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Abstract: L-proline amide hydrolase (PAH, EC 3.5.1.101) is a barely described enzyme belonging
to the peptidase S33 family, and is highly similar to prolyl aminopeptidases (PAP, EC. 3.4.11.5).
Besides being an S-stereoselective character towards piperidine-based carboxamides, this enzyme
also hydrolyses different L-amino acid amides, turning it into a potential biocatalyst within the
Amidase Process. In this work, we report the characterization of L-proline amide hydrolase from
Pseudomonas syringae (PsyPAH) together with the first X-ray structure for this class of L-amino acid
amidases. Recombinant PsyPAH showed optimal conditions at pH 7.0 and 35 ◦C, with an apparent
thermal melting temperature of 46 ◦C. The enzyme behaved as a monomer at the optimal pH. The
L-enantioselective hydrolytic activity towards different canonical and non-canonical amino-acid
amides was confirmed. Structural analysis suggests key residues in the enzymatic activity.

Keywords: amidase; amino acid; amidase process; proline; aminopeptidase; S33 family

1. Introduction

L-proline amide hydrolase (PAH, EC 3.5.1.101) is a barely described enzyme, which
up to now, has only been characterized with some detail in Pseudomonas azotoformans IAM
1603 (LaaAPa) [1,2]. PAH belongs to the serine peptidase S33 family, together with prolyl
aminopeptidases (PAP, EC. 3.4.11.5) or prolinases (Pro-Xaa dipeptidase, 3.4.13.18). PAH was
suggested as a different member of this family since LaaAPa proved a different substrate
scope than PAPs [2]. On the other hand, the enzyme proved enantioselective towards
different piperidine-based carboxamides, L-prolinamide, and other different amino acid
amides (Figure 1A). Since LaaAPa was applied in the context of the so-called “Amidase
Process” for the industrial production of optically pure amino acids, its different substrate
scope prompted its nomenclature also as L-amino acid amidase [2–4]. This biotechnological
process consists of the dynamic kinetic resolution of amino acid amides mixtures using
an α-amino-ε-caprolactam racemase together with a stereoselective “D- or L-amidase”
(Figure 1B, [3]).

As for other enzymes with biotechnological interest, the general “amidase” nomen-
clature might confuse neophyte and experienced researchers, since it includes different
unrelated enzymes. The enzymatic resolution of the two isomers of proline amide (D and
L) was already achieved using an “amidase” from hog kidney more than half a century
ago [5]; this enzyme also proved useful for the resolution of diverse amino acid amides ([6]
and references therein).
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Figure 1. (A) Substrates recognized by L-proline amide hydrolase. (B) General scheme of the
“Amidase Process”. The full line represents the “L-system”, whereas the dashed line represents the
“D-system”. ACLR: α-amino-ε-caprolactam racemase.

A reduced number of “L-amidases” have been studied to some detail, such as those
from Pseudomonas azotoformans [1], Ochrobactrum anthropi [7,8], and Brevundimonas dimin-
uta [2]. Enzymes from Pseudomonas putida [9] or Mycobacterium neoaurum ATCC 25795 [10],
and different aminopeptidases (EC. 3.4.11.X) and amidases (E.C. 3.5.1.4) have also shown
to able to hydrolyze amino acid amides with good enantioselectivity [11,12]. Some of the
latter enzymes have been applied at the industrial level [9,11,12]. A discrete example of
the hydrolysis of amino acid esters and amides by acylase I has been reported, despite this
enzyme being mainly used for the hydrolysis of N-acetyl-amino acids [13]. Peptide amidase
from Citrus sinensis and Stenotrophomonas maltophilia also allowed enzymatic resolution of
racemic N-acetyl amino acid amides, yielding N-acetyl-L-amino acids with optical purity
≥ 99% [14]. As for the “amidase” nomenclature, PAPs present a similar scenario, whereas
many of the reported PAPs show a clear preference for proline residues ([15] and references
therein), not all cases show that they are obligate “proline aminopeptidases”. Some mem-
bers of this family have shown cleaving activity with different amino acid derivatives at
different extents [15–17].

In order to gain understanding into enzymes with L-amidase activity and with po-
tential industrial interest, we have embarked on the characterization of a putative PAP
from Pseudomonas syringae (PsyPAH). This enzyme is highly similar to LaaAPa, which is the
only PAH characterized showing L-amino acid amidase activity [1]. On the other hand, the
closest structural homolog of PsyPAH to date is the amidohydrolase VinJ from Streptomyces
halstedii (PDB 3WMR, 55% seq id.), with a highly different substrate scope [18]. In this work,
we provide biochemical and biophysical characterization, together with the first X-ray
structure of a PAH enzyme (PAP-like) with experimentally proven “L-amidase” activity.
We have gone a step forward and based on sequence and structural information, we have
categorized the different L-amidase enzymes in the literature in an attempt to facilitate
comprehension on their potential biotechnological application.

2. Materials and Methods

The different amino acid amides and p-nitroanilide derivatives used for activity mea-
surement of PsyPAH were purchased from VWR (VWR International Eurolab S.L, Barcelona,
Spain), TCI chemicals, Alfa Aesar, or Acros (Cymit Quimica, Barcelona, Spain). Other amino
acid amides were synthesized as previously described [19] (see supporting information).
Other chemicals were from Sigma Aldrich (Sigma-Aldrich, St. Louis, MO, USA).
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2.1. Cloning, Overexpression, and Purification of PsyPAH

A DNA sequence corresponding to the putative L-amidase from Pseudomonas syringae
pv. tomato (Uniprot A0A0Q0CYJ4) was synthesized and cloned into pET-22b (NZYtech,
Lisboa, Portugal) for over-expression in Escherichia coli. The resulting construct allows the
overproduction of PsyPAH fused to a C-terminal His6-tag. E. coli BL21 (DE3) (Agilent,
Madrid, Spain) was transformed with this plasmid and grown in solid LB medium supple-
mented with 100 µg·mL−1 of ampicillin. A single colony was transferred into 10 mL of LB
medium with ampicillin at the concentration above mentioned and incubated overnight
at 37 ◦C. Then, 500 mL of LB supplemented with ampicillin was inoculated with 5 mL of
the overnight culture. After 3–4 h of incubation at 37 ◦C with vigorous shaking, the OD600

of the resulting culture was 0.6–0.8. To induce the over-expression of PsyPAH, isopropyl-
β-thio-D-galactopyranoside (IPTG) was added to a final concentration of 0.2 mM and the
culture was kept at 16 ◦C overnight. Cells were collected by centrifugation (4000 rpm, 4 ◦C,
20 min) and subsequently frozen at −80 ◦C till use.

The pellet corresponding to 1 L was resuspended in 10 mL of 20 mM sodium phos-
phate, 20 mM of imidazole, and 300 mM of NaCl pH 8.0 (washing buffer, WB). Cells were
lysed on ice via sonication with a Branson sonicator (6 periods of 60 s (1 s on, 1 s off),
amplitude 25%) and then centrifuged (13,000 rpm, 10 min, RT). The resulting supernatant
was applied to a HisPur Ni-NTA column (1 mL, Thermo Fisher, Waltham, MA, USA)
previously equilibrated with 10 mL of WB. The column was then washed with 12 mL of WB
and protein was eluted with 3 mL of 20 mM of sodium phosphate, 300 mM of imidazole,
and 300 mM of NaCl pH 8.0. Subsequently, protein samples were loaded onto a Superdex
200 16/60 XK gel-filtration column (GE Healthcare, Boston, MA, USA) in an AKTA-prime
FPLC system (GE Healthcare) using 20 mM of Hepes pH 7.0 as a running buffer. The peak
corresponding to PsyPAH was concentrated up to 20 mg·mL−1 using 30 kDa concentrators
(Amicon Ultra-Millipore) and dialyzed in 20 mM of Hepes pH 7.0 (4 ◦C). Protein was frozen
at −80 ◦C till use. Protein purity was verified by SDS-PAGE. Protein concentrations were
determined from the absorbance at 280 nm (ε = 49,390 M−1·cm−1).

2.2. Activity Measurement

Different amino acid amides (10 mM) were used as possible substrates for PsyPAH:
(amide derivatives of Gly, L-Pro and D-Pro, L-Trp, L-Phe, L-tert-Leu, L-Ala, L-norVal, L-Met,
L-homoPhe, L-Ser, L-norLeu, L-Leu, L-2-ABA, and L-Val). The phenate method was used
to measure ammonia formation [20], with slight modifications. Reaction volumes of 200 µL
and a final enzyme concentration of 0.1–0.2 mg·mL−1 (pH 7.0, 35 ◦C) were used. After
5–15 min, the reaction was stopped by mixing with 540 µL of freshly prepared phenate
solution. A total of 280 µL of 2.5% sodium hypochlorite and 140 µL of 25 µM MnCl2 were
then added, followed by incubation at 70 ◦C for 40 min. Absorbance was measured at
625 nm. (NH4)2SO4 standards were used for all the assays. Three replicates were conducted
for each experiment.

Kinetic parameters for L-prolinamide and L-leucinamide were calculated with sub-
strate concentrations ranging 0.1 to 15 mM, using 100 mM of stock solutions (in 100 mM
of phosphate buffer pH 7.0). Reactions were carried out at 35 ◦C and pH 7.0 (using
20–400 µg·mL−1 PsyPAH concentrations depending on the substrate). After 5–15 min,
(pre-experiments suggested this reaction time as appropriate for Vo calculation), ammo-
nium formation was measured with the phenate method (see above). The activity with
p-nitroanilide derivatives was measured following sample absorption at 405 nm. Km and
kcat were measured using L-Leu and L-Pro p-nitroanilide concentrations ranging from 0.1
to 10 mM, using 500 mM of stock solutions (in acetonitrile). Reactions were carried out at
35 ◦C and pH 7.0 (using 8–80 ng·mL−1 PsyPAH concentrations depending on the substrate,
with a constant 2% concentration of acetonitrile into the reaction). A calibration was per-
formed and plotted with p-nitroaniline in the same buffer used for activity determination
(experimental ε = 9265 cm−1·M−1, similar to that reported previously [21]). Three replicates
were conducted for each experiment.
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2.3. Size Exclusion Chromatography (SEC-FPLC)

PsyPAH was loaded onto a Tricorn Superdex 200 gel-filtration column (GE Healthcare)
using an AKTA-prime FPLC system (GE Healthcare), with 20 mM of sodium phosphate pH
7.0 as a running buffer. BSA (66 kDa), ovalbumin (43 kDa), carbonic anhydrase (29 kDa),
and RNase A (13.7 kDa) were used as standards for molecular mass determination (Cytiva
Gel Filtration Calibration Kits).

2.4. Dynamic Light Scattering

DLS measurements were performed in a Zetasizer Nano instrument (Malvern Instru-
ments Ltd., Malvern, UK). Experiments were performed with PsyPAH (1.3 mg·mL−1) in
20 mM of sodium phosphate pH 7.0 at 25 ◦C. Samples were centrifuged for 10 min at
13,000 rpm before measurement. The PsyPAH sample was measured 3 times with 10 runs
each (in automatic mode for time selection).

2.5. Thermal Shift Assays

Thermal shift assays were carried out using a QuantStudio 3 qPCR (Thermo Fisher).
A concentrated PsyPAH sample was 10-fold diluted directly into different 100-mM buffers
(sodium acetate, pHs 4.0–5.6; sodium phosphate, pHs 6.0–8.0; tetraborate HCl/NaOH,
pHs 8.0–10.0) to a final concentration of 1.4 mg·mL−1, and kept at 4 ◦C O/N. Aqueous
SYPRO (50×) was added to a final 10× concentration. Thermal denaturation measurements
were monitored by measuring the changes in the fluorescence as a result of SYPRO binding.
Denaturation data were collected from 25 to 99 ◦C at a scan rate of 3 ◦C·min−1. Three
replicates were conducted in all cases. Despite the irreversibility of the thermal unfolding,
apparent Tms were calculated using a Boltzmann fit to the raw data, with Protein Thermal
shift software v1.3 (Thermo Fisher).

2.6. Crystallization

Freshly purified recombinant His6-tagged PsyPAH (20 mg·mL−1, 20 mM of Hepes
pH 7.0) was used to set up initial crystallization screenings with the HRCS I & II (Hampton
Research, Palo Alto, CA, USA). The hanging drop configuration of the vapor diffusion
method with a 1:1 ratio of the reservoir and protein solution was used. Crystallization
experiments were kept at 20 ◦C in an incubator. Crystals were obtained using 0.2 M of
sodium acetate trihydrate, 0.1 M of sodium cacodylate trihydrate pH 6.5, and 30% w/v
polyethylene glycol 8000 after 48 h.

2.7. Data Collection and Refinement

Target crystals were identified under a microscope using polarized light, separated
with a microtool, fished out of the drop with a loop, and transferred to a 1-µL drop of
mother solution containing 20% (v/v) glycerol as cryo-protectant. After soaking for less
than 60 s, crystals were flash-cooled in liquid nitrogen and stored until data collection.

X-ray diffraction data were collected at ID30B (ESRF, Grenoble, France). Diffraction
data were indexed and integrated using XDS [22] and scaled with AIMLESS from the CCP4
suite [23]. The crystal structure of PsyPAH was determined by the molecular replacement
method with PHASER [24] using the structure of the amidohydrolase VinJ from Streptomyces
halstedii (PDB ID: 3WMR) [18] as the search model. Refinement was done with PHENIX [25]
and Refmac [26] with cycles of manual rebuilding using COOT [27] and finalized using
several cycles of refinement applying TLS parameterization [28]. The final refined model
was checked with Molprobity [29]. Data collection and refinement statistics are summarized
in Table 1.
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Table 1. Data collection and refinement statistics. (Statistics for the highest-resolution shell are shown
in parentheses.)

Data Collection

Source ESRF ID30B
Space group P 21 21 21
Cell dimensions

a, b, c (Å) 49.428, 65.033, 85.016
α, β, γ (◦) 90.0, 90.0, 90.0

Resolution (Å) 42.73–1.95 (2.02–1.95)
Unique reflections 20,565 (2016)
I/σI 7.2 (1.8)
Completeness (%) 99.70 (99.75)
Redundancy 5.1 (5.1)
Rmerge 15.7 (91.9)
CC1/2 0.991 (0.636)

Refinement

Rwork/Rfree 15.68/22.25
No. atoms 2824
Protein 2571
Ligand/ion 5
Water 248
B-factors 21.97
Protein 20.95
Ligand/ion 30.16
Water 32.35
R.m.s. deviations

Bond lengths (Å) 0.007
Bond angles (◦) 0.85

PDB ID 7A6G

2.8. Sequence and Structure Analysis

PDB-SUM was used for global structure analysis [30]. Clustal omega [31] and SPript [32]
were used for multiple sequence alignment and phylogenetic analysis. The i-Tol server
was used for tree representation [33]. The Dali server [34] was used to search for other
members of the peptidase S33 superfamily with a similar fold to that presented by the
PsyPAH structure. Graphical representation of 3D structural models was conducted with
Pymol [35].

3. Results and Discussion
3.1. PsyPAH Characterization

Recombinant C-His6-tagged PsyPAH was purified using nickel affinity chromatogra-
phy and SEC-FPLC (Size-exclusion chromatography-Fast Protein Liquid Chromatography)
(>95% purity, yield of 10 mg per L of culture). SEC-FPLC showed an estimated molecu-
lar mass of 33 ± 2 kDa in phosphate buffer pH 7.0 (Figure 2A), slightly lower than the
theoretical molecular mass of the monomer (36.7 kDa). An estimated Rh of 2.5 ± 0.40 nm
was obtained for PsyPAH by DLS (20 mM phosphate pH 7.0). This value is a bit higher
than that shown for carbonic anhydrase (29 kDa, 2.37 nm [36]), and argues with the value
obtained by SEC-FPLC. Thermal Shift Assays (TSA) showed single thermal transitions in
the pH range from 6.0 to 11.0 as a result of SYPRO binding (Figure 2B, inset).

Apparent thermal midpoints (Tm
app) could be calculated from Boltzmann fitting, with

values ranging from 35.8 to 46.0 ◦C in that pH interval (Figure 2B). The maximum Tm
app

value coincided with the optimum pH activity of the enzyme (pH 7.0; Figure 2C). The
optimal reaction temperature was 35 ◦C (Figure 2D), whereas enzymatic activity was lost
at 50 ◦C.
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Figure 2. (A) SEC-FPLC of PsyPAH (black continuous line) in phosphate buffer 20 mM pH 7.0.
Protein standards represented in dashed lines are BSA (132 and 66 kDa), carbonic anhydrase (29 kDa),
and RNAse A (13.7 kDa). (B) Apparent Tms calculated for PsyPAH at different pHs. The inset
corresponds to the TSA experiment of PsyPAH in phosphate buffer at pH 7.0. Relative activity of
PsyPAH as a function of pH (C) and Temperature (D).

Both the optimal temperature and pH were lower than those reported previously for
LaaAPa [2]. No activity loss was observed after incubation of PsyPAH at 30 ◦C for 14 h and
it also retained over 75% of its activity after incubation at 35 ◦C for the same period of time.
PsyPAH stored at −80 ◦C maintained full activity for more than two years. Biochemical
parameters of PsyPAH were assayed with the amide and p-nitroanilide derivatives of
L-Pro and L-Leu (Table 2), showing the expected L-amidase activity of the enzyme. Whilst,
we could not determine the Km values for two of the substrates used due to the limit of
detection of the method (L-Pro-p-nitroanilide) and the solubility of the substrate (L-Leu-
amide), visual inspection of the kinetic profiles (Figure S1) supports that the Km for the
amide derivatives of L-Pro and L-Leu is, at least, one order of magnitude higher than for
the p-nitroanilide derivative (Table 2 and Figure S1). These results suggest that the presence
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of the aromatic aniline moiety of the substrate improves PsyPAH-binding, which might
reflect a better accommodation of these substrates into the active site.

Table 2. Kinetic parameters of PsyPAH with L-Pro and L-Leu amide and p-nitroanilide derivatives
(pH 7.0, 35 ◦C). * Could not be determined due to detection limit of the determination method.
** Could not be determined due to the solubility of this substrate. *** Obtained from the linear part of
the kinetic plot (see Figure S1).

Substrate Km (mM) kcat (s−1) kcat/Km (s−1·mM−1)

pN-Pro ND * 445.38 ± 19.17 ND *
pN-Leu 1.14 ± 0.21 71.25 ± 3.34 62.5 ± 3.37

L-Pro amide 9.48 ± 1.6 14.03 ± 1.26 1.48 ± 0.13
L-Leu amide ND ** ND ** 0.03 ± 0.00 ***

We have also qualitatively tested the activity of PsyPAH towards different canonical
and non-canonical L-amino acid amides. PsyPAH was able to hydrolyze glycinamide,
L-alaninamide, L-phenyalalaninamide, L-methioninamide, L-serinamide, L-valinamide,
L-tryptophanamide, L-norvalinamide, L-homophenylalaninamide, L-norleucinamide, and
L-2-aminobutyramide (data not shown). No activity was detected towards D-prolinamide
or L-tert-leucinamide.

3.2. PsyPAH Sequence Analysis

Since E.C. classification is based solely on the enzymatic reaction, different enzymes
catalyzing the same reaction can share the same nomenclature (e.g., L-amidases), even
when their sequences are highly different. This is a recurrent issue in the biotechnolog-
ical field, where it is common to discover novel enzymes after screening methods for a
desired specific activity, from which they are named. The general “amidase” nomencla-
ture used in the context of the “Amidase Process” might thus initially confuse neophyte
researchers in this field, since many different enzymes classified under E.C. 3.5.1 are named
as “amidases” [12,37]. Previous studies on L-amidases of biotechnological interest already
highlighted enzymes belonging to different protein families [2,12].

Phylogenetic analysis of the primary sequence of enzymes with L-amidase activity
shows four different enzyme groups (Table 3 and Figure S2). The broad-spectrum ami-
dase from Ochrobactrum anthropi [7] shapes an alternative “acetamidase/formamidase
clan” (Pfam PF03069), together with the enzymes from Enterobacter cloacae and Thermus sp.
(Table 2). The industrially-used L-amidase from Pseudomonas putida (a leucine aminopep-
tidase [9]) and LaaABd shape an alternative “aminopeptidase clan”, belonging to the
peptidase M17 family (Pfam PF00883). On the other hand, the leucyl-aminopeptidase from
Aeromonas proteolytica [38] confers an isolated clan, which belongs to the peptidase M28
family (Pfam PF04389, Table 3). Finally, LaaAPa and PsyPAH are grouped into a “peptidase
S33 clan”.

Thus, from a biotechnological point of view, it is important to bear in mind that
different “L-amidases” belonging to different protein families exist when dealing with the
so-called “Amidase Process”. Besides their application on the production of amino acids,
some of these L-amidases have also found other biotechnological applications [37,39,40],
further increasing their potential and economic interest.
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Table 3. Different enzymes with L-enantioselective amidase activity described in the literature with
potential application in the production of amino acids. * It is not clear from the literature whether
the hog kidney amidase used in the 50s for the resolution of amino acids [5,6] might correspond to a
leucyl aminopeptidase or a PAP, or even if they are the same enzyme [41,42].

Acronym Protein Family Source Sequence Reference

PsyPAH Serine peptidase S33 Pseudomonas psyringae A0A0Q0CYJ4 This work
LaaAPa Serine peptidase S33 Pseudomonas azotoformans BAD15092.1 [1]
LaaAOa Acetamidase/formamidase Ochrobactrum anthropi AAV87210 [7]
LaaAEc Acetamidase/formamidase Enterobacter cloacae AAR56843 [43]
LaaATs Acetamidase/formamidase Thermus sp. BAL49703.1 [44]
XfAmid Acetamidase/formamidase Xantobacter flavus BAE02548.1 [45,46]
LaaABd Leucine aminopeptidase (M17) Brevundimonas Diminuta BAE91931 [2]
ppLAP Leucine aminopeptidase (M17) Pseudomonas putida CAA09054.1 [9]
apLAP Leucyl-aminopeptidase (M28) Aeromonas proteolytica Q01693 [38]

LaaAMn - Mycobacterium neoaurum n.a. [10]
- - * Hog kidney - * [5]

3.3. Overall Structure of PsyPAH

PsyPAH crystallized in the most standard space group P212121 and presents a single
polypeptide chain in the asymmetric unit, as observed in the solution. As ascertained
from primary sequence analysis, PsyPAH belongs to the hugely diverse α/β hydrolase
superfamily and more specifically to the serine peptidase family S33 (clan SC) [47]. The
α/β hydrolase fold family of enzymes is one of the largest groups of structurally related
enzymes with diverse catalytic functions. It contains several enzymes found to have a
second promiscuous function on alternative substrates [48,49]. Like other members of
this family, PsyPAH is constituted by two different domains, namely the catalytic domain
(residues 1–141 and 231–end) and the cap domain (residues 142–230; Figure 3). The cat-
alytic domain is formed by a αβα sandwich containing the conserved catalytic triad motif
of the family (Ser113, Asp253, His280), whereas the cap domain is constituted exclusively
by α-helices. A DALI search shows more than 140 structures with a Z-score over 20 when
using the PDB90 subset database. However, only three structures present a sequence
similarity over 25% with PsyPAH (Table S1): The amidohydrolase VinJ from Streptomyces
halstedii (PDB 3WMR, 55% seq id. [18]), a putative uncharacterized PAP from Mycobac-
terium smegmatis (MysPAP, PDB 3NWO, 50% seq id.), and the Tricorn protease-interacting
aminopeptidase F1 from Thermoplasma acidophilum (APF1, 34% seq. id., PDB 1MU0, [50],
with RMSD of 1.0, 2.2, and 1.7 Å, respectively). Other different peptidase S33 family mem-
bers appear with sequences below 21%, such as epoxide hydrolases and esterases (Table S1).
On the other hand, other characterized PAPs included in the ESTHER database [51] whose
structures are known, present a lower structure similarity with PsyPAH. This is the case of
Xanthomonas campestris PAP (XcPAP, PDB 1AZW, [52]) or Serratia marcescens PAP (SmPAP,
PDB 1QTR, [53]). Other known PAP family structures are those from the PAP-related
protein TTHA1809 from Thermus thermophilus (PDB 2YYS, [54]) and putative PAP from
yeast Glaciozyma antarctica (PDB 5YHP, unpublished results). However, no biochemical
data is available for these enzymes.



Crystals 2022, 12, 18 9 of 16

Figure 3. Overall fold of PsyPAH. The catalytic domain is shown in cyan/purple, whereas the cap
domain appears in red. The catalytic triad (Ser113, Asp253, His280) is shown in stick mode to account
for its position in the catalytic domain.

3.4. Differences on the Substrate Binding Groove (SBG) Seem to Account for the Substrate Scope
of PsyPAH

The substrate specificity and function of prolyl peptidases was proposed early on to
be determined by the cap domain [53], where the substrate firstly needs to bind before
reaching the catalytic center to be hydrolyzed. The specificity of the exopeptidase activity
of SmPAP was thus proposed to have originated by steric impediments of this smaller
domain, which would block the entrance of extra residues at the N-terminal proline of the
substrate [53]. Differences on the substrate binding entrance were already highlighted for
APF1, XcPAP, and SmPAP, with the latter showing larger openings to the active site [50].
An overview of the homolog PsyPAH structures reveals that whereas the catalytic domains
are spatially conserved, the cap domain presents clear positional differences (Figure 4).
Interestingly, the highest differences in the cap domain are observed when comparing
PsyPAH with the two characterized PAPs: XcPAP and SmPAP (Figure 4A), while better fit
are observed with VinJ, APF1, and the uncharacterized MysPAP (Figure 4B). The substrate
binding groove of APF1 (SBG, also known as E1 site [50,55]) was experimentally deciphered
between two helices comprised in the cap domain (e.g., PDB 1XRP, Figure 5A); conservation
of the spatial disposition of the SBGs into the cap domains of PsyPAH, VinJ, and MysPAP
is observed (Figures 5 and S3), revealing clear differences on the different PAP structures:
The SBG on XcPAP (and SmPAP) is in a completely different position to the other enzymes,
in-between the cap and the catalytic domains (Figure 4A, [53]). The different position of
the SBG makes the catalytic center more accessible to the solvent in XcPAP and SmPAP,
supporting the acceptance of long peptides. However, in APF1, the N-terminal peptide
needs to enter the catalytic center by a narrow hollow, where it can be processed [50,55].
This “smaller” SBG supports the acceptance of shorter peptides when compared with
XcPAP and SmPAP. This should also be the case for PsyPAH as observed by the SBG
configuration (Figures 4, 5 and S3).
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Figure 4. (A) Superposition of PsyPAH with “real” PAPs belonging to Xanthomonas campestris
(XcPAP, PDB 1AZW) and from Serratia marcescens (SmPAP, PDB 1QTR). (B) Superposition of PsyPAH,
amidohydrolase VinJ (PDB 3WMR), APF1 from Thermoplasma acidophilum (PDB 1MTZ), and putative
uncharacterized PAP from Mycobacterium smegmatis (MysPAP, PDB 3NWO). (C) Sequence alignment
of PsyPAH, VinJ, APF1, and MysPAP shown in panel B. Residues comprising the SBGs (red circles)
or catalytic triad (asterisks)/catalytic cleft (black circles) are highlighted.
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Figure 5. (A) Surface representation of APF1 showing the binding site of the tetrapeptide PLGG
(E213Q mutant, PDB 1XRP). Red: Cap domain; orange: Catalytic domain. (B) Surface representation
of PsyPAH showing the putative substrate binding site. Red: Cap domain; orange: Catalytic domain.
The orientation is exactly the same as in (A). (C) Surface representation of XcPAP showing the putative
substrate binding site. Red: Cap domain; orange: Catalytic domain. The orientation has been rotated
approximately 90◦ with respect to (A).

The closest structural homolog of PsyPAH known to date is VinJ [18], but the most and
only exhaustive analysis of the binding mode among homolog structures has been carried
out with APF1 [50] (Table S2). Comparison of residues comprising different regions of APF1
(E1, S1, S1′ [50,55]) with those of PsyPAH, VinJ, and MysPAP reveals totally conserved
residues, despite a low overall conservation (Table S3). The different substrate scope of
VinJ compared to APF1 was explained by the presence of a unique polyketide binding
tunnel (which partly correspond to the E1 site, Tables S3 and S4) and a smaller S1 site in
VinJ [18]. These unique feature of VinJ is necessary for polyketide moiety fitting on the
surface of the enzyme (and other VinJ-proteins used for the synthesis of β-amino acid
containing macrolactams [18]). Comparison of this hydrophobic tunnel with PsyPAH,
APF1, and MysPAP confirms the unique character of this binding site in VinJ, which shows
an overall higher hydrophobic character (Figure S4, Table S4). Specifically, residues F176VinJ

and Y205VinJ were hypothesized to provide additional hydrophobic interactions with the
polyketide chain of the substrate [18]. However, counterpart residues in PsyPAH, APF1,
and MysPAP are overall more polar (Table S4). In this sense, E200APF1 (counter part of
Y205VinJ) has been experimentally proven to be responsible for peptide docking [55], (see
below). These structural differences suggest that PsyPAH is not a VinJ-type protein, and
also supports a closer binding mode and catalytic mechanism to that reported for APF1
(Table S4).

Different Proline-containing liganded structures of APF1 (Table S2), PDBs 1XQY, 1XRP,
and 1XRR, [55] show Y178APF1 and E200APF1 as responsible for Pro-docking at the E1 site
(Figure 6). The counterpart of Y186PsyPAH and D208PsyPAH residues plausibly have a key
role in substrate positioning at PsyPAH; in fact, D208PsyPAH shows alternative orientations,
suggesting a dynamic character for substrate binding. A lower volume of the PsyPAH
SBG is observed when compared to APF1 (Figure 6) arising from (i) displacement of
P176-V190PsyPAH helix towards the catalytic domain (originating from the “closure” of
the frontside of the E1 site by L179-D208PsyPAH) and (ii) the presence of longer or more
voluminous side chains at the backside of the E1 site (Figure 6).
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Figure 6. Superposition PsyPAH (white tones) and APF1 bound to PLGG peptide (PDB 1XQY, main
chain in blue tones, peptide in sky blue tones). The numbering of the enzymes is that which appears
in the corresponding PDBs (PsyPAH, black numbering; APF1, grey numbering).

R183PsyPAH generates a stacking interaction with W196PsyPAH (W188APF1), closing the
backside of the SBG, impeding the allocation of longer peptides. Residues L179PsyPAH

(Q171APF1) and R183PsyPAH (N175APF1) would also hamper the presence of similar peptide
ligands in PsyPAH (Figure 6). Finally, F204PsyPAH (L196APF1) and I207PsyPAH (A199APF1) re-
duce the SBG cleft volume, producing a higher hydrophobic character of this site compared
to APF1, but lower than that presented by VinJ [18]. In fact, the hydrophobicity of this site
would partly explain why PsyPAH can hydrolyze different aliphatic/aromatic amino acid
amides, or even why the p-nitroanilide derivatives were hydrolyzed more efficiently than
the amide derivatives (Table 2); the environment generated by Y186PsyPAH, W196PsyPAH,
and F204PsyPAH seems highly appropriate for the accommodation of an aromatic moiety. In
this sense, it might be interesting to ascertain whereas other L-amino acid-amide derivatives
with more voluminous amide substituents could be a more suitable starting material for
their kinetic resolution using this subfamily of L-amidases. These differences in the SBG
would support the different substrate specificity of PAHs when compared to PAPs.

3.5. Putative Catalytic Centre of PsyPAH

S113PsyPAH, D253PsyPAH, and H280PsyPAH comprise the canonical clan SC class catalytic
triad of the family (Table S3). The putative catalytic center of PsyPAH is buried into
the structure, accessible through the deep hollow contiguous to the E1 site, where the
substrate needs to enter to be cleaved. Whereas we were not able to obtain a ligand-bound
structure through soaking experiments, an extra density was found at the S1 site in our
crystallographic data, assigned as a phosphate molecule most likely arising from the initial
purification buffer. This molecule is at a binding distance of N218PsyPAH and E222PsyPAH

(Figures 7A and S5). Superposition with the APF1 bound to L-Proline reveals that both
ligands occupy the same spatial position (Figure 7B). The counterpart of N209APF1 and
E213APF1 residues were proved to be key for L-Pro-binding [55] together with Y205APF1

and E245APF1. Since both enzymes process Pro-containing substrates and the four residues
are conserved (N218PsyPAH, E222PsyPAH, Y214PsyPAH, and E254PsyPAH), a common L-Pro
binding mode can be defined (Figure 7B).
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Figure 7. (A) Catalytic cleft of PsyPAH showing the modeled phosphate molecule. (B) Superposition
of APF1 bound to L-Proline at the S1 site (PDB 1XRR, blue tones) and PsyPAH bound to phosphate
(white tones). The numbering corresponds to PsyPAH residues.

Analogously to APF1, our structural model also supports the carbonyl/amide groups
from the peptide bonds of G42PsyPAH (G37APF1) and W114PsyPAH (Y106APF1) as the con-
stituents of the oxyanion hole (Figure 7A,B, Table S3). Despite the conservation of these
key residues, the rest of the amino acids comprising S1 and S1′ sites are quite different
(Table S3), while providing an overall hydrophobic character to these environments. It is
important to highlight that P139PsyPAH (L131APF1) and W145PsyPAH (T137APF1) transform
the PsyPAH S1 site into a much smaller and more hydrophobic cleft when compared to
APF1, which might account for the substrate scope of PsyPAH toward different non-polar
amides (see above).

Finally, further comparison of PsyPAH with SmPAP and XcPAP reveals that whereas
the catalytic triad (S113PsyPAH, D253PsyPAH, and H280PsyPAH) is positionally conserved in
the catalytic domain, key binding residues of the cap domain (N218PsyPAH, E222PsyPAH,
Y214PsyPAH, and E254PsyPAH, also present in APF1, VinJ, and MysPAP, Table S3), are not
conserved. These results confirm the discussion about the PAP classification and provide
additional clues on the different substrate scope observed among PAPs [56].

4. Conclusions

In conclusion, we report the first crystal structure of a PAP-like amidase (S33 peptidase
clan) at 1.95 Å resolution with potential application within the “Amidase Process”, showing
a broad substrate specificity toward different canonical and non-canonical amino acids.
Structural and sequence analyses allow one to decipher different L-amidase subfamilies,
a prerequisite to finding enzymes with new or improved properties. Besides, the overall
structure of PsyPAH is more similar to VinJ (a S33 peptidase, not a PAP), and structural
comparison showed a higher conservation of key residues of the activity of APF1 (a S33
peptidase, not a strict PAP), suggesting a similar catalytic mechanism to that proposed for
the latter. The lower volume and hydrophobicity of the S1 and E1 sites seem to account for
the activity with smaller L-amino acid amides.

Therefore, our results confirm PsyPAH as a different member of the S33 peptidase
family, which is not strictly a PAP enzyme. Future work should focus on understanding
the substrate specificity of amidases conforming the S33 peptidase clan through mutational
and structural studies. Since the divergence of the cap domain among these enzymes seems
critical for substrate specificity, special attention should be taken to accurately classify them.
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