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A flexible AM1/CHARMM treatment finds two distinct
mechanistic pathways across the megadimensional energy
hypersurface computed for lactate dehydrogenase catalysed
reduction of pyruvate to lactate: these differ in the timing of
the hydride transfer and proton transfer components of the
reaction.

Current applications of hybrid quantum-mechanical/molecular-
mechanical (QM/MM) approaches to modelling of enzyme
reactivity commonly neglect flexibility in very large systems.
Two recent independent studies of lactate dehydrogenase
(LDH) catalysed interconversion of pyruvate and lactate, using
similar QM/MM methods, yielded very different transition
structures (TSs) and mechanisms.1,2 We now report the
simultaneous existence of two distinct mechanistic pathways
across the megadimensional energy hypersurface for this
system, and suggest that both earlier studies failed to explore its
topography to a sufficient extent. To determine which mecha-
nism is preferred will require use not only of a theoretical
method giving reliable energies but also of statistical averaging
over many configurations. Our finding is significant because it
shows that a rigid approach to modelling of any complex system
may easily miss an important feature of reaction mechanism.

The chemical step of the LDH cataysed reaction involves
hydride transfer (HT) from the dihydronicotinamide ring of
NADH to the carbonyl C atom of pyruvate and proton transfer
(PT) to the carbonyl O atom of pyruvate from a protonated
histidine residue (Fig. 1). The relative timing of the HT and PT
is a matter of some interest in mechanistic enzymology.
Ranganathan and Gready2 (RG) found a mechanism (HT,PT) in
which HT preceded PT in a stepwise manner, contrasting with
the usual chemical and enzymatic arguments for HT processes
and their own results from supermolecule calculations,3 but in
accord both with the assumption of an earlier empirical valence-
bond study4 and with the results of a later QM/MM study of the
analogous malate dehydrogenase.5 On the other hand, we
(MTW) found a family of TSs (with differing relative
dispositions of active site residues) corresponding to a con-
certed mechanism (PT/HT) with PT considerably more ad-
vanced than HT.1

The RG and MTW studies both used the AM1 method6 for
the QM region. RG used the AMBER7 MM method for the
entire dogfish LDH sub-unit ternary complex, but with a
relatively small number of atoms allowed to move. In contrast
MTW used the CHARMM8 force field for a truncated (1900
atom) B. stearothermophilus LDH but with a very large number
of mobile atoms. The first important result of our recent studies
is that these and other differences of detail (e.g. nature and
location of QM/MM link atoms and QM/MM electronic
coupling) are not primarily responsible for the different
mechanisms found previously. We have now used a large-QM/
full-MM model which includes all atoms ( ~ 5600) of the
monomeric B. stearothermophilus LDH subunit,9 plus NADH,
pyruvate, and water molecules within a 20 Å radius ball of water
centred on His-195.10 All atoms were free to move in the
optimisations and TS searches. A larger QM region (52
AM1atoms) containing also the ribose moiety was employed, as
shown in Fig. 2. Schmidt and Gready have recently asserted that
AM1 is likely to be adequate for modelling conformational
preferences in QM/MM calculations for the LDH catalyzed
reaction.11

Approximate saddle points were located by grid searches
using constrained ABNR minimization of the
CHARMM24b212 QM/MM energy.13 TS refinement in
GRACE1b employed an explicit hessian for the QM ‘core’ (Fig.
2) while the MM enzyme ‘environment’ was continually
relaxed to a r.m.s. gradient < 1023 kcal mol21 Å21. TS
optimisation in the core was continued until no element of the
gradient vector of the entire system (core plus environment) was
larger than 1022 kcal mol21 Å21. To characterise each saddle
point, its hessian was recomputed for a total of 147 atoms (QM
core + six amino acid residues in the active-site region) by
central finite-differencing of the gradient vector: the single
negative eigenvalue of the resultant hessian corresponded to the
transition vector. The intrinsic reaction coordinate (IRC) was
computed in both directions from each saddle point to confirm
each as being the expected TS; energy minimisations from a
point along each IRC path yielded structures for the reactant,

Fig. 1 Reaction map for LDH catalyzed reduction of pyruvate reactant
(bottom left) to lactate product (top right); ‘his’ is histidine-195, ‘nic’ is
nicotinamide, and ‘sub’ is substrate.

Fig. 2 Large and small QM regions in QM/MM models for LDH; link atoms
are indicated as ‘5’.
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intermediate, and product. Table 1 contains optimised bond
lengths for the HT and PT components of LDH catalysed
pyruvate reduction and energies for minima and TSs.

The second important result of this study is that we find
reaction paths and TSs for both the stepwise HT,PT and the
concerted PT/HT mechanisms for both the present large-QM/
full-MM model and (results not shown here) small-QM/
truncated-MM and small-QM/full-MM models. There is no
fundamental disagreement between the MTW and RG results:
the apparent discrepancy arose simply because different parts of
the hypersurface had been explored in each of the earlier
studies. Subtle but significant differences in many coordinates
other than just HT and PT dictate whether a particular geometry
for the QM region lies within that part of the overall
hypersurface belonging to the HT,PT mechanism or else in that
different part corresponding to the PT/HT mechanism. It is as if
the hypersurface contains a watershed separating two distinct
drainage basins: depending upon how a gentle breeze may gust
at the crucial moment, a raindrop falling on the Andes
watershed may flow to either the Atlantic or the Pacific. So it is
with geometry optimisation in a very large and flexible system:
two computational runs may start at very similar structures in
the core region but be subtly influenced by small differences in
their environments to follow separate courses to very different
final structures. However, owing to the particular bias provided
by the environment, optimisations initiated within the same
basin may all tend to converge to the same mechanistic result,
despite scanning of the key parameters within the core over
adequate ranges of values. A difference in some detail of the
QM/MM treatment may of itself generate only a trivial
difference in energy for an initial structure but, as a consequence
of small differences in the gradient and second derivatives, may
cause an optimisation (or TS search) to proceed towards a
significantly different stationary point.

The obvious question is which mechanism is preferred:
HT,PT or PT/HT? Unfortunately, and perhaps surprisingly,
there is no easy answer.14 The order of the total energies (EQM
+ EQM/MM + EMM) for the three TSs is ‡HT > ‡C > ‡PT. This
would suggest that the concerted PT/HT mechanism is preferred
over the stepwise HT,PT mechanism, for which HT is the rate-
determining step. If, however, only the energy of the QM core
within the electrostatic environment of the MM atoms is
considered (EQM + EQM/MM), then for both models the order of
energies of the three TSs is ‡C > ‡HT > ‡PT, favouring the
HT,PT mechanism. If no MM atoms are allowed to move in the
TS search, then EMM = 0 and Etotal = EQM + EQM/MM.
However, as flexibility in the MM region is introduced, and the
number of atoms contributing to EMM is increased from zero to

several thousand, it seems that the mechanistic preference
changes. We are unable yet to make a definitive statement as to
which mechanism is preferred, but are currently performing ab
initio QM/MM calculations for this system with a view to
obtaining more reliable energetics. We would also like to be
able to describe the specific physical interactions within the
MM region that favour each of the two mechanisms. Visual
inspection of the two structures reveals no obvious significant
differences, and as yet the origin of the change in EMM
responsible for the mechanistic shift eludes characterisation; we
hope to report upon this important point in a full paper. It should
be noted that, even for our smallest model, there are several
thousand degrees of freedom in the MM region and the critical
energetic difference is likely to be the sum of a large number of
very small contributions.

Finally, our refined stationary points are not unique. The
multiple minima issue has its counterpart for TSs: there exist
multiple local saddle points differing in the conformation of the
environment. Accurate determination of transition state proper-
ties will require statistical averaging over many configurations,
each one individually being a transition structure.1b Free-energy
calculations must not only sample representative configurations
along an assumed in vacuo reaction path but also must consider
the possibility of alternative mechanistic pathways.
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Table 1 Selected bond lengths (Å) and energies (kcal mol21) for AM1/
CHARMM large-QM/full-MM optimized structures on the reaction map for
LDH catalyzed reduction of pyruvate

Cnic…HA HA…Cpyr Opyr…HB HB…Nhis Etotal

EQM +
EQM/MM

reactant 1.130 2.550 2.043 0.998 212225.1 2514.0
‡C 1.286 1.458 0.996 1.892 212173.5 2462.7
‡HT 1.730 1.234 1.981 1.017 212155.9 2481.1
int 2.766 1.144 1.700 1.054 212191.0 2511.4
‡PT 2.773 1.140 1.565 1.091 212183.7 2500.0
product 2.561 1.110 0.978 2.517 212243.7 2577.5
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