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ABSTRACT: Data science and machine learning are revolutioniz-
ing enzyme engineering; however, high-throughput simulations for
screening large libraries of enzyme variants remain a challenge.
Here, we present a novel but highly simple approach to comparing
enzyme variants with fully atomistic classical molecular dynamics
(MD) simulations on a tractable timescale. Our method greatly
simplifies the problem by restricting sampling only to the reaction
transition state, and we show that the resulting measurements of
transition-state stability are well correlated with experimental
activity measurements across two highly distinct enzymes, even
for mutations with effects too small to resolve with free energy
methods. This method will enable atomistic simulations to achieve
sampling coverage for enzyme variant prescreening and machine

learning model training on a scale that was previously not possible.

B INTRODUCTION

Many of the most promising approaches in enzyme engineer-
ing from the past several years rely on the collection and
analysis of large libraries of enzyme variants, either to directly
search for improved variants as in directed evolution' or more
recently to train machine learning methods.” This trend is not
surprising given the accelerating use of data-driven science and
engineering across scientific and technological disciplines, and
its promise to enable the next generation of biotechnological
advances is already being borne out in recent examples.” >

Methods in computational protein engineering have also
begun to make use of the tools of data science, producing key
breakthroughs such as AlphaFold and RoseTTAFold, neural
network approaches to protein structure prediction with
dramatically improved performance over predicate methods.”’
However, to date, neural networks for protein engineering have
been mostly trained on unlabeled sequences or experimental
results, as opposed to molecular dynamics (MD) simulations.
Despite ever-increasing computational power, it usually
remains infeasible to perform an atomistic simulation for
every one of the thousands or even millions of data points that
are often necessary to train a useful neural network. This
problem is further exacerbated for studies of rare events such
as chemical reactions, which necessitate the use of expensive
enhanced sampling methods and for especially large proteins
or protein complexes.

However, MD simulations using physics-based potentials
remain of high interest for certain types of problems such as
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the assessment of the relative activity of variants of a given
enzyme. Such data are typically collected using benchtop-
directed evolution or deep mutational scanning studies;
however, benchtop studies of both types are expensive,
laborious, and require the development or availability of assays
for the desired enzyme act1v1ty, which depending on the
context is not always simple.*” Furthermore, benchtop
experiments can match or correlate sequences or mutations
with activity but produce no information about the local
structural changes or biophysical effects underlying that
relationship. This motivates the development of simulation-
based methods to assess large numbers of sequence—function
relationships at the molecular level directly.

There have been some attempts to develop new method-
ologies to address this problem. For example, the popular
protein engineering suite Rosetta features tools that can be
used to estimate the relative fitness of a particular protein
sequence by eschewing MD simulations entirely in favor of
discrete backbone torsion minimization steps and side-chain
repacking.'”"" Though computationally efficient, methods that
do not include MD simulations run the risk of missing key
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Figure 1. Models of TmAfc D224G (top left) and GalNAc-T2 (top right) used in this study, shown bound to their respective transition-states. At
the bottom are shown the transition-state models from these enzymes enlarged, featuring stretched bonds that remain stable over the course of the
simulations. Dark-blue carbon atoms correspond to the enzymes, yellow to the nonprotein substrates, and teal to the GalNAc-T2 oligopeptide
substrate.

aspects of protein function not captured in backbone and side-
chain reorganizations alone, and consequently, these methods
feature significant error. More accurate simulation-based
approaches also exist, such as CADEE, which uses full
ensemble simulations combined with empirical valence bond
calculations to estimate the free energy of reactions.'”
However, the change in the free energy of the reaction
between enzyme variants often falls well below the sensitivity
of free energy methods (in the range of 1—2 kcal/mol),"
making free energy approaches such as the one used in
CADEE unsuited to make accurate predictions in such cases.

Here, we propose a new, simple approach to estimate the
relative stabilization of a given reaction transition state in
enzyme variants with full atomistic simulations using classical
force fields and without any enhanced sampling scheme.
Rather than directly measuring the free energy of the reaction,
our method evaluates the dynamic stability of a restrained
transition-state complex. It has previously been shown that the
interaction energy between enzyme variants and bound
transition-state analogues can be predictive of relative
enzymatic activity.'* We aim to extend this work by applying
it to transition states directly (not analogues) and performing
full-ensemble simulations to capture long-range mutation
effects.

Even for mutations far from the active site or with changes in
activation free energy well below the sensitivity of free energy
methods, we show that transition-state complex stability has an
excellent correlation with experimental measurements of
enzyme activity across two dissimilar enzymes with single-
step reaction mechanisms: the engineered glycosynthase
Thermotoga maritimaa-L-fucosidase (TmAfc) D224G and
human N-acetylgalactosaminyl transferase-2 (GalNAc-T2),
both shown with transition-state models in Figure 1. For
enzymes whose reactivity is dominated by transition-state
stabilization, this method can be used to rapidly screen large
libraries of variants at a modest computational expense or to
generate high-quality training data for machine learning
models.
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B METHODS

Leaving out the process of constructing a suitable molecular

model of the enzyme common to all enzyme modeling
15

approaches, ~ the steps for our method are as follows:

1. Obtain or generate a model of the enzyme—transition-
state complex and apply restraints to the model such that
the transition state remains stable over the course of the
simulation;

2. Apply the desired mutation(s) and perform classical MD
simulations of the enzyme—transition-state complex; and

3. Measure the root-mean-square fluctuation of the

reaction substrate and key neighboring residues over

the course of the simulation(s).

This workflow is depicted visually in Figure 2. We will
describe the methodology we used for each of these steps in
turn; however, because the method is so simple, it is likely that
variations on this basic framework would also be successful.

Modeling and Restraining the Transition State.
Methodologies for obtaining transition-state models are
outside the scope of this work, but a suitable review is
available from Paul et al.'® Such methods can be broadly
divided into two categories: those with predetermined
collective variables (CVs) and those without. Doron et al.
offer a comparison of these categories.'”

In this case, we obtained transition-state models from
previously published work for both models. For TmAfc
D224G, we discovered and validated the transition-state
model with transition path sampling using a workflow based
on work by Bolhuis et al."® and Mullen et al."” that has since
been published as the software tool ATESA (github.com/
team-mayes/atesa). This model is based on PDB ID: 2ZXD"’
and did not involve any predetermined CVs. For more details
regarding the method used to obtain this transition-state
model, see our previous work>" or consult the documentation
for ATESA at atesa.readthedocs.io. For our model of the
GalNAc-T2, we followed the methodolo%y laid out in ref 22
based on PDB IDs: 2FFU™ and 4D0Z.”* We excluded the
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Variants

Figure 2. Process for creating and scoring a variant. Starting at left, bonds are added to the transition-state complex model and stretched bonds
have their equilibrium lengths modified so that the transition-state model will be stable during classical simulation. The desired mutations are then
applied (at the center, highlighted in green), and then the simulations are run. Finally, the resulting average RMSF of the transition-state complex
(at right) is measured to produce a relative score for the variant to compare to those from competing variants.

noncatalytic lectin domain, which is not believed to interact
directly with the substrates during the reaction.”” For the
enzyme-bound transition state, we relied on a published
quantum mechanics calculation from Goémez et al. 2014,
which was obtained by scanning along predetermined CVs
followed by transition-state optimization. Further details for
this model are available in the Supporting Information.

Models were prepared using AmberTools21.”° The models
were prepared with the ff19SB force field”” and OPC (TmAfc
D224G) or OPC3 (GalNAc-T2) explicit water model”® using
the AmberTools tleap program with the bond topology of the
prereaction state. Additional details for this process are
available in the Supporting Information. In order to keep the
transition states stable over the course of the simulations, we
set the equilibrium length of all the reactive bonds, that is,
bonds that either form or break over the course of the reaction,
to their transition state lengths. We also applied additional 100
kcal/mol A restraints to the positions of the atoms involved in
the reactive bonds, as well as to the ring atoms of the chiral
pyranose sugars in each model (the fucose in TmAfc D224G
and the N-acetylgalactosamine in GalNAc-T2) in order to
stabilize their puckers. Somewhat heavier or lighter restraint
weights may be acceptable as long as the transition-state
structure remains stable; we observed that weights one order of
magnitude larger or smaller often became unstable and
crashed. The models were then energy-minimized, heated in
NVT, and equilibrated in NPT in accordance with the
methodology in the Supporting Information.

Applying Mutations and Setting Up Individual
Simulations. Mutations to the enzymes were made using
PyRosetta™ to pack the side chains of mutated residues (and
those nearby) in a reasonable initial conformation. For each
mutant, the Amber parameter/topology file was regenerated
using the initial coordinates from the equilibrated model (plus
the changes made by PyRosetta). Predictions of the
protonation states of titratable residues were handled using
PROPKA3.’>*" Additional details are available in the
Supporting Information.

We used a standard 2 fs time step for the GalNAc-T2
simulations. Before running the TmAfc D224G simulations, we
applied hydrogen mass repartitioning (HMR)** and set the
simulation time step to 4 fs in order to demonstrate the
robustness of our method to longer time steps.
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Assessment of Transition-State Complex Stability
from Simulations. After the simulations, we measured root-
mean-square fluctuations (RMSFs) at and around the reactive
components in order to measure the relative degree to which
the transition-state complex is stabilized or destabilized in each
variant. Because the essential components of the reaction
transition state are restrained within the active site, while the
rest of the enzyme—substrate complex is free to move around
them, each statistically independent frame of the simulation
can be interpreted as a sample from the equilibrium
distribution of the transition state—enzyme complexes. The
RMSF of the transition state should therefore converge to a
value interpretable as the weighted average “unfavorability” of
the specific transition-state structure of interest among the
equilibrium distribution of simulation states.

There is no single obvious choice for the atoms to include in
the measurement of the RMSF, and the best selection for a
given transition-state complex may vary. For this work, we
selected the reactive components of the substrate molecules as
well as the reactive residues of the enzymes and the residues
immediately adjacent to them on either side. Exact definitions
can be found in the Supporting Information.

Simulations of TmAfc D224G variants were run for roughly
87 ns each, whereas the more efficient GalNAc-T2 simulations
were run for roughly 115 ns each. These simulation times were
achievable in roughly 6 h each on a single NVIDIA A40 GPU.
For both systems, we analyzed the impact of simulation time
on results, as shown in Figure 4 in the Results and Discussion
section.

B RESULTS AND DISCUSSION

We took previously published experimental values for the
relative enzymatic activity of the two enzyme systems from
Agrawal et al® (TmAfc D224G) and Kightlinger et al.”’
(GalNAc-T2), respectively. The former paper describes a
directed evolution study where the enzyme was modified
directly and assayed for improved rates of product formation.
By contrast, the latter paper describes the effect of
modifications to the sequence of a substrate oligopeptide,
leaving the enzyme itself unmodified and reducing the relative
activity relative to the native substrate in most cases.

The calculated RMSF values of the transition-state
complexes were well correlated with experimental values over
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Figure 3. Correlations between experimentally determined relative
enzyme activities and fluctuation of transition-state complexes
(RMSF) from simulations for (A) TmAfc D224G and (B) GalNAc-
T2. Error bars for experimental values in (A) are approximations of
the standard deviation reported in Agrawal et al.” Error bars for
RMSF values in both plots represent standard deviations across
independent simulations of each variant [nine simulations each in (A)
and three each in (B)]. No error values were available for the
experimental values for (B), which are taken from Kightlinger et al.**
Data labels in (A) indicate the sequence of mutations characterizing
each variant, where WT indicates that no further mutations beyond
D224G were made to the canonical TmAfc sequence taken from PDB
ID: 1HL9.>* “Experimental activity” values correspond to hydrolysis
rescue specific activity in the presence of aqueous azide (a proxy for
glycosynthase activity) for TmAfc D224G® and substrate specificity
for GalNAc-T2.**> A version of panel (B) with labels indicating the
identity of each point is available in the Supporting Information.
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Figure 4. Relationship between simulation time and Spearman’s p for
both models.

the range of available data for both enzymes, as shown in
Figure 3. The negative correlation is entirely expected: an
increase in RMSF indicates that the transition-state complex is
less stable, so the enzyme is expected to be less active and vice
versa. Although transition-state theory predicts that the
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energetic stability of the transition-state complex should
correlate with reactivity, to our knowledge, this is the first
time that the dynamic fluctuations of the transition-state
complex itself have been shown to directly correlate as well.
This should not necessarily be interpreted as evidence for (or
against) the “dynamic” model of enzyme function, as discussed
by Kamerlin and Warshel;* instead, we interpret the “dynamic
fluctuations” of the restrained transition-state model as a
simplified proxy for measurement of the free energy of the
transition state. In other words, we contend that the same
molecular mechanisms that affect the dynamic stability of the
restrained transition state complex in our models may also
have the effect of energetically stabilizing the transition state
complex in the actual reaction context.

The differences in free energies of activation associated with
these mutations can be quite small. For example, the difference
in activation energies between relative activity values of 1 and
1.39 in the TmAfc D224G study is only about 0.2 kcal/mol,*
well below the sensitivities of free energy methods broadly,
which are generally on the order of 1-2 kcal/mol.'® The
question of why our method achieves superior sensitivity is
worth considering. Although free energy methods are highly
diverse, typically they require converged sampling of multiple
different states along a predefined order parameter or collective
variable, and always, they can only measure relative free energy
between states. Furthermore, all degrees of freedom other than
the one(s) being sampled along are left unrestrained, and
sampling along these dimensions must be converged. By
contrast, our method sidesteps these issues by focusing on only
a single state (the transition state) and measuring an exact (not
relative) value that can be directly observed during MD (the
transition-state complex RMSF), which eliminates some
sources of error (while introducing others, discussed below).
Because we have no need to measure free energy directly, our
method is also able to feature more restraints across the entire
substrate structure, which in turn results in faster convergence.

Besides the small differences in free energy, another
complication for comparingg the TmAfc D224G variants
reported in Agrawal et al” is that all of the differences
between them are far from the active site in the C-terminal
domain (Figure 1). The purpose of this domain is not well
understood, and there is no obvious reason we can see that
mutations to this region should arise so frequently during
directed evolution; nevertheless, our approach was successful
in distinguishing the allosteric effects of these distal mutations
on the dynamics of the transition-state complex. This result
underscores the importance of capturing the long-range effects
of mutations in making successful predictions of relative
fitness, a task for which classical MD simulations are well
suited.

Although the shape of the relationship between RMSF and
enzyme activity in Figure 3 appears roughly linear over the
range of values tested here (with the exception of the wide
range of values with approximately zero activity in Figure 3B
since further transition-state destabilization cannot reduce
activity below zero), physically, this cannot continue forever:
RMSF can only become so low. Hypothetical enzymes with
exceptionally stable transition-state complexes would have to
experience diminishing returns on decreases in RMSF as their
activity further improves, which would be reflected in an
upward inflection (positive second derivative) of the relation-
ship between them when plotted as in Figure 3. Therefore, the
sensitivity of our method is expected to diminish as the enzyme
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becomes highly optimized. However, we suggest that enzymes
approaching this limit are likely to be more easily further
improved by alternate mechanisms (e.g., changes to substrate
binding, product release, etc.) instead of by further transition-
state stabilization, in which case the method we present here
would not be an appropriate tool to measure the relevant
effects.

It is important to recognize that because this approach only
involves the simulation of an approximation of the transition
state and not of the reactant or product states, it cannot be
used to make direct inferences about relative changes in
activation energy or overall reaction energy. The RMSF values
computed here only relate to the efficacy of the enzyme in
stabilizing the transition-state complex itself. Therefore, even
in the limit of an ideal model and perfect sampling, our method
is not robustly guaranteed to correlate with enzyme activity in
all cases, and particularly not in enzymes where the rate of
reaction is significantly influenced by nonreactive steps in the
catalytic cycle, such as product release. We interpret the fact
that this method nevertheless produces high-quality results as
evidence that, at least in the tested examples, mutation effects
on enzyme activity are dominated by changes in transition-
state complex stabilization rather than in reactant-state
destabilization. Nevertheless, this method must be validated
with experimental results for each individual system, and
accuracy could possibly be improved in some cases by
repeating simulations in the reactant state as well and
evaluating the relative change in stabilization between the
two states. The fact that this method may not be uniformly
applicable to all reactions of potential interest should not be
interpreted as diminishing its potential for rapid screening of
systems where it is appropriate.

Because this approach is designed to assess the relative
stability of a specific transition-state complex, it cannot
accurately estimate the effects of mutations that alter the
transition-state geometry significantly relative to the enzyme
variant for which the transition-state model was obtained. We
believe that such mutations will be rare even among beneficial
mutations, supported by the fact previous efforts to computa-
tionally engineer enzymes based on their affinity for a
particular transition-state geometry have been successful.'**°
This concern could be addressed at some additional computa-
tional expense by performing committor analysis simulations
on variants to ensure that the given transition state is still valid
in each case.'®

The relationship between simulation time and Spearman’s
rank correlation coefficient for each system is shown in Figure
4. Even very short simulation times are sufficient to achieve
strong performance for the GalNAc-T2 model, whereas
correlation for the TmAfc D224G model is much slower to
converge. The most likely explanation for this difference is that
the mutations made to the GalNAc-T2 model are immediately
adjacent to the active site, whereas the mutations in TmAfc
D224G are mostly in a different protein domain entirely.
Simulations need to be run for long enough for the allosteric
effects of the most distal mutations of interest to reach
equilibrium, and this timescale must be determined for each
enzyme of interest on a case-by-case basis. Although
Spearman’s rank correlation for TmAfc D224G reaches a
more negative (i.e., more strongly correlated) value compared
to GalNAc-T2, we caution against the interpretation that our
method was more suited to TmAfc D224G. Instead, this is
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likely an effect of the relatively lower number of TmAfc D224G
variants available for testing compared to GalNAc-T2.

B CONCLUSIONS

We present a novel method for assessing the relative effects of
mutations on the transition-state stabilization of enzymes by
direct measurement of the fluctuation of a restrained
transition-state model within the active site. This method
produces highly satisfactory results when compared to
experimental reactivity data from two dissimilar enzyme
systems, despite the associated changes in activation free
energy falling below the magnitude that can be observed with
simulation free energy methods in some cases. Combined with
case-by-case model validation, we propose that this approach
could be used for the prescreening of mutations and training of
machine learning models to guide directed evolution with
improved accuracy and reduced computational expense
compared to existing methods. In combination with ultra-
high-performance computing resources such as Anton, our
method could be used to screen massive enzyme variant
libraries with higher accuracy than has heretofore been

possible.
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