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Hydrogen Atom Transfers in B,, Enzymes

Ruma Banerjee, Donald G. Truhlar, Agnieszka Dybala-Defratyka,
and Pjotr Paneth

19.1
introduction to By, Enzymes

By is a tetrapyrrolic-derived organometallic cofactor that supports three subfami-
lies of enzymes in microbes and in animals, the isomerases, the methyltransfer-
ases, and the dehalogenases [1]. The corrin ring system is more reduced than the
porphyrin ring system, is heavily ornamented peripherally, and is distinguished by
a central cobalt atomn that is coordinated equatorially to four pyrrolic nitrogens. The
cobalt can cycle between three oxidation states, +1 to +3, and the unique proper-
ties of each species are exploited in the chemistry of the reactions catalyzed by By,
_ enzymes. In both the methyltransferase and isomerase subfamilies of By; en-
zymes, the upper axial ligand to cobalt is an alkyl group and the cobalt is formally
in the +3 oxidation state. The alkyl group is methyl and deoxyadenosyl in methyl-
cobalamin (MeCbl) and coenzyme B, (AdoCbl), respectively. Their structures are
shown in Scheme 19.1. Dichotomous pathways for cleaving the organometallic
cobalt—carbon bond yield different products with different reactivities. In the meth-
yltransferases, the cobalt-methyl bond ruptures heterolytically, and the products
are cob(1)alamin (vitamin B;, with cobalt in the +1 oxidation state) and a carboca-
tion equivalent that is transferred to a nucleophile. Cob()alamin is highly reactive
and indeed, is regarded as nature’s supernucleophile [2]. Its reactivity is exploited
in biology for transferring methyl groups from unactivated methyl donors, viz. 5.
methyltetrahydrofolate. In contrast, the cobalt—carbon bond is cleaved homolyt-
cally in the isomerases, where the upper axial ligand is a 5’-deoxyadenosyl group,
and the coenzyme is called 5'-deoxyadenosyl cobalamin (AdoCbl). The radical
products are cob(1r)alamin (vitamin B;; with cobalt in the +2 oxidation state) and
the reactive 5’-deoxyadenosyl radical, which is abbreviated dAdos. The reactivity of
the latter is harnessed to effect hydrogen atom abstractions in unusual and chemi-
cally challenging 1,2 rearrangement reactions involving the exchange of a variable
group with a hydrogen atom on adjacent carbons.
Our understanding of the reaction mechanism of Byz-dependent reductive deha-
logenations is quite limited [1]. However, the role of the cofactor appears to be sub-
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stantially different from its role in the other two groups of By;-dependent enzymes.
It appears likely that the low redox potential of the Co(1) state of the cofactor is ex-
ploited to drive the reductive dehalogenation reactions.

The lower axial ligand in By, derivatives is an extension of a penpheral propanol-
amine chain from ring D of the tetrapyrrolic structure. A variety of ligands are
found in this position in nature, and the unusual base, 5,6-dimethylbenzimidazole,
is the lower axial ligand in cobalamins. At acidic pH, the lower axial ligand is dis-
placed via protonation. The cofactor can thus exist in two-conformations, “base-on”
and “base-off ”. However, the crystal structure of methionine synthase revealed yet
another conformation, “base-off/ His-on”, in which the endogenous ligand is dis-
placed and replaced by a histidine residue donated by the protein [3]. This ligand
switch by an active site histidine embedded in a conserved DXHXXG motif [4] has
since been observed in a number of other By, enzymes including methylmalonyl-
CoA mutase [5], glutamate mutase {6}, and lysine amino mutase [7]: In contrast, a
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second subclass of AdoChl-dependent enzymes, including diol dehydratase [8] and
ribonucleotide reductase [9], binds the cofactor in the “base-on” conformation.

19.2
Overall Reaction Mechanisms of Isomerases

Isomerases that are dependent on coenzyme By, constitute the largest subfamily of
Bi; enzymes and are components of a number of fermentative pathways in mi-
crobes [10, 11]. A single member of this group of enzymes, methylmalonyl-CoA
mutase, is found in both bacteria and in mammals where it is a mitochondrial en-
zyme involved in the catabolism of odd-chain fatty acids, branched chain amino
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acids, and cholesterol [12]. The general reaction catalyzed by the isomerases is
1,2 interchange of a hydrogen atom and a variable group such as a group contain-
ing a heteroatom (hydroxyl or amino) or a carbon skeleton (see Scheme 19.2). One
member, ribonucleotide reductase, uses the By, cofactor to effect reductive elimina-
tion in the conversion of sibonucleotides to deoxyribonucleotides and represents a
third class of this subfamily. As might be expected, individual enzymes differ
somewhat in their radical generating strategies, as discussed below.

Whereas heterolytic cleavage in the methyltransferases is facilitated by methylco-
balamin, homolytic cleavage is deployed by enzymes that resort to radical chemis-
try to effect difficult transformations. The preference for homolytic cleavage in
AdoCbl may be related to the increased electron density on cobalt in the presence
of the5'-deoxyadenosyl group [13). The chemical basis for the utility of the AdoCbl
cofactor as a radical reservoir is the weak cobalt-carbon bond with a bond disso-
ciation energy that is estimated to be ~30 kcal mol~! (in aqueous solution) in
the “base-on” state [14]. Reversible cleavage and reformation of the cobalt—carbon
bond during catalytic turnover results in the formation of transient radical
intermediates. _

The first common step in AdoCbl-dependent reactions is homolytic cleavage of
the cobalt—carbon bond to generate a radical pair, cob(1r)alamin and the carbon-
centered dAdos radical (Scheme 19.3). This reaction experiences a ~1012-fold rate
enhancement in By, enzymes [14, 15] in the presence of substrate, and the mech-
anism for this rate acceleration has been the subject of extensive scrutiny. Thus, in
methylmalonyl-CoA mutase and in glutamate mutase, little if any destabilization
of the cobalt—carbon bond is observed in the reactant state, as revealed by reso-
nance Raman spectroscopy {16, 17], and the intrinsic substrate binding is utilized
to labilize the bond. In contrast, approximately half of the destabilization of the
cobalt—carbon bond in diol dehydratase is expressed in the reactant state. This re-
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actant destabilization may result in part from differences in the sizes of substrates
that could translate into differences in binding energy. The destabilization renders
the enzyme more prone to inactivation [10]; enzymes such as diol dehydratase can
probably tolerate a higher inactivation rate due to the presence of repair chaper-
ones that can catalyze the exchange of inactive cofactor for AdoCbl {18].

Rapid reaction studies on By; enzymes reveal that homolysis is fast and not
rate limiting [19-23]. Following homolysis, a series of controlled radical propaga-
tion steps result in migration of the organic radical (X in Scheme 19.3) to an adja-
cent carbon. The isomerization reaction is initiated by abstraction of a hydrogen
atom from the substrate to generate a substrate-centered radical. This re-
arranges to a product-centered radical which reabstracts a 5'-hydrogen atom from
5'.deoxyadenosine. The dAdor and cob(11)alamin radicals then recombine to com-
plete a catalytic turnover cycle. In these 1,2 rearrangements, the hydrogen atom
migrates intermolecularly, and a minimum of two hydrogen atom transfers, from
substrate to dAdoe and back, are involved. A mechanistic complication may involve
some competition of a 1,2-hydrogen shift along with the dominant 1,2 shift of the
carbon-centered radical [24].

A key issue to understanding these reactions is ascertaining the role of the pro-
tein [25]. In bacterial methylmalonyl-CoA mutase, the substrate is bound inside an
«/B barrel, which may be important for shielding the radical intermediates {5, 26,
27). More significant catalytically may be the role of an active-site tyrosine [28, 29},
which appears to sterically drive the adenosyl group off the Co, as a result of a con-
formational change upon substrate binding. EPR spectroscopy provides informa-
tion about the distance of the dominant product radical from cob(11)alamin [30].
Finally, it is important to consider the role of entropy and the “golvating” power
of the protein in promoting cobalt—carbon bond fission [31].

A critical issue for AdoCbl-dependent enzymes is controlling the timing of the
homolysis step so that the radical pool is not dissipated. Homolysis of the cobalt—
carbon bond takes place in the absence of substrate, as evidenced by the scram-
bling of label at the C5’ position in methylmalonyl-CoA mutase [32]. However,
the equilibrium favors geminate recombination, and formation of the spec-
trally visible cob(11)alamin is not detected in the absence of substrate. Substrate
binding triggers conformational adjustments, and the equilibrium shifts to favor
the forward propagation of dAdoe. Thus, homolysis and hydrogen transfer from
the substrate are kinetically coupled; evidence for this was first obtained with
methylmalonyl-CoA mutase [20] and later with other enzymes, viz. glutamate mu-
tase [33] and ethanolamine ammonia lyase [34]. In methylmalonyl-CoA mutase,
substitution of the protons on the methyl group of methylmalonyl-CoA with deu-
terons decelerated the appearance of cob(11)alamin by ~20-fold at 25 °C {20]. This
unusual sensitivity of the homolysis reaction of the cofactor to isotopic substitution
in the substrate was interpreted as evidence for kinetic coupling, whereby the
detectable accumulation of cob(ir)alamin was dependent on the extent of H-atom
abstraction from the substrate. Kinetic coupling effectively shifts the equilibrium
of the homolysis reaction, and it allows the substrate to gate mobilization of radi-
cals from the AdoCbl reservoit.
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Ribonucleotide reductase presents an exception to the above mechanism where
the working radical is a thiyl derived from an active-site cysteine (C408 in the Lac:
tobacillus leichmannii enzyme) rather than dAdoe {35]. Mutation of C408 leads to
failure of the mutant enzyme to generate detectable levels of cob(11)alamin. How-
ever, the mutant catalyzes epimerization of AdoCbl that is stereoselectively deuter-
ated at the 5’ carbon bonded to cobalt [36]. This indicates that transient cleavage of
the cobalt-carbon bond occurs, but when radical propagation to C408 is precluded,
recombination of dAdo* and cob(11)alamin is favored.

19.3
Isotope Effects in By, Enzymes

Large primary kinetic isotope effects have been measured for the H-atom transfer
steps from substrate to dAdoe and from dAdor to the product radical in a number
of AdoCbl-dependent enzymes as indicated in Table 19.1. In methylmalonyl-CoA
mutase, the steady-state deuterium isotope effect is 5-6 in the forward direction,
and the intrinsic isotope effect of step (i) in Scheme 19.3 is masked by the kineti-
cally coupled but slower later steps [37-39]. The steady-state tritium kinetic isotope
effect (ku/kr) in the forward direction has been reported to be 3.2 [38]. Note that
the experiments with deuterium were performed with a fully deuterated methyl
group, while those with tritium were carried out at the trace level and correspond
to a single isotopic atom; therefore these two isotope effects should not be directly
compared. For the reverse reaction, the deuterium kinetic isotope effect is also par-

Table 19.1.  Summary of kinetic isotope effects reported for By;-dependent isomerases.

Enzyme Overall kinetic isotope ku/kp on Co(n) ~ Ref.
substrate effect formation

kufkr kn [ko
Diol dehydratase .
propanediol 83(10°C)  10(37°C)  3-4(4°C) 10, 45
Ethanoloamine lyase (EAL)
ethanolamine 107(23°C)  7.4(23°C) >10(22°C) 34, 44
Methylmalonyl-CoA mutase (MCM)
methylmalonyl-CoA 3.2(~30°C) 5-6(30°C) 43(10°C) 37-40
succinyl-CoA 3.4 (30 °C) 29

Glutamate mutase
glutamate 21(10°C) - 3.9(10°C)  28(10°C) 33,43
3-methylaspartate 19(10°C)  6.3(10°C)  35(10°C) 33,43
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tially masked by kinetic complexity (ky /kp = 3.4) [38]. Under pre-steady-state con-
ditions though, the measured kinetic isotope effects should not be affected by the
product release step and, barring other complications, should be close to the intrin-
sic kinetic isotope effect. Under these conditions, a large deuterium isotope effect on
cob(11)alamin formation has been reported for the conversion of methylmalonyl-
CoA to succinyl-CoA [20, 40]. Since a protein-based hydrogen pool in
methylmalonyl-CoA mutase, which could account for the anomalously large iso-
tope effects, has been excluded [38], the involvement of tunneling was invoked
[20]. An Arrhenius analysis of the temperature dependence of the pre-steady-state
isotope effect has provided compelling evidence [40] that tunneling dominates the
reaction in that the observed values of the ratio, Ay/Ap (0.078 + 0.009), of pre-
exponential factors and the difference, E; u — Ea,p (3.41 + 0.07 kcal mol™1), of
activation energies lie outside the ranges expected [41] (Au/Ap = 0.5-1.4 and
E,pu— Eap ca. <13 kcal mol™!) in the absence of tunneling. The coupled
homolysis/H-transfer steps catalyzed by methylmalonyl-CoA mutase are character-
ized by an equilibrium constant that is estimated to be close to unity and a phe-
nomenological free energy of activation, AG!, of 13.1 % 0.6 kcal mol™ at 37 °C
* that corresponds to a ~10'2-fold [42] rate acceleration. In contrast, thermolysis of
AdoCbl in solution is characterized by an unfavorable equilibrium, and a AG! of
30 kcal mol~! at 37 °C.

In glutamate mutase [43], the forward and reverse steady-state deuterium (ky /kp
of 3.9 forward and 6.3 reverse) and tritium (kg /kt of 21 forward and 19 reverse)
kinetic isotope effects are both suppressed. However large deuterium isotope ef-
fects of 28 and 35 in the forward and reverse directions respectively have been ob-
served for cob(1r)alamin formation under pre-steady-state conditions. These large
kinetic isotope effects suggest that quantum mechanical tunneling also dominates
this enzyme reaction. \

Diol dehydratase and ethanolamine ammonia lyase exhibit the largest overall tri-
tium isotope effects that have been measured in Bj;-dependent enzymes [44, 45],
the overall deuterium kinetic isotope effect is also substantial {10, 34, 45]. The
observation of a deuterium isotope effect on the pre-steady-state formation of
cob(1r)alamin in diol dehyratase [10] and in ethanolamine ammonia lyase [25] is
consistent with kinetic coupling between the homolysis and H-transfer steps.

Recently the secondary kinetic isotope effect has been measured for the Co-C
homolysis step in the pre-steady-state reaction of glutamate mutase [46}. The result
obtained was ky /kr = 0.76 + 0.02, which is a large inverse effect. The same study
reported a secondary equilibrium isotope effect of ky/kr = 0.72 £ 0.04. Thus the
kinetic and equilibrium effects agree within the error bars, the most straightfor-
ward interpretation of which, in the absence of tunneling, would be that the dy-
namical bottleneck is close to the product, i.e., late. However in the light of the
large role expected for tunneling, this conclusion is not justified. Tunneling would
be expected to raise the secondary kinetic isotope effect, so the fact that the kinetic
isotope effect is inverse seems very significant. Recall that the Co—C homolysis and
the hydrogen transfer from substrate to dAdoe, though not likely to be concerted,
are kinetically coupled. The homolysis step corresponds to a sp® — sp? hybridiza-
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tion change at C5' and this direction of hybridization change usually makes a nor-
mal contribution to the secondary kinetic isotope effect [47], whereas the hydrogen
transfer involves the opposite trend at C5'. Hence the net inverse kinetic isotope
effect would seem to place the dynamical bottleneck of the kinetically coupled
two-step process at the hydrogen transfer step.

19.4
Theoretical Approaches to Mechanisms of H-transfer in By; Enzymes -

It is not easy to infer the details of the hydrogen atom transfer steps from the ex-
perimental kinetics, and theoretical methods provide one possible way to increase
understanding. Although computational approaches to the Co—C bond dissociation
and radical rearrangement steps in By;-dependent enzymes have been attempted
[48-56], the hydrogen atom transfer has received less attention. The radical nature
of the dAdos reactant, the large size of the corrin moiety and the presence of a tran-
sition metal contribute to the difficulty of modeling this step in By, enzymes. This
difficulty is compounded by the paucity of reliable energetic data to calibrate the
calculations. While good geometric information is sometimes sufficient for qualita-
tive predictions of kinetic isotope effects for over the barrier processes, modeling
the tunneling contribution [57-59] requires detailed knowledge of the ensemble
of reaction paths, their barrier heights, the shapes (especially the widths) of the
barriers, the curvature components of the reaction paths, and the potential energy
in the tunneling swaths, which are the broad regions of configuration space
through which tunneling from the reactant valleys to the product ones may pro-
ceed. Thus far only a few reports have been published on reactions that specifically
aim at modeling the hydrogen atom transfer steps in Byp-dependent enzymes, and
only one [60] addresses the tunneling contribution. Such calculations however are
beginning to come within the realm of current computational technology, spurring
new attempts at modeling H-atom transfer steps.

Several studies have addressed the energetics and geometry of H-atom transfer
in reactions that serve as models for this step in Bi;-dependent enzymes [61-65].
Although these studies do not include active site residues and do not attempt to
address the non-classical behavior of this step, they do provide useful information.
Since combined quantum mechanical/molecular mechanical (QM/MM) calcula-
tions [66] of the enzyme kinetics may require the inclusion of a large number of
atoms in the QM part due to the size of the corrin moiety, it is advantageous to -
use an inexpensive quantum mechanical model such as semiempirical molecular
orbital theory. Therefore, a study was carried out in which the performance of
semiempirical methods was critically evaluated and compared to high-end theory
levels for CoHaps1 + CaHanez (n=1,2, 3) reactions [65]. Consensus values were
evaluated from the high-level G3S// MP2(full)/6-31G(d), G3SX(MP3)//B3LYP/6-
31G(2df;p), CBS-QB3//B3LYP/6-31G(df), MCG3/3//MPW1K/6-31+G(d,p), MC-
QCISD/3//MPW1K/6:31+G(d,p), MC-QCISD/3, MPW1K/MG3S, and MPW1K/
MG3S//MPW1K/6-31+G(d,p) calculations. The energetics of the n =1 species
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Table 19.2. Calculated barrier heights (in kcal mol™") for
CaHani1 + CoHansz (n = 2,3) reactionsld

Method CaHs" + CHg CiHy + CHg
Consensus barrier height 16.7 16.0
AM1 16.0 15.6
PM3 12.0 12.5
AM1-CHC-SRP 18.3 ) 17.9
PM3-CHC-SRP 17.0 16.3
PM3(tm) 16.3 15.6
B3LYP/6-31+G(d,p)i*! 15.7 15.5
MP2/6-31+G(d,p)®! 19.4 ‘ 18.6

aaverage values for gauche and trans structures. > The basis set is given
after the solidus, using conventional notation {67].

(CHjy' and CHy) differ significantly from that obtained for the larger models, indi-
cating the inadequacy of a methyl species as a model for the larger molecules.
Some key results [65] for n = 2 and 3 are shown in Table 19.2. This table shows
that the general AM1 semiempirical parametrization [67] is capable of reproducing
the barrier heights for transfer of a hydrogen atom between two carbons centers
(the “CHC” motif) within ~1 kcal mol~!, which is quite encouraging. The equally
inexpensive PM3 parametrization [67] is much less accurate, but the PM3(tm)
method [67] is about as accurate as AM1. Use of specific reaction parameters
(SRP) [68] for CHC systems [65] also improves PM3, but is unable to systemati-
cally improve AM1. Table 19.2 also shows a more expensive semiempirical method,
B3LYP [67], which is a hybrid of Hartree-Fock theory and density functional
theory, and it shows an ab initio post-Hartree-Fock level, MP2 [67]. Although
B3LYP usually underestimates barriers for hydrogen atom transfers [69], for the
CHC motif the magnitude of the underestimate is not large, only 0.5-1.0
kcal mol~! in Table 19.2.

Toraya et al. [60-63] used B3LYP (with the 6-311G(d) basis set) for calcula-
tions on the H-atom transfer steps in diol dehydratase reaction. Both H-atom
transfers, i.e., from the substrate and re-abstraction of a hydrogen atom from 5'-
deoxyadenosine, were considered. The models used in these studies included the
substrate, 1,2-propanediol, a potassium cation found in the active site, and an ethyl
radical as a mimic of the dAdoe radical (Fig. 19.1). The activation barrier for the
abstraction of the pro-S hydrogen atom of substrate by dAdo® was calculated to be
9.0 kcal mol~!, while the activation barrier for the reverse reaction between product
radical and 5’-deoxyadenosine was 15.7 kcal mol~!. In the absence of the potas-
sium cation the forward activation barrier is 9.6 kcal mol™! indicating that coordi-
nation of the substrate by the potassium cation has a minimal energetic effect on
the H-atom transfer step, but seems to hold the substrate and intermediates in
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Figure 19.1.  Model [61-63] of hydrogen atom transfer steps in diol dehydratase reaction.
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RZ

HO gy

Figure 19.2. Model [64] of the hydrogen atom transfer between
two CH; groups in ethanolamine ammonia lyase. See Section
19.4 of text for an explanation of R} and R2.

311+-+G{d,p)//B3LYP/6-31G(d) and MP2/6-311+-+G(d,p)//B3LYP/6-31G(d) levels,
and zero point vibrational energy was included. Activation enthalpies of 16.7 and
17.3 keal mol~? were found for the unprotonated substrate (R! and R? missing)
and the ribose C3-endo and C2-endo conformers, respectively. The results indicate
that the H-atom transfer step would be facilitated by protonation or by hydrogen
bonding interactions to the substrate. In particular, activation enthalpies for mod-
els of fully protonated or singly hydrogen-bonded substrate were smaller than 15
kcal mol~!, while the simultaneous presence of two hydrogen bonds to the nitro-
gen atom increased the activation barrier to over 25 kcal mol™*.

Finally we consider some attempts to simulate the tunneling contributions in
the hydrogen transfer step. This was first attempted using several models of dif-
fering complexity [60, 71]. PM3 calculations using conventional transition state
theory (TST) [72] and a model comprising 37 atoms of the ribose radical and
methylmalonyl with truncated CoA moiety (Fig. 19.3 with R? = H and R* missing)
give a hydrogen kinetic isotope effect (for CHs vs. CD;) of only about 10, indicat-
ing that TST without tunneling corrections is insufficient to account for the exper-
imental results, which are summarized in column 2 of Table 19.4. To include
tunneling, the barrier shape was estimated from the energies of three stationary
points (the substrate, the transition state, and the product of the hydrogen atom
reaction) by an algorithm called TVTST-0 that was developed earlier {73] for gas-
phase reactions. This treatment allows the calculation of a multidimensional tun-
neling contribution. The resulting dynamical method (74, 75] is ‘called TST/ZCT
(where ZCT denotes zero-curvature tunneling, since this method ignores the curva-
ture of the reaction path, which is discussed below). Calculated energetics (Table
19.3, column 3) and kinetic isotope effects (Table 19.4, column 4) compare reason-
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Figure 19.3. Models [60] used in calculations of hydrogen
kinetic isotope effects with tunneling contributions.

Table 19.3. Classical barrier heights and energies of reaction
(in keal mol~") for models®l of the hydrogen abstraction for
methylmalonyl-CoA mutase.

QM PM3  M®I  PM3  PM3(tm)  PM3(tm) PM3
R® H H Arg H Arg
R*  Corrin+His
Ref. 60 7 60 7 60 60
barrier heightl<] 119 144 120 162 19.9 45
9.5 -26

reaction energyl®! -0.2 0.7 —-0.6 -0.1

aR? and R* are explained in Fig. 19.3. °M denotes MPW1K/6-
31+G(d,p). °The change in potential energy (exclusive of zero-point
energy) in proceeding from reactants to the saddle point. 4The change
in potential energy (exclusive of zero-point energy) in proceeding from
reactants to products.

Table 19.4. Primary kinetic isotope effects for hydrogen abstraction from methylmalonyl-CoA.

T(Q Exp. QM PM3  M®  PM3  PM3{m)  PM3{m) PM3
R® - H H Arg H Arg
R* Corrin+His
Ref. 40 60 hal 60 71 60 60
5 50 47 42 49 118 63 9.4
20 36 37 32 38 84 49 8.6

aM denotes MPW1K/6-31+G(d.p)-
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ably well with results carried out at the MPW1K/6-31+G(d,p) level (Table 19.3, col-
umn 4 and Table 19.4, column 5), which has been validated to give reliable results
for hydrogen atom transfer reactions [69]. Inclusion of arginine, which is hydrogen-
bonded to the carboxylate of the methylmalonyl moiety in the crystal structure, does
not affect the results very much (Table 19.3 column 5 and Table 19.4, column 6).

However, the agreement between these results and the experimental values is
only coincidental. When the PM3tm method, which gives a higher barrier height
is used (Table 19.3, column 6), the TST/ZCT hydrogen kinetic isotope effect is
much higher (Table 19.4, column 7). Further enlargement of the model to include
the corrin moiety with an imidazole ring (Table 19.3, column 7 and Table 19.4,
column 8) does not change the isotope effect very much, but deprotonation of the
carboxyl group leads to substantial lowering of the barrier (Table 19.3, column 8)
and consequently, a much smaller kinetic isotope effect (Table 19.4, column 9), il-
lustrating the sensitivity of the calculated isotope effect to the barrier height.

As the next step in improving the dynamical description, it is important to in-
clude reaction path curvature (as well as zero point variation) in the description of
the tunneling event. If the minimum energy path (MEP) from reactants to prod-
ucts were a straight line in the space of atomic Cartesian coordinates, there would
be no internal centrifugal effect (bobsled effect) forcing the system's motion, on av-
erage, to deviate from the MEP. But the MEP for most reactions is curved, and
there is a bobsled effect. For tunneling processes the bobsled effect is negative (be-
cause the semiclassical kinetic energy is negative) [76-78] and thus the dominant
tunneling paths are on the concave side of the MEP. This phenomenon is called
corner-cutting tunneling (78, 79].

To describe the tunneling process in more detail, we need to define some termi-
nology. A transition state (or generalized transition state) is a dividing surface
(technically a hypersurface) in phase space (the space of the nuclear coordinates
and momenta); here we define transition states entirely in terms of their location
in coordinate space, which, after separating translation and rotational motion, has
3N — 6 dimensions, where N is the number of atoms; and we consider transition
states that are orthogonal to the MEP. Distance along the MEP is the reaction coor-
dinate. Because the reaction coordinate has a fixed value in a transition state, a
transition state has 3N — 7 vibrations, which are called its generalized normal
modes (the word “generalized” is included because conventional normal modes
are defined only at stationary points such as equilibrium geometries and saddle
points). The conventional transition state passes through the saddle point, but gen-
eralized transition states intersect the MEP both earlier and later than the saddle
point.

Reaction path curvature is actually a vector with 3N — 7 components [80]. Each
component is associated with a particular generalized normal mode, and it mea-
sures the extent to which the system curves into a particular direction as it pro-
gresses along the MEP. Corner-cutting tunneling involves a coupled motion in-
volving the reaction coordinate and all the generalized normal modes that are
associated with nonzero curvature components [81].

When reaction-path curvature is small, the tunneling is dominated by paths on
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the concave side of the MEP whose locations are determined by the reaction-path
curvature components [81, 82]. These small-curvature tunneling paths are typically
located close enough to the MEP that the harmonic approximation is valid, and
thus the dominant tunneling paths may be calculated (approximately) from the
3N — 7 curvature components and the 3N — 7 harmonic force constants of the
generalized normal modes. From this information and the shape of the potential
energy along the MEP, one can then calculate the tunneling probabilities. This is
called the small-curvature tunneling (SCT) approximation 82, 83].

Describing tunneling in terms of definite paths in coordinate space [84] is a
classical-like approximation. This kind of approximation (like the well known
WKB method [85]) is called «semiclassical” in chemical physics (and here) because
it involves calculating a quantum mechanical quantity by classical-like methods;
thus it is partly classical or semiclassical. Unfortunately the kinetic isotope effect
community uses the word wsemiclassical” to denote an entirely different approxi-
mation, namely including quantized vibrational energies in the treatment of the
3N — 7 transition state vibrations, but treating the transmission coefficient entirely
classically and thus completely neglecting tunneling. (This is sometimes called
“quasiclassical” in chemical physics.) We hope this warning is sufficient to prevent
confusion.

When reaction-path curvature is large, one requires a much more complicated

-serniclassical treatment to handle the tunneling. In the limit of large reaction-

path curvature, tunneling tends to occur along straightline tunneling paths
because the shortest distance between two points is a straight line, and when
reaction-path curvature is large, tunneling along short tunneling paths has a
greatly enhanced probability [86]. In addition, tunneling tends to be much more
delocalized, and systems may have appreciable probability of tunneling directly
into vibrationally excited stretching modes [86, 87, 89]. A semiclassical theory that
incorporates all of these features has been developed (82, 90, 91] and it is called the
large-curvature tunneling (LCT) approximation.

In the general case one could obtain a good semiclassical tunneling approxima-
tion by optimizing the tunneling path somewhere between the small-curvature and
large-curvature limits by a least-action approximation [92]. In practice, it has been
found that simply choosing between the SCT and LCT approximations on the basis
of whichever yields a larger tunneling probability (the tunneling is dominated by
the most favorable tunneling paths at each tunneling energy) is enough optimiza-
tion to yield accurate results {91, 93]. This is called microcanonically optimized
multidimensional tunneling or OMT {91, 93].

Tunneling can be included most consistently in transition state theory in the
context of variational transition state theory, e.g., canonical variational theory
(CVT) [75]. CVT calculations were performed [71] with zero-curvature tunneling
(see Table 19.5, column 3), and they show that the IVTST-0 calculations overesti-
mate ZCT contribution to the hydrogen kinetic isotope effect. Calculations were
also performed including corner-cutting tunneling, and these are shown in the

1ast five columns of Table 19.5. As can be seen from the comparison of the results

in these columns, large-curvature tunneling (LCT) plays the dominant role. Col-
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Table 19.5. Kinetic isotope effects for 37-atom model obtained
using PM3 for electronic structure calculations.

T(°C)  CVTHl CVTjZCT  CVT/SCT  CVT/LCT  CVT/4OMT

QM PM3 PM3 PM3 PM3 PM3 PM3 AM1
model M37i M37 M37 M37 M37 M50 M37
5 9.9 21 27 145 113 96 127

20 85 18 23 124 94 80 89

2No tunneling. ®37-atom model corresponding to R} = H, and R* not
present. <50-atom model: M37 -+ adenine.

umns 6 and 7 of Table 19.5 show that comparable results are obtained when the
model is enlarged to include adenine, the last column contains results obtained
for the AM1 Hamiltonian instead of PM3. Barriers for the AM1 parameterizations
are 14.9 and 16.6 kcal mol~! for the M37 and M50 models, respectively.

The last three columns of Table 19.5 report results obtained with the micro-
canonically optimized multidimensional tunneling approximation, which repre-
sents the currently most trusted method for including a tunneling contribution.
These results predict that the hydrogen kinetic isotope effect for the hydrogen
atom step in methylmalonyl-CoA reaction in the direction of succinyl formation is
~100.

The dynamical calculations in Tables 19.4 and 19.5 were performed with the
POLYRATE [88] and MORATE [90] computer programs.

19.5
Free Energy Profile for Cobalt-Carbon Bond Cleavage and H-atom Transfer Steps

The interpretation of kinetic isotope effects observed in enzymes must take ac-
count of kinetic complexity. For example, the deuterium kinetic isotope effect
on the methylmalonyl-CoA mutase-catalyzed reaction was measured under pre-
steady-state conditions with UV-—visible detection of cob(1r)alamin formation (20,
42]. Thus, it reports on a combination of steps, including substrate binding and a
concomitant conformational change in the enzyme, cobalt-carbon bond homolysis,
and hydrogen-atom transfer to the dAdoe radical. The kinetics could be further
complicated in other enzymes such as diol dehydratase [95] and glutamate mutase
[96], where conformational changes in the dAdo* radical are expected to occur be-
tween the homolysis and hydrogen atom transfer steps, and in ribonucleoside tri-
phosphate reductase, in which a protein-based cysteinyl radical functions as the
working radical [97]. Because of these mechanistic complexities, observed kinetic
isotope effects under pre-steady state conditions, although large, need not reflect
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the full intrinsic values for the kinetic isotope effects on the H-atom transfer steps
in the respective enzymes. Thus it is unclear whether the difference between the
large intrinsic kinetic isotope effect calculated for the hydrogen atom transfer step
in methylmalonyl-CoA mutase and the isotope effect observed experimentally
(which is also very large, but not as large as the calculated one) indicates that
kinetic complexity causes about half of the isotope effect to be masked by isotope-
insensitive steps in the observed pre-steady-state rate or whether it results from the
quantitative uncertainty of the calculation. Since the calculation includes neither
the full enzyme nor ensemble averaging, one should be very cautious about the for-
mer type of conclusion.

Further progress toward a quantitative resolution of the size of the intrinsic ki-
netic isotope effect requires a more complete mechanistic analysis, which is some-
times [98], but not always, possible. A step in this direction has been made for
methylmalonyl-CoA mutase [42], for which a free energy profile extending across
seven steps has been constructed on the basis of available kinetic and spectroscopic
data. Similarly, a three-step profile has been presented for ethanolamine deami-
nase [99], and a six-step profile has been presented for glutamate mutase [22]. A
feature seen in the profiles of both methylmalonyl-CoA mutase and glutamafe mu-
tase, which is also seen for many other enzymes, is that the energetic barriers to
the interconversion of the various chemical intermediates are similar in height,
which may be a general consequence of the tendency of enzymatic transformations
to be partitioned into a series of discrete steps without the inefficiency of high en-
ergy release or high energy consumption in any one of them. In any event, it is
precisely this feature that makes it hard to sort out elementary-step rate constants
and kinetic isotope effects for the individual chemical steps.

19.6
Model Reactions

We discussed above some theoretical studies of model systems. There is an even
larger literature devoted to experimental studies of model systems, dating back at
least 20 years {100, 101]. Most recently, some model studies have appeared that are
directly related to the present concerns. In particular, Finke and coworkers {102,
103] have studied the reaction of f-neopentyl-Cbl with ethylene glycol (a model of
the diol dehydratase reaction) at temperatures up to 120 °C, and their results have
engendered interesting discussions [104]. Their key finding is that the elevated-
temperature kinetic isotope effects observed for the model reaction in solution
(where the enzyme is not present to stabilize the dAdoe radical) are very similar to
those obtained for methylmalonyl-CoA mutase at temperatures more typical of
physiological action. The comparison is clouded by potential kinetic complexity,
discussed above, that may suppress the in insic value of the kinetic isotope effect
in the enzyme case. Nevertheless one clear conclusion of this work, which agrees
with pure theoretical considerations as well as with studies of many nonenzymatic
reactions, is that enzymes are not uniquely evolved to promote tunneling, Whether
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the fraction of a reaction that proceeds by tunneling in an enzyme reaction is
greater than that in a similar nonenzymatic reaction will depend on the individual
enzyme and on many detailed mechanistic factors. One scenario is that the envi-
ronment can exert a greater leverage on a reaction by lowering the effective barrier
height (which appears in an exponent) than by changing the transmission coeffi-
cient, and lower barriers are often (not always) associated with broader barrier
tops; a lower, broader barrier makes it harder for tunneling to compete with over-
barrier processes so that the fraction of reactive events that occurs by tunneling
may be lower in the enzymatic system. If the intrinsic methylmalonyl-CoA mu-
tase kinetic isotope effect is as large as the calculated values given above, though,
then this reaction may prove to be an exception to that scenario.

19.7
Summary

Deconvoluting the contributions of the individual steps in the observed pre-steady-
state rate constant for cob(11)alamin formation is challenging and awaits solution.
In particular, details of the H-atom transfer steps elude direct determination. How-
ever, recent advances in the theoretical methodology hold promise for comple-

menting the experimental analysis of a fundamental aspect of AdoCbl-dependent

reactions, i.e., the H-atom transfer steps.
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