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Abstract

Many computational enzyme design approaches have been developed in recent years that focus on a
reduced set of key enzymatic features. Initial protocols mostly focused on the chemical steps(s)
through transition state stabilization, whereas most recent approaches exploit the enzyme
conformational dynamics often crucial for substrate binding, product release and allosteric regulation.
The detailed evaluation of the conformational landscape of many laboratory-evolved enzymes has
revealed dramatic changes on the relative stabilities of the conformational states after mutation,
favouring those conformational states key for the novel functionality. Of note is that these mutations
are often located all around the enzyme structure, which contrasts with most of the computational
design strategies that reduce the problem into active site alterations. Recent computational strategies
have been developed that consider enzyme design as a population shift problem, i.e. redistribution of
the relative stabilities of the conformational states induced by mutations. These strategies focus on
reconstructing the conformational landscape of the enzyme, and applying correlation-based tools to
elucidate the underlying allosteric network of interactions and identify potential mutation hotspots
located at the active site, but most importantly at distal positions for the first time.
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Computational enzyme redesign as a population shift problem: the challenge lies in the
computational prediction of distal and active site mutations for altering the relative




stabilities of the conformational ensemble of the enzyme and favouring those
conformational states of importance for the novel function.

1. INTRODUCTION

Enzyme design focuses on the generation of new biocatalysts with improved properties by altering their natural
constituting sequence of aminoacids. The interest in enzyme design arises from their advantageous
characteristics, such as their ability to operate under mild biological conditions achieving high efficiency,
selectivity and specificity, but also from the intellectual challenge of creating novel enzymatic activities. Enzyme
design is a stringent test to understand enzyme catalysis, evolution, folding and stability.

Enzymes are typically evolved for catalytic activity, enantioselectivity, thermodynamic stability, substrate
specificity, stability in non-aqueous solvents and cosolvents, among other properties. Available enzyme design
approaches involve the selection of which residues will be subjected to mutagenesis, generation of new variants,
followed by screening protocols to evaluate whether an enhancement in the property of interest is reached. How
these different points are targeted classify the available approaches into rational design,’® and Directed
Evolution (DE).* > Rational design focuses on a selected set of hotspot positions identified based on multiple
sequence alignments, the structural analysis of the active site pocket and potential tunnels for substrate binding,
and/or in-depth computational modelling of different enzyme properties by means of Quantum Mechanics
(QM), Quantum Mechanics/Molecular Mechanics (QM/MM), Molecular Dynamics (MD) and MonteCarlo (MC)
simulations, among others.? Given the vast protein sequence space, rational design reduces the enzyme design
problem by usually predicting mutations on the active site pocket or substrate binding tunnels. This contrasts
with the powerful DE®® technique meritoriously awarded the Nobel prize in Chemistry in 2018. DE was initially
based on iterative cycles of random mutagenesis to improve the selected property of interest, but subsequent
improvements were lately introduced based on bioinformatic tools'®?> and sequence analysis'® 17 to generate
smarter libraries, protein engineering techniques,® ¥ 1 gene synthesis,?® and sophisticated high-throughput
screening techniques.?! Machine-learning sequence-function models for guiding DE have also been applied.? %
The combination of DE with rational computational enzyme design has been shown to be a powerful strategy to
boost the low activities reached by computational designs. 2426 Similarly, promiscuous enzymatic side-activities
can be dramatically enhanced.?” Impressive examples of laboratory-engineered enzymes have been reported in
the literature, 3 such as the recent Merck-Codexis in vitro biocatalytic cascade for the synthesis of the anti-HIV
drug islatravir.?®

One of the strongest points of the powerful DE technique is its ability to introduce mutations to the entire protein
scaffold, i.e. it is not restricted to active site alterations. In many examples where DE was used to enhance the
initially poor catalytic activity of the starting enzyme, dramatic fold increases were obtained after introducing
mutations situated far away from the active site.> 3! For instance, the 1000-fold increase in activity achieved after
applying DE on the acyltransferase LovD enzyme was obtained by introducing 29 mutations, among which 18
were located on the enzyme surface.?? In fact, the enzyme activity was initially increased by ca. 2-fold with a
mutation introduced ca. 15 A from the catalytic site.3? The same trend was observed in non-related enzymes
such as cytochrome P450, Diels-Alderase, phosphotriesterase, or sitagliptinase, to name a few (see Figure 1 for
some selected examples of laboratory-evolved enzymes with mutations introduced at a mean distance from the
active site of ca. 15 A).% In fact, there is a lack of direct correlation between the effect of the introduced mutation
on the enzyme turnover (kct) and its proximity to the active site, which contrasts with specificity that is indeed
much more determined by active site mutations.> The coupling of distal residues impacting the enzyme active
site and its catalytic activity suggests that a considerable amount of long-range allostery (i.e. regulation of activity
by effector/partner binding) operates in many proteins.3® The rationalization of how these distal mutations
influence the enzyme catalytic activity has been achieved by means of computational tools,? mostly through
extensive MD simulations.3> 3% In many cases, these distal mutations alter the network of non-covalent
interactions leading to a redistribution of the enzyme pre-existing conformational states that favour catalysis, or
altering the conformational dynamics of key structural flexible elements such as loops and lids gating the active
site pocket.?”- 3538 The rationalization of such changes induced by distal mutations can be satisfactorily obtained
by computational modelling, however, the current challenge lies in the prediction of which distal positions can
impact and regulate enzymatic activity.3% 3437 We have learned from DE that distal mutations are required for
boosting the enzyme catalytic activity, but how feasible it is to computationally predict them? The development
of computational tools able to predict remote mutations is highly desirable as the premise of computationally
designing efficient enzymes could be in principle reached. This advance review provides a brief overview of the
available computational enzyme design strategies, and focuses on highlighting some recent computational
enzyme design protocols not restricted to active site mutations whose main focus is the alteration of enzyme
conformational dynamics.
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Figure 1. Selected examples of Ilaboratory-evolved enzymes with Directed Evolution:
Phosphotriesterase (PTE) to arylesterase (AE) conversion,?” Tryptophan Synthase (TrpS) for stand-alone
activity,3® Monoamine Oxidase (MAO-N) for broadening substrate scope,®® and Retro-aldolase (RA) for enhanced
activity.1® 3! The enzyme activity along the rounds of evolution is shown in blue (right y-axis), and the mean
distance between the Ca of the introduced mutations with respect to the Ca of the key catalytic residue in
orange (and in A, left y-axis). The distance from the active site of each mutation is marked with a sphere.

2. ENZYME CATALYSIS AND DESIGN: WHICH FEATURES SHOULD BE OPTIMISED TOWARDS
NOVEL FUNCTION?

Enzymes present a highly pre-organised active site that precisely arrange the catalytic residues for efficiently
stabilizing the transition state(s) of the reaction.**** Apart from the chemical step, the enzyme should also
properly bind the substrate in the active site pocket, and release the product for starting again the catalytic cycle.
These are essential steps in enzyme catalysis that often require the exploration of additional thermally accessible
conformations of the enzyme. These additional conformations sometimes involve changes in loops and flexible
domains gating the active site access. *>“® Although highly debated, some studies suggest a direct link between
active site dynamics and catalysis of the chemical step of the reaction.®® 470 Whether there exists such
connection or not, there is multiple evidence to the fact that enzymes change conformation along the catalytic
cycle, and in some cases conformational change is what limits the process. °* 52 Studies also suggest that
evolvability of enzymes is related to their inherent conformationally rich dynamic nature.>® Therefore, enzymes
present a precisely arranged active site pocket, but also a high degree of flexibility and versatility, as shown by
their ability to catalyse additional side reactions (i.e. promiscuous reactions),>* and also their tolerance to evolve
towards novel functions either by natural or laboratory evolution. 3653, 55,56
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Figure 2. Key features of enzyme catalysis that should be optimised for novel function. In many
enzymes, the chemical step(s) are rate-limiting, still conformational dynamics play a crucial role for substrate
binding, product release and allosteric regulation. By introducing mutations, conformational change can be rate-
limiting (such as the case of variant 2). The main computational tools that can be used for describing the chemical
step(s) or the conformational dynamics are also detailed.

All these evidences emphasise the complex nature of enzyme catalysis and the key features that should be
optimised for rationally evolving the enzyme towards new functions: substrate accessibility to the active site
pocket, active site pre-organisation for efficient transition state(s) stabilization, product release and optimisation
of the enzyme conformational dynamics. Unfortunately, the computational tools used for accurately
investigating the chemical steps along the catalytic cycles are too costly to be applied for analysing the
(un)binding processes and the conformational dynamics of the enzyme (see Figure 2).% 2 This justifies the vast
number of computational approaches that exist in the literature. Depending on the enzymatic property of
interest, the computational approach used will put the focus only to some of the mentioned features. Most of
the computational enzyme design protocols exploit some residual promiscuous activity of the natural enzyme,
and thus can be considered as “redesigns”. In those cases where none of the known natural enzymes has some
initial activity or the required active site pocket, de novo computational protocols can be applied. 57 These
protocols introduce the desired catalytic pocket into natural or artificial scaffolds achieving some initially low
activities that could then be further enhanced, and thus “redesigned” often by DE.?*2® The reasons for the low
activities provided by computational protocols have been related to the non-optimal arrangement of the
catalytic residues for transition state stabilization, > >° and that essential conformational changes for substrate
binding and product release are usually ignored. * The limitation of most of the computational protocols of
restricting the mutations to the enzyme active site pocket also hampers the design of highly active variants, as
shown by many DE examples.®

3. OVERVIEW OF COMPUTATIONAL ENZYME DESIGN APPROACHES

In this section, a brief overview of the available computational enzyme design approaches will be presented
based on how they tackle the above-mentioned key features of enzyme catalysis, i.e. whether they put the focus
mostly on the chemical step(s) of the process, or on the enzyme conformational dynamics. Additionally, details
on how and where they introduce mutations (active site only or distal) will be also provided. A special group of
computational tools that are difficult to fit into this classification are those based on sequence alignment and
bioinformatic tools that have been developed for generating smart libraries for enhancing the enzyme activity,
selectivity, and stability.? These strategies do not have the focus on the chemical step of the reaction nor in the



conformational dynamics of the enzyme, but rather compare multiple sequences and/or protein folds to identify
potential hotspots. Of note is that these approaches have the potential of identifying not only active site
mutations but also distal ones. For instance, JANUS and SigniSite are based on multiple-sequence alighments and
identify potential mutations for converting structurally related enzymes that have different functionalities.!® &
In the particular case of a/B-hydrolase fold superfamily, 3DM database (ABHDB) is useful for selecting mutational
hotspots for altering the enzyme functionalities.?*> Similarly, HotSpot Wizard'’ can be used to design smart
libraries based on the identified mutational hotspots. Additionally, a variety of web servers can be used to
compare the protein fold rather than the sequence to identify homologues and potential positions to mutate,
such as Dali, FATCAT, or PDBeFold.®! FuncLib is an automated method that is based on phylogenetic analysis and
Rosetta to predict active site mutations.®? These computational tools based on web-servers have the great
advantage of being fast and easy to use, so that their application is not limited to computational experts only.®?

3.1 Approaches focused on the chemical step(s)

One of the most successful strategies for de novo computational enzyme design is the inside-out protocol. It is
based on the transition state stabilization concept and applies Quantum Mechanics (QM) to compute which is
the ideal geometry of the catalytic residues for efficient catalysis. This ideal arrangement (often called theozyme)
is then grafted into an existing protein scaffold with RosettaMatch,®® and is further refined by RosettaDesign.®*
This protocol introduces mutations only in the active site pocket, and the selection of which positions to mutate
can be performed either by letting the program to automatically mutate the set of active site residues in the
designable area or by manually selecting the positions based on visual inspection of the X-ray structure and
chemical intuition. The latter is usually the preferred and most recommended option. For extensive reviews of
the inside-out protocol and designed variants, check references 5 and ®°. Further improvements to the protocol
were introduced such as the incorporation of MD simulations at the end of the design process to identify and
rank the best enzyme mutants based on how well the theozyme geometry was maintained in the MD runs. %5 67
In this direction, the CASCO (CAtalytic Selectivity by COmputational design) framework developed by Janssen
couples the Rosetta framework with high-throughput MD simulations to evaluate whether key active site
geometrical constraints (distances and angles) are maintained, i.e. whether Near Attack Conformations (NAC)
are visited. This strategy has been used to engineer enzyme stereoselectivity based on active site mutations, and
can replace most of the experimental screening assays.®® ® The Janssen lab also developed FRESCO (Framework
for Rapid Enzyme Stabilization by COmputational libraries) for identifying potential point mutations, whose effect
is evaluated by means of short MD simulations.”® Rosetta was also further improved by including the so-called
‘backrub’ move on the protein backbone to include some additional flexibility to the desighable area.” Other
frameworks for flexible protein design were introduced by Baker in the RosettaReModel. 72 In some cases,
instead of focusing the design on a single X-ray structure, an ensemble of conformations generated via normal
mode analysis,”® discrete Molecular Dynamics (DMD) simulations,” or from the introduction of small ®/W moves
is considered.” This strategy of using an ensemble of closely related conformations of the enzyme is usually
referred as multi-state design.”® 77 The coupling of Rosetta and MD simulations was also found to overcome
some of the Rosetta conformational sampling limitations.?”” 78 In references ° and ®, further techniques for
including some flexibility to the design process can be found. Finally, there are some alternative approaches to
RosettaMatch that include SABER program,8! Scaffold-Selection,®? OptGraft,®® and PRODA_MATCH,®* among
others.

In the previous computational protocols, the effect of the introduced mutation(s) on the activation barrier is not
computed, but rather estimated by means of some key geometrical parameters taken from the theozyme (or
NAC) geometry. Another group of computational approaches focused on the chemical step are those that
specifically estimate the effect on the activation barrier by means of Quantum Mechanics/Molecular Mechanics
(QM/MM).8>88 Kamerlin proposed the CADEE approach (Computer-Aided Directed Evolution of Enzymes) that is
based on assessing the effect on the activation barrier with Empirical Valence Bond (EVB) calculations.® This
approach uses valence-bond (VB) theory for describing the chemical reactivity, which allows the simulation of a
large number of mutants as it is inherently a classical approach. The protocol performs some short MD
simulations to extract different conformationally-related structures (that interconvert in the fast ps-ns



timescales, see Figure 3), which are then used for estimating the mean activation barriers. Similarly, Warshel
recently proposed a combinatorial approach for computer aided enzyme design that uses EVB to compute the
effect on the activation barrier and introduces some flexibility to the surrounding residues by generating a set of
side-chain rotamers.®® Similar to DE, a large number of variants can be in-silico generated with these approaches,
but opposite to DE, the libraries have the restriction of active site mutations as the potential number of distal
positions to be targeted is too massive to be computationally achievable.

Alternative approaches have been reported for computer aided enzyme redesign. For instance, strategies based
on the use of transition state analogues (TSA) to find active site mutations for minimizing the interaction energy
of the enzyme active site with TSA,® or for minimizing the interaction energy of the substrate with the enzyme
pocket by means of Protein Energy Landscape Exploration (PELE) calculations.®® The latter approach has been
recently used to engineer an enzyme with two active site pockets for improved natural and new unnatural
activity.?! PELE was also used to guide DE experiments for evolving fungal high-redox-potential laccases towards
high activity and stability.?> POVME can be used for computing the active site pockets and volumes on the X-ray
structure or on an ensemble of MD snapshots, thus identifying some potential hotspots.3

3.2 Approaches focused on the enzyme conformational dynamics

Free Energy Landscape and timescales of conformational changes:

Enzymes adopt multiple conformations in solution key for its natural function (see Figure 3). The ensemble of
thermally accessible conformations can be represented in the so-called free energy landscape (FEL). In this FEL,
the relative stabilities of the different conformations are displayed, as well as the kinetic barriers that separate
the different conformational states. The free energy (G) can be defined as the negative logarithm of the
population distribution (P) in kgT units, and thus highly populated states will correspond to the most stable
energy minima. Those conformational states that are separated by small energy barriers will be easily
interconverted (in ps or ns). These fast transitions usually correspond to side-chain conformational changes (ps
to us). If the conformational transition involves loop motions that are usually key for substrate binding or product
release, the process is usually slower and occurs in the nanosecond up to millisecond timescales. In case of
allosteric transitions and domain motions, such transitions are the slowest ones and take place in the
microsecond to second timescales. All these mentioned conformational changes might have a direct role in the
enzyme catalytic activity.
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Figure 3. Enzyme Free Energy Landscape (FEL) and timescales of conformational changes key for

enzymatic activity. In the scheme, energy minima named Conf 1 (blue) and Conf 2 (red) are composed by
multiple related conformations that can be interconverted in the ps-ns timescale, for instance by side-chain




rotations. The conformational transition from Conf 1 to Conf 2 has a higher barrier, and thus a slower associated
timescale (us-ms), for instance allosteric transitions or domain motions.

The engineering of conformationally flexible loops and domains gating the substrate access to the active site has
been shown to be crucial for achieving novel enzymatic function.® % The keyhole-lock-key model of enzymatic
catalysis proposes that the access pathway, i.e. the keyhole, is particularly important for substrate entry and
product release.®® Useful bioinformatic tools such as CAVER and CAVERdock applied to either a single X-ray
structure or on multiple enzyme conformations taken from MD simulations can yield relevant information on
which positions might be subjected to mutagenesis.®> % Of note is that these positions identified are located in
the bottleneck (i.e. narrower) regions of the keyhole gating the substrate access to the active site, and thus they
correspond to a great strategy to target distal positions at a reduced computational cost. These strategies are
based on identifying the enzyme tunnels and channels to introduce mutations in the narrower regions, but they
do not strictly focus the design process on the alteration of the conformational dynamics of the loops and
domains. The process of evaluating the substrate binding process and introducing mutations in those residues
that might prevent substrate binding to the active site has also been achieved with the PELE software.®® Other
computationally more demanding strategies to study substrate entrance or egress from the active site cavity can
also be applied, such as Steered MD (SMD), RAM or accelerated MD (aMD).% 3> ¢1 These strategies introduce a
computational bias to enhance the crossing of the high barriers associated to these binding events, which take
place in the us to ms timescales. These methods can be used for elucidating the preferred channels for substrate
binding, and identifying hotspots in the tunnel and active site pocket for smart library generation.

The inside-out approach mentioned in the previous section was applied for rationally designing new Kemp
eliminases.!! The computational desighs were then further evolved by DE and iterative design protocols
providing new variants with higher activities that include 10-17 mutations situated all around the enzyme
structure.®®1% |n HG3.17, one of the most evolved Kemp eliminases reported, 17 mutations were introduced
with DE: 11 close to the active site and 6 at distal positions.1%® In a recent study, Chica and coworkers showed
that by removing all HG3.17 distal mutations (except two located at the substrate entrance channel) high
catalytic efficiencies were also obtained.1®® Many other Kemp eliminases have been designed, 1% 1% however,
the most impressive design was achieved by Kamerlin, Sanchez-Ruiz and coworkers. Interestingly, the new design
presented only 1-2 mutations at the active site pocket, but still exhibited some of the highest Kemp eliminase
activity achieved so far. The main reason for this higher catalytic activity is due to the use of a conformationally
flexible ancestral enzyme. This example again shows how important is to consider conformational heterogeneity,
and in this case a conformationally rich scaffold, for designing novel enzymatic functions.®® In this direction,
several ancestrally-reconstructed enzymes have been used as starting points for enzyme design, for instance for
enhancing some residual catalytic promiscuity contained in an enzyme family, for altering the allosteric
regulation of some heterodimeric enzymes, among others.1%71% |n the so-called multi-state enzyme design,
rather than designing the best sequence based on a single static enzyme structure, multiple conformations taken
from short MD simulations are used instead.”® This strategy has also been expanded to consider the different
substrates and intermediates that exist in multi-step enzymatic processes to change the enzyme specificity
towards non-natural substrates.”” This approach, similarly to the previously mentioned computational protocols
that incorporate flexibility to the enzyme backbone through changes to the ®/W angles or by applying MD
simulations in the iterative designs, introduces some conformational diversity in the design process. However,
the ensemble of conformations used can be easily interconverted in the short timescales (i.e. they come from
the same energy minima in FEL, see Figure 3), and thus often are not representative of the high in energy
conformational states that may play a role in the enzyme function. In this line, the use of enzyme conformations
taken from room-temperature X-ray crystallography for multi-state design has been recently found to be a
promising strategy for computationally designing efficient enzymes.% These approaches also have the limitation
that the introduced mutations are always restricted to active site alterations, and the positions targeted are
selected based on visual inspection of the starting structure(s).

4. ENZYME DESIGN: A POPULATION SHIFT PROBLEM



The reconstruction of FEL of natural and evolved enzymes provides interesting insights into their conformational
landscapes and how these are shifted by mutations. The importance of FEL reconstruction in enzyme design lies
in the recognition of enzyme redesign as a population shift problem. The idea behind is that among the ensemble
of conformations that the enzyme can adopt in solution, there might be a few of them probably higher in energy
that could be of importance for the promiscuous reaction and/or for binding the non-natural substrate. These
higher in energy conformational states could then be further stabilised by mutations, thus leading to a population
shift in the conformational landscape that translates into an increase in the desired activity. This was indeed
found to be the case in the laboratory evolution of a phosphotriesterase (PTE) enzyme into an arylesterase
(AE).?”- 55 By applying DE, a gradual change in function was achieved mainly due to distal mutations that shifted
the populations of the existing conformational states of the enzyme and stabilised those states key for
arylesterase activity (see Figure 1).2” The change in the conformational landscape was characterized by collecting
X-ray structures and associated B-factors of the multiple variants generated along the laboratory evolutionary
pathway. This change in the conformational ensembles along laboratory evolution has also been recently
observed by means of room-temperature X-ray crystallography of the HG3 Kemp eliminases.'® The same
evidence can be provided by means of computational methods. For instance, long timescale MD simulations on
the acyltransferase LovD enzyme whose natural activity depends on LovF binding partner, indicated that the
increase in stand-alone activity of LovD achieved by DE was due to the gradual stabilization of some
conformational states that presented the catalytically competent arrangement of active site residues in the
absence of LovF.3?
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i ~ Conf 3 \
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Figure 4. Schematic representation of the population shift concept on the free energy landscape
induced by mutations towards novel functionalities. The conformational landscape of wild-type (left) and
variant (right) differ in the relative stabilities of the conformational states, being the ones that are functionally
relevant for the novel activity stabilised in the variant due to the introduced mutations (located at the active site
and/or distal).

Computational enzyme design seen as a population shift problem requires the reconstruction of the FEL of the
starting enzyme and also that of the evolved variants, which is computationally expensive as it requires extensive
MD simulations and/or enhanced sampling techniques.! Most importantly is the fact that the reconstructed FELs
provide relevant information on the additional conformational states that could be further stabilised by
mutations, but do not provide any clue on which positions either located at the active site or distal might be
responsible for stabilizing the desired conformational state. The high computational cost associated with FEL
reconstruction together with the existing limitation of identifying key residues for altering the enzyme
conformational landscape hampers the development of conformationally-driven enzyme evolution protocols. In
this direction, we have analysed the FEL of several natural and evolved enzymes and proposed new
computational tools for rationally predicting which positions might be targeted to favour the desired population
shift in the conformational landscape (see section 6).



5. CONFORMATIONALLY DRIVEN ENZYME EVOLUTION

Many enzymes present long-range allosteric effects, thus binding of an effector to a remote site of the protein
impacts its functional activity by either increasing the affinity towards the substrate or by regulating the catalytic
activity.?” This effector binding induces a change in the conformational landscape of the enzyme, which alters
both the thermodynamic and dynamic properties. Different types of allostery have been defined depending on
how the conformational landscape is altered after effector binding: conformationally or entropically driven. The
first term is used when a redistribution of the existing conformational states takes place, whereas the second
when the wideness of the free energy minima is modified.!° The enzyme design paradigm seen as a population
shift problem has therefore a high similarity to the conformationally driven allosteric regulation.?”- 11112 |n the
particular case of enzyme evolution, the shift in the conformational landscape is driven by mutations rather than
effector binding, and such mutations should stabilise those conformational states more competent for the novel
functional activity. In promiscuous enzymes or computational designs with poor initial catalytic activities (which
could also be considered promiscuous), those conformational states presenting either the catalytic residues well
positioned for catalysis and/or with the appropriate shape and tunnel for binding the desired substrate should
be selected for further stabilization. Many natural enzymes present complex multimeric structures and require
the regulation imparted by the other subunits, however, for industrial purposes it is much more appealing the
use of simpler stand-alone versions of these enzymes. In these cases, those functional conformational states that
are stabilised in the presence of the binding partner and that are often destabilised in stand-alone versions
should be populated after mutation.

Given the high similarity between conformationally driven allosteric regulation and enzyme design, we
hypothesized that computational tools used in the characterization of allosteric proteins could be also
successfully applied in computational enzyme evolution.3* Indeed, we have recently shown that MD simulations
coupled to correlation-based tools can be used for identifying key positions that shift the conformational
landscape of the enzyme and thus influence its catalytic activity.? Of importance is the fact that the identified
positions are not restricted to the catalytic pocket, and thus could potentially solve the current challenge of
computationally predicting distal active site mutations.

6. PREDICTING DISTAL MUTATIONS THROUGH CORRELATION-BASED TOOLS

Allosteric regulation is often computationally characterized with methods taken from graph theory.!° In these
graph-based approaches, the enzyme is represented by a weighted graph, where each node corresponds to
either a single residue or to a community of residues. Graphs present two important properties: the shortest
path between two different nodes and the merge of some of the nodes into larger communities (see next
section). Additional computational approaches to reveal allosteric effects based on Elastic Network Model (ENM)
have also been developed, such as the dynamic flexibility index (DFI).3” DFI has been used to establish a
relationship between the structural dynamics of each residue of the protein and their evolutionary conservation.
37 Allosteric interactions have also been characterized with the dynamic coupling index (DCl) that measures the
dynamic coupling between two residues i and j upon perturbation to residue j.37 Interestingly, the application of
DCl in the Tokuriki and Jackson DE pathway for converting a PTE into an AE?’ (see Figure 1) indicated that the
targeted positions in DE presented a high dynamic coupling to the catalytic site.3” This analysis reinforces the
idea that distal mutations often observed in laboratory evolution are a major indication of some allosteric
regulation operating in the enzyme, and most importantly, it evidences that the tools used to map allosteric
interactions could be of use in the enzyme design field.

6.1 Correlation-based methods used in allosteric systems

The first attempts to use graph theory for investigating allosteric regulation focused on the static X-ray structure
of the enzyme.1% In the generated graph, two pairs of nodes (residues) are connected with an edge if the distance
between two representative atoms is below a certain threshold.!*®* The most important improvement in the



graph construction was provided by Sethi and coworkers as they used short MD simulations (of a few ns) to
define which nodes were connected and the weights of the edges used.!!* An edge was drawn between a pair of
residues (nodes) if the representative atom of each residue was below a certain distance threshold for a specified
fraction of the MD simulation time. The edge connecting each pair of residues (i,j) was weighted according to
their correlation values (Cij, see equations 1 and 2). Those residues that during the MD simulation undergo highly
correlated conformational changes (i.e. Cij 1), the edge connecting both of them will be rather short (li; — 0).
In the other extreme, those pair of residues whose movement is non-correlated (Cij =0) will be connected
through rather long edges (li; = o0).

Key equations for converting a protein into a graph:

The protein is converted into a graph, where each node corresponds to a residue, and the edges connecting each
pair of nodes (residues) are weighted following equation 1:

L= —log(|CiJ-|) Equation 1

where C; ; corresponds to the computed correlation value:
C _ <AT'i'AT'j>

{ i = -———"— Equation 2
'] 2 2
<Ar#><Ari>

where Ar; and Ar; are the displacement of the Cq of the j, j residue of the protein along the analysed MD
trajectory with respect to its position at the most populated cluster (reference).

By applying this methodology, the enzyme and its conformational dynamics are represented and summarized
with a weighted graph (see upper part of Figure 5). Further partitioning of the graph into communities by means

of the Girvan-Newman algorithm?!?®

yields the so-called optimal community network that has been extensively
applied for studying allosterically-regulated enzymes.1%% 116 Since this first formulation, further modifications
have been introduced to define the edge lengths, see review % for a detailed overview of the available
strategies. Analysis of the communities in the apo and effector-bound states provides fundamental insights on
how effector binding alters the protein network, and thus its conformational landscape. More importantly, the
underlying allosteric pathways are identified and key regions regulating the enzyme conformational dynamics
are revealed.’% 11® More details and examples on the application of correlation-based tools on allosterically-

regulated enzymes can be found in reference 1.

6.1 Shortest Path Map (SPM) tool for enzyme design

Similar to the allosteric regulation process exerted by effector binding, in enzyme design the introduction of
mutations either at the active site or at distal positions induces a shift on the conformational landscape favouring
those states with the catalytically competent arrangement for the new target reaction. The high similitude
between both cases, prompted us to investigate whether correlation-based tools could be developed and
applied in enzyme design as well.>-34




As in Sethi et al.
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Figure 5. Developed Shortest Path Map (SPM) for enzyme design. The protein is represented with a
weighted graph as done in previous allosteric studies,'** however, the initial graph is further simplified by means
of Dijkstra algorithm to characterize the shortest paths. The generated SPM is then drawn on the 3D structure.

We developed the Shortest Path Map (SPM, DynaComm.py) which relies on the construction of a graph based
on the computed mean distances and correlation values obtained along MD simulations (see equations 1-2
above), following a similar strategy as in Sethi et al. protocol.3* For each residue of the protein, a node is created
and centered on the C,. The next step is to define edges between pairs of nodes. An edge is drawn between
those pairs of nodes whose C, distances are at less than 6 A during the whole MD simulation time. The edge
distance is derived from the computed correlation values, which define the information transfer across a given
edge (following equation 1). In this way, those pairs of nodes presenting larger correlation values (closer to 1 or
-1) have shorter edge distances, whereas less correlated residue pairs (values closer to 0) long edge distances.
At this point, a graph with nodes and edges based on proximity and correlation is created, which is further
simplified as shown in Figure 5.

In contrast to previous allosteric studies that focus on identifying communities in the graph, we compute the
shortest path lengths with the Dijkstra algorithm as implemented in the igraph module.!!” The algorithm goes
through all nodes of the graph and identifies which is the shortest path to go from the first until the last protein
residue. The method therefore identifies which are the edges of the graph that are shorter, i.e. more correlated,
and that are more frequently used for going through all residues of the protein. All edges are then normalized,
and only those edges having the largest contribution are represented in the shortest path map (SPM). It is useful
to draw the SPM directly on the 3D structure of the protein rather than the 2D graph representation (see Figure
5). The main advantage of SPM with respect to community analysis is that the most important residues are
directly identified (instead of regions), which for enzyme design is much more appealing as small libraries of
hotspot positions can be directly constructed.

The application of SPM has been proven to be successful in identifying mutational spots either at the active site
or at distal positions targeted by DE. SPM therefore allows, for the first time, the prediction of distal active site
mutations that lead to enhanced enzymatic activity.3* Hereafter, the cases where SPM has been applied for
identifying DE mutation hotspots are presented and discussed.

6.1.1 Case example 1: Retro-Aldolase

As mentioned in the introduction, the inside-out protocol was successfully applied for generating the
mechanistically complex retro-aldolase (RA) enzymes. The reaction pathway involves multiple intermediates,
which makes the computational design quite challenging. The computational designs presented low RA activity
towards the methodol substrate (10°-fold increase in keat/kuncat), and were further refined and evolved by DE in



two subsequent studies.3% 118 DE introduced multiple mutations located all around the enzyme, which drastically
enhanced the RA activity (mostly ket). The most evolved variant, RA95.5-8F, has a RA activity rivalling those of
natural class | aldolases, and was achieved by applying droplet-based microfluidic screening techniques.’!
RA95.5-8F features a catalytic tetrad and has as a rate-limiting step product release rather than the C-C bond
scission step (as opposed to RA95.0 and the least evolved variants).87- 119,120

We reconstructed from microsecond timescale MD simulations the conformational landscapes of the different
RA variants generated along the DE pathway (see Figure 6C).3* This conformational analysis revealed that in all
cases catalytically active conformational states (with short distances between the base and the Schiff-base
intermediate) were sampled, although the population of these states along evolution was dramatically altered
(in Figure 6C the conformational landscape of the intermediate RA95.5-5 variant is shown). The mutations
introduced by DE progressively stabilised the catalytically active conformational states upon the non-productive
ones, which for the case of RA95.5-8F were hardly sampled. This is in line with the change in the rate-limiting
step as observed by Hilvert experimentally and Moliner computationally.®7- 119,120
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Figure 6. Retro-aldolase SPM comparison to Directed Evolution (DE) mutation hotspots. A. 13
mutations were introduced via DE, among which 7 are included in SPM (shown in blue spheres), 4 are located at
an adjacent position (purple spheres), and only 2 are deviated more than 6 positions in sequence (yellow). B.
SPM of RA95.5-8. C. Conformational landscape of one of the intermediate RA variants that presents moderate
RA activity. Active states presenting short distances between the base and the alcohol of the Schiff-base
intermediate are sampled (highlighted with a green tick), and inactive states (long distances, marked with a red
cross) are displayed.

The application of SPM taking the information from these microsecond MD simulations indicated that the DE
mutational hotspots could be a priori predicted (compare Figure 6A and 6B). For each variant along the DE
pathway, we applied the SPM methodology and checked whether the positions identified with SPM were
mutated in the laboratory evolution. Indeed, we found that all positions were identified, being the missing ones
located at adjacent positions with a few exceptions (see Figure 6A-B, 7/13 included in SPM, 4/13 in adjacent
positions, 2/13 located more than 6 positions in sequence away from SPM). Interestingly, the SPM of the most
evolved RA95.5-8F highlighted that the conformational dynamics of the catalytic tetrad residues are highly
correlated as they are all contained in the path. DE mutations, although located at remote positions, are also
connected to the sophisticated catalytic tetrad residues, thus further showing their connection with the active
site pocket for functional regulation. We speculated that the success of SPM in the particular case of RA could
be related to the original scaffold of RA95.0, which is the allosterically-regulated indole 3-glycerol phosphate
synthase enzyme. Of interest is also the observation that RA are (Ba)s barrel enzymes. This fold is used by many

116

enzymes, '° which suggests a rather general application of the SPM tool.

6.1.2 Case example 2: Monoamine oxidase (MAO-N):

Monoamine Oxidase from Aspergillus niger (MAO-N) is a Flavin Adenine Dinucleotide (FAD) cofactor dependent
enzyme that oxidizes amines into the corresponding imines by means of cofactor reduction. The interestin MAO-
N arises from its application for obtaining chiral amines especially if combined with a non-selective chemical
reductant.’?’ MAO-N has a complex homodimeric structure and presents the active site located at an inner



hydrophobic cavity, which lies 15 A away from the enzyme surface (see Figure 7). This buried active site located
at the end of a long tunnel is responsible for the enzyme narrow substrate scope.

Given the limited amine scope accepted by wild-type MAO-N, multiple DE studies were performed to increase
its catalytic activity and broaden its substrate scope.3* 22123 This was achieved by introducing mutations located
at ca. 18-19 A from the active site (see Figure 7A). One of the DE variants, MAO-N-D5, presents one active site
mutation (N336S), one mutation at the substrate entrance tunnel (1246M), and three additional distal mutations
(M348K, T384N, D385S). We found that these remote mutations introduced by DE have a profound effect on the
enzyme conformational dynamics, which impacts substrate binding and also catalysis.® 12* The reconstruction
of the conformational landscape of MAO-N and D5 variant revealed some pre-existing conformational states that
present a B-hairpin located in close proximity to the substrate binding tunnel in either a closed (i.e. X-ray like),
partially-closed or open conformation. The relative stabilities of these states as well as the kinetics were shifted
along the course of DE evolution: in MAO-N open conformations of the B-hairpin were easily accessed, whereas
in MAO-N D5 closed and partially closed states were substantially more stabilised. This difference in the
conformational landscape of MAO-N has a great impact on substrate scope, binding and catalysis. Interestingly,
the conformation of the B-hairpin in one of the MAO-N subunits profoundly alters the catalytic activity of the
other subunit, thus highlighting a delicate communication between monomers that regulates the enzyme
functional activity. In MAO-N, open conformations of the B-hairpin are key for properly positioning the
hydrophobic active site of the other subunit for productive hexylamine oxidation. This is altered along DE
evolution as D5 variant requires closed and partially-closed states for efficient alpha-methylbenzylamine
oxidation, thus being open states less functionally relevant. This also explains why open conformational states
were slightly destabilised in the conformational landscape of the evolved D5 variant, as they were not selected
for optimisation.
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Figure 7. MAO-N Conformational landscape and SPM analysis along DE pathway. A. Representation of
MAO-N homodimeric structure: the flexible B-hairpin of both monomers is in the X-ray (closed) conformation
and is shown in raspberry, FAD cofactor in blue and sticks, and the positions introduced with DE for generating
MAO-N D5 variant are shown in spheres. B. Zoom of the B-hairpin conformation in the open state. C.
Reconstructed Free Energy Landscape with Markov State Model (MSM) for MAO-N WT. Each conformational
state: open, closed, and partially closed is shown with a weighted sphere according to the relative populations,
and arrows denote the conversions between states and the associated timescales. D. Computed SPM on MAO-
N D5. The 5 mutations introduced with DE for generating MAO-N D5 from WT are all situated in an adjacent
position to the SPM path (shown in purple) and making favourable interactions with SPM residues, except M348K
(shown in yellow orange) that is far away from the path. The 4 additional mutations for generating MAO-N D9
from D5 are all of them at adjacent SPM positions (shown in pink), except the active site W430G mutation that
is deviated from the path (shown in green). The SPM of MAO-N WT is also displayed, which shows how that the
communication between subunits is altered along the DE pathway.

The application of the SPM in this particularly interesting system revealed two important aspects. As opposed to
RA, MAO-N is not a (Ba)s barrel enzyme, still the positions identified with SPM directly contain DE positions or
are located in adjacent positions (see Figure 7). Of relevance is that the mutations identified were located at
distal positions, which are quite challenging to predict computationally. The SPM of D5 also contains the DE
mutations for generating the most evolved D9 and D11 variants. This case example further supports that by
carefully analysing the conformational dynamics of the starting enzyme through the SPM tool, a set of positions
that can potentially regulate the enzyme activity can be predicted. Another interesting observation from this



study is that the SPM of MAO-N already highlights a delicate connection between subunits, as it provides a set
of positions that directly link the active site of one monomer with the B-hairpin region of the other unit. Such
inter-connection between subunits, is still operating in D5 although it has been partially lost due to the
introduced mutations on the DE pathway. These observations suggest that SPM could also be applied for
unrelated homodimeric enzymes presenting similar conformational inter-communications, but also for
converting complex multimeric enzymes into stand-alone catalysts.

6.1.3 Case example 3: Tryptophan Synthase (TrpS)

Many enzyme complexes are allosterically regulated by a protein partner or by its other subunits (like in MAO-
N), thus making them inefficient in the absence of their allosteric partners. From an industrial perspective, stand-
alone versions of these enzymes are preferred as their use and efforts to engineer catalytic properties are
simplified. Given the complexity of the allosteric communication existing between the different subunits,
designing stand-alone versions of these enzymes becomes a major challenge. Intrigued by the MAO-N results
that suggested the potential application of SPM for converting complex multimeric enzymes into stand-alone,
we decided to focus our attention to Tryptophan synthase (TrpS) from Pyrococcus furiosus. TrpS is an
heterodimeric enzyme complex composed by and a (TrpA) and B (TrpB) subunits, and presents a sophisticated
allosteric regulation key for the multistep reaction mechanism.?> DE was applied for converting the inefficient
isolated TrpB subunit into an efficient stand-alone enzyme by the Arnold lab.3® 126 The most evolved TrpB%2
variant contained six distal mutations, and was even more efficient than the original TrpS enzyme complex.

The reconstruction of the conformational landscape of the allosterically regulated TrpS, and its comparison to
isolated and evolved TrpB revealed interesting insights into how DE recovered the conformational ensemble in
the absence of protein partner (see Figure 8).1% For efficient catalysis, TrpB has to adopt closed, partially closed
and open conformations of a lid domain called COMM (see Figure 8B). This lid prevents the substrate loss to the
media and presents some catalytically relevant residues that need to be positioned near the catalytic lysine for
efficient catalysis, which is only achieved after COMM closure. The distal mutations introduced were able to
recover the allosterically-driven conformational ensemble of TrpS converting the isolated TrpB lacking this
required conformational heterogeneity into a conformationally rich TrpB%2 presenting accessible closed states
of the COMM. In fact, the higher activity of TrpB°? with respect to TrpS is explained by its ability to access open,
partially closed and closed conformational states, which are separated by rather small energy barriers. The
catalytically productive closed conformation in TrpS is higher in energy (thus less accessible) than in TrpB%? (see
Figure 8A).
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Figure 8. Tryptophan Synthase (TrpS) conformational landscapes and SPM comparison to Directed
Evolution hotspots. A. The reconstructed conformational landscape of: the allosterically-regulated TrpS
complex, the isolated TrpB unit, and laboratory-evolved stand-alone TrpB%?2, TrpB®2 recovers the allosterically-
driven conformational ensemble (open (0), partially-closed (PC), and closed (C) states present). The closed state
is more accessible than in TrpS, which explains the higher catalytic activity of the evolved variant. B.
Representation of the open (dark blue), partially-closed (teal), and closed (light blue) conformation of the COMM
domain from X-ray data. The mutations introduced with DE are shown in blue spheres. C. SPM identifies key
positions for COMM domain conformational dynamics, which include 2 positions targeted with DE (P12L and
E17G), 3 positions (Y301, D300 and Y69) are making persistent interactions with DE residues (F274S, T292S and
168V), and only T321A is nor in the path neither makes stable interactions.

The distal mutations introduced in TrpB®2 are located either closed to the TrpA-TrpB interface (P12L, E17G), at
one of the known tunnels based on X-ray data (F274S), in one of the loops situated close to the COMM domain
when this adopts the closed conformation (T292S), or in other more remote regions of the enzyme (168V, T321A).
The specific effect of each mutation is not known experimentally, with the exception of T292S and P12L that
provide a ca. 1- and 3-fold increase in ket With respect to isolated TrpB, respectively. Interestingly, P12L and also
E17G are directly included in the computed SPM. Based on the T292-D300 interaction observed in the X-ray data,
it was suggested that T292S has a key role in the open-to-closed conformational exchange of the COMM
domain.3® SPM predicts D300 as a key position for the enzyme conformational dynamics, rather than T292S that
is interacting with D300 ca. 90% of the simulation time. These results suggest that by altering the interactions of
the key D300 position, the COMM domain conformation can be modulated. Similarly, positions F274 and 168
make persistent non-covalent interactions with SPM residues, thus also suggesting their contribution towards
TrpB conformational heterogeneity. The only mutation that is not included in SPM is T321A, which according to
SPM has a minor role in COMM domain conformational dynamics (and its specific effect is not known
experimentally).

The application of SPM in this particularly challenging system provides further support for its successful
application in enzyme design.'?” In this particular case, SPM identifies key positions to alter the populations of
the pre-existing conformational states, which in the absence of the allosteric partner can also be stabilised for
stand-alone activity.



6.1.4 Conformationally driven SPM-based enzyme evolution

The application of SPM in the previously described unrelated enzymes (RA, MAO-N, TrpS) evidences that by
evaluating the conformational ensemble of the starting enzyme, key positions that have a higher contribution to
the enzyme conformational dynamics can be identified. This is inspiring, as it suggests that by computationally
reconstructing the conformational landscape of the wild-type enzyme a reduced number of potential mutation
hotspots for smart library construction can be rationally detected. In the case of RA, the application of SPM to
the original scaffold used for computational enzyme design (PDB: 1LBL) already contains all the positions
targeted along the DE pathways. The same trend is observed if SPM is applied to wild-type MAO-N and the
allosterically-regulated TrpS complex. Itis also important to highlight that the reduced set of positions provided
by SPM is not restricted to the active site pocket but rather distributed to the whole protein structure, thus
resolving the challenge of distal active site prediction. These observations suggest that conformationally-driven
enzyme design protocols could be developed based on: i) reconstructing the conformational landscape of the
starting enzyme (by means of multiple MD simulations, and/or enhanced sampling techniques), ii) identifying
key positions that play a crucial role in the enzyme conformational dynamics (by means of SPM or related
correlation-based approaches), and iii) selecting the best amino acid at the SPM identified position either
experimentally or computationally. In this direction, the combination of SPM with other bioinformatic
techniques, such as multiple sequence-alighment tools or phylogenetic approaches for ancestral enzyme
reconstruction could further reduce the number of positions identified with SPM and, most importantly, suggest
specific amino acid changes for each identified position.

Conclusion

The high complexity of enzyme catalysis has led to the development of a variety of computational
strategies and protocols that put the focus on a reduced set of the key features of enzymatic catalysis.
While initial attempts were mostly focused on the chemical step(s) of the process and overlooked the
enzyme conformational dynamics often key for substrate binding and product release, recent
computational approaches that based the design efforts into the conformational dynamics have been
developed. The importance of considering the enzyme conformational dynamics has been highlighted
by rationalizing many laboratory evolution pathways, together with ancestral enzyme reconstruction.
The consideration of the enzyme as an ensemble of conformational states converts computational
enzyme design into a population shift problem, i.e. predicted mutations should alter the
conformational landscape of the enzyme and favour those conformational states key for the novel
functionality. However, the identification of which positions might induce the desired conformational
shift is not trivial.

The detailed study of many laboratory-engineered enzymes through Directed Evolution has also shown
that this change in the conformational landscape is often achieved by distal mutations. The key role
exerted by remote mutations on the active site of the enzyme suggests that allostery (i.e. regulation
of enzyme function by distal positions) might be an intrinsic characteristic of enzymes, which can be
exploited for enzyme evolution. Indeed, recently developed computational strategies that focus on
the reconstruction of the enzyme conformational landscape have shown that if combined with
correlation-based tools, such as the Shortest Path Map (SPM), potential hotspots for altering the
conformational landscape and inducing the desired change in function can be identified. This new tool
opens the door to new unprecedented computational protocols based on the introduction of active
site and also distal mutations, which given the broad sequence space of enzymes are extremely
challenging to predict. The evaluation of conformational landscapes and the elucidation of the complex
enzymatic network of interactions could potentially bring the computational enzyme design one step
forward.
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