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Artificial enzymes are valuable biocatalysts able to perform new-to-nature

transformations with the precision and (enantio-)selectivity of natural enzymes.

Although they are highly engineered biocatalysts, they often cannot reach catalytic rates

akin those of their natural counterparts, slowing down their application in real-world

industrial processes. Typically, their designs only optimise the chemistry inside the

active site, while overlooking the role of protein dynamics on catalysis. In this work, we

show how the catalytic performance of an already engineered artificial enzyme can be

further improved by distal mutations that affect the conformational equilibrium of the

protein. To this end, we subjected a specialised artificial enzyme based on the

lactococcal multidrug resistance regulator (LmrR) to an innovative algorithm that

quickly inspects the whole protein sequence space for hotpots which affect the protein

dynamics. From an initial predicted selection of 73 variants, two variants with mutations

distant by more than 11 Å from the catalytic pAF residue showed increased catalytic

activity towards the new-to-nature hydrazone formation reaction. Their recombination

displayed a 66% higher turnover number and 14 °C higher thermostability. Microsecond

time scale molecular dynamics simulations evidenced a shift in the distribution of

productive enzyme conformations, which are the result of a cascade of interactions

initiated by the introduced mutations.
Introduction

Biocatalysis is playing an invaluable role in the transition towards a more
sustainable chemistry,1–4 as it combines mild reaction conditions (e.g. no need for
polluting solvents, neutral pH, mesophilic temperatures) with exceptional stereo-
and chemo-selectivity and unrivalled rate acceleration. However, the catalytic
scope of enzymes is limited by the narrow set of amino acids naturally available,
which allow only a nite number of catalytic reactivities. Oen, the manufacture
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of ne-chemicals requires specic types of transformations that are not naturally
occurring.5 In order to leverage the vast benets of enzymes in these processes,
articial enzymes have been designed to generate new-to-nature catalytic
reactivities.6–8 Articial enzymes can be generated by introducing an abiotic
catalytic component in natural proteins, giving rise to rudimentary enzymes that
can then be subjected to the power of directed evolution to achieve the high
activities and selectivities typically associated with enzyme catalysis.9,10 However,
despite signicant progress, the catalytic efficiency of most articial enzymes is
not yet comparable to that of natural enzymes.11 To date, most directed evolution
campaigns using articial enzymes have only targeted the residues in the
immediate proximity of the catalytic centre to directly affect its chemical envi-
ronment. It has become increasingly clear that, just as is the case with natural
enzymes,12 structural cooperation of the whole protein is also required for effi-
cient catalysis with articial enzymes. For instance, Lewis and co-workers
observed increased enantioselectivity in a model cyclopropanation reaction cat-
alysed by an articial rhodium enzyme upon introduction of mutations distant
from the active site.13 Oen, the introduction of distal mutations generates subtle
structural rearrangements determined by the protein’s innate structural
dynamics, which has been ne-tuned over aeons of evolution in natural
enzymes.14,15 Those residues that can indirectly inuence the catalytic activity by
modulating structural dynamics are called distal sites or hotspots of
dynamics.16,17 Targeting these hotspots in the directed evolution algorithm can
shi the conformation dynamics towards catalytically productive conformations,
resulting in a highly efficient designer enzyme.18,19 A topical example is the case of
the Kemp eliminase HG3.17 designed by Hilvert et al. which was able to reach
a 108-fold improvement in rate acceleration by developing catalytically competent
conformation ensembles at the expense of inactive ones.20 Currently, their iden-
tication oen relies on extensive molecular dynamics (MD) simulations, which
poses signicant limitations on the throughput of the workow.21 Although new
machine-learning based strategies have recently been described and hold the
promise of greatly easing the computational expense,22 the need for large training
datasets hinders their application in lesser-known systems.

In order to identify the role of distal mutations and long-range networks in an
articial enzyme, we took the lactococcal multidrug resistance regulator
(LmrR)23,24 as example of a promiscuous protein scaffold tailored to a wide range
of new-to-nature reactivities. This protein belongs to the PadR family of tran-
scription factors and regulates the expression of the lmr operon in Lactococcus
lactis. LmrR is characterised by a unique conformational exibility and structural
plasticity25,26 that gives rise to a broad ligand promiscuity within its large hydro-
phobic pore. Introducing various articial catalytic moieties, either metal
complexes,27 non-canonical amino acids (ncAA),28 or even both,29 endowed LmrR
with several new-to-nature catalytic reactivities. These rudimentary enzymes were
then subjected to directed evolution, resulting in specialist enzymes that showed
signicantly increased activities and (enantio-)selectivities. To date, however,
directed evolution was focused exclusively on the residues within the pore to
optimise the structure of the newly created active site. Here, we show how distal
mutations can further increase the activity of one of these designer enzymes by
leveraging LmrR's conformation dynamics.
This journal is © The Royal Society of Chemistry 2024 Faraday Discuss., 2024, 252, 262–278 | 263
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For this purpose, we focused on an LmrR-based designer enzyme that uses the
genetically encoded ncAA p-aminophenylalanine (pAF), introduced via stop-
codon suppression,30 as catalytic residue. The variant with pAF at position V15,
LmrR_V15pAF, was shown to catalyse the hydrazone formation reaction.31 In this
reaction, the pAF residue activates an aldehyde by forming an iminium ion
intermediate that is, then, subjected to nucleophilic attack by a hydrazine.
Directed evolution focused on the pore32 generated the triple mutant
A92R_N19M_F93H (LmrR_RMH or parent hereaer), which showed a 90-fold
improvement in turnover number (kcat). This was a remarkable result, but it still
falls short compared to the activities typical for natural enzymes.

Therefore, we decided to explore mutations at distal sites to further improve
activity, by identifying and mutating important residues that modulate structural
dynamics and, consequently, affect catalysis. Typically, this would entail error
prone PCR methods for the random introduction of mutations in the protein,33

followed by screening for hydrazone formation activity. But even though this is
conveniently done by monitoring colour formation in a 96-well format, the
sequence space that can be explored is limited by the moderate throughput of this
assay. Hence, we decided on computationally exploring and identifying distal
positions that affect conformational dynamics and predicting suitable mutations
and, in this way, generating a focused library of LmrR_RMHmutants. For this, we
employed a novel algorithm that does not employ molecular dynamics simula-
tions in its pipeline, making it a suitable high-throughput distal mutation
predictive tool.

Results and discussion
Identication of improved variants

In silico prediction of distal mutations. Our strategy to predict distal muta-
tions on the LmrR_RMH scaffold involved the use of Zymevolver, an enzyme
engineering soware developed at Zymvol.34 In particular, we used its utility to
depict distal hotspots, known as Zymspot. This algorithm uses bioinformatics
and structure-based approaches to depict distal mutations with the potential to
perturb the enzyme's conformational dynamics, ultimately impacting the pop-
ulation of catalytically productive conformations. In the past, Zymevolver and its
utility Zymspot were successfully applied to improve the activity, stability and/or
operational stability of various enzymes.35–38 In this study, Zymspot was used to
identify hotspots of dynamics in the articial enzyme LmrR_RMH that could in
turn be used as targets to improve the new-to-nature catalytic condensation of 4-
hydroxybenzaldehyde (4-HBA) and 4-hydrazino-7-nitro-2,1,3-benzoxadiazole
hydrazine (NBD-H) into a chromogenic hydrazone (Fig. 1C).

As a result, 49 distal hotspots (42% of the protein) were identied as positions
able to modulate the conformational dynamics in LmrR. Notably, this comprises
almost half of the protein, which is signicantly different from observations on
other protein families (10–20% of the protein; data not published). This fact
indicates that LmrR's conformational dynamics is very susceptible to changes at
many points of its structure. In order to reduce the possibility of incorporating
harmful mutations, leading to unexpressed or insoluble protein, one to three
mutations were selected based on the most represented residues at those specic
positions found in a multisequence alignment (MSA) of the wild-type (Fig. S1†)
264 | Faraday Discuss., 2024, 252, 262–278 This journal is © The Royal Society of Chemistry 2024
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Fig. 1 (A) Relative activity profile observed for the predicted mutants in cell lysate
screening. The screening was performed with 50 mMNBD-H, 5 mM 4-HBA in buffer R, pH
7.5, 5% DMF at 25 °C. The error bars represent the standard deviation of three independent
measurements. Four groups of residues (clusters I, II, III and IV) with similar behaviour are
marked in different colours (cyan, green, magenta, yellow) and illustrated over the LmrR
secondary structure. Yellow spheres represent the positions selected for mutagenesis. (B)
The four clusters identified are represented over the LmrR tertiary structure. (C) Hydrazone
formation reaction scheme between 4-HBA and NBD-H. The iminium ion intermediate is
represented bound to the catalytic ncAA pAF (green).
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LmrR. This resulted in a library of 96 variants (Table S1†). Additionally, 6
consensus mutations, i.e. variants with signicantly higher representation in the
MSA at a specic position in LmrR, were added to this list, resulting in a nal list
of 102 suggested mutants. Some of these were already explored in previous
directed evolution studies32 and therefore excluded. Thus, 92 variants were then
targeted experimentally.

Experimental verication of the distal mutations. Out of the 92 variants sug-
gested from the computational experiment, 73 were expressed successfully and
the activity prole of these was assessed in a cell lysate screening (see ESI†). The
results showed a diverse landscape based on the impact that the distal mutations
showed in the activity of the enzyme (Fig. 1A and B). At least four clusters of
residues that differently impact the catalytic activity could be identied: the
clusters I and IV, comprising the residues 24–30, and 65–86, respectively, showed
a negative effect on catalysis, whereas the clusters II and III, comprising the
residues 32–38 and 52–58, respectively, showed a benecial effect.

Based on the screening performed on cell lysates, six benecial mutations, i.e.
R10Q, Q34R, I53L, F54L, S64E, N88Q, were selected for further study. Addition-
ally, three neutral (N14E, E47P, I62W) and one detrimental (Q12V) variants were
selected.
This journal is © The Royal Society of Chemistry 2024 Faraday Discuss., 2024, 252, 262–278 | 265
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The screening of catalytic activity of the puried enzymes (Fig. S2†) identied
the mutations F54L, I62W and N88Q as the most benecial, giving rise to an
improvement in catalytic efficiency (kcat/KM) of up to 1.6-fold over the parent
LmrR_RMH. While F54L was identied as a consensus mutation, I62W and N88Q
resulted from Zymspot. Interestingly, these mutations are located 12.3 Å, 12.6 Å
and 11.3 Å (from Ca to Ca), respectively, away from the catalytic pAF residue. The
mutations R10Q, Q34R, E47P, I53L and S64E did not show any signicant
improvement compared to LmrR_RMH, however, their protein expression yield
was signicantly higher than that of the parent, thereby explaining the increased
activity observed in the cell lysate screening. Lastly, themutations Q12V and N14E
had a detrimental effect on the hydrazone formation reaction, showing about
25% and 50%, respectively, of the reaction rate of the parent.

Aiming to further explore the positions F54 and N88, these were subjected to
partial site saturation mutagenesis (Fig. S3†). The results of cell lysate screening
showed that the conversion of F54 into a charged (Asp, Lys) or polar (Asn, Gln,
Thr, Ser) amino acid leads to loss of solubility, presumably due to misfolding of
the protein. In contrast, all the explored hydrophobic residues (Ala, Val, Ile, Leu,
Met) at the same position showed a detectable catalytic activity, indicating the
presence of a correctly folded and soluble protein. However, none of these out-
performed the mutant F54L. On the other hand, the saturation of the position
N88 showed a more diverse catalytic prole. Hydrophobic residues appeared to
have an overall negative impact on the catalytic performance, except for the
mutation N88A, which gave a mild improvement compared to LmrR_RMH.
Positively charged amino acids (Arg, Lys) were shown to be detrimental for cat-
alysing the hydrazone formation reaction, whereas negatively charged amino
acids (Asp, Glu) showed mostly neutral effects. Again, the initial N88Q mutation
proved to be the best-performing.

Additionally, since both N88 and I62 belong to a “hinge” region of the enzyme,39

connecting the DNA-binding site (DBS) with the hydrophobic pore, mutations in
this area may affect the geometry of the active site and consequently, the catalytic
activity. Therefore, we also screened a combinatorial library of mutants of posi-
tions I62 and N88. Unfortunately, no combination of mutations gave rise to
a signicant improvement in the catalytic activity (Table S2 and Fig. S2†).

Altogether, F54L, I62W and N88Q were themost benecial hits found and were
selected for kinetic characterization.
Characterization of the improved mutants

Kinetic characterization of F54L, I62W and N88Q mutations. Apparent
Michaelis–Menten parameters were determined for the three improved mutants
and compared to the parent LmrR_RMH (Table 1 and Fig. S4†). LmrR_RMH_F54L
displayed a modest increase in the kcat which resulted in about 20% higher
enzyme efficiency ((kcat/KM)app) compared to the parent. N88Q showed a similarly
modest increase in apparent kcat, together with a larger reduction in the apparant
Michaelis constant (KM) for NBD-H (30% lower) which yielded an overall catalytic
efficiency about 1.6-times higher than LmrR_RMH and 119-times higher than the
original articial enzyme LmrR_V15pAF. LmrR_RMH_I62W displayed the highest
improvement in kcat but also a 1.5-times higher KM for NBD-H, which led to
a modest 20% improvement in catalytic efficiency.
266 | Faraday Discuss., 2024, 252, 262–278 This journal is © The Royal Society of Chemistry 2024
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Table 1 Apparent kinetic parameters of the three best performing single mutants and the
recombination of F54L and N88Q (LmrR_RMH_L-Q). Each data point was measured in
duplicate with biological replicates, for a total of four measurements. The conditions used
were 50 mMNBD-H, 5 mM 4-HBA, 2.5 mM of buffer R, pH 7.5, 5% DMF, 25 °C. The standard
deviation of KM and kcat is reported in parentheses

Variant
KM,app

[mM]
kcat,app × 10−3

[s−1]
(kcat/KM)app
[M−1 s−1]

(kcat/KM)app vs.
LmrR_RMHa

(kcat/KM)app vs.
LmrR_V15pAFa,b

LmrR_RMH_F54L 48.7 (�9.5) 6.35 (�0.56) 129 1.2 87
LmrR_RMH_I62W 71.6 (�9.4) 9.68 (�0.68) 135 1.2 91
LmrR_RMH_N88Q 35.3 (�6.5) 6.20 (�0.46) 176 1.6 119
LmrR_RMH_L-Q 48.6 (�8.0) 8.52 (�0.63) 174 1.6 117

a The comparisons with LmrR_RMH and LmrR_V15pAF were made based on newly
measured values. b The newly measured activity for LmrR_V15pAF was 10-fold higher
from what was originally reported.32 This variation is mostly due to the relatively low-rate
acceleration achieved by the non-engineered LmrR_V15pAF, which introduces a higher
error rate during measurement.
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To investigate the possibility of a synergistic effect, rational combinations of
the three benecial mutations were generated, yielding the double mutants
LmrR_RMH_LW (LmrR_RMH_F54L_I62W), LmrR_RMH_WQ
(LmrR_RMH_I62W_N88Q), and LmrR_RMH_L-Q (LmrR_RMH_F54L_N88Q) and
the triple mutant LmrR_RMH_LWQ (LmrR_RMH_F54L_I62W_N88Q). Any
combination that entailed the presence of the I62W mutation resulted in the loss
of the improvement of activity compared to the single mutations (Fig. S2†), which,
for LmrR_RMH_LWQ, was the result of a reduced affinity for the hydrazine
substrate (Table S3†). However, the double mutant L-Q showed a signicant
increase in rate acceleration predominated by an increase in the apparent turn-
over number (kcat,app), 1.6-times higher than LmrR_RMH and 1.4-times higher
than the single mutant LmrR_RMH_N88Q. This shows a synergistic effect
between positions F54 and N88.

Thermostability of F54L and N88Q. LmrR_RMH_F54L, LmrR_RMH_N88Q and
LmrR_RMH_L-Q were further investigated for their operational thermostability
via comparison of their T1050, which indicates the temperature at which 50% of the
residual catalytic activity can be found aer a 10 minutes incubation (Fig. 2A).
Both F54L and N88Q mutations provided a highly stabilising effect for
LmrR_RMH, leading to an increase of approximately 8 and 5 °C respectively.
LmrR_RMH_L-Q showed a signicant additive effect, increasing the T1050 with 13 °
C (Fig. S5 and Table S4†).

To conrm that the increase in operational stability resulted from a more
robust structure, circular dichroism spectroscopy was employed to measure the
protein melting temperature (Tm). These measurements conrmed the thermo-
stability improvement previously observed, with an observed increase in Tm of 9, 7
and 14 °C for LmrR_RMH_F54L, LmrR_RMH_N88Q and LmrR_RMH_L-Q,
respectively (Fig. 2B and S6†).

The improved thermostability was veried by the results of the catalysis of the
hydrazone formation reaction at higher temperature (i.e. 50 °C). The increased
thermostability of LmrR_RMH_L-Q allowed the enzyme to have a more efficient
This journal is © The Royal Society of Chemistry 2024 Faraday Discuss., 2024, 252, 262–278 | 267
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Fig. 2 (A) Determination of the operational thermostability T1050 for the parent LmrR_RMH
enzyme (blue), single mutants F54L (red) and N88Q (green) and double mutant
LmrR_RMH_L-Q (purple). T1050 was calculated as the temperature at which 50% of residual
activity is found. (B) Structural thermostability (Tm) of the three mutants (F54L, N88Q and
L-Q) compared to the apparent turnover number (kcat). Reaction conditions: 2.5 mM of
enzyme, 50 mM NBD-H and 5 mM of 4-HBA in buffer R pH 7.5 and 5% DMF, 25 °C.
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retention of the activity, catalysing the reaction with 3.4-fold higher rate than the
parent (Fig. S7†). This increase in retention of activity at high temperature could
suggest a thermoadaptation similar to what was observed for a designer Kemp
eliminase.19,40,41 Understanding the possible relationship between activity and
temperature for this catalyst will require further study.
Rationalisation of the role of F54L and N88Q

In silico rationalisation of the F54L and N88Q mutations. In order to under-
stand the role of F54L and N88Q mutations and their effect on catalysis, the
parent LmrR_RMH and the mutants LmrR_RMH_F54L and LmrR_RMH_N88Q
were submitted to 700 ns MD simulations calculated in triplicate, resulting in
a time scale of 2.1 ms for each system. The RMSD calculations showed that the
three systems quickly reached a plateau (Fig. S8†), so the entire MD time scale was
considered for the analysis.

Intriguingly, cluster analysis (Fig. S9 and S10†) evidenced signicant changes
in the overall structure for the three systems analysed, especially in the helices a4
and a40, which comprise the W96 andW960 residues. These residues are known to
maintain the shape of the entrance pore by p-stacking interactions, and many
states where these were displaced with respect to each other were found for all
three systems, signicantly affecting the shape of the catalytic pore. A more
detailed analysis revealed that the main residues responsible for these global
changes were R92/R920, which showed different patterns of interactions along the
MD time scale. Intriguingly, this residue was introduced in the rst round of our
initial directed evolution engineering campaign, which led to the LmrR_RMH
variant.32

We grouped the structures into three main conformational states based on the
R92/R920 orientation (Fig. 3): (1) “cis-back”, in which both R92/R920 were pointing
towards the back of the pore of LmrR, where the DNA binding site (DBS) is
located, without causing noticeable distortions of the overall structure; (2) “trans”,
in which one arginine was changing its conformation towards the entrance pore
268 | Faraday Discuss., 2024, 252, 262–278 This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Left, representative structures of the three states observed during the molecular
dynamics simulation, (trans, cis-back and cis-front). Residues R92 and R920 are depicted in
blue with ball and stick representation. Centre, gauge plot representing the percentage of
trajectory spent by each protein variant in each of the conformations and box plot of the
distances between R92 and either N14 or D100 in both monomers used to identify the
three states along the MD trajectory. Notably, the cis-front orientation was not observed in
either of the mutants. LmrR_RMH: bisque, LmrR_RMH-F54L: light blue,
LmrR_RMH_N88Q: plum. Right, list of residues establishing contacts with either R92 (blue)
or R920 (red) in LmrR_RMH along with their frequency of interactions observed in each
conformation state. A cut-off of 10% contact frequency was used.
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where catalysis occurs while the other one remains oriented towards the back. In
this state, which creates a signicant distortion in the active site shape, the
arginine that points forward has interaction partners in close proximity to one of
the catalytic pAF residues; and (3) “cis-front”, where the two R92/R920 are pointing
towards the entrance of the cavity, establishing a salt bridge with D1000/D100.
This conformation gives rise to an ordered organisation of the pore, where the
side chain of R92 is oriented in-between W96 and pAF15, driven by p-cation
interactions. This disposition brings the permanent positive charge of the argi-
nine guanidinium moiety near the reactive aryl amino group of pAF, which
potentially could have a detrimental effect on the formation of the iminium ion
intermediate required for the hydrazone formation reaction to proceed. There-
fore, we hypothesise that the R92/R920 in the cis-front orientation might represent
a catalytically inactive conformation of the enzyme.

In order to monitor the population of these conformations in each variant,
each simulation was split into the three observed states based on the geometric
distances of R92 to both N14 and D100 (Fig. 3 and S11†). Interestingly, the cis-
front state was only found for the template LmrR_RMH, and not for the mutants.
In contrast, the cis-back state appeared well represented in all the three systems,
while the trans state appeared mainly represented in both mutants (Table S5†).
This suggests that a major effect of the mutations F54L and N88Q is that they
This journal is © The Royal Society of Chemistry 2024 Faraday Discuss., 2024, 252, 262–278 | 269
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modulate the orientation of R92/R920 in the pore. This arginine residue is
important for the activity: it was the mutation that was found in the rst round of
directed evolution of the pore. Its precise role in catalysis is not yet known, but the
current results suggest that it might very well be structural, to achieve a more
optimal arrangement of the pore harbouring the catalytic pAF residue. However,
our results also show that the evolved enzyme exists in multiple conformations,
with the arginine in different orientations. The F54L and N88Q mutants have
a signicantly larger fraction of conformations with the arginine in the back
orientation compared to the LmrR_RMH template, especially the trans confor-
mation. This suggests this, or both conformations with the arginine in a back
orientation, might be the catalytically productive conformation. Hence, the F54L
and N88Q mutations result in a favouring of catalytically productive conforma-
tions at the expense of the cis-front conformation, which is hypothesized to be
a less active conformation.

To gain further insight into how the conformational distributions identied
were affecting the properties of LmrR, the global contacts of the protein as well as
the residue interaction paths between the mutations and the catalytic residue
were analysed. Overall, both mutants showed an increased frequency of contacts
localised in the back and centre of the hydrophobic pocket compared to the
parent (Fig. S12†). More specically, increased contacts were observed near the N-
terminus end of both monomers, which suggests the formation of tighter inter-
actions that might prevent unfolding events driven by the disordered region of the
termini. Additionally, the introduction of mutations F54L and N88Q resulted in
more compact LmrR structures, as evidenced by an overall lower radius of gyra-
tion measured considering the alpha helices of the structure (Fig. S13†). Alto-
gether, these observations could be translated into a higher structural robustness,
which could also explain the increased thermostability observed experimentally.

The rationalisation of the exact role of the F54L and N88Q mutations is far
from trivial as they seem to affect the structural properties of the enzyme, causing
a cascade of rearrangements that ultimately modulate the active site behaviour.
To gain a deeper understanding of how these changes occur, the close
surroundings of both mutations were assessed based on representative structures
from the cluster analysis. In the parent LmrR_RMH, the residue N88 showed
a direct interaction with R92 by means of hydrogen bonding between their side
chains. Although frequent, it seems that the short length of the N88 side chain
prevents R92 from being sufficiently stabilized at such position. In contrast, the
extra methylene group introduced with the N88Q mutation enables R92 to
establish hydrogen bonding with both N88Q and N14, thus increasing the
occurrence of back or catalytically productive states.

Regarding the F54L mutation, no direct connection between the close
surroundings of this position and the R92 conformational distribution could be
found, as occurred for N88Q. In this case, dynamical network analysis42 was key to
shedding light on the effect of this mutation by identifying the nodes that sepa-
rate F54L from the catalytic pAF. In this method, using the graph theory, the
residues within a protein can be described as nodes of a network, while the
connections (i.e. the edges) may identify allosteric communication. The
‘betweenness’ of an edge refers to the number of short paths passing through it,
giving a hint of the relevance of such edge across the network. The dynamical
network analysis showed signicantly different scenarios between the parent and
270 | Faraday Discuss., 2024, 252, 262–278 This journal is © The Royal Society of Chemistry 2024
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Fig. 4 Allosteric pathways connecting the position mutated (either 54/540 or 88/880),
considered as the “source” of the path, to the catalytic pAF, considered as the “sink” of the
path, based on dynamical network analysis. The edges are weighted based on their
betweenness. The source and sink are depicted in purple, while the rest of the pathway is
depicted in blue. On the left, the shortest path, considered as the path involving the least
number of nodes, is shown. On the right, the strongest path, considered as the path with
edges having the highest betweenness based on visual inspection, is shown.
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the F54L mutation. The communication between the residues F54L and pAF was
found to be either shorter or stronger than in the parent (Fig. 4). These new paths
of communication might be related to the shorter distance between the helices
a30 and a10, which show an increased number of interactions, and to a tighter
hydrogen bonding network arising between E7 from helix a1 and R560 from helix
a30 (Fig. S14†). In turn, E7 was shown to establish more hydrogen bonds with N140

than the parent, therefore potentially affecting the conformation distribution of
R92 in an indirect fashion.
Materials and methods
Prediction of long-range hotspots

Zymspot43 uses bioinformatics and structure-based approaches to depict distal
mutations with the potential to perturb the enzyme's conformational dynamics,
ultimately impacting the population of catalytically productive conformations.
Zymspot does not rely on time-consuming strategies such as molecular dynamics
simulations to capture the impact of the mutations on the conformational
This journal is © The Royal Society of Chemistry 2024 Faraday Discuss., 2024, 252, 262–278 | 271
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dynamics of the protein; but quickly extracts bioinformatics and structural
metrics that were benchmarked against experimental data (data not shown). This
allows the fast screening (a few hours per enzyme) of protein scaffolds regardless
of their size or catalytic activity with minimum human intervention and without
the need for empirical data related to the target protein. 49 positions, comprising
a library of 96 variants resulted from this study. The amino acids selected at each
position were based on the most representative candidates found in a Multi
Sequence Alignment (MSA) performed with the ClustalO soware.44 Additionally,
since consensus mutations are known to oen lead to changes in the enzymatic
properties, such as activity or thermostability,45–47 six consensus mutations were
added to the list, resulting in a total of 102 variants.

Preparation of distal mutations library

Plasmid pET17b_LmrR_V15X_A92R_N19M_F93H (pET17b_LmrR_RMH), which
was prepared in a previous study,32 was used as the template for site-directed
mutagenesis (QuikChange, Agilent Technologies). PCR was performed in 25 mL
total volume containing Cloned Pfu reaction buffer (1× nal concentration),
dNTPs mixture (0.2 mM each dNTP), DNA template (10–50 ng), primers (0.3 mM),
DMSO (3% v/v) and PfuTurbo DNA polymerase (2.5 U). The mutations were
introduced using the appropriate primer pairs (see Tables S6–S8†) with a Touch-
Down PCR program (see ESI†). The resulting PCR product was treated with 20 U of
DpnI and 5 mL was transformed into either E. coli NEB10b cells or E. coli
BL21(DE3) containing the plasmid pEVOL-pAFRS2.t1 (gi from Farren Isaacs
(Addgene plasmid #73546)) for protein expression. The transformation mixture
was spread onto Luria–Bertani (LB)-agar plates containing the necessary antibi-
otics. Single colonies were transferred into 5 mL of LB and incubated overnight at
37 °C. This densely grown culture was used for Sanger sequencing of the mutated
plasmid and as inoculum for protein expression.

Cell lysate screening

E. coli BL21(DE3) cells containing the mutated plasmids were inoculated in a 96-
deep well plate in 1 mL of LB supplemented with ampicillin (100 mg mL−1) and
chloramphenicol (34 mg mL−1) and incubated overnight at 37 °C, 900 rpm.
Aerwards, 50 mL of the overnight culture was used to inoculate at least 3 plates
containing 1100 mL of fresh LB and incubated for 4 h at 37 °C, 900 rpm. Subse-
quently, protein production was induced by the addition of 50 mL LB media,
containing 0.8 mM IPTG, 0.017% arabinose and 1 mM p-azidophenylalanine
(pAzF). Plates were then incubated at 30 °C for 16 hours and harvested by
centrifugation (3000×g at 4 °C for 20 minutes). The pellet was washed in 500 mL of
Buffer R (50 mMNa2HPO4, 150 mMNaCl, pH= 7.5), centrifuged again (3000×g at
4 °C for 20 minutes) and then frozen overnight at −20 °C. Lysis of the cells was
performed by resuspension in 300 mL of lysis buffer containing Buffer R, protease
inhibitor cocktail (Roche cOmplete), lysozyme (1 mg mL−1), DNase I (0.1 mg
mL−1) and MgCl2 (10 mM). Cells were incubated for 2 h at 30 °C at 900 rpm, then
pAzF was reduced to p-aminophenylalanine (pAF) via Staudinger reduction by
supplying 10 mM TCEP to the lysate. The reduction was performed at room
temperature for at least 1 h. Cell debris was removed with centrifugation for
45 min at 4 °C, 3000×g. The cleared lysate was immediately assayed for activity.
272 | Faraday Discuss., 2024, 252, 262–278 This journal is © The Royal Society of Chemistry 2024
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The activity assay procedure followed the previously reported protocol32 with
minor adjustments. Briey, 80 mL of cleared lysate was mixed with 100 mL of
Buffer R in a clean 96-well plate. A stock solution (20 mL) containing 100 mM 4-
HBA and 1 mM NBD-H in Buffer R (50% DMF) was added and measurement
started immediately using a 96-well plate reader (Powerwave X, Biotek Instru-
ments Inc.). Product formation was followed at 472 nm for about 2 h at 25 °C and
the slope between 10–60 min was used to assess enzyme efficiency for every
mutant relative to the parent in the same 96-well plate.

Representative procedure for protein expression and purication

One mL of a densely grown small culture (5 mL) of E. coli BL21(DE3) cells har-
bouring the desired pET17b_LmrR_V15pAF_RMH mutant was used to inoculate
fresh LB medium (100 mL) and incubated at 37 °C, 135 rpm. Protein expression
was induced when OD600 ∼ 0.8–1 (typically aer 3 h) with isopropyl b-D-1-thio-
galactopyranoside (IPTG), L-arabinose and pAzF (1 mM, 0.2% w/v and 1 mM nal
concentration respectively). The culture was incubated overnight (30 °C, 135 rpm)
and the cells were harvested by centrifugation (4 °C, 6000×g, 30 min) and
resuspended with 15 mL of lysis buffer (50 mM Na2HPO4, 150 mM NaCl, 10 mM
PMSF, pH = 8). The cells were disrupted by sonication, and the cell debris
removed by centrifugation (4 °C, 12 000×g, 50 minutes). The supernatant was
passed through a syringe-lter (0.45 mm, Whatman) and applied to Streptag II
resin (IBA Lifesciences) (4 mL). The resin was then washed twice with 10 mL of
Buffer A (50 mMNa2HPO4, 150 mMNaCl, pH= 8) and the protein was eluted with
Buffer A containing desthiobiotin (IBA Lifesciences, 5 mM, 10 mL). The protein
was concentrated to ∼1 mL with a centrifugal lter (4 °C, 4000×g, 30 minutes).
The reduction of pAzF into pAF was performed by addition of 10 mM TCEP and
incubated for at least 1 h. The excess of TCEP was then removed with a desalting
column (GE Healthcare) and the buffer was changed to Buffer R (same as Buffer A,
pH = 7.5) for catalysis. The protein concentration was determined by absorbance
at 280 nm with extinction coefficients corrected for the presence of the pAF
residue (3280nm = 1333 M−1 cm−1).

Kinetic characterization

Kinetic assays for the hydrazone formation between 4-hydroxybenzaldehyde (4-
HBA) and 4-hydrazino-7-nitro-2,1,3-benzoxadiazole hydrazine (NBD-H) were per-
formed according to the previously reported procedure32 with minor changes. In
brief, product formation was followed at 472 nm (3472 = 25 985 M−1 cm−1) and all
reactions were measured at 25 °C in a total volume of 1 mL containing Buffer R,
5% (v/v) DMF, 2.5 mM of enzyme catalyst, 5 mM of 4-HBA and varying concen-
trations of NBD-H (12.5, 25, 40, 50, 75, 100 mM). The background reaction was
measured by addition of NBD-H in the solution containing all components but
the enzyme. Background rates were recorded for each measurement (10–20
minutes) before addition of the enzyme, aer which absorption was recorded for
an additional 10–20 minutes. The observed initial rates were corrected for the
background reaction and apparent kinetic parameters were obtained by tting
(Rstudio) a standard Michaelis–Menten kinetic equation for a pseudo-rst order
reaction rate. Each value represents the average of two independent experiments
each measured at least in duplicate (for a total of at least four data points). The
This journal is © The Royal Society of Chemistry 2024 Faraday Discuss., 2024, 252, 262–278 | 273
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kinetics of LmrR_V15pAF was measured only in duplicate. For a preliminary
assessment of performance between mutants, a single point measurement was
obtained in triplicate in the same conditions reported for kinetics and with the
concentration of NBD-H xed at 50 mM.

Operational thermostability characterization

Each mutant was diluted to about 144 mM in 20 mL with Buffer R, each in tripli-
cate. Each aliquot was thermally challenged for 10 minutes at the desired
constant temperature in a PCR thermocycler (Eppendorf Mastercycler) and then
cooled down on ice for at least 30 minutes prior to kinetic analysis. The activity
assay was performed at 25 °C in a total volume of 1 mL containing Buffer R, 5% (v/
v) DMF, enzyme catalyst (2.5 mM), 4-HBA (5 mM) and NBD-H (50 mM) as previously
described. At least 7 temperatures were selected for each mutant to achieve
a reliable representation of the activity decay prole ranging from 30 °C up to 70 °
C. Measured points were tted (Graphpad Prism 9) with a standard sigmoidal
four parameter logistic (4PL) curve.

CD spectroscopy

Puried proteins were diluted to 4 mM in 200 mL of 50mMsodium phosphate buffer
pH 7.5. A CD spectrum was recorded before and aer the heat treatment when the
temperature was stable at 20 °C, in the interval 200–260 nmwith 50 nmmin−1 scan
speed, bandwidth of 2 nm and a digital integration time (D.I.T.) of 1 s. A baseline
was recorded containing only the buffer. Thermal denaturation was followed by
monitoring the ellipticity at 222 nm at 2 °C intervals from 15 °C to 90 °C with
ramping of 0.5 °C min−1, bandwidth of 2 nm and D.I.T. of 2 s. Additionally, the
ellipticity of all samples wasmeasured with the same settings from 90 °C to 15 °C to
monitor for possible refolding events. Themeasured ellipticity was normalised with
reference values measured for each fully denatured mutant. The reference value
was obtained by diluting each protein to 4 mM in 300 mL of 50 mM sodium phos-
phate buffer pH 7.5 and heating at 95 °C for more than 5 h. A CD spectrum of the
fully denatured samples was collected. Tm was calculated by tting a standard
sigmoidal ve parameter logistic (5PL) curve using non-linear regression (Graph-
pad Prism 9) and constraining the top and bottom value to 1 and 0 respectively.

Molecular dynamics simulations

The parent and the single mutants F54L and N88Q were parameterized with the
AmberTools' tleap program. The standard residues were parameterized using the
ff14SB force eld,48 while the non-standard p-aminophenylalanine (pAF) residue
was parameterized using the GAFF force eld49 and its RESP charges were
calculated at the B3LYP/6-31G(d) level of theory using Psi4,50 as the QM engine
and the RESP charges were calculated using a Python implementation of the RESP
charge model.51 A cubic box of TIP3P water molecules was built around the
protein with its closest edge to the protein at a distance of 10 Å. As a result,
a system of around 118 000 atoms, with 3800 of them from the protein, was ob-
tained. The obtained topology and coordinates les were then converted into the
Gromacs formats using the AmberTools' amb2gro_top_gro.py script.

Using the Gromacs version 2022,52 three replicas were calculated for each of
the three systems, so a total of 9 MD simulations were performed. For each of
274 | Faraday Discuss., 2024, 252, 262–278 This journal is © The Royal Society of Chemistry 2024
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them, an initial minimization was carried out followed by a heating phase from
0 to 310 K during 200 ps. Then, 200 ps of NPT simulation was carried out at 310 K
and 1 atm for the equilibration of the system. Once equilibrated, 700 ns of NVT
simulations were calculated at 310 K. A time step of 2 fs was used for the whole
simulation. Bonds involving H atoms were restrained in all the stages. A cut-off of
10 Å for the non-bonding and electrostatic interactions was used. The PME
method53 was used to treat the long-range effects. PBC conditions were also used.
Each trajectory was post-processed to correct the protein's non-continuities in the
unit cell caused by PBC imaging. To do so, AmberTools' cpptraj program was
used.

Conclusions

The capability of graing novel reactivities borrowed from the organic chemist's
toolbox into existing protein scaffolds opens exciting new avenues for bio-
catalysis. However, the resulting articial enzymes are not yet as efficient as
natural enzymes, due to the lack of a comprehensive understanding of all the
interactions underpinning enzymatic catalysis.

This work focused on the role of distal mutations in the catalysis of a new-to-
nature reaction by an LmrR-based articial enzyme featuring a non-canonical pAF
catalytic residue. A computational prediction pipeline targeting hotspots affecting
protein dynamics named Zymspot was employed here to build a smart library of
variants and was shown to be able to provide key functional hotspots in just a few
hours of simulations per protein scaffold. Hence this approach is a viable alter-
native to comprehensive directed evolution studies and may provide comple-
mentary information.54 With the screening of as little as 73 mutants, two single
remote mutations were identied which resulted in both an increased catalytic
activity as well as a remarkable increase in thermostability. 2.1 ms molecular
dynamics simulations highlighted how such distal mutations can manipulate the
distribution of the protein conformations, favouring catalytically productive ones
at the expensive of potentially less efficient conformations, by means of a cascade
of small rearrangements that could have hardly been predicted rationally. The
current study focused exclusively on the resting state of the enzyme. Our obser-
vations are in line with studies on canonical enzymes, where mutations favour the
appearance of productive conformations, enhancing the enzymatic effi-
ciency12,17,40 For an in-depth understanding of the effect of distal mutations on
catalysis, further work involving the substrate and reaction intermediates will be
required to understand how these conformational ensembles relate to the
appearance of transition-state-like conformations in LmrR. Furthermore,
combining the advantages of different algorithms for the identication of long-
range pathways will provide a more holistic understanding of LmrR structure.55

Yet, the current study already illustrates the power of computational predictive
tools for the engineering of articial enzymes beyond the active site.
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