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The first structure of tetrameric mammalian acylaminoacyl peptidase, an enzyme that functions as an
upstream regulator of the proteasome through the removal of terminal N-acetylated residues from its
protein substrates, was determined by cryo-EM and further elucidated by MD simulations. Self-
association results in a toroid-shaped quaternary structure, guided by an amyloidogenic B-edge and
unique inserts. With a Pro introduced into its central B-sheet, sufficient conformational freedom is
awarded to the segment containing the catalytic Ser587 that the serine protease catalytic triad alternates
between active and latent states. Active site flexibility suggests that the dual function of catalysis and

substrate selection are fulfilled by a novel mechanism: substrate entrance is regulated by flexible loops
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Accepted 9th May 2022 creating a double-gated channel system, while binding of the substrate to the active site is required for
stabilization of the catalytic apparatus — as a second filter before hydrolysis. The structure not only

DOI: 10.1035/d2sc02276a underlines that within the family of S9 proteases homo-multimerization acts as a crucial tool for
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Introduction

The mode and purpose of protein multimerization are still
under debate. A great number of proteins function as homo-
dimers and a higher degree of homo- and hetero-association is
also common, while the active form of only approximately 1/4 of
human enzymes is monomeric."” Multimerization carries
numerous advantages derived partly from the decrease of
surface over volume ratio; it may restrain denaturation and
promiscuous interactions, increase stability of the active sites
by reducing internal motion and reinforcing their spatial
protection, or decrease aggregation propensity by shielding - or
utilizing - interaction-prone hot-spots, as well as allowing for
cooperativity and providing a vehicle for introducing allosteric
regulation.’”

The homo-multimer state is a special case of assembly, one
that is reached overcoming the entropic disadvantage coupled
to self-association of the monomeric units containing interac-
tion prone surfaces, over association with any other protein (or
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substrate selection, but it will also allow drug design targeting of the ubiquitin-proteasome system.

non-protein) partners.*” This requires homomeric contact
surfaces to achieve a high degree of selectivity which seems to
be fine-tuned and modulated by intrinsic dynamics,® insertions
and deletions® and also by regions remote from the interaction
surfaces® to achieve or preserve functionality. However, exam-
ples of different homo-multimerization forms fulfilling the
same function can also be found and in these cases association
surfaces seem not to be conserved or specified, shifting along
the outer surface of the monomers.® Thus, it is still to be clar-
ified whether the complexity of multimeric forms arose to create
specific functions or simply through neutral or adaptive evolu-
tionary processes.

Here we considered acylaminoacyl peptidase (AAP),
a member of the S9 serine protease - or oligopeptidase - family,
which is tetrameric in its mammalian form.'***> The functional
form of S9 proteases ranges from monomeric through dimeric,
tetrameric to hexameric. The central locus of multimerization is
preserved, but not the sequence of the association motifs or the
relative orientation of the interacting monomers. The most
important interaction center is a p-edge at the surface of the
catalytic domain - the outermost member of an 8-stranded -
sheet forming the core of this region. This B-edge carries varying
amyloidogenic sequence motifs, and thus it remains highly
interaction-prone in all S9 proteases.

At the core of the physiological functions of AAP lies its
ability to cleave the N-terminal acetylated (N-Ac) amino-acid
from proteins and peptides.” Removal of the N-Ac tail of
proteins leads to dramatic changes in their physicochemical

© 2022 The Author(s). Published by the Royal Society of Chemistry
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properties such as charge, fold, localization, and protein-
protein interactions, but perhaps most importantly, it affects
ubiquitination and - through it - the degradation pathway
proteins will enter.****> Although the regulation of protein life-
span through the addition or removal of the terminal N-Ac is far
from clarified, AAP has been shown to play a significant role in
protein maturation and degradation processes,'*™*°
being a key upstream modulator of proteasomal function.***
Downregulation of AAP leads to the accumulation of misfolded
proteins through disruption of the ubiquitin-proteasome
system (UPS),**?* a crucial sustainer of healthy homeostasis.
Inhibiting components of the UPS is already in use as an anti-
cancer therapeutic strategy and potential further targets are
intensively researched - a field where thus AAP could also be
considered.

AAP is a serine-protease enzyme, however, its unique struc-
ture and multimerization state seem to create such a seclusion
of its active site that potentiates interactions very much unlike
those of regular serine-proteases, the most striking example of
which is its interaction with and inhibition by carbapenem
antibiotics.>** Furthermore, AAP was suggested to be able to
catalyze the cleavage of amyloid oligomers formed in the
progress of Alzheimer's disease.” It was also shown to be a key
protein in cellular response to DNA-damage®* and oxidative
stress,**> and was proposed to be a potential tumor
suppressor.**?> AAP seems to contribute to the membrane
localization of major oncogenic protein K-Ras which may allow
K-Ras induced cancers to be targeted through AAP inhibition.*®

A detailed understanding of AAP function and catalysis has
so far been hindered by the lack of its structure. In spite of
reports on its production, and preliminary results of crystallo-
graphic studies,'>*”"* the structure of mammalian AAP could
not be determined over four decades that passed since its first
characterization. Structures of archeal and bacterial AAPs are
unfit for model building, since they not only share low sequence
identity with the mammalian enzyme (13-20%, Table S17), but
also mostly assume different oligomeric forms.*'

Here we present the cryo-EM determined structure of AAP
isolated from porcine liver (pAAP). The tetrameric structure
shows a gated and channeled intricate interior. Unique inserts
that appear in only the mammalian variants participate in
forming the main interaction surfaces of the multimer,
therefore defining flexibility and architecture of the complex.
Our MD simulations show that these large insertions function
as shutters for the substrate access channel system, providing
the means for substrate screening and selection. Thus, in the
case of pAAP, tetramerization seems to be a prerequisite for
reaching the catalytically competent form. We found the
classical serine protease active site of pAAP in an alternating
state via the unprecedented destabilization of the active Ser
region, shifting between an active and a latent conformer, as
confirmed by both the experimentally determined cryo-EM
map and MD simulations. The determined structure will
allow, for the first time, structure-based modeling, drug
design and detailed analysis of the catalysis of this many
faceted enzyme.

as well as

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

Using cryo-EM, the 3.27 A resolution structure of the pAAP
tetramer was determined (Fig. 1 and S1t). The overall structure
is toroidal shaped, showing D2 point group symmetry, with two
large openings on the outer surface and an intricate ante-
chamber formed on the inside, from where the active sites of
the monomeric units can be reached. To characterize the
robustness and flexibility of the determined structure and to
model those segments that could not be resolved in the cryo-EM
map, MD simulations were also carried out, using the experi-
mentally determined structure as a starting model.

PAAP monomers present an open structure with
a conformationally destabilized catalytic apparatus

AAP is an oligopeptidase belonging to the S9 family of serine
proteases. The monomeric unit of AAPs — and of other members
of the S9 family such as prolyl-oligopeptidase (POP), dipeptidyl-
peptidase 4 (DPP4) or oligopeptidase B (OPB) - is built from two
domains: the better conserved hydrolase domain and the highly
variable propeller domain (usually composed of 7 blades, each
formed by four antiparallel B-strands) (Fig. 1, S2 and Table S27).
The active site with the catalytic Ser/His/Asp triad is buried
between the two.*'

The pAAP monomers contain a 7-bladed propeller domain
(residues 23-457) that is tilted away from the hydrolase (resi-
dues 1-22 and 458-732) by approximately 40°, creating a large
opening near the active site beneath blade2 (Fig. 1C) that can be
accessed from the central cavity of the tetramer. The opening
created by domain orientation is similar in extent to that seen in
the case of the open form of Aeropyrum pernix AAP (ApAAP).** In
contrast to ApAAP, where the resting state of the enzyme was
shown to be a mixture of inactivated open and catalytically
competent closed conformers, in case of pAAP interdomain
contacts within the tetramer suggest that the domain-
organization is rigid. The entrance of the pAAP monomer is
further shaped by the loops of blades 3-5, downscaling the large
opening to approximately 20-25 A diameter. These segments
are not present in the open form of ApAAP, which thus presents
a decidedly wider entrance inside its monomeric unit.

Comparing the structure of the monomer of pAAP to those of
the S9 family members determined previously reveals three
unique insertions on its surface (Table S2 and Fig. S2, S37). All
four strands of blade1 are elongated, protruding from the outer
surface of the propeller domain (Fig. 1: insert1: residues 33-46,
52-61 and 69-80). Blade3 also contains an unusually long insert
(Fig. 1: insert2: residues 168-222), forming a long, crossed loop
that reaches the surface and contributes to the shaping of the
tetramer entrance. A long insertion, containing mainly hydro-
phobic residues, can also be found in the hydrolase domain
(Fig. 1, insert3: residues 636-644), facing blade4 of the
propeller. Catalytic Ser587 is placed on a tight turn between a -
strand and an o-helix (Fig. 2) - the conformational strain
imposed on the backbone contributes to its activation.

In pAAP, a crucial substitution was found in the middle of
the B-strand running parallel and adjacent to the strand leading

Chem. Sci., 2022, 13, 7132-7142 | 7133


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2sc02276a

Open Access Article. Published on 18 May 2022. Downloaded on 4/2/2026 10:33:43 PM.

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

(cc)

Chemical Science

5, His707 [/,;
S0ls =v§{°’ )

80y

Hydrolase
domain

Side opening
of the monomer

View Article Online

Edge Article

Tetramer pore

Fig.1 Cryo-EM structure of tetrameric AAP from porcine liver. (A) Schematic representation of the monomeric building blocks thus far detected
among S9 serine proteases (with the hydrolase domain (light green) containing the catalytic triad (orange circles), and the propeller domain (deep
green) that shields the active site): closed monomer with the catalytic triad in active conformation, accessible only through the propeller channel
(upper left), open structure where the catalytic triad is inactivated, but readily accessible (upper right), a semi-closed structure with permanent
side opening, with the catalytic triad in active form (lower left) and an open structure with a large side opening obtained in this study, with the
catalytic Ser alternating between active and latent conformations (lower right).** (B) Cryo-EM determined structure of the toroidal pAAP tetramer.
Cryo-EM map surface (gray) is shown at a 0.010 threshold level (UCSF Chimera®? chain A — yellow, chain B — red, chain C — green, chain D —
cyan). (C) and (D) The monomeric unit of pAAP (from N- to C-termini colored with rainbow colors) viewed from the side with the main insertions
labeled (C) and from the direction of the propeller domain (D). The open conformer of ApAAP (PDB id: 304g, grey) is overlaid in (C) showing their
similar extent of opening. The three types of substrate entrances are labeled: side opening of the monomer, tetramer pore and propeller channel.

up to the catalytic Ser587. In place of the Val, Ile, Ala or Gly
residues found in most of the S9 proteases in this spot, in pAAP
(and also in the human variant) Pro506 appears (Fig. 2A and
S4+t). The presence of the Pro breaks the B-strand and abolishes
the stabilizing interaction between the neighboring strands,
allowing greater flexibility for the segment containing the
catalytic Ser587. Accordingly, we detected conformational
heterogeneity of the 584-591 segment - hosting Ser587 - in the
cryo-EM map, which could be described with two conformers of
this segment: one can be considered as active, while the other as
a latent state of the catalytic apparatus based on their confor-
mation and the corresponding H-bonding network (Fig. 2B and
S57). In the latent state, Co. of the catalytic Ser587 is shifted by
2.4 A away from the catalytic His707, which places the Ser-Oy at
3.8 A from the Ne2 of His (while they are at 2.5 A from each other
in the active conformer). The conformational heterogeneity of
the 584-591 segment appears to be localized to the catalytic
sites which are distant from each other within the tetramer (the

7134 | Chem. Sci., 2022, 13, 7132-7142

closer pairs are separated by more than 30 A (measured at
Ser587 Cas)) and show no signs of being in (direct) structural
communication with each other, and thus it is reasonable to
suppose that the different conformational states of the Ser-loop
are evenly distributed among the subunits (both in time and
space). Since these regions are also buried deep within the
tetrameric assembly, they resulted in no global structural
differences that could have been detected during data pro-
cessing - at least not at the 4.12 A resolution of the unsymme-
trized C1 map - and thus the final models were built using the
D2 averaged map of significantly better resolution (3.27 A). This
procedure, however, does not allow differentiation of confor-
mational patterns within the tetramer (resulting in a single,
averaged picture of the monomers).

On the other hand, MD simulation of the pAAP tetramer
(using a model based on the experimentally determined struc-
ture) also sampled both conformers seen in the cryo-EM results,
in addition to a number of intermediate states (Fig. 2C and D).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Conformational heterogeneity of the active site and mobile loops of pAAP. (A) Shortening of the 4th and 5th B-strands of the hydrolase
domain due to the appearance of Pro506 that introduces flexibility to the segment carrying the catalytic Ser587 (Ser-loop) — as seen in the cryo-

EM structure. Conserved His507-cisPro510 (green) segment positions

the oxyanion binding site. (B) Catalytic Ser-loop is built in two alternative

conformations into a cryo-EM map (contoured in blue, D2 symmetry was used during refinement of the map to improve resolution to 3.27 A). H-
Bond distances averaged for all chains are shown. (C) Molecule dynamics simulations also reflect the conformational heterogeneity of the
catalytic triad with the segment containing Ser587 in multiple conformations, shifting and turning Ser587 away from the His707-Asp675 dyad. (D)

Most frequently seen active site arrangements (based on clustering).

While the distance of His707 Nd1 and the carboxylate oxygens of
Asp675 remained within H-bonding distance in over 97% of the
snapshots, in only 16.3% of the snapshots was the Ser587-
His707 H-bond intact. Inactivation of the catalytic triad was
previously reported for the open conformers of monomeric or
dimeric S9 proteases**** (and for the truncated version of
Deinococcus radiodurans carboxypeptidase, DrCP*), but in all
cases this was achieved by the destabilization of the His-loop
(containing the catalytic His). A serine protease containing
multiple conformers of the Ser-loop is unprecedented, to the
best of our knowledge. The cryo-EM and simulation results thus
both suggest that the active site of pAAP is conformationally
heterogeneous and probably requires the docking of the
substrate to reach a fully catalytically competent state.

The primary substrate specificity pocket is hydrophobic,
similarly to that of other AAPs (Table S31). However, compared
to archeal AAPs, it is narrower with a Trp sidechain lining its
lower region (Trp628; Fig. S61) possibly playing a role in shifting

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

S1 specificity of pAAP towards smaller P1 residues (Val, Ala¥).
AAPs are exopeptidases, but were also reported to have endo-
peptidase properties.**** The substrate binding groove of
ApAAP and PhAAP is widened near the surface so they can
accommodate substrates, where the site of hydrolysis is not the
peptide bond following the first (N-acetylated) residue of the
chain, but further along the sequence.*®* In contrast, this region
in the pAAP structure is restricted by Phe274 and Cys275 (of an
insert to blade4) forming a barrier locked in place by hydrogen
bonds with His325 (Fig. S6T). This also forces the conserved
Arg677 into a latent conformation forming a salt bridge with
Asp624, from which however, Arg677 may be released to form
a hydrogen bond with the P2 residue of larger substrates. These
features indicate that pAAP and its human variant might be less
effective endopeptidases than ApAAP or PhAAP.

Another notable feature of AAPs is that a cisPro also appears at
the active site ensuring the conformation of its AAP-specific
HGGP motif that forms the oxyanion site.”® The corresponding

Chem. Sci., 2022,13, 7132-7142 | 7135
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cisPro510 of pAAP restricts the pliability of the 507-519 loop
placing the backbone N-H of Gly509 in ideal position for coor-
dinating the tetrahedral transition state of the catalytic reaction.
Based on the structure, this loop - as an important interaction
hub - can be effected by a pathogenic mutation of human AAP,
the Thr541Met mutation that causes 50-60% decrease in
activity.® Thr541 makes contacts with loop 507-519, and the Thr
— Met switch may lead to loop restructuring, and through that,
distortion of the oxyanion site (Fig. S7 and S8).1**

The model of the monomeric unit of human AAP (hAAP) can
be found in the AlphaFold Database.*® The model is remarkably
close to the experimentally determined structure of pAAP (back-
bone RMSD for the propeller and hydrolase domains is 1.29 A
and 1.28 A, respectively, while along the full sequence, 1.48 A)
with a few distinct and functionally important differences. The
domain opening was slightly underestimated (Fig. S97), the cis
conformer of Pro510 was not predicted, neither was the libera-
tion of the Ser-loop - or the mode of tetramerization.

Highly interconnected tetrameric assembly with a double-
gated shutter system

Formation of the tetrameric structure of mammalian pAAP is
guided by two main interaction surfaces and is fine-tuned by the

Chain B

View Article Online
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long blade3 insertions (insert2) that wrap around the outer pore
of the toroid, creating a highly interconnected structure (Fig. 3).
All three unique inserts shown in Fig. 1 participate in forming
the key interaction surfaces of the tetramer. The primary
interaction surface (A/B and C/D interactions, Fig. 3B) contains,
among others, the outermost p-strand of the core pB-sheet of the
hydrolase domain, the unique (mammalian-specific) insert2 of
the propeller and insert3 of the hydrolase domain. Since the
segments that participate in forming the interaction surface
come from both domains, and numerous propeller-hydrolase
contacts are also formed, tetramerization fixes the inter-
domain opening of the monomers. The secondary, orthogonal
interaction surface (A/D, B/C, Fig. 3B) is formed by insert1 - the
extra elongation of bladel and blade2. The topology of this
interaction is unusual - there is an opening between blade1 and
blade2 of each propeller domain creating a deep crevice - this is
where bladel of the neighboring monomer is docked in
a domain-swapping interaction. And since the bladel exten-
sions only appear in pAAP (and hAAP, according to the sequence
fit), this type of interunit interaction has thus far been unseen in
the S9 family. A third, small interaction surface was also
detected between monomers of A/C and B/D between blade2 of
one monomer and insert2 of blade3 of the opposing monomer
(Fig. 3B) completing the network of interconnections between

primary contact surface

secondary
< contact
surface

tertiary
contact
surface

\ Leu207

Tyr702

Propeller domain I

Fig. 3 Tetrameric assembly of pAAP. (A) and (B) The primary (red), the secondary (orange) and the tertiary (light orange) interaction surfaces of
the tetrameric assembly. For representing pAAP the cryo-EM structure was used, with missing segments (residues 1-9, 39, 110-115, 183-198,
496-497) completed based on the results of the MD simulations. Interaction energies and complex formation significance scores (CSS) obtained
using PISA* are as follows: primary surface: —37.9 kcal mol™!, CSS = 1.0; secondary surface: —11.0 kcal mol™%, CSS = 1.0; third surface:
—5.7 kcal mol™%, CSS = 0.08. (C) The central 8-stranded B-sheet of the hydrolase domain with the aggregation-prone B-edge (red, chain A) is
covered by the a perpendicularly running segment (residues 204-208) of insert2 (light blue) of the neighbouring monomer (chain B). (D) Details
of the interaction: several hydrophobic contacts, a backbone hydrogen bond (yellow) and a salt bridge formed at the contact surface (distances
averaged over the four monomers are shown).
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all monomers. Simply put, this means that insert2 of blade3 is
long enough not only to reach the outer surface of the tetramer
and wind along the hydrolase domain of the neighboring unit,
but also to progress along the pore all the way to the monomer
at the opposing end.

The presence of two orthogonal interaction surfaces that
both have a significant contribution to the stability of the
multimer means that pAAP is not merely a loose association of

A tetramer pore

C  Tetramer pore channel (bottleneck radius: 4.6 A)

B I-_
| B |
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 DE—
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dimers but a genuine tetramer. Since tetramerization is
responsible for the emergence of the double-gated shutter
system that seems to be able to screen potential substrates of
the enzyme, the inserts present that make this specific mode of
multimerization possible are of great significance. The only
other member of the S9 family that is known to form a tetra-
meric structure is DrCP.*> However, in that case only one type of
interunit interaction contributes to the stability of the

access through a
B propeller channel

access through the double-gated
shutter system

OPEN SHUTTERS

-1.14 Hydophobicity 1.81
-

-5 Charge 5
propeller

“1.14 Hydophobicity 1.81
- Ghannels

\ v -- .‘
N e fw
- 59.7 A SR
~ o
- -

-5 Charge 5

CLOSED SHUTTERS
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-

-5 Charge 5

-1.14 Hydophobicity 1.81
-

- - -
-5 Charge 5

Fig. 4 Cavities and channel systems of the pAAP tetramer. (A) and (B) The molecular surface of the pAAP tetramer with the ‘shutters’ of the
double gated channel system colored in dark blue (outer pore of the toroid) and light blue (monomer side openings). The entrance of the
propeller channel is also labeled. (B) The cross-section shows inner antechambers and the monomer side openings leading to the active sites
(orange). (C) and (D) Analysis of the accessibility through the two main routes to the active site with the channel profiles calculated by
MoleONline.>®* Representative structures of molecule dynamics simulations are shown with (C) both shutters open and with (D) both shutters
closed. Red rectangle shows the place of the catalytic triad, and the green rectangle marks the outer surface of the tetramer on the channel

profiles (the distance between the two is indicated).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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multimer, one that is similar to the primary interaction surface
of pAAP, because insertl is missing and insert2 is not long
enough to reach the surface of the tetramer. Thus, the resultant
tetramer is characteristically different from that of mammalian
AAP.

Being an interconnected tetramer, pAAP possesses all the
possible substrate routes previously seen in oligopeptidase
structures: leading through the propeller channel or through
the tetramer pore and monomer side opening (Fig. 1). The
propeller channel is quite wide here compared to other oligo-
peptidases,® and therefore it may serve as a potential alterna-
tive entry-route towards the catalytic cavity (Fig. S10t) for
smaller substrates. In fact, using the FTMap server*® small-
ligand binding sites were located along the propeller channel,
indicating its accessibility (Fig. S107). To explore the possible
roles of all different pores and channels in the substrate
entrance, we analyzed the MD trajectories from this respect
also. The segments that could not be resolved in the cryo-EM
map (residues 1-8, 39, 110-115, 183-198, 496-497) proved
also to be the most flexible in the MD simulations (Fig. S117).
Two especially mobile regions were found. One is the outer
segment of insert2 that forms the shape and size of the entrance
pores on the two opposing surfaces of the tetramer and the
other is the 110-117 moiety of blade2 that guards the entrance
to the monomeric units in the inner cavity, where the corre-
sponding segments of all four monomers are placed into
proximity by tetramerization (Fig. 4). Both may allow or block
the further advance of the substrates, and neither would be
present in different multimerization states.

We carried out clustering of the conformations accessed by
these most mobile regions during the MD simulation and
selected extreme conformations of both. These were added to
the cryo-EM determined core structure. Channel analysis® of
the resultant (hybrid) structural models indicates that the
gating loops fluctuate between endpoints of an open and
a closed structure: a state that provides an approximately 80 A
long channel through the tetramer pore and the central ante-
chamber to the monomer side openings and active sites, and
another where the catalytic triad can only be accessed by the
significantly narrower (~60% in diameter) channel (Fig. 4). It is
important to note that the width of the long channel from the
outer pore to the active site is just wide enough for allowing
unstructured - or unfolded - chains or shorter oligopeptides to
reach the catalytic apparatus. Opening of the outer pore is
a frequent phenomenon during the simulation - 25.3% of the
structures belong to this class (while 24.9% can be categorized
as closed, with 49.8% of the snapshots carrying the outer loop in
intermediate conformation) and was also identified by PCA
analysis as the most significant fluctuation of the structure
(Fig. S117). On the other hand, the opening of the inner gate at
the monomer side is a rare event (4.2% of the snapshots). The
results indicate that the two most flexible regions of pAAP
together form a double-gated shutter system that larger
substrates (i.e. oligopeptides, protein segments) must
encounter with while reaching the active sites: firstly at either of
the two outer openings of the tetramer toroid, secondly within
the interior chamber at the monomer openings.
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The outer gatekeeping loops contain a large number of
charged and polar amino acids, in distinct patches: a KKRK and
a TSDDE motif followed by a RKK motif. Entering substrates
must pass between two such gating-loops. We propose that
interacting with these highly charged segments might be suffi-
cient to promote the unfolding of the substrates, by decoupling
salt-bridges and H-bonds, destabilizing their secondary and
tertiary structure. The flexibility of the long loops allows inter-
action with a variety of targets. Curiously, Ser187 of human AAP
(also present in pAAP) - located in the central negatively charged
motif of insert2 - was identified as a phosphorylation site.””
Phosphorylation at this spot could influence interaction with the
substrates and between the two gatekeepers themselves, offering
a possible mode of regulating AAP function.

The interaction hot-spot: B-edge of the hydrolase domain

Within the S9 protease family, the histidine residue of the
catalytic triad is placed on a loop (His-loop) that is connected to
the terminal B-strand of the 8-membered central B-sheet, at the
surface of the core region of the hydrolase domain. This
terminal B-strand - key member of the primary interaction
surface of pAAP - is situated as an “ideal” aggregation primer
(“sticky B-edge”). The corresponding sequences in various oli-
gopeptidases were recognized by five different predictors as
being (at least partially) aggregation-prone (Table S47). In the
case of monomeric oligopeptidases, the sticky B-strand is
covered by long N-terminal extensions, while in the case of
dimeric, tetrameric and hexameric oligopeptidases, where these
unprotected interaction-prone B-strands run along the outer-
most surface of the monomers, they are hidden by the process
of multimerization*"** (Fig. 3C and S127).

A similar scenario was recently outlined in connection with
steroid hormone receptors. The large, hydrophobic surface
segment of monomeric ketosteroid receptors is covered by a C-
terminal extension, while it is hidden by dimerization in estrogen
receptors that do not carry the C-terminal tail. The authors
conclusively demonstrated that these mechanisms provide
structural stabilization (by covering aggregation-prone surfaces),
but do not affect function. A model was proposed, where the
evolutionary transition in the composition of the vulnerable
interaction hot spots — making their protection more efficient
while simultaneously destabilizing their unprotected forms -
“entrenches” these regions, trapping the achieved multi-
merization state and interaction topology.”® Intriguingly, among
S9 proteases, it is only the central locus of interaction that
persevered - the outermost sticky f-edge of the hydrolase domain
- however, the mode of its protection greatly varies. And even
more importantly, we believe that, among these enzymes, mul-
timerization is a key component of the substrate selection and
preparation apparatus.

Conclusion

Oligopeptidases pre-screen their substrates based on size. Some
members of the S9 family were proposed to provide access to
the active site through the narrow channel dissecting the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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propeller domain,* but in the case of most S9 proteases, two
different substrate selection scenarios could be deciphered
based on the determined structures. In one, the loops con-
taining the His and Asp residues of the triad (His-loop and Asp-
loop) are stabilized by inter-domain interactions, which
provides the means for disassembly of the catalytic apparatus
where the domains shifted away from one another. This was
shown to be the case for POP, OPB and ApAAP, where the
monomers open up in a clamshell-like motion, inactivating the
active site, but also making it readily accessible. Only those
substrates will be cleaved by these enzymes that - besides being
compatible with the binding surface and substrate specificity
pockets of the enzyme interior - also allow the reclosing of the
domains, thus resulting in the restoration of the inter-domain
interactions that lock the His- and Asp-loops in a conforma-
tion that reinstates the functional triad. This requires a build-up
that does not restrict domain movement. Accordingly, POP and
OPB are monomeric, while ApAAP forms dimers in a way that
only involves hydrolase-hydrolase type of interactions, allowing
the free movement of the propeller domains. Another strategy
for pre-screening of substrates applied by S9 oligopeptidases is
providing a permanent entrance to the active site but shielding
it by multimerization (Fig. 1A). Dimeric DPP4 and hexameric
PhAAP are examples for this latter.**

Mammalian AAP seems to apply a hybrid of the two strategies
observed so far: it possesses an open monomer, the entrance of
which is however narrowed by the inner loops of blades 3-5, and
its closing is prohibited by the hydrolase-propeller interactions
with the neighboring monomers. Thus, in this case, activation
and inactivation of the catalytic triad have been decoupled from
the opening and closing of the monomers. Instead, with a Pro
inserted into the middle of the fourth strand of the central -
sheet, sufficient conformational freedom is awarded to the 584-
591 segment containing the catalytic Ser587 that the active site
alternates between the active and inactive conformation even in
the absence of domain movements. This is truly a twist on the
classical serine protease setup - to the best of our knowledge, no
such liberation of the catalytic triad has been previously detected.
It is a necessary addition to the S9 oligopeptidase build-up too,
since beside functioning as an oligopeptidase - assisting the
degradation of smaller peptides - mammalian AAP also removes
terminal N-acetylated amino acids from intact proteins,'”'® pro-
cessing a considerably greater variety of substrates than the other
family members do. The highly charged clusters of the flexible
gatekeeper loops, lining the outer pore together with the shielded
interior of the tetramer, might add a chaperon-like function® to
the entrance: enabling it to first strip the substrate protein
segments of their solvent shell and then stabilize the exposed
hydrophobic residues, promoting the unfolding of the chain that
will allow the substrate to reach the buried and gated active sites.

The structure of pAAP is a splendidly fine-tuned system: self-
association guided by the interaction prone pB-edge and unique
inserts leads to self-compartmentalization that equips the
enzyme with its “channels-and-shutters” system guaranteeing
that only selected substrates can reach the active site. The His-
loop sequentially follows the hot-spot of self-association, and
the segments responsible for shaping the outer pore of the
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tetramer are directly connected to loops that shape the entrance
of the monomeric units - also linking self-association and
catalysis. Therefore, in the case of mammalian AAP, multi-
merization is a prerequisite for controlled catalytic function.

The pAAP structure lends further support to the previous
hypothesis that among the closely related enzymes of the S9
protease family, the different modes and extents of homo-
multimerization equip the “all-purpose” serine protease cata-
Iytic machinery embedded in all with unique substrate selection
mechanisms.

The determined structure of pAAP thus not only provides
a sufficient model of the human enzyme (Fig. S13 and S147) that
will allow drug design efforts, but also contributes to our
understanding of the significance and mechanisms of protein
multimerization.

Materials and methods
Cryo-EM sample preparation and data collection

The preparation and purification of the mammalian AAP
sample (from porcine liver) were based on a previous method
(Fig. S151)* with an additional size exclusion chromatographic
step using a Superose 6 30/100 column on an AKTA FPLC system
(GE Healthcare, 20 mM TRIS, pH = 8, 0.15 M NaCl, 1 mM EDTA,
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 puri-
fication process, concentrated samples of pAAP were incubated
with N-acetyl-alanine p-nitroanilide (AANA, eNovation Chem-
icals LLC) as a substrate (1.6 uM in 5% DMF/water) in buffer
(50 mM phosphate, pH = 8, 0.3 M NaCl, 1 mM EDTA, 5 mM
mercaptoethanol) at 37 °C (reaction mixture: 10 pl of AANA
solution, 985 pl buffer, 5 pl protein sample). The formation of p-
nitroaniline was measured spectrophotometrically by moni-
toring the increase in absorbance at 410 nm.

The purified protein sample (3 pl) of 6 mg ml~" concentra-
tion in 10 mM TRIS (pH = 7.5) buffer was placed on a Quantifoil
R1.2/1.3 grid (GIG, 1.0 pm hole size, 200 mesh) and was vitri-
fied. After 2 and 4 s of blotting time, the grid (4 °C, 90%
humidity) was plunge-frozen in liquid ethane (Leica EMGP).
Cryo-EM single particle data collection was performed using
a CRYO ARM 300 microscope operated at 300 kV equipped with
a K3 camera (Gatan). Images were recorded at 80 000-fold
magnification corresponding to 0.95 A per pixel using a 20 eV
energy filter (Omega Filter) with an exposure time of 4 s and
a total electron dose of 37.5 e A~2. The spherical aberration
coefficient (Cs) was 2.7 mm and the defocus range was 0.5-2.5
um. A total of 1157 micrographs were collected from a single
grid (ESI - Detailed methods, Fig. S1 and Table S57).

Data availability

Cryo-EM structures and atomic models have been deposited in
the Electron Microscopy Data Bank (EMDB) and PDB, respec-
tively, with the following accession codes: EMD-13691 and PDB:
7PX8.
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