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Abstract: Despite decades of research, the mechanism by which coenzyme B, (adenosylcobalamin,
AdoCbl)-dependent enzymes promote homolytic cleavage of the cofactor's Co—C bond to initiate catalysis
has continued to elude researchers. In this work, we utilized magnetic circular dichroism spectroscopy to
explore how the electronic structure of the reduced B;, cofactor (i.e., the post-homolysis product Co?>"Chl)
is modulated by the enzyme methylmalonyl-CoA mutase. Our data reveal a fairly uniform stabilization of
the Co 3d orbitals relative to the corrin z/7*-based molecular orbitals when Co?*Cbl is bound to the enzyme
active site, particularly in the presence of substrate. Contrastingly, our previous studies (Brooks, A. J.;
Vlasie, M.; Banerjee, R.; Brunold, T. C. J. Am. Chem. Soc. 2004, 126, 8167—8180.) showed that when
AdoChl is bound to the MMCM active site, no enzymatic perturbation of the Co3*Cbl electronic structure
occurs, even in the presence of substrate (analogues). Collectively, these observations provide direct
evidence that enzymatic Co—C bond activation involves stabilization of the post-homolysis product, Co?"-
Cbl, rather than destabilization of the Co®*Chl “ground” state.

Introduction OH OH

Methylmalonyl-CoA mutase (MMCM) is the only coenzyme
B12 (adenosylcobalamin, AdoCbl)-dependent enzyme found in
humans, where it catalyzes the conversion of methylmalonyl-
CoA (MMCoA) to succinyl-CoA (SCoA¥.The AdoChl cofactor
(Figure 1) plays an integral role in this radical rearrangement
reaction, as catalysis is initiated through homolytic cleavage of
its Co—C bond to yield C&"Chl and an adenosyl radical that
is poised to abstract a hydrogen atom from the substrate (Scheme
1).2 A particularly fascinating aspect of this reaction is that the
rate of homolytic Ce-C bond cleavage shows a spectacular
degree of enhancement when the cofactor is bound in the
enzyme active site, increasing by as much a¥-idld over

R

DMB

that of the free cofacto¥? Two conceivable pathways by which —aH ! oH

this rate enhancement can occur are (a) destabilization of the HaCm——p /“Iji :
AdoCbl “ground state” and (b) stabilization of the post- ({ 9, o DMB
homolysis product Cd'Cbl.> Previous research carried out by Nucleotide ) 0=% :

us and in collaboration with Spiro and co-workéPshas Loop - [Ny ‘

HO
T University of Nebraska.
*Present address: Leiden Institute of Chemistry, Leiden University, Figure 1. Chemical structure of MeCbl (R CHg), AdoCbl (R= Ado),

Einsteinweg 55, 2333 CC Leiden, Netherlands. and CE*Cbl (lacking an R group).
1) Kolhouse J. F.; Allen, R. HProc. Natl. Acad. Sci. U.S.A977, 74, 921— - . .
indicated that the former pathway contributes little to th&7

(2) Banerjee RChem. Re. 2003 103 2083-2094. i i i
(3) Hay. B. P Finke, R. GJ. Am. Chem. Sod987 109, 8012-8018. kcal/mol reduction in CeC ppnd strength reqwred by the
(4) Chowdhury, S.; Banerjee, Biochemistry200Q 39, 7998-8006. enzymé to accomplish the trillion-fold acceleration of E&€

(5) For bond homolysis reactions, the combined energies of the two nascent bond homolysis In support of the latter pathway we report here

radical species (or, as in the present case, arr Aattical and C&"Cbl)
will be very close to the energy of the transition state according to

Hammond’s postulate. Stabilization of the post-homolysis product will (6) Brooks, A. J.; Vlasie, M.; Banerjee, R.; Brunold, T.Z. Am. Chem. Soc.
therefore result in a Iowerlng of the activation barrier and a consequent 2004 126, 8167-8180.

increase in the reaction rate. Thus, for AdoCbl-dependent enzymes it is (7) Dong, S. L.; Padmakumar, R.; Maiti, N.; Banerjee, R.; Spiro, TJ.GAm.
reasonable to correlate an increase in the-Cobond homolysis rate Chem. Soc1998 120, 9947 9948

constant with a reduction in the relative energies of the AdoCbl “ground  (8) Dong, S. L.; Padmakumar, R.; Banerjee, R.; Spiro, TJGAm. Chem.
state” and the post-homolysis products*@ebl and Ado. Soc.1999 121 7063-7070.
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Scheme 1. Minimal Mechanism for the Interconversion of activation mechanism involves enzymatic manipulation of the
Methylmalonyl-CoA (MMCOA, top left) and Succinyl-CoA (SCoA, post-homolysis product CoCbl and occurs via stabilization

bottom left) by MMCM ;
c of the Co 3d-based molecular orbitals.
- Cg(O)CoA . (0)CoA

) e S S

Experimental Details

Chemicals/Cofactors.Adenosylcobalamin (AdoCbl), methylcobal-

Ado . Ado* AdoH amin (MeCbl), aquacobalamin ¢BCblt), methylmalonyl-CoA
+MMCM .
kw — W ﬂ (MMCoA), and glutaryl-CoA (GCoA) were purchased from Sigma and
/‘, /’ used as obtained. Ethylmalonyl-CoA (EtMCo0A) was synthesized as
DMB pvp s pvp i described previousl§i® The substrates were dissolved in potassium
phosphate buffer at pH 7.5 to a concentration of 50 mM&"Cbl was
nd C(0>W " COYCoA generated by reduction of BCbl* using the flavin system from
X / 5 \. / Salmonella entericaas described previousty!?.18
HOOC \:’H HOOC :/H Purification of Methylmalonyl-CoA Mutase (MMCM). The

recombinant Propionibacterium shermaniienzyme expressed in

. . . - Escherichia colwas purified through the step preceding reconstitution
spectroscopic evidence that the?00bl cofactor is stabilized with the cofactor as previously describEdProtein concentration was

by the enzyme active site and that this stabilization is enhanCEddetermined by the Bradford method using bovine serum albumin as a

by the presence of substrate (analogues). standard. Reconstitution of apoenzyme with AdoCbl and MeCbl was

Previous spectroscopic investigations of?Gobl bound to achieved as previously describednbound cofactor was subsequently
the MMCM active site have primarily relied on electronic removed by gel filtration chromatography on a Micro Bio-Spin P-30
absorption (Abs) and electron paramagnetic resonance (EPR)Bio-Rad) column.
technique$—12 The inherent presence of a mixture of AdoCbl Sample Preparation.Samples used for low-temperature experiments
and Cé"Cbl in MMCM samples trapped under steady state were prepared in 60% (v/v) glycerol glassing agent. All sample solutions
turnover conditions, however, has greatly limited the value of were purged with Ngas for 15 min before being injected into MCD
Abs spectroscopy in probing enzymatic perturbations of the sample cells and frozen in liquid nitrogen. To generate MMCM-bound
C?"Chl cofactori! Alternatively, although EPR spectroscopy €9 'Cbl, apo-MMCM was reconstituted with MeCbl and exposed to
provides a selective probe of E€bl, this technique is sensitive ~ directlight from a 60-W bulb at-6 in. while in the MCD sample cell.

. . . . After 45 min, approximately 60% of the cofactor was photolyzed to

only to axial perturbations of the cofactor, as the single unpaired ield CEChIMMCM. at which point the sample was frozen in liquid
electron resides in a Cozbased molecular orbital (MO) that y ! P b N,

. . N . . N.. Substrate (analogue)-bound holo-MMCM samples were obtained
contains little contribution from the equatorial nitrogens of the .5 yescribed previoushypy the addition of at least a 40-fold molar

corrin macrocyclé? excess of the appropriate substrate (analogue) to apo-MMCM that had
As revealed by our study of free €ocorrinoids?® a been reconstituted with either AdoChl or MeCbl. These samples were
technique that potentially overcomes these shortcomings isthen exposed to room light for up to several hours to promote formation
magnetic circular dichroism (MCD). While both EPR and low- of the C"Chl/MMCM/substrate complex. Conversion toZGbl was
temperature MCD spectra are dominated by contributions from monitored by Abs spectroscopy and was achieved successfully for
paramagnetic specié$,the MCD technique has the added AdoCbl/MMCM with GCoA and fpr MeCblI/MMCM with MMCOoA,
benefit of yielding insight into both axial and equatorial E{COA and ?COA' Upon conversion to an adequate percentagfe-
perturbations of the cobalt center of €&bl while simulta- 60%) of CG'Cbl, the samples were frozen in liquid.NCatalytic

. . . . __turnover for MMCM reconstituted with the native cofactor AdoCbl in
neously also reporting on the geometric and electronic properties

P ; . the presence of MMCoA and EtMCoA occurred too quickly for the
_Of the CP”'” ring;+>thus offering an almost 'deal_pmb_e of the Cc?"Cbl-bound intermediate state to be trapped on the time scale of
interactions between GoCbl and the MMCM active site. this sample preparation.

To EXp!Ore the nature Of. these cofactor/enzyme interactions, Spectroscopy Electronic Abs and MCD spectra were obtained using
we examined the electronic structure of“00bl bound to the 5 jasco J-715 spectropolarimeter in conjunction with an Oxford
MMCM active site both in the absence and the presence of |nstruments SM-4000 8T magnetocryostat. Cofactor concentrations were
substrate (analogues) using MCD spectroscopy. Significant determined spectrophotometrically at 300 K on the basis of published
enzymatic perturbations of the electronic structure of'Cibl, molar extinction coefficient§ and ranged from 0.1 to 0.4 mM. All
particularly in the presence of substrate (analogues), areMCD spectra reported in this paper were obtained by subtracting the
indicated by notable changes in the spectroscopic signatures.—7 T spectrum from te 7 T spectrum to eliminate contributions from
Interpretation of these changes within the framework of density the natural CD.

functional theory (DFT) and time-dependent DFT (TD-DFT) Computations. All cofactor models were constructed on the basis
calculations leads to the conclusion that the—Cb bond of crystallographic data reported for €€bl?° and MeCb#* using the

(9) Padmakumar, R.; Banerjee, Biochemistry1997 36, 3713-3718. (16) Pohl, N. L.; Hans, M.; Lee, H. Y.; Kim, Y. S.; Cane, D. E.; Khosla,JC.
(10) Padmakumar, R.; Taoka, S.; Banerjee JRAmM. Chem. Sod.995 117, Am. Chem. SoQ001, 123 5822-5823.

7033-7034. (17) Fonseca, M. V.; Escalante-Semerena, J. Bacteriol.200Q 182 4304
(11) Padmakumar, R.; Banerjee, R.Biol. Chem.1995 270, 9295-9300. 4309.
(12) Abend, A.; lllich, V.; Retey, JEur. J. Biochem1997, 249, 180-186. (18) Fonseca, M. V.; Escalante-Semerena, JJCBiol. Chem.2001, 276
(13) Stich, T. A.; Buan, N. R.; Brunold, T. . Am. Chem. So2004 126, 32101-32108.

9735-9749. (19) Schneider, Z.; Stroinski, omprehensie B,: Chemistry, Biochemistry,
(14) Solomon, E. I.; Hanson, M. A. linorganic Electronic Structure and Nutrition, Ecology and MedicineDe Gruyter: New York, 1987.

SpectroscopySolomon, E. I., Lever, A. B. P., Eds.; John Wiley & Sons: (20) Krautler, B.; Keller, W.; Kratky, CJ. Am. Chem. S0d.989 111, 8936~
New York, 1999; Vol. II, pp +130. 8938.

(15) Stich, T. A.; Brooks, A. J.; Buan, N. R.; Brunold, T. £.Am. Chem. Soc. (21) Randaccio, L.; Furlan, M.; Geremia, S.; Slouf, M.; Srnova, |.; Toffoli, D.
2003 125 5897-5914. Inorg. Chem.200Q 39, 3403-3413.
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truncation scheme developed previously in our laboratory foi"Co 12000 cm-l 16000 20000 24000 28000
Cbls and C&Chls!3!5 Atomic coordinates for these models can be T B o e R :
found in the Supporting Information (Tables S1 and S2). 1004 A

Spin-unrestricted DFT calculations on the 208bl model were —_ . E \
carried out using both the Amsterdam Density Functional (ADF) ~g 507 PANY A
2003.01 suite of prograrfs?* and the ORCA 2.2 software packatje. =° O_M ) /\»/\'f\l
The single-point DFT calculation with ADF was performed utilizing = B V e M’ N !
the Vosko-Wilk —Nusair local density approximation (VWN-LDA) S50 oo b /)

. : . o Cbl LA Y
with the nonlocal gradient corrections of Begkéor exchange and 24 v
Perde® for correlation, ADF basis set IV, and an integration constant ~ -1007 = Co™ CbIMMCM i
of 4.0. Core orbitals were frozen through 1s for C, N, and O and 2p -——- C02+CblfMMCMfGCoA )
for Co. Following this single point calculation, additional DFT
computations were carried out to estimate electronic transition energies_.ﬂ 15 B
using the half-electron excitation method of Slafenvhere the E
difference in orbital energies at convergence after promotion of half =_ 107
of an electron from the donor molecular orbital (MO) to the acceptor % 54
MO is taken as the electronic transition energy. The ORCA single- & 4.5 K Abs
point DFT calculation employed the PerdeWang LDA® with 0 Ligand Field
gradient corrections by Beckeand Perde? in conjunction with the o_oﬁ—l_g—\
DGauss (Gaussian polarized doufjlealence orbital) basisand the <0.041 MLCT
Demon/J auxiliary basf&.MO energies and compositions obtained from & 1
the DFT calculations using both software packages were virtually %:0.02- /\ /\I_/_\ T |
identical. Therefore, the output provided by the latter program could 0.00 \/
be used in conjunction with Laaksonen’s gOpenMol progféfto C,/D, v
generate isosurface plots of relevant MOs involved in the electronic -0.027 e
transitions whose energies were estimated by the method of 8later

9 y 12000 16000 20000 | 24000 28000

using the former program (note that only ADF allows for the fractional
occupation of MOs as required by the Slater half-electron excitation
method) Figure 2. (A) 4.5 K, 7 T MCD spectra of free CoChl, MMCM-bound
- ) . _ CA?*Chl (Ca#*Cbl/MMCM), and MMCM-bound C8&"Cbl in the presence

Additional calculations were carried out with both ORCA and ADF  of the slow substrate glutaryl-CoA (tCbl/MMCMI/GCOA). (B) 4.5 K
utilizing the conductor-like screening model (COSMO) of solvatioft Abs spectrum (top) anGy/Do plot* (bottom) for free C&Chl with general
to evaluate the effects of different dielectric environments on the band classifications indicated above gD plot.
calcu_lated__tran5|_t|on energies. In ORCA, the default values for the half an electron from the donor MO to the acceptor MO in the presence
atomic radii (1.2 times the van der Waals surface) were used to construct A

of the COSMO solvation fields.

the molecular surface of the solute (2.223 A for Co, 1.83 A for N, 2.0 _
A for C, and 1.30 A for H). TD-DFT calculations were carried out as Results and Analysis
above for C6"Chl and MeCbl surrounded by COSMO solvation fields
with either a high or a low dielectric constaré & 80 or 10,

respectively) and a refractive index of 1.33. In ADF, single-point DFT . . .
calculations were carried out as above for thé'@bl model in the Co?*Cbl, and (jii) MMCM-bound C8'Cbl in the presence of

presence of a COSMO field with either= 80 ore = 10 using the € Slow substrate glutaryl-CoA (GCoA). The MCD spectra of
same atomic radii given above for the ORCA calculations. New energies MMCM-bound Cd*Cbl in the presence of the actual substrate
for specific electronic transitions were then computed with ADF by methylmalonyl-CoA (MMCoA) and the substrate analogue
taking the difference in the orbital energies following the excitation of ethylmalonyl-CoA (EtMCoA) are virtually identical to the &a

Cbl/MMCM/GCoA spectrum shown in Figure 2A; a comparison

Energy (cm )

Spectroscopy.Figure 2A shows a superposition of MCD
spectra obtained for (i) aqueous €E&bl, (i) MMCM-bound

(22) Guerra, C. F.; Snijders, J. G.; te Velde, G.; Baerends, Endor. Chem. of these three spectra is presented in Figuf@ Bor each of
Acc.1998 99, 391-403. ; P ~

(23) te Velde, G.. Bickelhaupt, F. M. Gisbergen, S. J. A. v.; Guerra, C. F.: the three samples usec_j to obtain the spectra in Flgureé, Co
gger%réds, E. J.; Snijders, J. G.; Ziegler,JT.Comput. Chem2001, 22, Cbl was generated via photolysis of holo-MMCM in the

1-967. : :
(24) ADF2002.03, SCM, Theoretical Chemistigrije Universiteit: Amsterdam, ~ Présence of the appropriate substrate (analogue) to increase the
25 Lhe Nethlgg?gz; http:(/wwgvéscm-cong- initio, density functional, and CO*"Chl/C*Chl ratio over that obtained under turnover
eese, R , version 2.Z2; an ab Initio, densi unctional, an e . -

semiempirical program packag®ax-Planck-Institut fu Bioanorganische Cond|t|0n§- Although we have no direct gwdence Fhat th&"Co
Chemie: Miheim an der Ruhr, Germany, 2001. Chl species present in these samples is catalytically relevant,

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

(27) Becke, A. D.J. Chem. Physl986 84, 4524-4529. this is a reasonable assumption in light of the fact that the

(28) Perdew, J. FPhys. Re. B 198G 33, 8822-8824. _ MMCM active site is deeply buried and, consequently, release

(29) Slater, J. CThe Calculation of Molecular OrbitajsJohn Wiley & Sons: . . .
New York, 1979. of the Ado group is not expected to occur during photolysis

(30) Perdew, J. P.; Wang, Yhys. Re. B 1992 45, 13244-13249. iti i i i

(31) Godbout, N.; Salahub, D. R.; Andzeim, J.; Wimmer,&n. J. Chem. under the conditions empl_oyed_ln this SIUdY' Note that ewde_nce
1992 70, 560-571. for retention of the other dissociable group in the MMCM active

(32) Laaksonen, LJ. Mol. Graphics1992 10, 33—34. i i H

(33) Bergman, D. L.; Laaksonen, L.; Laaksonen,JAMol. Graphics Modell. site, the Su_bStr_ate molecule, is prOVIdEd by th? MCD spe.ctra
1997, 15, 301-306. presented in Figure 2. In further support of this assumption,

(34) Klamt, A.; Schuurmann, GJ. Chem. Soc. Perkin Trans. 1893 799~ recent studies carried out in our laboratory have shown that the

(35) Andzelm, J.; Kolmel, C.; Klamt, AJ. Chem. Phys1995 103 9312-
9320 (39) The MCD spectrum of the GCoA-bound €L&bI/MMCM sample is

(36) Klamt, A.; Jonas, V.; Burger, T.; Lohrenz, J. C. WPhys. Chem. A998 presented in Figure 2 instead of that obtained for the MMCoA-bourfd-Co

102, 5074-5085. CblI/MMCM sample as the former exhibited the highest conversion rate to
(37) Klamt, A.J. Phys. Chem1996 100, 3349-3353. Co?*Cbl upon photolysis and thus yielded data with the best signal/noise
(38) Pye, C. C.; Ziegler, TTheor. Chem. Accl999 101, 396-408. ratio.
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Co” CbI/MMCM /Substrate

f_\.e(M'Icm"}

-501
_'IOU_ ......... MMCQA
——— EtMCoA
-1501 —— GCoA
12000 16000 20000 24000 28000
Energy (cm )

Figure 3. 4.5 K, 7 T MCD spectra of G Chl/MMCM in the presence of
the native substrate methylmalonyl-CoA (MMCoA) and the substrate
analogues ethylmalonyl-CoA (EtMCoA) and glutaryl-CoA (GCoA).

spectroscopic signatures of the substrate-bound form &f-Co
Cbl/MMCM are virtually identical to those associated with?Go

greater tham-0.05 are indicative of ligand field (LF) transitions,
whereas values in the-0.01-0.05 range and below0.01
signify charge transfer (CT) and ligand centered (caomrirur*)
transitions, respectivelf.Ligand field (d—d) transitions carry
little Abs intensity, as they are formally parity forbidden but
exhibit large Cy/Dy ratios because of their ability to acquire
significant MCD intensity through the spirorbit coupling
mechanism. Hence, the electronic transitions in%'Cil
responsible for the prominent MCD features below 16 000%¢m
which carry very little Abs intensity, can confidently be assigned
as LF transitions. Similarly, ligand-centered transitions primarily
involving MOs of the corrint system are easily identified
between 20 500 and 28 500 cton the basis of their very low
Co/Dy ratios (<0.005) and higke values €10 mM~t cm™) in

the Abs spectrum. Indeed, the dominant Abs feature in the
visible region at~21 100 cnt? has previously been assigned
to the lowest energy corrin—x* transition, corresponding to
the transition responsible for the so-calleeband in the Abs

Cbl generated in the glutamate mutase (GM) active site in the SPectra of free CoCbls>** The remaining transitions that

presence of substrate during catalytic turnover, that is, with both contribute to the MCD spectrum of unbound®CGbl between
the substrate and the Ado moiety residing in the enzyme active 16 000 and 20 500 cnt have intermediat€y/Do values and

site0

All of the samples included in this study, except that of the
unbound Cé&"Chl cofactor, contained a mixture of E«hl
(=40%) and C&"Cbl (=60%). As both species exhibit similarly

are thus ascribed to transitions possessing considerable Co 3d
— corrint* CT (MLCT) character.

To verify these qualitative band assignments and to identify
the specific donor and acceptor MOs involved in the corre-

intense electronic transitions and thus contributed significantly sponding transitions, DFT and TD-DFT calculations were
to our Abs spectra, this technique failed to provide conclusive carried out on a suitably truncated model of*00bl. While
information regarding alterations to the post-homolysis product the TD-DFT results obtained in this study and our earlier

Cc**Chbl in the MMCM active site. The MCD technique,

investigation of free C&-corrinoids2 generally corroborate the

however, due to its particular sensitivity to paramagnetic species, qualitative band assignments provided above, the heavily mixed

permitted us to selectively probe the fraction of MMCM-bound
Co*™Chl in our samples. Specificallyt 4 K the temperature-

nature of the transitions contributing to the computed Abs
spectrum (due primarily to the similar energies of the Co 3d

independent B-terms originating from unreacted diamagnetic and the corrin macrocycle frontier orbitals) made specific band
AdoCbl and MeChl are at least 10 times less intense than theassignments difficult. Therefore, the method of half-electron
temperature-dependent C-term features associated with paraexcitation developed by Slatérwas used to obtain a direct

magnetic C&"Cbl.1315To make certain that differences in the
various C8"Chbl MCD spectra were not artifacts of the
remaining AdoCbl or MeCbl, any weak contributions from the
Cao**Chls were subtracted from the original spectra after fitting
the corresponding Abs spectra to determine th&"Cbl/Co**-

estimate of the energies of electronic transitions involving a
specific pair of donor and acceptor MOs. In this approach, half
of an electron is promoted from the donor MO to the acceptor
MO and the difference in orbital energies at convergence is taken
as the electronic transition energy. Due to the necessity of

Cbl ratio. The resulting difference spectra (shown in Figures carrying out DFT calculations on €tCbl (an open-shell d
2A and 3) were then rescaled so as to reflect 100% occupationsystem) in a spin-unrestricted manner, the spin-up and spin-

of the enzyme active site by €uChl to facilitate comparison
between the different species investigated.

Spectral Analysis. Free Cé"Chl. Although the Abs and
MCD spectra of C&"Chl have been described in detail

down electrons are allowed to occupy spatially and energetically
different MOs, and transitions within each set of orbitals thus
need to be considered. However, as a result of differences in
Coulomb repulsion, the energies obtained for transitions within

previously!3 a basic understanding of the electronic structure the spin-down manifold were typically lower than those
of the free cofactor is required to adequately interpret spectral predicted for their spin-up counterparts. As such, the following

changes accompanying (i) &&bl binding to the MMCM

discussion is limited primarily to the former set of electronic

active site and (i) the addition of substrate (analogues) to the transitions.
holoenzyme. The complementary nature of the selection rules As we were most interested in corroborating our qualitative
governing the intensities of electronic transitions in the Abs and band assignments with more quantitative methods, the energies

MCD spectra permits classification of the €&bl spectral
features according to their electronic origins. This is ac-

of representative transitions belonging to each of the three major
classes (LF, MLCT, and—*) were calculated using the Slater

complished by taking the ratio of the MCD and Abs spectra half-electron excitation methodology. Table 1 provides a list
(Figure 2, parts A and B, respectively) and appropriate scaling of the electronic transitions considered and their calculated

to obtain a so-callecCo/Dg plot#! In general,|Co/Do| values

(40) Brooks, A. J.; Fox, C. C.; Marsh, E. N. G.; Vlasie, M.; Banerjee, R.;
Brunold, T. C.Biochemistry2005 in press.
(41) Cy/Dg = (KTISH)(Aemcolenss); see ref 14.

energies. The relevant portion of the spin-down MO diagram
computed for C&"Cbl is presented in Figure 4. The two lowest
energy transitions are predicted to involve the excitation of an
electron from the Co 3dand 3¢, orbitals to the Co 3dorbital

J. AM. CHEM. SOC. = VOL. 127, NO. 47, 2005 16525
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Table 1. DFT Computed Energies for Representative Ligand Field and 0.230 yield estimates for the Cox363dz2 and Co 3QZ
(LF), Metal-to-Ligand Charge Transfer (MLCT), and Corrin 7—m* . i : — _
(r—m*) Transitions Obtained Using the Slater Half-Electron . 3dz tlransmon energies of 11 369 and 13 435.ém’eSpeC
Excitation Method within the Spin-Down Electron Manifolda tively, in reasonable agreement with the energies of LF1 and
13 i i
spin-down donor acceptor energy LF2. Our calculations further predict that the three lowest
transition MO MO cm™ assignment energy spin-down MLCT transitions occur between 15 000 and
79— 80 Co 3d, Co 34 9622 LF1 19 000 cnt?, in excellent agreement with the general charac-
78— 80 Co 3¢, Co 3dz 11227 LF2 terization of the Abs and MCD features between 16 000 and
79—8l Co 3d, corrin 77 15308 MLCT 20500 cnt! as being primarily due to MLCT transitions.
77— 80 Co 3dy Co 3¢z 17381 LF However, making specific assignments of the bands across this
78— 81 Co 3¢, corrinz* 17 695 MLCT VEVer, gsp gnments (
77— 81 Co 3d, corrin 7z 18978 MLCT region is complicated by the prediction of a spin-down LF
76— 81 corrin corrinz* 20212 gl transition and multiple spin-up MLCT and LF transitions in this

same energy range. Nonetheless, it is notable that regardless of
their specific origins, a majority of these transitions are
calculated to be primarily MLCT in character, in line with the
gualitative assignments given above and our previous TD-DFT

@|sosurface plots of the individual MOs are presented in Figure 4.

8 VY. assignment$® The lowest-energy corrin-centered spin-down
30 transition ¢—m*1) is predicted at an energy of 20 212 tin

in close energetic proximity to the actual peak position of the
Lm dominant Abs feature of GoCbl (~21 100 cnt?, Figure 2B)

and consistent with the correspondi@gDy plot (Figure 2B).

] Although the donor and acceptor MOs involved in the transitions
Occupied responsible for the remaining intense Abs bands in the near-
UV region cannot be identified with certainty, these transitions
are likely also primarilyz—z* in nature based on our DFT
computations and the experimen@y/Dy plot.

Building upon these computationally assisted spectral as-
signments for C& Cbl, changes in the Abs and MCD spectra
caused by (i) cofactor binding to the MMCM active site and
(ii) the addition of substrate (analogues) to the holoenzyme can
now be interpreted in terms of perturbations of the cofactor’s
electronic structure.

Co?"Cbl/MMCM. The MCD spectrum of MMCM-bound
Cc?*Chbl is notably different from that of the unbound cofactor
(Figure 2A), displaying a relatively uniform blue-shift of the
spectral features between 16 000 and 20 000'¢cmhich have
been attributed to MLCT transitions. Additionally, €&bl
binding to the MMCM active site gives rise to a general
sharpening of the MCD features and, in some cases, an increase
in signal intensity (see, for example, the negatively signed
component of the derivative-shaped feature centered at 21 600
cm™Y). This band sharpening is not unexpected, as the enzyme
likely forces the cofactor to adopt a fairly rigid conformation.
Most interesting, however, is that the positions of several bands

_ . . . . in the C@"Cbhl MCD spectrum are unaffected by cofactor
Figure 4. Relative energies and isosurface plots of relevant spin-down | . . .
molecular orbitals (MOs) for GCbl based on a spin-unrestricted DFT ~ Pinding to apo-MMCM. These features include the two lowest
calculation (top). MOs are designated by their dominant contributors and energy bands attributed to the ligand field transitions LF1 and
arranged according to their calculated energie;. Electronic transitions that| Fp respectively (see Figure 4), and the derivative-shaped
?S&fogieaﬁecﬂggaa::g gg :ﬁg\fg i'r? tar;eMeép;ggEm&m spectrum feature centered at 2_1 600 _ci‘nwhose positively signed Iower-_

energy component is attributed to the lowest-energy corrin-
(LF1 and LF2, respectively). Although the calculated transition centeredr—s* transition (r—x*1 in Figure 4). Considering
energies for these excitations are lower than the peak positionihe gverall changes to the MCD spectrum accompanyirfg-Co
of the lowest-energy band observed in the?Gzbl MCD Cbl binding to MMCM, it appears that the enzyme active site
spectrum (Figure 2A), the higly/Do ratios associated with the s capable of tuning the energy differences between the Co 3d
first two transitions (Figure 2B) and the absence of bands in qrpjtals and the corrin* orbitals (as revealed by the blue shift
the experimental spectrum below 12 000 ¢rauggest thatthe  f the MLCT transitions) without dramatically altering the LF
two lowest-energy MCD features indeed correspond to LF1 and splitting and the energies of the corririz* frontier orbitals
LF2. Additional support for this assignment is provided by EPR 35 gisclosed by the invariant positions of the LF and corrin
data of free C& Cbl** as the experimental g-shifts of 0.272 .« yransitions). The physical origin of this unusual pattern
(42) Harmer, J: Van Doorslaer, S.: Gromov, I.: SchweigerChem. Phys. of spectral perturbations is explored in the Discussion section
Lett. 2002 358 8—16. below.

T Ty T yryrr T L B Trrrrrrs ™
12000 16000 20000 24000 28000
Energy (eni')
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Co?"Cbl/MMCM/Substrate (Analogue). As shown in Fig- similarities between TD-DFT calculated Abs spectra of th&€o
ure 2A, the addition of substrate (analogues) to thé"Cbl/ Cbl cofactor in the presence of a COSMO field with= 80
MMCM complex gives rise to further alterations in the MCD and 10 below 21 000 cm (Figure S1, Supporting Information).
spectrum of the cofactor. The region of the spectrum between In comparison, parallel calculations carried out for a MeCbl
17 000 and 20 000 cm is most significantly altered upon  model predict significantly larger spectral changes, particularly
formation of the substrate (analogue) bound complex and in the so-calledy-region between 25000 and 32 000 ©m
includes the appearance of a unique double-peaked featurgFigure S2, Supporting Information), and correlate well with
centered at 19 500 cri. While the exact origin of this feature  our experimental results, where changes to thegion are
is unknown, it occurs in the region of the spectrum attributed observed upon incorporation of the MeCbl cofactor into the
to MLCT transitions, suggesting that these transitions are MMCM active site® Thus, while the altered dielectric constant
significantly perturbed by the addition of substrate (analogues) of the protein active site as compared to aqueous solution can
to MMCM-bound CG&*Chl. Interestingly, the position of the  account for the spectroscopic changes observed for MeCbl (and
derivative-shaped feature centered at 21 600'cagain does AdoChbl), it is insufficient to rationalize those changes reported
not vary in response to the addition of substrate (analogues),here for C8"Cbl.
although a significant increase in the intensity of the negatively  An alternative, and likely more significant, source of stabi-
signed higher-energy component is observed. As the positively lization of the Co 3d orbitals by the protein active site is through

signed lower-energy component is assigned assther*1l reduction of the charge donation from one or several ligands
transition, the relative energies of the corritx* frontier orbitals of the cobalt ion. A particularly appealing mechanism by which
of Co**Chl also appear largely unaffected by the presence of this reduction in ligand— Co charge donation could occur is
substrate (analogues) in the enzyme active site. through coupling of the CeC bond homolysis step (Scheme
1) to proton uptake by the “catalytic triad” involved in ligation
Discussion of the lower face of the Cbl cofactéf.Many Cbl-dependent

enzymes are known to possess a conserved set of three residues

This work represents the first MCD spectroscopic study of a with an established hydrogen bonding network, known as the
cobalamin-dependent enzyme withaGbl bound to the active  “catalytic triad”; in MMCM this triad includes Hi&C AspPo8
site in the absence and presence of substrate (analoguesjynd Ly$%. Proton uptake by this triad in response to thé'Co
Notable differences in the MCD spectra of protein-bound versus to Co*" conversion would be expected to reduce the donor
free C@"Cbl are observed that are significantly more pro- strength of the axial His ligand, thereby facilitating formation
nounced than those reported for MMCM-bound versus free of enzyme-bound CdChl by increasing the effective nuclear
AdoChbl and MeCbP. As such, our MCD spectroscopic studies charge of the central Co atom and, consequently, stabilizing

suggest that perturbation of the &bl form, but not the Co'™- the occupied C& 3d orbitals. Coupling of F uptake to metal
Chl form, of the cofactor is likely a significant source of ion reduction so as to fine-tune reactivity is a strategy employed
enzymatic Ce-C bond activation. by a wide variety of redox-active metalloenzynies!’ It should

Intriguingly, our MCD data reveal that, upon formation of be noted that in the case of MMCM, a weakening of the-Co
the MMCM-bound C8+Cbl species both in the absence and Nax bonding interaction alone should stabilize the singly
presence of substrate (analogues), the energies of the MLCToccupied C&" 3dz-derived MO relative to the other metal 3d-
transitions are affected to a significantly greater extent than arebased MOs, giving rise to a decrease in the energies of all LF
those of the LF and corrin-centered—x* transitions. We transitions terminating in the former orbital. Experimentally,
invoke a fairly uniform stabilization of the Co 3d-based MOs however, we observe only minor shifts of these transitions (LF1
serving as donor orbitals in those MLCT transitions (and, and LF2, Figure 4) upon C6Cbl binding to MMCM. Conse-
because these orbitals are filled, a stabilization of the enzyme-quently, our spectroscopic data indicate that additional perturba-
bound cofactor as a whole) to account for these observations,tions to the cofactor must occur in the enzyme active site, such
as in this case the energy gap between the metal 3d- and corriras displacement of the €oion out of the plane defined by the
7*-based MOs would increase without markedly affecting the four pyrrolic nitrogen atoms and toward the Miligand. Such
LF splitting of the C8" 3d orbitals and the energy separation a scenario is intriguing, as it would preserve the LF splitting of

between the corrie- and 7*-based MOs3 the C@" 3d orbitals while simultaneously also reducing the
As the dielectric constants of the medium surrounding the charge donation from the corrin macrocycle to the cobalt center.
free (in aqueous solution) and MMCM-boundZ6bl cofactor While the data in Figure 2A indicate that the enzyme alone

are drastically different, this significant change in solvation could Modulates the energies of theZ@d orbitals, the fact that the
potentially account for the alterations in the electronic transition addition of substrate (analogues) induces additional band shifts
energies observed experimentally. However, our DFT calcula- implies that stabilization of MMCM-bound €6Cbl, and hence
tions on the C&'Chl cofactor in the presence of a COSMO the extent of Ce-C bond activation for the precursor AdoCbl,
solvent field with large { = 80) and small{ = 10) dielectric is greatest when substrate is present in the active site (probably
constants indicate only minor changes in the energies of all PY placing additional steric constraints on the bound cofactor).
calculated transitions below 21 000 ch{Table S3, Supporting ~ This observation suggests that the enzyme has evolved so as to
Information). These results are corroborated by the remarkablePrevent formation of the CoCbl/Ado radical pair in the

(44) Ludwig, M. L.; Matthews, R. GAnnu. Re. Biochem.1997, 66, 269—
313

(43) While the spectroscopic results obtained in this study conclusively .
demonstrate that the post-homolysis produc'@l is significantly (45) Jarrett, J. T.; Choi, C. Y.; Matthews, R. Biochemistry1997, 36, 15739~
perturbed by the MMCM active site, no simple correlation exists between 15748.
the observed MCD band shifts and the extent of enzymatic stabilization of (46) Michel, H.Biochemistry1999 38, 15129-15140.
the bound cofactor. (47) Miller, A.-F. Curr. Opin. Chem. Biol2004 8, 162—-168.
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absence of substrate, thereby protecting itself from deleteriousMulheim) for providing a free copy of his ORCA software

side reactions that could otherwise occur. Additional studies package used in this work.

with MMCM mutants and cofactor analogues will help elucidate  Supporting Information Available: Cartesian coordinates for

the role of specific enzymatic interactions in stabilizing?Go Co?*Chl and MeCbl computational models, DFT calculated

Chbl. electronic transition energies for &bl in the presence of a
COSMO solvation field withe = 80 and 10, and TD-DFT
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