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ABSTRACT: Computer-aided enzyme design is a field of great
potential importance for biotechnological applications, medical
advances, and a fundamental understanding of enzyme action.
However, reaching a predictive ability in this direction is extremely
challenging. It requires both the ability to predict quantitatively the
activation barriers in cases where the structure and sequence are
known and the ability to predict the effect of different mutations. In
this work, we propose a protocol for predicting reasonable starting
structures of mutants of proteins with known structures and for
calculating the activation barriers of the generated mutants. Our
approach also allows us to use the predicted structures of the
generated mutant to predict structures and activation barriers for
subsequent set of mutations. This protocol is used to examine the
reliability of the in silico directed evolution of Kemp eliminase and haloalkane dehalogenase. We also used the results of single and
double mutations as a base for predicting the effect of transition-state stabilization by multiple concurrent mutations. This strategy
seems to be useful in creating an activity funnel that provides a qualitative ranking of the catalytic power of different mutants.

KEYWORDS: computer-aided enzyme design, Kemp eliminase, dehalogenase, empirical valence bond, distinct rotamer generation,
directed evolution

1. INTRODUCTION

Designing a new protein with targeted functionality has wide
implications in chemistry and biology. Progress has been made
in recent years in designing proteins by various methods,
including starting from scratch (de novo design) or improving
the function of a protein scaffold by mutating rationally or
randomly.1,2 While such methods are promising, they
encounter major challenges. For instance, de novo design of a
protein presents an exceptionally difficult problem, since only a
few out of infinite possibilities in sequence space can lead to a
stable and functional protein. Finding arbitrarily that right
sequence could be like searching for a needle in a haystack.3 Of
course, finding a reasonable sequence still requires the ability
to calculate the catalytic power of the generated protein.
Arguably, success is more likely to be achieved by template-
based designs (rational or directed evolution). In fact, various
design strategies have been used to improve the activity of
already existing proteins.4,5 A related recent study explored the
ability to design enzyme active sites by remodeling a
reasonable catalytic site, first reducing its activity by
introducing one or more mutations and then increasing it by
adding another mutation.6 Directed evolution is another
template-based method, and its success is much less dependent
on a prior knowledge about the system.7 The implementation
of such a method usually involves a start from a low-

functionality protein and then iteratively applying random
mutagenesis and screening processes, to generate proteins with
improved activities.8 The greatest challenge with implementing
a directed evolution is the vastness of the sequence space that
needs to be screened, while performing the random mutations.
This problem is overcome by biological evolutions due to the
long time available for such processes. An informed screening
can reduce the number of possible random mutations and
enhance the predictability of the process. Thus, it is tempting
to rely on computational tools to guide the directed evolution
or to provide alternative directions.2,9−14 While some of the
available computational tools target the structural stability and
sequence−activity relation,2,9,10,12 information about the
reaction energetics (transition state stability) is in principle a
more reasonable direction to guide directed evolution. Even
though some QM/MM studies have been proven to provide a
partial rationale to directed evolution of proteins, they are
restricted to cases with a relatively small number of mutation
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possibilities, due to the high computational cost.15 Further-
more, all energy calculation methods mentioned are limited by
the need to employ an adequate sampling method and a
protocol to avoid encountering a nonoptimal starting structure
(wrong conformation of mutated residues). In case of
processing nonoptimal starting structures, even very long
simulations are not sufficient to avoid ending up at a kinetically
trapped state.
In previous studies we relied on a semiempirical QM/MM

approachthe empirical valence bond (EVB) method, which
is arguably the most effective way of simulating chemical
reactions in the condensed phase.16 This method has been
widely implemented previously to explore complex reactions
and has successfully reproduced experimental findings without
the need of extensive computational resources. However, the
performance of this method in reproducing the observed
results of directed evolution has not yet been established. For
example, our recent study of Kemp eliminase17 was able to
reproduce the effects of sequence change by directed evolution
but did not allow us to move in a correct way between the
structures of different sequences. That is, using the structure of
a given sequence we were able to obtain reasonable results, but
trying to move from a structure that corresponds to one
sequence to one that corresponds to another has not
reproduced the proper change in structure and catalytic effect.
Thus, it is crucial to advance a formulation that could be useful
for predicting the effect of multiple mutations.
Predicting the effect of multiple mutations on a chemical

step by computer simulations also depends on the starting
structures provided. Considering initially a single conformer
for each mutated residue can lead to the generation of
problematic structures, which are kinetically trapped in some
local minima (close to the actual ground-state minima). To
avoid that kind of problem, it is essential to develop a
procedure that would generate multiple distinct rotamers for
each mutation. Such rotamers should then be used as starting
structures for EVB simulations. Although such an approach is
formally correct, it might lead to an unrealistically high number
of simulations, due to the large amount of mutations that may
be needed to be examined. Hence, we need some type of
enhanced sampling that will allow us to estimate the effect of
multiple mutations without simulating all the possible
combinations. One possibility is to use sets of single and
double mutations to predict the effect of multiple mutations.
In this work we implement the concept of using a

combinatorial approach to explore the rotamer conformational
space, combined with calculations of activation free energies.
This approach is examined here in two test cases, namely the
reactions of Kemp eliminase and haloalkane dehalogenase
(DhlA). Our results show that the method can be useful for
predicting mutational effects on the change of the rate of the
chemical steps of enzymatic reactions. It is also demonstrated
that the method can be implemented as a useful tool in
computational directed evolution.
However, we wish to point out that the focus of this work is

not about getting perfect results in modeling the effects of
sequence changes but rather about examining the error range
of a procedure that considers a very extensive configurational
sampling in studying mutational effects.

2. METHODS
Our simulation protocol consists of two main steps: (1) a
distinct rotamer generation and (2) the use of EVB

calculations in a pragmatic way to reduce the computational
cost of the corresponding simulations.

2.1. Rotamer Generation. To explore efficiently the free
energy landscape, it is important to generate multiple rotamers
as starting structures for the specific residues of interest.
Employing only one starting structure (one set of rotamers)
may require an extremely long relaxation process to bring the
simulated conformation of the given mutant close to the most
stable configuration. Even if the high computational cost of the
relaxation is not an obstacle, the process may converge away
from the actual ground state, due to the ruggedness of the
landscape. This implies a possible start from a high-energy
ground state that will end up obtaining reasonable protein
activity for the wrong reasons. Thus, it is necessary to examine
each newly proposed mutation on the basis of several starting
conformers. One possible option of the sampling protocol is to
choose three rotamers for each mutation and thus generate 3N

starting structures for a case of N mutations. This should be
done while it is kept in mind that the rotamers selected for the
simulations should be as distinct as possible.
Our first step in that direction is to convert every residue Qi

selected for a mutation, into a coarse-grained (CG)
representation, by replacing its side chain with an effective
atom (named X).18 The X atom is located at the geometric
center of the side chain’s heavy atoms of the residue Qi (Figure
1A). The additional atom D (dummy atom) is introduced

along the Cα−Cβ bond (this bond exists in the all-atom form of
the side-chain). The main-chain atoms are kept unaltered in
the CG representation. Having those steps completed, the next
one is the generation of the rotamers of the amino acid j to
which the current residue Qi is to be mutated. For the first
rotamer of Qj, the geometric center of the side chain’s heavy
atoms of Qj is placed as close as possible to the X atom of the
residue Qi. In other words, for the first rotamer of Qj, the X
atom of the residue Qj is placed close to the X atom of the
residue Qi. For the remaining two rotamers, the X atoms of the
new rotamers are placed in a way to maximize the distance
among the X atoms of all three rotamers. Finally, the explicit
forms of the side chains are generated and their coordinates are
optimized, by removing any potential intra- or intermolecular
clashes. In the case of performing mutations at N positions of a
sequence of a protein Q, the aforementioned steps are followed
until the requested 3N starting structures are generated.

Figure 1. Application of the rotamer generation protocol for mutating
a tryptophan residue Qi to a tyrosine residue Qj of a protein Q: (A)
replacement of the side chain of tryptophan by an atom X and a
dummy atom D, positioned along the Cα−Cβ bond; (B) three
distinctively different rotamers of the residue Qj (pink, the rotamer
closest to the residue Qi (green); blue, the farthest rotamer). Refer to
the text for more details.
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The implemented search of the most distinguishable side-
chain conformers is done with respect to the specific local
environment inside the cavity that accommodates the given
side chain. That environment is defined by the short- and long-
range nonbonded potentials. However, we note that the
adequacy of the CG simulations used in our procedure
depends on the adequacy of the trimmed all-atom side chain.
Thus, having adequate all-atom side chain conformation is very
important when one generates mutations, because the number
of mutations is very small with respect to the total number of
residues. In this case, the proper assessment of the specific
local environment is of primary importance and therefore a
specific method for generating mutations is required. One may
use standard rotamer libraries when the number of mutations
is proportional to the number of residues in the simulated
protein. In such a case, an external rotamer library, derived as
an ensemble averaged over hundreds of protein molecules,
might fit to the average environment. However, when the
number of mutations is very small, only a specific approach,
such as that implemented here, can bring adequate results. Our
rotamer generation protocol is also adequate for large side
chains. That is, if one can estimate the influence of the
multipoles in the Coulomb expansion (up to octapoles), it is
quite easy to see that the larger the side chain, the more precise
the trimming approach, especially if restrained electrostatic
potential (RESP) model based charges are employed.
2.2. Calculations of Activation Free Energies for a

Protein with N Mutations. The EVB method is applicable
for studying reaction kinetics in condensed phases and
proteins. Here we use this method to calculate the activation
free energies of a reaction (catalyzed by the protein Q) and to
screen suitable structures for conducting new mutations of the
protein Q. In order to calculate the activation free energy of
the reaction (ΔGQ

⧧), we performed 3N EVB simulations (based
on 3N starting structures generated by our rotamer generation
protocol for mutating N residues of the protein Q). The
activation free energy of the reaction, ΔGQ

⧧ , is then given by

∑Δ = Δ
∑

⧧

=

⧧
− Δ −Δ

=
− Δ −Δ

⧧ ⧧

⧧ ⧧G G
e

ei

G G RT
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( )/

1
3 ( )/

N

i

i

j

Q min

N
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(1)

Here ΔGQi

⧧ is the calculated activation free energy of the
reaction, involving the ith starting structure. ΔGmin

⧧ is the
minimum of the calculated activation free energy, estimated
after examining each of the 3N generated starting structures. R
and T are the gas constant and the simulation temperature,
respectively. Ideally, the minimum of the calculated activation
energies should be the activation energy of the reaction (i.e.,
ΔGmin

⧧ ≈ ΔGQ
⧧), but it is also possible that other structures can

be sufficiently preorganized in a way that they could contribute
to the transition-state stabilization. Thus, ΔGQ

⧧ of eq 1 is
calculated as an average over all starting structures that are
used in the EVB calculations. It is worth noting that, even if the
contributions of all the starting structures are included in eq 1,
the structures that yield activation energies close to ΔGmin

⧧ are
those that contribute mostly to the ΔGQ

⧧ . Note that the
structure which corresponds to ΔGmin

⧧ is used as the structure
of the protein for introducing new mutations.
The above protocol of the EVB simulation has been applied

here for the enzyme DhlA, known to catalyze the conversion of
toxic haloalkanes to alcohols.19 This enzyme supports the
conversion of 1,2-dichloroethane into chloroethanol, in a

process that consists of a series of steps, including an SN2
reaction (Figure 2).20 This SN2 reaction is not the rate-

determining step for the wild-type protein of DhlA,21−23

whereas for many mutants of DhlA the SN2 reaction was
reported to be the rate-determining step.6,23−25 Fortunately,
the rate constants of the SN2 reaction are experimentally
known in cases where the SN2 reaction is not rate determining.
Thus, to validate the correctness and applicability of our EVB
approach, we attempted to simulate the SN2 chemical step and
compared the calculated barrier of the reaction to the
corresponding experimental results. Also, we paid special
attention to the understanding of the cases where our previous
calculations failed to reproduce the experimental finding.6

The DhlA system is clearly too simplistic to fully validate our
approach, but it should be interesting enough to provide some
important insights. Most of the mutations studied in DhlA are
single mutations or at most double mutations. Our method can
successfully reproduce most of the observed effects (see
Results and Discussion), and the results encouraged us to go
further and implement it to investigate a case that is more
complicated.
The Kemp eliminase system (the proposed scheme of the

reaction is given in Figure 3) has been a subject of extensive

computational protein design as well as directed evolution
studies.26,27 Reference 27 demonstrates that 17 rounds of
mutagenesis and screening on the in silico designed protein
HG3 generates a protein, HG3.17, which decreases the
activation energy of the reaction by ∼3.3 kcal/mol (in
comparison to HG3).
The rate of the reactions for 5 mutants (generated using 17

rounds of mutagenesis and screening process) is reported in ref
27 (see Table 1), and the structures of the first and last systems
are available in the Protein Data Bank.27,28 Thus, we need to
predict reasonable structures of the intermediate mutants to
reveal how the enzyme has evolved from HG3 to HG3.17. One
way to study the effects of different mutations in different
stages of the mutagenesis is to mutate the residues using
available software (starting from a known structure) and then
study the reaction using the EVB.17 On the other hand, we can
start from the least active protein HG3, implement our method

Figure 2. Illustration of the reaction in haloalkane dehalogenase. The
square box marks one of the most important chemical steps, the SN2
reaction, and DCE stands for dichloroethane.

Figure 3. A scheme illustrating the base-catalyzed Kemp elimination
of 5-nitrobenzisoxale. TS stands for transition state.
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to predict the most probable structure (which corresponds to
ΔGmin

⧧ ) in one step, and then use it in the next round of
prediction to move forward (similar to natural evolution). The
implemented protocol is schematically presented in Figure 4.
More details regarding its design and the related EVB
parameters are available in the Supporting Information.

All Python and Bash scripts and some input files that were
used in this project can be found in the git repository (https://
github.com/dibyendu92/In-silico-Enymze-deisgn).

3. RESULTS AND DISCUSSION
In this section, we examine the results obtained for
dehalogenase and Kemp eliminase.
3.1. Haloalkane Dehalogenase. Our protocol is tested

first on the DhlA system. In an earlier study from our group,6

we showed both computationally and experimentally that,
while W175Y reduces the catalytic efficiency, another
mutation, E56N, restores the catalysis.6 In that study, we
were unable to reproduce the effect of the double mutation
W125F/V226Q. Therefore, we paid a special attention here to
this mutation. The results that are presented in Table 2 show
that, in most cases, the predictions given by our protocol are in
good agreement with the corresponding experimental findings.
The results obtained for double mutations are showing the

maximum deviation from the experimental results. In our
previous work, we suggested one possible reason for the
mismatch observed in the case of W125F/V226Q mutation.6

Our current calculated result for the W125F/V226Q mutation
is in better agreement with the observed result, in comparison

to the results in ref 6 (significantly higher calculated barrier in
the current work). However, we still cannot reproduce the
inactivity that might be due to partial unfolding.6 We also note
that the calculated results for W175Y and W175Y/E56N are
overestimated by ∼3 kcal/mol. One possible explanation for
observing this deviation could be the selection of the model
adopted for generating rotamers in the case of Y175. That is,
our model generates side-chain samples by rotating the atoms
about the Cα−Cβ axis, deliberately ignoring the possible
variation of the position of the aromatic ring. Since the wrong
orientations of the aromatic ring in the starting structures of
the rotamers could not be entirely fixed by reorientation during
the simulation, they might cause the observed overestimations.
Hence, an improved version of the protocol for sampling may
be needed. At any rate because we found our overall results
(for 8 out of 11 mutants) encouraging, we decided to explore
the more complicated case of Kemp eliminase.

3.2. Kemp Eliminase. In the case of dehalogenase, most of
the calculations used only a single mutation for checking the
efficiency of our protocol and deciding whether eq 1 is
applicable to calculate the activation energy (ΔGQ

‡ for a protein
Q). In the case of Kemp eliminase, our goal here is to check
whether we can transform the protein from a less active to a
more active form by an in silico approach, when we know in
advance what mutations should be introduced during each
step. Note that the overall decrease in activation free energies
caused by introducing 17 mutations is only 3.3 kcal/mol
(Table 1)27 and an accurate reproduction of the effect of
mutations is very challenging (because of that an accumulated
error in any early step can influence the calculated results
significantly). Below we discuss all the considerations we made
to simulate the computational evolution from HG3 to HG3.17.

3.2.1. HG3. Three residues (K50, S89, and Q90) were
selected and mutated back to the same residues (by applying
our rotamer generation protocol) to generate 33 starting
structures and use all of them in EVB calculations, to estimate
the activation free energy of the reaction in HG3. These
positions in the sequence space were chosen because the

Table 1. Point Mutations with Respect to HG3 in Different
HG3 Variants and the Corresponding Experimental
Activation Free Energiesa

aThe typeface represents whether a specific position of the sequence
has been mutated one (black), two (blue), or three (brown) times.
bAll experimental ΔG⧧ values are calculated from the kcat values
reported in ref 27, assuming T = 300 K.

Figure 4. Schematic presentation of the stages and internal
subroutines included in the implemented simulation protocol.

Table 2. Experimental and Calculated Activation Free
Energies for the SN2 Step in the Reaction of Haloalkane
Dehalogenasea

mutation ΔG⧧
cal (kcal/mol) ΔG⧧

exp
b (kcal/mol) |ΔG⧧

exp − ΔG⧧
cal|

wild type 14.7 15.3c 0.6
V226A 15.9 16.0c 0.1
W125F 17.5 17.6 0.1
W175F 18.4 18.3 0.1
F172Y 16.1 17.3 1.2
F175W 16.3 16.8 0.5
F164A 21.9 19.4 1.5
E56Q 15.3 15.9 0.6
W175Y 21.6 18.3 3.6
W175Y/
E56N

18.4 15.6c 2.8

W125F/
V226Q

17.5 n.a.

aThe last column represents the absolute difference between the
experimental and calculated activation free energies. n.a. = not active.
bThe activation barriers are for the SN2 step. All experimental
activation free energies are taken from the compilation in ref 6 (see
also refs 13, 14, 29, and 30 in ref 6). The activation free energies were
calculated for a temperature of 300 K. cReactions where the SN2 step
is not the rate-determining step.
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mutated residues are situated very close to the active site and
were used during the mutagenesis step (in experimental
directed evolution) to optimize the protein. It is expected that
wrongly predicted rotamer orientations of residues near the
active site should severely affect the outcome of the
simulations. Thus, the self-mutation-based calculations for
three positions near the active site region are a reasonable
choice to test our protocol. We have used eq 1 to calculate the
activation free energy of HG3 (see Table 3), from the 33 EVB

calculations performed with the 33 starting structures. The
structure corresponding to the minimum calculated activation
free energy was selected to generate the structure of HG3.3b.
3.2.2. HG3.3b. In the case of HG3.3b, six residues should be

mutated to convert HG3 to HG3.3b. V6I and M84C are the
only 2 mutations that are present in all proteins from HG3.3b
to HG3.17 (see Table 1). Since 6 residues are to be mutated,
36 (=729) starting structures and 729 EVB calculations have to
be performed if we explore all 6 positions explicitly. On the
other hand, if we limit the number of mutations to be explored,
we can reduce the number of EVB calculations. As rationalized
below, we mutated V6I and M84C using the Dunbrack
backbone-dependent rotamer library (rotamers with the
highest probability)29 implemented in Chimera (version
1.10.2).30 We then applied our rotamer generation protocol
only for the remaining 4 mutations and generated 34 (81)
starting structures (instead of 729 starting structures) and ran
81 EVB calculations. We specifically choose V6I and M84C to
be mutated using the Dunbrack rotamer library because V6I
and M84C are the only two mutations that are present in all
proteins from HG3.3b to HG3.17. Thus, if any error occurs by
not exploring (explicitly) these mutations, then that would
affect all of the calculated results from HG3.3b to HG3.17 in a
similar manner. Additionally, selecting residues which are
common in all mutant variants would lead to a consistent
comparison without doing a large number of EVB calculations.
Like HG3, the catalytic effect is also predicted using eq 1, and
the most probable structure (corresponding to ΔGmin

‡ ) is
selected for use in the next round.
3.2.3. HG3.7. HG3.7 is different from HG3.3b by only 3

mutations (Table 1), and thus the movement between these 2
protein sequences is a reasonable test case. The structure
corresponding to ΔGmin

‡ in the EVB calculation of reaction of
HG3.3b was employed as a starting point for generating the 33

structures of HG3.7 (Figure 5). At this stage we also checked
to what extent the order of introducing the mutations can
influence our results. Starting from a variant of HG3.3b
(without introducing M84C mutations), we followed 4
different paths to reach a variant of HG3.7.
Note that we are examining whether our choice of picking

which mutation to perform first (in a set of three mutations)

has any considerable effect on the calculated activation free
energies.
Figure 5 helps to reveal that the order of mutation is not of

critical importance. In pathways A−C, all mutations displayed
are introduced one at a time, while the structure corresponding
to minimum activation free energy is taken as the starting point
for the next step of simulation. It is evident that the calculated
values do not vary significantly. The maximum difference in
the calculated activation free energies after all three mutations
among routes A−C is ∼1 kcal/mol. Note that the error range
for calculating activation free energies is still 1−2 kcal/mol.
This is not our specific shortcoming, since the entire
computational community would agree that 1−2 kcal/mol to
be a legitimate error limit for calculating activation free
energies. At any rate, this is just a very careful check of the
stability of our calculations. The only thing that we want to
point out is that the result coming from the most common
protocol (i.e., pathway D) is not very different from those
obtained in the other pathways where the mutations are
attempted one at a time. The lowest activation free energy
route in A−C (D90H → D90H/H50Q → D90H/H50Q/
Q37K) converges decisively to the results for D, where all
three mutations are introduced simultaneously. It is worth
mentioning that the test for checking the ordering of mutations
could be performed with any other set of mutations. The
calculation starting with a variant of protein HG3.3b (without
M84C) is just an example. As indicated in Figure 5, the
calculated activation barrier for HG3.7 (without M84C) is 15.7
kcal/mol (pathway D). The activation free energy of HG3.7
(with M84C) is 14.4 kcal/mol (see Table 3). Thus, it can be
suggested that the presence of CYS84 helps the other
mutations to cooperatively enhance the activity of the protein.
Furthermore, the results may explain why M84C is consistently
carried over in all rounds of the experiment (possibly after
round 1b; see Supplementary Table 4a of ref 27) without being
mutated to anything else.

3.2.4. HG3.14. The move from HG3.7 to HG3.14 requires
the introduction of eight point mutations. If we need to
implement our method in its fullest form, then 38 (=6561)
structures and EVB calculations are required. Thus, we need an

Table 3. Experimental and Calculated Activation Free
Energies of the Reaction in Kemp Eliminasea

HG3 variant ΔG⧧
cal (kcal/mol) ΔG⧧

exp (kcal/mol) |ΔG⧧
exp − ΔG⧧

cal|

HG3 16.9 16.9 0.0
HG3.3b 14.6 16.0 1.4
HG3.7 14.4 14.1 0.3
HG3.14 14.2 13.9 0.3
HG3.17 14.1 13.6 0.5

aThe last column represents the absolute difference between the
experimental and calculated activation free energies.

Figure 5. Illustrating the effect of the order of mutations in the
process of generating starting structures on the calculation of
activation free energies. Four different pathways are considered (A−
D) to convert a variant of HG3.3b (without M84C) to a variant of
HG3.7 (without M84C). The calculated activation free energies of the
reaction in different mutated proteins are given in the boxes (in kcal/
mol), and the mutations that lead to the corresponding proteins
(starting from the root) are traced with arrows. The convergence of
the calculations is stated in the yellow box (see main text). The
calculated activation free energy of reaction in the variant of HG3.3b
(without M84C) is 17.4 kcal/mol (in a black rounded rectangle near
the root).
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approximated strategy to tackle the problem by performing
fewer computations. We can try to employ an approach similar
to that used in the case of HG3.3b, where we reduced the
number of computations by not exploring explicitly the
conformational space of the V8I and M84C mutations. It is
not always possible to find cases where some mutations are
presented in all the mutant proteins. Thus, for cases where we
cannot find common mutations, a more general approach is
needed. An effective way of reducing the number of
computations, without considerably compromising the reli-
ability of the free energy calculation, is to predict a small
number of reasonable starting structures that would mainly
contribute to the calculation of activation free energy. In other
words, we have to predict only the starting structures that
correspond to ΔGmin

‡ in eq 1, and those which contribute in a
major way to the activation free energy calculation using eq 1,
without performing explicit EVB simulations for all 3N of the
starting structures. One option is to predict the reasonable
starting structures (corresponds to ΔGmin

‡ in eq 1 and related
structures) by considering the information from a limited
number of mutational calculations and use those predicted
reasonable structures to calculate the activation free energy of
the reaction. The simplest option is to consider all possible
single-mutation cases to predict reasonable starting structures
with multiple mutations in them. Such calculations are
adequate only when multimutational effects can be explained
by additive effects of single mutations. However, in most cases
the effect of one mutation might depend on the presence of
other mutation(s). The functional effect of one mutation in the
presence of other mutation(s) could be beneficial, neutral, or
deleterious, and the combined effect might deviate from the
individual additive effects. This is called epistasis.31 In most
evolutionary processes, the multimutational effects are non-
additive in nature. Thus, in our initial screening approach to
explore the effect of multiple mutations, we should consider at
least all possible double mutations. Theoretically, the double-
mutation term can be described as a combination of single-
mutation terms and terms related to the effect of performing a
second mutation, in cases where the first mutation has already
been introduced. Since the contribution due to single
mutations is already included, it should be subtracted from
the double-mutation terms to avoid an overcounting. Here we
applied an ad hoc approach, expressing the effect of multiple
mutations by using

∑

∑

α

β

ΔΔ ≈ ΔΔ

+ ΔΔ − ΔΔ − ΔΔ

→
⧧

=
→
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→

⧧
→
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Equation 2 is an approximate estimate of the relative barrier
obtained by mutating N residues during the transition from
protein Q to protein R. The index i runs over the residues that
are mutated during the transition, whereas k and l run over all
double-mutation combinations. α and β are parameters to scale
the single- and double-mutation terms in eq 2, and their values
vary as 0 ≤ α ≤ 1 and 0 < β < 1. In the current
implementation, α = 1.0 and β = 0.25.
The single and double terms (ΔΔGQ→Rx

‡ ) in eq 2 can be
defined as

ΔΔ = Δ − Δ→
⧧

→
⧧ ⧧G G GR RQ Q Qx x (3)

The terms ΔGQ→Rx

‡ denotes the activation free energy of the
reaction in protein Rx, where x can stand for a single or double
mutation of protein Q. ΔGQ

‡ is the calculated activation free
energy, obtained during the previous step (or taken for the
state previously used to generate the single/double mutations).
Both ΔGQ

‡ and ΔGQ→Rx

‡ are calculated using eq 1 and
correspond to averaged activation free energies. The term
ΔGQ→Rx

‡ can be also represented as the activation free energy
for each rotamer or rotamer combinations (for double
mutations). This helps us to use eqs 2 and 3 to rank 3N

protein configurations (see below).
It is now important to clarify our approach by assuming that

we use eq 2 to select ∼N starting structures, which are used in
the EVB calculations to calculate the activation free energy of
the reaction using eq 1. To explain this example, let us take a
case where ABCDEF are the mutations that we wish to
perform on a protein. Since in our original protocol (see
Methods) we consider 3 rotamers for each mutated residue,
residue A can have rotamers A1 (rotamer 1), A2 (rotamer 2),
and A3 (rotamer 3) and similarly residue B can have B1, B2,
and B3 rotamers. Thus, A1_B1_C1_D2_E2_F2 symbolically
defines a protein having rotamer 1 for residues A, B, and C and
rotamer 2 for residues D, E, and F. Since we are considering 6
mutations, on the basis of our original protocol (see Methods)
we should generate 36 starting structures. However, we can use
eq 2 to rank these protein configurations, by assuming that
ΔGQ→Rx

‡ in eq 3 corresponds to the activation free energy of
the reaction for a specific configuration of Rx. In this case,
ΔGQ→Rx

‡ in eq 3 is not calculated using eq 1, as it is done to
estimate the effect of multimutations (see above). As a result,
for single (3 starting structures) and double mutation (9
starting structures), the ΔGQ→Rx

‡ term would have 3 and 9

values, respectively. In this way we can calculate ΔΔGQ→Rx

‡ for

each configuration (a total of 3N ΔΔGQ→Rx

‡ values) and then
rank the 36 structures accordingly to A1_B2_C1_D2_E3_F1,
A2_B1_C3_D1_E1_F2, A2_B2_C2_D2_E2_F2, ... from the
most likely to the least likely starting structures. The most
probable structure should have a minimum ΔΔGQ→Rx

‡ value
among all 36 structures. For example, the ranking might predict
A2_B2_C2_D2_E2_F2 as the most probable, then
A2_B3_C1_D2_E3_F1 as the next most probable, and so
on. Then we can consider the ∼6 (N = 6) most probable
structures in our EVB calculations and use eq 1 to calculate the
corresponding activation free energy of the reaction. We have
used this approach in the cases of HG3.14 and HG3.17, and
the calculated activation energy of the reaction is reported in
Table 3.
These prediction calculations (use of eqs 2 and 3) are only

used to rank the most probable structures, which are then used
for the direct calculations (when we are really performing EVB
calculations with structures having 8 mutations of HG3.7). In
the current implementation, for the HG3.7 to HG3.14
conversion, the best 6−10 structures (based on ranking) are
designated as starting structures for the EVB calculations
(direct calculations). The calculated activation free energy for
HG3.14 reported in Table 3 was obtained after using eq 1 with
the EVB results of the direct calculations. The structure
corresponding to the minimum activation free energy in the
direct calculation can be used for the next round of predictions.
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As explained above, eq 2 can also be used to explore the
effect of multimutations using the calculations of single and
double mutations. For example, Table 4 represents the

Boltzmann averaged contributions of the single and double
mutations to the calculated ΔΔGQ→R

‡ for the conversion of
protein HG3.7 to HG3.14. Thus, we have used eq 3 to
calculate each row in Table 4, where each row represents the
relative change in activation free energy of the Kemp
elimination reaction (due to a single/double mutation of the
protein HG3.7). The first row in Table 4 represents the
relative change in activation free energy due to the mutation
from R (ARG) to S (SER) at the 89th position of the protein
HG3.7. In this case, ΔΔGHG3.7→HG3.7R89S

‡ was calculated by

subtracting ΔGHG3.7
‡ (14.4 kcal/mol) from ΔGHG3.7→HG3.7R89S

‡ ,
which was calculated using eq 1 (the summation in eq 1 was
done over three starting structures). Please note the different

way of calculating the ΔGQ→Rx

‡ term in eq 3 in the cases (a)
when 3N starting structures are ranked to find most probable
structures (previous paragraph) and (b) when the effect of
multiple mutation is predicted from a limited mutation based
simulation (current paragraph).
While the predicted ΔΔGHG3.7→HG3.14

‡ in Table 4 seems to be
an overestimation, the error is relatively small depending on
the approximation we made, as the double-mutation-based
simulations are used to account for the effect of eight
mutations. Ideally, if the values of α and β can be predicted
using some optimization protocols, then the predicted
ΔΔGHG3.7→HG3.14

‡ may have a better correlation with the
experimental results, which is −0.2 kcal/mol. In our current
calculation, the values of α and β were optimized after several
trial values. The values α = 1.0 and β = 0.25 were used in all
cases (wherever eq 2 was used in this work). It is worth noting
that Table 4 is a demonstration of how different terms in eq 2
contribute to the prediction calculation (a limited mutation
based calculation to explain the effect of multiple mutations).
By looking at the results of double mutations in Table 4, we
can state that the mutations of the distant residues (from the
active sites), for example D300N, T279S, T208M, T142N, and
105I, make relatively small contributions to the overall
stabilization. The results of the present study are consistent
with the finding of Chica and co-workers,32 where they found
that the progress in catalysis upon moving to HG3.17 does not
requires all of the 17 observed mutations.

3.2.5. HG3.17. To transform the structure of H3.14 into
HG3.17 requires six more mutations. The set of rotamers used
to generate the most likely configurations of the mutations are
selected by performing single- and double-mutation-based
calculations and using eqs 2 and 3 as explained above. The
most probable protein structures are then used in the “direct”
calculations (EVB calculation) to obtain the activation free
energy of the reaction. In this “direct” calculation only 6
instead of 36 structures were used. Thus, the use of the
aforementioned protocol has significantly lowered the
computational cost calculating the activation free energy of a
reaction. The above approach of using ∼N starting structures
instead of 3N structures is found to be useful for the cases of
both HG3.14 and HG3.17 calculations.
Equations 2 and 3 are used to rank protein configurations as

well as to explain the extent of catalysis due to the introduction
of certain mutations in a protein. The accuracy of the latter
depends on the accuracy of the calculation of ΔGQ

‡ term in eq
3. Even a small error in the calculation of ΔGQ

‡ can significantly
compromise the result, because that error will propagate
through all single- and double-mutation terms in eq 2. Thus
eqs 2 and 3 are both required only to support the process of
ranking the starting structures. Hopefully, the errors in the
calculation of ΔGQ

‡ are almost the same for all of the structures
considered in a single ranking process. In such a case these
errors should not alter the ordering of the most probable
structures.
Overall, our designed protocol seems to be useful for

calculation of activation free energies, even if the structure of
the protein is unknown in advance. If we can add a predictive
tool for proposing the next probable mutations, our protocol
can be applied as a promising tool for in silico enzyme design.
In this regard, eq 2 appears to offer substantial help in
predicting the next possible set of mutations. To examine the
adequacy of this assumption, we implemented our approach in

Table 4. Calculated ΔΔGHG3.7→HG3.14
‡ for All of the Double

and Single Mutations of H3.7, Used to Estimate the Overall
Barrier Change in the HG3.7 to H3.14 Conversion

HG3.7 → HG3.14 ΔΔGQ→Rx

‡ (kcal/mol)

R89S 0.14
T208M 0.40
N125T −0.36
G82A 0.97
T279S −0.68
T142N −0.63
D300N 0.38
T105I 0.37

R89S/T142N −0.64
N125T/D300N −0.40
N125T/T279S −0.22
T105I/T279S −0.03
R89S/T208M −0.17
T142I/D300N −0.38
T105I/N125T −0.17
R89S/T279S 0.19
G82A/D300N −0.43
G82A/T279S 0.12
R89S/T105I −0.11

N125T/T142N −0.59
T105I/D300N −0.33
G82A/R89S. −0.2
R89S/N125T −0.29
G82A/T105I −0.17
G82A/N125T −0.43
N125T/T208M −0.24
T142N/T208M −0.2
R89S/D300N −0.27
T208M/T279S 0.0
G82A/T142N −0.97
G82A/T208M −0.29
T208M/D300N −0.02
T279S/D300N −0.07
T105I/T208M −0.11
T105I/T142N −0.12
T142N/T279S −0.07

ΔGQ
‡ 14.4

ΔΔGHG3.7→HG3.14
‡ (α = 1.0; β = 0.25) −2.10
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the mutations on HG3.3b, in an attempt to generate the next
possible mutated protein, considering changes only at the
positions of H50, Q37, and D90. For each of the selected
positions various amino acid types were examined as
substitutes (see Table 5).
If the assumption that eq 2 can be used as a predictive tool

for selecting the next set of mutations works correctly, the
result of the calculation should predict H50Q, Q37K, and
D90H as the next probable mutations (the experimentally
found sequence) out of all possible mutation options that are
presented in Table 5. Our results ranked the combination
H50Q/Q37K/D90H as 13th out of 252 combinations of
tested triple mutations. The first 50 predictions are shown in
Figure 6. Interestingly, the ΔΔGQ→R

‡ value predicted by eq 2
for the mutations H50Q/Q37K/D90H of HG3.3b is ∼−0.1
kcal/mol (see Figure 6 (red bar)), which is close to the
calculated ΔΔG⧧ value in Table 3. This also shows that eq 2
may be used to estimate the effect of multiple mutations
instead of doing so by performing all explicit calculations (EVB
of 3N structures), when the number of the mutations to be
performed is small. This observation also proves the
consistency in our calculations. Even if the ideal prediction is
expected to be in favor of H50Q/Q37K/D90H as the most
catalytic mutation, the relevant predictions are not that far from
it. For example, our calculation proposed F to be the favorable
mutation for D90 along with K/D and Q/K for the 37th and
50th positions of the sequence of the protein. The residue F is
also found at the 90th position of the sequence of HG3.17,
which shows that mutation at position 90 of the sequence by F
should not destroy the catalytic gain. The decrease in
activation free energy between HG3.7 (H in the 90th position
of the sequence) and HG3.17 is ∼0.5 kcal/mol (Table 1),
which shows that both histidine (H) and phenylalanine (F) are

favorable at that position. Thus, for mutation at the 90th
position in HG3.3b we can consider both possibilities of H and
F. That makes our prediction reasonable.
An interesting insight can be obtained by placing different

mutations, according to their relative activation free energies,
on the surface of a hypothetical funnel, as shown in Figure 7.
This type of diagram places the predicted mutations with a
lower barrier at the bottom of the funnel. This gives hope that
experimental design of the mutations at the lowest region of
the funnel will allow a rational improvement of the given
enzyme.

4. CONCLUDING REMARKS

The use of rotamers conformational space exploration and
reaction energetics calculations have been shown to be useful
for in silico directed evolution. However, the implementation of
such a strategy is not obvious. The determination of a starting
protein configuration (for any free energy based calculations),
where the structure of the protein is unknown, is one of most
important components, as it is also in in silico enzyme design.
Here we developed such a strategy, where we generated three
distinct rotamers for each mutated residue while considering
the contributions to the average activation barriers from
multiple reasonable structures. This approach of calculating the
reaction barriers has been successfully validated for two model
systems. We also introduced an equation that allows us to
reduce the number of starting structures for our EVB
calculations, whenever the number of possible mutations is
very large. This approach approximates the catalytic/
anticatalytic effect of N mutations, by considering single and
double mutations, and is used to reduce the number of

Table 5. Mutation Combinations Used to Predict the Next Possible Mutations of HG3.3b

type small nucleophilic hydrophobic acidic basic aromatic

Q37 Q37A Q37S Q37I Q37D Q37K Q37F
H50 H50A H50S H50D H50K H50F H50Q
D90 D90A D90S D90I D90K or D90H D90F D90Q

Figure 6. Ranking the predictions of three mutations of HG3.3b. The prediction for H50Q/Q37K/D90H is colored in red.
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probable starting structures for computing the activation free
energies of N proteins instead of 3N proteins.
At this point it might be useful to reiterate the issues of

consistent computer-aided enzyme design. As we have argued
repeatedly, consistent approaches must be validated by their
ability to reproduce known results and subjected to scrutiny
similar to that applied here. In this respect we wish to
comment on a very recent interesting work of Hilvert and co-
workers,33 which has shown that Q50 can provide a significant
catalysis in HG3.17 (most probably by forming an oxyanion
hole), while other mutants at the 50th position might (M50,
F50) or might not (K50, H50) help in catalysis. Although this
finding seems to contradict the oversimplified views of the
nature of oxyanion stabilization, it can be rationalized by the
following facts. First, as has been emphasized in many of our
works, the expected effect of mutations should not be
comprehended by just looking at the structure (assuming it
to reflect all the changes in interaction); it is essential to
determine the effect of a mutation by careful free energy
calculations that consider the overall reorganization and water
penetration before and after the mutation. Second and more
specifically, with regard to the catalytic contributions of
oxyanions, it is useful to note that the first quantitative
analysis of the energetics of oxyanions in serine proteases (e.g.,
refs 34 and 35) already indicated that the catalytic contribution
of the oxyanion is not due to the interaction between the
dipoles of the environment and the transition-state charges
(which are similar in the protein and in water) but to the
limited reorganization of the dipoles in the protein site. Major
confusion in this respect has been clarified recently in ref 36,
and it is also useful to clarify that the oxyanion contribution
cannot be evaluated by just estimating the interaction energies
using quantum mechanical calculations (that may give a major
overestimation) but by considering the effect of the environ-
mental relaxation in the protein and in the water reference
system (this issue has been illustrated in ref 37). The nontrivial

evaluation of oxyanion contributions has also been demon-
strated in studies of ketosteroid isomerase (KSI),38,39 where we
established that there is a major catalytic contribution to the
oxyanion hole, while demonstrating the problems with the
analysis of Herschlag and co-workers,40 who tried to argue that
the oxyanion hole does not help to catalysis. At any rate, we
agree that the study of ref 33 should provide an excellent
benchmark for methods that are aimed at quantitative enzyme
design.
Overall, our attempt to explore and extend in silico directed

evolution has some encouraging aspects and may be improved
with the help of a more robust functional form of eq 2. That
kind of advancement should involve more accurate prediction
of the individual activation barriers as well. Nevertheless, the
current version of our approach can serve as a powerful tool in
those experimental studies that require predicting which of the
residues should be mutated next.
Our plans for future work include an extended exploration of

the rotamer conformational space, by implementing a Monte
Carlo based rotamer generator and optimizer based on a
rotamer library, as a supplement to our simplified folding free
energy calculation method. In addition, a further evaluation of
the weights in eq 2, supported by adequate optimization
methods, such as machine learning, may aid in increasing the
accuracy of the results.
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