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ABSTRACT. Glutamate mutase (GM) is a cobalamin-dependent enzyme that catalyzes the reversible
interconversion of-glutamate and-threo-3-methylaspartate via a radical-based mechanism. To initiate
catalysis, the Bdeoxyadenosylcobalamin (AdoCbl) cofactor's-80 bond is cleaved homolytically to
generate an adenosyl radical and®@ehl. In this work, we employed a combination of spectroscopic
and computational tools to evaluate possible mechanisms by which th€ ®ond is activated for
homolysis. Minimal perturbations to the electronic absorption (Abs), circular dichroism (CD), and magnetic
CD (MCD) spectra of AdoCbl are observed upon formation of holoenzyme, even in the presence of
substrate (or a substrate analogue), indicating that destabilization of HH€ld'ground state” is an
unlikely mechanism for CoC bond activation. In contrast, striking alterations are observed in the
spectroscopic data of the post-homolysis produéCbl when bound to glutamate mutase in the presence

of substrate (or a substrate analogue) as compared to unbodh@I€.oThese enzymatic perturbations
appear to most strongly affect the metal-to-ligand charge-transfer transitiong '@ iipsuggesting that

the cofactor/active-site interactions give rise to a fairly uniform stabilization of the Co 3d orbitals.
Remarkable similarities between the results obtained in this study and those reported previously for the
related Chl-dependent isomerase methylmalonyl-CoA mutase indicate that a common mechanism by which
the cofactor's Ce-C bond is activated for homolytic cleavage may be operative for all base-off/His-on
Cbl-dependent isomerases.

Glutamate mutase (GMpelongs to a class of cobalamin- X H X
dependent enzymes that catalyze unusual carbon skeleton _é__é_ . _J__L_
rearrangement reactions as shown in Figure 1A, where a | | / \ | |
substituent group on one carbon atom is exchanged with an
H atom on an adjacent carbon atoin-6). Specifically, GM fl\dﬂ Ado" AdoH
catalyzes the reversible interconversion gflutamate and 7 — o
L-threo-S-methyIaspartate (Figure 13) as the flrs_t step in the H_l‘ C Hs His
fermentation pathway of glutamate in so@®stridia (7). DMB  TF - DMB DMB
The 3-deoxyadenosylcobalamin (AdoCbl) cofactor (Figure H X \ / X
2) is essential to the catalytic cycle, initiating turnover _é_(!.,_ « —5—:':—
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! Abbreviations: Abs, electronic absorption; ADF, Amsterdam es (A) and the specific reaction catalyzed by GM (B), where
density functional; AdoChbl, 'sdeoxyadenosylcobalamin; Cbl, cobal-  glutamate undergoes a reversible 1,2-exchange reaction efthe

amin; CD, circular dichroism; CNCbl, cyanocobalamin; DFT, density - and—C(CQO,H)(NH.) groups, highlighted in red and blue, respec-
functional theory; DMB, dimethylbenzimidazole; EPR, electron para- tively, to produce 3-methylaspartate.

magnetic resonance; EXAFS, extended X-ray absorption fine structure;

FTIR, Fourier transform infrared; Glu,-glutamate; GM, glutamate .

mutase; HG|-hydroxyglutarate; HOMO, highest occupied molecular through Ce-C bond homolysis to generate €€bl and an
orbital; LF, ligand field; LUMO, lowest unoccupied molecular orbital;  adenosyl (Ad9 radical. The adenosyl radical then proceeds

MA, L-threo-3-methylaspartate; MCD, magnetic CD; MeCbl, methyl- - 14 apstract an H atom from the substrate as the first step in
cobalamin; MG, 2-methyleneglutarate; MLCT, metal-to-ligand charge . .
transfer; MMCM, methyimalonyl-CoA mutase; MO, molecular orbital; the enzyme-mediated rearrangement reaction. Because of the

rR, resonance Raman; TD-DFT, time-dependent DFT. unique sp hybridization of the carbon-based migrating group
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OH OH ingly, a survey of a number of different cobalamin (Cbl)
and cobaloxime species revealed that complexes possessing
large Co-Nax bond lengths also tend to have long-G0
bonds and vice versa, hinting toward the existence of an
inverse trans influencel@). When these results are taken
together, they might suggest that the -€o bond is
weakened upon binding to the enzyme, thus lending credence
to the theory of ground-state destabilization. However,
extended X-ray absorption fine structure (EXAFS) data
indicated that the long CeN,x bond length observed
crystallographically is likely an artifact of crystallization and/
or X-ray structural data collectiorly) and a more recent
X-ray structure of GM complexed with AdoCbl and sub-
strates revealed a “normal” G\, bond length of 2.2 A
(18). Additionally, resonance Raman (rR) spectra of the free
and GM-bound AdoCbl cofactor have shown a shift in the
"“E';;’““e °¢F\’i Co—C stretching frequency of less than 2 cinindicating

P ° o that the Ce-C bond is not actually weakened in the enzyme

H
. . _active site to any significant degreg9dj. Overall, evidence
Ficure 2: Schematic drawing of the free Cbl cofactor along with . S .
the standard atom numbering scheme used for the macrocycle. Notd" support of t_he groun_d—state destabilization hypothesis
that when the cofactor binds to the GM active site, the intramo- @Ppears to be inconclusive at best.
lecular DMB is replaced by a protein-derived His residue. Lowering the activation barrier for homolytic cleavage of
the cofactor's Ce-C bond via stabilization of the post-

of GM dSLr‘]bStra;eS' the realr][angement_ step 'ﬁ’ thought t04molysis products has been proposed by numerous research
proceed through an unusual fragmentation pathasi (). groups and is the prevailing model invoked to rationalize

Re;\bstractlton fOf thet.H atcf)rphfromf th? e}dgzyl rer10|ety and yhe rate acceleration for Ge bond homolysis for a variety
subsequent retormation ot the cotactor's ond com- of AdoCbl-dependent enzymes, including ribonucleotide

pletes the. catalytic cycle. reductase 20) and methylmalonyl-CoA mutase (MMCM)
Interestingly, the Ce C bond of the free AdoCbl cofactor (21, 22). To date, spectroscopic studies of208bl bound
is quite strong, having an experimentally determined bond- ;, 11" GM active site have been limited primarily to

dissociation energy in agueous solutiond2 kcal/mol (2). electronic absorption (Abs) and electron paramagnetic reso-

ngevgr, Wt?etn 'tAd.OCbtlj('jS gc;%)tg:gtedtmto th? G'\t/.l active  nance (EPR) experiments. Unfortunately, the transient nature
site and substrate 1S added, rate acceieralion IS ¢ yne c@+Chl form of the cofactor and inherent presence

observed for hc_Jmo!ytlt_:_cIeavage of the cofactor's .Ib. of a mixture of AdoCbl and CoCbl under turnover
bond (L3). Despite significant research efforts, the origin of . . : . .
conditions has greatly limited the information gained from

this spectacular rate enhancement ofFCbbond cleavage, ]Abs spectroscopy. Although EPR Spectroscopy overcomes

observed for all Cbl-dependent isomerases, remains one oth lmitati b it lectivity f i
the least well-understood aspects of enzymaticcBemistry. ese limitations because of IS selectivity Tor paramagnetic
species, the localization of the unpaired electron of'€o

The two possible pathways by which GM can catalyze this . ) .
rate enha?ncemen'?are (a))/ we);kening of theCdoonzI in Chl ina Co 3d-based moIeCt_JIar _orb|tal (MO) that ha; little
the CG*Cbl “ground state” of the cofactor and/or (b) contribution from the equatorial nitroger3j largely limits

enzymatic stabilization of the post-homolysis product&€o the sensitivity of the technique to only axial perturbations

Cbl and Ado or, in the case of a concerted or kinetically ©f the cofactor. Therefore, despite advances made in
coupled mechanism, the substrate radical. elucidating the geometric and electronic properties of the

Early structural and spectroscopic studies of free corrinoids enzyme-bound reduced cofactor, the current understanding

and of holo-GM seemingly provided evidence in support of c_)f _the CG3'Cbl/GM active-site interactions is still fairly
the ground-state destabilization theory. Upon cofactor bind- limited.

ing, GM, like several other B-dependent enzymes, induces ~ We have previously demonstrated the power of our
a ligand switch at the lower axial position, replacing the combined spectroscopic/computational approach to gain
intramolecular dimethylbenzimidazole (DMB) with a protein- molecular-level insight into changes in the electronic struc-
derived His residueld, 15). X-ray crystallographic studies ture and thus the reactivity of the AdoCbl cofactor when it
have suggested that this ligand switch is accompanied by abinds to the MMCM active site2@, 24). In an effort to assess
significant increase in the CeNa bond length; e.g., for  whether the Ce-C bond activation mechanism proposed for
methylcobalamin (MeCbl), CoNayis 2.35 A in the enzyme ~ MMCM also applies to other B-dependent isomerases, we
active site versus 2.16 A in aqueous solutiad)( Interest-  present here a parallel study of the cofactor/active-site
interactions for GM. Electronic Abs, circular dichroism (CD),

2 According to Hammond's postulate, the radical species generated @d magnetic CD (MCD) spectroscopic results are presented
in a homolytic cleavage reaction would be very close in energy to the and interpreted within the framework of density func-
transition state. In such a case, stabilization of the products will {jgng] theory (DFT) and time-dependent DFT (TD-DFT) for
consequently also lower the energy of the transition state, reducing . .
the activation barrier and increasing the rate of homolytie-Cdoond both the AdoChbl cofactor and its post-homolysis product
cleavage. Co?*Chl bound to the GM active site in the absence and
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presence of substrate (or a substrate analog@®mple- ranged from 0.17 mM (CNCbl/GM) to 0.49 mM (AdoCbl/
mentary spectroscopic data obtained for the AdoCbl deriva- GM and MeCbl/GM) and were determined spectrophoto-
tives MeCbl and cyanocobalamin (CNCbI) are used as the metrically at 300 K on the basis of published molar extinction
basis for further evaluation of cofactor/active-site interactions coefficients és,, = 8000 M1 cm™* for AdoChl, 5,3 = 7900
through the development of spectro/structural correlations, M~* cm™* for MeCbl, andess; = 8740 Mt cm™* for CNCbl
whereby the effects of axial distortions on the spectroscopic (31)). Samples were frozen within 1 min of substrate
and electronic properties of these cofactors are systematically(analogue) addition. All samples were handled under reduced
explored. Together, these studies provide significant, new light to prevent undesired photolysis of the cofactors~@»
qualitative insight into the geometric and electronic factors bond. After data collection for the GM samples reconstituted
contributing to the dramatic acceleration of -©6 bond with AdoCbl and MeCbl, each sample was thawed at room

homolysis accomplished by GM. temperature in the dark and then exposed to room light for
up to 2 h. Conversion to the €aCbl state through photolysis
MATERIALS AND METHODS was followed by monitoring the loss and gain of Abs

intensity at 525 and 474 nm, respectively. After an adequate
level of conversion {30—60%) to the C&"Chl state was
reached, the samples were refrozen in liquid ANl attempts

to photolyze the CNCbI/GM samples with and without
substrate (or a substrate analogue) present were unsuccessful,
as expected on the basis of the high resistivity of CNChl
toward photolysis.

SpectroscopyRoom-temperature Abs spectra were re-
corded on a Varian Cary 5e spectrophotometer. Low-
temperature Abs, CD, and MCD spectra were collected using
a Jasco J-715 spectropolarimeter in conjunction with an
Oxford Instruments SM-4000 8T magnetocryostat. MCD

. . , spectra of GM samples reconstituted with AdoChbl and
generated by reduction ofBCbI" using the flavin system MeCbl were collected at a range of temperatures including

from Sglmpnella entericas descriped prev?oule@, 27). 4.5, 10, 25, 50, and 150 K. Abs, CD, and MCD spectra of
Purification of GM.The GM fusion protein GIMES was G\ reconstituted with CNCbl were collected on fluid

purified from a recombinanEscherichia colistrain as  gamples at 250 K to prevent baseline distortions arising from

previously described by Chen and Mar&g)(with modifica- glass strain. All MCD spectra shown in this paper were

tions described by Cheng@9). Reconstitution of GIMES with  gptained by subtracting the7 T spectrum from the-7 T
the AdoCbl, MeCbl, and CNCbl cofactors was carried out gpectrum to eliminate contributions from the natural CD.

in the dark at 4°C. Fourier transform infrared (FTIR) spectra of free and GM-
Sample PreparationSamples of the free cofactors and bound CNChl were collected on a Mattson Galaxy Series
holo-GM (reconstituted with AdoCbl, MeCbl, or CNCbl)  FTIR 7000 spectrometer at ambient temperature. For each
were prepared in 60% (v/v) glycerol glassing agent to ensure sample, a 1QiL aliquot was suspended between two gaF
glass formation upon freezing. Each sample was purged withwindows separated by a 58n Teflon spacer. The sample
Ar gas for 15 min, injected into an MCD sample cell and compartment was purged with,Xor 2.5 min prior to data
then immediately frozen in liquid N Protein samples collection, and deionized water was used as a reference
containing substrate (analogues) were prepared by thespectrum. The vibrational feature associated with tFeNC
addition of an appropriate aliquot of the corresponding stock stretching mode was fit with a Gaussian band to determine
solution to an Ar-purged solution of holoenzyme in 60% the exact position of the peak maximum using the curve
(viv) glycerol glassing agent. For the AdoCbl/GM and fitting macro provided in the Igor Pro 3.14 software package.
MeCbl/GM samples, an approximately 25-fold molar excess  Computational ModelsThe models used for DFT calcula-
of substrate was added except for methylaspartate, whichtions on CNCbl were based on coordinates from synchrotron
was added in a 5-fold molar excess. A greater than 45-fold data collected at 100 K (CSD code WIKXUB4. All corrin
molar excess of each substrate was added to the CNCblking substituents, including the nucleotide loop, were replaced
GM samples. With substrat&; values ranging from 3zM with H atoms at 1.08 A from the neighboring C atoms, and
for methylaspartatel@) to 3 mM for 2-hydroxyglutarate30), the DMB base was modeled as an imidazole while preserving
these ratios ensured complete conversion to the substratethe original Co-Na bond distance and orientation. This
bound forms of the holoenzyme. Protein concentrations truncation scheme has been used previously fotCand
Co**-corrinoid species and was shown to preserve all
3 Although enzymatic stabilization of the other post-homolysis €ssential electronic features of the full corrinoi@s,(33).
product, the Adoradical, may also contribute to the rate acceleration To generate CNCbl models with varying axial bond lengths
;Oregﬁg;gﬂgdt:éﬁ‘i’ag:é tgriﬁ Fl’gsgijbii':]t{ﬁg”;ﬂtdbe Heé\a,lg\rg? V\‘,’sth rt]g\e/efor the spectro/structural correlations, the positions of all
prrJevioust ghown tha?’Edeoxy£de¥103ine, which di¥fers from the Ado ~ AtOMS of one a-X|aI ligand were optlmlzed as a functhn of
radical by only a single hydrogen atom, is merely a weak-binding the trans axial ligand bond length, which was systematically
competitive inhibitor of the enzymeK(~ 2 mM, see ref27). This altered in increments of 0.1 A. The coordinates of all atoms

observation argues against the Adadical/protein interaction, playing of the corrin macrocycle were kept frozen during these
a large role in promoting CeC bond homolysis, because otherwise

we would expect 5deoxyadenosine to be a more potent inhibitor of OPtimizations to preserve the crystallographic conformation
the enzyme. of the corrin, because the truncation scheme employed here

Materials.AdoCbl, MeCbl, CNCblp-glutamic acid (Glu),
L-o-hydroxyglutaric acid (HG), andL-threos-methylas-
partic acid (MA) were purchased from Sigma and used as
obtained without further purification. The substrate analogue
2-methyleneglutarate (MG) was synthesized as described
previously @5). TheL-o-hydroxyglutaric acid and 2-meth-
yleneglutarate solids were dissolvedli M NaOH to a final
concentration of 0.5 M, while the-glutamic acid andL-
threo-S-methylaspartic acid solids were dissolved in 1 M
NaOH to a final concentrationfd M to generate the sodium
salts. These stock solutions were then diluted to 50 mM using
50 mM potassium phosphate buffer at pH 7.2Q2bl was
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removes certain structural constraints that are known to 25 600550 500 450 400 350 nm
influence corrin folding 84, 35). -~ 204—— Adochl
All geometry optimizations were carried out on an ACE § |54——- RState (AdoCbl/GM) Y —

-~ -

palld

computer cluster equipped with 20 Intel Xeon processors "5 o l—a/B—| >
using the Amsterdam Density Functional (ADF) 2003.01 £ . /\{D_/Z_/f\‘
suite of programs36—38). Each optimization was performed Abs
with an integration constant of 4.0 and the VoskWilk — ' =< .
Nusair local density approximatior39) with the nonlocal /\"'-)/'\ = A
y app 9 ™ \/' — N
-10-

w
s
gradient corrections of Beckd() for exchange and Perdew §
(41) for correlation. ADF basis set IV was chosen for all < R
- /
= m
—.o ’f/
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4

atoms with core orbitals frozen through 1s for C, N, and O A
) Vad
0 — A "
&
1 mcp X \\///

|— Mecnl
——- R’ State (MeCblUGM)
N

7
AT 2\

Abs

4
4

and 2p for Co. The SCF convergence criterion was set at 1
x 107% hartrees, and the geometry was considered converged
when the maximum gradient fell below 0.005 hartrees. The

geometry-optimized atomic coordinates for all models men- =

tioned in the text are provided in the Supporting Information g

(Tables S+522). -

Single-Point DFT CalculationsSingle-point DFT calcula- é _____ P

tions on all cofactor models were carried out using the ORCA @
2.2 software package developed by Dr. Frank Neese (MPI = < /\
Mulheim, Germany) 42). The Ahlrichs polarized split = o= / N N
valence [SV(P)] basist@, 43) along with the SV/C auxiliary 2 Lo \ 7 7 M
basis 45) were used for all atoms with the exception of Co, 4 b
which was treated with the larger TZVP (triptevalence - 104
polarization) basis44, 45). In each case, Becke's three g 0. f‘\ _J\"‘\ /]
parameter hybrid functional for exchangkr(48) combined s 4 McD \/—"’ ‘\\\//
with the Lee-Yang—Parr correlation functionali9) (B3LYP/ 2710 7 RN
G) were employed, a combination shown previously to yield 20T T
particularly good agreement between experimental and 15000 2°°°°E 23000 30000
. . L. nergy (cm )
computed electronic structure descriptions of Gmrrinoids FicURE 3. Abs (4.5 K), CD, and 25 K 7 T MCD spectra of free
(32). The default .SCF convergence criterion 0f<110°° and GM-bound AdoChbl (to;;) and MeCbl (bottom). Band designa-
hartrees and an integration grid size of 3 (Lebedev 194 {i5ng are given above the AdoChbl Abs spectra.
points) were used for all calculations.

TD-DFT Calculations.The TD-DFT method §0—52) the bulky Ado moiety and the enzyme active site with respect
within the Tamm-Dancoff approximation 53, 54) as to the Co-C bond activation mechanism. The Abs spectra
implemented in ORCA 2.2 was used to calculate transition of the free cofactors, as well as of the R state, agree well
dipole moments and vertical excitation energies for all ADF with those reported in the literaturéq, 31, 57), indicating
geometry-optimized models employing the same hybrid that the addition of glycerol and the cryogenic temperatures
functional and basis sets described above for the single-pointused in this study did not perturb the cofactor to any
DFT calculations. The resolution of the identity approxima- significant degree. Detailed assignments of all features in
tion (55) was used to evaluate the Coulomb term to improve the Abs spectra of the free cofactors have been reported
the computational efficiency of the TD-DFT calculations. previously 83) and will not be discussed in detail here.

A total of 40 excited states were calculated for each model Qualitatively, the Abs, CD, and MCD spectra of the free
by including all one-electron excitations withie3 hartrees  cofactors and their GM-bound forms are extremely similar
of the highest occupied molecular orbital (HOMO)/lowest with respect to band positions and intensities, revealing only
unoccupied molecular orbital (LUMO) energies. All spectra minor perturbations of the cofactors’ electronic structures
were red-shifted by 5500 crhto compensate for the fact by the enzyme active site. Most notably, holoenzyme
that transition energies for €ocorrinoids are consistently ~ formation results in a modest increase in Abs intensity for
overestimated by the B3LYP TD-DFT methao23( 32, 51, both AdoCbl and MeCbl. This phenomenon can be attributed

55). to the altered dielectric environment of the cofactor in the
enzyme active site compared to aqueous solution; similar
RESULTS AND ANALYSIS changes have been observed previously for the AdoChl-

AdoCbl and MeChbl Spectroscopy: Resting Sta@sm- dependent isomerase MMCN). Interestingly, this effect
parisons of the low-temperature Abs, CD, and MCD spectra S €ss dramatic for GM than for MMCM, suggesting that
of the free and GM-bound cofactors are shown in Figure 3 the GM active site is less hydrophobic and thus more solvent-
for AdoCbl (R state, top) and MeCbl (Rtate, bottom}.In exposd than the MMCM active site. This hypothesis is
these studies, the AdoCbl derivative MeCbl was used as aconsistent with the fact that the Cbl-binding site of GM lies

means to assess the importance of direct interactions betweeft the interface of two subunits, whereas that of MMCM is
buried inside a single protein subunit. A second notable

4The MCD spectra of both the free and GM-bound cofactors were feature of the spectroscopic data in Figure 3 is the increased

found to be temperature-independent (data not shown), consistent withb@nd resolution in the R state spectra compared to the free
the diamagnetic nature of the cofactors in theifCstate. AdoCbl spectra, suggesting that the cofactor is forced to
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A Substrae Product 600550 500 450 400 350 nm
15— I
NH2 H HO,C NH, E ol R state S(P) State
— |\/k H\I é 5
HO,C CO,H CO,H = Abs
Glutamate (Glu) 3-methylaspartate (MA) - lg-
g
Slow Substrate Transition State Analogue % 0 ]
OH H H 5-107
M M Tg 10
HO,C CO,H HO,C CO,H oA
' 0
2-hydroxyglutarate (HG) 2-methyleneglutarate (MG) % 1
< -107
<7 154
B — Glu —> S(P) State 5 Lo
+ AdoCbl + [~ HG — SState =
——> R State — E 5
— MG —>» X State °
MA —> S(P) State —.’; 10
— Glu —> S’ State 5 0
+ MeCbl + [~ HG —> §’State £-10
apo-GM —1— > R’ State — 1
— MG —>» X’ State =
] E 1 0 -
MA —> P’ State -2
=
— Glu — S” State 5'10'
» 20— T T
FONCOL | o gate ] 110 > §7State 15000 20000 25000 30000
— MG —> X” State Energy (cm ')
MA —> P” State FiIGUrRe 5: Abs (4.5 K), CD (4.5 K), ad 7 T MCD (25 K) spectra

of GM-bound AdoCbl (top) and MeCbl (bottom) in the absence
(R/R state) and presence [S(P)/8ate] of the native substrate,
glutamate.

FiGure 4: (A) Schematic structures for the native substrate Glu,
the product MA, the slow substrate analogue HG, and the
mechanism-based inhibitor MG. (B) Nomenclature used for the
samples studied in this work. Note that the addition of the actual . . . .
substrate (glutamate) and product (3-methylaspartate) to GM-boundreconstituted with AdoCbl induced rapid €€ bond cleav-

AdoCbl (R state) yields a mixture of the substrate- and product- age, resulting in the formation of a small percentage of

bound states in a 12:1 ratiaJ). paramagnetic C3Cbl before the samples could be frozen.
Importantly, however, the T/dependence of the contribu-
adopt a more defined conformation in the GM active site, tions from this species to the MCD signal allowed us to
presumably through stabilization of a fixed orientation of resolve the spectral features arising solely from thé"€o
the adenosyl moiety above the corrin plane. Support for this Cbl form of the cofactors by collecting data at elevated
model is provided by published rR spectra of holo-GM, temperatures (150 K). In contrast, incubation of the MeCbl/
which revealed a dramatic increase in the relative intensity GM complex with substrate (analogues) in the dark did not
of one of two Ce-C stretching modes observed for free induce Co-C bond cleavage, providing an alternative means
AdoCbl that are attributed to different conformations of the of probing the S-, X- and P-like states (terméd 6, and
Ado moiety with respect to the corrin rind.9). Again, a P, respectively) without any CoChl contributions (Figure
similar effect has been noted previously for MMCK4( 4).
59-61). In contrast, the Abs, CD, and MCD spectra of Figure 5 compares the Abs and MCD spectra of the' R/R
MeCbl do not change significantly upon cofactor binding to state with those of the S(P)/Sate generated using the native
GM and are almost identical to those of GM-bound AdoCbl. substrate glutamate (Figure 4B), allowing the effects of
This result is expected because the only conformational substrate binding to holo-GM on the cofactors’ geometric
freedom of the upper axial ligand of MeCbl involves rotation and electronic properties to be assessed. Note that turnover
of the methyl group about the €d&C bond vector, whichis  occurred when holo-GM samples were mixed with glutamate
not expected to affect the electronic structure and thusand methylaspartate, resulting in these samples being a
spectroscopic data of MeCbl. mixture of the S and P states in a 12:1 ratio (Figure 4B)
Substrate (Analogue) State3o probe the electronic  (13). Importantly, the Abs, CD, and MCD spectra of apo-
structures of the AdoChbl and MeCbl cofactors bound to GM GM reconstituted with a given cofactor are all virtually
in the substrate-bound (S)State, inhibitor-bound (X/%¥ identical regardless of the substrate (analogue) used (see
state, and product-bound (PyBtate (Figure 4), the natural Figure S1 in the Supporting Information), suggesting that
substrate, Glu, and product, MA, were utilized, along with the electronic structure of the cofactor in the*Cground
the slow substrate HG and the mechanism-based inhibitorstate does not vary as a function of the specific substrate
MG. The addition of the substrate (analogues) to apo-GM (analogue) added. Although small but notable differences
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Table 1: Fit Parameters Derived from Gaussian Deconvolutions of
the Experimental Abs, CD, and MCD Spectra (for Example, see
Figure 5) of the Free, Holo-GM, and Substrate-Bound GM
Reconstituted with AdoCbl (Top) and MeCbl (Bottgm)

S(P) state A GM A Glu
band AdoCbl R state (Glu) binding  binding

_~ 154 RState Exp ——- Sim

1 17 875 17950 17900 75 —50

2 18 925 19 050 19 000 125 —50

3 20600 20600 20700 0 100

4 21900 21950 21950 50 0

5 23400 23350 23350 —50 0

6 24 800 24700 24 850 —100 150

7 26 350 26 400 26 350 50 —50

8 27 600 27 500 27575 —100 75

9 28 400 28 400 28 450 0 50
10 29 550 29700 29625 150 —75
11 31400 31500 31250 100 —250

15000 20000 251000 30000
Energy (cm )

Ficure 6: (—) 4.5 K Abs, CD, ad 7 T MCD spectra of GM-

bound AdoCbl. {--) Gaussian deconvolutions of the experimental 2 19000 19050 19 050 50 0

S state A GM A Glu
band MeCbl Rstate (Glu) binding binding

17 870 17 950 17 950 80 0

-

spectra obtained with the fit parameters provided in Table 1. (---) 3 20550 20700 20450 150 —250

Sum of individual Gaussian bands. 4 21900 21900 21700 0 —200

5 23450 23 350 23200 —100 —150

exist between the R and S(P) state Abs and CD spectra ? gg ggg gg 288 gg 288 :i’gg 288
(Figure 5, tOp), the band shifts and intensity Changes near 8 27 550 27 600 27 750 50 150
21 000 and 28 000 cm can be attributed to the presence of 9 28 350 28 550 28550 200 0

Co*"Chl in the S(P) state sample and thus do not reflect any 10 29600 29750 29700 150 —50

11 31600 31500 31500 —100 0

significant alterations to the ground-state electronic structure
of the cofactors. a All band positions and band shifts are given in¢mnits.

AdoCbl and MeCbl Spectral Analysishe Abs, CD, and

MCD spectra discussed above were iteratively fit with the and GM-bound MeCbl corresponds to only a 0.015 A
fewest possible number of Gaussian bands to determine thencrease in the GeNg, bond length or a 0.012 A decrease
energies and intensities of the major electronic transitions. jn the Co-C bond length. We favor the former scenario
These spectroscopic parameters provide the necessary framayecause (i) previous rR experiments revealed that the@o
work for a quantitative comparison of the holo-GM spectra stretching frequency of AdoCbl is unaffected by cofactor-
in the absence and presence of substrate (or a substratginding to apo-GM {9) and (ii) the amino acid side chains
analogue) with those of the free cofactors. As a representativein the active site of GM are not expected to interact strongly
example, Gaussian deconvoluted Abs, CD, and MCD spectrawith the methyl group of MeCbl because the enzyme evolved
of the AdoCbl/GM R state are shown in Figure 6. Band to accommodate the much bulkier adenosyl moiety. Because
energies obtained from spectral fits of free AdoCbl and these estimates represent upper limits for the enzyme-induced
MeCbl as well as the R/Rstates and S(P)/States generated  axial perturbations of the cofactdrthe existence of an
using glutamate are listed in Table 1. Fit parameters for ynusually long Ce-Na, bond in the active site seems highly
additional substrate analogue states are provided in theynlikely. Most importantly, the lower axial ligand switch
Supporting Information (see Table S23). from the intramolecular DMB to Hi§ in the R/R state (4)

Resting State<Of the bands that contribute to the most does not appear to alter the electronic structure of the cofactor
intense and best resolved features in the Abs spectra of thep any significant degree.

free cofactors (bands-13 and 7-10, Figure 6), none are Because folding of the corrin macrocycle has frequently
observed to shift more than 200 chrupon cofactor binding been proposed as a source of -@® bond activation,

to GM (Table 1). In fact, several bands exhibit shifts that structural perturbations involving this coordinate were also
fall within the range of estimated experimental erridx|(< evaluated using our spectro/structural methodology. The
100 cnt). These results provide further evidence that position of band 9 has previously been shown to exhibit the
binding of AdoCbl and MeCbl to the GM active site only greatest dependence on the corrin fold ah¢h). Using
minimally perturbs the electronic, and thus also the geomet- this band, the spectro/structural correlations predict a maxi-
ric, structures of the cofactors. To verify that these minor mum fold angle increase of 1®ased on the 200 crhblue
band shifts rule out larger changes to the cofactors’ geometricshift of band 9. Although distortions of the cofactor along

and electronic properties, the data in Table 1 were analyzedthis coordinate in the enzyme active site appear quite
within the framework of our previously developed spectro/
StrUCtura.l Correlat'o,ns for MeCbR4), where the effects Of, 5Because these bond length changes were estimated under the
geometric perturbations of the cofactor on the corresponding assumption that enzymatic perturbations of the cofactor involve a single
Abs spectrum were evaluated using TD-DFT. Importantly, structural coordinate, each value represents the maximum geometric
these previous studies revealed that band 1 is particwarlydlsgortlon along that coordinate compatible with our spectroscopic data.
. . - . . The fold angle corresponds to the angle between the mean planes
sensitive to perturbations in the axial bonding scheme. Thus, gefined by the atoms 3 C#C5-C6-N22C5-C10 and GO-CLLN2%-Cl4-

the 80 cm? blue shift of band 1 between the spectra of free C5-Cl6-N%,
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substantial, it is important to note that folding of the corrin 600550 500 450 400 350 nm
macrocycle is not expected to alter the-G0 bond strength _~ 309 —— CNChI in:
to any significant degre@4). In addition, rR studies revealed 'E 1 —=- R" State (CNCbI/GM)

that the macrocycle stretching frequencies are insignificantly -~ 20‘_ -------
affected by binding of the cofactor to the GM active site é 10-
(19), indicating that folding of the corrin macrocycle also w
has little effect on the electronic properties of the corrin ring. 0
Substrate (Analogue)-Bound Stat€aussian deconvolu- < 107
tions of the Abs, CD, and MCD spectra obtained for the S 01
substrate (analogue)-bound holo-GM samples reveal insig-
nificant differences in the positions of a majority of the bands & 5,
among the different data sets (Table S23 in the Supporting ]
Information) as expected on the basis of their close resem- _~ 47
blance. This quantitative analysis of the spectroscopic results  § M
also indicates that the Abs, CD, and MCD spectra of the =
substrate-bound MeCbl/GM samples are more similar to one
another than are the spectra of the substrate-bound AdoCbl/
GM samples. However, it is important to note that the 15000 20000 25000 30000
presence of a small but varying percentage of'Cbl in Energy (cm™)
the AdoCbI/GM S, P, .and X state samples_ F:an accoupt for FIGURE7: Abs, CD, ad 7 T MCD spectra at 250 K of free CNChl
the minor differences in apparent band positions. Consistent(—) "Gm-bound CNCbl (R state, - - -), and GM-bound CNCbI in
with our qualitative analysis presented above, a comparisonthe presence of glutamate'(State, ).
of the band positions for the R/Rnd S(P)/Sstate spectra
(Tables 1 and S23 in the Supporting Information) confirms vibrational progression (the/ bands) and a more intense,
that addition of Glu to holo-GM does not dramatically sharper feature at higher energy (thband) @1, 33). From
influence the electronic structures of the cofactors in their Figure 7, it appears as though incorporation of CNCbl into
Co®" ground states. Many of the observed band shifts are the GM active site to generate th¢ Btate has virtually no
<100 cn! (and thus within the estimated experimental effect on the corresponding Abs, CD, and MCD spectra. The
error), and even the largest shift is only 250 ¢rtband 10 increase in Abs intensity that is observed upon formation of
for the R— S/P state conversion and band 3 for tHeR the holoenzyme using AdoCbl and MeCbl is also observed
S state conversion). As evidenced by the spectro/structuralhere for CNCbl but to a much lesser extent. In fact, the
correlations described above, band shifts of this magnitudeoverwhelming similarity of the free CNChl and”Rstate
correlate with only minor geometric changes, thus ruling out spectra raised questions as to whether the CNCbl cofactor
that the Ce-C bonding interactions in the AdoCbl and was actually being incorporated into the GM active site under
MeCbl cofactors are perturbed in any substantial way by GM the conditions used in preparing our samples. To address
even in the presence of substrate (or a substrate analogue}his issue, FTIR spectra were collected for free and GM-
CNCbl Spectroscopyhile our studies of GM reconsti-  bound CNCbl, because a change in theNC stretching
tuted with AdoCbl and MeCbl presented above have frequency would be expected to occur in response to cofactor
provided significant insight into the cofactor/active-site binding to the GM active site. Upon the addition of GM, a
interactions and their effects on the €6 bond properties,  slight shift in the CN stretching frequency was observed from
the alkyl groups of these cofactors are known to dominate 2127 to 2131 cm! (Figure S2 in the Supporting Informa-
the axial bonding scheme through strong-@»ao-bonding tion), consistent with the enzyme-bound CNCbl cofactor
interactions 83), possibly masking changes that are occurring being localized in an environment that has a dielectric
at the trans Co N,y bond. Thus, to investigate the possibility constant lower than water. Considering that in the X-ray
of protein-induced modulation of the €dNax bond with structure of CNCbI/GM the cyano group is surrounded by a
greater sensitivity, we sought a cofactor analogue that hydrophobic protein pocket and thus protected from the
possessed an axial E&€ bond whose bonding interactions solvent (L4), this result can be interpreted as indicating that
with Co would not completely dominate the axial bonding the CNChl cofactor indeed binds to GM under the conditions
scheme. CNCbl, perhaps better known as vitamin, B used.
seemed an ideal candidate because it has been well- As noted above for AdoChl and MeChl, addition of
characterized structurally and spectroscopicaly{33, 62), substrate (or a substrate analogue) to holo-GM reconstituted
CN~ is known to be a moderate-donor, and GM has  with CNCbl does not appear to alter the electronic structure
previously been crystallized with CNCbl in the active site of the cofactor to any significant degree. Although only the
(14). Consequently, GM was reconstituted with CNCbl in spectra of the ‘Sstate prepared with glutamate are presented
the absence and presence of substrate (and substrate anar Figure 7, all of the substrate (analogue) states generated
logues) and examined using our spectroscopic techniquesexhibit nearly identical Abs, CD, and MCD spectra (Figure
A comparison of the Abs, CD, and MCD spectra obtained S3 in the Supporting Information). Collectively, these results
for free and GM-bound CNCbl in the absence’ (Rate) suggest that the GM-induced perturbations of the CNCbhl
and presence (Sstate) of glutamate is provided in Figure cofactor are extremely minor, even in the presence of
7. The free CNCbl Abs spectrum exhibits the spectral substrate (or a substrate analogue).
signatures characteristic of a “typical” Cbl cofactor, including ~ CNCbl Spectral AnalysisThe Abs, CD, and MCD data
a broad band at low energy displaying a partially resolved sets for all samples containing CNCbl were iteratively fit

S" State (CNCbl/GM/Glu)

MCD




15174 Biochemistry, Vol. 44, No. 46, 2005 Brooks et al.

with a constant number of Gaussian bands to determine the 120 120

energies and shifts of the major electronic transitions 10 _

contributing to the visible/near-UV spectral region, as '“g 80 g 80

described above in the AdoCbl and MeCbl spectral analysis 3 ?3 o

section. In light of the qualitative similarities that exist among < ol B 2 40

these spectra, it is not surprising that our Gaussian decon- 4 O DEID 2 OO

volutions reveal only insignificant band shifts between the i O | Cope00a0

various CNCbl states (Table S24 in the Supporting Informa- 0 O 0

tion). All band positions deduced from the¢' RS’, X", and < 234 2 2.1

P’ state spectra are withit50 cnt? of those found for free “ u >

CNChbl, well within the range of the estimated experimental zo 229 .. 3 2.0 0‘

error. o ™ E 1o %eeq
CNCbl Spectro/Structural CorrelationBecause the elec- & .".... & ®00ce

tronic spectra of CHCbls are dominated byr — x* 201 184

transitions localized on the corrin macrocyclg3), the 141618202224 1.61.82.022242.6

absence of any significant band shifts in the experimental Fixed r(Co-C) (A) Fixed r(Co-N, ) (A)

spectra (Flgu_re§ 3and 5 and Table 1) does not ne?essarll)‘:IGURE 8: Calculated potential energy surfaces (top) and bond
rule out protein-induced perturbations of the cofactor’s axial |ength correlations (bottom) for CNCbI, where the -8® bond

Co—C and Ce-Ny bond in the C&" state. This is particu-  length (left) and Ce-Ng bond length (right) were systematically
larly true for CNCbl in which the axial CeC bonding varied byi.O.SAfrom their equilibrium distances of 1.88 and 2.04
interactions are considerably weaker than those in alkylco- A, respectively.

balamins (because of the much greatefonating ability of

the alkyl groups than CN), reducing the ability of the axial tion (and thus a shorter bond) for the trans axial ligand. The

ligands to effectively communicate via the Co 3d orbitals CN ligand is still predicted by DFT to dominate the bonding
with the sz/* frontier MOs of the corrin macrocycle. To ~ Scheéme, however, modulating the ©¥ax bond length
explore the consequences of structural distortions on the@MOst twice as much as the lower axial imidazole ligand
electronic properties of CNChI, we have extended our 2lters the Ce-C bond length (Figure 8).

previously developed spectro/structural methodol@s {0 Potential energy curves associated with these axial per-
predict how the electronic spectra of CNCbl would change turbations (Figure 8, top panels) reveal that alterations to
upon specific alterations to the axial bonding scheme. the Co-C bond length occur at a fairly steep energetic cost,

A series of partial geometry optimizations were performed Particularly as the bond is shortened. In comparison, distor-
starting from a CNCbl model based on crystal structure tions along the CeNa,bonding coordinate are energetically
coordinates (see the Materials and Methods section), wherd€ss demanding, consistent with the axial bonding scheme
the Co-C and Co-Na, bond lengths were systematically ~described above. Lengthening of the-&¢., bond from its
varied up t0+0.5 A from their equilibrium distances of ~€quilibrium position to 2.30 A as observed in crystallographic
r(Co—C) = 1.88 A andr(Co—Nay) = 2.04 A (32). For each studies {4) only requires~2 kcal/mol and thus appears
set of bond lengths, one axial ligand was fixed at the desired "éasonable on the basis of energetic considerations. However,
distance, while the position of the trans axial ligand was it iS important to note that lengthening of this bond is
allowed to optimize, keeping all atomic coordinates of the associated with a shortening of the -©0 bond; thus, if
corrin macrocycle frozen. Relevant results from these anything, such an enzyme-induced elongation of the-Co
calculations are presented in Figure 8 and Table S25 in theNaxbond would actually strengthen the €6 bond of GM-
Supporting Information. bound CNCbl and, by analogy, AdoChl.

The structural correlations revealed by these partial These geometric/energetic relationships for CNCbl provide
geometry optimizations provide interesting insight into the a fascinating complement to those established for MeCbl
nature of the axial bonding interactions in CNCbl. As the (24). In the case of MeCbl, the strongbrdonating methy!
Co—C bond is stretched from 1.38 to 2.38 A, the optimized group completely dominates the axial bonding scheme,
Co—Na bond length decreases considerably from 2.28 to inducing a sizable-antibonding interaction between the Co
2.01 A, characteristic of a normal axial trans influence. ion and the lower axial ligand, considerably weaken the-Co
Lengthening of the CoNa, bond from 1.54 to 2.54 Ahasa Nax bond. Consequently, compared to CNCbl, distortions
similar, although less substantial, effect on the-Cobond along the Ce-Nax bond of MeCbl define an even shallower
length, which decreases from 1.99 to 1.84 A. From our potential energy surface and lead to minimal changes in the
previous studies of free Gb-corrinoids B3), ¢ donation of Co—C bond length. Collectively, our calculations for CNChbl
electron density from the upper axial ligand into the (empty) and MeCbl thus provide a detailed understanding of how
Co 3¢ orbital induces some GelNg o-antibonding character ~ changes in the-donating ability of the upper axial ligand
and thus modulates the Edla, bond length. The moderate ~ affect the axial bonding scheme and corroborate nicely with
o-donating character of the cyanide ligand means that our qualitative model developed previously to rationalize
although the CeC bonding interaction will be strong (in ~ trends in the axial bonding properties of ¥6bl species
part because oft back-bonding), the lower axial base, a (33).
similarly strongo donor, also plays an important role in the To assess the spectroscopic consequences of the structural
axial bonding scheme. As a result, increasing either the variations examined in Figure 8, TD-DFT was used to
Co—C or the Co-Na bond length and thus lowering the calculate the Abs spectrum for each CNCbl model consid-
corresponding bond strength will lead to a stronger interac- ered. A subset of these spectra are presented in Figures 9
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Ficure 9: Representative TD-DFT-computed Abs spectra for
CNCbl models, for which the upper axial E€ bond length was
systematically varied from 1.38 to 2.38 A. Relevant structural
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the a band shifts~ —15 cnmY/pm and they band shifts

~ —20 cmY/pm as this bond is stretched. An opposite trend
is observed upon lengthening the €.« bond, with thea
andy band blue shifting~ +31 cnmY/pm and~ +16 cnTY/
pm, respectively, near the equilibrium €bla bond length

of 2.04 A. The observed shifts in theband are primarily
due to perturbations to the HOMO that serves as the donor
MO for this low-energy transition. Although dominated by
intracorrinzt bonding, the HOMO does contain 1.5% Cqg23d
orbital character. Lengthening the €6 bond mitigates the
Co—C o-bonding interaction and thus destabilizes the
HOMO, reducing the HOMGLUMO gap and red-shifting
thea-band transition. Alternatively, lengthening of the-€o
Nax bond mitigates the CeN,y o-antibonding interaction,
stabilizing the HOMO and blue-shifting the transition.
Interestingly, the loweo-donor strength of CNrelative to
CH;™ results in a significantly reduced Co Bdbrbital
contribution to the HOMO (only 1.5% Co 3dharacter for
CNChbl as compared to 6% for MeChbl) and manifests itself
in the smaller shifts predicted for theband of CNCbl; i.e.,
for MeCbl, lengthening the CeC and Co-N,x bonds causes
the a band to shift by~ —65 cmY/pm and~ +55 cmY/
pm, respectivelyZ4). Nevertheless, the fact that our calcula-

parameters for these hypothetical models are given in Figure 7 andtions for CNCbl still predict sizable band shifts in response

Table S25 in the Supporting Information. The experimental CNCbl
and GM-bound CNCDbI (R” state) Abs spectra are provided in the
top panel for comparison.
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Ficure 10: Representative TD-DFT-computed Abs spectra for
CNCbl models, for which the lower axial G\« bond length was
systematically varied from 1.54 to 2.54 A. Relevant structural

parameters for these hypothetical models are given in Figure 7 and

Table S25 in the Supporting Information. The experimental CNCbl
and GM-bound CNCbI (R state) Abs spectra are provided in the
top panel for comparison.

to axial bond distortions suggests that any changes to the
axial bonding scheme upon incorporation of this cofactor
into the GM active site should cause notable band shifts in
the experimental spectra. Because no such band shifts are
actually observed, we can conclude that the GM active site
does not perturb the axial bonding interactions of CNChl to
any significant degree. In particular, our spectroscopic data
do not support the existence of an unusually long-Glg,
bond for CNCbl in the enzyme.

Cc?"Chl Spectroscopy and Spectral Analysi Abs, CD,
and MCD spectra obtained for samples containing Cobl
generated either through photolysis or under turnover condi-
tions contained a mixture of €oChl and C8"Chl. Because
both species exhibit similarly intense Abs and CD features,
it was often difficult to discern contributions to the spectra
arising solely from the CoChl species. Fortunately, at low
temperatures, the MCD technique is particularly sensitive
to the paramagnetic GoCbl state of the cofactor, with the
signal intensity 84 K being nearly 10-fold greater for €o
Cbl than for diamagnetic G6Chbl. Thus, even for samples
containing a mixture of CChl and Cé'Chl, MCD
spectroscopy offers a direct probe of the?Gobl electronic
structure. To ensure that differences betweeti Cbl spectra
were not simply artifacts of the residual €&bl signal, each
Abs spectrum was fit to estimate the percent contributions
from the two species and a corresponding fraction of the
pure CG*Cbl MCD spectrum was then subtracted from the
MCD spectrum of the COCbl/CaCbl mixture. The
resulting difference spectra were rescaled to match the signal
intensity of the dominant feature at 30 300¢rim the MCD
spectrum of free CdChbl (Figure 11).

Free Ca'Cbhl. A detailed analysis of the Abs and MCD

and 10 (see Figures S4 and S5 in the Supporting Informationspectra of free CoCbl has been presented previously by

for complete results) along with the experimental free CNCbl
and R' state Abs spectra. An examination of the computed
spectra as a function of G&C bond distortions reveals a
consistent red shift of both theband and the band. Within
+0.2 A of the equilibrium Ce-C bond length of 1.88 A,

our laboratory 22, 23); the general band classifications
established in these studies are provided in Figure 11. Low-
energy bands arise primarily from ligand field (LF) transi-
tions, with the lowest two bands ascribed to transitions from
the Co 3¢, and 3¢-based MOs to the 3dderived MO.
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The transitions giving rise to the bands between 16 000 and
20 500 cnt possess considerable Co-3dcorrin z* metal- ,
Ficure 12: Comparison of the 8.K 7 T MCD spectra of the

to-ligand charge wransfer (MLCT) character, while the photolyzed R/Rstates and the corresponding Btates obtained

features between 20 500 and 29 000"¢roriginate from either via the addition of glutamate (top) or through photolysis of
ligand-centered transitions involving MOs of the corrin substrate-bound GM reconstituted with AdoCbl (center) and MeChbl
system. The origin of the extremely intense derivative feature (bottom).

centered at 31 00.0 crh is Ies_,s_, WeII.-understood, but the_ Interestingly, however, a number of other features peak at
cprrt_agpondlng pair of transitions is f[hought to contain nearly the same energy in all three spectra presented in Figure
significant contributions from both corrin-centered and LF 11. These features include the two lowest energy bands, the
excitations. In all spectra presented herein, this SpeCtralderivative-shaped feature centered at 21 600'cand the,
feature.is scaled by a.factor of one-third to facilitate a intense derivative-shaped feature centered at 30 300.cm
comparison of the less intense bands at lower energy. On the basis of our previous electronic structure analysis of
Photolyzed Holo-GMTo assess whether and how the GM  free C@+Cbl, the features most affected by cofactor binding
active site modulates the electronic properties of th&"Co 5 the GM active site possess considerabie MLCT character,
Cbl form of the cofactor, MCD spectra were collected for \ynile the LF and corrin-centeret— 7* transitions to lower
photolyzed AdoCbl/GM and MeCbl/GM samples. In Figure anq higher energies, respectively, are insignificantly per-
11, these spectra are overlaid with that of free*@bl. turbed. Overall, these results reveal that the protein alters
Because of the significant contributions of the residua#€o e electronic structure of the &bl form of the cofactor
Cbl to the corresponding Abs and CD spectra, which {5 5 small but significant extent even in the absence of
prevented simultaneous Gaussian deconvolutions of thesesubstrate modulating the energy difference between the Co
spectra and the MCD spectra (that are dominated by thezq.pased and corrin/z*-based MOs.

Co?*"Cbl signal), only a qualitative analysis of the GM-bound  |htermediate (1) StateAs noted above, holo-GM recon-
Co**Cbl MCD spectra was carried out. stituted with AdoCbl was observed to generate a sizable
The photolyzed apo-GM samples reconstituted with AdoCbl amount of C&+Cbl upon the addition of substrate or any of

and MeCbl yielded nearly identical MCD spectra (Figure the substrate analogues. Although?@obl only accounted
11), suggesting that the electronic structure of @bl in for ~15% of the total Chl present in each sample (on the
the GM active site is the same regardless of the identity of pasis of an analysis of the corresponding Abs spectra), at
the upper axial ligand initially present. This similarity is not |ow temperatures the MCD spectrum is dominated by
unexpected because the 2Gbl photoproducts generated contributions from this paramagnetic species, thus allowing
through photolysis of AdoCbl and MeCbl are, of course, for the detection of an essentially pure | state spectrum. All
identical. However, it does suggest that the presence of theof the substrate analogues used yielded | state MCD spectra
bulky adenosyl moiety, which presumably resides in a nearly identical to those obtained using the native substrate
binding pocket near the cofactor, does not appear to beglutamate; a comparison of these data sets is provided in
necessary for the GM active site to perturb the* @bl the Supporting Information (Figure S6). A representative
electronic structure. example of the richly structured MCD spectrum of the | state
Differences between the MCD spectra for the photolyzed generated by the addition of glutamate to holo-GM is shown
holoenzyme samples and free <6bl are particularly in Figure 12 (top) along with that of G6Cbl/GM generated
evident between 17 000 and 22 000 ¢émin this energy through photolysis of AdoCbl/GM. While the overall ap-
range, several bands in the photolyzed 'Rfate spectra are  pearance of the two spectra is very similar, several bands in
blue-shifted slightly relative to those in the spectrum of the the | state spectrum are shifted to the blue, particularly those
unbound cofactor and the derivative-shaped feature centeredetween 16 000 and 18 000 chand between 29 000 and
around 21 000 crt shows a significant gain in intensity. 31 000 cm?, and a prominent double-peaked feature appears

Energy (cm )
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near 19 500 cmt. Interestingly, all of these spectral alter- an MCD spectrum similar to that shown in Figure 12
ations involve transitions possessing significant MLCT (bottom) was obtained except when glutamate was used, in
character. In contrast, the LF and corrin-centered transitionswhich case a moderately different MCD spectrum resulted
of GM-bound C8"Chl are largely unaffected by the presence (Figure S8 in the Supporting Information) that resembles
of glutamate in the enzyme active site, suggesting that previously published MCD spectra of &&bi (23), where
activation of the CeC bond may involve enzymatic the lower axial base is replaced by a®imolecule. The
stabilization of the Co 3d orbitals. inability of these photolyzed MeCbl substrate state samples
In an attempt to increase the percentage of'Cbl in to generate the characteristic | state MCD spectral features,
the | state samples, each of the substrate (analogue)-bounéh particular the double-peaked feature at 19 500 ¢m
samples described above was subjected to photolysis (sesuggests that the adenosyl moiety plays an essential role in
the Materials and Methods section). On the basis of an organizing the GM active site for stabilization of the post-
analysis of the corresponding Abs spectra, the photolyzedhomolysis product CGCbl.
samples were estimated to contain between 15% (for
2-methyleneglutarate) and 35% (for 2-hydroxyglutarate) DISCUSSION
Cco?*Cbl. In Figure 12 (center), the MCD spectrum of the ~ While the mechanistic role of the Cbl cofactor in.B
photolyzed | state sample generated by the addition of dependent isomerases was established years&g®e),
glutamate to holo-GM is overlaid with that of the photolyzed detailed electronic structure descriptions of the enzyme-
AdoCbl/GM sample. As noted above for the MCD spectrum bound cofactor in both the GoCbl ground state and the
of the | state generated by catalytic turnover (Figure 12, top), post-homolysis C&Chl state have been lacking. In this
several bands in the photolyzed | state spectrum are blue-study, we have employed a combination of spectroscopic
shifted with respect to their counterparts in the photolyzed and computational tools to examine the enzyme/cofactor
AdoCbl/GM MCD spectrum. The unique double-peaked interactions in GM following an approach similar to that
feature again appears near 19 500 &ralthough in this case  recently applied to the Cbl-dependent enzyme MMGC, (
it carries less intensity relative to the remainder of the 24). Using several complementary spectroscopic techniques
spectrum. However, while the catalytically generated | state to evaluate changes in the electronic structure of the enzyme/
samples all exhibit nearly identical MCD spectra (as cofactor complexes in the absence and presence of substrate
described in the preceding paragraph), photolysis of these(or a substrate analogue), we were able to evaluate the
samples does not result in the appearance of equivalent MCDrelative importance of the two potential E& bond activa-
spectra. Instead, while the MCD spectra of glutamate- andtion mechanisms outlined in the Introduction. Below, we
2-methyleneglutarate-containing samples closely resemblecombine insights gained in these studies with those from our
those of the corresponding catalytic | state MCD spectra, previous investigations of MMCM to evaluate possible
the MCD spectra of samples containing 2-hydroxyglutarate mechanisms by which the enzyme/cofactor interactions may
and 3-methylaspartate are strikingly more similar to the serve to activate the GeC bond for homolytic cleavage as
photolyzed holoenzyme spectrum and notably lack the the first step in the unique rearrangement reactions catalyzed
double-peaked feature at 19 500 én{Figure S7 in the by Cbl-dependent isomerases.
Supporting Information). Interestingly, photolysis of the Ground-State DestabilizatiorOne of the two possible
glutamate- and 2-methyleneglutarate-containing | state samplesoutes by which GM could instigate the trillion-fold rate
resulted in minimal increases in the percent of @bl in increase in homolytic CeC bond cleavage of AdoChl is
the sample mixture (to 15 and 20%, respectively), whereasthrough destabilization of the €tChl “ground state”. The
the percentage of GoChl in the 2-hydroxyglutarate- and  10'2fold rate enhancement observed for homolytic cleavage
3-methylaspartate-containing | state samples increased sigof the cofactor's Ce-C bond when bound to GM would
nificantly (to 35 and 33%, respectively). Thus, any significant likely manifest itself in a dramatic alteration of the €6
increase in the percentage of AdoChICo**Cbl conversion bonding scheme and, on the basis of previous electronic
through photolysis appears to be due to formation of #Co  structure studies of GbCbls, be revealed through substantial
Cbl species that is not representative of the catalytic | state.changes in the electronic spectroscopy of the cofactor. For
An inactive form of the | state has been observed previously example, although the lowest energy transition observed in
by EPR spectroscopy for substrate-bound samples incubatedhe Abs, CD, and MCD spectra of AdoCbl (tle band)
overnight @5, 63). On the basis of the similarity between involves excitation of an electron from the largely corrin
the inactive | state MCD spectra and that of the photolyzed z-based HOMO to the corrin*-based LUMO, the HOMO
R state, this new paramagnetic species appears to have losilso contains~6% Co 3ck-orbital character. Similar con-
the substrate from the GM active site. Loss of the slow tributions to the HOMO from the Co 3dbrbital are predicted
substrate analogue 2-hydroxyglutarate from the active sitefor MeCbl (~6%) and CNChl £1.5%). On the basis of the
is not unexpected considering its relatively latgevalue spectro/structural correlations developed for MeQH) and
of 3 mM (29) and the fact that substrate binding and release CNCbI (this paper), lengthening of the €& bond (and
rates are fast relative to turnoveg4j. consequent weakening of this bonding interaction) is pre-
Complementary photolysis experiments were performed dicted to red-shift thec band by—65 pm/A and—15 pm/A,
on the substrate (analogue)-bound MeCbl/GM samplés (S respectively. However, the spectroscopic studies presented
P states) to generate the correspondingstate. These  here for holo-GM in the absence and presence of substrate
photolyzed samples did not exhibit MCD signals similar to analogues do not indicate any significant alterations in the
the | state but instead displayed MCD spectra reminiscent position of thea-band transition. These results agree well
of the photolyzed Rstate spectrum (Figure 12, bottom). with previous rR studies that revealed a frequency shift of
Regardless of the substrate (analogue) present iri taté, less than 2 cmt for the Co-C stretching mode of holo-GM
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as compared to free AdoCbl, implying that the cofactor’s 20 600550 500 450 400 350 om
Co—C bond is not weakened in the enzyme active Sif.( A)R State PR
Collectively, the wealth of spectroscopic data available to 'T; 159 — 6M N7
date provides compelling evidence that GM does not activate _° |==- MMM
the Co-C bond of the C& Cbl cofactor to any significant §
extent even in the presence of substrate (or a substrate Y
analogue). Abs
Our spectroscopic data, along with our spectro/structural R
correlations, also provide insight into the significance of the ~ ]
cofactor’s lower axial ligand switch and the existence of an §
unusually long Ce-Nax bond in GM seemingly observed by Tg
X-ray crystallography. Interestingly, the DMB His ligand 8

MCD i \_/’
switch accompanying cofactor binding to apo-GM does not -101 \\y/
appear to influence the electronic structure of the cofactor ]

<

to any noticeable degree in the ground state, as revealed by - B) S(P) State 7
the close resemblance of the electronic spectra obtained for g 1571 — oM A

the free and GM-bound GoCbl cofactors. The lack of any o4 777 MMCM

major spectral changes also refutes the existence of a “long” E

Co—Nax bond observed in earlier crystallographic studies © 51 TNE—C

[~2.35 A for MeCbl and~2.30 A for CNCbl (L4)], because o042k

our spectro/structural correlations for MeCbl and CNCbl

—~ g \
indicate that thex-band transition would blue-shift by +55 g 10_ A A /
cm Ypm and~ 431 cnt/pm, respectively, in response to —.; 0 “'*.1 Sy AN
E \3/

changes in this structural coordinate. Consequently, an
increase in the CoNg bond length of MeCbl and CNCbI
from their equilibrium distances of 2.16 and 2.04 A,
respectively, to the values reported for the GM-bound 15000 20000 25000 30000
cofactors would result in blue shifts of tikeband transition Energy (cm )
by ~1050 and~800 cnt?, respectively. Because changes Ficure 13: Comparison of the 4.5 K Abs anb X 7 T MCD
of these magnitudes are not observed for the holo-GM spectraspectra of (A) the R states and (B) the S(P) states of GM and
in the absence or presence of substrate (or a substratd/MCM.
analogue), our data are consistent with EXAFS studies by
Champloy et al.17) and more recent X-ray structural results gap between the metal 3d- and corrittbased MOs would
(18), supporting the conclusion that the long €, bond increase without considerably affecting the energy separation
lengths observed in the earlier X-ray structures were mere between the corrir- andszr*-based MOs or the LF splitting
artifacts. Thus, despite the intriguing ligand switch at the of the C&" 3d orbitals.
lower axial coordination site, the change in the identity of  Comparisons to MMCMMMCM is a second member of
the axial base does not appear to provide a mechanism bythe AdoCbl-dependent carbon skeleton isomerase subfamily
which GM activates the cofactor in the ground state for whose global fold bears a remarkable resemblance to that
homolytic Co-C bond cleavage. of GM (1, 14, 18, 67), suggesting that the two enzymes are
Stabilization of the Post-Homolysis Product &Gbl. designed to interact with the Cbl cofactors in a similar
While few significant changes are observed in the electronic manner. In the CGChl ground state, this hypothesis is
spectra of the CoChl/GM complexes, notable differences supported by the similarity of the holo-GM and holo-MMCM
exist between the MCD spectra of GM-bound and freé"'€o  Abs and MCD spectra in the absence and presence of
Cbl. Interestingly, formation of CdCbl in the GM active substrate (or a substrate analogue) (Figure 13), with both
site in the presence of substrate (or a substrate analoguegnzymes inducing only minor changes to the electronic
via catalytic turnover leads to even greater perturbations of structure of the cofactor. Qualitatively, the only noticeable
the electronic structure of the &bl cofactor, as evidenced difference between the GM and MMCM spectra is the
by further changes to the MCD spectrum. Analysis of these increased Abs intensity at higher energy for the R state of
data within the theoretical framework established previously MMCM as compared to that of GM (Figure 13A). Because
(22) reveals that the features of thea®@bl MCD spectrum the Abs intensity in this region is known to correlate with
most strongly altered by incorporation of the cofactor into the dielectric constant of the cofactor environmés@)( this
the GM active site primarily arise from MLCT transitions. difference can be attributed to the fact that the GM active
Specifically, while the transitions formally corresponding to site lies at the interface of two subunits, rendering it more
LF and corrint — z* excitations exhibit negligible changes  solvent-exposed than the MMCM active site, which is buried
in energy, most of the MLCT transitions display a consider- inside a single subunit. More importantly, however, neither
able blue shift and, in the case of the catalytically formed | the R state nor the S state spectra for both GM (this paper)
state complexes, a unique double-peaked feature appears iand MMCM (24) display any significant band shifts com-
the MCD spectrum at 19 500 cth One way in which the  pared to the free AdoCbl spectra. As such, it is reasonable
energies of the MLCT transitions but not the LF and corrin to conclude that neither enzyme promotes—Co bond
 — z* transitions could be affected is through a uniform homolysis through destabilization of the €&bl ground
stabilization of the Co 3d-based MOs. In this case, the energystate.
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Our spectroscopic data demonstrate that GM alters the 6

electronic structure of the €oCbl state of the bound cofactor

in both the absence and presence of substrate (or a substrate 7.
analogue). Interestingly, the photolyzed R state and | state
spectra for GM are almost identical to the corresponding

spectra obtained for MMCM (Figure 14). The ability of both
enzymes to alter the electronic structure of the*'@il

cofactor in the same manner and to the same extent implies 9.
that a common mechanism is being employed to perturb the
post-homolysis Cbl product. On the basis of the observation

that MMCM primarily perturbs the MLCT transitions of

Cc?*Cbl, a mechanism was proposed invoking a uniform 10.
stabilization of the cobalt 3d orbitals through reduction of
the charge donation from the axial ligand to the cobalt center

(22). Although the lower axial ligand switch upon formation

of the holoenzyme is not observed to alter the electronic
structure of the ground-state complexes, it is possible that
the His residue may play an important role in stabilizing the |,

Co**Cbhl form of the cofactof.Because of the similarity of

Biochemistry, Vol. 44, No. 46, 20095179

CNChbl, table of structural and energetic correlations derived
from the CNCbI spectro/structural correlations, TD-DFT
spectra for all optimized CNCbl models, and all | state MCD
spectra for substrate (analogue)-bound AdoCbl/GM (gener-
ated catalytically and via photolysis) and MeCbl/GM (ob-
tained via photolysis). This material is available free of
charge via the Internet at http://pubs.acs.org.

REFERENCES

1.

Banerjee, R. (2003) Radical carbon skeleton rearrangements:
Catalysis by coenzyme;Bdependent mutase€hem. Re. 103
2083-2094.

. Frey, P. A. (2001) Radical mechanisms of enzymatic catalysis,

Annu. Re. Biochem. 70121-148.

. Gruber, K., and Kratky, C. (2002) Coenzyma;,Rlependent

glutamate mutaseCurr. Opin. Chem. Biol. §598-603.

4. Marsh, E. N. G. (2000) Coenzyme;Rlependent glutamate

5

8.

11.

the spectroscopic results presented above for GM to those

reported for MMCM @2), we suggest that a similar mech-

anism of activation is operative in GM and may well extend

mutase Bioorg. Chem. 28176-189.

. Marsh, E. N. G., and Drennan, C. L. (2001) Adenosylcobalamin-

dependent isomerases: New insights into structure and mecha-
nism, Curr. Opin. Chem. Biol. 5499-505.

Toraya, T. (2003) Radical catalysis in coenzyme-dependent
isomerization (eliminating) reaction§hem. Re. 103 2095-
2127.

Barker, H. A., Rooze, V., Suzuki, F., and lodice, A. A. (1964)
The glutamate mutase systed,Biol. Chem. 2393260-3266.
Chih, H. W., and Marsh, E. N. G. (2000) Mechanism of glutamate
mutase: Identification and kinetic competence of acrylate and
glycyl radical as intermediates in the rearrangement of glutamate
to methylaspartate]. Am. Chem. Soc. 1220732-10733.

Bothe, H., Darley, D. J., Albracht, S. P. J., Gerfen, G. J., Golding,
B. T., and Buckel, W. (1998) Identification of the 4-glutamyl
radical as an intermediate in the carbon skeleton rearrangement
catalyzed by coenzyme;Bdependent glutamate mutase from
Clostridium cochleariumBiochemistry 374105-4113.

Buckel, W., and Golding, B. T. (1996) Glutamate and 2-methyl-
eneglutarate mutase: From microbial curiosities to paradigms for
coenzyme B,-dependent enzyme§€hem. Soc. Re 25, 329-

337.

Wetmore, S. D., Smith, D. M., Golding, B. T., and Radom, L.
(2001) Interconversion ofgj-glutamate and &3S)-3-methylas-
partate: A distinctive B-dependent carbon-skeleton rearrange-
ment,J. Am. Chem. Soc. 23963-7972.

Hay, B. P., and Finke, R. G. (1986) Thermolysis of the-Co
bond of adenosylcobalamin. 2. Products, kinetics, andCbond
dissociation energy in aqueous solutidnAm. Chem. Soc. 108
4820-4829.

13. Marsh, E. N. G., and Ballou, D. P. (1998) Coupling of cobalt

to other members of the base-off Cbl-dependent isomerase

family (68).
ACKNOWLEDGMENT
The authors thank Dr. Martin T. Zanni and Amber T.

Krummel for use of and help with their FTIR spectrometer

and Dr. Frank Neese (MPI Mheim) for supplying a free
copy of the ORCA software package.

SUPPORTING INFORMATION AVAILABLE

Cartesian coordinates for all CNCbl models generated by
partial DFT geometry optimizations, additional Abs, CD, and
MCD spectra of substrate (analogue) states not presented in 17

14.

15.

16.

the text, additional Gaussian deconvolution parameters not

presented in the text, FT-IR spectra of free and GM-bound

7 While the spectroscopic results obtained in this study conclusively

demonstrate that the post-homolysis productCal is significantly

perturbed by the GM active site, no simple correlation exists between
the observed MCD band shifts and the extent of enzymatic stabilization

of the GM-bound reduced cofactor.

18.

carbon bond homolysis and hydrogen atom abstraction in adeno-
sylcobalamin-dependent glutamate mutaBéchemistry 37
11864-11872.
Reitzer, R., Gruber, K., Jogl, G., Wagner, U. G., Bothe, H., Buckel,
W., and Kratky, C. (1999) Glutamate mutase fr@tostridium
cochlearium The structure of a coenzymaBlependent enzyme
provides new mechanistic insightStruct. Fold. Des. 7891—
902.
Zelder, O., Beatrix, B., Kroll, F., and Buckel, W. (1995)
Coordination of a histidine residue of the protein-component S
to the cobalt atom in coenzymeBdependent glutamate mutase
from Clostridium cochleariumFEBS Lett. 369252—254.
De Ridder, D. J. A., Zangrando, E., andrgu H. B. (1996)
Structural behaviour of cobaloximes: Planarity, an anomalous
trans-influence and possible implications on-@®bond cleavage
in coenzyme-B-dependent enzymes, Mol. Struct. 37463—

3

Champloy, F., Jogl, G., Reitzer, R., Buckel, W., Bothe, H., Beatrix,
B., Broeker, G., Michalowicz, A., Meyer-Klaucke, W., and Kratky,

C. (1999) EXAFS data indicate a “normal” axial cobatiitrogen

bond of the organo-B cofactor in the two coenzyme ;B
dependent enzymes glutamate mutase and 2-methyleneglutarate
mutaseJ. Am. Chem. Soc. 12117806-11789.

Gruber, K., Reitzer, R., and Kratky, C. (2001) Radical shuttling
in a protein: Ribose pseudorotation controls alkyl-radical transfer
in the coenzyme B dependent enzyme glutamate mutasagew.
Chem. Int. Ed. 403377-3380.



15180 Biochemistry, Vol. 44, No. 46, 2005

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Huhta, M. S., Chen, H.-P., Hemann, C., Hille, C. R., and Marsh,
E. N. G. (2001) Proteircoenzyme interactions in adenosylco-
balamin-dependent glutamate mutéBechem. J. 355131-137.
Licht, S., Booker, S., and Stubbe, J. (1999) Studies on the catalysis 42
of carbor-cobalt bond homolysis by ribonucleoside triphosphate
reductase: Evidence for concerted carboabalt bond homolysis

and thiyl radical formationBiochemistry 381221-1233. 43
Chowdhury, S., and Banerjee, R. (2000) Thermodynamic and 44
kinetic characterization of CeC bond homolysis catalyzed by
coenzyme Brdependent methylmalonyl-CoA mutagipchem-
istry 39, 7998-8006.

Brooks, A. J., Vlasie, M., Banerjee, R., and Brunold, T. C. (2005)
Co—C bond activation in methylmalonyl-CoA mutase by stabi-
lization of the post-homolysis product &cobalamin,J. Am.
Chem. So¢.manuscript submitted.

Stich, T. A., Buan, N. R., and Brunold, T. C. (2004) Spectroscopic 46
and computational studies of &worrinoids: Spectral and
electronic properties of the biologically relevant base-on and base-
off forms of Cd*cobalaminJ. Am. Chem. Soc. 128735-9749.
Brooks, A. J., Vlasie, M., Banerjee, R., and Brunold, T. C. (2004)
Spectroscopic and computational studies on the adenosylcobal- 48
amin-dependent methylmalonyl-CoA mutase: Evaluation of en-
zymatic contributions to CeC bond activation in the Co ground
state,J. Am. Chem. Soc. 128167-8180.

Hartrampf, G., and Buckel, W. (1986) On the steric course of the
adenosylcobalamin-dependent 2-methyleneglutarate mutase reac- 50
tion in clostridium-barkeriEur. J. Biochem. 156301—304.

Fonseca, M. V., and Escalante-Semerena, J. C. (2000) Reduction 51
of cob(lll)alamin to cob(ll)alamin irBalmonella entericaerovar
typhimurium LT2,J. Bacteriol. 182 4304-4309.

Fonseca, M. V., and Escalante-Semerena, J. C. (200ih) Aino
reducing system for the enzymic conversion of cobalamin to
adenosylcobalamin]. Biol. Chem. 27632101-32108.

Chen, H. P., and Marsh, E. N. G. (1997) Adenosylcobalamin-
dependent glutamate mutase: Examination of substrate and
coenzyme binding in an engineered fusion protein possessing
simplified subunit structure and kinetic properti@ochemistry

36, 14939-14945.

Cheng, M.-C. Mechanistic studies of adenosylcobalamin homolysis
in glutamate mutase, Ph.D. Thesis, University of Michigan, Ann
Arbor, MI, 2004.

Roymoulik, I., Moon, N., Dunham, W. R., Ballou, D. P., and
Marsh, E. N. G. (2000) RearrangementLe2-hydroxyglutarate

to L-threo-3-methylmalate catalyzed by adenosylcobalamin-de-
pendent glutamate mutaggiochemistry 3910340-10346.
Schneider, Z., and Stroinski, A. (198Qomprehensie Bi:
Chemistry, Biochemistry, Nutrition, Ecology, and Medicibe
Gruyter, New York.

Randaccio, L., Furlan, M., Geremia, S., Slouf, M., Srnova, |., and
Toffoli, D. (2000) Similarities and differences between cobalamins
and cobaloximes. Accurate structural determination of methylco-
balamin and of LiCI- and KCI-containing cyanocobalamins by
synchrotron radiationinorg. Chem. 393403-3413.

Stich, T. A., Brooks, A. J., Buan, N. R., and Brunold, T. C. (2003)
Spectroscopic and computational studies of*'Gmorrinoids:
Spectral and electronic properties of the, Bofactors and
biologically relevant precursord, Am. Chem. Soc. 125897
5914.

Jensen, K. P., and Ryde, U. (2002) The axial N-base has minor
influence on the CeC bond cleavage in cobalamiriEheochem

585, 239-255.

Rovira, C., Biarhg X., and Kunc, K. (2004) Structure-energy
relations in methylcobalamin with and without bound axial base,
Inorg. Chem. 436628-6632.

Guerra, C. F., Snijders, J. G., te Velde, G., and Baerends, E. J.
(1998) Towards an order-N DFT methotheor. Chem. Acc. 99
391-403.

te Velde, G., Bickelhaupt, F. M., van Gisbergen, S. J. A., Guerra,
C. F., Baerends, E. J., Snijders, J. G., and Ziegler, T. (2001)
Chemistry with ADF,J. Comput. Chem. 22831-967.
ADF2002.03, SCM, Theoretical Chemistry, Vrije Universiteit,
Amsterdam, The Netherlands, http://www.scm.com.

Vosko, S. H., Wilk, L., and Nusair, M. (1980) Accurate spin-
dependent electron liquid correlation energies for local spin density
calculations: A critical analysi€Can. J. Phys. 581200-1211.
Becke, A. D. (1986) Density functional calculations of molecular
bond energies]). Chem. Phys. §4524-4529.

41

45

47

49

a

53.

55.

56.

9.

61.

62.

63.

Brooks et al.

. Perdew, J. P. (1986) Density functional approximation for the
correlation energy of the inhomogeneous electron Bags. Re.
B 33 8822-8824.

. Neese, FORCA version 2.2, an ab initio, density functional, and
semiempirical program package, Max-Planck-InstitutBioan-
organische Chemie: Mineim an der Ruhr, Germany, 2001.

. Ahlrichs, R., and co-workers, unpublished results.

. Schiger, A., Horn, H., and Ahlrichs, R. (1992) Fully optimized
contracted Gaussian-basis sets for atoms Li taJKEhem. Phys.

97, 2571-2577.

. The Ahlrichs auxiliary basis sets were obtained from the Turbo-
Mole basis set library under ftp.chemie.uni-karlsruhe.de/pub/
cbasen. Weigend, F., and"s&, M. (1997) RI-MP2: First
derivatives and global consistenéiheor. Chem. Acc. 9831~
340.

. Schiger, A., Huber, C., and Ahlrichs, R. (1994) Fully optimized
contracted Gaussian-basis sets of tripl@lence quality for atoms
Li to Kr, J. Chem. Phys. 10%829-5835.

. Becke, A. D. (1993) Density-functional thermochemistry. 3. The
role of exact exchangd, Chem. Phys. 98&648-5652.

. Becke, A. D. (1993) A new mixing of Hartre€¢-ock and local
density-functional theories]. Chem. Phys. 98.372-1377.

.Lee, C. T., Yang, W. T., and Parr, R. G. (1988) Development of
the Colle-Salvetti correlation-energy formula into a functional
of the electron densityPhys. Re. B 37, 785-789.

. Bauernschmitt, R., and Ahlrichs, R. (1996) TD-DEhem. Phys.
Lett. 256 454—-464.

. Casida, M. E., Jamorski, C., Casida, K. C., and Salahub, D. R.
(1998) Molecular excitation energies to high-lying bound states
from time-dependent density-functional response theory: Char-
acterization and correction of the time-dependent local density
approximation ionization threshold, Chem. Phys. 1081439
4449,

. Stratman, R. E., Scuseria, G. E., and Frisch, M. J. (1998) An

efficient implementation of time-dependent density-functional

theory for the calculation of excitation energies of large molecules,

J. Chem. Phys. 108218-8224.

Hirata, S., and Head-Gordon, M. (1999) Time-dependent density

functional theory for radicatsAn improved description of excited

states with substantial double excitation charadrem. Phys.

Lett. 302 375-382.

. Hirata, S., and Head-Gordon, M. (1999) Time-dependent density

functional theory within the TammDancoff approximation,

Chem. Phys. Lett. 31291-299.

Neese, F., and Olbrich, G. (2002) Efficient use of the resolution

of the identity approximation in time-dependent density functional

calculations with hybrid density functional€hem. Phys. Lett.

362 170-178.

Andruniow, T., Kozlowski, P. M., and Zgierski, M. Z. (2001)

Theoretical analysis of electronic absorption spectra of vitamin

B12 models,J. Chem. Phys. 115522-7533.

. Firth, R. A., Hill, H. A. O., Pratt, J. M., Williams, R. J. P., and
Jackson, W. R. (1967) The circular dichroism and absorption
spectra of some vitaminiBderivatives,Biochemistry 62178~
21809.

. Chowdhury, S., and Banerjee, R. (1999) Role of the dimethyl-

benzimidazole tail in the reaction catalyzed by coenzyme B

dependent methylmalonyl-CoA mutag&ochemistry 3815287

15294.

Bax, A., Marzilli, L. G., and Summers, M. F. (1987) New insights

into the solution behavior of cobalamins: Studies of the base-off

form of coenzyme B using modern two-dimensional NMR

methodsJ. Am. Chem. Soc. 10966-574.

. Marques, H. M., Zou, X., and Brown, K. L. (2000) The solution

structure of adenosylcobalamin and adenosylcobinamide deter-

mined by NOE-restrained molecular dynamics simulatidnsjol.

Struct. 520 75-95.

Marques, H. M., and Brown, K. L. (2002) Molecular mechanics

and molecular dynamics simulations of porphyrins, metallopor-

phyrins, heme proteins, and cobalt corrinoidsord. Chem. Re

225 123-158.

Galluzzi, F., Garozzo, M., and Ricci, F. F. (1974) Resonance

Raman scattering and vibronic coupling in aquo- and cyano-

cobalamin,J. Raman Spectrosc, 351—362.

Zelder, O., Beatrix, B., Leutbecher, U., and Buckel, W. (1994)

Characterization of the coenzymeBlependent glutamate mutase

from Clostridium cochleariunproduced irEscherichia coliEur.

J. Biochem. 226577-585.



Electronic Structure of GM-Bound AdoChbl

64.

65.
66.
67.

68.

Chih, H. W., and Marsh, E. N. G. (1999) Pre-steady-state kinetic
investigation of intermediates in the reaction catalyzed by adeno-
sylcobalamin-dependent glutamate muta8ochemistry 38
13684-13691.

Babior, B. M. (1975) Mechanism of cobalamin-dependent rear-
rangementsAcc. Chem. Res., 876—384.

Halpern, J. (1985) Mechanisms of coenzyme-dgpendent
rearrangementsscience 22,7869-875.

Mancia, F., Smith, G. A., and Evans, P. R. (1999) Crystal structure
of substrate complexes of methylmalonyl-CoA mutd&iechem-
istry 38 7999-8005.

While this paper was under review, a computational study of
glutamate mutase was published in which the—Co bond
activation mechanism was examined using combined quantum
mechanics/molecular mechanics methods: Jensen, K. P., and
Ryde, U. (2005) How the CeC bond is cleaved in coenzyme
Bienzymes: A theoretical study, Am. Chem. Soc. 129117
9128. It was suggested that four terms contribute to the rate
acceleration for CeC bond cleavage by B-dependent en-

Biochemistry, Vol. 44, No. 46, 20095181

zymes: (i) the Adoradical is kept within 4.2 A of the Co ion
(equivalent to a cage effect; a decrease in computed bond
dissociation energy by 20 kJ/mol); (ii) the surrounding enzyme
stabilizes the dissociated state via electrostatic and van der Waals
interactions (42 kJ/mol); (iii) the protein is stabilized in the
dissociated state (11 kJ/mol); and (iv) the protein preferentially
distorts the cofactor in its GoChl state (61 kJ/mol). We note,
however, that, although this study was carried out thoughtfully
and employed state-of-the-art computational methods, the geo-
metric distortions predicted for the €«€bl ground state, with
optimized Ce-C and Ce-Na bond lengths of 2.09 and 2.49 A,
respectively, are inconsistent with our spectroscopic data, sug-
gesting that this state is poorly described computationally.
Consequently, the accuracy of the computed contributions to the
enzymatic reduction in bond dissociation energy is somewhat
questionable.
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