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Penicillin G acylases (PGAs) are enantioselective enzymes catalyzing a hydrolysis of stable amide bond in a
broad spectrum of substrates. Among them, derivatives of - and 3-amino acids represent a class of com-
pounds with high application potential. PGAE® from Escherichia coli and PGA? from Achromobacter sp. CCM
4824 were used to catalyze enantioselective hydrolyses of seven selected N-phenylacetylated o/3-amino
acid racemates. The PGA# showed higher stereoselectivity for enantiomers of N-PhAc-f-homoleucine,
N-PhAc-o-tert-leucine and N-PhAc-B-leucine. To study the mechanism of enantiodiscrimination on
molecular level, we have constructed a homology model of PGA? that was used in molecular docking
experiments with the same substrates. In-silico experiments successfully reproduced the data from exper-
imental enzymatic resolutions confirming validity of employed modeling protocol. We employed this
protocol to evaluate enantiopreference of PGAA towards seven new substrates with application potential.
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For five of them, high enantioselectivity of PGAA was predicted.
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1. Introduction

Penicillin G acylases (EC 3.5.1.11; PGA, penicillin amidohydro-
lase) are robust industrial catalysts routinely used for decades for
biotransformation of penicillins and cephalosporins [1-4]. Their
biocatalytic potential expanded tremendeously once PGAs were
found to be enantioselective and promiscuous [5]. Syntheses of
semisynthetic (3-lactam antibiotics, peptide syntheses and res-
olutions of racemic mixtures via enantioselective acylation or
hydrolysis of broad range of substrates (e.g., amino acids, ketones,
amino acid esters or amides, amino nitriles or amino alcohols)
catalyzed by PGAs represent biocatalyses with high potential espe-
cially for pharmaceutical industry. The PGAs are heterodimers
composed of a- and (3-subunit and belong to the structural super-
family of N-terminal nucleophilic hydrolases (Ntn hydrolases).

Abbreviation: N-PhAc-amino acid, N-phenylacetyl amino acid.
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Recent resolutions of three-dimensional PGA crystal structures
provided detailed insight into the active site of this enzyme and
allowed better understanding of a catalytic mechanism. An active
site of PGAE® consists of two regions [6]: 1. aminic subsite preferring
hydrophilic groups including catalytic aa residues Ser1R, and other
essential amino acid residues GIn23£, Ala698 and Asn2418 and 2.
acyl binding subsite which accepts hydrophobic groups [7] con-
sisting of Met142a, Argl145a, Phe146a, Phe24f3, Thr32R, Pro49M,
Val56R, Trp1548 and Ile1778. Catalytic mechanism of hydrolysis
of penicillin G, synthesis of B-lactam antibiotics or enantioselective
resolution involves the nucleophilic attack of the OY hydroxyl group
of Ser18 on the carbonyl carbon of the amide bond [8,9]. As the con-
sequence of the attack, a covalent intermediate of an acyl-enzyme
complex via a tetrahedral transition state is formed. Asn241f and
Ala69R form the “oxyanion hole” that balances the negative charge
and thus lowers the energy of the reactive tetrahedral intermedi-
ate. GIn23R is also shown to interact with the nucleophilic part of
a substrate and contribute to the stabilization of the tetrahedral
intermediate.

The PGAA from the mutant strain Achromobacter sp. CCM 4824
[10] has been firstly characterized by Skrob et al. [11]. Molecular
mass of a-subunit and 3-subunit is 27.0 and 62.5 kDa, respectively.
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The results showed that the enzyme is more efficient biocatalyst in
comparison with PGAEC as regards syntheses of semi-synthetic 3-
lactam antibiotics. Its potential for kinetically controlled syntheses
of semisynthetic [3-lactam antibiotics has been shown recently [12]
and has already been used at industrial scale by Fermenta Biotech
Ltd.

Here we present results of the research into enantioselectivity of
PGAA. First, the enantioselective resolutions of racemic mixtures of
a/-amino acids having considerable potential for pharmaceutical
applications were determined experimentally. Then we describe a
construction of a homology model of PGA and consequent molec-
ular docking experiments employed to understand molecular basis
of PGAA enantioselectivity. Experimentally validated model of the
enzyme was used to predict PGA4 enantioselectivity towards new,
hitherto non-investigated substrates.

2. Experimental
2.1. Microorganisms and culture conditions

Recombinant strain E. coli BL21(pKX1P1) and E. coli RE3(pKA18)
was used to prepare biomass for purification of PGAA and PGAEC,
respectively. Fed batch cultures of the strains in a stirred bioreactor
were described earlier [13,14].

2.2. Enzyme purification and hydrolytic activity assay

PGA# was purified as described by Skrob et al. [11] and PGAE¢
according to Kutzbach and Rauenbusch [15]. Purified PGAE and
PGA4 has the specific activity of 60 and 50 U/mg protein, respec-
tively. The activity of 1 unit (U) was defined as the amount of an
enzyme producing 1 pmol of phenyl acetic acid per minute from
PenG (2% w/v) in 0.05 M sodium phosphate buffer (pH 8.0) at 37 °C.

2.3. Chemical synthesis of N-phenylacetyl-amino acid racemic
mixtures

Phenylacetyl chloride (0.044mol) was added dropwise to
100 mL of NaOH solution (10%, w/v) of racemic mixture of an
amino acid (0.04 mol) kept on ice bath. The reaction mixture was
acidified to pH 2 with 6 M HCl, and N-phenylacetyl amino acid (N-
PhAc amino acid) was extracted three times with ethyl acetate and
recrystallized from the ethyl acetate solution. Purity of the product
was determined by HPLC using C-8 reverse phase column. Eluent
consisted of H,O (containing 0.1% TFA): acetonitrile in ratio 7:3. For
more details on products yields, chemical shifts in the '"H NMR and
13C NMR spectra and data from MS analyses see Supplementary
data (Figs. S1-S7).

2.4. Enantioselective hydrolysis of N-PhAc-amino acid racemic
mixtures

The reactions were carried out in a pH-stat at 30°C under
continuous stirring. A water solution (25 mL) containing 0.025 M
N-PhAc-amino acid racemic mixture was incubated at pH 7.5 for
30 min. 50 U of PGAE® or PGA? were added to the reaction mixture
and the pH was maintained at 7.5 by titration (2 M NH4OH).

Concentrations of reactants were analyzed by HPLC using
Dionex P580 Pump, C-8 column and a Dionex PDA-100 detector set
at 215 nm. The mobile phase consisted of a mixture of acetonitrile:
water (containing 0.1% TFA)=3: 7.

The enantiomeric excess of the products (eep) was determined
by HPLC using Dionex P580 Pump, Sumichiral OA 5000 column and
UV detector set at 215 nm or Daicel Crownpak CR(+) column using
the Dionex PDA-100 detector set at 200 nm. Composition of eluent
solution was as follows: for Sumichiral OA 5000 column (flow rate

of 0.4 mL/min)—2 mM CuSO,4 containing 5% or 2% isopropanol; for
Daicel Crownpak CR(+) column (flow rate of 1 mL/min)—aqueous
solution of HClIO4 (pH 1) containing methanol (10% v/v). Reten-
tion times of enantiomers of reaction products are summarized in
Supplementary data (Table S1).

E values describing enantioselectivities of PGAES or PGA# were
determined using Eq. (1):

_In (A/Ao)
~ In(B/Bo)

where Ag and A represent the concentrations of the faster react-
ing enantiomer at the reaction times 0 and t, resp. By and B denote
the concentrations of the slower reacting enantiomer at the reac-
tion times 0 and ¢, resp. [16]. The enantiomeric ratio E was also
determined by non-linear regression using Eq. (2) which is derived
from Sihi’s equation describing a relationship between E, degree of
conversion (c) and the enantiomeric excess eep [16].

c=1- ((1 +eep) x (1- eep)_E>1/(Eil) (2)

(1)

2.5. Molecular modeling

A homology model of PGAA was prepared using the sequence
of amino acids from GenBank (AAY25991). The most suitable tem-
plate for modeling was identified by PSI-BLAST search using the
ExPaSy server against sequences in the Protein Data Bank. The PGA#
query sequence was then aligned with the best template—PGAE®
enzyme (PDB-ID 1GM7, sequence identity 50%) using ClustalOmega
[17].1dentity of amino acid residues forming the active site between
the template and the query was 88%. Only two substitutions
occurred within the seventeen amino acid residues forming the
active site (Val56F — Leu568 and Ser149a — Ala149a), and no
insertions or deletions were observed for these positions. Align-
ments were prepared with a constraint between the Ser1( residue
of the query sequence and the corresponding serine residue of the
template. The homology modeling based on alignment of PGA? and
PGAE® was performed using the Swiss-model webserver [18]. The o
and {3 chains of penicillin acylases were modelled separately by cal-
culating a number of minimized intermediate models which were
ranked by the structure quality Z-score. One model of the o chain
and one of the 3 chain had to be chosen from this ensemble of struc-
tures, not only on the basis on the Z-score, but also by taking into
account the reciprocal positions of the two chains. The final model
was evaluated using a program Verify 3D [19] with the template
validation data used as the baseline to assess the respective models.
To facilitate reproducibility of the work, the model was deposited
to Protein Model DataBase [20] under the following access code
PMO0080082. The analysis of Ramachandran plot generated by RAM-
PAGE server [21] suggested a high quality of the homology model
with more than 95% of residues located in the favored region, for
detailed report from the analysis see Supplementary data (Fig. S8).
This finding was further confirmed by low Z-score of —0.29 reported
by QMEAN server [22,23] indicating that the quality of the model is
comparable to the high-resolution crystal structures of proteins of
similar size. Next, the PGAA model was protonated via H++ server at
pH 7.5 using default settings. Protonation of catalytically important
amino acid residues was modified manually so that they conform
to specific reaction mechanism, i.e., enantioselective hydrolysis of
N-PhAc-a/3-amino acids [24].

Molecular docking calculations were performed through
AutoDock Vina plug-in for PyMol [25]. Structures of substrates
were prepared using Avogadro molecular editor [26] and ener-
getically minimized in four steps of the steepest descent using
MMFF94 force field [27]. Substrate and protein structures were
converted to AutoDock Vina compliant format by AutoDock Vina
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plug-in for PyMol. For docking, the grid box (22.5 x 22.5 x 22.5A)
covering the PGAA active site was defined and centered on the cen-
ter of mass of Ser1f3, Ala69f3 and Asn241f3 residues. The docking
calculations were performed using Autodock Vina software [28]
with an exhaustiveness of 200, maximum of 9 generated binding
modes and maximum energy difference between the best and the
worst binding modes of 3 kcal/mol. Visualization of docked bind-
ing modes and analysis of its geometries were performed in PyMol
[29] software. Mechanism-based geometric criteria for prediction
of substrate reactivity [30] were derived accordingly to the catalytic
mechanism of PGAs. To evaluate reactivity of docked substrate con-
formations, the binding modes were assessed by using following
criteria: (i) distance between nucleophilic oxygen atom O” of Ser1[3
and attacked carbon from carbonyl group of the substrate reflect-
ing the probability of nucleophilic attack, (ii) lengths of hydrogen
bonds between nitrogen atoms from amino groups of Ala69f3 and
Asn241f and the oxygen atom from the carbonyl group of sub-
strate that stabilize the negative charge of the reactive tetrahedral
intermediate, and (iii) length of hydrogen bond between oxygen
atom from carbonyl group of GIn23f and leaving nitrogen group of
substrate that also contributes to the stabilization of the tetrahe-
dral intermediate (Fig. 1). To derive particular cutoff distances for
these criteria, high-quality structures of PGA complexed with sub-
strates and their analogs were analyzed (Supplementary data, Table
S2). Since such evaluation provides only qualitative two-state pre-
diction of substrates reactivity—reactive and non-reactive, we can
accurately predict only potential for highly enantioselective dis-
crimination. In such a case, one enantiomer is predicted as poorly
active, while the other one as well active. It is important to note
that minor differences in enantioselectivity cannot be predicted
using employed approach. Additionally, the interactions present in
predicted binding modes were analyzed by PoseView [31].

3. Results and discussion
3.1. Experimental determination of enantioselectivity of PGA#
Research into enantioselectivity of PGAs started in 60s of the

last century and dealt mainly with resolutions of racemic mixtures
of a-amino acids and their derivatives [32,33]. So far, main concern

Asn241B

Fig. 1. Mechanism-based geometric criteria developed for evaluation of reactivity
of docked substrates in active site of PGA?. The essential amino acid residues of
PGA”’s active site are shown as green sticks. Binding mode of (S)-N-PhAc-tert-leucine
is shown as cyan sticks. The analyzed distances D; (0¢"23P _ H), D, (0Ser'P — (),
D3 (NAsn241B _, 0) and D4 (NA269%8 _ O) are displayed as yellow dashed lines. (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

on PGAA dealt with syntheses of several important semi-synthetic
B-lactam antibiotics. In order to asses a broader potential of PGAA,
we have focused on seven a/3-amino acids (Table 1) that have
application potential as building blocks of active pharmaceutical
ingredients. These substrates were used to compare enantioselec-

Table 1
Substrates subjected to biocatalysis by PGA* and PGAE€,
Substrates Structure Product application References
HO, 0
Qi O
N-PhAc-a-phenylalanine NH a~(S)-phenylalanine—direct precursor of neuromodulator phenylethylamine [35]
HO. 0
o
@/\IWJ\/Q
N-PhAc-a-homophenylalanine (S)-homophenylalanine—building block of drugs for threatment of [36]
hypertension and cardiovascular diseases
- w
HiC.
NH
N-PhAc-B-leucine Hy Building block for terpenoids or proteins [37]
N-PhAc-a-leucine H,C N (S)-enantiomer—building block of proteins [38]
HO. 0 -
HyC NH :
N-PhAc-a-isoleucine CHy (S)-isoleucine—food complement
o
NI
N-PhAc-3-homoleucine HC” CH; Enhancer of activity of myeloperoxidase, building block of biologically active [39,40]
tripeptides
HO. o]
o
H,C
N-PhAc-a-tert-leucine o, (S)-tert-leucine - building block for anti-AIDS and anti-cancer pharmaceuticals [24,41]
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Table 2
Experimentally determined enantioselectivity of PGA* and PGAF® towards N-PhAc-
a/B-amino acids.

Substrate E-values

PGAA PGAF¢
N-PhAc-a-phenylalanine 90+ 5 90+ 5
N-PhAc-a-homophenylalanine 80+ 5 80+ 5
N-PhAc-B-leucine 68 +3 60 +5
N-PhAc-a-leucine 80+5 80+5
N-PhAc-a-isoleucine 80+5 80+5
N-PhAc-f3-homoleucine 85+ 4 55+5
N-PhAc-a-tert-leucine 105 £ 5 75 +£5

tivities of PGAA with PGAE, an enzyme exhibiting 50 % sequence
identity with PGAA [34].

Racemates of substrates listed in Table 1 were used in enantios-
elective hydrolytic reactions catalyzed by purified PGAEC and PGA#
and their enantioselectivity values (E) were determined using HPLC
analysis (Table 2). Ahigh degree of enantioselectivity (E=90 4 5) for
both PGA? and PGAEC was observed in enzyme-catalyzed hydrol-
yses of N-PhAc-a-phenylalanine. Both PGAA and PGAEC exhibited
similar degree of enantioselectivity towards substrate N-PhAc-
a-leucine and N-PhAc-a-isoleucine. On the other hand, PGAA
exhibited markedly higher enantioselectivity (in descending order)
with: N-PhAc--homoleucine, N-PhAc-a-tert-leucine and N-PhAc-
[B-leucine (Table 2).

3.2. Structural basis of enantioselectivity of PGA*

A lot of effort has been invested into the structural analysis
of PGAs and understanding of its substrate-enzyme interactions.
Amino acid residues Ser1f3, GIn23[3, Ala693 and Asn2413 [42] are
recognized as essential amino acid residues of aminic subsite in
the eleven PGAs so far characterized [5]: Ala693 and Asn241f3
participate in formation of “oxyanion - hole”, GIn23{3 stabilizes
E-S tetrahedral intermediate and the Ser1f3 residue serves as a
catalytic residue. It is proposed that the general topology and
the quarternary structure of the active site cavity might be con-
served throughout the PGA family [43]. However, slight variations
in amino acid residues are evident in the acyl binding subsite that is
formed in E. coli by Met142a, Arg145a, Phe1460, Phe243, Thr32f3,
Pro493, Val56f3, Trp1543, and 1le177(3 [42,44]. Due to so far unsuc-
cessful effort to crystallize the PGA# (data not shown), we decided
to prepare homology model of PGA# to study molecular mechanism
beyond enantioselectivities of this enzyme.

The model of PGA? was used as a receptor in molecular dock-
ing experiments with both enantiomeric forms of seven substrates

studied experimentally (Table 1). The binding energies predicted
by molecular docking strongly correlated (R=-0.76) with the
molecular weight of investigated substrates. However, the largest
difference in the predicted binding energies between enantiomers
of a given substrate was 0.7 kcal/mol only (Table S3). Since such
difference is within the error margin of the scoring function,
the observed difference between binding affinities of individual
enantiomers should be considered as negligible without any sig-
nificant influence on the enantioselectivity of PGAA. The predicted
structures of complexes were further analyzed in respect to the
interactions of substrates with amino acid residues involved in
the catalysis (i.e., Ala69, Asn241f3, GIn23[3 and Ser1f3). For all
N-PhAc-a-amino acids and N-PhAc-f3-homoleucine, the distances
from functional groups of important amino acid were markedly
shorter for (S)-enantiomer which predicted this enantiomer as the
preferred form (Table 3). On the contrary, (R)-N-PhAc-[3-leucine
was preferred enantiomer. Acyl moieties of all enantiomer pairs
adopted binding modes that allowed the moiety to fit in the acyl-
binding site of PGA#, in which their phenyl rings formed m-m
interactions with Phe24f3 and most frequently also hydrophobic
interactions with Phe24f3, Thr68[3 and Ala693, see Supplementary
data (Figs. S9 and S10)- Based on our docking experiments we rec-
ognized, in addition to acyl binding subsite, also the “secondary
hydrophobic” subsite formed mainly by the following amino acid
residues: Ala69f3, Phe71f3, Ala149« and Phe1460.

Two mechanisms of PGA?’s enantioselectivity may be recog-
nized accordingly to the bulkiness of substrate’s substituent.

3.3. Enantioselectivity mechanism adopted by substrates with
bulky substituents

N-PhAc-a-phenylalanine, N-PhAc-a-homophenylalanine, N-
PhAc-a-isoleucine, and N-PhAc-a-tert-leucine all adopted similar
binding mode in the aminic subsite without exception (Fig. 2A).
The bulky, hydrophobic nucleophilic substituents were all oriented
to the secondary hydrophobic subsite. In the case of N-PhAc-
a-phenylalanine and N-PhAc-a-homophenylalanine containing
the second aromatic ring in the structure of their nucleophilic
substituents, additional m-7 and hydrophobic interactions were
formed between this ring and either with Phe71f3 or Phe146a
residues within this site see Supplementary data (Fig. S9). The car-
boxyl moieties of all four substrates were oriented towards part of
the active site with positively charged and hydrophilic amino acid
residues (e.g., Arg263[3, Ser390[3, Asn214[3 and N-terminal part of
Ser1f). Oxygens from the carbonyl group of (S)-enantiomers were
always properly stabilized by amino acid residues of the “oxyanion-
hole” in the orientation enabling nucleophilic attack upon the

Table 3
Reactivity of binding modes of a/B-amino acids in PGA?. Disfavoring interactions beyond the cutoff values are highlighted in bold.
Substrate Enantiomer Distance (A) Predicted as reactive Predicted
preference
oserlB _, C NAIa69 _, o NAsn241B _, o 0GIn23g _, H
N-PhAc-a-phenylalanine (S) 3.4 4.0 4.0 3.9 Yes (S)
(R) 5.2 6.3 7.9 5.4 No
N-PhAc-a-homophenylalanine (S) 33 3.7 39 33 Yes (S)
(R) 4.6 6.2 74 5.2 No
N-PhAc-B-leucine (R) 3.2 3.7 4.0 3.5 Yes (R)
(S) 34 3.9 4.0 4.4 No
N-PhAc-a-leucine (S) 3.4 3.9 3.8 3.0 Yes (S)
(R) 34 4.0 4.1 4.6 No
N-PhAc-a-isoleucine (S) 3.6 4.1 39 2.8 Yes (S)
(R) 4.5 6.2 74 5.1 No
N-PhAc-B-homoleucine (S) 3.2 3.8 3.7 29 Yes (S)
(R) 34 3.8 4.0 44 No
N-PhAc-a-tert-leucine (S) 3.3 4.0 41 3.3 Yes ©)
(R) 4.7 6.3 7.5 4.8 No
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Fig. 2. Predicted binding modes of seven experimentally tested substrates within the active site cavity of PGA”. (A) Binding modes of enantiomers with bulky substituents
(moieties: a-phenylalanine, a-homophenylalanine, a-isoleucine, and a-tert-leucine). (B) Binding modes of enantiomers with less bulky substituents. Grey surface—the
active site cavity; red surface—the acyl-binding subsite; orange surface—the secondary hydrophobic subsite. Crucial catalytic amino acid residues of the active site are green;
preferred and non-preferred enantiomers are cyan and yellow, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)

carbon atom of the carbonyl by Ser1f. Also hydrogens from amino
groups of substrates were properly stabilized by GIn23[3. On the
contrary, binding modes of (R)-enantiomers had their peptide
bonds oriented in the opposite direction (Fig. 2A). This orienta-
tion resulted into larger spatial separation of substrates’ carbonyl
oxygen and hydrogen of stabilizing functional amino group of the
enzyme. Such binding modes also effectively shielded the attacked
carbon from the nucleophilic attack by Ser1f. All this facts com-
bined suggest that (R)-enantiomers of this group of substrates were
poorly reactive at best, while (S)-enantiomers of these compounds
were better stabilized for reaction as is illustrated by all four mea-
sured distances being much shorter contributing to its predicted
preference (Table 3).

3.4. Enantioselectivity mechanism adopted by substrates with
less bulky substituents

This group of substrates includes N-PhAc-3-homoleucine, N-
PhAc-a-leucine and N-PhAc-B-leucine. The binding modes of
(S)-enantiomers of N-PhAc-[3-homoleucine and N-PhAc-a-leucine
followed the scheme for substrates with the bulky substituents
(Fig. 2B), with the exception that these substituents were not ori-
ented towards the secondary hydrophobic subsite of the binding
cavity. The predicted binding modes of these two (S)-enantiomers
fulfilled all criteria for their reactivity (Table 3).

In the case of (R)-enantiomers of N-PhAc--homoleucine
and N-PhAc-a-leucine, the carboxyl groups pointed towards the
secondary hydrophobic subsite and simultaneously their non-
polar substituents pointed towards the positively charged and
hydrophilic residues (Fig. 2B). These binding modes allowed the
peptide bonds of (R)-enantiomers of N-PhAc-f3-homoleucine and

N-PhAc-a-leucine to adopt similar orientation as (S)-enantiomers
of N-PhAc-B-homoleucine and N-PhAc-a-leucine and therefore
to partially restore necessary stabilization of their carbonyl oxy-
gens by the residues of the “oxyanion-hole” and orientation of
attacked carbon towards catalytic nucleophile (Table 3). However,
the amino groups of substrates were not stabilized by GIn23j3,
and the obviously non-complementary interactions required by
these binding modes should further disfavor their formation. In
the case of N-PhAc-3-leucine racemic mixture, binding modes of
both enantiomers followed the same pattern as described above
but (R)-enantiomer was the preferred form (Table 3).

3.5. Prediction of enantioselectivity of PGA? towards new
substrates

Since the molecular docking of seven substrates into the homol-
ogy model of PGAA confirmed experimental results obtained with
purified PGA# (Table 2), we employed this approach for in-silico
prediction of enantioselective hydrolyses of non-conventional o/3-
amino acid enantiomers of which have an application potential
(Table 4). We should stress here that enantioselective hydrol-
yses of majority of racemates of these substrates catalyzed by
so far characterized PGAs have not yet been reported. A refer-
ence to stereoselectivity of PGA with N-PhAc-3-aminopent-4-ynoic
acid derivative and N-PhAc-p-Cl-3-phenylalanine can be found in
research studies [45,46].

Results of docking experiments with pure enantiomers of race-
mates of seven N-PhAc-a/B-amino acids into active site cavity of
homology model of PGAA are shown in Table 5.

Similarly to previous analysis, both enantiomers exhibited com-
parable binding energies ruling out a differential binding as a source
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Table 4
Novel substrates used for prediction of PGA? enantioselectivity.
Substrates Structure Product application References
"
0 =5

O:{\/LNHJJ\,JQ

N-PhAc-3-aminopent-4-ynoic acid I* o (S)-enantiomer—building block of Elarofiban [47]
o
Ny
= N

|
N-PhAc-3-amino-3-pyridin-propanoic acid fNj (S8)-enantiomer—building block for Xemilofiban [48]

Oy OH

HO' N ~

7\
N-PhAc-3-amino-3-benzyl-2-hydroxybutanoic \—/ (S)-enantiomer—building block for Paclitaxel [49]
acid
x
HO' o} S

o AT

HO'
N-PhAc-3-amino-3-(3-chloro-4,5- a (S)-enantiomer—building block of Lidamycin [50]
dihydroxyphenyl) propanoic
acid

N-PhAc-p-Cl-a-phenylalanine

N-PhAc-p-F-a-phenylalanine

N-PhAc-p-Cl-B-phenylalanine

(S)-enantiomer market product

(S)-enantiomer—precursor for synthesis of analgesic Zolmitriptan ~ [51]

(R)-enantiomer—building block of Abarelix [51]

Sigma-Aldrich

of potential enantiopreference of PGA? (Table S3). Therefore we fur-
ther focused on evaluation of differences in potential reactivity of
these novel substrates using validated geometric criteria. As shown
for a/B-amino acids, such analysis was able to successfully predict
high enantioselectivity in cases, when reactivity of one enantiomer
was seriously disfavored. Based on this analysis, we predicted
high enantiopreference of PGAA for three (R)-enantiomers and
two (S)-enantiomers of novel substrates (Table 5). However,
we could not entirely exclude possibility of moderate-to-low
enantioselectivity for remaining two substrates. In the case of N-
PhAc-3-aminopent-4-ynoic acid, binding of its rigid and extended
ethynyl group into the secondary hydrophobic subsite of the PGA#
prevented stabilization of carbonyl oxygen of both enantiomers
by the residues of “oxyanion hole” as well as proper stabiliza-

tion by interactions with GIn23f, predicting both enantiomers as
inactive or poorly active. The binding modes of (R)-enantiomers
of both N-PhAc-3-amino-3-pyridin-propanoic acid and N-PhAc-
3-amino-3-(3-chloro-4,5-dihydroxyphenyl) propanoic acid had
their aromatic nucleophilic substituents located in the secondary
hydrophobic subsite as was the case of the binding modes for the
group of substrates containing bulkier substituents. Interestingly,
the (S)-enantiomers of these compounds were bound with their
carboxyl groups in the secondary hydrophobic subsite, while their
aromatic nucleophilic substituents pointed towards hydrophilic
part of the active site in the same fashion as the group of substrates
containing less bulky substituents. Since the aromatic substituents
of these two substrates carry also some polar groups, their bind-
ing modes seemed to be relatively easy to accommodate into the

Table 5
In-silico prediction of enantioselective hydrolyses of novel substrates catalyzed by PGAA. Disfavoring interactions beyond the cutoff values are highlighted in bold.
Substrate Enantiomer  Distance (A) Predicted Predicted
as reactive preference
oserip _, C NAIa69B _, o NAsn2418 _, o 0GIn23g _, 4
N-PhAc-3-aminopent-4-ynoic acid (R) 39 4.5 4.7 4.7 No -
(s) 35 44 43 53 No
N-PhAc-3-amino-3-pyridin-propanoic acid (R) 3.2 3.7 3.9 3.1 Yes (R)
(s) 42 42 5.0 5.0 No
N-PhAc-3-amino-3-benzyl-2-hydroxybutanoic acid S) 33 3.8 4.0 3.4 Yes (S)
(R) 42 6.1 7.8 3.8 No
N-PhAc-3-amino-3-(3-chloro-4,5-dihydroxyphenyl) (R) 3.1 3.6 4.0 2.9 Yes (R)
propanoic acid S) 3.6 4.1 43 4.2 No
N-PhAc-p-Cl-a-phenylalanine (S) 3.2 3.8 3.8 2.0 Yes (S)
(R) 48 6.6 8.0 42 No
N-PhAc-p-F-a-phenylalanine (R) 3.6 4.1 4.0 2.6 Yes -
S) 3.4 4.0 4.1 3.7 Yes
N-PhAc-p-Cl-B-phenylalanine (R) 3.2 3.6 4.0 3.2 Yes (R)
(s) 44 6.7 7.9 34 No
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PGA“’s binding site. In any case observed binding modes of (S)-
enantiomers provided poor interactions with all four functionally
important residues (Table 5). This analysis suggested high enantio-
preference towards (R)-enantiomers of these two substrates. In the
case of N-PhAc-3-amino-3-benzyl-2-hydroxybutanoic acid, both
enantiomers complied to the binding modes observed for group
of substrates having the bulky substituent, with the exception
that hydroxyl group of (S)-enantiomer took over the interaction
of carboxyl group with hydrophilic part of the active site cavity.
Nevertheless, a difference in measured distances indicated strong
(S)-preference (Table 5). Substrates N-PhAc-p-Cl-a-phenylalanine
and N-PhAc-p-Cl-B-phenylalanine fully followed behavior of the
group of substrates containing bulkier substituents including pre-
dicted enantiopreference towards their (S)- and (R)-enantiomers,
respectively. Enantiomers of N-PhAc-p-F-a-phenylalanine adopted
extended conformations because their nucleophilic substituents
could fit better into aminic subsite being possibly stabilized by
Tr—1r interactions with Phe71[3. Although the carboxyl group of (R)-
enantiomer was being oriented into the secondary hydrophobic
subsite, the distances to interacting groups were favorable for both
enantiomers predicting their good reactivity (Table 5). Therefore,
no conclusion on possible enantioselectivity of PGAA towards this
substrate could be drawn.

4. Conclusions

In this study, we present results of the research into enan-
tioselectivity potential of a novel industrial catalyst PGA? towards
racemic mixtures of o/3-amino acids, pure enantiomers of which
have an application in pharmaceutical industry. We have demon-
strated that PGA? exhibited markedly higher enantioselectivity
than PGAE® (in descending order) with: N-PhAc-B-homoleucine, N-
PhAc-a-tert-leucine, and N-PhAc-[3-leucine. We have constructed a
homology model of PGA# using availability of a crystal structure of
PGAE, We were able to evaluate plausibility of the model by using
molecular docking calculations: the results of molecular model-
ing were identical with the enantiopreference of PGA? found for all
experimentally studied substrates. Follow-up docking experiments
with seven non-conventional N-PhAc-o/3-amino acids enabled us
to predict the enzyme enantiopreference for most of these sub-
strates. Predictions indicated high PGA*’s enantiopreference for
(R)-enantiomers of three compounds and (S)-enantiomers of two
substrates. In-silico prediction of enantiopreference revealed PGA#
convenience towards production of (S)-enantiomer of N-PhAc-
3-amino-3-benzyl-2-hydroxybutanoic acid, a potential building
block for paclitaxel. In-silico prediction of PGA#’s enantiomer pref-
erence could be powerful tool for selection of compounds that are
not available on the market but can serve as a source of chiral
compounds for pharmaceutical industry.
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