CMe

σ-based counterpart in MeCbl. This finding suggests that the
Co 3dz2/SGS π )-bonding interaction is somewhat weaker than
the Co 3dz2/CMe σ-bonding interaction, even though the Co�S
and Co�Cbonds are similarly covalent and the thiolate and alkyl
ligands appear to be comparable σ donors to the Co3+ center.
Notably, the optimized Co�NHis bond is 0.061 Å longer in the
GSCbl model than in the MeCbl model (Table S2, Supporting
Information), which is characteristic of the so-called inverse trans
influence previously established for alkylcobalamins.77

Implications for GSCbl Function in Vivo. GSCbl forms
rapidly under physiological conditions from H2OCbl

+/HOCbl
and GSH (Kf = (1.1( 0.3)� 105 M�1 at 25 �C43) and is a fairly
stable Cbl, with a measured half-life of its truncated derivative,

Figure 9. EDDMs for the transitions producing the dominant contri-
butions to the R/β regions of the TDDFT-calculated Abs spectra for
MeCbl (top, dashed) and GSCbl (bottom, solid). Blue/red areas
designate gain of electron density, and gray areas designate loss of
electron density.
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γ-glutamylcysteinyl-cobalamin, of ∼1.1 � 104 min under red
light.42 Since the Co�S and Co�C bonds are quite similar
electronically, as revealed by the results obtained in this work, it is
easy to conceive how GSCbl may behave similarly as free MeCbl
and AdoCbl in the body. Homolytic cleavage of the Co�S bond
would result in a free thiyl radical, which has its own aforemen-
tioned benefits. With estimates of intracellular Cbls without a
protein chaperone at <5%,26 the possibility that GSCbl would be
recognized, absorbed, and imported into the cell remains. Once
inside the lysosome, GSCbl could be utilized as a whole or for its
two separate parts the GS� moiety and Co3+Cbl, which have
proven to be beneficial in many ways individually.34,35,46,78�80

The biological relevance of GSCbl is supported by a variety of in
vitro studies.37,42,43 For example, it was shown that methionine
synthase more readily uses GSCbl as a cofactor over CNCbl and
H2OCbl

+ as measured by enzyme activity and that GSCbl
displays improved conversion over H2OCbl

+ to AdoCbl and
MeCbl under specific reaction conditions.37,40 It has also recently
been shown that the ABC transporter multidrug resistance
protein 1 (MRP1) has a role in eukaryotic Cbl export.81 MRP1
is a membrane efflux transporter that exports free Cbls and
exhibits a high affinity for GSCbl, raising the possibility that GSCbl
constitutes a significant fraction of free Cbl found intracellularly.
However, in vivo studies of GSCbl are still lacking. Thus, with the
full scope of the biochemical role of GSCbl still unknown, the
electronic structure information obtained in this study provides
valuable insight into the nature of Co�S bonding in Cbls and aids
in further defining the physiological role of thiolatocobalamins.
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