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Recent crystallographic studies of coenzyme-@ependent
enzyme$® have raised a series of questions related to the
involvement of the axial base in the catalytic activation of the-Co
bond. In a certain subclass of;Benzymes including methyl-
malonyl-CoA mutase (MCM)? or glutamate mutase (GLM)}
the coenzyme is bound to the active sites of these proteins in
conformation entirely different from that observed in the solution.
The dimethylbenzimidazole (DBI) moiety is removed from the
cobalt atom {10 A) and replaced with a histidine from the protein.
In other subclasses ofiBenzymes such as diol dehydratase (BD),
the conformation of coenzyme Boound to the active site resembles
those observed in the solution. Furthermore, the-8gs bond
length in MCMt is very long(2.53 A), and a similar Ce-Npg,
bond length of 2.50 A was also found for DDyhile a shorter
bond length of 2.35 A was reported for GLMn comparison the
Co—Nayia bond lengths are 2.24 A in coenzyme,B2.19 A in
methylcob(lll)alamirg 2.09 A in Cax-(1H-imidazolyl)-C¢8-me-
thylcob(lll)amide? and 2.16 A in cob(ll)alamif? respectively. The
increase in the CoeNayia bond length is significant and seems to

be a key feature of these structures. It has been suggested that thg,,op,

crystallographically obtained “long” CoNayia bond is relevant for
the activation of the protein-bound corrinoid cofactor toward
homolysis of its Ce-C bond and that the~2.5 A distance would
stabilize the Co(ll) species relative to Co(lll), thus favoring adenosyl
radical formation. However, the size of these enzymes, the
inherently low crystallographic resolution, the mixed Co(lll)/Co-
(Il) states, and the nature of their upper axial ligands make
interpretation of this structural data uncertain. In fact, comparison
of the Co—Naxial lengths between organocob(lll)alamins and cob-
(INalamin does not indicate that a simple stretch of the-Glgyal
bond would lead to activation of the protein-bound cofactor toward
homolysis!! The length of the Ce Nayia bond was also studied by
EXAFS spectroscopy. In the case of MCRX-ray absorption
spectroscopy has confirmed the presence of a “long™Kgia
bond, while for GLM3 EXAFS data has indicated a “normal” axial
cobalt-nitrogen bond. Whether the “long” CtNayia bond of the
protein-bound corrinoid cofactor is real or an artifdand if its
lengthening has a functional implication for mechanism of the
Co—C bond cleavage remain open questions.

While the problem of axial base influence on reactivity of
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Figure 1. Interligand potential energy curves of His-[Co(lll)corrin]-Ado

associated with (a) free complex (b) complex embedded in protein. In the
DFT/MM calculations the “atoms” belonging to the MM part were kept

and AMBER 6&° programs, employing X-ray coordinates of a
substrate-free MCM, deposited as 3REQ PDB 4ilthe B3LYP
functional, successfully applied in previous calculations on cobal-
aming>17.1%with 6-31G(d) [for H,C,N,0] and Ahlrich’s VTZ [for

Co] basis sets, was employed in the present study. Upon the initial
MM structure relaxation with respect to the location of hydrogen
atoms?6 the DFT optimization of a QM subunit, i.e., His-[Co(lll)-
corrin]-Ado complex, was performed first in the gas phase, without
interactions from the environment, and then in the presence of
apoenzyme. In the combined DFT/MM calculations all atoms in
the vicinity of the cobalt atom were treated quantum mechanically.
The partition between the QM and MM subunits was performed
outside His-Co-Ado moiety, employiripk atoms method’26 Two
covalent bonds have been cut, one between His and the protein,
and the second, associated with the nucleotide loop. In addition,
the corrin was simplified with respect to the side ch&hs.
Computational analysis showed that the inclusion of more atoms
in the QM part associated with corrin substituents significantly
increases computational cost but has negligible influence on

cobalamins has been addressed extensively at the density functionahterligand His-Co-Ado potential.

theory (DFT}>21 and molecular mechanics (M2 level, this

The comparison of these two optimized structures shows that

work represents the first attempt to combined these approaches tahe Co-Cago bond length, as well as structural parameters associated
elucidate the relationship between the structure of a free coenzymewith corrin, were unaffected by the presence of apoenzyme. Only
and that bound to MCM. To understand how a protein environment the Co-Ny;s bond length was slightly elongated from its equilibrium
affects the Njis—Co—Cago bond lengths, the essential components of 2.23 to 2.30 A as shown in Figure 1, which also displays the
of the coenzyme B, including corrin, adenosyl group, as well as results of the potential energy calculations for both interligand
histidine bound to a protein chain were described by DFT, while Co—X bonds (X= Cado Or Nyis)-

the rest of the system was treated at a MM level. The combined The analysis of DFT/MM results show that the embedding of a
DFT/MM calculations were performed using the GAUSSIAN98  His-[Co(lll)corrin]-Ado complex to a protein matrix leaves the
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Figure 2. Changes in CeNg length corresponding to homolytic and
heterolytic cleavage of the CaC bond computed at B3LYP level of theory.

covalent Coe-Cago bond intact (Figure 1a). This is consistent with
resonance Raman dafssince the spectra of free coenzyme in the
solution and bound to MCM are similar, and the,_c stretch is
minimally perturbed in the bound state. In fact, noticeable weaken-
ing of the Co-Cxgo bond in the absence of substrate would be a

disadvantage and is expected to lead to enzyme inactivation. The

status of the cobattnitrogen axial base bond is quite different upon
the embedding of complex to apoenzyme. The already weak Co
Nuis bond is further elongated by 0.08 A and noticeably labilized

(Figure 1b). There are electrostatic and steric interactions between

the QM and MM subunits, which can influence this interligand
bond. However, the electrostatic component is dominant, and
labilization of the Ce-Ny;s bond that takes place in the bound state
is mainly due to the electrostatic field exerted by the surrounding
protein matrix. The fact that only the €d\y;s is influenced, but
not Co—Cago, reflects the nature of hs—Co—Caqo axial binding
which lies in an unusual combination of a pagbr donor of the
axial base (His) and the unusually strandonor of the alkyl group
(Ado).

The present DFT/MM calculations do not support the existence
of a “long” Co—Nauyxia bond but rather predict a “normal” bond,
which is labilized. The optimized GeNy;s distance of 2.30 A is
longer in comparison to a free cofactor (2.23 A) but shorter than
the crystallographically obtained value of 2.47 Ahis difference,
as well as inconsistency, between the reported-Bgi, bond
lengths obtained from X-ray crystallography, EXAFS 1213 and
EPR3! can be readily explained on energetic grounds: the
elongation from 2.30 to 2.50 A is not energetically very costly and
worth only 0.5 kcal/mol (Figure 1b). This amount of energy can
be easily exerted by the surrounding protein environment.

What possible implications can labilization of the-@8,, bond
have on catalytic activation of the €& bond? To answer this,
we considered two possible modes of the-@bcleavage as shown
in Figure 2. During enzymatic catalysis, the €@ bond of
coenzyme B; is cleaved homolytically, leading to the formation
of the B3-deoxyadenosyl radical and cob(ll)alani#ilThe Co-Npg,
bond length of 2.16 A in cob(ll)alamifi is slightly shorter in
comparison to that of the coenzyme, which is 2.24 Bomputa-
tional studies using gradient-corrected DFT have confirmed these
crystallographic findings and have shown that the axial base has
only minor influence on CeC bond cleavage in cobalamis?!

In the case of the heterolytic cleavage, which is an abiological side
reaction, this change is predicted to be significant. Because the
X-ray data is not available for the corrinoid product of heterolysis,
the DFT calculations estimated that the length of this bond should
be around 1.9 A. The heterolysis of the-806 bond, which involves

an internal fragmentation of the Ado group, is minimized as a
nonproductive side reaction during enzymatic catal§si$é.The

significant difference in the CeNaa bond lengths between
homolysis and heterolysis products (Figure 2), indicates that control
of the Co—Nayia bond length may be important primarily to inhibit
the Co-C heterolysis. This is consistent with the propé&siat
control of this distance is critical in the biological processes and is
also supported by current DFT calculations. Thus, one may conclude
that the labilization of the CeNaxia bond, which takes place in
the coenzyme B-dependent enzymes, is most likely necessary for
the fine-tuning of the cobaltnitrogen(axial base) distance. The
controlling of this distance is important to inhibit abiological side
reactions involving heterolysis of the €& bond but is not
important for biologically relevant CeC bond homolysis.

References

(1) Mancia, F.; Keep, N. H.; Nakagawa, A.; Leadlay, P. F.; McSweeney, S.
Rasmusses, B.; Bosecke, P.; Diat, O.; Evans, PStRicture1996 4,
339.

(2) Mancia, F.; Evans, P. Rstructure1998 6, 711.

(3) Reitzer, R.; Gruber, K.; Jogl, G.; Wagner, U. G.; Bothe, H.; Buckel, W.;
Kratky, C. Struct. Folding Des1999 7, 891.

(4) Gruber, K.; Reitzer, R.; Kratky, @ngew. Chem., Int. E@001, 40, 3377.

(5) Shibata, N.; Masuda, J.; Tobimatsu, T.; Toraya, T.; Suto, K.; Morimoto,
Y.; Yasuoka, N.Struct. Folding Des1999 7, 997.

(6) Masuda, J.; Shibata, N.; Morimoto, Y.; Toraya, T.; YasuokaShuct.
Folding Des.200Q 8, 775.

(7) Lenhert, P. G.; Hodgkin, D. QNature 1961, 192, 937.

(8) Rossi, M.; Summers, M. F.; Randaccio, L.; Toscano, P. J.; Glusker, J. P.;
Marzilli, L. G. J. Am. Chem. S0d.985 107, 1729.

(9) Fasching, M.; Schmidt, W.; Krdler, B.; Stupperich, E.; Schmidt, A,;
Kratky, C.Helv. Chim. Acta200Q 83, 2295.

(10) Krautler, B.; Kratky, C.; Keller, W.J. Am. Chem. S0d.989 111, 8936.

(11) Krautler, B. InVitamin B, and B-Proteins Krautler, B., Arigoni, D.,
Golding, B. T., Eds.; Wiley-VCH: Weinheim, 1998; p 3.

(12) Scheuring, E.; Padmakumar, R.; Banerjee, R.; Chance, M.A. Chem.
Soc.1997 119 12192.

(13) Champloy, F.; Jogl, G.; Reitzer, R.; Buckel, W.; Bothe, H.; Beatrix, B.;
Broeker, G.; Michalowicz, A.; Meyer-Klaucke, W.; Kratky, Q. Am.
Chem. Soc1999 121, 11780.

(14) Champloy, F.; Gruber, K.; Jogl, G.; Kratky, @. Synchrotron Radiat.
200Q 7, 267.

(15) Andruniow, T.; Zgierski, M. Z.; Kozlowski, P. MJ. Phys. ChemB
200Q 104, 10921.

(16) Jensen, K. P.; Sauer, S. P. A,; Lijiefors, T.; Norby, PG@yanometallics
2001, 20, 550.

(17) Andruniow, T.; Zgierski, M. Z.; Kozlowski, P. MJ. Am. Chem. Soc.
2001 123 2679.

(18) Ddker, N.; Maseras, F.; Lledos, Al. Phys. ChemB 2001, 105, 7564.

(19) Kozlowski, P. M.Curr. Opin. Chem. Biol2001 5, 736.

(20) Jensen, K. P.; Ryde, U. Mol. Struct. (THEOCHEMPRO002 585, 239.

(21) Ddker, N.; Maseras, F.; Lendos, A. Phys. Chem. R003 107, 306.

(22) Sirovatka, J. M.; RappeéA. K.; Finke, R. G.Inorg. Chim. Acta200Q
300-302, 545.

(23) Brown, K. L.; Marques, H. LJ. Inorg. Biochem2001, 82, 121.

(24) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M.
A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr;
Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A.
D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi,
M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.;
Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K;
Malick, D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J. B;
Cioslowski, J.; Ortiz, J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.;
Piskorz, P.; Komaromi, I.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith,
T.; Al-Laham, M. A.; Peng, C. Y.; Nanayakkara, A.; Gonzalez, C.;
Challacombe, M.; Gill, P. M. W.; Johnson, B. G.; Chen, W.; Wong, M.
W.; Andres, J. L.; Head-Gordon, M.; Replogle, E. S.; Pople, Haussian
98, revision A.3; Gaussian, Inc.: Pittsburgh, PA, 1998.

(25) Case, D. A; et alAMBER 6 University of California, San Francisco,
1999.

(26) Since hydrogen atoms are not included in the experimental X-ray geometry,
they were added using standard criteria based on the Amber 6 program.
The addition of hydrogen atoms introduces interatomic and intermolecular
tensions that need to be removed.

(27) Field, M. J.; Bash, P. A.; Karplus, M. Comput. Cheni199Q 11, 700.

(28) Singh, U. C.; Kollman, P. AJ. Comput. Chenil986 7, 718.

(29) Jensen, K, P.; Mikkelsen, K. \fnorg. Chim. Acta2001, 323 5.

(30) Dong, S.; Padmakumar, R.; Banerjee, R.; Spiro, T1.@&m. Chem. Soc.
1999 121, 7063.

(31) Trommel, J. S.; Warncke, K.; Marzilli, L. GI. Am. Chem. SoQ001,

123 3358.

(32) Halpern, JSciencel985 227, 869.

(33) Sirovatka, J. M.; Finke, R. G. Am. Chem. S0d.997, 119 3057.

(34) Jensen, M. P.; Halpern, J. Am. Chem. S0d.999 121, 2181.

(35) Marzilli, L. G. In Bioinorganic Catalysis2nd ed.; Reedijk, J., Bouwman,
E., Eds.; Marcel Dekker: New York, 1999; pp 42368.

JA0284730

J. AM. CHEM. SOC. = VOL. 126, NO. 7, 2004 1929



