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Abstract

The homolytic cleavage of the organometallic Co—C bond in vitamin B j,-dependent
enzymes is accelerated by a factor of ~10' in the protein compared to the isolated cofactor in
aqueous solution. To understand this much debated effect, we have studied the Co—-C bond
cleavage in the enzyme glutamate mutase with combined quantum and molecular mechanics
methods. We show that the calculated bond dissociation energy (BDE) of the Co—C bond in
adenosyl cobalamin is reduced by 135 kJ/mol in the enzyme. This catalytic effect can be
divided into four terms. First, the adenosine radical is kept within 4.2 A of the Co ion in the
enzyme, which decreases the BDE by 20 kJ/mol. Second, the surrounding enzyme stabilizes
the dissociated state by 42 kJ/mol using electrostatic and van der Waals interactions. Third,
the protein itself is stabilized by 11 kJ/mol in the dissociated state. Finally, the coenzyme is
geometrically distorted by the protein and this distortion is 61 kJ/mol larger in the Co'™ state.
This deformation of the coenzyme is caused mainly by steric interactions and it is especially
the ribose moiety and the Co—C5'-C4' angle that are distorted. Without the polar ribose group,
the catalytic effect is much smaller, e.g. 42 kJ/mol lower for methyl cobalamin. The
deformation of the coenzyme is caused mainly by the substrate, a side chain of the coenzyme
itself, and a few residues around the adenosine part of the coenzyme.

Key words: coenzyme B ,, cobalamin, Co—C bond dissociation, glutamate mutase, QM/MM,
density functional theory.



Introduction

Cobalamins (vitamin B, derivatives) are among the most complex cofactors in biology
in terms of molecular weight and the number of functional groups. As can be seen in Figure 1,
it consists of a tetracyclic ring system, corrin, which resembles heme except that one of the
methine bridges between the rings is missing and ten of the outer carbon atoms are saturated.
In the center of this ring, a cobalt ion is bound. The two functional forms, adenosyl and
methyl cobalamin (AdoCbl and MeCbl), contain a 5'-deoxyadenosyl (Ado) group or a methyl
(Me) group, respectively, bound to the Co ion by a Co—C bond. This makes cobalamins the
only well-documented organometallic cofactors in nature.' In these forms, cobalt is in the Co™
oxidation state, but during catalysis it attains the Co" or Co' oxidation states, with cobalt
always being in the low-spin state.> On the periphery of the corrin ring, several side chain are
bound, mostly methyl, acetamide, and propionamide groups. However, one of the side chains
is much longer and ends with a 5,6-dimethylbenzimidazole group, which coordinates to the
cobalt ion as an axial ligand in the free cobalamins and also in some enzymes (e.g. the
dehydratases)’. In other enzymes, e.g. the two human B, enzymes, methionine synthase* and
methylmalonyl coenzyme A mutase’ (MCAM), it is replaced by a histidine (His) ligand from
the protein.°

AdoCbl is the cofactor of several enzymes, such as MCAM, glutamate mutase
(GluMut)’, methyleneglutarate mutase,® class II ribonucleoside triphosphate reductase,
ethanolamine ammonia lyase,” and diol- and glycerol dehydratase.'” A common feature of
these enzymes is that the Co—C bond of AdoCbl is cleaved homolytically to initiate the
reaction, giving rise to a five-coordinate Cob(Il)alamin and an Ado radical. The Ado radical
subsequently initiates radical-based rearrangements of the substrate, typically 1,2-shifts at
saturated hydrocarbon centers. Thus, these reactions are initiated by cleavage of the
organometallic Co—C bond."

Kinetic studies have shown that homolysis of isolated AdoCbl in aqueous solution is
very slow, with rates of 10~ s at 25° C, corresponding to a half-life of 22 years.!? The Co—C
bond dissociation energy (BDE) has been estimated to be 126 = 8 kJ/mol.'>!® Likewise, the
equilibrium constant for AdoCbl homolysis is very small, 7.9-10-® M.!*!5 On the other hand,
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Figure 1. The cobalamin system.



bond**%?7, the so-called mechanochemical trigger mechanism. However, recent theoretical
calculations from several groups have shown that reasonable compressions cannot destabilize
the Co—C bond significantly?®**°. Raman spectroscopy also speaks against any effect of the
corrin ring in Co—C bond labilization.?' In addition, crystal structures of various enzymes do
not show any compression of the Co—Nj,, bond.*> On the contrary, most crystal structures of
B, enzymes show Co-Nj, bonds that are longer than for the isolated cobalamins and a
flattening of the corrin ring.**>2% It has subsequently been suggested that a lengthening of the
Co—Nin bond could selectively stabilize the Co" oxidation state>**. Yet, many experimental
and theoretical data speak against such a suggestion as well.?-33¢37 Moreover, mutation of the
His ligand in GluMut leads only to a 1000-fold decrease in k., >® This shows that the axial N-
base can at most enhance the reaction by 15 out of ~60 kJ/mol.

Other suggestions also rely on steric and electronic strain of the resting state of AdoCbl,
owing to interactions involving the corrin ring and its side chains,''* twisting the axial Co—
Nin bond,* or that the protein may pull or tilt the Co—C bond by directly interacting with the
Ado group 3394041424344 Primary isotope effects indicate a coupling of the Co—C bond
cleavage and hydrogen transfer, which may provide additional driving force for Co—C bond
cleavage.'20212324 Finally, it has been suggested that the catalysis comes from the preferential
binding of the homolysis products and that the binding site of AdoCbl is disrupted by the
binding of the substrate.'24043

Recently, several groups have started to use density functional calculations to acquire
insight into the reactivity of cobalamins. Whereas studies of the radical reactions subsequent
to Co—C bond cleavage have been pursued both in vacuum?*#’#499 and in two proteins,'>>
inclusion of the entire corrin ring to study questions regarding the actual role of the cofactor is
more recent.?$295354355657 It hag been shown that the Co—C bond dissociation energy is linearly
related to the Co—C bond length and that it is little affected by variations in the Co—N, bond
length or the type of axial ligand, including a deprotonated histidine.?®5 A recent combined
quantum and molecular mechanics (QM/MM) study showed that this is the case also in
MCAM .#

In this paper, we study the Co—-C bond cleavage in GluMut. GluMut (EC 5.4.99.1)
catalyzes the stereospecific conversion of S-glutamate to (25,35)-3-methylaspartate (MeAsp),
shown in Figure 2.> We investigate how GluMut enhances the cleavage of the Co—C bond
using QM/MM methods. We show that the protein in the closed, substrate-bound, form
strongly destabilizes the Co—C bond. Moreover, we investigate which energy components,
which residues in the protein, and which groups in the coenzyme are involved in this
destabilization. Together, these results give a quite clear picture of this much-debated
enzymatic reaction.

Methods

OM/MM procedure

The QM/MM simulations were carried out with the ComQum software.®*®! In this
approach, the protein is divided into three regions: System 1 is optimized by quantum
chemistry, system 2 is optimized by molecular mechanics (MM) methods, whereas system 3
is kept fixed at the crystal coordinates. Covalent bonds between systems 1 and 2 are treated by
the link-atom approach,® indicating that the quantum system is truncated by hydrogen atoms,
the positions of which are directly related to those of the corresponding heavy atoms in the
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Figure 2. Conversion of glutamate to MeAsp, catalyzed by glutamate mutase.



protein.®
The total QM/MM energy is calculated as:

Eovmm = Eout + Wit (Eyiniioz — Evin) (D

Here, Eou 1s the quantum mechanical (QM) energy of system 1 with H link atoms, including
all the electrostatic interactions between the quantum system and the surroundings (the
protein is included in a self-consistent manner, modeled as an array of point charges, one for
each atom, taken from the Amber force field,* but charges of atoms directly bound to the link
atoms are removed). Similarly, Eyu 1s the MM energy of system 1, still with H link atoms,
but without any electrostatic interactions. Finally, Eyanos 1s the classical energy of systems 1-3
with no link atoms and electrostatic interactions only outside the quantum system 1. Thereby,
the total energy should represent a system without any link atoms and effects of the link atom
truncation should cancel out. This approach is similar to the one used in the ONIOM
method.* The wyy factor provides a weight between the QM and MM forces and energies. It
is 1 in normal QM/MM calculations, but can be reduced if one wants to estimate the effect of
the protein.

The geometry optimizations were carried out in two steps. First, systems 2 and 3 were
frozen and only the quantum system was optimized. Second, both systems 1 and 2 were
allowed to relax. During this optimization, the charges on the quantum atoms in the MM
minimization were obtained from the QM calculations and were updated in each iteration of
the optimization. These calculations were performed with the looser convergence criterion of
10* a.u. (0.26 kJ/mol) for the change in energy and 10~ a.u. (0.50 kJ/mol/pm) for the
maximum norm of Cartesian gradient. Then, system 2 was frozen again and the geometry
optimization was continued with default convergence criteria (10 and 10~ a.u.). Such an
approach was followed to get a feeling of the relaxation of the surrounding protein, but also to
minimize artifacts caused by shortcomings of the MM force field. If not otherwise stated, the
discussion is based on the results obtained with the protein free to relax, because these
structures are expected to be more realistic.

The protein
All calculations in this paper are based on the recent crystal structure of GluMut crystallized
with the glutamate substrate (although the structure contains mainly the product, MeAsp),
protein data bank entry 1i9 (1.9 A resolution). 65 This structure was chosen because it
contains the native AdoCbl coenzyme (in variance to the other two available crystal structures
of GluMut®®) and it shows the enzyme in the active closed (substrate-bound) form. GluMut is
a dimer, in which each subunit consists of two peptide chains, one that binds the substrate and
one that provides the His ligand of AdoCbl.*’ In the calculations, we used only the A and B
chains of one subunit, plus all residues and crystal water molecules of the other subunit within
27 A from the C5' atom in the Ado residue (viz. residues 300-313 and 341-357; the Co—Co
distance between the two subunits is 43 A), cf. Figure S1. In total, 654 residues were treated
in the calculations, including one molecule of AdoCbl and one glutamate substrate molecule.
The protein was solvated in a sphere of water molecules with a radius of 30 A, centered on the
C5" atom (in total 1017 water molecules), giving a total of 13352 atoms in the calculations.
Hydrogen atoms were added to the protein, assuming the normal protonation status at
pH 7.0 for the Asp, Glu, Lys, and Arg residues. After a detailed study of the surroundings and
possible hydrogen-bond networks around the His residues, it was decided that His-16 and 300
are protonated on the N°' atom, whereas His-212, 287, and 428 are protonated on the N¢
atom, and the remaining five His residues are doubly protonated (and therefore positively
charged). The hydrogen atoms and the solvation water molecules were optimized by a
simulated annealing calculation by molecular dynamics, using the Amber 7 software and the
Cornell force field.?*® For cobalamin, we employed the parameters of Marques and Brown.*
The quantum system included the corrin ring (without any side chains, Cor), the
imidazole (Im) side chain of the His-16 ligand, and the whole Ado group (84 atoms), cf.
Figure S2. For calculations on the radical-transfer step, we included also the glutamate
substrate in the quantum system, giving 102 atoms. In system 2, all residues within 10 A of
any atom in the quantum system were included (always whole amino acids; 2353 atoms;
Figure S3). System 3 consisted of the rest of the included parts of the enzyme (10915 atoms).



Test calculations with a smaller and a larger system 2 (6 A = 1117 atoms or 15 A = 5023
atoms) were also performed. Some small changes in the geometry were observed when going
from 6 to 10 A, whereas the relative QM/MM energies hardly changed. With the largest
system 2, no s1gn1ﬁcant change in the geometry was observed. Therefore, most of the
presented results were obtained with the 10-A system 2. We also tested to run a short
molecular dynamics simulation of system 2 (12 ps at 300 K) before the minimization in each
of the first 40 steps of the geometry optimization (to allow a larger relaxation of system 2).
However, this did not have any significant effect on the geometries or energies.

To evaluate the effect of various parts of the protein on the binding equilibrium between
Co™ and Co'", we also optimized structures of a number of mutants, in which one or several
residues were replaced by glycine.

Quantum chemical calculations

The QM calculations were carried out with the Turbomole software,” version 5.6.”' We
employed the 6-31G(d) basis set for all atoms except cobalt, which was described by the DZP
basis set of Schifer et al.” This basis set assigns one set of polarization functions to all non-
hydrogen atoms. Only the pure five d-type functions were used. We applied the default (m3)
grid size of Turbomole and the calculations were sped up by expansion of the Coulomb
interactions in auxiliary basis sets, the resolution-of-identity approximation.”* Unrestricted
calculations were performed for all calculations, except at the equilibrium Co™ state.

The strength of the Co—C bond was measured as the (homolytic) bond dissociation
energy (BDE). We calculate the BDE as the energy of the reaction

Co"CorImAdo* — Co'"CorIm* + Ado* 2)

Previous theoretical calculations have shown that the standard B3LYP functional gives too
low calculated values for this BDE.” Therefore, we used the density functional Becke—
Perdew86 method’®"”” for both geometry optimization and evaluation of energies at various
Co—C bond distances. We have shown that this procedure provides geometries and Co—-C
bond strengths in good agreement with experiment.” In the QM/MM calculations, the BDE
was estimated by gradually increasing the Co—C bond length and relaxing the surrounding
protein (systems 1 and 2).

In order to estimate the effect of the electrostatic field of the surrounding enzyme on the
quantum system, we calculated the energy of the quantum system in vacuum but at the
geometry obtained in the protein (by QM/MM). The difference between this energy and that
of the quantum system optimized in vacuum is denoted AEgy; and describes how much the
quantum system is geometrically distorted in the enzyme. This energy is often called strain
energy, but it contains many interactions that are normally not considered as strain, in
particular electrostatic effects.”

Results and Discussion

Optimized structures

In order to judge the performance of our QM method, we have optimized the geometry
of the AdoCbl cofactor in vacuum. The results in Table 1 show that the theoretical structure
agrees with experiments to within 0.04 A.” However, the calculated fold angle is 8° smaller
than in the crystal structure. This probably reflects the fact that the fold angle is a low-energy
mode that is determined mainly by the packing of the corrin side-chains in the crystal. Similar
results are also obtained for the reduced coenzyme (Co"Corlm).%

The crystal structure of GluMut we have employed in our calculations originally
contained AdoCbl and the glutamate substrate.®® However, the electron-density map was
interpreted as a mixture of glutamate (30%) and the product MeAsp (70%). Likewise, two
conformations of the Ado group are seen, both practically dissociated from the Co ion. In
conformation B (40% occupancy), the C5' atom is directed towards the Co ion at a Co-C
distance of 3.17 A. In the other conformation (60% occupancy), C5' is displaced towards the
substrate, forming a van der Waals contact with it. Consequently, the Co—C distance has
increased to 4.19 A. This is accomplished by a change in the puckering of the ribose ring from
C3'-endo to C2'-endo and a small rotation around the glycosidic bond. In our calculations, we



deleted the MeAsp molecule and run separate calculations starting from both conformation A
and B of the Ado group.

The optimized QM/MM structures of AdoCbl in GluMut are also included in Table 1.
The calculation started with conformation B (min2) ended up with a Co—C distance of 3.48 A,
1.e. somewhat longer than in the crystal structure, which is not unexpected for such a non-
bonded distance with disorder in the crystal structure. On the other hand, the Co—N distances
(for which the crystal structure gives only one conformation) are well reproduced in the
calculations, except for the strange longest Co—Nc, bond in the crystal structure (2.02 A),
which is 0 05 A shorter (and therefore more reasonable) in the calculations. Even the corrin
fold angle is well modeled: We obtain an almost flat corrin ring with a fold angle of 3 °,
whereas the experimental fold angle is 2° for both conformations. Flattening of the corrin fold
angle upon entering the protein is consistent with Raman spectroscopic studies.®' This
supports our suggestion that the large fold angle for the isolated cofactor is caused by crystal-
packing effects. It also shows that the fold angle is a low-energy mode and hence speaks
against any trans steric effect in cobalamin-dependent enzymes, as has been pointed out
earlier.”

The structure started in conformation A (min3) gave a longer Co—C distance of 4.01 A,
in reasonable agreement with the crystal structure (4.19 A) considering that there is no
bonding interaction at this distance. The Co-N bond lengths are virtually identical to those of
the other conformation, as is also suggested by the crystal structure. The ribose ring has also
retained the changed puckering in the crystal structure.

In both crystal conformations, N1 and N3 of the adenine moiety form hydrogen bonds
to one water molecule each, whereas the two hydrogen atoms on N6 form hydrogen bonds to
the back-bone carbonyl oxygen atom of Gly-68 and Asn-123, and N3 is hydrogen bonded to
one of the side chains of coenzyme B, (N40), as can be seen in Figure 3a. Conformation B is
stabilized by a hydrogen bond between O2' and a side-chain amide oxygen of the corrin ring
(028), and by hydrogen bonds between O3' and a water molecule, Lys-326, and Glu-330. In
our QM/MM structure based on the former conformation (min2), this hydrogen-bond
structure is quite well retained. The most notable difference is that the hydrogen bond
between O3' and Glu-330 has become very strong (1.43 A), with a concurrent weakening of
the hydrogen bond to the water molecule. In conformation A, the ribose moiety has altered its
conformation so that it instead forms two strong hydrogen ‘bonds between the O2' and O3'
atoms and the two carboxylate oxygen atoms of Glu-330 (Figure 3b). These interactions are
retained in the QM/MM structure.

Table 1. Optimized structures of cobalamin models and the active site in GluMut compared to
experimental data.?

System Method Co—C Co—Npy Co—Ng,, Fold angle Co-C-C
Co"CorlmAdo vacuum® 2.01 220 1.881.881.941.94 5.1 119.2
AdoCbl exp.” 2.03 2.24 1.881.881.921.92 133 1234
Co"Corlm  vacuum® - 2.14 1.871.881.931.94 6.0 -
Cob(Il)alamin  exp.® - 2.13 1.89 (average) 16.3 -
GluMut, minl© QM/MM  2.09 249 1.871921941.94 4.8 138.0
GluMut, min2¢ QM/MM 348 2.19 1.871.901.931.97 30 131.6
GluMut, min3* QM/MM 401 2.18 1.871.891.921.97 3.6 102.8
GluMut exp.5° 3.17 2.22 1.881.901.932.02 1.6 162.0
4.19 104.3

*Bond lengths in A; angles in degrees.

® Cobalamin models optimized in vacuum (i.e. without any surrounding protein).

¢ A Co™ minimum with a short Co—C bond length.

4 A Co" minimum with a long Co—C bond, but with the ribose in the C3'-endo state, corresponding to the B
conformation in the crystal structure.

¢ A Co! minimum with a long Co—C bond and with the ribose in the C2'-endo state, corresponding to the A
conformation in the crystal structure.



We have also found a Co™ structure for AdoCbl in GluMut, which is interesting,
because there is no crystal structure available for this state in GluMut. The energy of this
structure is slightly lower (13 kJ/mol) than the dissociated states, suggesting an equilibrium
constant close to unity. The structure is shown in Figure 4a and it has a Co—C bond length of
2.08 A, i.e. slightly longer than in the vacuum structure. In contrast to the Co" states, the Co™
state has a long Co—Ny,, bond of 2.50 A. This is interesting, because such long bond lengths
have been observed in many crystal structures, but usually for what has been interpreted as
reduced states.’#*8> The fold angle is predicted to be 5°, i.e slightly larger than in the Co"
states. Thus, there is a small effect on corrin folding, but it is not energetically significant. A
conspicuous feature of this structure is that the Co—C5'-C4' angle is appreciably larger (138°)
than in the structures of the isolated cofactor (119° optimized and 123° in the crystal; Co—C—-C
in Table 1). Both experimental and theoretical results have suggested that the enzyme may
activate the Co—C bond by changing this angle.’'# The hydrogen-bond interactions between
the Ado group and the surrounding protein of the Co' state are identical to those of
conformation B of the Co" state (Figure 4b).

Co—C Bond Cleavage

We have studied the cleavage of the Co—C bond by optimizing the CoCorImAdo* model
with the Co—C bond constrained to various distances between 2.0 and 4.0 A, starting from
conformation B. These Co—C bond dissociation curves in vacuum and in the protein are
shown in Figure 5. The vacuum curve is similar to what have been published before for
MeCbl and AdoCbl,?*%* (although the total BDE varies with the QM method used”).
Interestingly, the vacuum curve gives only an energy difference of 125 kJ/mol between 2.0
and 4.0 A, although the isolated products give a BDE of 143 kJ/mol. This effect has been
observed before by Dolker et al., who explained it by the favorable interactions between the
hydroxyl groups of the ribose moiety and the corrin ring.® This is supported by the fact that
CoCorImMe (without any polar groups) attains 154 kJ/mol of the BDE of 160 kJ/mol at the
same Co—C distance (4.0 A). Dolker et al. argued that this effect is important also in the
protein, where it is enhanced by interactions also with the surrounding enzyme .3 In fact, they
obtained a stabilization of 51 kJ/mol if the substrate and three residues of the protein were
added to the model. This effect is treated in a more objective way in our QM/MM
calculations, which include the whole protein and not only a few selected residues.?+8>

The bond dissociation curve in the protein differs substantially from that obtained in
vacuum (Figure 5). In particular, the Co' state has been strongly destabilized by the enzyme,
so much that the dissociated complex is only 13 kJ/mol less stable than the bound Co ™ form.
Thus, we find that the protein changes the Co—C BDE by 143 — 13 = 130 kJ/mol. Spin
densities (Figure S4) confirm that the Co—C bond cleavage is homolytic and the reaction is
virtually completed at Co-C =3.5 A.

The structural changes during the Co—C bond dissociation process are shown in Table
2. As can be seen from the comparison of the QM/MM structures of the Co™ state at Co-C =
2.0 A and the Co''state at 3.5 A in Figure 6, the Co™ structure is quite distorted. In particular,
the Co—Nj, bond is elongated (2.54 A) and the C5'-Co—Nj,, angle is far from straight (162°,
compared to 173° in the optimized vacuum structure). This distortion is caused by movements

\\»

Figure 3. Hydrogen bonds around the Ado moiety in QM/MM optimized structures of conformations B (a; min2)
and A (b; min3). The hydrogen bonds are marked out by thin lines.



of the Co ion (0.47
A) and the ribose
moiety (average
movement 0.64 A;
1.14 A for C5"). The
corrin ring (0.15 A),
the adenine moiety
(023 A), and
¢ o especially the His

f& ligand (0.09 A) do
not change much
between the two
structures. When

Figure 4. The QM/MM optimized structure of the Co™ state of GluMut B (min1): a) the the Co—C bond 1is
quantum system; b) hydrogen bond interactions with the Ado group. broken, Co moves

. closer to the corrin
ring plane and the His ligand, leading to a normal length (2.19 A) of the Co-N 1, bond. This
indicates that the position of the Ado moiety is restricted by the protein, leading to a large
geometric effect in the most flexible part of the system, i.e. the Co—-N,, bond.

Reasons for enhanced Co—C bond cleavage

In the following we will evaluate the effect of the protein as the difference between the
structures obtained at Co—C distances of 2.0 and 3.5 A (close to the vacuum minimum and the
QM/MM min2),% for which the QM/MM energy difference is 8 kJ/mol in favor of the Co™
state. The total effect of the protein on the Co—C BDE is 143 — 8 = 135 kJ/mol. The aim of
this and the following sections is to understand this major effect: What interactions are
involved? What atoms in AdoCbl are affected? What residues in the protein cause this effect?
We will start with the first question and note that we already have seen that a part of this effect
(143 — 122 = 20 kJ/mol at 3.5 A) can be attributed to the fact that the Ado radical does not
dissociate from the enzyme, but instead interacts with the corrin ring with hydrogen bonds
and other interactions that are improved when the Co—C bond is elongated, a sort of cage
effect.'”

We can directly use our calculations to divide the remaining effect (122 kJ/mol) into
various energy components. First, we can use Eqn. (1) to divide the total QM/MM energy into
the QM and MM parts (i.e. Egs and Ewmnzs — Evon, respectively). These curves are presented

in Figure 7 (QM+ptch and MM), and they show
40 that these two energies (relative to the
dissociated state at 3.5 A) have different signs:

20 The QM+ptch term is negative (—33 kJ/mol at

0 ’/\\V\w v 2.0 A)and is similar to the vacuum curve,
= Ty although shifted towards less negative values.
& / —— " On the other hand, the MM term is positive (+25
= kJ/mol at 2.0 A) and thus counteracts the Co!l
= state. This term includes the van der Waals
@ / — " Veaumjpteraction between the quantum system and the
S'éo v 9" surrounding protein and also the internal MM

energy difference of the protein (system 2)
-100 / between the two states at Co-C = 2.0 and 3.5 A
(including electrostatic effects outside system 1).

We can further divide the QM energy into

two contributions, one coming from the
-160 -~ geometry change of the QM system and one
20 2.2 2.4 26 2.8@0NC3A)3.4 3.6 3.8 40 from the polarizing effect of the surrounding
Figure 5. Co-C homolytic cleavage in glutamate ~ €nzyme. This is done by recalculating the
mutase (QM/MM energy) compared with vacuum  energies of each structure without the point-
energies for CoCorlmAdo*. The reference energy is at charge model of the enzyme. This curve is also
3.5 A for the QM/MM curve, but at infinite separation included in Figure 5 (QM—ptch). It follows the
in vacuum. QM-+ptch line, but is more negative, especially




Table 2. Structural and energetic changes in the active site of GluMut when the Co—C bond is

cleaved.?

Co—C* Co—Npy Co-Ng,, Fold angle Co—-C-C AE*¢
200 254 1.871921941.94 49 1382 -79
208 250 1.871.921.941.94 4.8 138.5 -12.7
220 246 187192192194 4.7 1374 -94
240 241 187192193194 5.1 136.1 23
260 237 187191193194 4.8 1359 12.1
280 232 187191193195 4.7 1364 99
300 227 1.871901.931.96 3.6 1360 4.0
348 2.19 1.871.901.931.97 30 131.6 0.0
400 2.16 1.871.891.93198 29 1245 1.1

* Bond lengths in A; angles in degrees.

b The structures were obtained by QM/MM optimizations with the Co—C bond length fixed.

¢ The total QM/MM energy (kJ/mol), relative to the state with a Co—C bond length of 3.48 A (min2).

4This is a fully optimized state, corresponding to minl in Table 1 (i.e. the Co—C bond length was not fixed).
¢ This is a fully optimized state, corresponding to min2 in Table 1 (i.e. the Co—C bond length was not fixed).

at shorter Co—C bond lengths (-34 kJ/mol at 2.0 A) This curve is directly comparable to the
vacuum curve and shows the effect of the change in geometry of the cofactor in the protein.
At 2.0 A, the difference in energy between these two curves is 56 (122 — 66) kJ/mol, which is
a direct measure of the geometric effect in the QM region of the coenzyme.

Likewise, the difference between the QM+ptch and QMI1—ptch curves provides an
estimate of the direct electrostatic (polarizing) effect of the surrounding enzyme on the
cofactor. We can see that this effect is quite small. At Co—C = 2.0, it attains its maximum, 34
kJ/mol. It includes the differential stabilization of the Co''state by electrostatic interactions
with the surrounding protein. Thus, it provides a better estimate of the electrostatic effect of
the protein than that obtained by Dolker et al.,* using only three residues of the protein. ¥

We can understand this 34-kJ/mol electrostatic stabilization in atomic detail by
calculating the contributions of each atom and amino acid in the protein to the differential
electrostatic stabilization of the 2.0 and 3.5 A states (by modeling the two states with their
QM charges). Such a calculation shows that
the largest contributions come from Arg-66
(17 kJ/mol), Lys-326 (12 kJ/mol), Asp-14
(11 kJ/mol), the substrate (6 kJ/mol), and
= Gly-68 (5 kJ/mol; the total effect in this
simplified model is 39 kJ/mol, i.e. 5 kJ/mol
too large). A water molecule and Arg-100
provide the largest negative contributions
(i.e. stabilizing the Co™ state by 4-5
kJ/mol). Asp-14 forms a hydrogen bond to
the His ligand of Co, which is improved by
0.01 A in the Co" state. All the other groups
interact with the ribose moiety, but also for
these is the actual improvement quite small
(e.g.0.06 A for the hydrogen between O3' of
ribose and HN in Lys-326). Thus, these
results show that the major electrostatic
effects come from the interactions with the
ribose moiety.

Figure 6. Comparlson of the QM/MM optimized Co"™ Likewise, we can understand the MM
(Co—C =2.0 A, thick lines) and Co"states (Co-C =3.5 A term by dividing it into contributions. The
thin lines). difference in Eyyz  — Eyar between  the



calculations at Co—C = 2.0 and 3.5

40 A is 25 kJ/mol. 5 kJ/mol comes
from interactions within system 1,
20 11 kJ/mol from interactions within
system 2 (the interactions within
0 system 3 cancel, because it is
[ fixed), 8 kJ/mol from interactions
%0 between systems 1 and 2, whereas
X the interactions between system 3
? / / E—— and system 1, as well as system 2,
EO e M are the same 1n_the two states (the
i - s OMipich first term owing to the large
20 > ompen| distance between the two systems,
i s vacuum | DUt the second term by chance). All
100 / the terms are dominated by the
electrostatic (not system 1) and van
120 der Waals interactions, although the
ol dihedral terms are often also

significant.

-140 —

R NN Thus, we can conclude that
18 20 22 24 26 28 €0-G%A¥4 36 38 4.0 42 the laree protein effect (135

Figure 7. Energy components involved in the Co—C homolytic cleavage in -
GluMut, using the QM/MM energies with a relaxed protein. The various kJ/mol) on the BDE of the Co-C

components are explained in the text. All energies are relative to the one at a bOIld‘ can be divided into four
Co-C bond length of 3.5 A. contributions: a cage effect (the

protein does not allow the Ado
radical to dissociate fully from the coenzyme) of 20 kJ/mol, taking us from the BDE (143
kJ/mol) to the vacuum value (122 kJ/mol), a geometric effect from the distortion of the
coenzyme of 56 kJ/mol, taking us to the QM—ptch value (66 kJ/mol), an electrostatic effect,
arising from improved interactions with the surrounding enzyme in the Co" state, of 34 kJ/mol
taking us to the QM+ptch value of 33 kJ/mol, and finally a MM effect from the surrounding
enzyme of 25 kJ/mol, taking us finally to the QM/MM value of 8 kJ/mol. These energies are
summarized in the first column of Table 3.

However, the interpretation of the results become more intuitive and less technical if we
add the 5 kJ/mol from the MM interactions within system 1 (which is mainly a correction for
the junctions) to the geometric distortion of this system and the 8 kJ/mol from the MM
interaction between systems 1 and 2 to the electrostatic term. Then, we can conclude that the
catalysis is caused by cage effects (20 kJ/mol), distortion of the coenzyme (61 kJ/mol),
interactions between the coenzyme and the surrounding protein (42 kJ/mol), and improved
interactions in the surrounding protein (11 kJ/mol). In the next section, we will try to
understand the large geometric term.

Strain in the coenzyme

We have seen that geometric distortions provide most of the catalytic effect in GluMut
(56 kJ/mol). The geometric distortion of the quantum system (the coenzyme) can be directly
estimated by comparing the energies of the quantum system (without point charges) optimized
in the protein and in vacuum, i.e. the “strain energy” AEoy;. For the Co™ state (at Co-C = 2.0
A), AEoy; is 229 kJ/mol, indicating that the protein strongly strains AdoCbl. In contrast,
AE oy, for the Co''state is 141 kJ/mol .*

Compared to other proteins (AEgy; = 6—197 kJ/mol) 0617889909192939495 the calculated
AEy, energy for the Co''state is of a normal magnitude, whereas that of the Co™ state of
AdoCbl is unusually large. Therefore, we have examined which parts of the AdoCbl cofactor
give rise to the large strain. The results in Table 4 shows that excess strain in the Co™ state
comes almost entirely from the Ado moiety: The strain energy in the Co, imidazole and corrin
moieties are rather small and essentially the same in the Co™ and Co™ states. However, the
strain in Ado is 81 kJ/mol higher in Co™ than in the Co" state. The majority of this difference
(69 kJ/mol) comes from the ribose part of Ado, which is understandable, because it contains
two nearby and strong hydrogen bond donors and acceptors (HO2' and HO3'). This is in
accordance with the finding that AdoCbl missing the O2' group has only 1-2% of the activity



compared to native coenzyme in MCAM .

We can further understand the strain in the Co™ state by truncating Co™CorImAdo to
Co"'CorImMe by replacing C4' with a hydrogen atom at a distance of 1.10 A to C5' and
deleting the rest of the Ado group. Such a model is 133 kJ/mol less stable than the same
model optimized in vacuum. This shows that a significant part of the ribose strain comes from
the C5' group alone. If we then optimize only the hydrogen atom that replaced C4', the strain
decreases by 38 kJ/mol, showing that Co—C5'-C4' angle was seriously strained (it is 138° in
the QM/MM structure, but 119° in both the partly and fully optimized structure). This is
probably the most important geometric effect of the protein.

Another way to judge the effect of the various parts of Ado group on the Co-C
dissociation, is to repeat the QM/MM optimizations with two other coenzyme models, viz.
CoCorlmMe* and CoCorIlmRib*. The optimized structures of the Co™ and Co" states of these
systems are described in Table 5. In the Me variant, there are only small geometric changes in
the enzyme. In particular, the Co—-C-H angle is 110° in the Co™ state, like in the optimized
vacuum structure. However, the Co—Ny,, bond is still elongated to 2 59 A, which shows that
the active site is not ideal for binding an R group of the coenzyme. In the Rib variant, changes
are much larger and similar to those found in AdoCbl.

This is also reflected in the reaction energies shown in Table 3: the Co—C bond is only
labilized by 42 kJ/mol in MeCbl (QM/MM - BDE), whereas the labilization with RibCbl
(109 kJ/mol) is closer to that of AdoCbl (135 kJ/mol). This difference is caused by a decrease
in all four contributions to the labilization, but it is dominated by the geometric and
electrostatic terms. In particular, the difference in the AEg, energy between the Co™ and Co!
states is only 12 kJ/mol for the MeCbl model (88 kJ/mol for AdoCbl). These calculations
clearly show why MeCbl cannot be subject to fast homolytic Co—C bond cleavage in mutases:

Table 3. Energy components (kJ/mol) of the Co—C bond cleavage in GluMut with various
cofactors.

Contribution* AdoCbl® RibCbl® MeCbl® NoEIl°® wy,=0.014

BDE 1425 1551 159.8 1425 1425
Cage 20.1  27.8 99 20.1 20.1

Vacuum 1224 1273 1499 1224 1224
Geometry 559 303 116 714 269
QM-—ptch 665 970 1383 510 95.5
Electrostatics 337 348 125 00 0.0
QM-+ptch 329 622 1258 510 95.5
MM 249 161 8.1 192 2.8

QM/MM 80 461 1177 319 92.7
AEo1,2.0 A 2200 1616 712 1707 38.6
AEgu1,35 A 1408 972 592 819 4.1

2 The energy contributions are the QM BDE of the isolated quantum system in vacuum (fully optimized
structures), the QM energy of the structures in vacuum (Vacuum), evaluated as the energy difference between

the structures optimized at Co—C = 2.0 A and 3.5 A (like the following three energies), the QM energy of the
QM/MM structures without (QM—ptch) or with (QM+ptch) the point charges, and the total QM/MM energy
(QM/MM). MM, Electrostatics, Geometry, and Cage are the difference between the energies on the previous

row and the following row. AEgy, 2.0 A and 3.5 A are the strain energies for the optimized structures with Co—
C fixed to 2.0 and 3.5 A, respectively.

® QM/MM optimizations with AdoCbl, RibCbl, or MeCbl as the cofactors.

¢ QM/MM optimization with AdoCbl as the cofactor and with all point charges zeroed.

¢ QM/MM optimization with AdoCbl as the cofactor, with all point charges zeroed, and wuy set to 0.01 (instead
of 1 as in the other calculations).

11



It simply does not have the polar handle (the Ado group) necessary for the protein to
destabilize the Co™ state, and the Co—C bond. However, it is also clear that there is a small
catalytic effect for MeCbl, which is in accordance with the experimental observation that the
Co—-C bond cleavage of cobalamins with non-polar R groups is accelerated by diol hydratase,
although only to a small extent.”’

What part of the protein distorts AdoCbl?

In the previous sections, we have shown the effect of the enzyme on the Co—C bond
cleavage, divided it into contributions, and studied what groups in the coenzyme are important
for the catalysis. In this section, we will instead concentrate on the protein and evaluate what
interactions and what residues in the protein cause the geometric distortion of the coenzyme.
We start by estimating the effect of electrostatic interactions on the distorted geometry. This
has been done by simply turning off the electrostatic interactions in the QM/MM
optimization.

At Co—C =20 A, this gave a AEgy of 171 kJ/mol (Table 3, column NoEl), i.e. 58
kJ/mol less than in the correspondlng QM/MM structure optimized w1th the point charges.
From this we conclude that electrostatics provide 58 kJ/mol of the total 229 kJ/mol distortion
for the Co' state. It can be seen that the catalytic effect (143 — 32 = 111 kJ/mol) has decreased
by 24 kJ/mol. The main cause of this effect is of course the absence the electrostatic term, but
also the MM term is reduced (there is also electrostatic interactions within system 2 and
between systems 2 and 3). Thus, we can conclude that the main effect of electrostatics is
direct (polarization of the quantum system) and not indirect, via the geometries.

Consequently, we can conclude that a major part of the geometric distortion of the
coenzyme in GluMut, and all the differential destabilization of the Co'™ state is caused by van
der Waals interactions. A way to evaluate this effect is to scale down the MM energies in the
QM/MM optimizations by reducing the wuy factor in Eqn. (1). The result of such calculations
at wyy = 0.01 is also shown in Table 3. It can be seen that scaling down the van der Waals
interactions has a very strong effect on catalysis. At 3.5 A, the catalytic effect is only 30
kJ/mol (122 — 93). Moreover, the strain energies are very small 39 kJ/mol for the Co™ state

and 4 kJ/mol for the Co" state. The low strain

Table 4. Strain in various part of the energy is accomplished by a reorientation of the

AdoCbl cofactor.? HO2' and HO3' atoms and a tilt of the adenine
— moiety to form three internal hydrogen bonds
Strain in AE oy (kJ/mol) (Figure S5).
Coll Co" Difference We can use this calculation to decide
Col _ Co" Which amino acids in the protein cause the
geometric distortion by turning on the van der
AdoCbl 2290 140.8 88.2 Waals interactions again and finding the major
Ado + Co 121.6 - energy terms. The dominating terms come from
Ado 1159 346 81.3 Thr-94, Asn-123, Lys-326, Glu-330, and a side-
Rib 972 286 68.6 chain of coenzyme By, (involving the 028).
Adenine )57 31 276 These residues are shown in Figure 8. Based on
. ) ) " these results, we designed a series of in silico
Corrin+Co  51.6 495 2.1 mutations of GluMut, in which we removed the
Corrin 488 49.1 -0.3 side chains of these residues, as well as a few
Im + Co 17.8 14.1 37 additional residues that are close to the Ado
Im 133 133 0.0 moiety in the crystal structure, viz. Arg-66, lle-

334, and Ala-67 (Asn-123 was not included,
because it interacts with its back bone with the
quantum system (CoCorlmAdo from the QM/MM -/ me). The corrin side chain, starting with
optimization of GluMut with the Co—C bond fixed y : i g
t0 2.0 and 3.5 A) in vacuum, keeping various parts C20, was replaced by a hydrogen atom. .
of the structure fixed at the QM/MM geometry. The The AEowu energies relative to the native
Calglﬂatlons at Co—C = 3.5 A were done for the (pnot mutated) structure are listed in Table 6.
Co"Corlm and Ado" parts separately. A residual ey show only small changes for the individual

zgﬁﬁac‘::derg%’mg 3231'1 tﬁgd é‘gﬁ? gég’;s ha(sexlizepll mutations. The largest reduction of the strain

AdoCbl) and from Ado, Rib, and adenine for Co'l , €nergy (at Co-C = 2.0 A) is obtained for Glu-
respectively (they are caught in a less favorable 330 (=26 kJ/mol), the corrin side chain (=20

local minimum). kJ/mol), and Lys-326 (-8 kJ/mol). These three

% The results were obtained by reoptimizing the



Table 5. Optimized structures of AdoCbl, RibCbl, and MeCbl in vacuum and in GluMut.*

Model Method Co—C* Co—Npy Co—Ng,, Fold angle Co—C-C
AdoCbl Vacuum  2.01 220 1.881.881.941.94 5.1 119.2
QM/MM 200 254 187192194194 49 138.2

350  2.19 1.871.901.931.97 3.0 131.2

RibCbl Vacuum  2.01 221 1.871.881.941.95 4.5 121.6
QM/MM 200  2.60 1.871.901.921.94 56 1314

350 2.26 1.861.891.921.97 4.8 133.9

MeCbl Vacuum 1.98 2.18 1.881.881.941.94 5.6 110.1
QM/MM 200 259 186189192195 6.7 109.5

350 2.22 1.861.881.921.96 5.8 994

*Bond lengths in A, angles in degrees.
" In the vacuum optimizations, the Co—C bond length was fully optimized; in the QM/MM optimizations, the
Co—C bond length was fixed to either 2.0 or 3.5 A.

mutants together (mutant 8) release 46 kJ/mol of strain, suggesting little cooperative effects
for these groups. However, all the mutants together (mutant 9) release 83 kJ/mol of strain,
which is quite significant and reveals some cooperativity. This is not unexpected, because
several mutations may be needed before the Ado moiety can move significantly. The structure
of the QM system in the native structure and mutant 10 are compared in Figure 9. It can be
seen that the differences are restricted to the Ado group.

However, AEgy; for mutant 9 is still quite large. Therefore, we ran another optimization
of this mutant with wy,, = 0.01 (giving a strain energy of 20 kJ/mol) and looked at the
remaining large energy terms. These showed that the substrate and two water molecules still
may strain the coenzyme (but no longer Asn-123; cf. Figure 8). The substrate glutamate is
especially interesting, because it has been suggested that the cleavage of the Co—C bond is
triggered by the binding of the substrate.*** When these three molecules were removed from
mutant 9 (giving mutant 10) the strain energy decreased by an additional 42 kJ/mol.

To test that the effect of the mutants is not just a general effect on both sides of the Co—
C dissociation equilibrium, we also optimized all mutants for the Co! state. The resulting
AAE,y; energies in Table 6 show that the mutants have slightly smaller effects for that state.
Lys-326, Glu-330, and the C26 side chain of B, still give the largest net effect on the Co—-C
bond cleavage. The differential effects of mutants 9 and 10 are 50 and 99 kJ/mol, respectively,
showing that these ten groups provide a major part of the enzyme's catalytic effect.”®

The second reaction step of GluMut: Hydrogen abstraction from glutamate

Finally, we shall briefly discuss also the next steps of the GluMut reaction. The Ado radical
has never been observed experimentally and is therefore believed to be very short-lived.'>** In
fact, isotope effects indicate that at least the first two steps in the GluMut reaction, Co—C bond
cleavage and hydrogen atom transfer from the Glu substrate to the Ado® radical, are
kinetically coupled.?'** Therefore, we have also studied this radical transfer between Glu and
Ado, using QM/MM methods, to see if this reaction may significantly change the energetics.
This was done by simply optimizing the Ado* + Glu reactant and Ado + Glu* product states,
but still including also the full Co"CorIm model in the calculations (in total 102 atoms in the
quantum system).

The optimized structures are shown in Figure 10. It can be seen that the cofactor, in
particular the corrin ring, is almost unaffected by the reaction. Thus, our results shows that the
corrin ring is unimportant from this step. We obtain a reaction energy of 16 kJ/mol, indicating
that the Glu® radical is slightly more stable than the Ado® radical. This is similar to what is
found for the same reaction in vacuum (without coenzyme B ), 20 kJ/mol. However, if we
divide the QM/MM energy into its components, as was done for the Co—C bond cleavage



above, we see that the reaction is actually
disfavored by both the MM (1 kJ/mol) and
electrostatics (15 kJ/mol) terms, so that the
AEqc result is appreciably more positive (32
kJ/mol) indicating that the Glu® radical is
geometrically stabilized in the enzyme over the
Ado" radical.

Yet, the main conclusion of this section
is that the coupling of the two reactions do not
significantly change the reaction energy of the
Co—C bond cleavage, so that the results in the
previous sections still can be trusted. In
particular, the total (QM/MM) reaction energy
of the coupled reaction (Co—C bond cleavage
and radical transfer) is —8 kJ/mol, i.e. still

%ﬁsnl% giving an equilibrium constant close to unity,

as is experimentally observed.!#16202122 Finally,
it might be mentioned that the following

Figure 8. Residues involved in the computational rearrangement of Glu® to MeAsp® has been
mutations. The Ado group is seen from above studied before in vacuum,® favoring a
coenzyme B,. fragmentation—-recombination mechanism, but

this step is outside the scope of the present
investigation.

Concluding remarks

We have studied the Co—C5' bond dissociation reaction in the enzyme GluMut with
QM/MM methods. We have shown that the enzyme strongly affects this reaction. Thus, the
BDE of this bond is reduced from 143 kJ/mol in vacuum to 8 kJ/mol in the enzyme in our
calculations. This energy is only changed slightly (by 16 kJ/mol) if the Co—C bond cleavage is
coupled with the transfer of the radical from Ado to Glu. Moreover, the activation barrier is
reduced from 130 kJ/mol to 25 kJ/mol, as can be seen in Figure 5 and Table 2. Thus, our
results indicate that the Co—C bond cleavage is not rate-limiting in GluMut, provided that
entropy effects are not dominant
(our calculations provide only
enthalpies, not entropies or free
energies). This is in accordance

Table 6. AdoCbl strain energies (AAEgy) and reduction of
the BDE relative to the native structure in QM/MM
optimized mutants.

with Kkinetic measurements on

Mutant Mutations AAEoy (kl/mol)  Co-C  GluMut.'°?* Instead, later steps
bond  in the reaction are limiting.

i 1l We have analyzed in detail
. co co (J/mol) how this catalytic effect arises. It
Native - 0 0 0 can be divided into four
1 Lys-326 8 ) 29 components, which all seem to be
significant. First, the enzyme
2 Glu-330 -26 -15 11 keeps the Ado radical bound at a
3 Arg-66 1 2 1 Co—C distance of 3.24.2 A. At
this distance the Ado group can
4 Thr-94 -3 2 5 still interact favorably with the
5 lle-334 3 1 -1 corrin ring, which reduces the
BDE by ~20 kJ/mol (Figure 5 and
6 Ala-67 -1 0 1 Table 3). This can be seen as a

7 B1»-C26 -20 -1 19 cage esffect-lg . .
econd, the enzyme distorts
8 330+4326+B1-C26  -46 -19 27 the coenzyme, espec}ilally in the
9 All the above -83 -33 50 Co™ state. This differential
10 #9+water+substrate -125 -26 99 ﬁ??nrﬁﬁmc(iifﬁféina; Out?lt: tOM?\}I

contribution within system 1) and



is the dominant catalytic component. The
differential effect comes mainly from the
Rib moiety. The most evident geometric
distortion is the Co—C5'-C4' angle, which is
changed from 119° in the isolated
coenzyme to 138° in the protein. We also
obtain a conspicuous elongation of the Co-
N, bond in the Co™ state, which is in
accordance with many structures of
coenzyme B, proteins. However, the 0.3 A
elongation of this bond, destabilizes the
complex by less than 4 kJ/mol. This is in
accordance with earlier investigations of
the effect of the Co—Ny, bond on the Co-C
BDE.?®2%5 Thus, the Co-Ny, bond cannot
explain the catalysis of the enzyme. Instead,
the elongation of this bond 1is a
consequence of the enzyme keeping the

‘ ; o Ado moiety away from the Co ion by steric
Figure 9. Overlay of QM/MM optimized structures of the {jteractions.

TIT 3 3
Co'" state in native GluMut (green) and mutant 10. The  third

component is the

differential stabilization of the Co" state by
the surrounding protein. It amounts to 42 kJ/mol and is dominated by electrostatic interactions
(i.e. the polarization of the coenzyme by the surrounding protein) with Arg-66, Lys-326, and
Asp-14,i.e. to the polar groups surrounding the Ado group.

The fourth component is the stabilization of the surrounding enzyme in the Co" state. It
amounts to 11 kJ/mol and comes mainly from van der Waals and electrostatics interactions
within the protein.

Furthermore, we have shown that the catalytic effect is not predominantly caused by
electrostatic interactions (41 kJ/mol), but rather by van der Waals interaction with the
surrounding amino acids. Thus, a mutant in which six amino-acid side chains around the Ado
group as well as the substrate, two water molecules and one of the side chains of coenzyme
B/, have been deleted has a substantially higher BDE than the native enzyme.

Thus, a view emerges from these calculations that the Co—-C dissociation reaction is
enhanced by the enzyme binding the Co" form of the coenzyme much more favorably than the
Co' state. According to crystallographic evidence for both GluMut and MCAM, #045666582 thig
differential stabilization is caused by a conformational change triggered by the binding the
substrate, which essentially destroys the binding site of the Ado moiety and forces it off the
coenzyme. This distortion energy is most likely taken from the binding energy of the
coenzyme.

There have been much discussion about the two modes of Co—C bond cleavage in B ,-
dependent enzymes.* Our results suggest a reason why MeCbl cannot be used for a radical-
generating homolytic reaction: The methyl group has no polar groups and therefore lacks a
handle for exerting any of the distorting forces we have observed. This is supported by our
results for the MeCbl cofactor in GluMut, which show that the BDE is lowered by only 42
kJ/mol. Instead, the MeCbl coenzyme is used in methyl-transfer reactions, employing the
stability of the Co(I) state in a heterolytic reaction and appropriate methyl donors and
acceptors.”®” We have shown that the methyl-transfer reaction in methionine synthase is
enhanced by deprotonation of the homocysteine acceptor and by keeping the active site non-
polar,”” providing a rationale for the hydrophobic nature of the active site of this enzyme.*
AdoCbl, on the other hand, is too bulky to allow any nucleophilic attack and thereby
heterolytic cleavage of the Co—C bond.

Our proposed mechanism for GluMut works most likely also for other AdoCbl
enzymes. For example, a similar conformational change has been observed for MCAM # and
this enzyme has also a Glu residue (Glu-370) that corresponds to Glu-330 in GluMut and
forms two hydrogen bonds to ribose O2' and O3'. Likewise, the two hydrogen bonds to
adenosine N6 are retained in MCAM? (the carbonyl atoms of Glu-91 and Ala-139).

The present study illustrates how theoretical investigations can be used to obtain



Figure 10. The two states of the radical transfer from Ado to glutamate, optimized in the protein with QM/MM.

detailed information about the catalytic mechanism of enzymes and how various catalytic
components may be identified and quantified. We have shown that the catalytic effect comes
from the differential stabilization of the Co" state of the coenzyme, but that several energetic
components are involved in this stabilization. The results also allow us to completely rule out
the mechanochemical trigger mechanism, because nothing happens to the corrin ring during
the cleavage of the Co—C bond in the protein.
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Legends to the Figures

Figure 1. The cobalamin system.
Figure 2. Conversion of glutamate to MeAsp, catalyzed by glutamate mutase.

Figure 3. Hydrogen bonds around the Ado moiety in QM/MM optimized structures of

conformations B (a; min2) and A (b; min3). The hydrogen bonds are marked out by thin lines.

Figure 4. The QM/MM optimized structure of the Co™ state of GluMut B (minl): a) the

quantum system; b) hydrogen bond interactions with the Ado group.

Figure 5. Co—C homolytic cleavage in glutamate mutase (QM/MM energy) compared with
vacuum energies for CoCorlmAdo*. The reference energy is at 3.5 A for the QM/MM curve,
but at infinite separation in vacuum.

Figure 6. Comparison of the QM/MM optimized Co™ (Co-C =2.0 A, thick lines) and Co"
states (Co—C = 3.5 A thin lines).

Figure 7. Energy components involved in the Co—C homolytic cleavage in GluMut, using the
QM/MM energies with a relaxed protein. The various components are explained in the text.
All energies are relative to the one at a Co—C bond length of 3.5 A.

Figure 8. The location of residues involved in the computational mutations. The Ado group is
seen from above coenzyme B ,.

Figure 9. Overlay of QM/MM optimized structures of the Co'™ state in native GluMut (green)
and mutant 10.

Figure 10. The two states of the radical transfer from Ado to glutamate, optimized with
QM/MM.
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TOC graphics.
The energy of the Co—C bond cleavage in glutamate mutase divided into components based on
QM/MM calculations.
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