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The base-promoted Kemp elimination reaction has been used
as a model system for enzyme design. Among the multiple
computationally designed and evolved Kemp eliminases gen-
erated along the years, the HG3-to-HG3.17 evolutionary
trajectory is particularly interesting due to the high catalytic
efficiency of HG3.17 and the debated role of glutamine 50
(GIn50) as potential oxyanion stabilizer. This study aims to
elucidate the structural and dynamic changes along the evolu-
tionary pathway from HG3 to HG3.17 that contribute to
improved catalytic efficiency. In particular, we evaluate key
variants along the HG3 evolutionary trajectory via molecular
dynamics simulations coupled to non-covalent interactions and
water analysis. Our computational study indicates that HG3.17

Introduction

Enzymes often exhibit high levels of efficiency, precision,
specificity, and high catalytic activity, which are predominantly
attributed to their well-preorganized active site pocket." This
preorganization results in a lower entropic penalty for the
catalytic reaction within the protein environment as compared
to the uncatalyzed reaction in water.?’ Enzymes also have the
ability to adopt multiple conformations in solution,® a key
feature for facilitating their adaptation towards new
functions.?¥ Proficient enzymatic catalysis therefore requires
active site preorganization for efficiently stabilizing the tran-
sition state(s) along the reaction, and optimization of the
conformational ensemble important for substrate binding and
product release.”

Initial attempts to computationally design enzymes were
focused on the base-promoted proton abstraction Kemp
elimination reaction (Figure 1A). Kemp elimination was used as
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can adopt a catalytically competent conformation promoted by
a water-mediated network of non-covalent interactions, in
which aspartate 127 (Asp127) is properly positioned for proton
abstraction and GIn50 and to some extent mutation cysteine 84
(Cys84) contribute to oxyanion stabilization. We find that
HG3.17 exhibits a rather high flexibility of GIn50, which is
regulated by the conformation adopted by the active site
residue tryptophan 44 (Trp44). This interplay between GIn50
and Trp44 positioning induced by distal active site mutations
affects the water-mediated network of non-covalent interac-
tions, GIn50 preorganization, and water content of the active
site pocket.

a model system for computational enzyme design, as it is a
simple and abiological reaction, although some examples of
natural enzymes catalyzing this reaction have been reported.”
The Kemp elimination follows a one-step mechanism in which
5-nitrobenzisoxazole (1) is deprotonated followed by the
irreversible cleavage of the N-O bond to generate the
negatively charged salicylonitrile product (2, Figure 1A). The
reaction requires a base for deprotonation and an oxyanion
hole to stabilize the developed negative charge with the
breaking of the N—O bond.

The first Kemp eliminases computationally designed were
created using the so-called inside-out protocol®® centered on
the theozyme®® concept and the Rosetta match/design
software,”’ although other approaches have been used along
the years.'” The low activity of the generated computational
variants were then further engineered with directed evolution
(DE), which introduced 10-15 mutations and led to much
higher catalytic activities.®'" This yielded the highly active
Kemp eliminase HG3.17, which provides a 6x10° rate acceler-
ation (in terms of k/k.a) towards 5-nitrobenzisoxazole."'®®
HG3.17 was obtained from multiple rounds of DE starting from
HG3, which is based on the computational design HG2 but
contains an additional mutation (S265T) that enhances activity
by limiting the active site flexibility. This substitution was
predicted via molecular dynamics (MD) simulations focused on
HG2."'Y High resolution X-ray structures of HG3.17 (with two
additional mutations to facilitate crystallization: E47N/
N300D),"'¥ as well as room-temperature X-rays in the absence
and presence of the transition state analogue 6-nitrobenzisox-
azole (TSA, 6NT) revealed a compact highly preorganized active
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Figure 1. Representation of the (A) Kemp elimination reaction with 5-nitrobenzisoxazole as substrate, (B) the transition state analogue 6-nitrobenzisoxazole
(TSA, 6NT), and (C) the HG3-to-HG3.17 evolutionary trajectory. The catalytic residues are shown as sticks and in raspberry, the mutations introduced are
highlighted with colored spheres. Those positions mutated multiple times along the evolutionary trajectory are colored in violet.

site pocket with the catalytic base Asp127 properly positioned
for catalysis."?

The 17 mutations introduced in HG3.17 were mostly located
close to the active site pocket (11 out of 17), and three of them
were mutated several times along the DE trajectory. Interest-
ingly, out of the 17 DE mutations in HG3.17, two of them
Lys50GIn and Met84Cys act synergistically and account for the
major fraction of catalytic enhancement of HG3.17."¥ In light
with this finding, high catalytic efficiencies were obtained if the
core first and second-shell mutations of HG3.17 (the variant was
named HG4) were considered."? By combining nuclear mag-
netic resonance, X-ray crystallography and stopped-flow ki-
netics, it was found that the DE mutations introduced in HG3.17
altered its conformational ensemble, thus promoting high-
energy backbone reorganizations of strand 7 that positively
preorganized the catalytic machinery for the proton transfer
reaction."” Along the rounds of DE of particular interest is
position 50, which was mutated from lysine to histidine, and
afterwards from histidine to glutamine. HG3.7 is a DE
intermediate variant that contains GIn50 as HG3.17. It was
suggested that an additional reason for the enhanced activity
of HG3.17 is the introduction of an oxyanion hole based on the
new GIn50 residue introduced from HG.7 onwards, and an
ordered water molecule.™ QM/MM simulations, however,
indicated that water molecules could contribute to phenoxide
stabilization and instead displace GIn50."* This observation is
also in line with quantum mechanical (QM) calculations, which
predicted water as the most effective general acid, reducing the
uncatalyzed activation energy by ca. 9.5 kcal/mol."™ Kinetic
data and X-ray structures of several mutants replacing GIn50
into amino acids of different nature suggested that GIn50 as
oxyanion hole contributes modestly to HG3.17 catalytic

Chem. Eur. J. 2025, 31, €202403747 (2 of 11)

efficiency." This observation is in line with previous studies
evaluating the effect of the oxyanion contribution observed in
proteases’” and isomerases."® The effect of a single hydrogen
bond to the anionic intermediate in ketosteroid isomerase was
proposed to largely impact the catalytic activity (k.,) of up to
10°.""" However, by replacing the oxyanion hole hydrogen
donors with smaller residues allowing a higher water content in
the active site cavity a small contribution of the oxyanion hole
with respect to the solution reaction was observed.['®

In a recent study, a hybrid computational strategy was
developed to introduce additional mutations in HG3.17 to
stabilize the catalytic conformation of GIn50, different mutants
were generated that contained mutations around GIn50, which
increased the catalytic efficiency of HG3.17 by up to 55%.”
These studies indicate that the role of GIn50 in the HG3.7-17
series is much more complex than originally thought. Of
interest is that the starting HG3 enzyme™'? and other Kemp
eliminase designs®'*?Y lack an equivalent Gln at this position.

In this study, we aimed to computationally investigate by
means of microsecond timescale molecular dynamics (MD)
simulations three key variants along the evolutionary trajectory
of the HG3 series, namely the starting HG3 scaffold, HG3.7
containing 7 mutations including GIn50 and Cys84, and the
most evolved HG3.17. We assume the formation of an oxyanion
along the reaction pathway and use a transition state analogue
as a model of the transition state. We evaluate the influence of
the conformation of the active site residue Trp44 on the
flexibility and preorganization of GIn50, and evaluate how the
hydrogen bonding and non-covalent network of interactions is
altered along the evolutionary pathway. Our work provides
some complementary analysis to elucidate the contribution of
GIn50 and in a few conformations Cys84 as oxyanion stabilizer.
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Results and Discussion

As mentioned in the introduction the high catalytic efficiency of
HG3.17 has been evaluated by multiple experimental and
computational techniques along the years,'®'2714162021 stj|| the
role of some of the suggested key mutations, namely Lys50GIn
and Met84Cys, is not clear. We decided to computationally
evaluate via multiple replica microsecond timescale MD simu-
lations three key variants along the evolutionary pathway: the
starting HG3 scaffold, the intermediate HG3.7 variant, and the
most evolved HG3.17. We performed all atom MD simulations
in the presence of the transition state analogue 6NT, which is
the ligand present in all the liganded X-ray structures. However,
we also considered the natural substrate benzoisoxazole
(named 5NT) in the case of HG3 and HG3.17. As shown in a
recent study, 6NT has a charge distribution closer to the TS
especially at the deprotonation site,”? thus making 6NT a
suitable ligand for modeling the active site preorganization at
the TS. To identify the key conformational changes taking place
along the MD simulations of the three variants, we applied
principal component analysis (PCA) considering all heavy atoms
around 6 A of 6NT (see SI for methods, Figure 2, 4, 6). As shown
in Figures 2, 4 and 6, this analysis generates a conformational
space in which each variant shares some minima with each
other. Interestingly, we found that PCO (x-axis) mostly involves
distances between Trp87, and several residues contained in
beta strands 1, 6-7 or loops L6, L7 and L18, whereas PC1 (y-
axis) distances between Trp44, Met172, and lle236 (see Fig-
ure S1).

HG3 Adopts a Trans Conformation of Beta Strand 3 and Lacks
a Properly Preorganized Oxyanion Hole

The starting scaffold for the DE trajectory is HG3, which contains
Lys50 and Met84 (instead of GIn50 and Cys84 as in the rest of
the analyzed variants). The analysis of the available X-ray
structures of HG3 with 6NT bound indicate that Gly83 and
Met84 in the beta strand 3 can adopt both a cis and trans
conformation (with occupancies of 0.6 and 0.3, respectively).
This is observed both for unliganded and 6NT-bound structures
(PDB: 5RG4, 5RGA, see Table S1 and Figure 51)."? We therefore
decided to perform MD simulations starting from the cis and
trans conformations (PDB: 5RGA). The analysis of the conforma-
tional landscapes shown in Figure 2 indicates that HG3 can
mostly adopt three main conformations in both cis and trans
conformations. One additional interesting observation is that in
all conformations sampled, the distance between 6NT and the
catalytic Asp127 is well maintained, which is again in line with
the TSA-bound structures obtained for HG3."? The analysis of
the non-covalent interactions with NClplot®® at each conforma-
tion 1-3, shows a blue strong attractive hydrogen bond
between Asp127 and 6NT. In contrast, the analysis of the
established interactions between 6NT and Lys50, suggested to
play a role as oxyanion stabilizer in HG3, indicate a much
weaker interaction (green interaction areas in NClplot, Figure 2).
Only in conformation 1 for both cis and trans and conformation
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2 in cis, Lys50 adopts a better orientation for acting as oxyanion
stabilizer and displays more favorable attractive (green blue)
interaction. Interestingly, when the natural benzoisoxazole
(named 5NT) substrate is used (instead of 6NT), much longer
distances and substantially weaker interactions between 5NT
and the catalytic Asp127 and Lys50 are observed, in line with a
recent publication (Figure S3, 54).22

We observe in conformation 3 with the trans configuration
of 83-84 peptide bond that the 6NT ligand is displaced from
the active site pocket, and instead Trp44 positions its indole
sidechain in the space left by 6NT. This reorganization of Trp44
perfectly matches one of the observed conformations of Trp44
in the unliganded X-ray structures (PDB: 5RG4, chain A), which
also confirms the high flexibility of Trp44."? In this new
conformation, the nitrogen of the indole sidechain of Trp44
establishes a hydrogen bond with the catalytic aspartate
Asp127. The latter is hydrogen bonded at the same time to
6NT, despite the fact TSA being displaced from the active site
pocket (see Figure 2B, conformation 3). Instead, the interaction
with Lys50 is lost in this conformation 3 (distance between 6NT
and Lys50 of ca. 14 A, see Figure 2B conformation 3). This new
conformation of 6NT is stabilized by the non-covalent inter-
actions established with Arg124, Tyr17, Trp44, Met42, Tyr170, as
shown by the NClplot analyses (see Figure 2). This conformation
3 in which 6NT is displaced from the active site observed when
the 83-84 peptide bond is in a trans conformation is not
sampled in the case of cis.

It should be also mentioned that Met84 is highly flexible in
HG3. This position is mutated into a cysteine in both HG3.7 and
HG3.17. The analysis of the water content of the active site by
means of GIST analysis,* indicates that the conformation
adopted by Met84 has an effect into the water network and
entrance into the pocket (Figure 3). The water content in both
cis and trans conformations is rather low.

HG3.7 Adopts a Cis Conformation of Beta Strand 3and a
Proper Preorganization of GIn50 as Oxyanion Stabilizer

The introduction of 7 mutations in HG3 generates the
intermediate HG3.7 variant, which contains the same catalytic
machinery (Asp127 and GIn50) as HG3.17. This intermediate
variant also contains Met84Cys mutation, which was found to
act synergistically with Lys50GIn." Interestingly, the introduced
mutations favor the stabilization of the cis conformation of the
Gly83 and Cys84 peptide bond, as shown by 6NT-bound X-ray
structures (PDB: 5RGC,"? and 7 K4X,"® see Table S1).

In all 1-3 conformations sampled, the catalytic Asp127 and
the new GIn50 are positioned close to 6NT (see Figure 4). NCI
analysis indicates a strong attractive interaction between
Asp127 and 6NT in all sampled conformations, however, the
GIn50-6NT interaction is much weaker (green region instead of
blue in all minima, Figure 4). Still, the flexibility of GIn50 is
substantially reduced as compared to the equivalent Lys50 in
HG3, thus indicating a much better preorganized active site
pocket in HG3.7 for the proton transfer reaction. The rigidity of
GIn50 is mostly attributed to the hydrogen bond established
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Figure 2. Reconstructed conformational landscapes of HG3 in the presence of 6NT considering: (A) the cis conformation of Gly83 and Met84 (conformation
with the highest occupation in X-ray 5RGA), and (B) the trans conformation. Conformational landscape reconstruction is based on the combined HG3-to-
HG3.17 PCA analysis: PCO (x-axis) mostly involves distances between Trp87, and several residues contained in beta strands 1, 6-7 or loops L6, L7 and L18,
whereas PC1 (y-axis) distances between Trp44, Met172, and lle236 A representative structure of each sampled conformation is shown. The non-covalent
interactions (as described by NCI analysis'®*)) established between 6NT and the active site pocket are shown: the strong attractive interactions are displayed
with a blue mesh, weak non-covalent interactions in green, and repulsive interaction in red. The mean distance together with standard deviation for the
catalytically relevant distances involving 6NT and Asp127, and Lys50 are shown for each minimum. Catalytic and binding residues are shown in sticks and
colored in raspberry, whereas the mutations in light pink. 6NT is shown as spheres and black sticks. The most important interactions are also highlighted with
a dashed cyan discontinuous line. Available crystallographic structures are projected on the same PC space. Those X-ray structures containing more than one
chain, and different cis/trans conformations are all individually projected (marked with gray boxes).
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Figure 3. Analysis of the water content of the active site of HG3 in the presence of 6NT by means of GIST analysis¥ is shown using a blue mesh on a
representative structure of each minima in the conformational landscape as shown in Figure 2A—B. Catalytic and binding residues are shown in sticks and
colored in raspberry, whereas the mutations in light pink. 6NT is shown as spheres and black sticks.

between the carbonyl group of the sidechain and the amide
backbone of Cys84.

Interestingly, there is a water molecule that contributes to this
rigidification by establishing a hydrogen bond with the carbonyl
backbone of Cys84 and sidechain of GIn50. The thiol group of the
new Cys84 introduced establishes a hydrogen bond with the other
oxygen of the carboxyl group of the catalytic Asp127, which favors
Asp127 preorganization for catalysis. This is observed mostly in
conformation 2 (and later in HG3.17, see below), however, in
conformation 3 Cys84 is hydrogen bonded to the same oxygen of
the carboxylate of Asp127 in charge of proton abstraction. Such
interaction affects the nucleophilicity of Asp127 as demonstrated
by the substantially weaker interaction (green area in NCI analysis)
between 6NT and Asp127 (see Figure 4). Although Trp44 adopts
only one major conformation in the 6NT-bound X-ray structure
7K4X," two different conformations are observed in the 6NT-
bound room temperature X-ray structure (PDB: 5RGC"'?), being the
rotamer with the indole nitrogen pointing outside the active site
pocket the one with the highest occupancy (which is the same
one obtained in 7K4X)."® Our simulations starting from the highest
occupancy rotamer show that Trp44 is rather stable in this pose,

Chem. Eur. J. 2025, 31, €202403747 (5 of 11)

and together with Met237 establish n-nr and CH-xt interactions with
6NT, respectively, as shown with the NCI analysis.

Another interesting observation is that the water content of
the active site of HG3.7 is rather low: mostly one ordered water
molecule is found and establishes a hydrogen bond with the
carbonyl group of Gly83 potentially stabilizing the cis conforma-
tion of Gly83-Cys84 peptide bond. There is another water
molecule hydrogen bonded to GIn50, and two of the residues
mutated twice along directed evolution, ie., Ser89Arg, and
GIn90His, also establish hydrogen bond interactions with the few
water molecules found in the active site. Interestingly, in
conformation labeled as 3, Arg89 is displaced from the active site,
which enhances the water accessibility to the pocket, as shown by
the GIST®¥ analysis (see Figure 5). Arg89 is mutated to Asn in
HG3.17.

© 2024 The Author(s). Chemistry - A European Journal published by Wiley-VCH GmbH
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Figure 4. Reconstructed conformational landscape of HG3.7 in the presence of 6NT based on the combined HG3-to-HG3.17 PCA analysis: PCO (x-axis) mostly
involves distances between Trp87, and several residues contained in beta strands 1, 6-7 or loops L6, L7 and L18, whereas PC1 (y-axis) distances between
Trp44, Met172, and Ile236. A representative structure of each sampled conformation is shown. The non-covalent interactions (as described by NCI analysism])
established between 6NT and the active site pocket are shown: the strong attractive interactions are displayed with a blue mesh, weak non-covalent
interactions in green, and repulsive interaction in red. The mean distance together with standard deviation for the catalytically relevant distances involving
6NT and Asp127, and GIn50 are shown for each minimum. Catalytic and binding residues are shown in sticks and colored in raspberry, whereas the mutations
in light pink. 6NT is shown as spheres and black sticks. The most important interactions are also highlighted with a dashed cyan discontinuous line. Available
crystallographic structures are projected on the same PC space. Those X-ray structures containing more than one chain are all individually projected (marked
with gray boxes).
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Figure 5. Analysis of the water content of the active site of HG3.7 in the presence of 6NT by means of GIST analysis®” is shown using a blue mesh on a
representative structure of each minima from the conformational landscape shown in Figure 4. Catalytic and binding residues are shown in sticks and colored
in raspberry, whereas the mutations in light pink. 6NT is shown as spheres and black sticks.
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HG3.17 Catalytic Activity is Enhanced Thanks to Increased
Active Site Water Content and GIn50 Flexibility Regulated by
Trp44 and Trp80 Conformation

The introduction of 13 mutations in HG3.7 resulted in HG3.17,
which enhanced the Kemp eliminase reaction by 1.5-fold with
respect to HG3.7 in terms of k" The minima obtained from the
reconstructed conformational landscape shows that similarly to
what is found for HG3 and HG3.7, the cis conformation of the
Gly83-Cys84 peptide bond is stable (in line with X-ray data, see
Table S1). This cis conformation is stabilized by the presence of an
ordered water molecule that is hydrogen bonded to the carbonyl
backbone of Gly83 and Pro45 (Figure 6A). The ordered water
molecule also establishes a hydrogen bond with the sidechain of
GIn50 in conformation 2 A. Gly83 is additionally establishing a
hydrogen bond with the indole nitrogen of Trp44, which has a
different sidechain conformation compared to HG3.7 and allows
the establishment of this new interaction. This water-mediated
hydrogen bond network helps positioning the amide backbone of
Cys84 backbone close to the nitrogen atom of 6NT corresponding
to the position in which the developing negative charge on the
phenoxide leaving group of the substrate will be located. The
characterization of such interaction by means of NCI analysis
indicates that a strong attractive interaction is found between the
nitrogen atom of 6NT and the amide of Cys84, especially in
conformation 2 A, thus suggesting the backbone of Cys84 can
also play a role as oxyanion stabilizer (Figure 6A). This contrasts
with what was found in HG3.7, as the backbone of Cys84 is
instead interacting with the sidechain of GIn50. Similarly to what is
observed in HG3.7, in conformation 2 A and 3 A the thiol group of
Cys84 establishes a hydrogen bond with one of the oxygen atoms
of the catalytic Asp127, which is well positioned for proton
abstraction in all sampled 1-3 A conformations. This hydrogen
bond interaction between Cys84 and the catalytic Asp127 was
also found by Swiderek et al. in the QM/MM studies of monomer
B of the 4BSO X-ray structure." Interestingly, in this conformation
2 A the carbonyl group of the amide of GIn50 is hydrogen bonded
to the indole of Trp87, which helps positioning GIn50 close to
6NT. Of note is that such interaction between GIn50 and Trp87 is
possible due to the flipped conformation of Trp87 as compared to
HG3.7 and HG3. In fact, in HG3 and HG3.7 the indole nitrogen of
Trp87 is hydrogen bonded to Glu131. A key mutation to maintain
Trp87 in this flipped orientation is Arg89Asn. This position
mutated twice along evolution introduces an amide for establish-
ing the hydrogen bond with Glu131. Trp44 can also display two
different possible rotamers according to the available 6NT-bound
X-ray structures (PDB: 5RGE,"? 4BS0,"'® Table S1): in rotamer A
Trp44 positions the indole nitrogen towards the catalytic Asp127
(rotamer A has a higher occupancy in X-ray), or it adopts the same
rotamer as in HG3.7 in which the nitrogen of the indole ring does
not point toward the active site (rotamer B, lower occupancy in X-
ray data). As found previously in Swiderek et al. study, we observe
that GIn50 is extremely flexible in HG3.17 when rotamer A of
Trp44 is considered (Figure 6)," and only in conformation 2 A it is
properly positioned for potentially contributing to stabilize the
oxyanion. In the other conformations sampled (1 A and 3 A),
GIn50 is displaced from the active site, thus providing additional
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space, and allowing the entering of multiple water molecules in
the pocket (Figure 7A). This flexibility of GIn50 is accompanied by
conformational changes of Glu46 and Glu47, that again are
important for enhancing the water content of the active site
pocket. Glu47 corresponds to one of the introduced mutations, in
HG3.7 it is an Asn47 instead. In conformation 2 A, the carbonyl
backbone of Glu47 is hydrogen bonded to the amide backbone of
the catalytically relevant GIn50. The sidechain of GIn50 establishes
a hydrogen bond with the nitrogen of the indole of Trp87, and
with the ordered water molecule as explained above. A network
of hydrogen bonds is observed within the water molecules
contained in the active site pocket. Such network also includes the
sidechain of GIn207 that at the same time makes a hydrogen
bond with Glu131. Glu131 can interact with the sidechain of two
introduced mutations in HG3.17, i.e, Arg89Asn and His90Phe.
Both positions are mutated twice along the HG3-to-HG3.17
evolution.

Although rotamer B of Trp44 has a lower occupancy in the
6NT-bound X-ray structures (both in 4BS0"'® and 5RGE"), addi-
tional MD simulations starting from this other conformation of
Trp44 were performed (Figure 6B). Interestingly, GIn50 is substan-
tially more rigid with this different conformation of Trp44, as the
distance between its sidechain and 6NT is ca. 3 A in all sampled
1 B-3 B conformations (Figure 6B). The proper positioning of
GIn50 for oxyanion stabilization is favored thanks to its interaction
with the nitrogen of the indole of Trp87, and an ordered water
molecule that links via hydrogen bonding GIn50 and the back-
bone of Pro45. As observed before, the catalytic Asp127 is
properly positioned in all conformations. In conformation 3B,
Cys84 is hydrogen bonded with one of the carboxyl oxygens of
Asp127, as observed in 3 A. The water content of the active site
considering this additional rotamer of Trp44 is also high (Fig-
ure 7B).

Altogether this analysis suggests that HG3.17 enhanced Kemp
eliminase activity is attributed to the fine-tuned network of water-
mediated hydrogen bond interactions taking place along the
catalytic pocket, which precisely position the catalytic and binding
residues for catalysis. This precision in attaining the catalytically
competent pose is mostly affecting the oxyanion hole residues,
composed the debated GIn50 sidechain.'® As shown with the NCI
analysis in conformation 2 A both GIn50 and Cys84 can addition-
ally act as oxyanion hole and display strong attractive interactions
with 6NT. This finding is in line with the synergistic effect observed
experimentally by Cys84 and GIn50 in HG3.17."

Our simulations also indicate that this precision observed in
conformation 2 A is complemented by a rather high flexibility of
GIn50. Interestingly, GIn50 flexibility depends on Trp44 conforma-
tion: when the indole nitrogen of Trp44 points towards the
catalytic residues, GIn50 is easily displaced from the active site
(Figure 7A). However, the positioning of Trp44 in rotamer B helps
maintaining GIn50 close to 6NT through the establishment of a
hydrogen bond with Pro45 backbone via an ordered water
molecule and with the indole nitrogen of Trp87. This hydrogen
bond with Trp87 is possible thanks to the new positioning of the
indole sidechain in HG3.17 (in HG3, and HG3.7 Trp87 instead
interacts with Glu131). Such flexibility of GIn50 regulated by Trp44
conformation might potentially help the substrate binding/
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Figure 6. Reconstructed conformational landscape of HG3.17 in the presence of 6NT considering either (A) rotamer A of Trp44 presenting the nitrogen of the
indole ring pointing towards Gly83, or (B) rotamer B of Trp44 with the indole nitrogen pointing out of the active site pocket. PCO (x-axis) mostly involves
distances between Trp87, and several residues contained in beta strands 1, 6-7 or loops L6, L7 and L18, whereas PC1 (y-axis) distances between Trp44,
Met172, and lle236. A representative structure of each sampled conformation is shown. The non-covalent interactions (as described by NCI analysis®*)
established between 6NT and the active site pocket are shown: the strong attractive interactions are displayed with a blue mesh, weak non-covalent
interactions in green, and repulsive interaction in red. The mean distance together with standard deviation for the catalytically relevant distances involving
6NT and Asp127, and GIn50 are shown for each minimum. Catalytic residues are shown in sticks and colored in raspberry, whereas the mutations in light pink.
6NT is shown as spheres and black sticks. The most important interactions are also highlighted with a dashed cyan discontinuous line. Available
crystallographic structures are projected on the same PC space. Those X-ray structures containing more than one chain and two rotamers of Trp44 are all
individually projected (marked with a gray box). Rotamer A presenting the indole nitrogen pointing towards the catalytic Asp127 is the one with the highest
occupation in the reported X-ray structures 5RGE and 5RG8 (occupation of 0.6/0.4 for rotamer A/B).
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124 is shown using a blue mesh on a representative structure of each

minima in the conformational landscape shown in Figure 6A—B. Catalytic and binding residues are shown in sticks and colored in raspberry, whereas the

mutations in light pink. 6NT is shown as spheres and black sticks.

product release process, which is also in line with the experimental
finding of an induced-fit process observed only in HG3.17."¥
Interestingly, in the X-ray structure of HG4 variant reported by
Chica and coworkers, " which only contains HG3.17 active site
mutations, the two possible rotamers of Trp44 are also observed.
However, the rotamer with the highest occupancy corresponds to
the conformation in which the indole nitrogen of Trp44 points
away from the catalytic pocket (as it happens in HG3.7). Another
interesting point is the conformation of Trp87, which points
towards Glu131 as in HG3-HG3.7, therefore a direct hydrogen
bond with GIn50 as observed in HG3.17 is not possible. This
suggests that the distal mutations introduced along DE alter the
positioning of Trp87 and Trp44, which according to our
simulations influence GIn50 preorganization and the water
content of the active site.

The evaluation of HG3.17 considering the natural benzoisox-
azole (labeled 5NT) substrate provides similar insights to those
obtained with 6NT. When Trp44 is positioned towards the active
site short distances between the catalytic Asp127 and the
deprotonation site of 5NT are observed, as well as a high flexibility
of GIn50 is revealed (Figure 8A). However, as opposed to 6NT a

Chem. Eur. J. 2025, 31, €202403747 (9 of 11)

longer distance and thus a weaker non-covalent interaction
between the amide backbone of Cys84 and the nitrogen atom of
5NT is observed (Figure 8A). When the other rotamer of Trp44 is
considered, the binding of the 5NT substrate is stable and
establishes short distances with both catalytic Asp127 and GIn50,
as observed with 6NT (Figure 8B).

Conclusions

The evaluation of the conformational dynamics of three Kemp
eliminase variants within the HG3-to-HG3.17 evolutionary pro-
gression has revealed important differences in the flexibility,
network of interactions and water content within the active site
pockets. These variants include the initial HG3 scaffold, HG3.7 that
incorporates 7 mutations including the synergistic GIn50 and
Cys84, and the most evolved variant, HG3.17. Our analysis focuses
on assessing the modifications in flexibility, hydrogen bonding,
water content, and non-covalent interaction networks throughout
this evolutionary pathway. Our results indicate that in HG3 both
the trans and cis conformations of the peptide bond of Gly83 and
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Figure 8. Reconstructed conformational landscape of HG3.17 in the presence of the substrate 5NT considering either (A) rotamer A of Trp44 presenting the
nitrogen of the indole ring pointing towards Gly83, or (B) rotamer B of Trp44 with the indole nitrogen pointing out of the active site pocket. PCO (x-axis)
mostly involves distances between Trp87, and several residues contained in beta strands 1, 6-7 or loops L6, L7 and L18, whereas PC1 (y-axis) distances
between Trp44, Met172, and lle236. A representative structure of each sampled conformation is shown. The non-covalent interactions (as described by NCI
analysis®®) established between 6NT and the active site pocket are shown: the strong attractive interactions are displayed with a blue mesh, weak non-
covalent interactions in green, and repulsive interaction in red. The mean distance together with standard deviation for the catalytically relevant distances
involving 5NT and Asp127, and GIn50 are shown for each minimum. Catalytic residues are shown in sticks and colored in raspberry, whereas the mutations in
light pink. 5NT is shown as spheres and black sticks. The most important interactions are also highlighted with a dashed cyan discontinuous line. For

conformation 1B, the analysis of the water content of the active site by means of GIST analysis

projected (marked with a gray box).

Met84 contained in the beta strand 3 are stable under the studied
MD simulation time. Even though the catalytic Asp127 is properly
positioned for catalysis and establishes strong attractive interac-
tions with 6NT, HG3 lacks a properly preorganized oxyanion hole
(Lys50) for stabilizing the developed negative charge along the
Kemp eliminase reaction. This is observed with both the transition
state analogue 6NT and the natural substrate 5NT. This is
substantially improved in HG3.7 that contains the key mutations
GIn50 and Cys84. These mutations favor the cis conformation of
the peptide bond of Gly83 and Cys84 (Met84 in HG3), which helps
positioning GIn50 in place for acting as oxyanion stabilizer. In HG3
and HG3.7 variants, both Trp44 and Trp87 position the indole
nitrogen pointing outside the active site pocket. A very low water
content is observed in the active site of HG3.7, which contrasts
with the most active HG3.17. Interestingly, we find that in one of
the sampled conformations of HG3.17 both GIn50 and Cys84 can

Chem. Eur. J. 2025, 31, €202403747 (10 of 11)

124 is shown using a blue mesh. Those X-ray structures are

directly act as oxyanion stabilizers. Both residues either via
sidechain (GIn50) or backbone (Cys84) establish strong attractive
hydrogen-bond interactions with 6NT. GIn50 displays a high
flexibility, especially when the active site Trp44 residue positions
the indole nitrogen pointing towards the active site. This flexibility
of GIn50 is in line with previous studies that showed a small
contribution of the oxyanion hole with respect to the solution
reaction.”®'” One key observation is that the cis conformation of
Gly83 and Cys84 is stabilized thanks to the presence of a water
molecule that is hydrogen bonded to both carbonyl backbones of
Gly83 and Pro45, and additionally to the nitrogen of the indole
ring of Trp44. This water molecule together with the amide of
Cys84, and in some conformations the sidechain of GIn50,
correspond to the oxyanion hole of HG3.17. Interestingly, the
positioning of the nitrogen indole of Trp44 outside the catalytic
pocket reduces GIn50 flexibility thus enhancing GIn50 preorgani-
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zation. In this other Trp44 rotamer, GIn50 establishes hydrogen
bonds with the Pro45 backbone via an ordered water molecule
and with the indole nitrogen of the other Trp87 residue, helping
to maintain GIn50 close to 6NT/5NT. This interplay between GIn50
and Trp44 positioning induced by distal active site mutations
affects the network of hydrogen bonding, GIn50 preorganization,
and water content of the active site pocket. The additional
flexibility of GIn50 regulated by Trp44 conformation observed in
HG3.17 can potentially help substrate binding and product release.
Our study therefore shows how active site, but especially distal
mutations introduced along the evolutionary pathway enhance
the conformational flexibility of the starting enzyme scaffold,
which is crucial for oxyanion hole preorganization, fine-tuning the
water-mediated network of non-covalent interactions and promot-
ing substrate binding/product release. These results have implica-
tions in enzyme design, as it evidences the importance of the
conformational flexibility of the starting enzyme scaffold, and how
the evaluation of conformational landscapes and complex
enzymatic network of non-covalent interactions can potentially
advance computational enzyme design one step further.
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