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The structure of porcine AAP (pAAP) in a covalently bound complex with meropenem was determined by
cryo-EMto 2.1 A resolution, showing the mammalian serine-protease inhibited by a carbapenem antibiotic.
AAP is a modulator of the ubiquitin-proteasome degradation system and the site of a drug—drug interaction
between the widely used antipsychotic, valproate and carbapenems. The active form of pAAP — a toroidal
tetramer — binds four meropenem molecules covalently linked to the catalytic Ser587 of the serine-
protease triad, in an acyl-enzyme state. AAP is hindered from fully processing the antibiotic by the
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the association by its unusually sheltered active pockets and flexible catalytic triads, while the

DOI 10.1035/d25c05520a carbapenems possess sufficiently small substituents on their B-lactam rings to fit into the shallow

Open Access Article. Published on 08 November 2022. Downloaded on 11/8/2025 1:15:53 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

rsc.li/chemical-science

Introduction

In 1997, it was reported that patients under treatment with the
anticonvulsant agent sodium valproate (VPA) experienced
serious relapse in condition when undergoing parallel
treatment with carbapenem antibiotics for pulmonary
infections, noting a drastic decrease of the serum concentration
of valproate in the presence of the antibiotics." The adverse
interaction of VPA, widely used for the treatment of neurological
conditions such as epilepsy, migraine, bipolar disorder or
neuropathic pain?® and a representative of one of the most
prescribed antibiotic families has since been thoroughly
documented and made its way into the general guidance
provided for the use of either.** In fact, the interaction is so fast
and effective that the carbapenem antibiotic, meropenem
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substrate-specificity pocket of the enzyme.

(MEPM) could be successfully applied in cases of VPA overdose
in emergency medicinal practice, inducing its fast clearance.>”
The enzymatic site of this unexpected drug-drug interaction
(DDI) has been identified over a decade later as the enzyme VPA-
glucuronidase. VPA-glucuronidase is responsible for maintain-
ing the serum concentration of VPA, by cleaving its major
metabolic product, valproic acid-B-(p)-glucuronide (VPA-G),* in
a deglucuronidation/hydrolysis reaction, and releasing free VPA
into the circulation, resulting in its reabsorption. It was this
enzyme that was shown to be inhibited by carbapenems.?
Subsequently it was revealed that VPA-glucuronidase is in fact
identical to a rather elusive enzyme that has also been referred
to - indicating its unconnectedly discovered functions - as
oxidized protein hydrolase (OPH), acylamino-acid-releasing
enzyme, N-formylmethionyl-peptidase, acylpeptide-hydrolase
(APEH) or as acylaminoacyl peptidase (AAP).’

AAP, first and foremost, is an exopeptidase, catalyzing the
removal of N-acetylated amino acids from the N-terminus of
oligopeptides and proteins,' contributing to the upkeep of
healthy protein-homeostasis," and exerting an influence over
the functioning of the proteasome,'"* especially in regulating
the degradation of oxidatively damaged proteins.'*** As such,
AAP has been indicated as a possible pharmacological target in
certain types of ovarian,' bone,””** skin', colon,”” lung,*
renal® and prostate* cancers, and also as playing a role in the
success of the radiotherapy of implicated patients.>

AAP can also function as an endopeptidase, taking part in
the recognition and disassembly of damaged or misfolded
proteins**** and has been proposed as being capable of cleaving

© 2022 The Author(s). Published by the Royal Society of Chemistry
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amyloid aggregates of misfolded proteins*® through which it
was suggested as a modulator of cognitive enhancement
processes.””*® It was shown to contribute to DNA damage
repair mechanisms®* and to the membrane localization of
oncogenic protein K-Ras possibly through its interaction
with phosphatidylserine.*® Thus, AAP being inhibited by
carbapenems at certain concentrations even irreversibly,*
is worthy of attention even beyond the aspects of the VPA-
carbapenem interference.

The many functions and wide substrate range of AAP are
served by a classical serine protease catalytic apparatus,®*** which
prompts two important questions: why - out of all the serine
protease enzymes of the human physiology — has AAP proved to
be the partner of carbapenems, and why do only carbapenems of
the B-lactam family of antibiotics*! participate in this interaction?

Here, we present the structure of mammalian AAP in a cova-
lently bound complex with meropenem, which is, to the best of
our knowledge, the first structural information concerning the
association between a B-lactam antibiotic and a mammalian
enzyme. The structure allowed elucidation of the unique features
that enable the binding of meropenem to AAP, as well as those
that disable one of the most powerful hydrolytic machineries
from fully processing the antibiotic and releasing the hydrolyzed
products, thus leading to a permanently inhibited enzyme
complex. In accordance with the clinical observations and
biochemical characterization, our high-resolution results
confirm meropenem to be a mechanism-based inhibitor of AAP.
The structure can form the basis of a better understanding of
AAP's function and its possible new roles in therapy, as well as
provide a glimpse of the mechanisms by which antibiotics might
produce side effects in human physiology.

Results and discussion

AAP was isolated from porcine liver (pAAP). Formation of an
approximately 1:1 complex with meropenem per monomer of
PAAP was confirmed by mass spectrometry (MS) (Fig. S1t), while
the inhibited state was demonstrated by the inability of pAAP to
cleave the N-acetyl--alanine p-nitroanilide (AANA) substrate after
incubation with meropenem. The structure of the tetrameric
PAAP-MEPM covalent complex was determined using cryo-EM to
2.1 A resolution (Fig. S2 and S3, and Table S1t). The tetrameric
form of pAAP has an overall toroidal shape and we found that the
tetramer binds four meropenem molecules (Fig. 1) covalently
linked to to the Ser587 of the serine protease catalytic triad of
each active site (Fig. S21). The active site of each pAAP monomer
is buried deep in the rather large cavity between their o/f-
hydrolase and 7-bladed propeller domains and can be accessed
through a double-gated shutter system* created by tetrameriza-
tion or through the narrow channel piercing the propeller
domain. Both paths allow the entry of only small, and/or
unstructured substrates (Fig. 1).

Complex formation - active site conformational changes

p,p-Transpeptidases and serine-p-lactamases of the known
bacterial targets of meropenem (and B-lactam antibiotics, in

© 2022 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

general) share a similar fold and antibiotic-binding topology
(Fig. S4t). Transpeptidases participate in the final steps of
bacterial cell-wall synthesis and are effectively inhibited by B-
lactam antibiotics, while lactamases are responsible for the
rapid hydrolysis of B-lactams and through that, the rise of
antibacterial resistance. These enzymes, just as AAP, employ
a serine as the residue that performs the initial attack on the
strained B-lactam ring. Their active site is defined by 3 short,
conserved motifs that place the inhibitor/substrate between two
facing Ser residues, one of which is the catalytic Ser. In their
acyl-enzyme state, the acyl carbonyl-oxygen is coordinated by
two backbone amide groups, that of the catalytic Ser (of motif I)
and another residue in motif III. Motif III also provides a Ser/
Thr hydroxyl and the amino group of a Lys to stabilize the
carboxylate substituent of the dihydro-pyrrole ring, while its
hydroxyethyl substituent and the ring N-atom are coordinated
by members of motif I1.3*%”

A different mode of association was found between bacterial
L,p-transpeptidases (Fig. S41) and B-lactams. Here, meropenem
is covalently linked to the sulfur atom of the catalytic Cys, while
the backbone amide of the same Cys forms a strong H-bond
with the acyl carbonyl of the antibiotic, which is also linked -
in a weaker association - to the backbone amide of the
preceding Gly. In complexes formed with r,p-transpeptidases,
meropenem displays a great conformational heterogeneity:
several different binding modes were detected with the dihydro-
pyrrole ring rotated along the Cyp—Cay, bond (atomic naming is
compiled in Fig. S5 and Table S27}), coupled with the displace-
ment of the substrate-stabilizing loop, suggesting that
a number of different binding conformations of the antibiotic
might exist within the neighboring pockets of these enzymes
(Fig. sat).2%%

In the pAAP-MEPM complex - also best described as an acyl-
enzyme state, meropenem is covalently bound by catalytic
Ser587 (Fig. 2A and B), while its acyl carbonyl (Cyxpy=Oxc,
Fig. S51) is fixed and oriented by the oxyanion site conserved
amongst AAPs: two backbone amide groups, those of Gly509
and His588 (the residue immediately following -catalytic
Ser587), in a binding mode similar to that seen in the case of
p,p-transpeptidases and serine B-lactamases (Fig. S4t). The
carboxylate substituent of the dihydro-pyrrole ring is
coordinated by the hydroxyl group of Ser512.

A further and rather striking feature of the pAAP-MEPM
complex is that the oxo-group of the terminal carbamate forms a
tight H-bond with the catalytic His707 residue, which is flipped
(by approximately —100° along its x; (N-C,-Cg-C,) dihedral
angle, accompanied by a 180° flip of the imidazole ring (x,)) and
is thus removed from the Ser-His-Asp catalytic triad - shifting
4.1 A from its original position (measured at its N,, atom;
Fig. 2C). EMRinger* rotamer validation confirmed that the
present orientation of the His707 side chain is a low-energy
rotamer with no alternative conformation present in the
obtained dataset (Fig. S61), and the residual density in the
position corresponding to another possible x; rotamer is most
probably occupied by a water molecule.

In the complex, His707 is wedged between meropenem and
Glu214, trapped in a doubly protonated state (with donor-

Chem. Sci., 2022, 13, 14264-14276 | 14265
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Fig.1 The tetrameric structure of AAP with four meropenem molecules (PDB id 7qun) bound to the deeply buried active sites. (A) The cryo-EM
map (resolution = 2.1 A inC2 symmetry, and threshold level = 0.33) of the toroidal tetramer of pAAP showing the central pore (tetramer pore)
and the location of the propeller channel — the possible gateways for substrate entry on the outer surface. (B) The cryo-EM map (side view and
semi-transparent) with the fitted model of the AAP tetramer and the meropenem molecules bound to the active sites (magenta). (C) A cross
section of the tetramer shows the large inner cavity: the four side openings of the monomers (black arrows) — the second frontier of the "double-
gated channel and shutter” system created by the tetrameric assembly.* The active site residues (C, atoms of the catalytic triad are shown as
orange spheres) are located between the propeller domain (dark colors) and the hydrolase domain (light colors) of the monomer units.
Meropenem (magenta) is covalently bound to catalytic Ser587. (D) Both the tetramer pores on the outer surface and the side opening of the
monomers that face the inner cavity are further shielded by flexible loops (dotted lines) that remained unresolved both in the pAAP-meropenem

complex and in the structure of the uncomplexed enzyme (PBB id: 7px8).

acceptor distances of 2.5 A and 3.0 A, respectively) (Fig. 2C).
Both its separation from the catalytic center and its protonation
state prevent His707 from participating in the hydrolysis of the
acyl-enzyme intermediate, where its role would be to act as
a proton acceptor of the attacking water molecule. This might
be the primary reason for the arrest of the hydrolysis at the acyl-
enzyme state, affording the stable, covalently inhibited complex
(Fig. 3A and B).

To determine the protonation and tautomeric states of the
two heterocycles of the pAAP-MEPM complex, QM/MM
calculations were carried out (Fig. S71). The experimentally
determined binding pose was most closely reproduced by the
calculations when the dihydro-pyrrole ring of meropenem is an
imine and the pyrrolidine nitrogen atom is not protonated (thus

14266 | Chem. Sci,, 2022, 13, 14264-14276

the ring is neutral). The imine tautomer also happens to be the
lower energy arrangement: the enamine form is
+1.02 kecal mol™" less favorable, suggesting an overwhelming
presence (~85%) of the former (Fig. 3C). This is a catalytically
significant distinction. While the N-H group of the enamine
tautomer may support the hydrolysis of the acyl-enzyme inter-
mediate by H-bonding the acyl carbonyl moiety thus facilitating
its attack by a water molecule, the imino form provides no such
assistance (Fig. 3C).** Therefore, the tautomeric form of mer-
openem stabilized by the protein matrix of pAAP may also
contribute to trapping the complex in the acyl-enzyme state
(Fig. 3A and B).

Besides the relocation of His707, a further significant
difference can be seen between the meropenem-bound and

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Glu214

Gly509 (Oxyanion binding site)

Fig.2 Binding site and binding conformation of meropenem in comparison with the uncomplexed pAAP structure. (A) Cryo-EM map (contoured
in blue) around the covalently bound meropenem (magenta). (B) S1 binding pocket (green dotted line) is shallow, allowing the access of only
smaller side chains. It is lined with residues (His325, His588, Val613 and Trp628) capable of accommodating both hydrophobic and polar groups.
(C) Comparison of the meropenem complex of pAAP (hydrolase in light green, and propeller in dark green) and the uncomplexed pAAP structure
(PDB id 7px8) showing the different conformations of catalytic Ser587 (state I: active, and dark orange and state II: inactive, and light orange).*®
Binding of meropenem (MEPM, magenta) restores the active Ser-loop conformation, however, results in enzyme deactivation because of the
displacement of catalytic His707. Loop 272-275 is also remodeled, with the side chains of Arg273 and Phe274 shifted.

uncomplexed forms of pAAP, namely the stabilization of the active and latent conformers in the uncomplexed form of the
short loop holding the active serine (Ser-loop) in its active enzyme. pAAP (and its human counterpart sharing a 92% of
conformation. This segment was seen to alternate between sequence identity) is unique among serine-proteases of the S9

© 2022 The Author(s). Published by the Royal Society of Chemistry Chem. Sci,, 2022, 13, 14264-14276 | 14267


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2sc05520a

Open Access Article. Published on 08 November 2022. Downloaded on 11/8/2025 1:15:53 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Chemical Science Edge Article
o
A HC_ NH GlyS09 HsC
/N _ Oxyanion \N o
HaC O binding site HaC'
NH
s (0] Tetrahedral
intermediate
S 0'\_
- C!-Iy S1 pocket
) s H—0 Gly509
His707 N >_ X, (90°) HsC N\ Oxyanion
5 _HN Step 1 4 I O J binding site
- _otepd |
i (
asps75 L Serss7 \ we 9 SeHy
His707 +__. S1 pocket
HN
| O Ser587
AspGEM '_
(¢]
Glys509
L _ Step 2 DH *
Oxyanion
binding site
His707 CH,
Hac\N/
Asp675 )
S1 pocket . 74
Glu214 O HN 0.0
C imine enamine o n
g 5 56 !L/ S
0= ™
RS RS HN
\N = NH OH
H
HiE OH i OH 3 oH S1 pocket
o Chs CHs His707 o 9
o 77 o Acyl-enzyme 9 Gly509
%\ o Oxyanion
Ser587 Sersg7 Aspsw binding site
‘- Sers87

o

Fig.3 Proposed mechanism of meropenem binding to AAP. (A) Meropenem is coordinated to the catalytic triad of AAP, attacked by the activated
side chain of Ser587 and stabilized in its bound form by the oxyanion binding site (according to our MCMM calculations the oxyanion binding site
is initially occupied by the carboxyl-group of meropenem). During the docking and subsequent covalent linkage of the meropenem substrate,
the sidechain of the catalytic His707 residue is dislocated to a position between Glu214 and the amide oxygen of meropenem, becoming doubly
protonated. (B) Comparison of the non-covalently bound initial complex (derived by the MCMM protocol) (protein in light blue, catalytic triad in
light orange, and the unhydrolyzed (intact) MEPM in light pink) and the cryo-EM determined structure of the covalent complex (hydrolase domain
in light green, propeller domain in dark green, catalytic triad in dark orange, and hydrolyzed MEPM in magenta) (see also Fig. S5 and Table S27). (C)

The possible tautomerization states of the dihydro-pyrrole ring.**

oligopeptidase family in this respect — with a Pro (Pro506)
inserted into the central B-sheet of its hydrolase domain, an
unusual degree of conformational variability is granted to the
Ser-loop. In the latent conformations, catalytic Ser587 is too far
from His707 to establish an H-bond with it,*® thus the flip of
His707 is made considerably easier in mammalian AAP than in
other serine-proteases where the Ser-His-Asp triad is intact
(Fig. 2C).

In the complex, both Arg273 and Phe274 shift (by 3.7 A and 2.4
A, respectively (both measured at C; atoms)), creating more space
for the distal segment of the ligand (Fig. 2C). Phe274 also forms
hydrophobic contacts with the sulfur atom of the thioether
bridge, the pyrrolidine ring and the methyl groups of the
terminal amide. The shallow and hydrophobic substrate speci-
ficity pocket of pAAP (S1 - serine protease nomenclature), known
to favor Thr, Ala, Met, Ser, and Gly side chains as P1 residues,*
accommodates the hydroxyethyl substituent (Ccag(Ccar)Ooa-

14268 | Chem. Sci, 2022, 13, 14264-14276

group, Fig. S51) of the dihydro-pyrrole ring of meropenem
(Fig. 2B).

In this covalent acyl-enzyme complex pAAP binds
meropenem in a nearly unstrained conformation with the
antibiotic fitted into the substrate specificity pocket and
spacious inter-domain cavity in a conformation that is also
sampled as a low energy arrangement of the unbound, water-
immersed, hydrolyzed meropenem (modeled using Monte
Carlo Multiple Minimum (MCMM) calculations (Fig. S81)).

Modelling the initial binding sites and conformations of
valproic acid glucuronide and meropenem within the active
pocket of pAAP

We carried out induced fit docking (IFD) calculations to identify
initial binding sites of valproic acid glucuronide (VPA-G) and
the unhydrolyzed (intact) MEPM within the catalytic cavity of
PAAP (Fig. 4A and B). Using a large catalytic site area (of 45 A box

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Non-covalent binding sites of valproic acid glucuronide (VPA-G) and meropenem (MEPM) in the catalytic cavity of pAAP explored by
molecular modeling. Four clusters (A-D; (A) near residues 148-153, 358-367, 411-414 and 514; (B) at residues 36, 381-386, and 511-515; (C) at
residues 21-25, 410, 424, 431, and 517-520, (D) in the vicinity of active Ser587) of unreacted (A) VPA-G (colored in different shades of blue) and
(B) MEPM (colored in different shades of red) obtained using the induced-fit docking protocol. (C and D) Refined non-covalent binding poses
near the catalytic apparatus. MCMM-derived lowest energy conformers in the case of VPA-G (C) and the unhydrolyzed meropenem (D) ligand.
The wide and shallow S1 pocket (green dotted line) of pAAP accommodates both propyl-chains of VPA-G (cyan) and the threonine-like
hydroxyethyl-group of MEPM (pink) (on all panels the hydrolase domain of pAAP is colored light green, the propeller dark green, while the

residues of the catalytic triad orange).

size) both VPA-G and MEPM were found to bind in four distinct
locations within the active cavity (Fig. 4A and B): three different
sites at the base of the propeller channel (clusters A-C) and one
near the active site (cluster D). In a recent study using the
homology model of the enzyme, topologically similar locations
were identified for these two competing molecules.*

Subsequently, ligand positions in the proximity of the active-
site (from cluster D) were chosen, and the non-covalent binding
conformations of both VPA-G and intact MEPM were refined
using restraint-free MCMM conformational searches.

We found that the lowest energy conformer of VPA-G is
positioned in the catalytic pocket of pAAP so that Ser587 O, and
the carbonyl carbon atom targeted by pAAP (of the ester
connecting the valproate and glucose segments) are separated
by 3.5 A (Fig. 4C and S9%), while the carbonyl oxygen is H-
bonded to the backbone amide of Gly509 - the oxyanion
binding site of pAAP. The propyl chains of valproate dock into
the S1 pocket, being quite similar in size to Ac-Thr or Ac-Met,
the P1 residues preferred by the enzyme.*” Phe274 is

© 2022 The Author(s). Published by the Royal Society of Chemistry

positioned above the glucose ring at a 4.1 A distance (measured
at the centroids of the rings) in a near parallel orientation to the
plane of the sugar (the angle between the two ring planes is
11.6°) forming a strong CH-7 interaction**** with the axial C;-
H;, C3-H; and Cs-Hs moieties of the sugar (Fig. 4D and S97).
Hydrogen bonds are formed by the hydroxyl group at the C,
atom of the pyranose ring with O, of Ser587 and by
the carboxylate at Cs with Ser512 of pAAP. Thus VPA-G is
coordinated via several strong interactions and oriented for
hydrolytic attack within the undisturbed active site of pAAP
(Fig. S10%).

In the pre-reaction (non-covalent) pAAP: MEPM complex,
the carboxylate substituent (Cay—OapOar) of MEPM s
coordinated by the backbone amides of His588 and Gly509
(Fig. 4D and S9%) of the oxyanion pocket, the hydroxyethyl group
(-OacH) is H-bonded by both Cys275 and Arg677, the N-atom of
the pyrrolidine ring is coordinated by Ser512, and the oxygen
of the terminal amide by Gly508. However, this initial docking
of intact MEPM into the catalytic pocket of pAAP is not quite

Chem. Sci., 2022, 13, 14264-14276 | 14269
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as favorable as that of VPA-G. While the antibiotic is
accommodated in an orientation that is a prerequisite for
forming the covalent association - with the hydroxyethyl
substituent pointing toward the S1 pocket and the carbonyl
moiety of the B-lactam ring in an orientation that allows its
attack - the distance between the O, atom of Ser587 and the
targeted Cy, is 4.7 A. This suggests that rearrangement of the
active site must take place for the acylation step to proceed. This
is in accordance with our finding that in the stable acyl-enzyme
state (Fig. 3A) His707 is flipped away from the catalytic center
and both Arg273 and Phe274 are relocated, widening the
binding site.

Conclusion

MEPM is a broad spectrum carbapenem antibiotic, effective
against Gram-positive, Gram-negative and anaerobic
pathogens. It is indicated for the treatment of urinary tract
infections, skin and soft tissue infections, respiratory
tract infections - even multi-drug resistant tuberculosis — and
infections of the central nervous system.*”**** MEPM contains
(among other features) a fused B-lactam ring and a thioether
linked pyrrolidine. On the other hand, VPA-G is a carbohydrate-
functionalized short-chain fatty acid. In a very unlikely scenario,
these two, quite different small molecules have selected AAP -
a huge, toroidal shaped tetrameric enzyme with deeply buried
active sites, equipped with a protein degradation machinery - as
their common partner (Fig. S10f). Focusing on the antibiotic
molecule, here we set out to understand what structural
features of the enzyme contribute to this unusual drug-drug
interaction and what factors restrict the association to the car-
bapenems from among the large family of B-lactam antibiotics.

The monomeric units of pAAP contain two domains, the
hydrolase that carries the serine protease apparatus and
a propeller domain that shields it (Fig. 1). In the functional
tetramer these monomers are arranged in such a way that the
opening between the domains faces inward. The human
enzyme carries a sequence that is 92% identical to that of pAAP
(Fig. S111) and was also shown to be tetrameric* - thus it is
expected to behave very similarly. The active sites of these
mammalian AAPs are therefore doubly protected, their access is
only possible via one of two well-protected pathways. One
leads through the outer pore of the tetramer, on to the central
antechamber and finally through the gate of the monomeric
units, and the other through the narrow channel that passes
through the propeller domains®*** of the monomers (Fig. 1). We
have found that within these secluded catalytic cavities several
binding sites can accommodate MEPM, including the one in
the immediate vicinity of the catalytic triad (Fig. 4). This allows
for a far greater residence time for the antibiotic near the
active site of pAAP than in the case of the surface-close, solvent-
exposed active sites of most serine-proteases (Fig. S12t). Long
residence is necessitated by the bulkiness of the fused and
branched B-lactam core of the antibiotic (compared to a peptide
bond of a protein chain, or the ester-carbonyl of VPA-G) which
hinders the attack of the strained B-lactam ring by the catalytic
Ser. In the case of pAAP, we have seen that the shift of Arg273
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and Phe274 as well as the flip of catalytic His707 to a new
position assist the emergence of the acyl-enzyme complex
(Fig. 2C and 3).

The removal of His707 from the catalytic center results in the
arrest of the catalytic reaction and the formation of a stable,
covalently inhibited state. The next — deacylation - step of the
hydrolysis reaction would require that the catalytic His coordi-
nates and activates a water molecule that would attack the Ser-
bound acyl-enzyme intermediate. However His707, in this case,
is too far away and is also locked in a doubly protonated state by
the proximity of both the carbonyl oxygen of the terminal amide
of meropenem and the carboxylate moiety of Glu214. Since in this
form the imidazole moiety of His707 is neither close to the active
site, nor an H-acceptor, it is unable to assist the furthering of the
catalytic process. In the case of both porcine and human AAPs,
this relocation of His707 is made easier by the inherent flexibility
of the Ser-loop, achieved by a unique Pro insertion nearby, which
destabilizes the B-strand leading up to the active residue (Fig. 2C
and 3). In fact, in the uncomplexed form of pAAP, multiple
arrangements of the active triad were found to co-exist, with the
Ser-His H-bond only partially present.*

Among the B-lactam antibiotics, carbapenems carry the
smallest substituent on the B-lactam ring itself (Fig. S13%) -
a hydroxyethyl group. The presence of such a small protuber-
ance near the site of the serine protease attack seems to be
a crucial requirement for binding to AAP, since the S1 pocket
that hosts this segment of the enzyme-bound molecule is quite
small - in agreement with AAP being specific for cleaving small
Ac-Ala, Ac-Ser, Ac-Thr, and Ac-Gly residues or flexible Ac-Met
from the N-terminus of oligopeptides and proteins.** In the
case of the MEPM-pAAP complex, this hydroxyethyl substituent
- analogous to the side chain of Thr - is observed to
be anchored within the S1 pocket. Since the hydroxyethyl
substituent is a common structural feature of all carbapenems,
its moderate size as compared to those of other B-lactams
provides a plausible explanation for experiencing the DDI-effect
during co-administration of VPA and not only meropenem (first
clinical study reported in 1998),° but other carbapenems such
as panipenem,' doripenem,** ertapenem,* biapenem® and
imipenem?®* as well, but not in the case of any other B-lactam
antibiotic.

Thus, AAP is made susceptible to this unlikely association by
its unusually sheltered active pockets and flexible catalytic triad,
while the carbapenems possess sufficiently small substituents
on their B-lactam rings to fit into the shallow substrate-
specificity pocket of the enzyme.

Our results indicate that the interaction between AAP and
the carbapenems prevents VPA-G from binding to the catalytic
site causing the DDI that led to the original discovery of AAP’s
affinity toward this family of antibiotics. While VPA-G is
hydrolyzed and released by the enzyme, carbapenems become
permanently captured at the acyl-enzyme stage of the reaction -
as it was seen in the case of bacterial transpeptidases that are
also inhibited by these antibiotics. Our results gain curious
actuality by VPA being currently repurposed for the treatment of
COVID-19, proving effective in blocking infection and viral
spreading.>~>”

© 2022 The Author(s). Published by the Royal Society of Chemistry
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AAP has been singled out as a possible target for cancer-
therapy in a number of widely different contexts, relying on
its effect over the proteasome system,'”** and the localization
and function of oncogenic K-Ras variants** or by being an
effective esterase.”” Here, we showed that meropenem is a
specific inhibitor of AAP, hindering its serine-protease function.
Since no other mammalian target of the carbapenems has been
identified as of yet, the AAP-meropenem interaction offers
a unique possibility for designing safe in vivo studies of AAP
inhibition (using a well-known antibiotic molecule) to clarify
the exact role of this many-faceted enzyme, while the structure
we presented here could be used as a starting point for the
design of future therapeutics.

Materials and methods

Purification of porcine liver AAP and inhibition by
meropenem (MEPM)

The preparation and purification of the mammalian AAP sample
(from porcine liver) was based on a previous method* with an
additional size exclusion chromatographic step using an AKTA
FPLC system, Superose 6 30/100 column (GE Healthcare, 20 mM
TRIS, pH = 8.0, 0.15 M NaCl, 1 mM EDTA, and 1 mM DTT).
Tetrameric composition was verified by size exclusion
chromatography.*® To monitor that the catalytically competent
form of the enzyme was preserved during the purification process,
concentrated samples of pAAP were incubated with N-acetyl-
alanine p-nitroanilide (AANA, eNovation Chemicals LLC) as
a substrate* (1.6 uM in 5% DMF/water) in buffer (50 mM
phosphate, pH = 8.0, 0.3 M NaCl, 1 mM EDTA, and 5 mM
mercaptoethanol) at 37 °C (reaction mixture: 10 pl of AANA
solution, 985 ul buffer, and 5 ul protein sample). The formation
of p-nitroaniline was measured spectrophotometrically by
monitoring the increase in absorbance at 410 nm.

Fractions from the final size exclusion chromatography step
that showed specific activity were washed with buffer (100 ml,
10 mM TRIS, and pH = 7.5) to clear out dithiothreitol (DTT) and
were concentrated to a final volume of 1 ml (Amicon Ultra-15
centrifugal filter (30 kDa MWgo)). The removal of DTT is
necessitated since DTT, applied as a reducing agent during the
purifying steps, reacts with MEPM leading to its degradation
(Fig. S14t), possibly through the attack and opening of the beta-
lactam ring® - as noted during our previous crystallization
experiments. The protein solution was further washed with 6 x
5 ml of 10 mM TRIS (pH = 7.5) buffer containing 0.1 mM
MEPM, and 2 x 5 ml of 10 mM TRIS (pH = 7.5) and concen-
trated. AAP purified from porcine liver (1 mg ml™*, 0.01 mM
solution) mixed with MEPM (added in 10-fold excess) was
incubated at 37 °C (total reaction volume: 100 pl). After 1 h of
incubation all the specific activity was lost. This sample was
frozen in N, (lig.) and stored at —80 °C.

Mass spectrometry

LC-MS analysis of the solution-state stability of meropenem
in the presence and absence of DTT. Mass spectrometric
experiments were performed on a high-resolution hybrid

© 2022 The Author(s). Published by the Royal Society of Chemistry
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quadrupole-time-of-flight mass spectrometer (Waters Select
Series Cyclic IMS, Waters Corp., Wilmslow, UK). The mass
spectrometer operated in positive V mode. Leucine enkephalin
was used as the lock mass standard. Chromatographic
separations were performed on a Waters Acquity I-Class UPLC
system, coupled directly with a mass spectrometer.

Intact reversed phase chromatography-mass spectrometry of
the pAAP-meropenem complex. RPLC-MS analysis of the intact
proteins were performed on a Waters BioResolve RP mAb
polyphenyl UPLC column (2.1 x 150 mm, 1.7 pm, and 450 A)
with the following parameters: mobile phase “A”: 0.1%
trifluoroacetic acid in water and mobile phase “B”: 0.1%
trifluoroacetic acid in acetonitrile; flow rate: 400 pl min 7,
column temperature: 80 °C; gradient: 1.5 min: 5%3B, 7.5 min:
90%B, and 8.0 min: 90%B. UV detection was performed at
280 nm. The m/z range was 500-2000. The mass spectrometer
was operated with the following parameters: capillary voltage:
2.7 kv, desolvation gas: 1000 units, desolvation temperature:
500 °C, trap gas: 2 ml min~', and trap voltage: 60 V (Fig. S17).

Cryo-EM sample preparation and measurement

Purified protein complexed with MEPM in 10 mM Tris (pH =
7.5) buffer was placed on a Quantifoil R1.2/1.3 grid (GIG, 1.0 um
hole size, 200 mesh) and was vitrified. After 6 s of blotting time,
at 4 °C and 95% humidity, the grid was plunge-frozen in liquid
ethane (VitrobotMKIV). Cryo-EM single particle data collection
was performed using a Krios G4 microscope operated at 300 kV
equipped with a Falcon 4 direct electron detector. Images were
recorded at 130 000-fold nominal magnification corresponding
to 0.96 A per pixel size using a 10 eV energy filter (Selectris X)
with exposure time of 6 s and a total electron dose of ~41 e A2,
Defocus range was —0.5-1.5 um. A total of 11 407 micrographs
were collected from a single grid (Table S17).

Cryo-EM data processing

Movies were subjected to beam-induced motion correction
using the CryoSPARC program package®® and contrast transfer
function parameters were estimated using CTFFIND4.%* All of
the following processes were performed using CryoSPARC.
Particles were auto-picked and two rounds of reference-free two-
dimensional (2D) classification were performed. In total, 1 604
467 particles from 11407 micrographs were auto-picked and
subjected to 3D ab initio model building and 3D classification.
3D refinement was performed applying C1 and C2 symmetries.
654 863 particles were used for the final reconstruction. Final
3D refinement and postprocessing yielded a map with an overall
resolution of 2.17 A (C1 symmetry) and 2.09 A (C2 symmetry),
estimated using the gold-standard FSC = 0.143 criterion (Fig. S2
and S37).

Model building and refinement

Model building was carried out by docking the previously
determined structure of the uncomplexed AAP (PDB id: 7px8),
using Phenix Dock in Map.®* Manual finishing of the tetramer
was carried out in Coot®® and the structure was refined with real
space refinement.
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Validation and visualization

Refined structures were validated in Phenix®* (Table S11) and
EMRinger** (Table S1 and Fig. S67). Local resolution estimation
of cryo-EM maps was performed with ResMap® (Fig. S2 and
S31).

Figures were generated using PyMOL (https://pymol.org/2),
UCSF Chimera®® and UCSF ChimeraX.*” Sequence alignment
was carried out using UniProt protein BLAST.®

Molecular docking simulation

Induced fit docking. The cryo-EM structure of the active and
inactive conformations of AAP was used to perform the docking
simulations. Proteins were prepared with Protein Preparation
Wizard (Schrodinger Release 2021-3) using default methods.
Ligands were prepared with Ligprep of the Schrodinger Suite.®
Docking was performed using the Induced Fit Docking
protocol” 7> using OPLS 2005 forcefield, generating 20 possible
binding conformations. Redocking was carried out into
structures within 125 kJ mol ™" of the best structure, and within
the top 20 structures overall, using the single precision method.

Monte Carlo multiple minimum conformational search
(MCMM). MCMM calculations were carried out - as
implemented in the Schrodinger Suite.* MC steps involved the
random variation (within the range of 0-180°) of a randomly
selected subset of all torsional angles of meropenem or
valproate-glucuronide. When modeling the enzyme-bound
states, random translations (within the range of 0-3 A) and
rigid-body rotation (between 0° and 180°) of the ligands with
respect to pAAP were also introduced within the MC steps. The
perturbed structures were minimized using the Polack-Ribier
conjugate gradient algorithm. The resulting minimum energy
complex structures were sorted by energy, and unique
structures within a 21 k] mol ™" energy window above the global
minimum were stored. Calculations were carried out using the
OPLS3 force field. Solvent effects were modeled using the GB/SA
algorithm (using water as solvent). Calculations typically
consisted of 3000-5000 steps, until the global minimum
structure was found at least 20 times.

QM/MM calculations. QM/MM calculations were carried out
to determine the most likely protonation and tautomeric state
of meropenem when bound to the active Ser587 of pAAP. A
single monomer was considered. The QM region contained the
entire meropenem molecule and Ser587 residue, the side chains
of Phe274, Ser512 and His707 and two water molecules between
the carboxylate substituent of the dihydro-pyrrole ring and
Ser512 (the initial positions of the water molecules were
selected based on unmodelled “blobs” of the cryoEM map
and refined using MCMM calculation, where only the water
molecules were free to move). The B3LYP method and
LACV3P** basis set was used in the QM region. Full geometry
optimizations were carried out in the presence of the remaining
atoms of the pAAP monomer described by the OPLS_2005
forcefield, allowing all residues that reach within 5 A to move
freely, while freezing the rest. A constant dielectric was used to
dampen electrostatic interactions, with ¢ = 10.0 (describing the
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solvated but secluded inner pocket of pAAP). Calculations were
carried out using QSite of the Schrodinger Suite.*

Data availability

The cryo-EM map and atomic model have been deposited in the
Electron Microscopy Data Bank (EMDB) and PDB, respectively,
with the following accession codes: EMD-14149 and PDB: 7qun.
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