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Enzymes exhibit diverse conformations, as represented in the free energy landscape (FEL).

Such conformational diversity provides enzymes with the ability to evolve towards novel

functions. The challenge lies in identifying mutations that enhance specific conformational

changes, especially if located in distal sites from the active site cavity. The shortest path

map (SPM) method, which we developed to address this challenge, constructs a graph

based on the distances and correlated motions of residues observed in nanosecond

timescale molecular dynamics (MD) simulations. We recently introduced a template based

AlphaFold2 (tAF2) approach coupled with 10 nanosecond MD simulations to quickly

estimate the conformational landscape of enzymes and assess how the FEL is shifted after

mutation. In this study, we evaluate the potential of SPM when coupled with tAF2-MD in

estimating conformational heterogeneity and identifying key conformationally-relevant

positions. The selected model system is the beta subunit of tryptophan synthase (TrpB). We

compare how the SPM pathways differ when integrating tAF2 with different MD simulation

lengths from as short as 10 ns until 50 ns and considering two distinct Amber forcefield

and water models (ff14SB/TIP3P versus ff19SB/OPC). The new methodology can more

effectively capture the distal mutations found in laboratory evolution, thus showcasing the

efficacy of tAF2-MD-SPM in rapidly estimating enzyme dynamics and identifying the key

conformationally relevant hotspots for computational enzyme engineering.
Introduction

Enzymes do not have a single, rigid structure, instead they adopt multiple
conformations, which enable the enzyme to evolve towards novel functions.1
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Evolution leverages pre-existing diversities, thereby granting proteins the capacity
for functional innovation.1–5 These ensembles of pre-existing conformations in
thermal equilibrium with the native state, provide enzymes with the ability to
evolve and also explains the existing divergence from only a few common
ancestors,6 as well as the promiscuous side activities (both in substrate and in
reactivity) that many enzymes exhibit.6 However, the ability of enzymes to adopt
diverse conformations may initially appear to conict with their traits of effi-
ciency, precision, and specicity. The high catalytic activity of enzymes is largely
attributed to their well-structured active site pockets, which hold the catalytic
machinery in place for efficiently stabilising the transition state(s) of the reac-
tions.7,8 Still, procient catalysis necessitates a ne balance between active site
pre-organization for transition state stabilisation and optimisation of the
conformational ensemble along the catalytic pathway.

Tracing an enzymatic cycle in detail, the core steps within a generic catalytic
pathway include: (i) substrate binding in the catalytic pocket, oen involving
exploration of additional conformational states with properly positioned loops
and exible domains facilitating active site access;9,10 (ii) substrate(s) activation
for enzyme–substrate (ES) formation; (iii) transition state stabilisation leading to
the formation of reaction intermediates and products; (iv) product release, oen
accompanied by conformational alterations resetting the catalytic cycle. Each of
these steps are pivotal for enhanced catalytic activity.

The experimental and computational (or combined) studies exploring the
conformational landscape of natural and laboratory-evolved enzymes highlight
the key role of mutations at the active site but also at distal sites, in changing the
stabilities of the pre-existing conformations.1,3–5,16 This can be, for instance,
shown experimentally through NMR and room-temperature X-ray crystallography
as shown for some Kemp eliminases,17,18 or by the evolution of B-factors in static
X-ray structures of the multiple enzyme variants generated via directed evolution
(DE) along an evolutionary trajectory.2,16 From a computational perspective,
molecular dynamics (MD) simulations and enhanced sampling methods can be
applied to estimate this ensemble of conformations, i.e., the free energy land-
scape (FEL, see Fig. 1).4,13,19,20 In the reconstructed FEL, the relative stability of
thermally accessible conformations, as well as the kinetic barriers separating
them are displayed. The barrier height separating a specic pair of conforma-
tional states dictates the timescale of the associated transition. Conformational
changes directly inuencing catalytic function encompass side-chain conforma-
tional shis, loop motions oen crucial for substrate binding/product release,
and in some cases allosteric transitions.11

The evaluation of the FEL and understanding how it is altered aer mutation
provides crucial insights for comprehending and engineering enzyme function.4

The mutations introduced at the active site and oen at distal sites induce a long-
range conformational effect impacting enzymatic catalysis. Triggered by the
introduced mutations, catalytically productive conformational states are stabi-
lised, while the non-benecial ones for the new functionality are disfavoured,
thus transforming computational enzyme redesign into a population shi
problem.11 These discoveries boosted the exploration of enzyme conformational
dynamics for enzyme redesign.3,4,16 The reconstruction of ancestral enzymes
displaying higher exibility compared to modern counterparts, and their utili-
zation as initial scaffolds for enzyme redesign, brought interesting new insights.21
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Fig. 1 Shortest path map (SPM) construction, workflow and applications. SPM is a corre-
lation-based tool that can be used to identify conformationally relevant positions of
importance for inducing a population shift in the FEL. The first step requires the estimation
of the conformational heterogeneity of the studied system (FEL estimation) using for
instanceMD simulations. From these simulations the distance and correlationmatrices are
constructed, which are used to generate a first complex graph (shown in step 2, middle
panel) that contains all protein residues represented as spheres and some edges of
different length (weighted according to the correlation value) that link those positions
situated, on average, less than 6 Å along the MD run. This complex graph is further
simplified by finding the edges that are shorter, i.e., more correlated, providing the final
SPM graph than can be plotted on top of the 3D structure (step 3). In the SPM graph, the
sphere size and edges are weighted according to the number of times the pair of residues
have been included in the shortest paths (i.e., the size qualitatively represents the
importance of the identified positions for the conformational dynamics of the enzyme).
SPM has been used to rationalise DE mutations,11 to study and understand the allosteric
regulation within monomers in multimers,12,13 and more recently to design new enzyme
variants starting from natural scaffolds.14,15 SPM is a strategy to reduce the number of
potential hotspots, thus reducing the sequence space for enzyme engineering. The figure
has been generated with a model system, the SPM graph, and displayed structure
correspond to the beta subunit of tryptophan synthase.
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Increased exibility in many ancestral variants proved crucial for attaining
superior levels of catalytic activity with only a few mutations at the active site.
Various ancestrally-reconstructed enzymes have since been employed as starting
points for enzyme design, for example, to enhance some residual catalytic
promiscuity within an enzyme family, or to alter the allosteric regulation of some
heterodimeric enzymes, among others.21–23

Although the above-mentioned examples highlight the importance of the
enzyme conformational heterogeneity for function, what remains challenging is
the identication of which mutations should be introduced to enhance a given
conformational change, especially if those involve mutating distal sites.11 In this
line, we developed the shortest path map (SPM) tool that relies on the construc-
tion of a graph based on the computed mean distances and correlation values
obtained from MD simulations, following a similar strategy as the protocol re-
ported by Sethi et al. for investigating allosterically-regulated enzymes (see
Fig. 1).20 SPM instead of identifying communities in this rst original complex
graph (see step 2 in Fig. 1), focuses on the identication of the shortest path
lengths.24 SPM therefore reduces the sequence space to a smaller number of
conformationally-relevant positions, and of importance is the fact that SPM has
308 | Faraday Discuss., 2024, 252, 306–322 This journal is © The Royal Society of Chemistry 2024
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the potential to identify the challenging distal activity-enhancing positions.11

Indeed, we successfully applied SPM for identifying DE mutations in the retro-
aldolase, monoamine oxidase and tryptophan synthase enzymes, suggesting its
potential application for the rational design of enzyme variants (Fig. 1).11 Our SPM
tool was also applied by the Mulholland lab to evaluate the changes in the
dynamical networks at the transition-state ensemble along DE of a computa-
tionally designed Kemp eliminase.25 We have also used SPM to investigate the
allosteric communication within monomers, and have recently found that SPM is
highly complementary to distance uctuation analysis and dynamical non-
equilibrium MD simulations for investigating allosteric systems.12,13 Despite the
successes in identifying key positions targeted in DE, the application of SPM in
computational enzyme design is not direct, as it identies multiple conforma-
tionally relevant positions (usually around 50–70 residues are included) and, most
importantly, it does not provide which specic amino-acid substitution should be
introduced for achieving the desired conformational change.11 We combined SPM
and ancestral sequence reconstruction to mitigate some of these limitations and
design new stand-alone tryptophan synthase B (TrpB) variants.15 As the ancestral
LBCA TrpB was known to display stand-alone activity, our approach focused on
including the LBCA amino acid in those non-conserved SPM positions. The stand-
alone activity of the new SPM6-TrpB variant was increased 7-fold (in terms of kcat).
Still, it is worth highlighting that by testing only one single variant the fold
increase in kcat was similar to the 9-fold obtained by DE that required the
generation and screening of more than 3000 variants. In a recent pre-print, we
have further demonstrated the power of our SPM methodology for redesigning
natural scaffolds and boosting an existing side-activity into nature-like catalytic
activities. In particular, we were able to increase the esterase catalytic efficiency of
a hydroxynitrile lyase (HNL) more than 1300-fold, and we actually surpassed the
activity of the esterase taken as reference.14 These studies therefore provide
further evidence for the potential of our SPM methodology for computational
enzyme redesign.

The neural network Alphafold2 (AF2) revolutionized the structural biology and
protein design eld as it is able to predict the folded structure of proteins and
enzymes from the primary sequence with high levels of precision.26–29 The inno-
vative AF2 neuronal network exploits data on the evolutionary, physical and
geometric constraints of existing protein structures. AF2 is acknowledged as
a pivotal milestone in protein structure prediction and has boosted the utilization
of deep-learning techniques for numerous other applications.29 Despite the
remarkable efficacy of AF2 algorithms in predicting the native lowest energy
structure of proteins, using AF2 for understanding and engineering function
directly from the acquired single static structure is not straightforward. However,
some recent research has indicated that AF2 can also be used to predict multiple
conformations of the same protein, thereby potentially being utilized to explore
the conformational adaptability of biological systems.30–32 In this regard, we have
recently developed a template-based AF2 approach to estimate the conforma-
tional landscape of enzymes, and quickly assess how it is shied bymutations.33,34

This is promising as it suggests that AF2 could be employed for evaluating the
impact of introduced mutations on the conformational landscape at a signi-
cantly reduced computational cost: in hours instead of days/weeks of simulation
This journal is © The Royal Society of Chemistry 2024 Faraday Discuss., 2024, 252, 306–322 | 309
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time, thus accelerating the creation of conformationally-driven enzyme design
protocols.4,11

In this study, we evaluate the potential of our developed SPM tool and template
based AF2 (tAF2) approach coupled to MD simulations for estimating the
conformational heterogeneity and identifying key active site and distal
conformationally-relevant positions. We rst compare the reconstructed FEL
from tAF2 coupled to 10–50 nanosecond timescale MD simulations employing
different forceelds and water models. Second, the predictions from tAF2-MD are
compared to the previously reconstructed FELs from multiple replica well-
tempered metadynamics simulations.15 Finally, we generate the SPM maps
using the tAF2-MD data and considering different conformational states. Our
results show the potential of SPM and tAF2-MD, for estimating the conforma-
tional heterogeneity and identifying the key conformationally-relevant hotspots.
The developed approach has a reduced computational cost (results in a few hours
instead of days/weeks or even months compared to metadynamics) and can be
used to computationally generate and screen multiple enzyme variants, thus
potentially giving access to nature-like activities.

Results
Coupling AF2 with molecular dynamics simulations for exploring the
conformational heterogeneity

We use tryptophan synthase (TrpS) as the model system, which is an allosterically
regulated enzyme composed of two subunits: TrpA and TrpB. The allosteric
interaction between TrpA and TrpB sustains appropriate conformation
throughout the catalytic cycle enhancing the catalytic steps, hence the lack of
protein counterpart results in an inadequate conformational landscape that
hampers catalysis.19 In the case of TrpB, this entails the conformational change of
the so-called COMM domain covering the active site, recognized to adopt closed,
semi-closed, and open conformations (see Fig. 2).19,35,36 As we found in a previous
study, the inability of PfTrpB to operate efficiently in the absence of PfTrpA is
mostly due to the restricted conformational heterogeneity and the non-productive
closure of the COMM domain.19 The activating distal mutations introduced in the
laboratory-evolved 0B2-PfTrpB variant37,38 recover the conformational ensemble of
the allosterically-regulated complex, thus enhancing its stand-alone activity.

In our previous publication we found that the conformational heterogeneity of
related TrpB variants exhibit different levels of stand-alone activity that could be
estimated by performing 10 ns MD simulations, starting from the ensemble of
structures generated by our template-based AF2 (tAF2) approach.33,34 This approach
generates multiple structures by running AF2 with different starting templates and
multiple sequence alignments (MSAs) of different depths, followed by short
nanosecond timescale MD simulations. As we found in our previous study, the
conformational landscapes reconstructed from these multiple replica 10 ns MD
simulations starting at different tAF2 predictions, were qualitatively in line with the
previously reconstructed computationally expensive FELs obtained from well-
tempered multiple-walker metadynamics simulations.15 The computational cost
associated with both approaches is dramatically different: estimations can be ob-
tained in a matter of hours for the former, whereas multiple weeks are needed for
the latter. Still, there were some major differences observed in the conformational
310 | Faraday Discuss., 2024, 252, 306–322 This journal is © The Royal Society of Chemistry 2024
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Fig. 2 SPM and reconstructed free energy landscapes (FELs) of PfTrpB and the evolved
variant 0B2-PfTrpB. The catalytically relevant COMM domain that covers the active site of
the enzyme (shown in teal) can adopt different conformations along the catalytic cycle:
open (O) states are adopted in the resting state E(Ain), partially closed (PC) at the reaction
intermediates E(Aex1) and E(A–A) and closed (C) at E(Q2) states. Representation of the
computed SPM for PfTrpB with DE mutations highlighted: 2 mutations are predicted
(shown in orange), three are adjacent to SPM residues (teal) and one is distal (grey).19 The
pyridoxal phosphate cofactor is shown in dark grey. The previously reconstructed FELs
from the developed tAF2-MD protocol in the red-blue colourmap (blue for themost stable
conformations, red for the least stable ones)33 are shown on top of the FELs computed
from the multiple walker well-tempered metadynamics simulations (shown in grey).19 The
predictions of AF2 are represented on the 2D-FEL representation using vertical lines
coloured fromorange to dark blue depending on theMSA depth: AF2 predictions obtained
with a 32 MSA depth are shown with a vertical orange line, 64 in light orange, 128 in light
brown, 256 in light cyan, 512 in cyan, 1024 in teal, and 5120 in dark blue.
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View Article Online
landscapes, which we want to evaluate further in this study. In this section, we
aimed to extend the simulation time of the MD simulations to test whether a better
exploration of the conformational landscape could be obtained. To that end, we
extended the 10 nsMD simulations to up to 50 ns and reconstructed and compared
the FELs (see Fig. 3 and 4, and the Materials and methods section for a detailed
description). We also tested the effect of using the recommended AMBER ff19SB
force eld and the improved OPC water model (as opposed to the previously used
ff14SB and TIP3P). OPC was found to accurately reproduce the electrostatic prop-
erties of water, which is particularly important for balancing the interactions
between the protein residues and water molecules, especially for disordered
regions, as most water models tend to favour too compact structures.39,40
This journal is © The Royal Society of Chemistry 2024 Faraday Discuss., 2024, 252, 306–322 | 311
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Fig. 3 Estimated FEL of PfTrpB. The estimated FEL from the accumulated multiple replica
nanosecond timescale MD simulations performed starting at the ensemble of template-
based AF2 predictions, is shown in colour on top of the previously reconstructed FEL of the
PfTrpB variant (shown in grey scale).19 FELs are displayed every 10 ns of MD simulation time
and using two different combinations of forcefield and water model: (A) ff14SB and TIP3P
water, and (B) ff19SB and OPC water. The x axis denotes the ensemble of structures
generated from X-ray data for the open-to-closed transition of the COMM domain, which
ranges from 1–5 (open structures, O), 6–10 (partially closed, PC), to 11–15 (closed, C), the y
axis is the mean square deviation (MSD, in Å2) from the path of O-to-C structures
generated. Most stable conformations are shown in blue, whereas higher energy regions
are shown in red.

Fig. 4 Estimated FEL of 0B2-PfTrpB. The estimated FEL from the accumulated multiple
replica nanosecond timescale MD simulations performed starting at the ensemble of
template-based AF2 predictions, is shown in colour on top of the previously reconstructed
FEL of the PfTrpB variant (shown in grey scale).19 FELs are displayed every 10 ns of MD
simulation time and using two different combinations of forcefield and water model: (A)
ff14SB and TIP3P water, and (B) ff19SB and OPC water. The x axis denotes the ensemble of
structures generated from X-ray data for the open-to-closed transition of the COMM
domain, which ranges from 1–5 (open, O), 6–10 (partially closed, PC), to 11–15 (closed, C),
the y axis is the mean square deviation (MSD, in Å2) from the path of O-to-C structures
generated. Most stable conformations are shown in blue, whereas higher energy regions
are shown in red.
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In Fig. 3 and 4, the reconstructed FELs from the multiple replica 10 ns MD
simulations from our previous study are compared to the new FELs generated from
50 ns MD. The FEL obtained from well-tempered multiple-walker metadynamics is
also shown in grey for comparison.15 Although the 10 ns MD simulations already
suggested some differences in the conformational heterogeneity between systems,
the extension of the simulations up to 50 ns conrmed the estimations. Still, the
analysis of the conformational space sampled every 10 ns of MD simulation show
that, especially in the 20–30 ns timeframe, the obtained FEL is very similar to the
one explored aer 50 ns (see Fig. 3, 4, S1 and S2†). This is especially relevant for the
open conformation of the COMM domain in the evolved 0B2-PfTrpB, which aer
20–30 ns is substantially more sampled and thus stabilised as expected from the
metadynamics FEL. This stabilisation is even more evident in the FELs from the
ff19SB-OPC simulations. Thanks to the improved water model and forceeld, and
as found for disordered proteins, ff19SB-OPC stabilises a much more open
conformation of the COMM (Fig. S2 and S3†). For wild-type PfTrpB the open
conformation is more sampled in the 50 ns FEL, but it is not stabilised as in the
case of 0B2-PfTrpB in line with its inferior conformational heterogeneity. Alto-
gether, the extension of the multiple replica MD simulations up to 20–30 ns show
a better agreement with the computationally intensive FELs reconstructed from
the well-tempered metadynamics simulations.19 This analysis suggests that the
TrpB conformational landscape can be properly sampled and estimated from the
developed tAF2 when coupled with 20–30 ns MD starting from 60, and 59 struc-
tures from tAF2 for PfTrpB, and 0B2-PfTrpB, respectively. As shown in Fig. S4–S6,†
ff19SB/OPC provides a better description of the secondary structure of TrpB as
compared to X-ray data, thus this combination is more appropriate for evaluating
TrpB conformational dynamics.
Applying the correlation-based SPM tool for identifying key conformationally-
relevant positions

Aer the comparison of the FEL reconstructed from tAF2 and ns timescale MD
simulations with those obtained with metadynamics simulations, we decided to
evaluate the effect of the two strategies on the computed SPMs. As mentioned in
the introduction, SPM is computed from the distance and correlation matrix
obtained using the MD data, and therefore identies nearby residues that are
conformationally relevant. Two different thresholds are applied for SPM calcu-
lation and visualization: only the set of residues whose carbon alpha is on average
less than 6 Å along theMD runs will be considered (this is the distance threshold),
and only those edges that have a higher contribution (i.e., are more correlated)
will be displayed (this is the signicance threshold, which is oen set to 0.3).41 In
the SPM graphs, one can notice that different sphere sizes and edges are repre-
sented (Fig. 5–7). All spheres and edges displayed are weighted according to their
relative importance: those edges connecting pairs of residues more correlated will
be more oen selected as the shortest paths, and thus will be represented with
a thicker line and a bigger sphere. However, the size and thickness of spheres and
edges is only qualitative, as the SPM outcome is dependent on the conformational
changes explored along the MD runs.

We generated the SPM graphs every 10 ns of the multiple replica MD, started
from a different tAF2 output structure, and compared them with respect to the
This journal is © The Royal Society of Chemistry 2024 Faraday Discuss., 2024, 252, 306–322 | 313
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Fig. 5 Evolution of the SPMs along the MD time. The number of identified conforma-
tionally relevant positions (N) is increased from 46 to 81 in the case of (A and B) PfTrpB, and
slightly decreased from 63 to 55 in (C and D) 0B2-PfTrpB. The size of spheres and the
thickness of edges in the SPM plots are weighted according to their importance for the
conformational dynamics of the enzyme: those pairs of residues that have a higher
contribution to the conformational dynamics are represented with a thicker edge and
larger sphere. All SPM graphs have been generated using the default settings: a threshold
of 6.0 Å for the distance matrix, and a 0.3 for the significance threshold.
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SPM generated from the metadynamics simulations.19 We also assessed whether
the SPM graphs contained DE mutation sites, as we did in our previous publi-
cation.19 All SPM graphs generated at this point make use of the default param-
eters of distance and signicance thresholds (set to 6 Å and 0.3, respectively, see
methods). Similarly to what is found in the previous section regarding FEL
convergence, smaller differences between the computed SPM are found aer 20–
30 ns of MD. It is interesting to observe that the SPM computed in the 0–10 ns
timeframe contains a substantially reduced number of residues, and this number
is expanded when theMD simulation time is increased (Fig. 5). This is particularly
evident in PfTrpB, as the rst SPM contains 46 residues and is further increased to
up to 81. In the case of 0B2-PfTrpB the number of included residues differs only
from 63 to 55 (see Fig. 5). Altogether this comparison suggests a higher inter-
linked communication in the most evolved variant, which can be successfully
captured aer short 20–30 ns MD simulations from the multiple tAF2 output
structures. The comparison of the SPM with the one obtained for PfTrpB with the
multiple-walker well-tempered metadynamics simulations19 reveals similar SPM
pathways (Fig. 2 and 6). However, it should be mentioned that in terms of iden-
tifying DE mutations, the new SPM coming from the tAF2 and 20–30 ns MD
simulations captures two additional mutations (T292S and I68V), which in the
previously published SPM based on metadynamics, were not predicted. The same
distance and signicance thresholds were used for SPM construction, thus the
conformational space sampled was the most important difference between both
strategies (tAF2+MD versus metadynamics).

Finally, as the SPM outcome is dependent on the mean distances between all
combinations of residues that compose the protein, we decided to evaluate how
the SPM graphs differ when: (1) considering only open or closed states of the
COMM domain, and (2) generating a new distance matrix combining the infor-
mation from the individual open and closed distance matrices (see methods for
a full description, and Fig. S7†). For PfTrpB, the generated SPM considering either
closed or open states contain a reduced number of identied positions if
314 | Faraday Discuss., 2024, 252, 306–322 This journal is © The Royal Society of Chemistry 2024
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Fig. 6 Computed SPM of PfTrpB. Representation of the generated SPM graphs using the
last 20 ns of the MD trajectories with: (A) default settings (i.e., considering a threshold of
6.0 Å for the distance matrix computed from the MD data without any filtering of struc-
tures), (B) only the distance information from the structures that present a closed
conformation of the COMM domain, (C) only the distance information from the open
structures of the COMM, and (D) combining the distance information of (B) and (C). The
number of contained residues in the SPMs is shown (N). Directed evolution (DE) muta-
tions37 are labelled and highlighted in yellow if contained in the SPM, or green if not
contained but making non-covalent interactions with SPM positions. The size of spheres
and the thickness of edges in the SPM plots are weighted according to their importance for
the conformational dynamics of the enzyme: those pairs of residues that have a higher
contribution to the conformational dynamics are represented with a thicker edge and
larger sphere. In all cases, a threshold for the significance of 0.3 is used.
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compared with the SPM generated with the standard protocol (i.e., considering
the full trajectory for computing the distance matrix). It is interesting to note that
the SPM for the open state contains a larger number of residues in comparison
with the one generated with closed states (80 versus 69), thus suggesting a reduced
communication in the closed state in PfTrpB. This observation is in line with the
inability of PfTrpB to adopt productively closed conformations, consistent with its
lower catalytic activity as stand alone.19 The connection between the COMM
domain and the active site is also different in both SPMs, as the one for the open
state is more similar to the default SPM (see Fig. 6). In terms of identifying the DE
mutations, a reduced number of positions is identied in comparison with the
default parameters. This suggests that considering the whole ensemble of MD
trajectories is a more appropriate strategy for SPM construction for capturing DE
hotspots. Another interesting observation is that the SPM computed considering
a distance matrix containing the information from the closed and open matrices
(Fig. 6), contains a substantially lower number of positions (50 versus 102 for the
default).

In 0B2-PfTrpB, the SPM for the closed state contains a much larger number of
positions (110), in comparison with the one for the open state (55) and the default
SPM (47, see Fig. 7). This comparison suggests that the distal mutations intro-
duced in 0B2-PfTrpB stabilise the closed state, thus enhancing the communica-
tion between the COMM domain, the active site, and the interface region between
the beta subunits. This fact is also in line with the reconstructed FELs reported in
the previous section, and the well-tempered metadynamics published in the
previous study that show the stabilisation of the catalytically competent closed
state.19 The SPM for the closed state actually contains a higher number of DE
mutations (3 are contained, 3 are adjacent), especially if compared with the
This journal is © The Royal Society of Chemistry 2024 Faraday Discuss., 2024, 252, 306–322 | 315
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Fig. 7 Computed SPM of 0B2-PfTrpB. Representation of the generated SPM graphs using
the last 20 ns of the MD trajectories with: (A) default settings (i.e., considering a threshold
of 6.0 Å for the distance matrix computed from the MD data without any filtering of
structures), (B) only the distance information from the structures that present a closed
conformation of the COMM domain, (C) only the distance information from the open
structures of the COMM, and (D) combining the distance information of (B) and (C). The
number of contained residues in the SPMs is shown (N). Directed evolution (DE) muta-
tions37 are labelled and highlighted in yellow if contained in the SPM, or green if not
contained but making non-covalent interactions with SPM positions. The size of spheres
and the thickness of edges in the SPM plots are weighted according to their importance for
the conformational dynamics of the enzyme: those pairs of residues that have a higher
contribution to the conformational dynamics are represented with a thicker edge and
larger sphere. In all cases, a threshold for the significance of 0.3 is used.
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default SPM (1 mutation is contained in the path, 4 are adjacent, 1 is distal). The
SPM obtained from the distance matrix generated from the individual contribu-
tions of the closed and open state contains a reduced number of positions (37),
and actually is very similar to the default SPM (47 residues identied).
Practical use of SPM for computational enzyme redesign

In the previous section, we evaluated the potential of our SPM methodology for
identifying the conformationally-relevant positions, which we have seen in
previous studies coincide with DE hotspots.11 We also found that the twomatrices
that are needed for SPM construction can be generated using the developed tAF2
approach when coupled to 30–50 ns of MD simulations. In fact, the SPM graphs
generated using this strategy were found to be more successful in identifying DE
hotspots found in the case of PfTrpB.37 Based on these observations, we recom-
mend the following approach for using SPM for enzyme redesign: (1) generation
of multiple conformations of the same protein by providing to AF2, MSA of
different depths as we did in our previous publication;33 (2) running of 30–50 ns
MD simulations from the ensemble of structures generated in (1); (3) computa-
tion of the correlation and distance matrices using the last 20 ns of the multiple
replica MD simulations; (4) generation of the SPM graph considering a distance
threshold of 6 Å and a signicance threshold of 0.3.41 The generated SPM paths
provide relevant information on the conformational dynamics of the starting
enzyme scaffold. This reduces the number of positions for mutagenesis, but still
too many residues are identied. Multiple strategies can be applied to reduce the
number of hotspots further, but as we found in previous studies a successful
strategy is to combine SPM with ASR,15 and/or incorporate evolutionary infor-
mation from the generated MSA. One possible strategy to identify the key
316 | Faraday Discuss., 2024, 252, 306–322 This journal is © The Royal Society of Chemistry 2024
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positions for mutagenesis and the specic amino-acid change is to evaluate the
conformational dynamics of a reference enzyme to generate a reference SPM. By
comparing both SPMs, i.e., the one for the starting scaffold and the one of the
reference enzyme, we can search for non-conserved SPM positions connected to
key structural elements or catalytic residues. Although this is not explored in this
study, we have applied this methodology for enhancing the stand-alone activity of
tryptophan synthases,15 and the esterase activity of hydroxynitrile lyases.14 SPM
graphs can also be of interest for selecting the best starting scaffold for an enzyme
redesign task. By evaluating the conformational dynamics and thus the SPM
graphs of multiple potential initial scaffolds, one could use SPM to decide which
might be the most appropriate scaffold exhibiting closer conformational
dynamics to the reference enzyme.

Discussion and conclusions

Tryptophan synthase (TrpS) is an enzyme composed of two different subunits,
which exhibits a complex mechanism, and possesses a nely tuned set of struc-
tural variations that require optimisation to enhance its function.15,19,37,38,42–45 Our
previous investigations into the structural dynamics of this enzyme complex and
individual TrpB enzymes have revealed that by modifying the relative stability of
the different conformational states of the catalytic COMM domain (open,
partially-closed, and closed conformations), we can optimise the various steps
involved in its catalytic process. Such structural changes are crucial for optimising
the active site of the enzyme for efficient catalysis, substrate binding, and product
release. When we computationally analysed different TrpB variants with distinct
catalytic activities, we discovered that enhanced stand-alone activity depends on
the enzyme’s ability to adopt closed conformations of the COMM domain inde-
pendently of its binding partner, and its high structural exibility to facilitate
substrate binding and product release.19 We also found that our SPM method-
ology was able to capture conformationally relevant positions involved in the
open-to-closed conformational change of the COMM domain, and some of these
were mutation points in a previous DE study for the generation of the stand-alone
0B2-PfTrpB variant.19 This nding allowed us to design new stand-alone TrpB
variants based on the SPM methodology in combination with ASR.15 However,
reconstructing the FEL associated with these structural changes is computa-
tionally demanding, limiting its application to only a few selected enzyme
systems. In addition to that, multiple residues are usually identied in the con-
structed SPMs. Both constraints pose a signicant challenge when attempting to
computationally design new stand-alone enzyme variants in a routine and fast
manner.

In this study, we aimed to evaluate the potential of the SPM tool, especially if
combined with our previously developed template based AF2 (tAF2) approach
coupled to MD simulations,33 for quickly estimating the conformational hetero-
geneity and identifying key conformationally relevant positions. We rst
compared the reconstructed FEL obtained from the tAF2 method in conjunction
with short nanosecond timescale MD simulations using two different forceelds
and water models. The conclusions derived from these new FELs match those of
the computationally much more demanding well-tempered multiple walker
metadynamics simulations. The most evolved 0B2-PfTrpB exhibits a much more
This journal is © The Royal Society of Chemistry 2024 Faraday Discuss., 2024, 252, 306–322 | 317
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stabilised closed conformation of the COMM domain, as well as a higher
conformational heterogeneity, as described by the previously reported metady-
namics simulations.19 Our analysis indicates that the TrpB conformational
landscape can be properly sampled and estimated from the developed tAF2
approach especially when coupled with 20–30 ns MD simulations. Still, as re-
ported in our earlier study,33 10 ns MD simulations starting from the multiple
outputs from tAF2 can provide some hints about the conformational heteroge-
neity of the systems. The comparison between ff14SB/TIP3P and ff19SB/OPC
indicates that the latter seems to provide a better description of the open and
closed states of TrpB.

We also assessed the differences in the SPM graphs obtained via the tAF2
approach coupled to nanosecond timescale MD simulations. SPM requires the
correlation and distance matrix, therefore we decided to evaluate in more detail
the effect of the distance matrix on the generated output graphs. We compared
the SPM computed using the last 20 ns of the 50 ns MD trajectory, with the SPMs
derived from the distance matrix containing only either closed or open states of
the COMM domain. We also evaluated the effect on the SPM when a distance
matrix combining the information from the individual open and closed distance
matrices was used. The SPM of PfTrpB using 20 ns of the 50 ns MD data is
comparable to the one obtained with the multiple replica well-tempered meta-
dynamics simulations.19 However, the SPM generated via the tAF2 approach
coupled to short MD simulations predicts two additional DEmutations (positions
T292S and I68V). This suggests that the tAF2-MD approach, at least in TrpB, is
a suitable strategy for identifying key positions targeted with DE. The SPMs ob-
tained considering only open or closed states include a reduced number of DE
mutations. In the case of PfTrpB, the SPM generated for both closed and open
states shows fewer identied positions, as compared to the one produced
considering the last 20 ns of the MD trajectory. Notably, the SPM for the open
state has more residues than the one for the closed state, indicating a limited
communication in the closed state of PfTrpB. This aligns with the inability of
PfTrpB to adopt productive closed conformations,19 consistent with its lower
stand-alone catalytic activity. These SPMs also identify a reduced number of DE
mutations. Interestingly, the SPM for the closed state of the stand-alone 0B2-
PfTrpB variant features a larger number of positions compared to the open state
SPM and the default. This suggests that the introduced distal mutations stabilise
the closed state and enhance the communication between the COMM domain,
the active site, and the interface region between the beta subunits. This higher
communication is in line with the stabilisation of the catalytically competent
closed state, as we observed in our previous publications.19,33 The SPM for the
closed state also contains more distal DEmutations, especially when compared to
the default SPM. This also highlights the potential of tAF2-MD-SPM for ration-
alising the effect of DE mutations and design.

In this study we show that 20 ns MD simulations using ff19SB with OPC water
model and starting from themultiple output structures provided by the developed
tAF2 protocol,33 allow the estimation of the conformational heterogeneity of
systems differing in only a few mutations (98.4% of sequence identity). Most
importantly, these simulations allow the construction of SPM graphs that are
comparable to those obtained aer performing multiple-walker well-tempered
metadynamics simulations. SPM can also be used to study the
318 | Faraday Discuss., 2024, 252, 306–322 This journal is © The Royal Society of Chemistry 2024
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conformationally relevant positions at the different open and closed states of the
protein, which identify fewer DE mutations but are useful to study how the
introduced mutation altered the inter-residue communication. This study
demonstrates the potential application of the developed tAF2-MD-SPM for the fast
computational evaluation, redesign and ranking of new enzyme variants. This is
exciting for achieving the ultimate goal of computationally redesigning new
enzymes with nature-like catalytic efficiencies.
Materials and methods
MD simulations

The starting structures for the two systems (PfTrpB and 0B2-PfTrpB) were previ-
ously obtained with the predictions of the X-ray template-based AF2 approach.33

Using AMBER 20,46 two different force eld and water model conditions were
tested: ff14SB/TIP3P and ff19SB/OPC. Two replicas of 50 ns MD simulation at Q2

intermediate were calculated, starting with 60 and 59 AF2 structures for PfTrpB
and 0B2-PfTrpB systems, respectively. The MD calculations using ff14SB/TIP3P
were elongated, starting from the 10 ns simulation previously studied.33 We fol-
lowed exactly the same protocol for the MD equilibration and production run as
described in ref. 33.
SPM calculations

For the default shortest path map (SPM) analysis,11,20,41 the MD simulations of
each system (i.e., PfTrpB and 0B2-PfTrpB) using ff19SB/OPC were used. The
process involves calculating the inter-residue mean distance and dynamic cross-
correlation (DCC) matrices from the MD simulation data. Based on these
matrices, a graph is constructed, where residue pairs with a mean distance of less
than 6 Å during the simulation are connected with a line. The weight of these
edges is determined by the Pearson correlation coefficient (dij = −logjCijj), where
shorter lines indicate higher correlation between themotions of the residue pairs.
This generates a rst complex graph in which the edge lengths between residues
are the key features and is the basis for SPM construction. This complex graph is
further processed to elucidate the shortest path lengths, emphasizing those
connections that are most inuential in the enzymes’ conformational dynamics.11

We compute the number of times each edge connecting a given pair of residues is
included in the shortest path to go through all residues of the protein. This
process ranks each edge according to their frequency of use: those edges that have
been included a higher number of times in the shortest paths will have a higher
contribution and therefore will be represented using a thicker line in the SPM
graph. Similarly, the size of the two spheres connected by the edge will be
weighted according to the edge thickness. It should be therefore noted that
whereas in the rst complex graph edge lengths identied the most important
positions for the conformational dynamics, in the SPM only the set of edges and
spheres having a higher contribution are represented in the 3D structure with
different sphere sizes and edge lengths. This reduction in the number of dis-
played positions is the so-called signicance threshold than is oen set to 0.3, but
it can be tuned by the user as we described in a recent publication.41 The nal SPM
graph is overlaid with the 3D structure of the respective enzyme. SPM calculations
This journal is © The Royal Society of Chemistry 2024 Faraday Discuss., 2024, 252, 306–322 | 319
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can be done using the recently released SPMweb server, in which the distance and
signicance thresholds can be manually changed by the user.41

For the evaluation of the SPM graph considering only open or closed states of
the COMM domain, two clusters were obtained tting the trajectories in two
Gaussian distributions described with the open-to-closed path, using Gaussian
Mixture Model implemented in the scikit-learn package.47 For each open and
closed state, a distance and a DCC matrix were obtained. From here, the SPM
procedure is the same as followed in the default part, aer obtaining thematrices.
The SPM graph was nally assessed generating a new distance matrix that
combines the individual open and closed distance matrices. By taking the
information of the clusters previously computed, a single distance matrix was
created. However, the DCC matrix was constructed with all data without ltering
by the open/closed clusters. The SPM analysis method was then equal to the
default procedure as described above. As discussed in the Results section, the
SPM graphs were constructed using different trajectory lengths.
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