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Esterase Sequence Composition Patterns for the Identification of
Catalytic Triad Microenvironment Motifs

Marko Babic, Patrizia Jankovic, Silvia Marchesan, Goran Mausa,* and Daniela Kalafatovic*

ABSTRACT: Ester hydrolysis is of wide biomedical interest,
spanning from the green synthesis of pharmaceuticals to
biomaterials’ development. Existing peptide-based catalysts exhibit
low catalytic efficiency compared to natural enzymes, due to the
conformational heterogeneity of peptides. Moreover, there is lack
of understanding of the correlation between the primary sequence
and catalytic function. For this purpose, we statistically analyzed 22
EC 3.1 hydrolases with known catalytic triads, characterized by
unique and well-defined mechanisms. The aim was to identify
patterns at the sequence level that will better inform the creation of
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short peptides containing important information for catalysis, based on the catalytic triad, oxyanion holes and the triad residues
microenvironments. Moreover, fragmentation schemes of the primary sequence of selected enzymes alongside the study of their
amino acid frequencies, composition, and physicochemical properties are proposed. The results showed highly conserved catalytic
sites with distinct positional patterns and chemical microenvironments that favor catalysis and revealed variations in catalytic site
composition that could be useful for the design of minimalistic catalysts.

B INTRODUCTION

Enzymes are proteins that exploit their specific three-
dimensional (3D) structure and the amino acid (aa) chemistry
of their active site to catalyze chemical reactions by lowering
their activation energy."”” The active site is a small portion of
the enzyme that consists of the catalytic and binding sites.”
The former contains residues that are directly involved in the
process of catalysis, whereas the latter consists of residues that
form temporary bonds with the substrate. Enzymes ensure that
all the metabolic processes in cells occur at rates that sustain
life. Depending on the reaction they catalyze, enzymes are
grouped in seven EC (Enzyme Commission) classes, namely
oxidoreductases, transferases, hydrolases, lyases, isomerases,
ligases, and translocases.*™°

Hydrolases (EC 3) are biomolecules that use water to cleave
chemical bonds, they are ubiquitous in nature, and carry out
degradative reactions in the human body.” Often, hydrolases
contain a catalytic triad in their active site, that is a set of three
amino acids including the nucleophile (for example, Ser/Cys),
one basic aa (for example, His) and one acidic aa (for example,
Asp/Glu).® In the case of ester hydrolysis, the acidic residue
modifies the pK, of the basic one, which deprotonates the
nucleophile that performs a nucleophilic attack on an acyl
carbon, initiating the reaction (Figure S8 of the Supporting
Information, SI). During ester hydrolysis, two tetrahedral
intermediate states emerge that are stabilized by a set of
backbone amides collectively called the oxyanion hole, having
binding and catalytic functions.””"" The use of chromogenic
substrates, such as 4-nitrophenyl acetate, is a convenient

strategy to monitor the reaction, enabling high-throughput
screening and its application to directed evolution studies.'”

With the rise of non-natural industrial processes, there is an
increasing demand for new and improved enzymes.'”'*
However, they can be difficult and expensive to produce and
are unstable in organic solvents or under harsh conditions of
temperature and pH."” Peptides as short as two-to-three amino
acids have emerged as an alternative offering simple and
tunable catalysts,'*™"® but with lower catalytic efficiency when
compared to enzymes. This drawback is attributed to the
conformational heterogeneity of peptides and the lack of well-
defined 3D structures characteristic for enzymes. However,
peptide self-assembly offers the possibility to obtain nano-
structures with a higher degree of order and improved catalytic
efficiency over molecular peptides.'”

With the growing demand of sustainable chemical synthesis,
precise theoretical approaches leading to improved peptide
designs are needed.”” The catalytic activity of short peptides is
influenced by the residues that make up the sequence and by
the order in which they appear.”*” The catalytic triad is the
most studied part of the enzymatic sequence in the design of
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Figure 1. Schematic representation of the data set formation by filtering the enzymes from the M-CSA (EMBL-EBI) database following the EC 3.1
classification. DI contains 96 enzymes active on ester bonds, with known mechanisms. Representative examples of each mechanism are shown:
VSR endonuclease (PDB ID: 1CWO) for metalloenzymes, cutinase (PDB ID: 1AGY) for triads, cytosolic phospholipases A2 (PDB ID: 1CJY) for
dyads, and arylsulfatase (PDB ID: 1HDH) for other mechanisms. D2 composed of 22 enzymes was obtained (Table S1) by reducing the data set
size to EC 3.1 hydrolases with the catalytic triad. (Naa = nucleophilic aa, Baa = basic aa, and Aaa = acidic aa of the catalytic triad).

catalytic peptides.”*~>* Often, the triad residues are singled out
and incorporated into scaffolds or sequences able to form
nanostructures to maximize the number of active residues in
close proximity and promote catalytic activity,”>*” although
not always successfully.”® Distinct structure packing and
catalytic efficiency can be obtained when comparing peptide
analogues that differ only in the position of residues forming
the catalytic triad (for example, Glu:Ser:His).”* The catalytic
activity of Cys:His:Asp improves with the proximity of thiol
(Cys) and imidazole (His) groups within the sequence,
especially when promoted by steric hindrance in the presence
of bulky, aromatic amino acids (Phe).”® Other factors, such as
peptide termini modification, can affect catalytic perform-
ance,”” and catalyst susceptibility to undergo side-reactions.*

Little attention has been drawn to the microenvironment
surrounding the triad residues and their position within the
enzyme sequence. Moreover, existing designs do not take into
consideration oxyanion holes, steric locators, or electrostatic
stabilizers naturally occurring in esterases.”’~>° Therefore,
better understanding of the chemistry and composition of
enzymes and their active sites would expedite the search for
peptide sequences that could act as catalysts. It would
ultimately reduce the cost and impact on the environment
by diminishing the amount of solvents and chemicals required
for the synthesis of active peptides.

In this paper, we focused on EC 3.1 ester hydrolases
containing catalytic triads, unique at the mechanism, evolution,
and reactive center level (Figure 1), to identify representative
sequence motifs active on a variety of substrates. The aim was
to identify patterns at the primary sequence level, in enzymes
that share little or no significant sequence identity, have unique
roles for residues performing catalysis and that vary in third
and fourth EC numbers to account for substrate variability.
The analysis was minimally affected by adaptation to
environmental stress, nonester functional groups in substrates,
or by different species- and cell-specific requirements, such as
turnover rates or specificity required for biological processes.
Emphasis was put on residues impacting catalysis (that is, triad
residues, oxyanion holes, and microenvironments) with the
intention to find universal catalysts, able to promote enzymatic
promiscuity.31’32

With the objective to abstract the key biochemical
information from enzymes regarding their catalytic function,
we compared the full protein sequence with the proposed
sequence fragments in terms of chemical composition and aa
frequencies alongside the positioning of important residues at
the primary sequence level. In addition, the triad micro-
environments of different lengths were assessed to search for
positional and composition patterns and to identify dominant
motifs that could be used for the informed design of catalytic
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peptides. Short sequence fragments based on 22 triad-
containing ester hydrolases (Table S2) are provided as well
as the microenvironment-based consensus motifs (Table 2).
These sequences can be further modeled into self-assembled or
cyclic peptides with improved order and/or rigidity or into
more complex scaffolds.

B METHODS

Data Sets. The data on 96 naturally occurring EC 3.1
enzymes including their catalytic mechanisms, active sites, and
oxyanion hole residues were collected via the publicly available
Mechanism and Catalytic Site Atlas (M-CSA) database from
EMBL-EBL* The enzymes were filtered by selecting the EC
3.1 subclass in the “Browse” interface on the 25" of June 2021
(96 enzymes were listed). The application of a resolution
cutoff was not necessary because the X-ray crystallography of
all the selected enzymes had a 3.0 A or greater resolution.

The data set D1 contains 96 EC 3.1. entries with M-CSA ID,
enzyme name, Uniprot AC, EC number, PDB ID, enzyme
sequence length, the full sequence followed by long, medium,
and short fragments, position of the active site in the primary
sequence, catalytic triad/dyad residues, oxyanion hole residues,
other stabilizers, metal binding sites, bound metal ions, species,
and CATH (Class (C), Architecture (A), Topology (T), and
Homologous superfamily (H)) numbers. A smaller data set D2
(Table S1), composed of EC 3.1 enzymes containing catalytic
triads and oxyanion holes, was derived from DI. The full
protein sequences were collected from the Uniprot database.
The collected PDB files were processed in PyMol to mark the
active residues. In this work we set three main rules:

1. enzymes have unique mechanisms,
2. only enzymes with catalytic triad are used for D2,

3. residues taking part in the catalytic triad and/or in the
oxyanion hole are defined as important residues.

A unique mechanism was defined as having at least one
different catalytic residue or using the same catalytic residue in
a different way.

The sequence logos were generated for X; — Naa — X;, X; —
Aaa — X; and X; — Baa — X; (where Naa = nucleophilic aa,
Aaa = acidic aa, and Baa = basic aa of the catalytic triad), for
three fra%ment lengths i/i’ = {4, 8, 16} via the WebLogo
service.”™* The overall aa frequency was determined using the
Protein Calculator.”® The aa frequency in specific positions in
the microenvironment was calculated by counting the aa found
on each of their respective positions and then calculating the
percentage dividing by the number of sequences (22).

Properties Calculation. The R package Peptides’’ was
used to calculate the aa composition of peptides, expressed in
mole percentage (mol%). The aa are categorized based on
their intrinsic properties into 11 subcategories:*® Tiny (Ala,
Cys, Gly, Ser, Thr), Small (Ala, Cys, Asp, Gly, Asn, Pro, Ser,
Thr, Val), Aliphatic (Ala, Ile, Leu, Val), Aromatic (Phe, His,
Trp, Tyr), Nonpolar (Ala, Cys, Phe, Gly, Ile, Leu, Met, Pro,
Val, Trp, Tyr), Polar (Asp, Glu, His, Lys, Asn, Gln, Arg, Ser,
Thr), Charged (Asp, Glu, His, Lys, Arg), Basic (His, Lys, Arg),
Acidic (Asp, Glu), Sulfur (Cys, Met), and Hydroxylic (Ser,
Thr).

All the generated fragment types (long, medium, short) were
created by marking important residues according to M-CSA
and analyzed alongside the full protein sequences in terms of
aa composition. In addition, the composition properties were

calculated for all the microenvironments (X; — Naa — X;, X; —
Aaa — X, and X; — Baa — X,, for i/i’ = {4, 8, 16}).

Furthermore, the physicochemical properties, including
Cruciani properties,”” instability index,”" hydrophobicity on
Eisenberg scale,"" hydrophobic moment*' with a rotational
angle of 100° and a sequence fraction length of 11, Boman
index,** net charge at pH = 7.4 on Lehninger scale,” and
isoelectric point using Lehninger scale, were computed for D1
and D2.

Consensus Microenvironment Determination. To
determine the consensus sequences for X, — Naa — X,, X,
— Aaa — X, and X; — Baa — X, microenvironments, 22
sequences from D2 were overlapped by centering each
microenvironment sequence around the corresponding triad
residue. The aa frequency was counted for each position of the
microenvironment (i = 4) and consequently a “consensus”
microenvironment was built. When two residues exhibited the
highest (and equal) frequency for a single position, we selected
the one which is scarcer in the entire microenvironment. For
example, if both Ala and Glu appeared 3 times in a single
position, and Glu was scarcer than Ala in the whole
microenvironment, then Glu would be annotated in the
consensus sequence. This was based on the assumption that
the appearance of a less frequent aa is a more significant
pattern than the appearance of an aa that commonly occurs in
the microenvironment. However, if three or more residues
shared the highest frequency, then “Xaa” annotation was used
to represent that no consensus aa was found for that position.

Homology Analysis. To confirm that data set D2 was
representative, a homology analysis was performed. Each of the
22 sequences were accessed through Uniprot and ran through
Uniprots BLASTp to find their respective homologues. The
BLASTp program was configured to find only reviewed
sequences (UniprotKB Swiss-Prot) with an E value of 0.01
or higher and was limited to a maximum of 100 results. If the
enzyme had over 100 homologues the E threshold was
increased to 0.0001 and resubmitted. The Clustal-Omega (v
1.24, from Uniprot) multiple sequence alignment tool was
used to align the homologues using BLASTp and configured to
S iterations of the alignment. The homologues were then used
to create consensus sequences for X, — Xaa — X,
microenvironments for each of the D2 (n = 22) enzymes
separately. Homology-based consensus sequences were
obtained by performing the alignments, cutting out of sections
of the alignments containing the microenvironments and then
counting the most frequent aa in each respective position. For
simplicity, a column with more than 90% gaps was removed,
and the remaining sequences were merged. If the positions had
three or more aa sharing the highest frequency, then they were
marked as “Xaa”, to indicate that no consensus was found. If
the sequence had two most frequent residues, then both were
included in the consensus sequence. The resulting consensus
sequences were then analyzed by overlaying them and
calculating the total positional frequencies.

B RESULTS AND DISCUSSION

We set out to determine whether patterns in composition,
physicochemical properties, or important aa positions exist in
enzymes of the EC 3.1. subclass, catalyzing ester hydrolysis.
Patterns in the primary sequence were searched by statistically
analyzing two data sets (DI and D2) based on the selected
entries from the M-CSA database. D1 consists of 96 identified
enzymes having unique mechanisms for ester hydrolysis,
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Table 1. Positional Patterns of Important Residues at the Sequence Level for D2.

Positional pattern Oxyanion . Number of
1 2 3 4 5 6 CATH holes Triad enzymes
Naa/Oxy Oxy Oxy Aaa Baa 3.40.50.1110 3 Naa, Aaa, Baa 4
Oxy Naa Oxy Aaa Baa 2 Naa, Aaa, Baa 13
Oxy Oxy Naa Oxy Aaa Baa 3.40.50.1820 3 Naa, Aaa, Baa 4
Naa Oxy Baa Oxy Aaa 3.40.50.180 2 Naa, Baa, Aaa 1
(a) Cutinase full sequence (Length: 230)
10 20 30 40 50 60
MKFFALTTLL AATASALPTS NPAQELEARQ LGRTTRDDLI NGNSASCRDV IFIYARGEEE
70 80 90 100 110 120
TGNLGTLGPS IASNLESAFG KDGVWIQGVG GAYRATLGDN ALPRGTSSAA IREMLGLFQQ
130 140 150 160 170 180
ANTKCPDATL IAGGY SJOIGAA LAAASIEDLD SAIRDKIAGT VLFGYTKNLQ NRGRIPNYPA
190 200 210 220 230

DRTKVFCNTG [BJLVCTGSLIV AAPg] gLAYGPDARGPAPEFLI EKVRAVRGSA

Ser58 - His204, length 147:

Sequence STE  TGNLGTLGPS IASNLESAFG ~ KDGVWIQGVG GAYRATLGDN

based on
important
residues

ALPRGTSSAA  IREMLGLFQQ  ANTKCPDATL IAGGYSQGAA LAAASIEDLD

SAIRDKIAGT ~ VLFGYTKNLQ NRGRIPNYPA DRTKVFCNTG  Diverasuv  aarH

Sequence

Ser136 - His204, length 69:

based on the .
catalytic triad SQGAA

NRGRIPNYPA

LAAASIEDLD  SAIRDKIAGT

VLFGYTKNLQ

DRTKVFCNTG Diverastv— aapH

Short
Peptide
Sequence

SSQDH

(b)

Legend:

Catalytic triad: Oxyanion hole:
Ser136 — Nucleophile Ser58 (main-N)
Asp191 - Acid GIn137 (main-N)
His204 — Base

Figure 2. (a) Schematic representation of the full (Metl-Ala230) sequence (taken from Uniprot (P00590)), long (SerS8-His204), medium
(Ser136-His204), and short (SerS8, Ser136, GIn137, Asp191, His204) fragments of cutinase (LAGY). (b) 3D structure of 1AGY with highlighted

triad members Ser (Naa), Asp (Aaa), and His (Baa), obtained in PyMol.

grouped into metalloenzymes, catalytic triads, dyads, and
others (Figure 1). The subset of 22 esterases with known
catalytic triads constituted the D2 data set (Table S1). The
most common catalytic triad, shared by 17 enzymes, was
composed of serine, histidine, and aspartic acid (Ser:His:Asp)
standing for nucleophile (Naa), basic aa (Baa) and acidic aa
(Aaa), respectively (Figure 1). Other possible triads were
Ser:His:Glu, Ser:His:Trp, and Cys:His:Asp indicating that His
is always present, the nucleophile additionally allows for Cys,

whereas the Aaa can accommodate also Glu and Trp (1ESC).
Even though Trp is not acidic in chemical property, it modifies
the pK, of the catalytic base His through its main chain oxygen.
Moreover, 12 out of 20 aa were found in the oxyanion holes,
with Gly and Ala being the most frequent ones (Figure 1). The
physicochemical properties including net charge, isoelectric
point, instability index, hydrophobicity, hydrophobic moment,
Boman index, and Cruciani properties were computed for D1
and D2 (Figure S1). Similar results were obtained for all the
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Figure 3. (a) Distribution of fragments composition; (b) the comparison of sequence lengths for each fragment type where the histogram is
representing the average value and the red line the standard deviation; and (c) a radar chart of their aa frequencies, where the aa are presented using

the one letter code.

properties assessed, except hydrophobicity that was slightly
higher in D2.

Rather than focusing on homology analysis, that could
provide insight into aa conservation trends for each D2 entry,
we focused on searching for patterns among enzymes that do
not share significant identity or close evolutionary pathways.
This can be compared to divergently evolved enzymes showing
conserved 3D structural or active site geometries despite being
distant in phylogeny. The motivation was to search for
universal sequence motifs in esterases and to identify
sequence-level patterns that were overlooked and underutilized
to aid in the discovery of minimalistic catalysts.

Positional Patterns. The positioning of active residues in
enzymes varies depending on their evolutionary background
represented through CATH domains. The colon symbol (:) is
used to indicate aa that are not adjacent in the sequence as
opposed to the dash (-) that indicates aa connected through
peptide bonds. In triad-containing hydrolases, the three-
dimensional order in a fully folded protein corresponds to
the Naa:Baa:Aaa spatial distribution.”*™*° In data set D2, this
was observed for all 22 enzymes, with three different CATH

numbers (Table 1), namely the «/f-hydrolase fold
(3.40.50.1820), SGNH domain (3.40.50.1110), and the
methylesterase (3.40.50.180) superfamilies. However, at the
sequence level, their positional distribution from the N- to the
C-terminus corresponds to Naa:Aaa:Baa. Only the methyl-
esterase superfamily has a Naa:Baa:Aaa distribution maintained
also at the sequence level. When oxyanion holes (Oxy) are
added to this analysis, four groups can be discerned, namely
Naa/Oxy:Oxy:Oxy:Aaa:Baa, Oxy:Naa:Oxy:Aaa:Baa, Oxy:Ox-
y:Naa:Oxy:Aaa:Baa, and Naa:Oxy:Baa:Oxy:Aaa (Table 1). In
SGNH domains, characterized by three-point oxyanion holes,
the roles of nucleophile and of the first oxyanion hole are
played by the same aa, indicating the double role of this
residue. @/ hydrolase folds contain examples with two- and
three-point oxyanion holes, having one oxyanion hole adjacent
to the nucleophile. 1JKM is the only example in D2 where the
oxyanion hole is not adjacent to the nucleophile. In the 3D
structure, all the groups have the (Oxy:) Oxy:Oxy:Naa:Baa:Aaa
spatial configuration confirming a highly conserved spatial
distribution of the important residues throughout the super-
families.
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Figure 4. Positional aa frequency for (a) the nucleophilic elbow, (b) the acid loop, and (c) the base loop represented through the most common
triad in D2: Ser (Naa), Asp (Aaa), and His (Baa) alongside the sequence logos showing the frequency of each aa in positions X;, where X can be

any aa.

Fragmentation Scheme and Composition Patterns.
With the intention of investigating how trimming of full
protein sequences would affect the overall aa composition, we
created a fragmentation scheme consisting of identifying
shorter sequences based on important residues, that is, the aa
taking part in the catalytic triad and the oxyanion hole (Figure
2). On the basis of the primary sequence of selected enzymes
with known catalytic triads (D2), the following fragmentation
scheme is proposed (Figure 2): (1) the complete enzyme
sequence (full), (2) the sequence based on important residues
including the segment between the first and the last important
aa (long), (3) the sequence based on the catalytic triad
containing the segment between the first and last catalytic aa
(medium), and (4) the sequence composed only of important
residues in the order in which they appear in the primary
sequence (short).

By creating the fragments we observed that the catalytic
triad residues of enzymes in data set D2 were spaced out in the
sequence and that the obtained fragments contained large
portions of the full sequence, resulting in overlapping
composition profiles and aa frequencies (Figure 3). In D2,

the long fragment covered on average 62.8% while the medium
one covered up to 45% of the full sequence (Figure 3b).
Additionally, the creation of short fragments (Table S2)
containing only the important residues involved in catalysis
implied cutting off a considerable part of the sequence. The
short peptides amount to only 1.54% of the total sequence
length of their respective primary full sequences, and are
enriched in Ser, His, and Asp residues (Figure 3c), being the
most common aa in triads.

The composition profiles were created for the selected
fragments reflecting on their properties for the following
categories: tiny, small, aliphatic, aromatic, nonpolar, polar,
charged, basic, acidic, sulfur, and hydroxylic. The average
length of the fragments was 370 amino acids for the full, 220
amino acids for the long, 159 amino acids for the medium, and
6 amino acids for the short sequences. Additionally, the aa
frequencies of each fragment were compared (Figure 3)
showing an overlap between full, long, and medium sequences.
The calculated composition properties expressed in mole
percentage (mol%) and the aa frequencies appear to be similar
for all the fragments except for the short peptides. As expected,
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the short sequences show different composition and aa
frequency profiles because they are predominantly made of
hydrophilic and charged residues, which are characteristic of
the triad.

The difference between the composition properties of full,
long, medium, and short sequences were estimated by the
Friedman statistical test of significance, as the groups of
properties did not follow the normal distribution according to
the one-way Kolmogorov—Smirnov test. With the statistical
level of confidence set to 5%, the results revealed that all
composition properties, with the exception of tiny and small,
contain at least one pair of significantly different groups. The
post hoc tests with Holm-Bonferroni correction were applied
to reveal that only the short sequences are significantly different
from all the other groups, as presented in Figure S2. Although
such results are expected, as the short sequences contain only a
small fraction of the whole protein, it is worth noting that the
long and medium fragmentation schemes conserved the ratio of
aa categories.

Physico-chemical properties including hydrophobicity,
hydrophobic moment, net charge, and isoelectric point were
compared for all the fragments (Figure S7). In accordance with
the composition profiles, the mentioned properties were
similar for full, long, and medium fragments. As expected,
hydrophobic moment and hydrophobicity decreased in short
sequences, while the net charge and isoelectric point showed a
similar but narrow distribution compared to longer fragments.
Interestingly, the isoelectric point of all fragments shows that
they are neutral at pH values between 5 and 6, and that, at
physiological pH, all the fragments are negatively charged,
except for the short sequences, which are neutral.

Active Site Microenvironments. The lack of research on
catalytic triad microenvironments prompted us to investigate
residues in close proximity of the catalytic triad members. For
this purpose, three types of environments were selected that
included portions of the primary sequence centered on each aa
of the catalytic triad (that is, Naa, Aaa, or Baa). We analyzed
sequences that extended equidistantly on each side of the
catalytically active aa by 4, 8, or 16 residues to the left, toward
the N-terminus and to the right, toward the C-terminus
(Figure 4). Consequently, three sequences having lengths of 8,
16, and 32 residues were created for each microenvironment
(Naa, Aaa, or Baa). The catalytic aa, positioned at the center,
was not included in the sequence property analysis. The aa
positions were denoted X, where i indicates the positions from
the active aa toward the N-terminus and, similarly, i’ toward
the C-terminus. Therefore, the microenvironments are
denoted as X; — Naa — X, X; — Aaa — X;, and X; — Baa —
X, for the nucleophile, acidic, and basic residues, respectively.

We hypothesized that if a microenvironment important for
ester hydrolysis exists, patterns of residues or chemical
properties should emerge by comparing sequences of different
lengths (i = 4, 8, 16). The aa frequency analysis and the
corresponding sequence logos show a dominant presence of
glycine across the considered microenvironments (Figure 4). It
is possible that the presence of Gly, being the smallest aa,
allows for the required flexibility and space near the
nucleophile for the catalysis to occur, as it involves formation
of an acyl-enzyme intermediate. In addition, the shortest
microenvironment sequences (i = 4) are predominantly made
of nonpolar residues, and each shows characteristic patterns. In
comparison to the full sequence, the X, — Naa — X, is rich in
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Figure 6. Comparison of composition and aa frequencies for the Naa (a, b), Aaa (¢, d), and Baa (e, f) microenvironments, and the full sequence

showing their similarity and a dominantly nonpolar character.

Ala and Gly; the X, — Aaa — X, in Gly, His, and Cys; and the
X, — Baa — X, in Gly and Leu. While the nucleophile (Naa)
microenvironment features the least sterically hindering Gly
and Ala, it is somewhat surprising that the base (Baa)
microenvironment features a bulky Leu. One possible
explanation is that, when the folding process leads to His
positioning strategically adjacent to the nucleophile that it
activates, the presence of Leu provides additional steric
hindrance and rigidity to maintain it in place. Since His is
not directly involved in the acyl enzyme intermediate, it can be
assumed that it requires less space and conformational
flexibility nearby, relative to the Naa microenvironment.
Moreover, several amino acids, for example, Pro, Arg, and
Trp, were absent in X, — Naa — X, or occurred rarely, such as
Cys, underrepresented in X, — Baa — X, or Arg in X, — Aaa
-'X,.

When analyzing the positional frequencies, we noticed that
specific positions in the proximity of the active residues were
favoring certain aa. For example, the X, — Naa — X, residue
positions X,, X;, and X3 have a high frequency of Gly being
90.9%, 72.7%, and 63.6%, respectively (Figure 4a and Table
SS). These observations are in agreement with enzyme motifs
such as the “Gly-Xaa-Ser-Xaa-Gly”, characteristic of af
hydrolase fold esterases,””** where Ser is the nucleophile,
Gly residues are dominant in X, and X, and Xaa can
accommodate any aa. Moreover, X, is rich in aliphatic Leu
(27.3%), lle (22.7%), and X; in aromatic Phe (27.3%), which
are all nonpolar and large compared to Gly. Although the X, —
Baa — X, and X, — Aaa — X, microenvironments show Gly
dominance in various positions, it is less pronounced than in
X, — Naa — X,. Interestingly, the X, — Aaa — X,
microenvironment shows the polar, negatively charged Asp
(27.3%) in X,. It is possible that Asp, through noncovalent
polar interactions such as H-bonding, favors the proton

exchanges that are required for the catalytic process to occur.
Overall, in 53.2% of all i = 4 microenvironments, the positions
near the active site residues are populated by Gly, Ala, Leu, Ile,
Pro, and Val, which are nonpolar and relatively small residues.
These residues are important for both the rigidity of the active
site and for the correct protein folding, elucidating in which
positions an aa can be placed to favor hydrogen bonds,
disulfide bridges, and hydrophobic or other intramolecular
interactions. For example, Leu, Ala, and Ile favor the formation
of a-helices, due to their low helical penalty.”” Tle and Val are
often preferred B-sheet components in which Gly is known to
produce bends.™

Box plots summarizing the main differences between
environments of increasing lengths, obtained by subtracting i
=4 from i = 8 and i = 8 from i = 16 for each active aa, are
shown in Figures 5, S5, and S6. This analysis allowed for the
identification of residues that are favorable for the correct
active site configuration and, consequently, for enzymatic
activity. An aa is considered less favorable near the catalytic
residue when its frequency decreases by increasing the
microenvironment length and vice versa.

Resemblances between the microenvironment and the full
sequences (Figure 6) were found for both aa composition and
frequency, regardless of the microenvironment length (i = {4,
8, 16}). This finding reveals that even short sequences (i = 4),
such as octapeptides, can match the composition profiles of the
full sequences. Conversely, the differences between the full and
short fragments (that is, hexapeptides) are statistically
significant.

However, small changes in sequence composition between
microenvironments should be interpreted with caution. Some
aa are placed in more than one property category, and
sometimes the change in frequency of one aa reflects on
changes in several properties. In the case of charged residues in
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X, — Baa — X, the increase of charged aa is related only to
acidic (negatively charged) residues.

Nucleophile (Naa) Microenvironment. A detailed
description of the main patterns observed for the X, — Naa
— X4y, X3 — Naa — Xy and X4 — Naa — X4
microenvironments is provided in Figures 5, S3a, and S4a.
X, — Naa — X, has a preference toward nonpolar, small, and
tiny residues, mostly Gly (31.8% > 8.8%) and Ala (12.5% >
9.7%), followed by Leu (8% < 9.4%) and Val (5.7% < 7.3%)
that show a slightly lower frequency compared to the full
sequence (Figure 6a,b). X,, X,, and X5 are mostly populated
by Gly and Ala to avoid steric clashes with the substrate, while
in X,, X, and X, that are further from the active nucleophile,
the frequency of tiny amino acids diminishes. The frequency
shifts to larger residues such as Phe (for example, 27.3% in Xj3),
implying that residues four positions away from the
nucleophile are too far to cause steric interference with
catalysis (Table SS). It is worth mentioning the unusual
presence of the polar Asn (13.6%) in X,, since it is rare in D2
triad enzymes. Moreover, a prevalence of Val (54.6%) and,
generally, nonpolar aa (90.9%) was observed in X, contrasted
by the neighboring X, and X; positions, which are dominated
by polar residues. X; has a 36.4% prevalence of charged
residues, of which 27.3% is Lys.

When comparing X, — Naa — X, to X, — Naa — X4, there
is an increase in polar, charged, basic, and hydroxyl-containing
residues, with a decrease in tiny and nonpolar properties,
meaning that tiny and small residues are favored only in the
closer proximity of the active site (Figures Sd,e, S3a, and S4a).
All the microenvironments minimally varied in Glu, His, Leu,
and Gln in comparison to full sequence frequencies indicating
a “chemical indifference” toward the catalytic microenviron-
ment. Interestingly, Trp, Pro, and Arg are absent, while Cys,
Asp, Lys, Asn, Ser, and Thr are underrepresented (below 5%)
in X, — Naa — X, (Figure 6b).

We expected to find only small and nonpolar residues close
to the nucleophile, due to the potential interference of charged
and polar residues with the catalytic process. However, X; and
X, positions, adjacent to the nucleophile, allowed charged and
polar residues. In contrast to the dominant nonpolar and
aliphatic character of the microenvironment, X; is rich in polar,
negatively charged Glu (27.3%) or Asp (18.2%), basic His
(13.6%) or aromatic, nonpolar Tyr (18.2%). In D2 enzymes,
the X, position allows for 9 amino acids with varying properties
and frequencies, with the most frequent being the negatively
charged Glu (27.3%). Alternatively, X;, contains an equal
frequency of nonpolar Ala and polar Gln (22.7%), followed by
nonpolar Leu (18.2%), polar Thr (13.6%), and aromatic Tyr
(13.6%) (Figure 4a). This suggests that X; and X,  residues
may have an important role in catalysis. Additionally, the type
of aa in X is related to the oxyanion hole configuration. This is
supported by the following lines of evidence:

e Asp is found in X, of all SGNH hydrolases, which have a
three-point oxyanion hole;

o Glu is found in X of all @/ hydrolase folds with three-
point oxyanion holes;

e o/p hydrolase folds with two-point oxyanion holes have
predominantly Tyr or His in X;, which can be also
populated by Phe, Gly, Ser, and Val.

SGNH hydrolases that contain Asp in X, are specific because
their nucleophile has a double role. It uses the main-chain
nitrogen atom as part of the oxyanion hole, while the side-

chain oxygen/sulfur atom covers the nucleophile role.
Throughout evolution, Asp is highly conserved in X, of
SGNH hydrolases.”" ~>* Moreover, all D2 enzymes from the a/
f hydrolase fold group with three-point oxyanion holes (one of
them in X;/) have a Glu in X; and show a dominant Phe-Gly-
Glu-(Naa)-Ala-Gly-Gly/Ala motif. It should be noted that four
out of six enzymes from this group have a sequence identity of
more than 25% (Table S3). This implies that the motif could
be the result of genetic factors rather than reflecting a catalytic
pattern. a/f hydrolase domains that prefer His or Tyr, are
those having two-point oxyanion holes with the nucleophile
adjacent to the second oxyanion residue.

Position X, was found to be the third oxyanion hole in 17
out of 22 enzymes in D2. In this case, the side chains of aa in
X, are rotated away from the nucleophile to allow their main-
chain nitrogen to form part of the oxyanion hole. This could
explain the presence of polar residues in X, due to their ability
to form hydrogen bonds, which would stabilize the active site
configuration. It is worth noting that X;, oxyanion holes were
mostly nonpolar, but also allowed aromatic and polar residues.
Interestingly, X, never accommodated charged residues in any
of the D2 enzymes (Table SS) or their homologues (Table
S4).

Acid (Aaa) Microenvironment. Compared to the full
sequence, the X, — Aaa — X, microenvironment favors
nonpolar aa (64.2% > 58.7%) and is rich in Gly (13.6% >
8.8%). In addition, it shows similar frequency of acidic (10.6%
~ 10.2%) and basic (11% ~ 9.1%) residues (Table S8). Ile
(6.3% > 4.2%), Pro (7.4% > 6.2%), and Tyr (5.1% > 3.6%) are
more frequent than in the full sequence (Figure 6¢,d and Table
S9), indicating that they may interfere with the catalytic
process. Other chemical property trends are absent (Figure
SS), except for the increase in sulfur containing aa (3.4% <
8.5%) Met and Cys, due to several enzymes having disulfide
bonds near the catalytic acid.”*>*X, — Aaa — X, shows the
dominance of Gly in X;, (36.4%) and X; (27.3%) but allows a
wider range of aa in all positions, compared to X, — Naa — X,
(Figure 4b, and Table S9).

Interestingly, X, and X, contain 27.3% Asp and Pro,
respectively. The presence of Pro usually indicates the
appearance of turns in the protein structure, while the frequent
occurrence of Asp was not expected in X;, adjacent to the
active Aaa. Asp is one of the seven most common residues
found in catalytic sites,”® and its presence in X, may suggest a
role in the catalytic mechanism or in improving the stability of
the active site because of its potential to form additional
hydrogen bonds with surrounding residues. All SGNH
hydrolases in D2 presented the basic His in X;. Moreover,
the three enzymes with Glu in the Aaa role had Asp in X, Phe
in Xy, and Gly in X, X;, and X;.

In X, — Aaa — X/, the C-terminal side is less polar than the
N-terminal one, which is evident from positional frequencies of
nonpolar residues in X, (72.7%), X5 (63.6%), X, (77.3%),
and X;. (72.7%) compared to 54.6% in X;, X,, and X, and
63.6% in X, (Table S6). In larger acid microenvironments
(Figures S3b and S4b), positions Xg through X, have a high
frequency of nonpolar amino acids corresponding to 77%,
whereas the average nonpolar aa frequency for the X, — Aaa
— X, microenvironment is 60.8%. Moreover, when compared
to the X4 — Aaa — X 4 average of 20.6%, a high frequency of
charged residues was found in X4 (45.5%), X;; (36.4%), X4
(50%), and X,s (36.4%).
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Table 2. Consensus Sequences Obtained from D2 Data Set and Their Homologues (D3)“

‘ X4 X3 X2 X1 ‘ Naa ‘ X1’ X2’ X3’ X4’ ‘ Chi-square test ‘ p-value
D2 consensus Leu Phe Gly Glu Ser | Gln/Ala Gly Gly Ala o
Frequency (%) 27.3 27.3 90.9 27.3 ‘ 95.5 ‘ 22.7 72.7 63.6 22.7 113.926 L4110
D3 consensus Leu Val/Phe Gly Asp Ser | Gln/Ala Gly Gly Ala / /
Frequency (%) 31.8 18.2 100.0 27.3 95.5 27.3 2.7 50.0 27.3

| ++ + ++ + | ++ 4+ ++ |

‘ X4 X3 X2 X1 ‘ Aaa ‘ X1’ X2’ X3’ X4’ ‘ Chi-square test ‘ p-value
D2 consensus | Thr/Gly Gly Leu/Gly Asp Asp Gly Tle Val Pro ) 9
Frequency (%) 13.6 27.3 13.6 27.3 81.8 36.4 18.2 22.7 27.3 51.085 8.84>10
D38 consensus Val Gly Pro/Gly Asp Asp Gly Val/Gly Trp/His Pro / /
Frequency (%) 27.3 22.7 18.2 31.8 72.7 36.4 18.2 18.2 27.3

|+ ++ + ++ | +++ + +++ | |

‘ X4 X3 X2 X1 ‘ Baa ‘ X1 X2’ X3 X4 ‘ Chi-square test ‘ p-value
D2 consensus Ile Gly Ala Pro/Gly | His | Leu/Gly Asn Xaa* Leu 6
Frequency (%) 13.6 36.4 22.7 13.6 | 100.0 18.2 18.2 13.6 27.3 37.295 412> 10
D3 consensus Val Gly Ala Asp His Gly Asp Glu Tle / /
Frequency (%) 27.3 40.9 31.8 22.7 90.9 27.3 18.2 22.7 18.2

|+ ++ ++ + |+ + + + |

“The y* test results and p-values are provided for each microenvironment-based consensus sequence. Additional observations: + shared chemical
property; + + identical in aa, different frequency; + ++ identical in aa and frequency; * Xaa corresponds to Glu, Asp, Leu and Pro, sharing the

highest frequency.

A comparative analysis has shown that increasing the
microenvironment size from X, — Aaa — X, to X, — Aaa
— X¢ results in the increase of polar (38.4% > 35.8%) and
aliphatic (31% > 23.3%) residues. In addition, a decrease in
small (54.7% < 56.3%), aromatic (13.2% < 17.1%), nonpolar
(61.7% < 64.2%), and sulfur (4.4% < 8.5%) properties (Figure
6) confirms the existence of the Aaa microenvironment.

Base (Baa) Microenvironment. The X; — Baa — X/
microenvironment shows less aa-specific positional patterns
compared to the nucleophile and acid ones (Figures S3c, S4c,
and S6). In X5 and Xj, there is a prevalence of Gly with
frequencies of 36.4% and 18.2%, respectively (Table S7). X, —
Baa — X, exhibits low charged (13.6% or less for 4 out of 8
positions) property frequencies near the active His (Baa).
Interestingly, a lower basic residue frequency (5.3%) is
observed as opposed to the 2.2 times higher acidic frequency
(11.4%) in the same positional range. Moreover, the frequency
of charged residues (Table S7) in positions X, (His), X; (Glu)
and X; (Asp) is low (4.6% each) compared to both the X;; —
Baa — X (21.6%) and full sequence (21.6%) averages (Table
S8). The frequency of acidic residues in X; — Baa — X/
microenvironments of different lengths is similar, implying that
basic residues are not favorable in close proximity of the active
base. Consequently, the reduced frequency of charged residues
in X, — Baa — X, is a result of the reduced basic frequency
alone.

Frequency differences are more pronounced when compar-
ing the average values of microenvironments of different
lengths (Figures 4c, 6e,f) which confirms the existence of the
Baa microenvironment. In X, — Baa — X,, tiny (34.7% >
32%), small (58% > 54.8%) and nonpolar (65.3% > 58.7%) aa
are more frequent, while charged (18.2% < 21.6%), polar
(34.7% < 41.3%) and basic aa (7.4% < 11%) are less frequent
than in the full sequence. The N-terminal side of X, — Baa —
X, contains more nonpolar residues (71.6%) than the C-
terminal side (60.2%). Similarly to other X; = 4 microenviron-
ments, Gly (13.6%), Ala (10.8%), and Leu (10.2%) are the
most frequent (Figure 6).
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Consensus Motifs Based on Identified Patterns. The
identified patterns near the catalytic triad residues confirmed
the existence of nucleophile, acid, and base microenvironments
in D2 enzymes. Gly is favored in all the triad microenviron-
ments, especially around the Naa, in agreement with the
dominant Gly-Xaa-Ser-Xaa-Gly enzyme motif in @/ hydrolase
folds.*”*® The X, position, adjacent to the active residues,
stands out in all microenvironments as it often contains
charged aa (Glu, Asp, His) when adjacent to the Naa, the
acidic Asp when adjacent to the Aaa, and an oscillating polar/
nonpolar character in proximity of Baa. This suggests that the
triad hydrolytic mechanism might have additional layers of
complexity in the evolutionary or microenvironment sense,
prompting new questions for further research.”’ Furthermore,
positions directly adjacent to the Naa residue are likely used
for substrate stabilization and selection based on their
properties and codependencies on oxyanion hole and substrate
types.

On the basis of the microenvironment analysis, we propose
consensus motifs (Table 2) that could be useful for their
insertion into scaffolds or further modeled in silico. Addition-
ally, they could be modified at their N-terminus by introducing
known self-assembly promoting motifs to allow the formation
of nanostructures. According to the selection criteria described
above, the D2-based consensus sequences are as follows:

o Leu:Phe:Gly:Glu-Naa-Gln/Ala:Gly:Gly:Ala
e Thr/Gly:Gly:Leu/Gly:Asp-Aaa-Gly:Ile:Val:Pro
o Ile:Gly:Ala:Pro/Gly-Baa-Leu/Gly:Asn:Xaa:Leu

The proposed consensus sequences were analyzed with the
appropriate test of statistical significance to estimate whether
the observations are due to chance. The goodness-of-fit y* test
was used to evaluate the null hypothesis that the observed
distribution of dominant amino acids per position fits their
random distribution. The observed distributions were
computed as relative frequencies of every aa at each position
within the microenvironment (O(aa); = freq(aa),/n, where i
represents positions from X, to X, and n = 22 is the number of
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triad-containing ester hydrolases). The aa with the highest rate
of appearance (max(O(aa);)) was then compared with its
expected random distribution (E(aa) = freq(aa)/N, where N =
176 represents the total number of observations), which is
equal to the relative frequency in the whole microenvironment.
The y* value was computed using the expression 1 and
compared to the critical value at 1% significance level for n — 1
= 7 degrees of freedom, which is equal to 18.475.

» _ xo (max(O(aa),) — E(aa))*
‘= ; E(aa)

(1)

The y* test confirmed that the frequencies of dominant
amino acids are significantly different (with p-value < 0.01)
from their random appearance in the whole microenvironment,
indicating that the consensus sequences are representative for
the 22 selected examples of triad-containing ester hydrolases.

Moreover, to reinforce the confidence of our results, we used
974 homologues (D3) of D2 enzymes (Table 2) to assess
whether the variation of the aa surrounding the triad will be
affected (Figure S9). A consensus sequence for each
microenvironment (X, — Xaa — X,) was obtained, based on
the most frequent residues in each position. It is evident that
the Naa consensus sequences overlap, except in X;, where Glu
is replaced by Asp, however maintaining the physicochemical
property (polar, acidic aa). For Aaa and Baa microenviron-
ments 60% and 50% consensus sequence overlap can be
noticed, respectively (Table 2). Despite slight variations in aa
patterns (similarity in 16 out of 24 positions), the
physicochemical properties of these sequences fully overlapped
in 23 out of 24 positions.

These dissimilarities could be due to the heterogeneous
number of homologues for each D2 entry, ranging from 3 to
100 (Table S4), which could create an unintentional bias
toward a particular mechanism. For example, 1ESC included
homologues with different mechanisms, resulting in a
consensus sequence that inaccurately represented the initial
D2 enzyme (Table S4). Furthermore, some homologues were
noncatalytic, had altered catalytic function, or had the catalytic
site relocated to another part of the sequence, resulting in
inaccurate alignment or misalignment of active sites. This was
evident from catalytic triad residues being replaced by aa that
are unlikely to have a catalytic function,’® such as Leu residues
replacing His (Table S4). Some of these issues could be
avoided by selecting only the homologues that have the same
EC number as the reference sequence. However, this approach
would solve only partly the issue as it would reduce the sample
size. As a possible future direction, identified mutations that
lead to misalignment could be manually aligned and filtered by
EC number.

B CONCLUSIONS

In this paper, we provide a thorough analysis of the aa
sequence pertaining the catalytic site and oxyanion hole of 22
ester hydrolases (EC 3.1) that contain catalytic triads. We
focused on the primary aa sequence and chemical character,
and analyzed fragments of different lengths based on important
residues, which take part in the triad and/or in the oxyanion
hole. In all examples, the triad follows the sequential
Naa:Aaa:Baa order from the N- to the C-terminus, except
for the enzyme with 3.40.50.180 CATH, which showed the
Naa:Baa:Aaa disposition at the primary sequence level.
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The provided short fragments (Table S2) can be easily
synthesized and experimentally validated for ester hydrolysis.
Alternatively, they can be used for further development of
catalytic peptides for insertion into scaffolds or for self-
assembly into supramolecular and biocatalytic nanostructures.
A drawback of the fragment approach that intends to maintain
fidelity to the enzymatic aa sequence, is the large in-sequence
distance, spanning almost half of the full enzyme (45%) for
fragments based on triads (medium), and over half (62.5%) of
it, for fragments including triads and oxyanion holes (long). As
a result, such fragments could be rather costly to produce.
Additionally, short sequences are biased toward polar triad
components, and may not reproduce the chemical micro-
environment found near important residues on enzymes, with
potential loss in catalytic performance.

The existence of a microenvironment in chemical property
and aa frequency trends led to the identification of consensus
motifs (Table 2). These motifs inform us about which
chemical environments, which aa and their corresponding
positions favor catalysis, and what are the acceptable variations
in the proximity of triad residues. The obtained motifs can be
further modeled in silico to search for optimal geometries.

Opverall, this study was performed on a subset of esterases
with catalytic triads having unique mechanisms. A wider study,
involving a larger number of enzymes and an automatized
search approach seems beneficial, and it will be part of future
studies. Moreover, it would be of interest to extend such an
analysis to other EC 3 subclasses of enzymes, such as
proteases.

B DATA AND SOFTWARE AVAILABILITY

Publicly available M-CSA www.ebi.ac.uk/thornton-srv/m-csa
is the source of data about the active sites, while sequences
were taken from Uniprot www.uniprot.org/. The data was
manually curated as described in section data sets. Crystallo-
graphic data was downloaded in PDB format from RCSB-PDB
www.rcsb.org/.

PyMol software www.pymol.org/2/ was used to mark the
active residues. The R-package “Peptides” was used to
compute aa composition and physicochemical properties of
peptides, as described in section Properties calculation.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.jcim.2c00977.

Physico-chemical properties of the enzymes (full
sequence) for data sets DI and D2 (Figure S1), results
of the Friedman statistical test of significance followed
by the post hoc tests with Holm-Bonferroni correction
(Figure S2), data set D2 including information on
catalytic triads and oxyanion holes for each enzyme
(Table S1), list of short fragments obtained from full
sequences in D2, taking into account important residues
(Table S2), sequence logos for the three microenviron-
ments (Figures $3-S4), further description of Aaa
(Figure SS) and Baa (Figure S6) microenvironments,
box plots showing physicochemical properties for full,
long, medium and short fragments (Figure S7), identity
matrix of D2 enzymes (Table S3), schematic represen-
tation of the consensus sequences determination based
on homologues (Figure S9), homologues-based con-
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sensus sequences for each microenvironment (Table
S4), positional frequency tables for Xi = 4 Naa (Table
S5), Aaa (Table S6) and Baa (Table S7) microenviron-
ments, ester hydrolysis reaction mechanism (Figure S8),
chemical properties of X, — Xaa — X, microenviron-
ments and full sequence (Table S8), and aa frequency of
X, — Xaa — X, microenvironments and full sequence
(Table S9) (PDF)
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