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Abstract: Co?*cobalmain (Co?"Cbl) is implicated in the catalytic cycles of all adenosylcobalamin (AdoCbl)-
dependent enzymes, as in each case catalysis is initiated through homolytic cleavage of the cofactor’s
Co—C bond. The rate of Co—C bond homolysis, while slow for the free cofactor, is accelerated by 12
orders of magnitude when AdoCbl is bound to the protein active site, possibly through enzyme-mediated
stabilization of the post-homolysis products. As an essential step toward the elucidation of the mechanism
of enzymatic Co—C bond activation, we employed electronic absorption (Abs), magnetic circular dichroism
(MCD), and resonance Raman spectroscopies to characterize the electronic excited states of Co?*Chl
and Co?*cobinamide (Co?*Cbi*, a cobalamin derivative that lacks the nucleotide loop and 5,6-dimethyl-
benzimazole (DMB) base and instead binds a water molecule in the lower axial position). Although relatively
modest differences exist between the Abs spectra of these two Co?"corrinoid species, MCD data reveal
that substitution of the lower axial ligand gives rise to dramatic changes in the low-energy region where
Co?*-centered ligand field transitions are expected to occur. Our quantitative analysis of these spectral
changes within the framework of time-dependent density functional theory (TD-DFT) calculations indicates
that corrin-based  — 7* transitions, which dominate the Co?*corrinoid Abs spectra, are essentially insulated
from perturbations of the lower ligand environment. Contrastingly, the Co?"-centered ligand field transitions,
which are observed here for the first time using MCD spectroscopy, are extremely sensitive to alterations
in the Co?* ligand environment and thus may serve as excellent reporters of enzyme-induced perturbations
of the Co?* state. The power of this combined spectroscopic/computational methodology for studying
Co?*corrinoid/enzyme active site interactions is demonstrated by the dramatic changes in the MCD spectrum
as Co?"Chi* binds to the adenosyltransferase CobA.

1. Introduction AdoCbl-dependent enzymes have been shown to lower the
Co—C bond dissociation enthalpy by as much as 17 kcalfmol,
increasing the rate constant for bond homolysis by 12 orders
of magnitude®~” Co—C bond homolysis results in the formation

of a five-coordinate C¥ cobalamin (C&"Cbl) and an Ado
radical that abstracts a hydrogen atom from the substrate
molecule as the first step in the protein-mediated rearrangement
reaction® Two general schemes can be envisioned to rationalize
the tremendous rate enhancement for the formation of the
Co*"Chl/Ado radical pair accomplished by ;Bdependent

Coenzyme B, (adenosylcobalamin, AdoCbl) has long been
known to serve as an enzymatic cofactor for biological radical
initiated rearrangement reactiohslhis cofactor (Figure 1)
consists of a low-spin Co ion equatorially ligated by the four
nitrogens of a highly substituted macrocycle (the corrin ring)
and coordinated in the “lower” axial position by the nitrogen
of a pendant 5,6-dimethylbenzimidazole (DMB) bask.5'-
deoxyadenosyl (Ado) group, bound to the metal center through
its 5-carbon, occupies the “upper” coordination site to complete T . .
a six-coordinate, distorted octahedral ligand environment of the enzymes. The first 'nVOk?S a me"chanlsm whereby the protein
Co** center® This organometallic bond is unique in nature, and desta.bll}zes the AdQCbl ground .state, for examplg, through
although modestly strong in the isolated cofactor 43 kcal/ protem-lnduged foldlng of the corrin macroc_ycle_, which could
mol bond dissociation enthalp$)it lies at the heart of the lead to steric crowding of the upper axial ligand, and/or

reactivity when the cofactor is bound ta&lependent enzymes. modulation of the lower axial CeN bond properties. However,
our recent spectroscopic and computational studies on free and

T Present address: Department of Bacteriology, University of Wisconsin- enzyme-bound AdoCbl afforded considerable evidence against

Madison, Madison, WI 53706. Co**Chl destabilization as contributing significantly to the
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Figure 1. Chemical bonding and numbering scheme for the biologically
active forms of cobalamin, where X indicates the upper axial ligand.

Co—C bond activatio:1° The other scheme invokes stabiliza-
tion of the Ado and Cé"Cbhl post-homolysis products. The
protein could achieve such stabilization through tight binding
of the Ado moiety and/or tuning of the geometric and electronic
properties of the Cg'Chl species, for example, by repositioning
of the lower axial ligand or modulation of the corrin ring
conformation. In this regard, it is interesting to note that two
classes of B-dependent enzymes have evolved that differ with
respect to the mode of cofactor coordination in the enzyme
active site. The “base-on” family (e.g., diol dehydrat&seinds
intact AdoCbl, maintaining the DMB ligand in the lower axial
position. Alternatively, the “base-off/HIS-on” family (e.g.,
methylmalonyl CoA mutase, MMCMj displaces the lower
axial base with a protein-derived histidine residue. The signifi-
cance of this difference in cofactor binding scheme with regard
to the enzymatic activation of the €& bond is an enduring
subject of intense researéh 18

While not directly involved in catalysis, Gtcorrinoid species
are also formed upon accidental oxidation of the" Guater-

ferase (CobA) enzyme involved in the anaerobic biosynthesis
of AdoCbl has been shown to proceed through a?'Co
intermediate before the corrinoid substrate is further reduced
to a highly nucleophilic Cb species capable of attacking the
adenosyl group of the cosubstrate APP28 In each case, the
flavoproteins involved in the Co — Co" reduction step are
unable to reduce free €tcorrinoids; therefore, the properties
of the enzyme-bound cofactor must be tuned to shift th&Co
reduction potential into the physiologically accessible range.
However, the mechanisms by which this enzyme-controlled
redox tuning is achieved are largely unexplored.
Spectroscopic studies of &bl (both free and bound to
various enzymes) have been limited primarily to electronic
absorption (Abs) and electron paramagnetic resonance (EPR)
experiments. Figure 2 compares room-temperature Abs and
relevant EPR parametéfsP from low-temperature studies of
Co?*Cbl (top) and C&"Chi™ (bottom). The Abs spectra of the
two species are nearly identical except 064 nmblue-shift of
the most intense feature from 474 nm for2CGbl to 470 nm
for Co?"Chit. This modest shift is in striking contrast to the
65 nm blue-shift of the prominent Abs feature in the visible
region and the drastic alteration of the absorption envelope upon

corrinoid iron—sulfur protein)!® This “dead-end” species must

be reductively reactivated in a process that is postulated to

proceed through a cofactor state resembling*Cobinamide
(Co**Chi™) where the DMB ligand is replaced by a water
molecule?®-24 Similarly, the Cacorrinoid:ATP adenosyltrans-
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with a water molecule to generate AdoCbHowever, due to we have recently shown that quantitative interpretation of the
the lack of a suitable theoretical framework, which thus far has spectroscopic data of AdoCbl within the framework of TD-DFT
precluded assignments of key features irF@orrinoid Abs computations can provide detailed information concerning active
spectra, the electronic origin of the much more dramatic effects site/cofactor interactions in the;Bdependent enzyme MMCHRA.
of lower axial ligand substitution on the Abs spectrum of Unfortunately, attempts to treat €worrinoids using similar
AdoChl as compared to that of €dCbl remains unknown. computational methods are complicated by the open shell nature
EPR spectroscopy has proved to be an invaluable tool whenof the C&" center. Nonetheless, calculations utilizing a local
applied to B-dependent systems, as it is much more sensitive density approximation (LDA) DFT functional and zeroth-order
than Abs spectroscopy in detecting changes in the axial relativistic approximation (ZORA) to the Hamiltonian have
coordination environment of Cbcorrinoids2®-32 For example, recently been shown to yield reasonablealues as well as
EPR g values and®Co hyperfine parametersA(Co)) for hyperfine and nuclear quadrupole parameters for various
Ca?*Chl and C&*Cbit, listed to the right of Figure 2, change  Co?*corrinoid model€®3° demonstrating the potential of the
markedly upon lower ligand substitution. Also shown are DFT method for studying the electronic properties of free and
superhyperfine parameterdig(Nay) for Co*"Chl that reflect enzyme-bound Cdcorrinoid species.
the interaction of the single unpaired electron in the Cg-3d In this paper, we present Abs, resonance Raman (RR), and,
based MO and the coordinatitN nucleus (= 1) of the DMB for the first time, MCD data of C&Cbl and its derivative
ligand34 Co?*Chi* lacks an axial N-based ligand, and thus no Co?"Cbi*. Spectroscopic data for both species are analyzed
1N superhyperfine interaction is detected by EPR; however, within the framework of TD-DFT calculations to assign the
recent multidimensional electron spiacho envelope modula-  dominant features in the corresponding Abs and MCD spectra.
tion (ESEEM) experiments confirm the presence of a solvent- The electronic origin for their nearly identical Abs spectra is
derived water molecule in the lower axial posit#in addition explored on the basis of experimentally validated calculated
to its sensitivity to axial ligand substitution, a further advantage electronic structure descriptions. These studies reveal that corrin-
of EPR spectroscopy over Abs spectroscopy is that it allows basedzr — z* transitions that dominate the Abs spectra of
exclusive probing of C&Cbl even in samples that are not Co?"corrinoids are virtually unaffected by changes of the lower
completely converted to the €ostate (both the Go and the axial ligand, whereas transitions involving the?€&d orbitals,
Co" states of the cofactor are diamagnetic), a problem com- which are observed for the first time here using MCD
monly experienced with CoCbl samples in general and for  spectroscopy, are greatly perturbed by lower ligand substitution.
enzymatic species in particul&3>37 Yet a major limitation Implications of our results with respect to the catalytic mech-
of both EPR and ESEEM spectroscopies is that neither techniqueanism of Ce-C bond activation and tuning of the &4" redox
is adept at directly reporting the properties of the corrin ligand. couple employed by B-dependent enzymes are discussed.
In contrast, magnetic circular dichroism (MCD) spectroscopy
potentially offers a probe that is both sensitive to axial bonding
interactions as well as the geometric and electronic properties Chemicals/Cofactors. AdoCbl, aquacobalamin @CbI"), di-
of the corrin ring moiety in C& corrinoids? Similar to EPR cyanocobinamide ((CMEbi), sodium borohydride (NaBfji sodium
spectroscopy, MCD spectroscopy is particularly sensitive to dithion_ite (DTH), and potass_ium formate_ (KCOOH) were purphased
paramagnetic chromophores and thus ideally suited for studying™m Sigma and used as obtained. AdoCbias prepared enzymatically
nonhomogeneous preparations of?Gmrrinoids3® However, according to published procedu@sAll solutions were degassed on a

. vacuum line and sparged with Ar gas. Base-oA"Cabalmin (C&*Chl)
for MCD to be successfully employed in the study of,B samples were prepared by the following means: (i) chemical reduction

dependent enzymes, .|t is essentla] thaF the electronic propertieg H,OCbI* using DTH, (i) reduction of HOCbI* with KCOOH, (i)
of the free Cé" containing corrinoids first be understood. reduction of HOCbI* using the flavin system fromSalmonella
Density functional theory (DFT) and time-dependent DFT enterica?245and (iv) photolysis of AdoCbl in the presence of the radical
(TD-DFT) calculations on cofactor models possessing the full trap TEMPO. While MCD spectra obtained on all &6bl samples
core of the corrin macrocycle have been used with great successvere nearly identical, only preparations (i) and (iii) led to nearly
to reproduce the relevant structural and electronic features ascomplete conversion as needed for parallel characterization by Abs
well as all key features in the experimental Abs spectra for a SPectroscopy. CoCbi" samples were generated by (i) DTH reduction
range of C&'corrinoids possessing vastly different axial ©f HZOCbI at pH 2 (yielding base-off CoCbl) (i) KCOOH

: 0.39-44 Ry i1 oo : reduction of AdoCbf, and (jii) reduction of (CN)Cbi with NaBH, at
ligands: Building upon our free Ctcorrinoid studies, pH 74 Identical MCD spectra were obtained for the various prepara-

tions of C&"Chi™, yet only preparation (ii) resulted in complete

2. Experimental Section

(31) Schrauzer, G. N.; Lee, L.-B. Am. Chem. S0d.968 90, 6541-6543.

(32) Bayston, J. H.; Looney, F. D.; Pilbrow, J. R.; Winfield, M.Biochemistry conversion.

197Q 9, 2164-2172. _ . Spectroscopy Electronic Abs, CD, and MCD spectra were obtained
(32) I;%”g’;‘ggé'sgg_wam“ev K. Marzill, L. Gl. Am. Chem. So@001 using a Jasco J-715 spectropolarimeter in conjunction with an Oxford
(34) félgrow, J. R. IrByz; Dolphin, D., Ed.; Wiley: New York, 1982; pp 431 Instruments SM-4000 8T magnetocryostat. The samples used for low-

(35) Hubta, M. S.: Chen, H. P.: Hemann, C.: Hille, C. R.: Marsh, E. N. G. temperature experiments were prepared undep atidosphere with

Biochem. J2001, 355 131-137.

(36) Seravalli, J.; Brown, K. L.; Ragsdale, S. W.Am. Chem. So2001, 123 (41) Jensen, K. P.; Sauer, S. P. A,; Liljefors, T.; Norrby, PO@yanometallics
1786-1787. 2001, 20, 550-556.
(37) Ke, S.-C.; Torrent, M.; Museav, D. G.; Morokuma, K.; Warncke, K. (42) Jensen, K. P.; Ryde, U. Mol. Struct. (THEOCHEMRO002 585 239—
Biochemistry1999 38, 12681-12689. 255.
(38) MCD C-term contributions arise from species with paramagnetic ground (43) Kozlowski, P. M.Curr. Opin. Chem. Biol2001, 5, 736-743.
states and dominate low-temperature MCD spectra. (44) Andruniow, T.; Kozlowski, P. M.; Zgierski, M. ZJ. Chem. Phys2001,
(39) Dolker, N.; Maseras, F.; Lledos, A. Phys. Chem. B001, 105 7564— 115 7522-7533.
7571. (45) Fonseca, M. V.; Escalante-Semerena, J. Bacteriol.200Q 182, 4304~
(40) Dolker, N.; Maseras, F.; Lledos, A. Phys. Chem. BR002 106, 8910- 4309.
8910. (46) Ca*Chit is known to bind CN only at pH> 11 (see ref 32).
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60% (v/v) glycerol added to ensure glass formation upon freezing.
Sample concentrations ranged from 0.15 to 0.8 mM and were

(B3LYP) and the default amount of 20% Hartreleock exchange. All
atoms were treated with the SV(P) (Ahlrichs polarized split valence)

determined spectrophotometrically at 300 K on the basis of published basi§?in conjunction with the SV/C auxiliary basfexcept for cobalt

molar extinction coefficient$’*8 All MCD spectra reported in this paper
were obtained by subtracting the7 T spectrum from thet7 T
spectrum to eliminate the natural CD contributions.

RR spectra were obtained upon excitation with a Coherent 1-305
Artion laser (between 351 and 514 nm) with-180 mW laser power
at the sample. The scattered light was collected using185

which was treated using the larger TZVP (Ahlrichs polarized triple-
valence) basi&! The size of the integration grid was set to 3 (Lebedev
194 points) in all cases.

Co?*Chi* models were generated following the same general
guidelines described above for €€bl. However, as structural data
for Ca?"Chi* are not yet availableCbi-I was derived from the&bl-1

backscattering arrangement, dispersed by an Acton Research triplemodel with the axial base replaced by a water molecule. The position
monochromator (equipped with 300, 1200, and 2400 grooves/mm of the water ligand was optimized by spin-unrestricted DFT energy
gratings), and analyzed with a Princeton Instruments Spec X: 100BR minimization using ADF, while all other atoms were kept frozen.

deep depletion, back-thinned CCD camera?' @bl samples for RR
experiments were prepared in NMR tubes by reduction sdEbt"

using KCOOH. Spectra were accumulated at 77 K by placing the sample

in an EPR dewar filled with liquid Mto prevent sample degradation
during data collection. RR excitation profiles were obtained by
guantifying the peak intensities relative to the ice peak at 228'cm
All RR excitation profiles shown in this study represent the average of
at least three independent data sets.

Computational Models. While many different approaches can be

Atomic coordinates of all CoCbl and C8"Cbi™ models discussed in
the text are included in the Supporting Information (Tables-S8).
Single-Point DFT Calculations.All single-point DFT calculations
were carried out using the ORCA 2.2 software package. Following the
methodology developed in our previous wéngyre DFT and B3LYP
calculations were performed on all €€bl and C8"Cbi"™ models.
Spin-unrestricted calculations using the Perdéang LDA (PW-
LDA) 55 with the gradient corrections by Bedkeaand Perdew were
employed with the DGauss (Gaussian polarized dogbiexlence

devised to generate suitable models for computational studies of orbital) basié’ along with the Demon/J auxiliary basfsHybrid B3LYP

corrinoid specied?424%51 we employed here the methodology devel-
oped in our Cé'corrinoid studie$;that is, our Cé"corrinoid models

calculations were performed using the same basis sets and parameters
as described above. Isosurface plots of molecular orbitals were generated

were evaluated on the basis of spectroscopic data using the TD-DFTwith the gOpenMol program developed by Laaksdfi¢husing an
method to predict the corresponding Abs spectra. A set of three distinct isodensity value of 0.0378.

Cc?"Cbl models were derived: (i) from available X-ray dét@ermed
model Cbl-1), (i) by full geometry optimization using a pure DFT
functional Cbl-I'), and (iii) by full optimization using the three-
parameter hybrid density functional B3LYEIfl-1Il ). In each case,
the DMB base was modeled by an imidaz&layhere forChl-I the
Co—N bond length and relative orientation of the five-membered ring

TD-DFT Calculations. Vertical excitation energies and transition
dipole moments for all CoCbl and C8"Chit models were calculated
by the TD-DFT methott~"® within the Tamm-Dancoff approxima-
tion’*"5as implemented in ORCA 2.2, employing both the LDA (TD-
DFT/PW) and the hybrid (TD-DFT/B3LYP) functionals with the
corresponding basis sets as described above. Convergence of TD-DFT

of the base were preserved and the entire nucleotide loop was replaceqalculations required that the resolution of the identity approximation

by an H atom at &€ (see Figure 1). All other corrin ring substituents

be used in calculating the Coulomb teffrin each case, at least 60

were replaced by H atoms separated by 1.08 A from the neighboring excited states were calculated by including all one-electron excitations

C atoms. These types of modifications of the native corrin ring structure
were shown previously to have little effect on the electronic structure
of Co**Chl models’ Geometry optimizations using pure DFT to
generate the mod€&bl-1l were carried out on a cluster of 20 Pentium
Xeon nodes emplying the Amsterdam Density Functional (ADF)
2003.02 suite of progrant$>*These calculations were performed using
the Vosko-Wilk —Nusair local density approximation (VWN-LDA)

with the nonlocal gradient corrections of Becke for exchahgaed
Perdew for correlatiorf employing ADF basis set Il (a doubeSTO

within an energy window oft3 hartrees with respect to the HOMO/
LUMO energies. As the TD-DFT formalism expresses each transition
in terms of a linear combination of one-electron excitations between
occupied and virtual molecular orbitals, it often becomes difficult to
assess the precise nature of the corresponding excited state. Therefore,
to aid in the interpretation and assignment of transitions, changes in
electron density distribution upon excitation were visualized by plotting
electron density difference maps (EDDMs). These plots were generated
with the gOpenMol prograf’® using an isodensity value of 0.003

basis for valence levels) and an integration constant of 4.0. Core orbitalsp—3,

were frozen through 1s (O, N, C) and 3p (Co). Geometry optimization
of Chl-Ill was carried out on a desktop PC using the ORCA 2.2
software package developed by Dr. Frank Neese (MPIhiim,
Germany)® employing Becke's three-parameter hybrid functional for
exchang&®®along with the Lee-Yang—Parr correlation function&l

(47) Krautler, B.; Keller, W.; Kratky, CJ. Am. Chem. S0d.989 111, 8936—
8938.

(48) Hay, B. P.; Finke, R. GJ. Am. Chem. S0d.987, 109, 8012-8018.

(49) Andruniow, T.; Zgierski, M. Z.; Kozlowski, P. MChem. Phys. Let200Q
331 509-512.

(50) Andruniow, T.; Zgierski, M. Z.; Kozlowski, P. Ml. Am. Chem. So2001,
123 2679-2680.

(51) Randaccio, L.; Geremia, S.; Stener, M.; Toffoli, D.; Zangrandd; (. J.
Inorg. Chem.2002 93—103.

(52) The structural parameters of the imidazole modeling the DMB base were
obtained from a full geometry optimization of the®CbI" model described
inref 9.

(53) Baerends, E. J.; Ellis, D. E.; Ros, ®hem. Phys1973 2, 41-51.

(54) te Velde, G.; Baerends, E.J.Comput. Phys1992 99, 84—98.

(55) Vosko, S. H.; Wilk, L.; Nusair, MCan. J. Phys198Q 58, 1200-1211.

(56) Becke, A. D.Phys. Re. A 1988 38, 3098-3100.

(57) Perdew, J. PPhys. Re. B 1986 33, 8822-8824.

(58) Neese, F.; Solomon, E.lhorg. Chem.1999 38, 1847-1865.

(59) Becke, A. D.J. Chem. Phys1993 98, 1372-1377.

(60) Becke, A. D.J. Chem. Phys1993 98, 5648-5652.

(61) Lee, C.; Yang, W.; Parr, R. ®hys. Re. B 1988 37, 785-789.
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EPR Parameter Calculations.Molecularg values and hyperfine
parameters for the cobalt center, all corrin ring nitrogens, and the
coordinating atoms of axial ligands were calculated with the ORCA
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Figure 3. Solid lines: Absorption (top) ah7 T MCD (center) spectra at  Figure 4. Solid lines: Absorption (top) ah7 T MCD (center) spectra at

4.5 K of C#+Cbl generated by reducing,BCbf+ with the flavin system 4.5 K of C#*Cbi* generated by the reduction of AdoChkith KCOOH.

from S. entericaDotted lines: Gaussian deconvolutions of the experimental Dotted lines: Gaussian deconvolutions of the experimental spectra. Dashed
spectra. Dashed lines: Sum of individual Gaussian bands. The fit parameterdines: Sum of individual Gaussian bands. The fit parameters are given in
are given in Table 1. ThE/D ratio is presented in the bottom panel. Table 1. TheC/D ratio is presented in the bottom panel.

and employing both the PW-LDA functional and the hybrid B3LYP spe_cies are_dor_T)inated by intense features_ centered in the visible
functional. In each case, the “core-properties” with extended polarization "€9i0N (region ii) presumably due to corrin-centered 7*
(CP(PPP)) bast&and Kutzelnigg's NMR/EPR (IGLOIII) bastéwere ~ (COr — z*) transitions?283 Low-energy ligand field (d— d)
used to treat the cobalt center and all metal-ligating atoms (N and O), transitions are formally parity forbidden and thus carry little
respectively, while the same basis sets described above were used fointensity in Abs spectra. However, through the mechanism of
all other atoms. The CP-SCF calculations of thealues included all spin—orbit coupling, these transitions typically acquire signifi-
orbitals within a+100 hartree window of the HOMO/LUMO energies  cant MCD intensity. Therefore, the ratio of MCD and Abs signal
with the origin of theg-“tensor” defined by the center of electronic  jntensities, expressed by ti@D ratio, provides a qualitative
charge of the model. A high-resolution ra@al grid with an integration | haqsure of the metal d-orbital character involved in each
accuracy of 7 was used on atoms for which the hyperfine parameters oo ¢ transitionC/D ratios greater thar0.03 are indicative
were calculated. Spirorbit coupling contributions were included in of d — d transitions. whereas smaller ratios are characteristic
the calculation of thé°Co hyperfine tensot? ' .

of charge transfer ar — z* transitions®!

3. Results and Analysis Abs and MCD spectra of the €tcorrinoid species included
3.1. Spectroscopic Data. (i) Abs and MCD Electronic in this study (Figures 3 and 4) were iteratively fit with the fewest

absorption (Abs) and magnetic circular dichroism (MCD) Possible number of Gaussian bands to resolve the major
spectra of C& Cbl and C&*Cbi* are shown in Figures 3 and electronic transitions contributing to the spectral region between

4, respectively. Comparison of these two data sets affords uniquel0 000 and 35000 cm. The relevant results from these
insight into the subtle differences in the electronic structures of Gaussian deconvolutions are summarized in Table 1 and will

be discussed next.

Co?*Chl. The C&"Chl Abs spectrum (Figure 3, top) is
dominated by a broad feature in the visible region between
Ca?*Cbi*. Consistent with the paramagnetic= %/, ground 20 000 and 26 000 cnt (region ii) With a maximum at 21 100
state of these low-spin Gb species, all features in the MCD €M * (474 nm). Spectral deconvolution of the MCD spectrum
spectra of Figures 3 and 4 are temperature dependent (no®f région ii requires five Gaussians (bands®, 12, and 13);
shown), exhibiting saturation behavior as predicted bygke ~ however, two additional Gaussians (bands 7 and 11) are

two Cc?*corrinoids that only differ with respect to the identity
of the lower ligand, a pendant dimethylbenzimidazole (DMB)
in the case of base-on €«bl and a HO molecule in

1 i i 81 in0i
2 Brillouin curve™ The Abs spectra of both Ctcorrinoid (81) Pavel, E. G.; Solomon, E. I. IBpectroscopic Methods in Bioinorganic
Chemistry Solomon, E. I., Hodgson, K. O., Eds.; American Chemical
(77) Neese, FJ. Chem. Phys2001, 115 11080-11096. Society; Distributed by Oxford University Press: Washington, DC [New
(78) Neese, Flnorg. Chim. Acta2002 337, 181-192. York], 1998; pp 119-135.
(79) Kutzelnigg, W.; Fleischer, U.; Schindler, Nihe IGLO Method: Ab Initio (82) Firth, R. A.; Hill, H. A. O.; Pratt, J. M.; Williams, R. J. P.; Jackson, W. R.
Calculation and Interpretation of NMR Chemical Shifts and Magnetic Biochemistryl967, 6, 2178-2189.
SusceptibilitiesSpringer-Verlag: Heidelberg, 1990; Vol. 23. (83) Pratt, J. M. InChemistry and Biochemistry of:B Banerjee, R., Ed.;
(80) Neese, FJ. Chem. Phys2003 118 3939-3948. Wiley: New York, 1999; pp 113164,
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Table 1. Fit Parameters from Gaussian Deconvolutions of the Abs spectra of alkyl-C&"Chbls (e.g., AdoCbl and MeCb¥)While a
and MCD Spectra of Co**Cbl and Co**Cbi* (Figures 3 and 4) single peak centered at 32 470 chis resolved in region iii of
energy €(Abs) Ae(MCD) the Abs spectrum, analysis of the MCD spectrum (Figure 3,
Noi -1 -1 —1 -1 —1 e
corinod  band  (em™)  (M7em™)  (MTem) ¢ center; Table 1) reveals the presence of at least seven transitions
Co**Cbl 1 14470 300 171 0.055 (bands 14-20) in this region. The two most intense MCD
g ig ﬁg ggg _3?1,442 _0'82‘25 features appear as a derivative shaped ps@udon that crosses
4 17 110 810 —116 —0.049 the zero-axis at 31 800 crh The relatively largeC/D ratio
5 17 700 1550 68.8 0.042 (Figure 3, bottom) suggests that the corresponding electronic
s ig Sgg g?gg 78-3 8-88(()) transitions involve molecular orbitals that possess significant
8 21 050 9690 546 0.005 Co*t 3d orbita[ character,. while their large intensitieg in the
9 22030 8780 —43.8 —0.005 Abs spectrum imply considerable involvement of coruita*
10 23040 7990 16.9 0.002 orbitals.
11 23930 6790 0.0 0.000 . .
12 24 950 8720 196 0.002 Co?"Chi™. As fgr (T‘oHCbI discussed qbpve, .the Abs
13 26 040 8750 24.0 0.003 spectrum of C&"Chi* (Figure 4, top) can be divided into three
1451 % 3?8 ig‘ Ség —gg-g —8-88421 regions centered about the dominant feature in the visible region
- . —VU. 1 . - . .
16 30 300 16 380 248.6 0.020 .E-_lt 21275 ch (4ZO nm). This most prominent peak in region
17 31 450 12 420 0.0 0.000 i of the C**Chi™ Abs spectrum (bands 5 and 6) exhibits a
18 32470 19080 —194.1  —0.010 smallC/D ratio and is blue-shifted by 175 crh(4 nm) relative
19 33910 22050  -136  —0.001 to the corresponding feature in th | A trum (ban
20 35770 40 900 36.8 0.001 80' stﬁg 1e)zspo ding feature e*C0bl Abs spectrum (band
C?+Chit 1 16500 450 45.9 0.098 ’ ' . o
! 5 17 750 300 490 0.156 Although no Abs_features are r_esolved in region i below
3 18 900 4350 37.3 0.008 20 000 cnt?, Gaussian deconvolution of the €&€bi™ MCD
4 19870 8900 44.3 0.005 spectrum (Figure 4, center) reveals that at least four electronic
2 gi 288 Sggg _13(29 0 8f112 transitions contribute to this region (bands-4). The large
7 22900 8800 363 —0.004 correspondingz/D ratios (Figure 4, bottom) suggest that these
8 23800 8000 24.0 0.003 transitions are likely C8 d — d in character. Note that in the
1?) gg }138 ﬁ ggg ig-g g-ggi Co?*Cbl spectrum these transitions are considerably red-shifted
11 27270 12640 146 0.003 (cf., Figures 3 and 4; Table 1). Thus, substitution of the axial
12 28 330 19 260 49.6 0.002 ligand DMB (a moderately strong-donor) with the rather
13 29 240 18990 —50.5  —0.003 weakly electron-donating water molecule in€6bi* has a
1‘5‘ gg 238 ‘212 ggg 33%% %’%(i% large effect on the energies of thea — d transitions, which
16 31850 42350 —1816  —0.004 provides an interesting contrast to the modest shift observed
17 33020 52910 —105.6 —0.002 for the central feature in region ii.
18 34 600 55 270 —-6.9 0.000

The near UV region of the Abs spectrum (region iii, bands
14—-18) is dominated by a broad feature with a maximum at

necessary to obtain a satisfactory fit of the Abs spectrum (Table 31 800 cni* that coincides with the crossing point of the intense
1). Band 8, which dominates the Abs spectrum in this region, PS€UdoA-term in the MCD spectrum (note that the negatively
is relatively weak in the MCD spectrum and consequently Signed component of this pseudeterm is actually composed
possesses a smallD ratio of <0.01 (Figure 3, bottom; Table of three Ggu§S|ans, bands-188). Interestingly, these features
1). This result considered along with resonance Raman data'® Very similar in energy and general appearance to those
presented below indicate that the corresponding transition ©0served in the MCD spectrum of €hl, indicating that the

involves molecular orbitals that possess significant corfirt corresponding sets of electronic transitions are insulated from
character. Interestingly, bands 8 and 9 form a derivative-shapedhe perturbm.g effects of lower axial _Ilga_nd substitution.
feature in the MCD spectrum centered at 21 500 trhat The experimental data presented in Figures 3 and 4 demon-

exhibits a somewhat different temperature dependence than alistrate the dramatically enhanced sensitivity of MCD spectros-
of the other features (Figure S2), losing intensity with increasing Copy over Abs spectroscopy in probing the subtle changes in
temperature more slowly than predicted by S 4/, Brillouin electronic structure of Cdcorrinoids accompanying lower axial
curve. This finding suggests that an autheAtirm mechanism ligand substitution. Importantly, our MCD data reveal that while
involving an orbitally degenerate excited state may contribute the energies of transitions involving the corrin ligand (i.e., cor
to the observed intensif}. 7 — q* transitions) are only modestly perturbed from%CGhl

On its low-energy side, the central feature is accompanied to C&#*Cbi*, the Cé* d — d transitions are considerably more
by several weaker bands between 10 000 and 20 000t cm sensitive to changes in the coordination environment of the Co
(region i). Gaussian deconvolution of the 6bl MCD center.
spectrum (Figure 3, center; Table 1) resolves six bands (i) RR Data. The RR spectrum of CdChl obtained upon
(designated bands-B) in region i of which the first four display ~ laser excitation at 20 986 crh (476.5 nm) is shown in Figure
large C/D ratios (Figure 3, bottom), suggesting that the 5 (top). This spectrum is qualitatively very similar to those
corresponding transitions possess significanfCd — d reported for Cé"corrinoids in that it is also dominated by
character. The Abs envelope above 26 000 t(region iii) is several very intense peaks between 1000 and 1600 tmat
composed of several poorly resolved intense features, reminis-can be attributed to corrin-based normal modes involving
cent of the distorted/-region observed in the “unique” Abs  primarily C=C stretching motio*-87 The RR excitation profile
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data for C8TChl (Figure 5, bottom) show simultaneous

enhancement of the prominent peaks centered at 1443, 1487,

and 1590 cm? (Figure 5, top) upon laser excitation in region

ii of the Abs spectrum. In each case, the enhancement profile
roughly traces the Abs envelope, indicating that the electronic

transitions contributing to region ii of the Abs spectrum give
rise to large excited state distortions of the corrin ring, in support
of our assignment of these transitions as being primarilyzcor
— mr* in character.

For Cd**corrinoids, polarization information for electronic

transitions has previously been obtained through examination

of the enhancement behavior of two perpendicularly polarized
corrin ring stretching modes, that is, the long-axisa) and
short-axis ¢sa) modes, which involve symmetric stretching of
the C=C double bonds along the’G-C1% and Co--C1%vectors

of the corrin ring (Figure 1), respectively$®.888%n each case,
preferential enhancementrfy was observed in resonance with
the so-calledx-band that arises from the lowest-energy aor
— gr* transition. Presumably, Cocorrinoids also possess long-
axis and short-axis polarized corrin ring stretching modes;
however, interpretation of C6Chl RR profile data is compli-

cated by the simultaneous enhancement of several corrin mode
for excitation in region ii. This enhancement pattern suggests
that the corresponding electronic transitions are polarized
intermediately between the short-axis and long-axis vectors and

(84) Mayer, E.; Gardiner, D. J.; Hester, R.E.Chem. Soc., Faraday Trans. 2
1973 69, 1350-1358.

(85) Wozniak, W. T.; Spiro, T. GJ. Am. Chem. Sod.973 95, 3402-3404.

(86) Salama, S.; Spiro, T. G. Raman Spectros&977, 6, 57—60.

(87) Nie, S. M.; Marzilli, P. A.; Marzilli, L. G.; Yu, N. T.J. Am. Chem. Soc.
199Q 112 6084-6091.

(88) Mayer, E.; Gardiner, D. J.; Hester, R.Hol. Phys.1973 26, 783-787.

(89) Galluzzi, F.; Garozzo, M.; Ricci, F. B. Raman Spectrost974 2, 351—
362.

or that several electronic transitions of varying polarizations
occur in close energetic proximity to one another. Support for
the latter scenario is provided by our MCD data, as observation
of the derivative-shaped pseudeterm feature in region ii
(Figure 3, center) requires that the corresponding transitions be
differently polarized.

Interestingly, a corrin-based mode at 1508 émxhibits two
maxima in the RR excitation profile at 20 200 and 21 000&m
(Figure 5,<), possibly suggesting that the cor— x*-based
electronic transitions at lower energy give rise to excited state
distortion primarily along this coordinate. However, given the
similar frequency of this mode anmel s of H,OCbi",%86 we
cannot rule out that the 1508 cifeature in the C&Chl RR
spectrum derives from a small percentage of the starting
material. Nevertheless, our preliminary studies indicate that the
peak at 1508 cmrt is sensitive to deuterium labeling at®f
the corrin ring (i.e., employing the method of acid-catalyzed
corrin ring deuterium labeling at’€developed by Puckett et
al..®we observed a 3.5 cnt downshift of the 1508 cm mode
and no shift for the 1487 cm mode), suggesting that it arises
from a short-axis polarized corrin ring vibration of €€bl.

The relative intensities of these high-energy features exhibited
slight variations among different samples, yet a red-shift by 3.5
cm~1 of the 1508 cm? peak was consistently observed for all
deuterated CgChl samples investigated.

3.2. Computational Data. Few computational studies of
Cc?*corrinoids have been reported to date, and, so far, none
has attempted to elucidate the natures of the electronic excited
states and their relationship to those of3Qmrrinoids29:42
Although hampered by the size of the system as well as the
open shell nature of the €ocenter, considerable success has
been achieved in describing certain aspects of tiecoorinoid
electronic structure using DFT computations. The validity of
past calculations was gauged primarily on agreement with
available EPR data and whether the calculation arrived at the
appropriate ground-state description, that the unpaired electron
resides in a Co 3dbased MO. Generally, the latter criterion
was always met, while success to meet the former varied
considerably depending on the model and computational method
employed. As the actual corrin ring conformation presumably
has a small effect on the calculation of the aforementioned
properties, validation of the Cocorrinoid models on the basis
of EPR data alone appears insufficient. Therefore, we have
generated three distinct models for eact¥@orrinoid species
investigated here and used both the electronic Abs and the EPR
data to evaluate these models.

Our previous work on Cd Chls demonstrated that truncated
models derived from crystal structure coordinates are beneficial
in that they preserve the actual conformation of the corrin ring
gy accounting for structural features not explicitly included in
our model. The same approach was adopted in this study;
however, the lack of structural data for €&bi* prompted us

/to examine a wider range of €aorrinoid models, including

some generated by full DFT geometry optimization. In the
following section, all models examined are presented and
evaluated on the basis of experimental data.

Evaluation Process.Three different C&"Chl models (sub-
sequently referred to as modelbl-I -1l ) were obtained by

(90) Puckett, J. M.; Mitchell, M. B.; Hirota, S.; Marzilli, L. Gnorg. Chem.
1996 35, 4656-4662.
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(i) using crystal structure coordinates of TEbl, (i) full
geometry optimization using a pure DFT functional, and (iii)
full geometry optimization using the B3LYP hybrid functional

(see Experimental Section for details). The same procedure was

adopted to generate models foraGbi* (Chi-I —IIl ) except
that in case (i) the corrin ring from the &bl crystal structure

was used and the axial water ligand position was optimized

using pure DFT with all other atoms kept frozen. The full
geometry optimizations performed on the 2G6bl model
consistently led to a flattening of the corrin ring, from 16.3
(Cbl-I and X-ray dat&) to 6.8 (Cbl-Il ) and 13.8 (Cbl-IIl ),

as expected because the bulky DMB was modeled by a sterically

less demanding imidazole. Nevertheless, the optimized metal

ligand bond lengths and calculated bond orders are virtually

identical for all three models. The fully optimized models of
Co*tChi' exhibited a greater flattening of the ring from 16.3
(Cbi-l) to 5.1° (Chi-1l') and 5.7 (Cbi-lll ), consistent with a

further decrease in bulkiness from imidazole to water. However,

asChi-l is not based on crystal structure data, the corrin ring
conformation in this model does not necessarily reflect the

structural constraints imposed by the outer ring substituents in

the actual C&"Chi* cofactor. As a result of this increased spread
in corrin ring conformations, models for €«Chi™ exhibited a
more pronounced variation in axial ligand bond length in
comparison to that noted above for €&bl, with the Co-
OH, bond lengthening from 2.201 to 2.231 and 2.286 A for

each successive model. However, all models are reasonably

consistent with the CeOH, bond distance of 2.22 A determined
experimentally by EXAFS spectroscopy.

Two sets of TD-DFT calculations were performed on each
Co?*corrinoid model: one using the PW-LDA functional (TD-
DFT/PW) and the other employing the B3LYP hybrid functional
(TD-DFT/B3LYP). Figure 6 compares TD-DFT predicted Abs
spectra for all three CdCbl models considered to the corre-

sponding experimental spectrum (see Figure S1 for a similar

comparison of experimental and TD-DFT-computed @bi"
Abs data). To facilitate this comparison, the TD-DFT-calculated

transition energies and oscillator strengths were used to simulate
Abs spectra assuming that each electronic transition gives rise

to a Gaussian band with full width at half-maximumiaf, =
1250 cnmtl. Under this assumption, the predicted oscillator
strength {,s) and computed molar extinction coefficiegax
(M~ cm™?) are related bYosc= 4.61 x 10 %ma1/2.92 Although
both TD-DFT methods reproduce the key features in the
experimental Abs spectrum reasonably well (after a uniform
4000 cn1? red-shift to account for the tendency of TD-DFT
calculations to overestimate transition enertfié3, the most
satisfactory agreement is obtained with the PW-LDA functional
using model<Chbl-I andCbi-I (Figure 7)?3 Note that the TD-
DFT/PW method properly predicts a small (175 @nblue-
shift in the maximum of the Abs envelope in region ii upon
replacement of the imidazole with a water, a prediction that is

(91) Giorgetti, M.; Ascone, |.; Berrettoni, M.; Conti, P.; Zamponi, S.; Marassi,
R. J. Biol. Inorg. Chem200Q 5, 156-166.

(92) Lever, A. B. P.Inorganic Electronic Spectroscop®nd ed.; Elsevier:
Amsterdam; New York, 1984.

(93) Similarly good agreement between PW and B3LYP TD-DFT-calculated
Abs spectra was noted in our previous studies of variouis @urinoids.
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Figure 6. Left: TD-DFT simulated Abs spectra for €oCbl using all
combinations of geometries and functionals mentioned in the text. Right:
Computedy values and®Co hyperfine parameters (MHz). The experimental
Co?"Cbl Abs spectrum and EPR parameiere given in the top panels.

noticeably lacking in the TD-DFT/B3LYP-calculated Abs
spectrum (cf., Figures 6 and S1).

DFT-computed EPR values and cobalt hyperfine parameters
for Co*"Cbl models are listed on the right of Figure 6. While
each calculation predicts EPR parameters that are in reasonable
agreement with published data (Figure 6, top panel), the B3LYP
hybrid functional consistently yields better agreement than the
PW-LDA functional. Note that the computed EPR parameters

In that case, the TD-DFT/B3LYP method was chosen to explore the natures are relatively insensitive to the choice of cofactor model,

of Co**corrinoid excited states because this method afforded a slightly better
description of certain subtle features of the experimental Abs spectra (see

ref 9 for details).
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Figure 7. TD-DFT/PW-calculated Abs spectra of &&bl (top) and
Co?*Chit (bottom) along with experimental 4.5 K Abs data. Calculated
spectra were red-shifted by 4000 chto facilitate comparison with the
experimental data. Transitions producing the dominant contributions to the
computed Abs envelope are indicated by solid vertical lines.

and Cbi-l are therefore used to explore the excited-state
properties of Cé"corrinoids, whereas results obtained with the
B3LYP hybrid functional are employed to examine the corre-

Table 2. Computed and Experimental EPR g Values and
Hyperfine Coupling Constants (MHz) for Co?*Corrinoids?

Co?*Chl O gy 9, A(Co) A(Co)  A(Co)  Aso(Na)
CP-SCF 2.164 2.137 2.006 —24 30 435 50
exp 2230 2.272 2.004 30 40 305 48

Co?Chi* O gy g, A(Co) Ay(Co) Ay(Co)
CP-SCF 2.218 2.193 2.007 134 172 535
exp 2.320 2.320 1.997 213 213 395

a Contributions to the calculatedCo hyperfine tensor are detailed in
Tables S9 and S10.See ref 30¢ See ref 29.

vectors?* While the axial component of the°Co hyperfine
tensor is considerably overestimated, the predicted in-plane
values as well as the corrin ringN hyperfine values (25
MHz) are very close to the experimental values.

(i) Co2"Chi*. The B3LYP-calculatedy-tensor as well as
metal and ligand hyperfine parameters for this species are also
in reasonable agreement with experimental data. The increase
in calculated (and experimentad)values relative to those of
Co?*Chl reflects the expected decrease in @a-€ldy,dy, energy
splitting caused by stabilization of the occupied Golzhsed
MO following replacement of the strongly-donating DMB
nitrogen with a weakly donating 0 molecule®®> While the
magnitude of the-component of the computé&8Co hyperfine
tensor is again overestimated, it is important to note that the
increase in all hyperfine values from &&bl to C&"Chit is
nicely reproduced by our calculations. Examination of both
Mulliken and Lavdin spin densities reveals that approximately
0.05 more spin resides on the metal center if"Cbi* than in
Co*"Chl, providing a qualitative explanation for the observed
ncrease irr°Co hyperfine values upon ligand substitution.

sponding ground-state properties. The different choice of '
functional for calculating Abs spectra and EPR parameters is  Excited-State Descriptions. (i) C8*Cbl. The TD-DFT-
rationalized by the fact that while Abs spectroscopy probes the computed C&"Cbl Abs spectrum (Figure 7, top) reproduces
excited-state structure of the system, EPR spectroscopy intrinsi-all major features observed in the experimental spectrum
cally probes the ground-state wave function. Also note that both remarkably well. The calculation predicts several electronic
pure DFT and B3LYP calculations consistently led to at least transitions of primarily coer — * character centered in the
qualitative agreement with all of the aforementioned experi- Visible region that almost quantitatively reproduce the Abs
mental properties, and the same basic conclusions would thusenvelope in region ii of the experimental spectrufihqf =

be drawn regardless of the functional used. However, as the21 100 cm'/474 nm). To lower energy, several weak electronic
goal of this study is to perform a quantitative interpretation of transitions are predicted to occur, all of which possess significant

the spectroscopic results obtained for2@obl and C8TCbi™,
the computational methods that afford the highest level of

Cc?t d — d character, consistent with the large experimental
C/D ratios associated with bands-4 (Figure 3, bottom). The

agreement between experiment and calculation are considerechear UV region (region iii) of the calculated Abs spectrum is

here.

Ground-State Descriptions.EPR spectroscopy has long been
used to investigate the paramagnetic2Caeenter and its
interaction with the axial ligand in Cdcorrinoids??-32 Recent

dominated by a single transition at 30 850¢rthat is polarized
along the Ce-C10 vector (short-axis) of the corrin ring.
Transitions to nearby excited states are predicted to possess
significant G---C15 (i.e., perpendicular) polarization and sub-

advances in multidimensional pulsed EPR techniques alsostantial contributions from CGo6 d-based orbitals; thus, spin

permitted measurement of hyperfine constants for the corrin ring
nitrogens?®3° Together,g values and hyperfine parameters
provide an excellent basis for further evaluating our computed
ground-state descriptions of Eworrinoid species.

(i) Co?*Cbl. Table 2 compares computed ERR/alue and
5Co (I = ";) and N (I = 1) hyperfine constants obtained
using theCbl-I model (based on the crystal structure coordinates
of C?**Chl) to those determined experimentally. Our calcula-
tions properly predict the nearly axigttensor (2.272, 2.230,
2.004) and orientation of the in-plane componegsand gy)
deduced by Harmer et &°,which bisect the CeN bond

orbit mixing between these states and the excited state corre-
sponding to the dominant short-axis polarized transition is likely

(94) Energies of CHChl ligand field excited states were predicted using the
first-order approximation forg values of S = 1/, systems and the
experimentaly shifts of 0.272 and 0.230 (see ref 30), yieldingy,- 2 =

11 360 cntt andAE, 2 = 13 435 cnT’. These values are somewhat lower
than the lowest-energy ligand field transitions observed in the MCD
spectrum of C&"Chl, implying that additional excited states contribute to
the orbital angular momentum in the ground state via-spiit coupling.
Deviations ofgy and gy from g. = 2.00 are due largely to the mixing of
orbital angular momentum into the ground state associated with the matrix
elementsidz|l,|dyJand [d2|ly|di.L) respectively. As the energy separation
between the ground state and thg ¢ dz and d, — dz2 excited states
decreases, thg shifts increase.

(95

=
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Table 3. TD-DFT/PW-Calculated Energies (in cm~1), Percent Contributions from Dominant One-Electron Excitations, and Oscillator
Strengths for the Major Electronic Transitions of Co?*Cbl

state E(cm™) f transition % donor MO acceptor MO
2 10 090 0.0007 1116~ 113b 84 Co 3g/cor (8-HOMO) Co 3¢:
3 11 605 0.0005 1116~ 112b 53 Co 3g/cor (-HOMO) corst* (5-LUMO)
111a—113a 34 Co 3g/cor corst* (a-LUMO)
14 250 0.0009 112a 114a 92 Co 3d (a-HOMO) corvt*
14 810 0.0025 110b-112b 63 Co 3d/cor cor-t* (-LUMO)
15 345 0.0037 1096~ 112b 49 corx cor<t* (5-LUMO)
110a— 113a 38 cor corst* (a-LUMO)
8 16 000 0.0059 112a 115a 46 Co 3d (a-HOMO) Co 3dy
16 440 0.0045 1096~ 113b 52 corx Co 3de
15 20 705 0.0397 108b> 112b 24 Co 3d-y cor-t* (5-LUMO)
110a— 113a 19 cor corst* (a-LUMO)
111a— 114a 16 Co 3g/cor cor-*
109b— 112b 11 corx cor<t* (5-LUMO)
20 22 095 0.0350 11la 114a 27 Co 3g/cor cor-r*
111b— 114b 16 Co 3g/cor (8-HOMO) corvt*
55 30845 0.1569 110=a 116a 12 corr cor-*
56 31375 0.0750 106& 114a 46 Co 3d core*
109a— 116a 11 Co3d cor-t*

Table 4. TD-DFT/PW-Calculated Energies (in cm~1), Percent Contributions from Dominant One-Electron Excitations, and Oscillator
Strengths for the Major Electronic Transitions of Co?"Chi*

state E(cm™) f transition % donor MO acceptor MO
1 7330 0.0002 98b> 99b 92 Co 3g/cor-r (3-HOMO) Co 3d: (5-LUMO)
2 8975 0.0001 96b> 99b 86 Co 3q, Co 3dz (5-LUMO)
3 12270 0.0006 98b> 100b 56 Co 3gl/cor (-HOMO) corsr*
98a— 100a 35 Co 3gl/cor- corst* (o-LUMO)
13115 0.0027 99%a- 100a 76 Co 3d/cor+t (ac-HOMO) corst* (a-LUMO)
13535 0.0009 97b>99b 84 cors Co 3dz (5-LUMO)
15980 0.0013 96b> 100b 80 Co 3gd cor-t*
17 21495 0.0889 95b- 100b 29 Co3g-y cor-t*
97a— 100a 24 cowr corst* (o-LUMO)
97b— 100b 15 corx cor-t*
99a— 102a 11 Co 3d/cor+r (a-HOMO) Co 34y
20 23030 0.0667 98a 101a 26 Co 3g/cor cor-r*
99a— 102a 18 Co 3d/cor+t (0-HOMO) Co 34y
98b— 101b 14 Co 3gl/cor (3-HOMO) corsr*
42 30580 0.1892 91b- 99b 10 cors Co 3dz (5-LUMO)
47 31980 0.0867 96a- 103a 37 Co 3¢ cor-t*
94a— 10l1a 14 Co 3d core*

responsible for the appearance of the intense pséutiym
observed in region iii of the CoCbl MCD spectrum (Figure upon lower ligand substitution from €tChl to C& Chi*.
3, center). 3.3. Spectral Assignments.Given the good agreement
(i) Co?*Chi*. The TD-DFT-computed Abs spectrum for between TD-DFT-computed and experimental Abs spectra for
Co?*Chi* predicts all major features observed in the experi- Co?*Cbl and C8*Cbi™, it is reasonable to assign key features
mental spectrum (Figure 7, bottom; Table 4), including a group of our excited-state spectroscopic data using the DFT-calculated
of cor # — x* transitions in the visible region that are MO descriptions. Isosurface plots of the MOs involved in these
responsible for the broad Abs envelope in region ii and several transitions are presented in Figure 8. As each electronic
Co?* d — d transitions at lower energy. TD-DFT calculations transition has contributions from multiple one-electron excita-
also predict an intense, short-axis polarized transition centeredtions involving several donor and acceptor MOs, it is most
at 30 580 cm? that correlates nicely to the peak observed in convenient to analyze key electronic transitions through exami-
the low-temperature Abs spectrum (Figure 4, top). Sirbit nation of electron density difference maps (EDDMs) that
mixing with nearby excited states that possess differently illustrate the change in the total electron density upon excitation
oriented transition moments may give rise to the pseAwterm (Figure 8, bottom).
that dominates region iii of the MCD spectrum. Most impor- (i) Co?*Cbl. The lowest-energy features of the experimental
tantly, our calculations properly predict both the large blue- spectra (bands -14 in region i, Figure 3) are assigned to
shift of d — d transitions in region i and the subtle shifts of transitions possessing primarily €od — d character, as they

features in regions ii and iii of the experimental Abs spectra
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Figure 8. Top: Isosurface plots of relevant MOs of €&bl (left) and C8*Chi™ (right). MOs are designated by their dominant contributors and arranged
according to their DFT-calculated energies (note that the HOMO/LUMO gap is not drawn to scale). The relevant electronic transitions contthriting to
dominant bands in the TD-DFT-calculated spectra are indicated by arrows. Bottom: EDDMs for the transitions highlighted in the corresponding TD-DFT
spectra (Figure 7). Red and green indicate loss and gain of electron density, respectively.

CT2, Figure 8) with intensities that are comparable to those of
bands 5-7 in the experimental Abs spectrum. The higher energy

all exhibit large £0.03)C/D ratios. This finding is consistent
with our TD-DFT calculations for Cg'Chl, which predict at
least six electronic transitions mainly involving the 8d-
based MOs, the first of which terminates in an MO with
predominant 3d orbital character (state 2, Table %)%
Examination of the EDDMs reveals that the lower energy
transitions in region ii correspond to charge-transfer excitations
from Co 3d- to corrint*-based MOs (EDDM CT1 and EDDM

(96) TD-DFT/PW calculations underestimate charge transfer (CT) transition
energies for states where vanishingly small orbital overlap exists between
the donor and acceptor MOs (e.g., see state 1 éf Cil, Table S7). It
has recently been determined that this deficiency originates from the lack
of Hartree-Fock exchange in TD-DFT/PW computations (see ref 97). Such
states are ignored in our analysis, as their true transition energies would
be much higher.
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bands are dominated by an intense feature (band 8 centered at
21100 cntl) that arises from a transition primarily car—
ar* in character based on the preferential enhancement of corrin
ring stretching modes in RR spectra obtained for laser excitation &
in this region (Figure 5). In support of this assignment, our TD-
DFT computation predicts an intense long-axis polarized
transition at 20 700 cni (state 15) whose EDDM is very similar
in nature to that associated with theband of Cé*corrinoids 74% Co 3d 2 84% Co 3d 2
(V|de.|nfra) that corresppnds to the lowest-energy coer 7* 5% N__2p 2% O 2p
transition of those species. ax
On the basis of our computations, the most intense feature ch)i?Lg?)Z g'c bIISC()Iselthr)faacnedpéOétf Cotf)iih?ricﬁt)ae?ﬁzederr\?g;aé g:]?rgi];itiigngr?riéilqs
In region o.f the gxperlmental ADs S.peCtrum (band 1$.at the Co 3¢ and axial ligand 2p atorgnic 6rbital2 are indicated. In each case,
32470 cn?) is assigned as a short-axis polarized transition y,o occupancy of the natural orbital is 1.000.
(state 55 at 30 850 cm) involving significant corz — x*

character, thus accounting for the large Abs intensity. is similar to that described above for the Zal — d-based

(i) Co2*Chi*. On the basis of our TD-DFT results, key transitions: however, the effect is much smaller in this case, as
transitions in the C&Chi™ Abs spectrum can be classified the donor MOs are cor*-based and thus possess little Cq23d
similarly to those dominating the €tCbl Abs spectrum, as  orbital character and essentially no orbital contributions from
required by the close resemblance of the experimental Absthe lower ligand. Last, the enormous derivative-shaped MCD
spectra for these two species. A cluster of Co— d transitions  feature in region iii is virtually invariant between &worrinoid
is predicted to occur at low energy, consistent with the large species. Examination of the corresponding EDDMs*@ for
C/D ratios observed for transitions contributing to region i of Co?+*Cbl andzz*7 for Co?+Chi*; Figure 8) reveals that while
the Abs spectrum. Toward higher energy, these features areeach transition involves significant Co 3d orbital character
accompanied by a series of €03d — cor 7* charge-transfer  (consistent with the largE€/D ratio), the electron density on
bands (e.g., state 13, EDDM CT4) that lead into the most intensethe lower ligand remains essentially constant. Collectively, these
region of the visible part of the Abs spectrum (region ii). The findings imply that corr — z* transitions of C&*corrinoids
central feature at 21 275 crh(band 6, Figure 4) is identified  are largely insulated from the perturbing effects of ligand

as the lowest-energy car— z* transition on the basis of our  substitution. This result provides a fascinating contrast to the
TD-DFT calculations, which predict an intense transition (state marked sensitivity of cor — sr* transitions of Cdétcorrinoids

17, EDDMz7*5) that is similar in nature to thed*transition” to axial ligand substitution. The origin of this striking difference
described above for CbCbl. The final feature of note is the and its imp]ication with respect to enzymatic €06 bond
well-resolved peak in the near UV region of the?CBbi* Abs activation and modulation of the €d* redox couple are

spectrum (band 16) for which the TD-DFT calculation predicts discussed below.
a short-axis polarized transition moment (state 42, Table 4).
Comparison between the two sets ofGmrrinoid electronic
spectra presented above indicates that lower ligand substitution EPR studies of Cdcorrinoid species have played an integral
has a profound effect on some transitions while only slightly role in probing the cofactor coordination in enzyme active sites
perturbing others. The lowest-energy ligand field transition since it was first discovered that a histidine residue could
(Co?* 3d,, — 3dy) predicted for C&"Cbl (state 2, Table 3) is  displace the intramolecular DMB ligarf8 Although extremely
red-shifted by~2760 cnt? in the computed CdCbit Abs sensitive to the nature of axial bonding in&oorrinoids, EPR
spectrum (state 1, Table 4) due to stabilization of the Ge 3d  spectroscopy is essentially “blind” to the bulk of the cobalamin
based MO (MOs #112a and #99a, respectively; Figure 8) cofactor, most notably the corrin ring, as the single unpaired
through relief of the Co-lower ligand-antibonding interaction electron occupies the Co 2dased orbital that possesses little
upon DMB— H0 ligand exchange. Closer examination of the orbital contributions from the equatorial nitrogen atoms. This
transition tables for these species (Tables 3 and 4) reveals arinsulation of the unpaired electron from the macrocycle is
apparent interleaving of low energy transitions, whereby lower particularly obvious upon examination of the isosurface plots
ligand substitution has the effect of blue-shifting transitions of the singly occupied natural orbitals depicted in Figuf& 99
originating from MOs possessing significant Co&tharacter which each show<3% total contribution from corrin ring
(e.g., compare CdChl state 8 and CFChi™ state 17) while nitrogens. Alternatively, due to the high intensity of cor—
red-shifting those terminating in MOs possessing significant Co z* transitions, electronic Abs spectroscopy potentially offers
3dz orbital character (as in the above example). This model an excellent probe of the geometric and electronic properties
accounts for the great differences observed in region i of the of the macrocycle. However, while numerous intense corrin-
MCD spectra of C&"Cbl and C8*Cbi* (cf., Figures 3 and 4,  centered transitions are observed in all oxidation states of the
center) but precludes establishment of a direct correlation cofactor, no attempts have been made to utilize these transitions
between the first few transitions in these two data sets. The coras a reporter of corrin ring deformations in €oorrinoids in
7 — m*-based ‘t-transitions” are less affected by ligand any interpretive way. In this study, we have used multiple
substitution, as only a small blue-shift for this transition is spectroscopic tools to obtain experimental insight into the
observed experimentally (175 cd) and predicted by our _
calculations (790 crr). The electronic origin of this blue-shift (99 brennan, €. L; Huang. 24 Drammond, J. T.; Matthews, R. G.; Ludwig,

(99) Green, M. TJ. Am. Chem. S0d.999 121, 7939-7940.
(97) Dreuw, A.; Head-Gordon, Ml. Am. Chem. So2004 126, 4007—4016. (100) Green, M. TJ. Am. Chem. So@001, 123 9218-9219.

4. Discussion
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electronic structures of 6Cbl and C8"Chi*. Our Gaussian- and s*-antibonding interactions quite different from that
resolved Abs and MCD spectra along with RR excitation profile displayed by the donor MO, a considerable deformation of the
data and previously published EPR parameters provided ancorrin z-bonding network would be expected to occur in the
excellent framework within which DFT electronic structure corresponding excited state, consistent with preferential en-
calculations could be evaluated. EPR parameters obtained usinghancement of corrin-based vibrations in RR spectra obtained

the CP-SCF method in conjunction with the hybrid B3LYP
functional on cofactor models derived from published crystal
structure coordinates of €oCbhl yield reasonable agreement

for excitation in region ii. Interestingly, the pair of donor and
acceptor MOs (Figure 9) for this transition is very similar in
nature to that responsible for the prominerband in the Abs

with EPR data and nicely reproduce the experimental trends in spectra of C#tcorrinoids (vide infra). This C& corrinoid “a-

g values and hyperfine parameters betweer?*Cbl and
Ca**Chi*, lending credence to our calculated ground-state

band” is blue-shifted by 175 cm in the C& Chi™ Abs
spectrum (band 6, Figure 4), as the primary donor orbital (MO

descriptions. TD-DFT-calculated Abs spectra for these same #110a of C8*Cbl and #97a of C&Cbi*, Figure 8), while

models using the PW-LDA functional closely match our
experimental spectra (Figure 7), validating our computed
excited-state descriptiod8! Together, our combined spectro-
scopic/computational studies provide significant new insights
into the electronic properties of €aorrinoids. Key findings

from these studies are summarized below, and their implicationssngh“y blue-shifted in the Abs spectrum of €bi+

with respect to possible mechanisms of enzymatic modulation
of the C&"'* redox couple and stabilization of the €&bl
post-homolysis product are discussed.

Axial Ligand Effects on Co*"Corrinoid EPR Parameters.
Experimentally, replacement of the axial DMB base of @bl
with a water molecule to generate £E&bi" increases thé,
element of thé°Co hyperfine tensor by 95 MHz (Table 23°
Our calculations confirm the presiding belief that the change

in A(Co) is due to a decrease in the covalent character of the

Co*™—lower ligand bond, as evidenced by a decrease in
calculated bond order from 0.36 for &e-Nax to 0.23 for
Co*"—O0H; coincident with a 5% increase in spin density on

the metal center. Interestingly, both experimental and compu-

tational data show that this change in axial ligation has a
negligible effect on corrin ring*N hyperfine values, which can
be understood in terms of the insignificant differences in DFT-
calculated Ce-Negbond orders and corrin ring N spin densities
for the two C@*corrinoid species investigated. The natural
orbital isosurface plots in Figure 9 indicate that the Cg-3d
based MO carrying the single unpaired electron is almost
perfectly oriented along the lower axial ligand bond, which
minimizes its interaction with the corrim system. This finding
suggests that changes in corrin conformation will not markedly
influence Cé*corrinoid EPR parameters. Consistent with this
hypothesis, our computations on€&bl models that differ with
respect to corrin ring fold angle afford nearly identical EPR
parameters (cfCbl-I, Cbl-1l , andCbl-Ill ; Figure 6). Consider-
ing all of this evidence collectively, it is apparent that EPR

mostly corrinz in character, also contains a small contribution
from the Co 3¢ orbital that iso-antibonding with respect to
the lower axial ligand. As this antibonding interaction is
mitigated upon replacement of the DMB with a weak water
donor, all transitions originating from €oCbl MO #110a are
(where
this donor orbital corresponds to MO #97a).

Several Cé" d — d transitions are unambiguously identified
here for the first time in region i of the electronic spectra of
both C&*corrinoids studied. In comparison to the-band”
described above (region ii), these transitions are considerably
more perturbed by axial ligand substitution, with several bands
shifting in energy from C&Cbl to C&+Cbi™. Most notably,
stabilization of the Co 3@based MO results in a predicted 2760
cm! red-shift of the lowest-energy transition terminating in
this orbital (cf., state 2, Table 3 and state 1, Table 4). This
increased sensitivity to the nature of the lower ligand can be
attributed to the larges-antibonding character present in the
Co 3dz-based LUMO relative to the HOMO-2. As the CoB8d
based MO is the redox active orbital for cofactor reduction to
Co", the predicted stabilization of this MO alludes to a
mechanism whereby enzyme systems may tune th&’Co
reduction potential by manipulation of the lower ligand.

The only well-resolved feature in region iii of the Abs
spectrum of each Cocorrinoid (band 18 for C&Cbl and band
16 for C&"Cbi™; Figures 3 and 4, respectively) is attributed to
a short-axis polarized cor — s* transition. Similar to the .-
band” described above, this transition is virtually unperturbed
by substitution of the axial ligand based on its minor red-shift
(550 cnm?) in going from C3TCbl to C&™Cbi™. While multiple
donor/acceptor pairs of MOs are involved in this transition,
examination of the corresponding EDDMs (EDDMs*3 and
z*7; Figure 8) reveals that this excitation gives rise to

spectroscopy alone is poorly suited to study possible enzymaticnegligible changes in the Co-lower ligand bonding interaction,

Co—C bond activation schemes involving corrin ring deforma-
tions.

Axial Ligand Effects on Co?"Corrinoid Electronic Spec-
tra. Our TD-DFT-assisted spectral analysis reveals that the
central feature in region ii of the €oCbl Abs spectrum (band
8, Figure 3) is attributable to the lowest-energy corrin-centered
o — gqr* transition originating from the HOMO-2 (MO #110a;
Figure 9, left). As the primary acceptor orbital (MO #113a) for
this transition exhibits an alternating pattern ¢£C zz-bonding

(101) Note that the best agreement is achieved upon application of a uniform
red-shift of 4000 cm! to the calculated spectra. A larger shift of 5500
cm~twas applied in our studies of €xorrinoids (see ref 9) because the
TD-DFT/B3LYP method consistently predicts higher excitation energies
than the TD-DFT/PW method.

offering a rationale for the insensitivity of this transition to the
nature of the lower ligand.

Correlation between Cd*Corrinoids and Alkyl-
Co®"Corrinoids. A qualitative comparison of Abs spectra
of alkyl-Co®*corrinoids (e.g., MeCbl and MeChi and
Co?*corrinoids (Figure 10A) offers two very intriguing findings.
First, replacement of the DMB with a water molecule in the
lower axial position has a striking effect on the appearance of
the Abs spectra of alkyl-Cacorrinoids, whereas Cécorrinoid
Abs spectra are virtually unaffected by this lower ligand
substitution (vide supra). Second, a remarkable similarity exists
between the Abs spectra of MeCbiand Cdé*corrinoids,
implying that Co-center reduction of alkyl-€tCbis and the
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Figure 10. (A) TD-DFT/PW simulated Abs spectra for (from top to bottom)
MeCbl, MeCbif, C**Cbi*, and C8"Chl. EDDMs are shown for the
respectiven-transitions. (B) Qualitative MO correlation diagram depicting
(from left to right) the evolution of the MeCbl HOMO and LUMO upon
lower ligand substitution to generate MeCpsubsequent conversion to
Co?™Cbi*, and, finally, lower ligand substitution to yield €dCbl. Red
arrows indicate ther-transitions for each species. Isosurface plots of the
corresponding donor MOs are shown at the bottom.

consequent upper axial ligand dissociation have surprisingly little
effects on the corrin ring electronic structure.

Corrin-centeredr — s* transitions have long been assumed
to dominate the Abs spectra of all &eorrinoids, yet only

recently has the effect of the axial ligands on these transitions

of the C&" 3dz orbital, thereby inducing a large €N
og-antibonding interaction that destabilizes the HOMO (Figure
10, bottom). Thisr-antibonding interaction is almost completely
lost when the DMB lower ligand is replaced with a water
molecule to generate MeChi which, therefore, leads to a
substantial stabilization of the donor MO and consequently a
blue-shift of thea-band by~2500 cnt™.

As noted above, Cdcorrinoids also exhibit what we have
classified as and-band” transition based on the similar nature
of the corresponding donor/acceptor MOs (Figure 8) and
EDDMs (Figure 10A) to those associated with thédand of
Cco**corrinoids. Interestingly, our experimental data reveal that
this a-band in Cé*corrinoids blue-shifts by a mere 175 cin
upon displacement of the DMB ligand of €Cbl by a water
molecule in C&"Chi*. This result can be understood by
inspection of the isosurface plots of the MOs involved in this
transition, which indicate that in each case the donor orbital
(Figure 10B) has negligible contributions from the lower axial
ligand and, therefore, is largely unperturbed upon axial ligand
substitution.

The high degree of similarity between the Abs spectra of
MeCbit and Cé™Chit, especially in the region of the-band
(region ii, Figure 10), is quite unexpected given the change in
coordination number and formal reduction of the3Caoenter
accompanying the conversion of MeClib Co*"Cbit. How-
ever, our DFT calculations reveal that the actual charge of the
Co center is very similar in both MeChiand C&"Chi*,
suggesting that the strongly donating methyl group imparts
significant C@" character onto the Gb metal center and thus
causes a similar perturbation of theband via the charge
donation mechanism described above. Yet MeCbl, which also
has considerable Go character induced by the methyl group,
exhibits what is termed a “unique” Abs spectrum that is
strikingly different from those of MeCbi and the two
Co?*corrinoid species studied here (Figure 10A), exhibiting the
a-band at substantially lower energy. Examination of the
a-transition EDDMs for each species reveals that the HOMO
— LUMO excitation for MeCbl is unique in that it also causes
significant loss of electron density centered on the axial ligands.
This finding provides evidence for a mechanism of excited-
state stabilization mediated by simultaneous electron donation
from both axial ligands, rationalizing the much lowetransi-
tion energy for MeCbl. As this mechanism is exclusive to
MeCbl, we propose that the “unique” Abs spectrum of this
species results from the extensivedonation from the alkyl
ligand, which leads to partial population of the Coz3utbital
and thus induces a strong €b,x o-antibonding interaction
with the trans DMB ligand. Because substitution of the DMB
by a water molecule in the lower axial position almost
completely eliminates this inducegtantibonding interaction,
MeChi*, C?*Cbi*, and C8"Chl have similar excited-state
electronic structures and hence they exhibit similar Abs spectra.

Implications with Respect to Enzymatic Co-C Bond

been understood at an electronic level. As presented in our recenfActivation Mechanisms.An enduring topic of intense AdoCbl

Co**corrinoid papePf, the extent of charge donation from the

research is to develop an understanding of th&-idld rate

upper axial ligand to the metal center modulates the energy of enhancement for CeC bond homolysis of the enzyme-bound

the a-band, which corresponds to the lowest-energy scor

a* (HOMO — LUMO) transition. For example, the-band red-
shifts by ~1000 cnt! from H,OCbI™ to MeCbl, as the more
stronglyo-donating methyl group gives rise to partial occupation
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cofactor®~7 Theories that attempt to rationalize this activation
propose enzyme-induced destabilization of thé'Cil “ground
state”, stabilization of the CoCbl/Ado post-homolysis prod-
ucts, or a combination thereof. Using MMCM as an archetypal
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example, RR studies by Spiro, Banerjee, and co-workers have
shown that the CeC bond weakens by a mere 0.5 kcal/mol — Co”"Cbi"/CobA
upon binding of AdoChl to the enzyme active sitg92-104 “r Co’ Chi
Recent experimental and computational results from our group
confirmed this finding, as the minor observed shifts of the
o-band upon cofactor binding to MMCM could be quantitatively
correlated to negligibly small distortions of the cofactor’'s . LA P
organometallic bond in the o ground staté? Therefore, all V\/
current experimental evidence hints toward a mechanism of ’
enzymatic Ce-C bond activation involving stabilization of the
Co**Chl/Ado post-homolysis products.

As shown above, our DFT calculations predict that the Co S U U
centers of MeCbl (and, by analogy, AdoCbl) and?Gobl 13000 20000 250_?0 30000 35000
possess remarkably similar charges. This result can be under- Energy (cm )
stood in terms of the extensive charge donation from the axial Figure 11. 7 T 4.5 K MCD spectra of CCbi* bound to CobA (solid
alkyl group to the cobalt center in AdoCbl, thereby imposing 'M€) & compared to free €CCbi* (dotted line).

considerable Cd character on the GeC bond homolysis o . o -
“ " i eirmilaring i striking changes in region i of the MCD spectra ofQmrrinoids.
precursor”. This similarity in metal charge may reduce the Indeed, our preliminary investigations of €€bi* bound to

reorganization energy associated with-@&bond cleavage and L .
the subsequent recombination of the homolysis products. Hence,the Cocorrinoid:ATP adenosyltransferase (CobA) in the pres-

to increase the rate constant for ©6 bond homolysis, the ence of the cosubstrate ATP (Figure 11) yielq MCD_sp_e_ctra
enzyme could manipulate the covalency of the?Gdower unlike any of those presgntgd abovg, suggesting a significant
ligand bond to even better match the charge at the Co center inchar_lge in the CO c_oordlr_latlor! environment upon cofactor
AdoCbl. While in the case of Gécorrinoids, enzymatic ~ Pinding to the protein active site. CobA has been shown to
manipulation of the axial bonding interactions can be con- adenosylate a wide range of cobalamin precursors, including
veniently probed by thew-band position, our Gocorrinoids Co?™Chi*,2>27where in eagh case the corrinoid subs_trate is first
studies presented here show that téand is no longer regluced to the Cboxidation state by a flavoproteln. (EIdA)
sensitive to the nature of the lower ligand, as the correspondingPrior to adenosyl group transfer from AFP**As Co*corrinoids
donor and acceptor MOs contain negligible axial ligand orbital POSsess a four-coordinate Co center that is solely ligated by
character (Figure 10B). Conversely, the energies of teé @o  the corrin ring, we have explored the effect of a systematic
— d transitions that dominate region i of the Loorrinoid lengthening of the CoOH, bond toward this four-coordinate
MCD spectra are clearly attuned to the nature of the lower ligand limit on the Abs spectrum of CoCbi* using TD-DFT
and may thus serve as excellent reporters of enzyme-inducedcOmputations. These calculations indicate that as the water
perturbation of axial bonding interactions. Indeed, our prelimi- ligand is removed, the Co 3d,, — 3d transition drops in
nary MCD data obtained for MMCM-bound €aChl show energy, consistent with the observed perturbation of features in
significant changes in the energies of these transitions, which region i of the MCD spectrum upon €aCbi* binding to CobA.
become even more pronounced in the presence of substratéVhile a quantitative analysis of these striking spectral changes
analogues. Quantitative analysis of these spectral changes withiris currently underway, we suggest that CobA-bouné'Cii*

the theoretical framework developed in this study will provide may be the first spectroscopically characterized example of a
significant new insight into enzymatic stabilization of the species with electronic properties consistent with a four-
Ca**Chl post-homolysis products and, thus, the mechanism of coordinate C&corrinoid.

Co—C bond activation.
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