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SUMMARY

Summary

M42 aminopeptidases are dinuclear enzymes widely found in prokaryotes but completely absent
from eukaryotes. They have been proposed to hydrolyze peptides downstream the proteasome or
other related proteolytic complexes. Their description relies mainly on the pioneering work on four
M42 aminopeptidases from Pyrococcus horikoshii. Their quaternary structure consists of twelve
subunits adopting a tetrahedral-shaped structure. Such a spatial organization allows the
compartmentalization of the active sites which are only accessible to unfolded peptides. The
dodecamer assembly results from the self-association of dimers under the control of the metal ion
cofactors. Both oligomers have been shown to co-exist in vivo and heterododecamers with
broadened substrate specificity may even occur. Yet, the molecular determinants behind the
dodecamer assembly remain unknown due the lack of a high-resolution structure of a stable dimer.
In addition, the bacterial M42 aminopeptidases are still ill-described due to the paucity of structural
studies.

This work focuses mainly on the characterization of TmPep1050, an M42 aminopeptidase
from Thermotoga maritima. As expected, TmPep1050 adopts the genuine tetrahedral-shaped
structure with twelve subunits. It also displays a leucyl-aminopeptidase activity requiring Co?* as a
cofactor. In addition to its catalytic function, Co?* has a role in the enzyme thermostability and
oligomerization. The absence of Co?* provokes the disassembly of active TmPep1050 dodecamers
into inactive dimers. The process, however, is reversible since Co?* triggers the self-association of
dimers into dodecamers, as shown by native MS. The main achievement of this work is the
determination of the first high-resolution structure of a dimer, allowing to better understand the
dimer-dodecamer transition. Several structural motifs involved in oligomerization are displaced or
highly flexible in the TmPep1050 dimer structure. Furthermore, a loop bringing two catalytic relevant
residues is displaced outside the catalytic site. These residues are the catalytic base and a ligand
involved in the Co?* binding at the M1 site. The metal ion binding sites have been further investigated
to define how they influence the oligomerization of TmPep1050. A mutational study shows that the
M1 site strictly controls the dodecamer formation while the M2 site contributes only partly to it. A
strictly conserved aspartate residue of the M2 site second shell also plays an important structural
role in maintaining the active site integrity. Indeed, its substitution prevents the formation of
dodecamer probably due to the lack of stabilization of the active site loop.

The characterization of TmPep1050 supports that bacterial M42 aminopeptidases probably
share the quaternary structures and dodecamer assembly with their archaeal counterparts. The
dimer structure highlights several structural modifications occurring in the dimer-dodecamer
transition. Yet, based on current knowledge, no general rules can be drawn for the role of the M1
and M2 sites in oligomerization. Besides, the physiological function of the M42 aminopeptidases is
under-examined albeit the proposed link to the proteasome. In this work, this has been investigated
using the Escherichia coli M42 aminopeptidases as a model. Yet, no phenotype has been associated
to the deletion of their coding genes. Preliminary results have shown that the three enzymes (i)
display a redundant substrate specificity, (ii) could be localized partly to the membrane, and (iii) form
heterocomplexes. Further experiments are still required to crack the function of these M42
aminopeptidases.
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ABBREVIATIONS

Abbreviations

AAA+: ATPase associated with diverse cellular
activities

Abs: absorbance

ACE: angiotensin converting enzyme

Anbu: ancestral  unit protein

APH: acylpeptide hydrolases

ASU: asymmetric unit

BPH: betaproteobacteria proteasome
homolog

CMC: carboxymethylcellulose

CODAS: cerebral, ocular, dental, articular, and
skeletal anomalies

Cryo-EM: cryogenic electron microscopy
EDTA: ethylenediaminetetraacetic acid
ESRF: European Synchrotron Radiation Facility
FRT: Flp recombinase recognition site
GsApl: Geobacillus stearothermophilus
aminopeptidase |

HPLC: high performance liquid
chromatography

IPTG: isopropyl -D-thiogalactoside
L-Leu-pNA: L-Leucine-p-nitroanilide
MAGUK: membrane associated guanylate
kinase

M:: relative mass

MS: mass spectrometry

mUA: milli unit of absorbance

NMR: nuclear magnetic resonance

OB: oligonucleotide/oligosaccharide binding
OD: optical density

PAN: proteasome-activating nucleotidase
PDB: Protein Data Bank

PDZ: PSD95, DLG, ZO-1

Pf: Pyrococcus furiosus

Ph: Pyrococcus horikoshii

pNA: p-nitroaniline

POP: prolyl oligopeptidases

PTS: phosphotransferase system

PUP: prokaryotic ubiquitin-like protein

RBS: ribosome binding site

r.m.s.d.: root mean square deviation
SAMP: small archaeal modifier protein
SANS: small angle neutron scattering
SAXS: small angle X-ray scattering

TaTRI: Thermoplasma acidophilum Tricorn
peptidase

TET: tetrahedral shape

TLC: thin layer chromatography

Tm: temperature of melting

TRI: Tricorn peptidase

TSA: thermal shift assay

Ve: volume of elution

VpApl: Vibrio proteolyticus Aminopeptidase 1
Xaa: any amino acid
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INTRODUCTION

A.1 The roles of proteolytic enzymes in Life and diseases

Proteolysis plays an important role in a wide array of cellular functions as diverse as homeostasis, cell
cycle, tissue development and morphogenesis, stress response, antigen presentation, transcription
regulation, stalled ribosome rescue, immune response, virulence, cell differentiation, autophagy,
apoptosis, etc.2®. To achieve such functions, organisms produce an arsenal of proteolytic enzymes
to ensure specific and nonspecific hydrolysis of proteins and peptides®. For instance, 641 genes
coding proteolytic enzymes are found in the genome of Homo sapiens®. The proteolytic events are
tightly regulated in cells via transcription regulation, posttranslational modifications, inhibitor
synthesis, and compartmentalization3. In mammalian cells, about 80% of proteolysis is achieved by
the proteasome, mainly for homeostasis and regulation purposes®!°. The proteasome also plays an
important role in immunity since the immunoproteasome is responsible for presenting antigens on
cell surface®'. Abnormal and deregulated activity of proteolytic enzymes often lead to dramatic
consequences due to their cellular functions.

Several human diseases are related to either a deficient or increased proteolytic activity like
neurodegenerative diseases, tumoral cell development, inflammatory bowel disease, insulin
resistance, CODAS (cerebral, ocular, dental, articular, and skeletal anomalies) syndrome,
cardiovascular and lysosomal storage diseases'>*°. In Alzheimer’s, Parkinson’s, and Huntington’s
diseases, the amyloid B3, o synuclein, and huntingtin have been reported to form protein aggregates,
progressively leading to neuron death®?°. Protein aggregation results from decreased proteasome
function, probably due to an impaired ubiquitin tagging system and an increased immunoproteasome
content in neurons??2, The inhibition of the proteasome function is further hastened by protein
aggregates since soluble aggregates are known to bind to the proteasome 20S core particle,
preventing any interactions with the 19S subunit or other auxiliary partners>. A deregulation of
proteasome function also contributes to tumoral cell development. Indeed, an increased proteasome
activity alleviates the inhibition of NF-kB pathway in tumoral cells, promoting cell growth and
proliferation'>'®. Matrix metallopeptidases are also involved in a series of diseases'*'®18 For
instance, an abnormal degradation of the extracellular matrix is observed in inflammatory bowel
disease and atherosclerosis'®*®, The lack of cathepsin K, a lysosomal matrix metallopeptidase,
reduces the degradation of bone matrix in osteoclasts, causing lysosomal storage disease!4. CODAS
syndrome is another disease resulting from a defective proteolytic enzyme'’. In that case, a
substitution of a residue in the central pore of LonP1 provokes a reduced protein homeostasis in
mitochondria.

Due to their role in many cellular functions, proteolytic enzymes are undoubtedly therapeutic
targetst1923-28 Currently, about 5% of available drugs targets proteases, the most well-known being
gliptins, angiotensin converting enzyme (ACE) inhibitors, bortezomib, and antithrombotic agents.
Gliptins are used to treat type 2 diabetes as they target DPP4 peptidase®3. The inhibition of DPP4
increases the amount of incretin hormones in blood, improving the insulin secretion and satiety
awareness. ACE inhibitors are definitively a success story in drug development with an annual sale
exceeding eleven billion of US dollars in 2017. They are widely used to regulate blood pressure and
treat hypertension?3?42°, Such drugs inhibit ACE by coordinating its catalytic Zn?* cofactor, preventing
the conversion of angiotensin | to angiotensin Il and, subsequently, lowering blood pressure3°. Some

9
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cardiovascular diseases can also be treated with proteolytic enzyme inhibitors'®2324, For instance,
antithrombic agents, which inhibit the factor lla and factor Xa, are commonly used as anticoagulants,
preventing the conversion of fibrinogen to fibrin in blood clotting3!. Proteasome inhibitors are also
developed to act as antitumoral drugs'>19232¢_Notably, bortezomib is a potent proteasome inhibitor
commonly used to treat multiple myeloma, triggering apoptosis of tumoral cells*?.

Proteolytic enzymes are also involved in pathogenesis resulting from viral and microbial
infections*1632-3¢_|n bacteria, proteasome and other associated complexes contribute directly to
virulence by a tightly and timely degradation of regulatory proteins*3’. In addition to be linked to
virulence, they are involved in antibiotic resistance and stress response3%3’, For instance, ClpP and
Lon regulate the type Il secretion system allowing to inject proteins inside eukaryotic host cells3*38,
The injected proteins may fulfil various roles like preventing phagocytosis, killing macrophages, and
modulating the host immune response3®8. DegP, a periplasmic protease, is involved in oxidative stress
response, improving bacteria survival in phagocytes3”3°. Many other proteolytic enzymes have been
described to be important for the virulence of pathogenic bacteria, either in biofilm formation or to
degrade host matrix barrier3’%4>  Some bacterial pathogens can even hijack host proteases,
inducing uncontrolled degradation of extracellular matrix*®. Proteolytic enzymes could be promising
drug targets to develop new strategies to control pathogen infection?>32343%47  Consequently,
studying such enzymes is important to better understand their cellular functions. The proteasome
and other related proteolytic complexes of bacteria have been extensively studied*®3 although
developing specific drugs targeting them remains challenging33. Auxiliary peptidases should also be
characterized since they define the peptidome (i.e. the complete set of peptides). Peptides are known
to be a key player in quorum sensing in bacteria®*. Furthermore the peptidome could be a molecular
mimicry to cheat host immune system®® or induce an autoimmune response>®.

A.2 Lexicon about proteolytic enzymes

Before introducing the proteolytic complexes (see section A3) and their auxiliary peptidases (see
section A.4), some prerequisites are required to better apprehend the next sections. A classification
system has been introduced for proteolytic enzymes, the MEROPS classification (see section A.2.1).
The different catalytic types will be presented hereafter, as well as the important notion of families
and clans of proteolytic enzymes. Another convention has been introduced to describe the catalytic
cleft of proteolytic enzymes, which will be used throughout the next sections (see section A.2.2).

A.2.1 MEROPS classification

In 1960, Hartley proposed a classification of proteolytic enzymes based on their catalytic type °’. The
catalytic type refers to the chemical mechanism of peptide bond hydrolysis, involving either a
catalytic residue or metal ions (see Figure 1). Assigning a peptidase to one of the catalytic types is
quite simple using generic inhibitors, like a strong chelating agent inhibiting all metallopeptidases.
Such a classification, however, is overly simplistic since it does not consider the vast diversity of
sequences, structures, other catalytic mechanisms, as well as evolutionary aspects. For instance,
chymotrypsin, subtilisin, and serine carboxypeptidase are an example of convergent evolution with
respect to a same catalytic type>2. The three enzymes have distinguishable structural folds but share
the common Ser-His-Asp catalytic triad of serine proteases (see Figure 2).

10
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peptidase

Figure 3 — Schematic representation of a peptidase active site to illustrate the nomenclature of Schechter and Berger®®

The fictional peptidase has six binding sites, recognizing six amino acids of a peptide chain. Each amino acid is represented
by a distinctive shape. The cleavage site is indicated with an arrow, the catalytic residues with a scissor.
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Rawlings and Barrett improved Hartley’s classification by introducing the notion of
evolutionary distinct families®. Each family is built around an archetypal enzyme, often biochemically
well characterized. Based on amino acid sequence homology, each family member must be
significantly related to its archetypal enzyme. A family can also be divided into subfamilies if an
ancient divergence is observed among its members. Some sequence-divergent families may also
share a common tertiary structure, resulting from common ancestry. Such structurally related
families are regrouped in a clan. The family and clan nomenclature has been released as a manually
curated database called MEROPS®. In 2018, the MEROPS database catalogs about a million of
peptidase sequences divided into 268 families and 62 clans®!. The family name consists of an initial
letter referring to the catalytic type and a number assigned arbitrarily. The initial letters are S, T, C,
A, G, N, M, P, and U corresponding to serine, threonine, cysteine, aspartic, glutamic, asparagine,
metallo-, mixed, and unknown catalytic type, respectively. The amino acids refer to the catalytic
residues involved in peptide bond hydrolysis (see Figure 1). Of note, the proteases of the asparagine
type, often referred to as asparagine lyases, are peculiar self-splicing proteases, like the viral coat
proteins and inteins®2. The mixed type means that the catalytic residue nature may vary between,
for instance, a threonine and a serine residue. Nine families are classified as unknown type as their
catalytic residues remain to be identified. The clan name consists of a two-letter code, with the first
letter referring to the catalytic type, like the family nomenclature, and the second letter attributed
arbitrarily.

A.2.2 Nomenclature of peptidase active sites

The sections A.4-A.5 will refer to the nomenclature used to describe the active sites of proteolytic
enzymes. Basically, an active site consists of several binding sites, each site accommodating an amino
acid of the peptidic chain. These binding sites are numbered according the nomenclature introduced
by Schechter and Berger®®. The numbering starts from the peptide bond to be cleaved. By convention,
the hydrolysis of the peptide bound takes place between S1 and S1’ binding sites (see Figure 3). The
amino acids towards the N-terminus occupy the Si, Sz, Ss, ... binding sites while those towards the C-
terminus occupy the S1’, S2’, S3’, ... binding sites (see Figure 3). Accordingly, the amino acids of the
peptidic chain recognized by these binding sites are numbered: P1, Py, P, ... for the S sites and P¢’,
Py, P3/, ... for the S’ sites.

A.3 The proteolytic complexes in prokaryotes

Like in eukaryotes, protein homeostasis is fulfilled by the proteasome complex in archaea and
actinomycetes (see section A.3.1)*°>153.67.68 The proteasome 20S core particle, however, is absent
in many bacterial phyla® for which other proteasome associated complexes achieve protein
degradation. For instance, Escherichia coli possesses four AAA+ proteolytic complexes: HslUV’®,
ClpXP/CIpAP’%, Lon”?, and FtsH”3. The HslUV complex (see section A.3.2) is often regarded as the
bacteria equivalent of the proteasome 2058, HslV has probably originated from a simplification of
the proteasome 20574, Meanwhile, the latter could have evolved from an ancestral protease, Anbu,
mainly found in cyanobacteria (see section A.3.3)”>. CIpXP/CIpAP (see section A.3.4) and Lon (see
section A.3.5) are two AAA+ proteolytic complexes having a redundant function to HslUV in E. coli’®
8 The three complexes, however, have different quaternary structures and aim different regulatory
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of four stacked heptameric rings. Two middle rings define the catalytic chamber with fourteen B subunits, two rings of a
subunits sandwich the catalytic chamber. PDB code: 6BDF®°. (B) The self-assembly of a. and B subunits to build a functional
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particles. The formation of the proteasome 20S core particle requires the autoprocessing of prepeptides to allow the
interaction between two [ rings. Reproduced from Ziihl et al. (1997)°. (C) Structure of the proteasome 20 core particle (20S
CP) capped by two PANs. The AAA+ and OB domains of PAN are emphasized. Adapted from Majumder et al. (2019)*°.
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proteins for degradation. FtsH is another AAA+ protease localized in the membrane achieving
membrane protein turnover (see section A.3.6)’>79%0, Finally, HtrA is an exception for proteolytic
complexes since it does not require ATP or ATPase partners to degrade periplasmic proteins (see
section A.3.7)%L.

A.3.1 Proteasome 20S

Proteolysis has a central function in many cellular processes including protein turnover,
posttranslational regulation, stress response, cell-cycle regulation, virulence, etc.#>1>36782 |n these
processes, the proteasome 20S core particle is a key actor playing a main role. It is ubiquitously found
in all eukaryotes and archaea while being absent in many bacterial phyla, excepting actinomycetes®.
Although their sequences being divergent, the proteasome 20S of archaea and actinomycetes shares
many similarities with that of eukaryotes. They adopt a barrel-shaped structure consisting of four
stacked heptameric rings: the two outer rings with fourteen o subunits and two inner rings with
fourteen B subunits (see Figure 4.A)%783-89 The [ subunits are catalytically active while the o subunits
control the access to the inner catalytic chamber>%°1%7, Regarding the diversity of a. and 3 subunits,
the proteasome 20S core particle of prokaryotes, however, differs from that of eukaryotes. Archaea
and many actinomycetes have one single type of o and 3 subunits while eukaryotes have fourteen
genes coding seven different o subunits and seven different B subunits®!. In addition, only three of
the seven B subunits are catalytically active in the proteasome 20S core particle of eukaryotes®.
Regarding its catalytic type, the B subunit is a threonine protease of the T1A family®%%, the catalytic
threonine residue being located at the N-terminus of the B subunit mature form. The catalytic
mechanism relies on a catalytic triad Thr-Lys-Asp: the triad lysine residue deprotonates the catalytic
threonine residue while the aspartate residue modulates the amine charge of the lysine residue®?.

The quaternary structure of the proteasome 20S results from a controlled self-assembly of
the o and B subunits®18>90929% The ¢, subunits spontaneously form heptameric rings while the
association of B subunits requires the presence of a subunits®%°. The assembly process involves the
formation of heterodimers prior to heptamerization (see Figure 4.B)%3°*%, The prepeptide of the
subunit could promote the dimerization and shield the intermediate half proteasome particle®®. The
latter consists of a heptameric a ring stacked over a heptameric 3 ring. Two half proteasome particles
further assemble into the functional barrel through the processing of prepeptides, freeing the N-
terminal catalytic threonine residue®. In the idle state, the seven N-terminal octapeptides of an a
ring completely close the access to the inner catalytic chamber, preventing the entrance of any
peptides®*. The gate opens when auxiliary proteins, also known as proteasome-activating
nucleotidases (PANs), bind to the proteasome 20S core particle®’?8, The C-terminus of PANs has been
shown to be sufficient to unlock the door to the catalytic chamber®8.

PAN has the canonical domain of ATPases associated with diverse activities (AAA+) and are
known to recruit and unfold proteins tagged for degradation>%2°-192 |n addition to the AAA+ domain,
PAN also possesses an oligonucleotide/oligosaccharide binding (OB) domain. The OB domain exhibits
a chaperone activity and recognizes degrons'®. The quaternary structure of PAN is a hexamer ring
adopting a spiral staircase motifl®2, The AAA+ domains are oriented towards the proteasome 20S
while the OB domains crown the PAN-proteasome 20S complex (see Figure 4.C)1027104 |jke the
ubiquitin tagging system in eukaryotes, proteins are marked by small proteins known as small
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INTRODUCTION

archaeal modifier proteins (SAMP) and prokaryotic ubiquitin-like proteins (PUP) in archaea and
actinomycetes, respectively®®%, SAMP and PUP are small unstructured proteins which are
covalently bound to lysine residues of proteins marked for proteolysis®1%. In both cases,
polysampylation and polypupylation may occur'®97 but, unlike polyubiquitylation, they could

107 |n association with PAN, the

prevent marked proteins to be degraded by the proteasome
proteasome 20S carries out protein turnover in an ATP-dependent manner. Although, another
interacting factor, PafE, has been described in Mycobacterium tuberculosis which favors an ATP-
independent proteolysis!®®109, |ts mechanism of action is still ill-described but PafE has been shown

to form a dodecameric ring capping both ends of the proteasome 20S core particle.

A.3.2 Hsluv

While being divergent with less than 20% of homology, the HslUV complex strikingly resembles to
the proteasome 20S. Indeed its catalytic subunit, HslV, is structurally related to the B subunit of the
proteasome 20519111 Their catalytic sites are also conserved with a N-terminal catalytic threonine
residue. Furthermore, HslV could be an evolutionary simplification of the proteasome 20S (see
section A.3.3)%'2, To be active, HslV absolutely requires its AAA+ binding partner, HslU*31 which is
closely related to ClpA and ClpX (see section A.3.4). In E. coli, HsIUV complements the deletion of /on
and clpP, indicating that the three complexes are redundant’®~’8, Regarding its quaternary structure,
HslV is a dodecamer forming a barrel-shaped structure with two stacked hexameric rings (see Figure
5.A)11%115 |n the HslUV complex, both ends of the catalytic HslV barrel are capped by an hexameric
ring of HslU (see Figure 5.B)!1%116117 Two modes of docking between HslV and HslU have been
described in distinct structures, with the | domain of HslU pointing either towards or outwards the
HslV barrel (see Figure 5.B)'¢71¥ Whichever the docking mode, the activity of HslUV relies
exclusively on ATP, which finely tunes the structure of HslU, modulating the HslV activity!!>120, Of
note, although adopting a barrel-shaped structure, HslUV differs from the proteasome 20S since the
former consists of stacked hexameric rings while the latter is a pile of heptameric rings8311,

A.3.3 Anbu and BPH

As discussed earlier, the prokaryotic proteasome 20S is found only in archaea and actinomycetes®.
Many bacterial phyla lacking the core proteasome possess HslV. Despite having a different symmetry,
both proteolytic complexes share a common catalytic mechanism for their 3 subunits. Surprisingly,
the proteasome 20S and HslUV are not found in cyanobacteria as well as some proteobacteria®?!. In
these phyla, two genuine divergent proteasome-like complexes have been identified: the ancestral 3
unit protein (Anbu) and the betaproteobacteria proteasome homolog (BPH)*?1. The former is found
in genomes of cyanobacteria and o-/B-/y-proteobacteria while the latter occurs only in B-
proteobacteria. Due to its narrow distribution, BPH is considered as a young proteasome that could
be a descendant of HsIV1?%122_ On the other hand, Anbu could be the common ancestor of HslV and
the proteasome 20574112121 since cyanobacteria constitute an ancient bacterial phylum that has
diverged some two billions years ago®?3. Recently, the structures of Anbu and BPH have been
reported showing their relationship with the proteasome 20S and HslV747>122,124,

The structure of BPH from Thiobacillus denitrificans has revealed that BPHs are
tetradecameric complexes consisting of two stacked heptameric rings'?%. Albeit its seven-fold
symmetry, the BPH structure is closely related to that of HslV (see Figure 6). The inner pore of BHP is
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INTRODUCTION

larger than that of HslV but has a similar size to that of HsIUV. The catalytic Thr-Lys-Asp triad is strictly
conserved in BPH and the catalytic threonine residue can form a covalent complex with epoxomicin,
a common inhibitor of threonine proteases. BPH appears to be inactive on various substrates and
cannot complement Alon AclpXP AhsIUV in E. coli, although being constitutively expressed in T.
denitrificans*??2. To date, three structures of Anbu are available, showing an unique quaternary
structure (see Figure 7)’47>124 Unlike the proteasome 20S and HslV, Anbu does not adopt a closed
ring structure but forms a helical structure made of dimers. The three known structures present some
differences regarding their oligomerization and quaternary structure. Anbu of P. aeruginosa is a
dodecamer’® while those of Hyphomicrobium sp. and Yersinia bercovieri are tetradecameric (see
Figure 7)7>'24 In addition, Anbu oligomers of P. aeruginosa and Hyphomicrobium sp. further organize
spatially into a continuous helix while that of Y. bercovieri is more like a lock-washer. Like BPH, the
Anbu subunit has the catalytic Thr-Lys-Asp found in HslV and the proteasome 20S but shows no
proteolytic activity’47>124,

Interestingly, the closest structural homolog of Anbu is the 3 subunit of proteasome 20S from
Saccharomyces cerevisiae and not bacterial HslV, suggesting that Anbu could be the ancestor of the
eukaryotic proteasome 20S7°. The evolutionary transition from Anbu to the proteasome 20S had
probably involved the loss of the C-terminal tail of Anbu subunit (see Figure 8)>. Such an event had
allowed the passage from a tetradecameric helix to a double stacked heptameric rings (see Figure
8)!12, HslV had probably evolved from the proteasome 20S by the loss of the a subunit and the
duplication of the B subunit’. Evolutionary speaking, HslV can be viewed as a simplification of the
proteasome 20S since it can directly interact with its ATPase partner, HslU'2, BHP could have evolved
from HslV by reverting to the seven-fold symmetry.

A.3.4 ClpP

ClpP is another proteolytic system involved in protein turnover forming barrel-shaped structure*®12>,
Its quaternary structure consists of two stacked heptameric rings*?6. To achieve protein degradation,
ClpP interacts with either CIpA or ClpX, two AAA+ acting as unfoldases'?’. Both CIpA and ClpX form
hexameric rings capping both ends of the ClpP barrel'?®. They are known to recognize different
degrons'?8, but both ClpAP and ClpXP degrade SsrA-tagged substrates’?. ClpXP is also known to have
a regulatory role, degrading RpoH in response to RssB'%°. Despite their genuine proteolytic activity,
the CIpAP and ClpXP complexes are dispensable in bacteria’3. Albeit the striking resemblance of their
quaternary structures, ClpP is not related to the proteasome 20S since the former is a serine
protease!?®. ClpP is found in almost all bacteria phyla and in eukaryotes, but no homologs have been
reported yet in archaea’?®. The function of ClpP homologs in eukaryotes remains ill-described but
they are thought to maintain the mitochondrial proteome, increase the survival of different cancer
cell types, and cause apoptosis when their activity goes rogue®3*.

As explained above, ClpP is a tetradecamer made of two stacked heptameric rings (see Figure
9.A)'32, The contact between two rings is stabilized by the “handle” domain of ClpP subunits. The
“handle” domain is also known to control the activity via the bending of a long o helix (see Figure
9.B)1?7133, This bending adjusts the position of catalytic residues to either an idle or active
conformation (see Figure 9.C). The proteolytic barrel of ClpP is capped on both ends by a hexameric
ring of either ClpA or ClpX*?6. Due to the symmetry difference, the AAA+ partner is not centered on
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Figure 10 — Structure of LonA protease. (A) Open spiral conformation of Lon hexamer from Yersina pestis. NTD*" corresponds
to a part of the N-terminal domain (see panel C). (B) Closed ring conformation of Lon hexamer from Y. pestis in complex with
ATP/ADP (represented as spheres), and a penta-alanine peptide as substrate (in orange). Panels A and B reproduced from
Shin et al. (2020)***. (C) Structure of the N-terminal domain of Lon from E. coli. Reproduced from Li et al. (2010)*?
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the seven-fold symmetry axis of ClpP but is rather tilted by 14 to 16 A (see Figure 9.D)34135 Such a
structural imbrication imposes a constraint on the relative position of the AAA+ domains, organized
a spiral conformation!3®. Consequently, the AAA+ hexameric ring may unfold up to eight residues per
ATP consumed.

A.3.5 Lon

Lon proteases are proteolytic complexes found in all kingdoms of Life'3’. They belong to the serine
protease S16 family®! but they have a catalytic dyad Ser-Lys instead of the classical Ser-His-Asp/Glu
of the serine protease-type®®®. Three classes of Lon proteases have been described: (i) LonA,
ubiquitous to bacteria and eukaryotes, (ii) LonB, found in archaea only, and (iii) LonC, mainly found
in Gram negative bacteria®3®14°, Each class is defined by a different subunit architecture. LonA and
LonB are both ATP-dependent proteases having a AAA+ domain along with the catalytic domain but
they differ on their N-terminal domain. The N-terminal domain of LonA has been reported to be
involved in substrate recognition'#%142, On the other hand, LonB does not possess the N-terminal
domain of LonA but has a transmembrane region inserted in the AAA+ domain®3'43, LonB probably
fulfils a function equivalent to that of FtsH since the latter is absent in archaea'3°. LonC has also three
domains but its N-terminal and ATPase domains are nonhomologous to those of LonA and LonB*%,
Its N-terminal domain consists of a zinc finger while its ATPase domain is closely related to RecA
rather than the AAA+ domain'#.

In E. coli, Lon (of the A class) has been reported to achieve about 50% of protein turnover
related to abnormal translation termination!4°. Indeed, it recognizes SsrA-tagged proteins resulting
from the ribosome rescue system'4®, Lon is also involved in degrading various protein substrates and
regulating numerous pathways3”147, It recognizes especially aromatic sequences being exposed

during protein unfolding4®

. In addition, Lon also plays a major role in the response to amino acid
starvation by degrading ribosomal proteins'®®. Albeit its involvement in protein turnover, Lon is
dispensable in E. coli under normal growth conditions as it is functionally redundant to HslUV, CIpAP,
and ClpXP’®. Regarding its catalytic activity, Lon can degrade in an ATP-dependent manner some
substrates but also hydrolyses unfolded substrates without consuming ATP*%151  Three
conformations have been described for Lon, depending on the availability of ATP and Mg?*. In
absence of both cofactors, Lon is completely inactive. Lon displays a high ATPase activity when ATP
is abundant while in the presence of Mg?*, the proteolytic activity is maximal*>%%>2, Finally, LonA and
LonC has been described to bind nonspecifically to chromosomal DNA via, respectively, the AAA+
domain and the catalytic domain#4149,

The members of the three Lon classes have been reported to be hexamers adopting similar
quaternary structures!38141,143,144,152-157 although no structural data is available regarding the ATPase
domain of LonC and the transmembrane region of LonB. Lon can be regarded as a trimer of dimers
adopting either a closed hexameric ring138144153-155157 gr an open spiral conformation4+143.155 Mg?*
has been shown to modulate the self-assembly of dimers into a hexamer in an ATP-independent
manner’>”1°8 The open spiral conformation corresponds to the idle state of Lon (see Figure
10.A)1#1143.155 The six monomers are spatially organized in a left-handed spiral that resembles to the
“lock-washer” structure of Anbu (see section A.3.3). The closed hexameric ring conformation is
promoted by the presence of ATP and a substrate (see Figure 10.B)'°>>>, In that conformation, the

catalytic domains are buried in an inner cavity, only accessible via the gate made of the AAA+
15
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INTRODUCTION

domains!3®153, The N-terminal domain of LonA has also been structurally characterized although
separately from the AAA+ and catalytic domains (see Figure 10.C)142159.160 Notably, it displays a very
long o helix of about 85 A in length. This oversized o helix has been proposed to function like a
“crowbar” to promote the disaggregation of protein aggregates'#.

A.3.6 FtsH

FtsH is the fifth AAA+ proteolytic complexes encountered in bacteria®. It is a membrane anchored
protein achieving mainly the turnover of membrane proteins’3728%, FtsH plays also a critical role in
regulating the level of lipid A as shown in E. coli (see Figure 11)*1. The regulation is mediated by the
conditional proteolysis of LpxC, the UDP-3-O-(R-3-hydroxymyristoyl)-N-acetylglucosamine
deacetylase, catalyzing the first step of lipopolysaccharide synthesis’®8%161 The level of LpxC is known
to be lowered during the stationary phase via FtsH-mediated proteolysis. FtsH also regulates the level
of RpoH (also known as ¢32) and YfgM (see Figure 11)7°. In normal growth condition, the chaperonins
DnaK and GroEL/S bind to RpoH and send it to FtsH to be degraded. During a heat stress, the
chaperonins release their grip on RpoH, inducing the transcription of the heat stress regulon'®?,
Meanwhile, YfgM is a transmembrane protein having a cytoplasmic domain and a periplasmic
domain'®3, The latter has a putative chaperonin function while the former sequestrates the Rcs
phosphorelay regulator, RcsB63164, Under osmotic stress or in stationary phase, YfgM is rapidly
hydrolyzed by FtsH, releasing RcsB163,

Currently, the structure of full-length FtsH remains unknown but its cytoplasmic part and
periplasmic part have been structurally characterized®%165-168 The cytoplasmic part is divided in three
domains (see Figure 12.A)8%165168 The first two subdomains, an o/f fold domain and a four-helix
bundle, constitute the AAA+ domain, involved in nucleotide binding'®’. The third domain possesses
the catalytic site and shows a unique fold for a co-catalytic peptidase. Despite having the “HEXXH"
motif, the FtsH catalytic domain fold does not look like zincins'®®, which are a superfamily of zinc-
dependent peptidases®®. Consequently, a MEROPS family has been designated for FtsH, the
metallopeptidase M41 familiy®?. It is worth noting that the FtsH subunit carries both the ATPase and
the protease functions, unlike ClpP and HslV. Amazingly, the cytoplasmic fragment of FtsH is a
hexamer with a quaternary structure reminding HslV (see Figure 12.B-C)'%>168 A|l the AAA+ domains
are oriented on one side of the hexamer and the six catalytic domains on the other side. Protein
substrates are believed to enter in the central pore on the side having the AAA+ domains (see Figure
12.D)'8, Interestingly, the periplasmic part also forms a hexamer, strongly suggesting that full-length
FtsH is hexameric too (see Figure 13)°, It consists of a B sheet with four strands surrounded by two
o helices and a 319 helix. The function of the periplasmic domain is still unknown but it could be
involved in substrate recognition in the perisplasm?6®,

A.3.7 HtrA

Proteases of the HtrA-family, belonging to the S1C family, are widespread among all kingdoms of
Life®L. In bacteria, HtrA proteases are localized in the periplasm but, in some species, they are also
found in the extracellular space3?8!, They are involved in the quality control of periplasmic and outer
membrane proteins, acting as either chaperones or proteases®!. The shift between both activities
seems to be temperature dependent, the chaperone activity being predominant at low temperature
and the protease activity being induced by heat stress!’C. Since there is no ATP in the periplasm or
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symmetry axis symmetry axis symmetry axis

Figure 14 — The quaternary structures of DegP. (A) Structure of hexameric DegP in an “open” conformation. It consists of
two stacked trimeric rings. The catalytic domains are highlighted in green, the PDZ-like domains in yellow and red. The
distance between two stacked trimers is about 15 A. (B) Structure of hexameric DegP in a “closed” conformation. The two
PDZ-like domains form extensive contacts. Panels A and B reproduced from Krojer et al. (2002)*3. (C) Structure of
tetracosameric DegP viewed from different symmetry axes. Each trimer is highlighted in different colors. Reproduced from
Krojer et al. (2008)'7.
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Figure 15 — Structure of dodecameric DegP encapsulating an OmpC molecule. The DegP trimers are emphasized in red,
green, blue, and magenta; OmpC in grey. PDB code: 2ZLE'">.



INTRODUCTION

the extracellular space, HtrA proteases are completely devoid of any ATPase activity!’!.
Consequently, protein degradation must rely on a different system for protein unfolding. The most
well-studied HtrA protease is DegP from E. coli. Initially, DegP was characterized as a protease having
a limited activity on a few target proteins in vitro'’®72, The first structural study showed that DegP
is an hexamer made of two stacked trimeric rings (see Figure 14.A)'3, The DegP subunit consists of
three domains: a catalytic domain and two PDZ-like domains. The PDZ-like domains were described
to control the distance between two stacked trimers (see Figure 14.B) and be involved in substrate
binding. The distance between the two rings is about 15 A, thus only oligopeptides or unfolded
proteins can enter in the catalytic tunnel®’3,

Hexameric DegP, however, is not regarded as the enzyme active form since a trimeric variant
retains the chaperone and proteolytic activities’’4. When incubated with denatured proteins, DegP
hexamers have been shown to self-assemble into cage-like superstructures with 12 or 24 subunits
(see Figure 14.C)Y7>176, To attain such quaternary structures, hexamers must intermediately
dissociate into trimers. It has been proposed that the signal promoting the self-assembly is the
covalent binding of a degron to the first PDZ-like domain'’’. The tetracosamer of DegP has a
molecular weight of 1.13 MDa and has a spherical shape with a diameter of about 200 A75176 The
inner cavity is so wide that it can accommodate a protein of 300 kDa. Thus, DegP is large enough to
make contact, via its PDZ-like domains, between the inner and outer membranes in E. coli'’>. It could
help outer membrane proteins to be folded and transported to the outer membrane, as shown in
the structure of dodecameric DegP in complex with OmpC (see Figure 15)¥’>. In addition, DegP
dodecamers and tetracosamers have been shown to display a higher proteolytic activity than
hexamers!’®. It is worth noting that E. coli possesses two other HtrA proteases, DegQ and DegS. DegQ
seems to be also involved in the quality control of periplasmic proteins, forming the same cage-like
structures than DegP'’817°, Meanwhile, DegS forms only trimers and acts as a sensor of unfolded
proteins in the periplasm!&. The binding of unfolded peptides to DegS triggers the degradation of
RseA, relieving the suppression of oF stress response!®.

A.4 Proteasome-associated peptidases in prokaryotes

The previous sections have introduced the major proteolytic complexes found in prokaryotes. The
size of peptides generated during proteolysis ranges from 3 to 30 amino acids in length, with a mean
length of six to nine residues?8?. In other words, the proteolytic complexes hydrolyze only 10-15% of
peptide bounds in proteins, while auxiliary enzymes must degrade the other 85-90% of peptide
bounds®l, There is a bountiful of auxiliary oligopeptidases that achieve peptide degradation. It would
be challenging to present every oligopeptidase families. Nonetheless, some of them have been linked
to proteolytic complexes or have a nanocompartmentalized activity. Nanocompartmentalization is
often seen as a strategy to avoid uncontrolled degradation of disordered parts of proteins. Several
oligopeptidases have been linked to peptide degradation in E. coli, especially PepA, PepB, PepD,
PepN, and PepQ (see section A.4.1)*%2, In archaea, Hsp31 homologs and acylpeptide hydrolases could
also be involved in peptide processing downstream the proteasome (see sections A.4.2-A.4.3)%3,
Finally, two gigantic self-compartmentalized peptidases, the Tricorn peptidases and TET peptidases,
have also been designated to act downstream the proteasome (see sections A.4.4-A.4.5)°0184,
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INTRODUCTION

A.4.1 Peptidases A, B,D, N, E, P, and Q

Miller and Schwartz (1978) reported that four peptidases (PepA, PepB, PepD, and PepN) are involved
in peptide degradation in E. coli*®. The knock-out of their respective genes confers a resistance to
polyvaline peptides. In addition, such a ApepA ApepB ApepD ApepN strain is dramatically impaired
in metabolizing peptides®?18 put it also accumulates peptides during growth, probably produced
during protein turnover and signal peptide processing®. PepA and PepB belong to the
metalloprotease M17 family. They have a broad substrate specificity but PepB can hydrolyze Asp-Xaa
dipeptides while PepA cannot!®”18  PepA has been studied thoroughly due to its moonlighting
functions. Indeed, it is involved in the regulation of the carAB operon and the site-specific
recombination of ColE1%9192, ColE1 is a natural plasmid presents in high copy number in E. coli
thanks to the site-specific cer recombination system resolving unstable plasmid multimers into
monomers®!, The cer recombination is strictly dependent on two trans-acting factors, ArgR and
PepA. The former is a regulatory protein controlling the expression of various regulons involved in
arginine metabolism®®3. The role of PepA in the cer recombination does not require its
aminopeptidase activity’®*. The regulation of the carAB operon also involves both ArgR and PepA'®,
The latter ensures a regulatory function on its own as the DNA of carP1 operator warps around one
PepA molecule, inhibiting the transcription initiation®>%, Of note, PepA, as a regulator, plays an
important role in the virulence of Pseudomonas aeruginosa and Vibrio cholerae**%’,
The structure of PepA is a triangle-shaped hexamer consisting of two stacked trimers (see
Figure 16.A-D)1919 The triangle length is about 135 A while its thickness is about 80 A. The PepA
subunit has two domains: (i) a N-terminal domain involved in the dimerization of two trimers and (ii)
a C-terminal domain harboring the active site. The six catalytic domains are clustered around the
three-fold symmetry axis of the triangle-shaped structure (see Figure 16.A-B), forming an inner cavity
of about 15 A of diameter. Three channels give access to the inner cavity. Each channel is delineated
by two N-terminal domains and two C-terminal domains (see Figure 16.C). Consequently, the
qguaternary structure of PepA can be regarded as a nanocompartmentalization of activity. Each
catalytic domain of a trimer interacts with another catalytic domain of the dyad trimer. The
interaction between two trimers also rely on the extensive contacts between the N-terminal domains
(see Figure 16.D). PepB adopts a hexagon-shaped hexamer with two stacked trimers (see Figure 17.A-
B)2%. Like PepA, PepB has a N-terminal domain and a C-terminal domain having the same functions.
The N-terminal domain of PepB, however, is shorter than its PepA counterpart. The N-terminal
extension of PepA is believed to be involved in protein-DNA interaction!®®. The six C-terminal catalytic
domains are also oriented inwards the PepB structure and are involved in stabilizing the interaction
between trimers (see Figure 17.A). The N-terminal domains assume the dimerization of two trimers,
like in PepA (see Figure 17.B). It is worth noting that the absence of metal ions in the catalytic site of
PepB provokes the displacement of several key-residues important in catalysis via loop disorders?®,
PepD has first been identified as a carnosinase in E. coli and Staphylococcus typhimurium,
providing a source of histidine?°1202, Although PepD is not restricted to Xaa-His bond cleavage and
exhibits a broad substrate specificity but with a low affinity?°1293, As expected from its membership
to the metalloprotease M20 family®! (see also section A.5.1.1), PepD is a dimer forming a peculiar V-
shaped structure (see Figure 18) as shown for the Vibrio alginolyticus enzyme?%. Its subunit consists
of two domains: (i) a catalytic domain with the typical a/p fold of the MH clan members, and (ii) a
18
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INTRODUCTION

dimerization/lid domain with an eight-strand 3 sheet on one side and four a helices on the other
side. In addition to its role in dimer formation, the dimerization/lid domain could control the access
of the substrate to the catalytic chamber?4,

PepN belongs to the metalloprotease M1 family, which is widely distributed in the whole tree
of Life®l. It has been proposed to fulfil peptide degradation downstream proteasome-related
complexes in E. coli?®2%, The alanyl-aminopeptidase activity in E. coli has mainly been attributed to
PepN?%7 but it accommodates preferentially basic residues in its S1 pocket?0>206:208.209 ‘Meanwhile,
PepN does not recognize peptides with an acidic residue at the P1 position?0>208209 The deletion of
pepN is not lethal but it results in a decreased hydrolysis of some synthetic peptides?°6:210,
Consequently, peptide turnover probably relies on redundant peptidases in E. coli as observed by
Miller and Schwartz (1978)*2. PepN seems to be involved in maturing peptidyl nucleosides such as
blasticidin S in Streptomyces griseochromogenes®'l. Regarding its structure, PepN does not
oligomerize but its catalytic cleft is compartmentalized. It has four domains, one of which being the
catalytic domain (see Figure 19.A)%%%212 The latter adopts a thermolysin-fold typical of gluzincins?®3.
The catalytic domain of PepN is sandwiched by two domains, restricting the access to the catalytic
cleft. The molecular mechanism behind a controlled substrate entry, however, is not yet fully
understood but the substrate seems to enter the catalytic cleft via a pore of about 8-10 A in size (see
Figure 19.B)?%®. In addition, the catalytic domain could alternate between an active closed
conformation and an inactive open conformation depending on substrate binding?°®?12, Of note, the
structure of PepN is closely related to that of the aminopeptidase F3, an auxiliary peptidase
interacting with the Tricorn peptidase (see section A.4.4)?12214,

Three other peptidases, PepE, PepP, and PepQ, could be complementary to the four
peptidases described above. PepE is a strict aspartyl-aminopeptidase releasing N-terminal aspartate
residue from di- and tripeptide?®. It belongs to the serine protease S51 family®?, exhibiting an unique
fold completely unrelated to the subtilisin-like, trypsin-like, and serine carboxypeptidase-like folds?6-
218 pepE homologs, however, are rather structurally heterogeneous regarding their oligomerization
state and catalytic triad (see Figure 20)?'’. Indeed, both monomers and dimers are encountered in
the S51 family. In addition, three different configurations of catalytic triad have been reported so far:
Ser-His-Glu, Ser-His-Asp, and Ser-His-Asn. All monomeric PepE homologs display the Ser-His-Asn triad
(see Figure 20), resulting in a loss of aminopeptidase activity?t”2!8, Even dimers show an activity
variability, depending on the presence of a 3 hairpin tail and loop capping the active site (see Figure
20). PepE homologs without these structural motifs act as an esterase rather than an
aminopeptidase?!’. PepP and PepQ are both prolyl-aminopeptidases cleaving Xaa-His bond?'%22°,
PepQ hydrolyzes dipeptides while PepP degrades longer peptides. Both enzymes are structurally
related since they belong to the metalloprotease M24 family®l. Their catalytic domains adopt the
common Pita-bread fold of the M24 family (see Figure 21.A-B)?*1-224 PepP and PepQ, however, show
structural differences regarding their dimerization domains and oligomerization states. The
dimerization domains of PepP and PepQ are related, showing the same dimerization interface.
Indeed, a long loop interacts with its dyad counterparts capping the catalytic domain (see Figure
21.C). The dimerization domain of PepP, however, has an additional [ strand in the central 3 sheet
and two elongated o helices that promote the formation of tetramers (see Figure 21.C).
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Figure 22 — The Hsp31 peptidases. (A) Structure of PH1704 hexamer with the six subunits highlighted in red, green, blue,
yellow, magenta, and cyan. PDB code: 1G21%?%, (B) Schematic representation and (C) surface representation of the Hsp31
structure from S. aureus. The two subunits are colored in pink and cyan, with the P domain highlighted in dark color.
Reproduced from Kim et al. (2017)%%.
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Figure 23 — The acylpeptide hydrolases of the S9C family. (A) Structure of APH from A. pernix, with the subunits highlighted
in blue and red. The catalytic domain and the 7 propeller domain are shown in dark and light colors, respectively. PDB code:
1VE6%*1, (B) Structure of APH from P. horikoshii viewed from the 3-fold symmetry axis, with the six subunits highlighted in
blue, red, green, yellow, magenta, and cyan. The catalytic domain and the 7 propeller domain are shown in dark and light
colors, respectively. PDB code: 4HXE?*. (C) Structure of APH from P. horikoshii viewed from a 2-fold symmetry axis,
corresponding to an access pore to the central catalytic chamber. The loop extension of the B7 propeller domain is
highlighted in orange and marked by an asterisk (*).
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A.4.2 Hsp31 peptidases

Cystein proteases of the C56 family could also be involved in peptide degradation!®22°, The C56
family occurs in all kingdoms of Life but its members have moonlighting functions. Archaeal enzymes
are described as proteases since Pfpl and PH1704 of P. furiosus and P. horikoshii, respectively, can
degrade casein and gelatin??’-22°, Despite their proteolytic activity, they are more likely
oligopeptidases since they cannot hydrolyze peptides of more than 20 amino acids in length?3°. Both
enzymes are homologous to Hsp31, a heat shock protein found in bacteria and fungi®®!. In E. coli,
Hsp31 is a moonlight enzyme behaving as a chaperone?3232, an aminopeptidase??®, and a glyoxylase
111733, The combination of chaperone and aminopeptidase activities is not surprising since other
proteases fulfil both functions, such as DegP'’>. The genuine glyoxylase activity of Hsp31 is
glutathione-independent and has been proven to be required in glycated proteins?33234, Albeit being
homologs, the oligomerization states of archaeal Pfpl and PH1704 differ from that of Hsp31. Indeed,
Pfpl and PH1704 have been reported to form dimer, trimer, and hexamer??7228, The structure of
PH1704 hexamer, the most active oligomeric form, has been solved showing a toroidal quaternary
structure with a central hole limiting the access to the active sites (see Figure 22.A)??8, Meanwhile,
Hsp31 forms dimers only, as shown in E. coli and S. aureus (see Figure 22.B)?3423>_|ts subunit consists
of two domains, A and P, both important for catalysis and oligomerization. Since being absent in Pfpl,
the domain P has been proposed to hinder the hexamer formation?2%23>, The quaternary structure of
Hsp31, however, displays two structural features, a “canyon” and a “bowl”, probably involved in
protein-protein interactions (see Figure 22.C). Such interactions could be important for Hsp31
activity?3123% and intervene in the interaction of Hsp31 with ClpAP, GroEL, and the elongation factor
EF-Tu in E. coli??®.

A.4.3 Acylpeptide hydrolases and prolyl oligopeptidases

Acylpeptide hydrolases (APH) and prolyl oligopeptidases (POP) are serine proteases of the S9 family®.
While the latter is widely distributed in the whole tree of Life, the former is found mainly in
eukaryotes and archaea. Consequently, they have been classified into two subfamilies: APH is part of
the S9C subfamily and POP belongs to the S9A subfamily. APH and POP have been proposed to
degrade peptides downstream the proteasome due to their broad substrate specificities?3®. APH
hydrolyzes N-terminally blocked peptides, like acylated and formylated peptides, releasing acyl
amino acids?3”238, Archaeal enzymes were thought to be strict APH having an exopeptidase activity?3®
but they have been shown to hydrolyze unblocked peptides and act as endopeptidases as well?3%24°,
Several structures of archaeal APH are readily available showing diverse oligomeric states despite
sharing a common subunit structure?*1-243, Indeed, APH of Aeropyrum pernix is a dimer (see Figure
23.A) while that of Pyrococcus horikoshii is a hexamer (see Figure 23.B). The difference of oligomeric
states could be linked to nanocompartmentalization seen in the P. horikoshii enzyme. In dimeric APH,
the access to the catalytic site is probably controlled via an open/closed conformation, each subunit
being independently active?*2. In P. horikoshii APH, the six subunits are organized to form three
permanent pores leading to a central catalytic chamber towards which point the six active sites (see
Figure 23.B-C)?*. The typical APH subunit consists of two domains, a seven-blade {3 propeller and an
o/ catalytic domain (see Figure 23.A-C). The former is probably involved in substrate specificity,
guiding substrates to the catalytic site. The catalytic domain displays the Ser-His-Asp catalytic triad
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and ensures dimerization via the formation of a sixteen-strand 3 sheet?*242, In P. horikoshii APH, the
dimerization involves an adaption of the 3 propeller which consists of a long loop of the 3 propeller
interacting with the catalytic domain of the dyad (see Figure 23.C). The trimerization of dimers relies
on extensive interactions between 37 propeller domains (see Figure 23.B).

POP is structurally related to APH, except that only monomers and dimers have been
described. The POP subunit also possesses two domains, a seven-blade B propeller and an o/
catalytic domain (see Figure 24.A-B)?*-2%6, The movement of the two domains between an open and
a closed conformations regulates the access to the catalytic site (see Figure 24.C)?*>. As suggested by
its name, POP hydrolyzes preferentially Xaa-Pro or Pro-Xaa bonds?*’. Albeit being homologous to
POP, the oligopeptidase B has a different substrate specificity?*’. The oligopeptidase B recognize only
basic residues at the P1 position?®. Its structure is closely related to monomeric POP (see Figure
24.D)%*. Of note, no homolog of oligopeptidase B is found in archaea®’.

A.4.4 Tricorn peptidases

Tricorn peptidases (TRI) are another example of activity nanocompartmentalization through
oligomerization in prokaryotes. They are ATP-independent carboxypeptidases belonging to the serine
protease S41 family, according to MEROPS classification®!. The TRI of Thermoplasma acidophilum
(TaTRI) has extensively been studied and has been proposed to act downstream the proteasome®°. A
Tricorn peptidase hydrolyzes peptides of up to 30 amino acids in length into shorter ones of 2-4 amino
acids?®°. The shorter peptides are further processed by three interacting auxiliary aminopeptidases,
F1, F2, and F32°0-22, TRI recognizes preferentially aliphatic, aromatic, and basic residues in the S1
pocket, although being able to completely degrade insulin B2°%252253, The most striking feature of TRI
is ungquestionably their quaternary structure. TaTRI is a 720 kDa-hexamer adopting a hexagon-like
shaped toroid consisting of two perfectly staggered trimeric rings (see Figure 25.A-B)>%%>* The
toroid has a diameter of about 160 A and a thickness of 88 A. The central pore is conical shaped with
an external diameter of 45 A and an internal diameter of 20 A. Despite the three-fold symmetry,
TaTRI hexamer is an assembly of three dimers having an extensive interaction surface involving
several domains®*2>>, The peculiar quaternary structure has given the name to TR, referring to a
tricorn hat. A higher oligomeric form has also been reported for TaTRI in vivo with twenty hexamers
assembled into a virus-like icosahedron (see Figure 25.C)?>%:256:257,

A TRI subunit consists of five domains: a 6 propeller domain, a 37 propeller domain, two
core domains C1 and C2 forming the catalytic domain, and a PDZ domain between C1 and C2 (see
Figure 26.A)2>4255, In the hexamer structure, the six B7 propeller domains are oriented inwards the
central pores while the 36 propeller domains are exposed at the toroid external surface (see Figure
26.B). The B7 propeller domains partly ensure the oligomerization by interacting with neighbor PDZ
domains. They also control the access of substrate to the catalytic site?>>2°8, The B6 propeller
domains are involved in the egress of hydrolysis products?>>2°8 and probably dock the auxiliary
aminopeptidases F1, F2, and F32142>°, |n addition to its role in the TRI oligomerization, the PDZ
domain could also play an important role in substrate recognition?>>2°, The catalytic serine residue
is localized in the C2 domain while the histidine residue of the catalytic triad is within the C1
domain?>*. An aspartate residue brought by the C2 domain of the neighboring dyad subunit has also
been described to be important for the specificity of the S1 pocket2>42>>258,
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(PDB code 1XFO). (B) Structure of the M18 aminopeptidase PaAP of P. aeruginosa (PDB code 4NJR). (C) Structural alignment
of PhTET2 subunit (white) vs. PaAP subunit (blue).



INTRODUCTION

The aminopeptidases F1, F2, and F3 achieve the complete peptide processing downstream
TRI, thanks to their complementary substrate specificities. Indeed, the aminopeptidase F1 is a prolyl-
oligopeptidase belonging to the serine protease S33 family?°1252259.260 The aminopeptidase F2 is a
tyrosyl-/arginyl-aminopeptidase while the aminopeptidase F3 has a clear preference towards acidic
residue?'422, Both aminopeptidases F2 and F3 are related and belong to the metalloprotease M1
family?'#. Albeit their original quaternary structure, TRI are not widespread among prokaryotes. In
Bacteria, TRl are found in Vibrio, Bacteriodes, Prevotella, and Streptomyces genera while, in Archaea,
TRI occur in Sulfolobales, Thermoplasmatales, and Thermoproteales?6t. The function of TRI could be
fulfilled by TET aminopeptidases in prokaryotes lacking any TRI coding gene in their genome!84262,

A.4.5 TET aminopeptidases

Although being evolutionary distinct, the M18 and M42 families are closely related since their
members are structurally related®. Indeed, their quaternary structure consists of twelve subunits
forming a tetrahedron-shaped particle (see Figure 27.A-B). The M18 and M42 aminopeptidases have
been nicknamed “TET aminopeptidases” after such a peculiar trait?6272%4, The subunit structure
contains two domains: a catalytic domain and a dimerization domain (see Figure 27.C)84265-267 The
catalytic domain structure is conserved between the M18 and M42 families. Their dimerization
domains, however, adopt two different folds: the PDZ-like domain of M42 aminopeptidases and the
butterfly-fold domain of M18 aminopeptidases. Of note, the latter is still related to the former as the
butterfly-fold resembles to an extended PDZ-like domain?6¢267, The major difference between the
M18 and M42 family is their phylogenic distribution (see section A.5.1.1). While the M18 family is
widely distributed in all kingdoms of Life, the M42 family is ubiquitous to prokaryotes.

The M42 aminopeptidases have been proposed to work in concert with proteolytic complexes
in prokaryotes!84262.263,268 Since this PhD thesis focuses on M42 aminopeptidases, they will be
extensively described in the next introductory section (see section A.5). The knowledge about
prokaryotic M18 aminopeptidases is extremely scarce, the aspartyl-aminopeptidase of Pseudomonas
aeruginosa being the unique characterized member?°®, Eukaryotic M18 aminopeptidases have been
better studied, especially a highly conserved aspartyl-aminopeptidase?®®?71, In mammals, the M18
aspartyl-aminopeptidase DNPEP, is particularly abundant in the brain, neuroendocrine tissues, and
neural retina2®®272273_ DNPEP has been reported to convert angiotensin Il to angiotensin lIl,
potentially playing an important role in the renin angiotensin system that regulates blood pressure?®°,
It has also been shown to interact with a chloride transporter, improve albumin uptake, and stabilize
the cytoskeleton?’#. Furthermore, the gene coding DNPEP is overexpressed in brain tumors, breast
cancer, and colorectal cancer?’>277, but its role in tumoral tissues is not yet understood. The
structures of Homo sapiens and Bos taurus DNPEP have been solved, showing the tetrahedral
architecture of the twelve subunits like M42 aminopeptidases?®”?73. In the human parasite
Plasmodium falciparum, DNPEP plays an important role in hemoglobin catabolism and binds to
several erythrocyte membrane proteins?’8280 As expected, the P. falciparum DNPEP adopts the
same quaternary structure as its mammalian counterparts?®l. Of note, the knockout of DNPEP is
lethal in P. falciparum?® while it reduces the virulence of Toxoplasma gondii*®2.

In addition to DNPEP, fungi possess a second M18 aminopeptidase. They have been
thoroughly characterized in Saccharomyces cerevisiae, especially the leucyl-aminopeptidase Apelp.

This enzyme is transported as an inactive pre-protein from the cytosol to the vacuole independently
22



©oe

O prApel
%"o Dodecamer
0% g
Cy égO‘
-Qg~

Cvt Vesicle

VET Complex

’Atg9

Phagophore
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cytosol. Atgl9 recognizes the signal peptide of Pre-Apelp and promotes its aggregation into Cvt complexes. The recruitment
of Atgll and Atg8 are required to stabilize the Cvt complexes and to form lipid bilayer vesicles. Reproduced from Lynch-Day
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Figure 29 — The structure of the aminopeptidase Ap1l of V. proteolyticus. (A) Close-up view of the catalytic site with the
seven conserved residues found in all MH clan members highlighted as sticks. The two Zn?* are represented as grey spheres
and annotated as Zn1 and Zn2. The water molecule involved in peptide bond hydrolysis is represented as a red sphere. (B)
Schematic representation of VpAp1 structure with o helices colored in orange and B strands in blue. PDB code: 1AMP**,
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of the Golgi secretory pathway?83284 |t relies on the Cvt pathway (cytosol-to-vacuole transport)
which consists in the formation of phagophores using the same machinery than macroautophagy
(see Figure 28)28>286 Atg19p recognizes the signal peptide of Apelp triggering the recruitment of
Atgllp and Atg8p, both required to stabilize the lipid bilayer vesicle?®>72%, It is worth noting that
Apelp has a scaffold function in the Cvt vesicles which are not formed in its absence?®’. In addition,
the Cvt vesicles are smaller and more uniform (about 150 nm of diameter) than autophagosomes
(about 300-900 nm)?*12%2, Apelp gains its function when it is delivered into the vacuole and its signal
peptide is cleaved by the Prb1p?®3. The structure of Apelp has revealed the importance of the signal
peptide in the controlled aggregation of Apelp-Atg19p complex®®*. Two other hydrolases, the o-
mannosidase Amslp and the DNPEP homolog Apedp are known to hitchhike Cvt vesicles by
interacting with Ape1p?29>2%,

A.5 M42 aminopeptidases

This introductory section is a literature review about the M42 aminopeptidases, the topic of this PhD
thesis. Their biochemical characteristics (see section A.5.2), structural peculiarities (see section
A.5.3), and putative function (see section A.5.4) will be covered thoroughly in the next pages. Before
getting into the heart of the matter, the MH clan will be introduced to show the diversity of its
members. The phylogeny of the M42 family will also be discussed with a cross reference to the Tricorn
peptidases (see section A.4.4) and the M18 aminopeptidases (see section A.4.5). Their occurrence in
the three kingdoms of Life will also be discussed in detail along with some genetic aspects which will
shed light on their diversity.

A.5.1 M42 family

A.5.1.1 MHclan

The MH clan regroups four families of proteolytic enzymes, namely M18, M20, M28, and M42. Its
members exhibit a panel of activities: aminopeptidase, carboxypeptidase, dipeptidase, and
tripeptidase?®’. In addition, some of them are moonlighting enzymes having non-peptidolytic
activities like DapE, an aspartyl aminopeptidase acting also as an N-succinyl-L,L-diaminopimelate
desuccinylase?®®2%, Despite being evolutionary distinct based on their sequence homology, the four
families of the MH clan have a shared sequence motif with seven highly conserved residues3%. These
residues are localized in the active site, as observed in the structure of the aminopeptidase Ap1l of
Vibrio proteolyticus (VpAp1). In VpApl, the seven conserved residues are His-97, Asp-99, Asp-117,
Glu-151, Glu-152, Asp-179, and His-256 (see Figure 29.A). Five of them are involved in the
coordination of two metal ions. The first metal ion binding site is composed of Asp-117, Glu-152, and
His-256 while the second is made of His-97, Asp-117, and Asp-1793°1, Asp-117 is shared between both
binding site as it bridges both metal ions. Glu-151 is the catalytic base required for deprotonating the
water molecule prior to hydrolysis3°%3%, Finally, while not being catalytically involved, Asp-99 may
play an important role as it forms a kind of catalytic triad with His-97 and the second metal ion304-3%7,
It has been proposed that Asp-99 could reduce the Lewis acidity of the metal ion via its interaction
with His-97. As a result, the two metal ions could have a different Lewis acid strength, explaining their
distinct role in the catalytic mechanism (see section A.5.2.2).
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vs. the carboxypeptidase G2 from P. aeruginosa (blue, PDB code: 1CG2). (B) Structural alignment of VpAp1 vs. PhTET2 from
P. horikoshii (pink, PDB code: 1YQY). (C) Structural alignment of VpAp1 vs. hDNPEP from H. sapiens (gold, PDB code: 4DYO).
The carboxypeptidase G2, PhTET2, and DNPEP belong to the M20, M42, and M18 families, respectively.
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H. sapiens (M28) P. aeruginosa (M20) P. horikoshii (M42) H. sapiens (M18)

Figure 31 — The oligomerization states of MH clan enzymes. (A) The quaternary structures of the glutamate
carboxypeptidase Il from H. sapiens (PDB code 1Z8L), the carboxypeptidase G2 from P. aeruginosa (PDB code 1CG2), PhTET2
from P. horikoshii (PDB code 1YQY), and hDNPEP from H. sapiens (PDB code 4DYO) are shown as examples to illustrate the
oligomerization states found in the M28C, M20, M42, and M18 families, respectively. The catalytic domains are colored in
blue, the dimerization domains in yellow. The glutamate carboxypeptidase Il possesses a third domain (in grey) having a
putative receptor function3. (B) The dimerization domain folds of the enzymes illustrated in the upper panel.
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VpAp1 has been thoroughly studied biochemically and structurally3%. As a result, it has been
proposed to be an MH clan type enzyme. It belongs to the M28 family and displays a leucyl-
aminopeptidase activity. VpAp1 is a monomeric enzyme secreted by V. proteolyticus, probably to
degrade peptides for nutrients. Its structure adopts a common o/ fold with a central 3 sheet made
of eight B strands surrounded by eight a helices (see Figure 29.B). Surprisingly, all MH clan members
possess a catalytic domain with the same fold as VpApl even though the four families are
evolutionary distinct (see Figure 30). The four families, however, differ greatly on their
oligomerization state and how their quaternary structure is achieved. Monomeric enzymes are
reported in the M28A and M28E subfamilies, like the aminopeptidase S from Streptomyces griseus
and VpAp139%3%% The M28C subfamily seems to include dimeric enzymes, like the glutamate
carboxypeptidases Il and Il from Homo sapiens3%31, In these two enzymes, the dimerization domain
consists of four a helices juxtaposed to the catalytic domain so that the subunits interact back to
back (see Figure 31.A). In the M18, M20, and M42 families, the dimerization domains are totally
different from that of the M28C subfamily as they are clearly separated from the catalytic domain
(see Figure 31.A). The M18, M20, and M42 peptidases, however, have dimerization domains
adopting different folds (see Figure 31.B).

The dimerization domain of the M20 peptidases consists of a 3 sheet made of four [ strands
flanked by two o helices. The interaction between two subunits relies on hydrophobic interactions
between two helices and the formation of a continuous 3 sheet between both dimerization domain
(see Figure 31.A). The vast majority of M20 peptidases forms dimers, such as the carboxypeptidase
G2 from Pseudomonas sp., PepT from Salmonella typhimurium, the carnosinase CN2 from Mus
musculus, the L-carbamoylase from Geobacillus stearothermophilus, and the bacterial DapE2°2:312-315,
HmrA from Staphylococcus aureus, belonging to the M20 family, has been reported as tetramer
where two dimers interact via the eight a helices of their dimerization domains3!6. As explained in
section A.4.5, the M18 and M42 aminopeptidases are dodecameric enzymes adopting a tetrahedral-
shaped structure. They possess a dimerization domain having two distinct, but related, folds (see
Figure 31.B): a butterfly fold for the M18 family and a PDZ-like fold for the M42 family®42¢7_ |n both
cases, dimers self-assemble into dodecamers or even in tetracosamers (24 subunits). The structures
of the M42 aminopeptidases will be described in section A.5.3.

A.5.1.2 MA42 family phylogeny

The M42 family has the singularity to be ubiquitous to prokaryotes while the M18, M20, and M28
families are distributed in all kingdoms of Life. According to Pfam database (accession number of the
M42 family: PF05343), M42 aminopeptidases are found in 2,242 out of 6,948 reference bacterial
proteomes3!’. They occur mainly in Firmicutes, Proteobacteria, Bacteriodetes, Actinobacteria,
Deinococcus-Thermus, Cyanobacteria, Thermotogae, Planctomycetes, and Chloroflexi phyla. In
Archaea, M42 aminopeptidases are present in 238 out of 295 reference proteomes, i.e. all archaeal
phyla except Methanomicrobia and Thermoplasmata classes. The phylogeny of the M42 family does
not show a clear distinction between bacterial and archaeal sequences (see Figure 32). A
phylogenetic branch of some archaeal enzymes clearly diverges while the others are related to
bacterial enzymes. Two distinct lineages, however, have been proposed based on whether the origin
is coming from Archaea or Bacteria3'8. In addition, lateral gene transfer might have occurred between

Bacteria and Archaea species during the evolution. The number of genes coding M42
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aminopeptidases may also vary from one to four copies. For instance, in Archaea, Haloarcula
marismortui has only one gene coding an M42 aminopeptidase?®? while Pyrococcocus horikoshii has
four genes3'831% The same multiplicity is also observed in Bacteria, like in Escherichia coli and Bacillus
subtilis having three copies of gene coding M42 aminopeptidase located in different operons.
Moreover, in some bacteria, the different copies can be organized in a single operon, like in
Thermotoga maritima. The copy number of genes coding M42 aminopeptidases reflects the
difference of substrate specificities. This point will be discussed later in section A.5.2.

Due to their wide distribution among prokaryotes, the M42 family has been proposed to
achieve peptide degradation downstream the proteasome and related complexes®+262, Tricorn
proteases have been assumed to fulfil the same function in species lacking an M42 aminopeptidase
coding gene. The latter hypothesis, however, seems unlikely as tricorn proteases are found only in
the Streptomycetaceae family and in Thermoplasmatales and Sulfolobales orders for Bacteria and
Archaea, respectively3?3. It is worth noting the distinct distribution of the M18 and M42 families. The
phylogenetic distribution of the M18 family is less widespread in prokaryotes than the M42 family.
Indeed, it is found mainly in Firmicutes, Proteobacteria, and Actinomycetes while being almost
absent from Archaea, except in the Thermoplasmata class. The main difference between both family
is that M18 aminopeptidases are widely distributed among Eukaryota, occurring in 809 out of 1,230
reference proteomes3!’. Hence, taking the M18 and M42 families together makes the TET peptidases
good candidates to achieve peptide degradation in association with the proteasome since many
organisms possess either an M18 or M42 aminopeptidase.

A.5.2 Activity of M42 aminopeptidases

A.5.2.1 Substrate specificity

The members of the M42 family are aminopeptidases, i.e. exopeptidases degrading peptides from
their N-terminus and releasing one amino acid at a time. They are not processive meaning that the
peptide is released each time a peptide bond is hydrolyzed3?4326, Regarding to the substrate length,
the M42 aminopeptidases could degrade peptides of up to 32 amino acids in length, as shown for the
TET peptidase from H. marismortui?®?. The processing of long peptides, however, is slower than that
of shorter substrates. Still, an efficient hydrolysis is observed for peptides of up to 12 amino acids in
length?62324, Synthetic substrates are commonly used to determine the substrate specificity of
aminopeptidases, mostly an amino acid coupled with p-nitroaniline or 4-methylcoumarin (the amid
bond mimicking a peptide bond). Some M42 aminopeptidases, however, are inactive with such
synthetic substrates but display hydrolytic activity against dipeptides3?°.

The substrate specificity of an M42 aminopeptidase will depend on the Si pocket that
accommodates the N-terminal residue of the substrate. A variety of charge distributions in the S
pocket have been reported for several M42 aminopeptidases. A broad substrate specificity has been
reported for two M42 aminopeptidases, the TET peptidase from H. marismortui and YpdE from E.
coli?®?327 The broad substrate specificity has been linked to the gene copy number as H. marismortuis
has only one gene coding a M42 aminopeptidase?®3. This hypothesis, however, cannot be generalized
since E. coli possesses three different M42 aminopeptidases, including YpdE. That topic will be further
debated in section B.5 (page 99) where the substrate specificity of the three E. coli enzymes is
described. The other characterized M42 aminopeptidases display a much narrower substrate
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Figure 33 — Schematic representation of the catalytic mechanism of VpAp1. The ligands of the two zinc ions are only shown
in the first panel (left corner). Reproduced from Stamper et al. (2001)*"".
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specificity than the TET peptidase of H. marismortui. Some M42 aminopeptidases have a glutamyl-
aminopeptidase activity, degrading preferentially peptides with a glutamate or an aspartate residue
at the P; position3?8331, The lysyl-aminopeptidase activity has also been reported for M42
aminopeptidases, with the degradation of peptides with a lysine or an arginine residue at the P;
position32>332333 Other M42 aminopeptidases display a leucyl-aminopeptidase activity, cleaving
peptides with a leucine, methionine, valine, or alanine at the P1 position323324334-338 Recently, a
glycyl-aminopeptidase activity has been reported for PATET4 from P. horikoshii?*°. This finding is quite
interesting as P. horikoshii possesses four M42 aminpeptidases having each a different substrate
specificity319:324325329338 The combination of these enzymes could virtually degrade any peptide,
except the Xaa-Pro bond requiring an Xaa-Pro peptidase activity (not yet discovered in the M42
family). This point will be further discussed in section A.5.4.2 about the existence of
heterocomplexes. It is worth noting that, despite their marked substrate preferences, many M42
aminopeptidases can still degrade peptide with an unfavored P1 residue. For instance, PhTET1, which
is a glutamyl-aminopeptidase, can hydrolyze an Ala-Ala peptide326:339,

A.5.2.2 Proposed catalytic mechanism

As discussed earlier, M42 aminopeptidases are metalloenzymes having two metal ions involved in
catalysis. Due to their two metal ion centers, they are also referred as dinuclear or co-catalytic
enzymes. The catalytic mechanism of M42 aminopeptidases has not yet been studied extensively but
it may be similar to that of VpAp12%°, due to the relatedness of their catalytic domains. It is even
generally accepted that all MH clan enzymes have a similar catalytic mechanism to that of VpAp134°,
The catalytic mechanism of VpAp1 is rather well understood due to a bountiful of studies about this
enzyme301-307,341-362 Stamper et al. (2001) proposed a catalytic mechanism for VpAp1 involving two
metal ions in the substrate binding and the activation of a water molecule3’. This catalytic
mechanism was extensively reviewed by Richard Holz3% and is presented in Figure 33. The two bound
Zn?* are coordinated in a distorted tetrahedral geometry3%L. The first metal binding site (M1 site)”
consists of Asp-117, Glu-152, and His-259, coordinating the Zn1. The second site (M2 site)” is made of
His-97, Asp-117, and Asp-179. The water molecule involved in the hydrolysis constitutes the fourth
ligand in the tetrahedral coordination. The two zinc ions, however, are biochemically distinct and
fulfil different roles347:348, Their roles have been defined thanks to the structures of VpAp1 obtained
in complex with four inhibitors: p-iodo-D-phenylalanine hydroxamate, 1-butaneboronic acid, L-
leucine phosphonic acid, and bestatin303304307.358  Of note, the second inhibitor mimics the
Michaelian complex while the third mimics the tetrahedral transition-state intermediate.

The first step is the binding of the incoming peptide substrate via the interaction between the
carbonyl oxygen of the P residue and Zni. Concomitantly, the water molecule is deprotonated by
the catalytic base, Glu-151, with the assistance of Zn,. The environment of Zn; is thought to be so
negatively charged that its charge is neutralized3°4307:363, Asp-99 may play an important role as it
interacts with His-97, forcing the imidazole ring to be deprotonated. As a result, due to charge
repulsion, the hydroxide ion is transferred to Zni, which stands close to the peptide bond to be
hydrolyzed. Meanwhile, Zn, can establish an interaction with the N-terminus of the substrate. The

* Author’s note: The author draws reader’s attention to the definition of the M1 and M2 sites. Both abbreviations will be
used extensively hereafter.
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INTRODUCTION

second step is the formation of the transition-state intermediate following the nucleophilic attack of
the hydroxide ion on the carbonyl. Due to the formation of a gem-diol (i.e. two alcohol functions on
the same carbon), the transition-state intermediate adopts a tetrahedral geometry. This
intermediate is stabilized via its interactions with Zni, Zn, and Glu-151. Both Zn?* are
hexacoordinated with a distorted octahedral geometry307,3°8362 The third step is the cleavage of the
scissile C-N bond and the release of reaction products. During this step, Glu-151 acts as a proton
donor, ceding a proton to the penultimate nitrogen of the amine bond. The tetrahedral coordination
geometry of both metal ions is restored as a water molecule replaces the products being released.

Having two bound metal ions is not a strict prerequisite for the activity of VpApl. Indeed,
VpAp1 keeps about 80 % of its activity with only Zn; bound304344347 A similar observation has been
reported for the methionyl aminopeptidase from E. coli, an unrelated dinuclear enzyme from the
M24 family3%4. Regarding the M42 family, the catalytic mechanism of M42 aminopeptidases could
differ from that of VpAp1, mainly on the role of the metal ions. Russo and Baumann (2004) proposed
the role of Zn1 and Zn; could be swapped in PhTET2 from P. horikoshii?®>. Indeed, in the structure of
PhTET2, the M2 site has a greater metal ion binding affinity than the M1 site. Colombo et al. (2016)
reported the same observation for PfTET3 from P. furiosus®. In that case of study, PfTET3 retained
75% of its activity after losing the metal ion from the M1 site. Such a behavior contrasts with VpAp1l
for which the M1 site has the highest affinity and must be occupied for peptide hydrolysis.
Nevertheless, the structure of PhTET2 in complex with amastatin suggests that the substrate binding
is the same as that of VpAp1®4, Finally, the oligomerization of M42 aminopeptidases seems to be
driven by their metal ion cofactors (see section A.5.3.3)3,

A.5.2.3 Metal ion cofactor

As seen in the previous section, two metal ions are involved in peptide bond hydrolysis by M42
aminopeptidases. Cobalt ions have been shown to activate many M42 aminopeptidases, suggesting
cobalt could be their favored cofactor3?>327,328,331-333,335,339,365-372_(Qther divalent metal ions can have
various effect on these enzymes, often inhibitory (see Table 1). In some exceptions, another divalent
metal ion is preferred to Co?, like Ni** and Mg*/Mn?* activating PhTET4 and APDkam589,
respectively3®337, In the available structures of M42 aminopeptidases, both Co?* and Zn?* are
observed in the active sites, even in enzymes activated by Co?* and inhibited by Zn?*, like PhTET33%,
This discrepancy is quite surprising but three key concepts must be kept in mind.

Firstly, the Irving-Williams series Mn?* < Fe?* < Co?* < Ni?* < Cu?* > Zn?* dictates the stability
between a metal ion and its ligands3’3374, The most stable complex is encountered with Cu?* while
the less stable happens with Mn?*. Depending on oxidoreduction conditions, Zn** may form more
stable complex with ligands than Cu?*, which is typically the case in the cytoplasm37>37¢, The Irving-
Williams series, however, is modulated by (i) the availability of metal ions in vivo, (ii) the nature of
ligands, and (iii) the coordination geometry of metal ion binding sites found in proteins. Indeed, there
are more Mg?* binding proteins than Zn?* binding proteins because Mg?* is far more abundant in cell
than Zn?* (mM vs. uM range)3”’. Mg?* and Mn?* are more likely bound by carboxylate functions while
Cu?* favors interactions with amine groups, such as the imidazole ring. The other divalent metal ions
are “borderline” as they interact with both carboxylate and amine groups. The coordination
geometry also influences the binding of metal ions. For instance, Cu?* prefers a square planar while
Zn?* a tetrahedral geometry (see Figure 34). Even though Co?* adopts preferentially an octahedral
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Figure 34 — Some common coordination geometries of divalent metal ions. Adapted from Yao et al. (2015)3”°.
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Figure 35 — Fraction f of Zn(ll) existing in solution as Zn?*, Zn(OH)*, Zn(OH),, Zn(OH)s", and Zn(OH), vs. pH. Reproduced from
Reichle et al. (1975)*%.

L-Ala-pNA L-Val-pNA L-Leu-pNA
Enzyme form
Keat Km Keat/Km x 107 Keat K keat/Km x 107 keat Km keat/Km x 10
site1  sSite2z  (minY)  (uM) (M1 min?) (minl)  (uM) (M min?) (min?)  (uM) (M min?)

n*  Zn? 17.3 1000 1.7 10.6 25 42.4 4720 23 20520
n*  Co* 212 1250 1.7 10.5 22 47.7 2166 14 15470
n* N2 27.0 286 9.4 14.6 20 73.0 4200 23 18260
Zn¥  Ccu? 14.2 740 1.9 12.4 29 42.8 3270 13 25150
Co?  Co? 44.8 435 10.3 7.3 11 66.4 1360 4,0 34000
Co*  Zn* 52.2 870 6.0 9.5 7.0 135 1990 8.0 24880
Co®  Ni** 85.6 333 25.7 9.8 11 89.1 942 5.0 18840
Co®  Cu® 41.3 80 51.6 5.9 1.0 590 706 4.0 17650
NiZ* N 53.6 137 39.1 5.3 0.9 589 784 10 7840
NiZ*  Zn? 3120 213 146.0 14.8 0.4 3700 248 16 1550
NiZ*  Co* 93.3 122 76.5 8.1 0.9 900 713 6.0 11880
Nt cu® 14.4 114 12.6 4.1 0.8 513 271 13 2090
Cu*  Ccu® 5.4 36 15.0 2.6 1.0 260 240 13 1850
cu  Zn% 61.5 25 246.0 10.5 3.0 350 557 15 3710
cu?*  Co? 27.6 39 70.8 3.9 1.0 390 447 6.0 7450
cu? N 15.3 64 23.9 3.9 0.6 650 523 21 2490

Table 2 - Kinetic parameters of VpAp1l with different combinations of metal ions. Adapted from Lowther and Matthews
(2002)3% with the data from Bayliss and Prescott (1986)*¢.
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geometry, it can still accommodate to the tetrahedral constraints. Based on the structures of M42
aminopeptidases, both Co?* and Zn?* are found in tetrahedral, trigonal pyramidal, and octahedral
geometries (see Table 1).

Secondly, all structures of M42 aminopeptidases have been solved using recombinant
proteins produced in E. coli. To my opinion, overproduction probably introduces a bias in the metal
ion binding. One can easily imagine that overproduced aminopeptidase molecules may titrate the
cellular metal ion pool with, according to Irving-Williams series, Zn?* being preferentially bound.
Under native physiological conditions, the metal ion loading of M42 aminopeptidases would probably
depend on metal ion availability. Indeed, cells have a limited amount of metal ions, believed to be
lower than the number of metalloprotein molecules. Therefore, there is a strong competition in
metal ion binding between metalloproteins, so that an enzyme can bind an unfavorable metal ion
cofactor. For instance, the E. coli methionyl aminopeptidase binds only one Fe?* under native
physiological conditions while the maximal activity is achieved in vitro with two Co?* 3%, Furthermore,
the cellular metal ion pool varies from a prokaryote to another. The metallome of E. coli contains
about 7.5 uM zinc, 4.6 uM iron, and 0.15 uM manganese. In comparison, the metallome of P. furiosus
has about 5.4 uM zinc, 0.4 uM iron, and 0.15 uM manganese while that of Methanococcus jannaschii
contains trace amount of zinc, 11 uM iron, and 22.5 pM manganese38l, One may suspect that the
metal ion content of a recombinant metalloprotein will reflect the host metal ion pool. Rosenbaum
et al. (2011) measured the metal ion content of PhTET2 recombinantly produced in E. coli 32. In this
case of study, the enzyme had about 1.2 mol of zinc, 0.5 mol of calcium, and 0.3 mol of iron per mol
of protein.

Finally, the inhibition of M42 aminopeptidases by Zn?* could be an unfortunate artefact
derived from in vitro experimental conditions. In fact, the inhibition is probably linked to the
formation of zinc hydroxides at pH 6.5 and above (see Figure 35)38. Zinc hydroxides are potent
inhibitors of metallopeptidases, as shown for the bovine carboxypeptidase®*. In many studies on
M42 aminopeptidases, activity assays were achieved in a pH range of 7-8, meaning that an inhibition
by zinc hydroxides cannot be excluded3?#32>335365366,363  Another worthy consideration is the metal
ion exchangeability and its impact on activity and substrate specificity, which has barely been studied
for M42 aminopeptidases. It might be interesting to address this issue because the nature of bound
metal ions modulates the activity of VpAp1344-34¢_ Using amino acid p-nitroanilide derivatives, VpAp1
displays the highest activity on L-Leu-pNA when both M1 and M2 sites are occupied with Co?* (see
Table 2). Unexpectedly, its catalytic efficiency is higher against L-Val-pNA than L-Leu-pNA when NiZ*
and Zn?* occupy the M1 and M2 sites, respectively.

A.5.2.4 Does an M42 aminopeptidase moonlight?

Several studies have reported that some M42 aminopeptidases display a deblocking aminopeptidase
activity, i.e. they are able to degrade N-terminally modified peptides. For instance, PhTET1 can
degrade formyl-, acetyl-, and pyroglutamyl’-peptides, even though the hydrolysis rate is much lower
than that of an unblocked peptide3*. Indeed, PhTET1 degrades Ala-Ala-Ala and Ac-Ala-Ala-Ala with
keat Of 8.71 st and 0.034 s%, respectively. Deblocking aminopeptidase activity has also been reported
for PhTET2, PhTET3, PfTET3, APDkam589, TkDAP1 and TkDAP2 from Thermococcus kodakarensis, and

" Pyroglutamate = glutamate whose lateral chain has cyclized with the amine group.
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TNA1_DAP1 from T. onnurineus334335337,367,386387 Of note, PfTET3 has been commercialized to be
used for N-terminal protein sequencing (Edman degradation). Franzetti and coworkers, however,
reported that in no circumstances a deblocking aminopeptidase activity was found in PhTET1,
PhTET2, and PhTET3324326, Several studies have also shown a lack of deblocking activity in other M42
aminopeptidases?62323370.388 Hence, whether M42 aminopeptidases have a deblocking activity or not
remains controversial and argy-bargied.

M42 aminopeptidases could moonlight, i.e. achieving other activities unrelated to peptide
bond hydrolysis. A putative glycoside hydrolase activity has been reported for some M42
aminopeptidases, albeit being controversial. Kobayashi et al. (1993) reported a new glycoside
hydrolase, CelM, from Clostridium thermocellum3®. The authors showed that CelM was able to
degrade carboxymethylcellulose (CMC) but, weirdly, not acid-swollen cellulose or chromogenic cello-
oligosaccharides. CelM contains no tryptophan, a residue commonly found in glycoside hydrolase
catalytic grooves39%-3%2, Another peculiarity, the amino acid sequence of CelM does not match to any
glycoside hydrolase family according to CAZy database* 3933% but is rather classified in the M42
family®!. While confirming its CMCase activity, Cottrell et al. (2005) failed to measure any activity on
L-Glu-pNA. Contrariwise, the aminopeptidase activity of CelM has been revealed in another study
while no cellulolytic activity has been measured3?3. Indeed, CelM is a leucyl-aminopeptidase activated
by Co?, just like PhTET2, hydrolyzing L-Leu-pNA. In this study, the authors failed to report any
CMCase activity under the same experimental condition used in Kobayashi et al. (1993). Nonetheless,
by cross-checking both studies, CelM hydrolyzes L-Leu-pNA at a higher rate than CMC, with specific
activities of 320 and 1.3 pmol min* per umol of enzyme, respectively323389,

In three other studies, CMCase activity has been reported for the M42 aminopeptidases of
Brevibacillus agri, Bacillus sp., and Geobacillus denitrificans3®>-3%’_ In contrast, the absence of CMCase
activity has been shown for PhTET1 and ADPkam589337:33°, Sharma et al. (2019) modelled the
structure of two aminopeptidases of Bacillus sp. and docked several monosaccharides®°¢. While a
glucose can fit in the catalytic site, the hydrolysis of a 3-1,4 glycoside bond seems to be unlikely
because it would be at more than 5 A from catalytic residues (see Figure 36). In addition, the model
clearly denotes from both inverting and retaining glycoside hydrolases39%3%°. Maiti et al. (2017)
reported that an M42 aminopeptidase of B. agri could degrade CMC at a maximal rate of 0.197 umol
min? per umol of enzyme. Ma et al. (2020) showed that Cel9, an M42 aminopeptidase of G.
denitrificans, hydrolyzed CMC at a maximal rate of 0.001 umol min? per umol of enzyme3*’. The
substrate specificity of Cel9 is astonishing since the enzyme has been shown to degrade CMC, xylan,
barley glucan, avicel, and laminarin®’. The hydrolysis of these substrates means that Cel9 could
hydrolyze B-1,3; B-1,4; and B-1,6 glycosidic bonds. Such a broad substrate specificity has only been
reported in the glycoside hydrolase family 131 which members are found exclusively in fungi409401,

The activity reported in Maiti et al. (2017) and Ma et al. (2020) must be interpreted with
caution as the reported CMCase activities are extremely low compared to genuine cellulases. In our
hands, the low detection limit of CMCase assay is about 0.004 umol min? per umol of enzyme,
following the IUPAC guidelines323492, Previously, we characterized a cellulase, Ps_Cel5A, from
Pseudomonas stutzeri, which is not considered as highly cellulolytic enzyme?®3. As a benchmark,

¥ CAZy database is a repertoire of all known glycoside hydrolase families curated by Henrissat and coworkers. Available
online: http://www.cazy.org/
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Figure 37 — Schematic representation of the PhTET2 subunit structure (PDB code: 1XFO). The a helices and 3 strands of the
catalytic domains are colored in red and yellow, respectively. The a helices and 3 strands of the dimerization domains are
colored in orange and green, respectively. The two Zn?* found in the catalytic are represented as grey spheres.

Figure 38 — Schematic representation of the catalytic domain of PhTET2. The residues involved in metal ion binding and the
catalytic glutamate residue are highlighted as well as the residues of the S; and S;” pockets. Amastatin is colored in yellow
while the two Zn?* are represented as gray spheres. To draw this figure, the published coordinates (PDB code: 1YQY) have
been modified to place correctly amastatin in the experimental electronic density.
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Ps_Cel5A hydrolyzes CMC at a maximal rate of 840 umol min! per umol of enzyme. Moreover, a
polysaccharide like laminarin could hardly fit in the active site of an M42 aminopeptidase, being too
exiguous to fit branched carbohydrates. Consequently, the cellulolytic activity observed in some M42
aminopeptidases seems fortuitous and artefactual, probably relying on exogenous nucleophiles, such
as azide*®*. M42 aminopeptidases, however, could bind carbohydrates as MHJ_0125 of M.
hyopneumoniae can bind heparin without degrading it*3!. Another side function of MHJ_0125 is being
involved in the plasminogen activation. Somehow, it promotes the conversion of inactive
plasminogen to active plasmin by the plasminogen activator in a porcine model. Intriguingly,

MHJ_0125 does not degrade neither the plasminogen nor the plasminogen activator33:,

A.5.3 Structure of M42 aminopeptidases

As already mentioned in the former sections A.4.5 and A.5.1.1, the most remarkable trait of M42
aminopeptidases is their quaternary structure. Along with M18 aminopeptidases, they adopt a
peculiar tetrahedron-shaped structure with twelve subunits. Such a spatial organization is important
to compartmentalize the activity, avoiding uncontrolled peptide degradation®4263, Before describing
in depth this quaternary structure in section A.5, the subunit structure will be explained as some of
its structural features intervene in oligomerization.

A.5.3.1 Subunit structure

The structure of PhTET2 has been the first structure of an M42 aminopeptidase solved at high
resolution®®26>_ |ts subunit is made of two distinct domains, a catalytic domain and a dimerization
domain (see Figure 37). The PhTET2 subunit fold is observed in all structurally characterized M42
aminopeptidases184'265'325'326'330'365'378.

A. Catalytic domain structure
As discussed in section A.5.1.1, the catalytic domain adopts the a/p globular structure shared by all
MH clan members. Indeed, it shows a significant structural homology with VpAp1 (see Figure 30,
page 24). This domain consists of a central 3 sheet surrounded by eight helices (see Figure 37). The
central § sheet is made of eight strands with 7 and 310 strands being twisted like in the VpAp1l
structure. An extension of three 3 strands is grafted on the 10 strand. This 3 sheet extension is
directly involved in dimerization as it interacts with the dimerization domain of the neighbor subunit.
Interestingly, such an extension is also observed in M18 and M20 peptidases, suggesting that it is an
ancestral adaptation promoting oligomerization. As expected, the active site of M42
aminopeptidases resembles to that of VpApl with the metal ion ligands and the catalytic residue
being strictly conserved. In the PhTET2 structure, the M1 site consists of Asp-182, Glu-213, and His-
323 while the M2 site is made of His-68, Asp-182, and Asp-235 (see Figure 38). Of note, Asp-182 is
shared between both sites as it bridges both Zn?*. The position of Asp-182 side chain requires
important geometry constraints, especially the Cis-peptide bond between Asp-182 and Asp-183. Such
a Cis-peptide bond is observed in all MH clan members.

Borissenko and Groll (2005) solved the structure of PhTET2 in complex with amastatin®*. This
natural peptide analog from Streptomyces sp. is a known inhibitor of dinuclear aminopeptidases via
the non-hydrolysable a-hydroxyl-B-leucine found at its N-terminus?®®>4%, |n PhTET2, amastatin binds
to the two Zn?* of the active site, mimicking substrate binding (see Figure 38). The position of the N-
terminal residue has allowed to define the Si1 pocket of PhTET2184, The S1 pocket consists of Thr-237,
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Figure 39 — Comparison of the PDZ-like domain of PhTET2 (PDB code: 1XFO) with the PDZ domains of E. coli DegP (PDB

code: 3CS0) and H. sapiens HtrA1 (PDB code: 2JOA). o helices and 3 strands are colored in orange and green, respectively.
The gap in the PDZ-like domain of PhTET2 is shown by an asterisk (*). The target peptide recognized by HtrA1l is highlighted

in yellow.
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lle-238, Lys-261, Glu-291, Leu-293, and Ile-322. Borissenko and Groll (2005) also identified the S1
pocket to which take part the backbone of Val-214 - Gly-215 and the side of Leu-216. As seen in
section A.5.2.1, the substrate specificity is defined by the composition of the S;1 pocket. For PhTET2,
the S1 pocket is considered as hydrophobic, despite the presence of a lysine residue and a glutamate
residue'®. This hydrophobicity correlates to the leucyl-aminopeptidase activity of PhTET2.
Accordingly, an arginine residue is found in the S1 pocket of PhTET1, matching with its preference
towards negatively charged residues3?®. Furthermore, for the lysyl-aminopeptidase PhTET3, two
glutamate residues are lined at the bottom of the S1 pocket3%°. A third metal ion could be bound in
the S1 pocket of lysyl-aminopeptidases, broadening their substrate specificity to negatively charged
residue. Indeed, Colombo et al. (2016) reported a third metal ion center in the S1 pocket of PfTET33,
PfTET3 was shown to degrade L-Glu-pNA in addition to L-Lys-pNA but only in presence of a Co?*
excess.

B. Dimerization domain structure

PDZ domains are protein modules involved in peptide recognition, protein-protein and protein-lipid
interactions*'%, They mediate protein-protein interactions by interacting with either the C-terminus
or an unfolded internal peptide motif or another PDZ domain of an interacting partner. In Homo
sapiens, 270 PDZ domains have been identified in more than 150 proteins, many of them
participating in heterocomplexes*!!. Originally, they have been identified as repeated domains of 80-
100 residues found in metazoan membrane-associated guanylate kinases (MAGUK)*'2. The name
“PDZ” even originated from three MAGUK: PSD95, DLG, and Z0-1%'3, Despite their name, MAGUK act
as scaffolding proteins only since their kinase domain is inactive*'*. They play critical roles in tissue
development and differentiation in metazoans. Their PDZ domains mediate interactions between
membrane proteins and the cytoskeleton. Different families of PDZ domains have been reported,
especially in proteins unrelated to MAGUK?*'>, To mark the difference of sequence and structure, the
PDZ domains of MAGUK are often referred as canonical®'®. They are found only in metazoans while
non-canonical PDZ domains are present in the whole tree of Life. Recently, twelve PDZ domain
families have been identified from analysis of 1,400 prokaryotic and fungal genomes*®. In
prokaryotes, the combination of a PDZ domain and a protease occurs in 88 % of PDZ domain-
containing proteins.

The PDZ-like domain of M42 aminopeptidases looks like that of the HtrA family (see Figure
39). The resemblance, however, is structurally rough as the succession of secondary structures is
different between PDZ domains of M42 aminopeptidases and HtrA. In bacteria, HtrA, also known as
DegP, is a serine protease found in the periplasm. As mentioned in section A.3.7, DegP possesses two
PDZ domains, one involved in DegP oligomerization and the other one in sensing unfolded
proteins!’>177417 The peptide binding site has been identified for the mitochondrial HtrA1 from H.
sapiens: the target peptide takes part to the B sheet of the PDZ domain while being sandwiched by
an a helix*>418 The canonical structure of a PDZ domain of the HtrA family consists of a B sheet of
5-6 strands surrounded by three a helices. The PDZ-like domain of M42 aminopeptidases is also made
of a 3 sheet of 6 strands and three helices. Although, the position of two helices differs from HtrA
PDZ domains (see Figure 39). The first helix (ab), sandwiching the target peptide, appears to be
shorter in M42 aminopeptidases. The second helix (aa) is not delocalized like in the HtrA PDZ domains
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Figure 40 — Schematic representation of the quaternary structure of M42 aminopeptidases. The structure of PhTET2 is
chosen as a representative model (PDB code: 1XFO). (A) The dimer structure taken from the dodecamer structure. The two
subunits are distinguished in pink and blue hues. The catalytic domains are colored in light pink and light blue. The
dimerization domains are colored in magenta and blue. The 3 sheet extensions are highlighted in purple and dark blue. The
interaction between aa-Bb hinges of the dimerization domains is marked by an asterisk (*). Zn** are represented as grey
spheres. (B) Above: Schematic representation of the dodecamer structure seen from a face of the tetrahedron. The three
dimers delineating the tetrahedron face are colored in green, red, and pink hues. Below: Surface representation of the
dodecamer structure showing the entrance at the center of the tetrahedron face. (C) Above: Schematic representation of
the dodecamer structure seen from a vertex of the tetrahedron. The three subunits found at the vertex are colored in green,
red, and yellow. Below: Surface representation of the dodecamer structure showing the exit at the intersection between the
three subunits. The electronic surface was calculated using Advanced Poisson-Boltzmann Solver (APBS)?2°.

Figure 41 - Spatial organization of three subunits at a vertex of the tetrahedron. The structure of PhTET2 is chosen as a
representative model (PDB code: 1XFO). (A) Surface representation of three subunits found at a vertex of the tetrahedron.
The vertex is oriented upside down as seen from the center of the inner cavity. The arrows indicate the access points from
where peptides enter the inner cavity. The positions of the catalytic sites are indicated by blue octothorpes (#). The exit is
indicated by a red asterisk (*). (B) Schematic representation of the same tetrahedron vertex with the three monomers
colored in green, red, and yellow. The six a helices forming the exit tunnel are highlighted in blue. These helices correspond
to a4 and a7 helices of PhTET2 as represented in Figure 37. Zn*" are represented as grey spheres. (C) Schematic
representation of the same tetrahedron vertex as seen from the outside. The three monomers are colored in green, red, and
yellow. The side chains of three phenylalanine residues are highlighted as they close the exit. Three lysine residues could also
limit the access of the exit channel. For B and C, the surface is overlaid in transparency. The electronic surface was calculated
using APBS?%,
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but is found in close vicinity of the B sheet. Intriguingly, in all structurally characterized M42
aminopeptidases, a gap has been reported in the PDZ-like domain between the d strand and ab
helix (see Figure 39)184.265325326,330,365378 This segment has been described to be too flexible so that

no electron density can be seen in the X-ray data collections.

A.5.3.2 Quaternary structure

M42 aminopeptidases adopt a peculiar tetrahedron-shaped structure made of twelve subunits. Such
a quaternary structure has been reported for all structurally characterized M42
aminopeptidases'®4262,265319,325,326,330,334,365378 |t js even commonly referred as the catalytically active
oligomer. In fact, the dodecamer is often regarded as the self-assembly of six dimers. The dimer is
supposed to be the second stable oligomer encountered in M42 aminopeptidases®4382419 Several
studies have reported that dimers are less active than dodecamers336:365413 The dimer-dodecamer
transition seems to be driven by the metal ion cofactors®4365382420 Thjs transition will be further
discussed in the next section. The dimer structure, however, is not yet known but is expected to be
close to that found in the dodecamer®!®. As explained in the previous section, two subunits can
interact through their dimerization domains. The PDZ-like domain of one subunit makes several
hydrogen bonds and salt bridges with the catalytic domain of the other monomer, more specifically
the 3 sheet extension of three [3 strands (see Figure 40.A). Few hydrogen bonds occur between two
dimerization domains, mainly at the hinges between the b strand and aa helix in PhTET2. Hence,
the putative peptide binding site of the PDZ-like domain remains vacant, even in the dodecamer.
Hypothetically, it could bind an external peptide acting as a degradation signal or it could promote
transient interactions between dimers in the path to dodecamer formation.

The dodecamer consists of six dimers spatially organized under a tetrahedron geometry (see
Figure 40.B-C). Each dimer is positioned along an edge of the tetrahedron. Hence, each face of the
tetrahedron is delineated by three dimers while three subunits are found at each vertex of the
tetrahedron. A central entrance lies at the center of each face leading to a wide inner cavity (see
Figure 40.B). The entrances have been described to be the access gate through which enters the
substrate. The entrance diameter is about 18-20 A, allowing the entry of folded peptides but not
proteins®326 The inner cavity has a diameter of about 60 A!84. The dimers are organized in such a
manner that the twelve catalytic sites are oriented inward this cavity (see Figure 41.A). Thus, the
hydrolytic activity is compartmentalized in a wide catalytic chamber with a restricted access via the
four entrances. Such a nano-compartment avoids uncontrolled peptide degradation. Amino acids
generated during peptide hydrolysis are believed to exit via the vertices of the tetrahedron. Indeed,
at each vertex, three subunits form an exit channel delineated by the six a helices (see Figure 41.B).
The exit channel ends with a small opening whose diameter varies from 3.5 to 15 A184325326 | several
structures, this opening appears to be closed by three residues, but a conformation change of these
residues could open the exit door (see Figure 41.C)3%.

In the dodecamer structure, dimers are connected through extensive contacts between their
catalytic domains, mainly at the vertices of the tetrahedron (see Figure 40.C and Figure 41.B-C).
According to PDBe PISA analysis of the PhTET2 structure, the interaction between dimers contributes
more to the stability of the complex than the interaction between two subunits in a dimer#?!. Indeed,
the interaction between two catalytic domains contributes to complex stabilization at the level of AG

of -16.5 kcal mol. In comparison, the formation of a dimer increases the free energy of interface
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formation by -7.0 kcal mol. Of note, each metal ion in the active site contributes greatly to the
complex stabilization, with a AIG of about -33 kcal mol™. The surface of interaction between two
catalytic domains is about 1,200 A2 (8% of subunit surface), involving 35 residues of each subunit.
The stability of dodecamers have been demonstrated for several M42 aminopeptidases in different
experimental conditions including extreme ranges of temperature, salt, pressure, denaturant, and
pH319'324'325'328’333'339'369'371'382'419'422'423.

A.5.3.3 Dodecamer assembly

In addition to their catalytic role, the metal ion cofactors seem to be the driving force of the
oligomerization of M42 aminopeptidases. Several studies have reported that dodecamers can
dissociate into dimers or even monomers under particular experimental conditions18+365382,419,420,424
These conditions are often linked to a loss of metal ion cofactors. As discussed in the previous section,
metal ions contribute to the dodecamer stability. Indeed, for several M42 aminopeptidases, it has
been demonstrated that the apo-form tends to be either thermolabile or pH sensitive333371,372,382,424
The addition of metal ions to the apo-enzyme usually restores the activity and stability. The removal
of metal ions can be achieved by dialyzing the enzyme in presence of a chelating agent, such as EDTA
or 1,10-phenanthroline333:36>371,372,382  After such a treatment, the apo-enzyme may remain
dodecameric, as shown for the aminopeptidase | of G. stearothermophilus (GsApl)3’2. In their study,
Roncari et al. (1972) observed that the apo-GsApl dissociated into species of lower molecular weight
upon heating. Temperature seems to induce structural rearrangement in the dodecamer structure,
as shown for ADPkam5894%°. Dodecamers can also disassemble after a treatment at a basic pH,
usually higher than 8.5382420426 Rosenbaum et al. (2011) showed that a treatment at pH 11 provokes
the dissociation of about 50% of PhTET3 dodecamers®2, Such a phenomenon is probably linked to
the formation of metal ion hydroxides (see Figure 35, page 28). A high dose of Zn?* at acidic pH also
leads to deoligomerization. For PhTET2, dodecamers dissociate into dimers or even monomers in
presence of 0.5 M Zn?* at pH < 4 184427 Several studies have shown that the dissociation can be
reverted by adding the right metal ion cofactors382419420423426 Thanks to the reversibility of the
dimer-dodecamer transition, it has been possible to study the interaction between dimers on the
path to the dodecamer formation382419,420,426,

Rosenbaum et al. (2011) highlighted several transition oligomers for PhTET33%2, In their study,
the apo-form is mainly a dimer, but tetramers and hexamers were also observed in minority. Adding
Co?* promoted the dimer-dodecamer transition with a third transition oligomer being observed,
octamers. In addition, the authors reported that PhTET3 dimers are thermolabile and could either
dissociate into monomers or partly lose their fold. Appolaire et al. (2013) also observed tetramers,
hexamers, and octamers as transition oligomers of PATET241°, The authors adopted another strategy
to force the dissociation of PhTET2 dodecamers. They substituted five residues of the catalytic
domain involved in the interaction interface at the tetrahedron vertex. Remarkably, such a variant of
PhTET2 is a dimer that slowly self-assembles into dodecamers over the time. Due to this peculiar
property, the transition oligomers tend to accumulate with the following proportions: 17.1% dimers,
19.5% tetramers, 46.4% hexamers, 8.3% octamers, and 3.8% dodecamers. The structure of PhTET2
dimer was studied by SAXS. Its structure, however, does not adopt a different fold compared to that
of adimer in the dodecamer structure. Appolaire et al. (2013) also studied the structures of transition
oligomers by electron microscopy. Three different quaternary structures have been reported: a Z-
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shaped hexamer, a tricorn hat hexamer, and a four legged star fish octamer (see Figure 42.A). While
the hexamer structures are compatible with the dodecamer, the octamer structure suggests that it
could be an intermediate oligomer in the formation of a tetracosamer (24-mer). This higher form of
oligomerization has been reported for PhTET1 (see next section). The Z-shaped hexamer has been
observed in the formation of heterododecamer made of PhTET2 and PhTET3 subunits (see section
A.5.4.2)%25,

Appolaire et al. (2016) proposed a dodecamer assembly process (see Figure 42.C)%%3. In this
model, dimers do not interact randomly but rather form hexamers. The two Z-shape hexamers
further interact to form a dodecamer by adapting their “dimeric arms”. Still, a recent study has
challenged this model in favor to the random association of dimers. Macek et al. (2017) also studied
the dodecamer assembly of PhTET2 by combining native MS, NMR, and cryo-EM data*?. In their
study, PhTET2 dodecamers were dissociated completely to monomers by adding Zn?* in acidic
condition. After such a treatment, the PhTET2 monomers are unstructured, lacking stable secondary
structures. Monomers were refolded by removing Zn?* excess and increasing the pH back to neutral.
During the refolding, several intermediates were observed, ranging from dimer to dodecamer by
increments of two subunits. Various structures of transition oligomers were observed: a V-shape
tetramer, a tricorn hat hexamer, a horseshoe hexamer and a square octamer (see Figure 42.B). The
decamer appeared to have the same architecture than the dodecamer but with some missing density.
Based on their results, Macek et al. (2017) proposed a stochastic model where PhTET2 dimers interact
randomly (see Figure 42.D). The discrepancy between the two models could be due to an altered
dimer-to-dimer interaction in the PhTET2 variant used in Appolaire et al. (2013). Another interesting
fact about oligomerization is the distinct role of the two metal ions in the active site. Colombo et al.
(2016) showed that the metal ion in the M2 site is more tightly bound than its counterpart in the M1
site for PfTET33%>, When the metal ion of the M1 site is chelated, PfTET3 retains 75% of its activity
but partly dissociates into monomers (60% dodecamers and 40% monomers). When both metal ions
are removed, the dodecamer completely dissociates into monomers. Hence, the M2 metal ion is
catalytically active and is enough for the dodecamer formation while the M1 metal ion probably
stabilizes the complex.

A.5.3.4 Miscellaneous quaternary structures

As explained in the previous section, two stable oligomeric forms, dimers and dodecamers, are
encountered for the M42 aminopeptidases. Both oligomers co-exist in vivo as shown in P.
horikoshii?®®4%, A third edifice has been reported for PhTET1, an octahedron-shaped
tetracosamer3?6428, An octahedron possesses twelve edges with a 2-fold symmetry axe, eight faces
with a 3-fold symmetry axe, and six vertices with a four-fold symmetry axe (see Figure 43.A). In this
guaternary structure, a dimer is found along each edge (see Figure 43.B). Thus, three dimers
delineate each face, like in the tetrahedron-shape dodecamer. Meanwhile, each vertex of the
octahedron is defined by four subunits (see Figure 43.B). Consequently, the size of the tetracosamer
exit pores is increased to 25 A of diameter instead of 15 A in the dodecamer. In that case, the exit
pores are bigger than the entrances found at the faces (20 A). According to Schoehn et al. (2006),
dimers must be distorted to accommodate the octahedral geometry constraints3?, In the
tetracosamer, one subunit of the dimer must be rotated by 14° compared to the center of mass of
the dimer in the PhTET1 dodecamer (see Figure 43.C). The octahedron-shaped structure, however,
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TmPep1048 vs. PhTET2 C. hutchinsonii M42
vs. PRTET2

7

TmPep1049-TmPep1050
VS. PMTETZ

Figure 44 - Structural comparison of PhTET2 (PDB code: 1XFO, in grey) vs. TmPep1048 (PDB code: 1VHO, in green),
TmPep1049 (PDB code: 2FVG, in yellow), TmPep1050 (PDB code: 3ISX, in blue), and C. hutchinsonii M42 aminopeptidase
(PDB code: 3CPX, in pink). The oac, a4, and a7 helices are annotated by their names. The additional decentered o helix of
the dimerization domain of TmPep1048 is marked by an asterisk (*). The loop bringing the catalytic base into the active site
is marked by an octothorpe (#). The two Zn?* of PhTET2 are represented as grey spheres.

SsrA-GFP peptides amino acids
Eions
PAN
unfolding

20S proteasome

Figure 45 — Reconstruction of a protein degradation complex involving PAN and proteasome 20S from M. jannashii, and
PhTET2. Figure adapted from Borissenko and Groll (2005)%*.
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remains a singularity among M42 aminopeptidases as PhTET1 is currently the single example. Of
note, Appolaire et al. (2013) postulated that transition octamers of PhTET2 could be tetracosamer
precursors*'®,

Several studies have reported different oligomeric states, other than dimers and dodecamers,
for various M42 aminopeptidases3?8333-336.367.370 Tg my opinion, these degrees of oligomerization,
ranging from monomer to octadecamer, must be interpreted with caution. Indeed, the molecular
weight of M42 aminopeptidases is usually determined by size exclusion chromatography. The protein
elution profile greatly depends on properties of the gel matrix being used*?°. Principally, the size
separation range of the gel matrix can be critical to determine the oligomeric state of high molecular
weight proteins (typically 400-500 kDa for a dodecameric M42 aminopeptidase). In addition, the
structure of M42 aminopeptidases is not globular, influencing gyration radii*?°. For instance, a dimer
will look bigger than its real size. Still, some unpublished data are worth to be reported38. The
structure of TmPep1048 from T. maritima (PDB code: 1VHO) appears as a monomer, despite its high
structural homology with the PhTET2 subunit'842%5 The structure of a monomer is in full
contradiction with NMR data in Macek et al. (2017), showing the unfolded structure of PhTET2
monomers. The dimerization domain of TmPep1048 displays an unusually decentered a helix (see
Figure 44). The active site is not correctly folded, with the loop bringing the catalytic base 8 A away
from the catalytic center. Intriguingly, the two other M42 aminopeptidases from T. maritima have a
structure differing from that of PhTET2, for instance. Based on available structural data in the Protein
Data Bank, TmPep1049 and TmPep1050 are monomeric and dimeric, respectively. Their catalytic
domain seems to be “exploded”, with dramatic movement of the a4 and a7 helices (see Figure 44).
A fourth bizarre structure is that of an M42 aminopeptidase of Cytophaga hutchinsonii which forms,
apparently, trimers. Its catalytic domain seems to be correctly folded with two iron ions found in the
active site. The dimerization domain, however, appears to lack the a.c helix (see Figure 44). This helix
does not seem to be involved in the oligomerization of PhTET2, being exposed at the surface of the
dodecamer. Hence, the structure of a trimeric M42 aminopeptidase remains puzzling. These
anomalies will be discussed further in sections B.1 and B.4 (page 41 and page 98).

A.5.4 Physiological function

A.5.4.1 Proteasome link

M42 aminopeptidases adopt the peculiar tetrahedron-shaped structure where peptide hydrolysis
occurs inside a vast catalytic chamber. They can degrade peptides of up to 32 amino acids in length.
Based on these criteria, Franzetti et al. (2002) proposed that the M42 aminopeptidases could be
linked to the proteasome or other related proteolytic complexes?®2. Borissenko and Groll (2005)

184 The authors combined the

reconstituted in vitro an entire protein degradation system
proteasome-activating nucleotidase and the proteasome 20S of Methanococcus jannashii with
PhTET2 (see Figure 45). The three complexes allowed the complete destruction of SsrA tagged GFP
into amino acids. The link between the proteasome and the M42 aminopeptidases, however, has not
yet been proved in vivo despite several indications. Indeed, in T. kodakarensis, two MA42
aminopeptidases are overproduced under oxidative and heat stresses33*. Coincidently, proteolysis is
also induced under these stresses in prokaryotes*3%431 Furthermore, some M42 aminopeptidases

form heterocomplexes with the advantage of a broader substrate specificity and a synergetic peptide
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hydrolysis. Such heterocomplexes could destroy any kind of peptides generated by the proteasome
or other related proteolytic complexes?%8,

A.5.4.2 Heterocomplexes

Franzetti and coworkers published key studies about the occurrence of heterocomplexes in P.
horikoshii?®8419426 Heterocomplexes made of PhTET2 and PhTET3 subunits have been reported in P.
horikoshii. Unexpectedly, PhTET1 was not found in these heterocomplexes and even only dimers
were observed for PhTET1 in vivo?®®. Hence, the function of PhTET1 could be different from PhTET2
and PhTET3 or the dodecamer assembly could be regulated in another way. The PhTET2-PhTET3
heterocomplexes can degrade Val-Leu-Lys-pNA more efficiently than homo-dodecamers, showing a
broader specificity of the heterocomplexes and a synergy in peptide hydrolysis. The PhTET2-PhTET3
heterocomplexes were reconstituted in vitro by combining de-oligomerized PhTET2 and PhTET34%,
Two different heterocomplexes were characterized by SANS showing two possible PhTET2-to-PhTET3
subunit ratios. One heterocomplex is composed of six subunits of each enzyme while the other is
made of eight PhTET2 subunits and four PhTET3 subunits.

Several studies support the existence of heterocomplexes in other microorganisms than P.
horikoshii332372423,424432 " The aminopeptidase | of G. stearothermophilus, GsApl, displays leucyl-,
glutamyl-, and glycyl-aminopeptidase activities3®°. Its apparent broad specificity is due the existence
heterocomplexes. Stoll et al. (1972) identified two types of subunit in GsApl, named o and B*3. Three
different heterocomplexes of GsApl were purified from G. stearomthermophilus, having different a-
to-P ratios: six o subunits and six 3 subunits, eight o subunits and four 3 subunits, and ten a subunits
and two [} subunits. Homocomplexes of GsApl were obtained in vitro after de-oligomerization and
reassociation. The 3 subunits failed to reassemble into dodecamers while the o subunits did*?3. The
o homododecamer, however, did not display any glutamyl-aminopeptidase activity, indicating this
specificity is linked to the B subunit*2. The inability of the GsApl B subunit to form dodecamers is not
surprising since some M42 aminopeptidases are monomeric or dimeric, like the enzymes of T.
maritima (see section A.5.3.4). Heterocomplexes have also been reported in Symbiobacterium
thermophilum332. In this bacteria, three genes coding M42 aminopeptidases are organized as an
operon. Taken separately, Pep1079, Pep1080, and Pep1081 are poorly active but, when combined, a
significant arginyl-aminopeptidase activity was demonstrated. Kumaki et al. (2011) also showed by
surface plasmonic resonance that Pep1079 strongly interacts with Pep1080332,

A.5.4.3 Cellular localization

The M42 aminopeptidases are believed to be intracellular enzymes, which is consistent with their
supposed link to the proteasome?62263,268,318,382419 Thejr N-terminal sequences do not contain any
secretion signal peptide that could indicate a translocation to the membrane or the periplasm. The
absence of a secretion signal peptide, however, is not an irrefutable proof of protein localization.
Indeed, some proteins lacking a signal peptide can be secreted in E. coli and B. subtilis*33. It is known
that type 1, 3, 4, 6, and 7 secretion systems can export proteins lacking a secretion signal peptide®3*.
Several studies have reported that M42 aminopeptidases could be associated to the membrane or
even present at the cell surface3?8331,368-370,388435 Eqr instance, GsApl seems to stick firmly to the
membrane after cell disruption, necessitating a mechanical treatment to retrieve the enzyme368369,
Even with such a treatment, a fraction of GsApl remains associated to the membrane and can be
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retrieved only with an alkaline extraction at pH 9.63%. Interestingly, GsApl purified from the
membrane is a dodecamer displaying an additional activity towards positively charge residues. M42
aminopeptidases have also been reported to be partly associated to the membrane in Lactococcus
lactis3?8370435  An intriguing case of study is MHJ_0125, an M42 aminopeptidase of M.

31 While the majority of MHJ_0125 is intracellular, a fraction is bound to the

hyopneumoniae
membrane. In their experimental conditions, Robinson et al. (2013) observed that MHJ_0125 is the
most abundant protein on cell surface. The authors also showed the presence of extracellular
MHJ_0125 without recording any significant cell lysis. The physiological role of membrane bound
M42 aminopeptidases is completely unknown. The PDZ-like domain could play a role in membrane

anchoring as some canonical PDZ domains are involved in lipid binding#°.
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The MA42 aminopeptidases of P. horikoshii have been well studied uncovering their peculiar
tetrahedral-shaped structure, the oligomeric state transition induced by their metal ion cofactor, and
the existence of heterocomplexes with broadened substrate specificity. Their bacterial counterparts,
however, are ill-described due to the scarcity of structural data. For instance, it is currently unknown
if the metal ion cofactor modulates their oligomeric states in a similar way to that of archaeal
enzymes. Inasmuch as the oligomeric state transition is genuine, the structural modifications, that
occur during the passage from dimers to dodecamers, are still poorly understood due to the lack of
a high-resolution structure of a dimer. Furthermore, the physiological function of MA42
aminopeptidases is under-examined although being postulated to hydrolyze peptides downstream
the proteasome. M42 aminopeptidase heterocomplexes have been identified in P. horikoshii and G.
stearothermophilus. Since they display an extended substrate specificity, they may act as
“peptidasomes” but their occurrence in other microorganisms is not clearly established.

Considering the unanswered questions, this work will focus on the characterization of
bacterial M42 aminopeptidases. Two bacterial models have been chosen: T. maritima and E. coli,
each having three genes coding M42 aminopeptidases in their genome. The choice of T. maritima is
motivated by a previous study and advanced progress in obtaining the structure of TmPep1050.
Concretely, TmPep1050 will be recombinantly produced in E. coli and purified to homogeneity using
conventional purification techniques. Purified proteins will be characterized by different methods:
activity assays, metal ion quantification, thermal shift assays, molecular size determination by native
MS, and X-ray crystallography. The main objectives in studying TmPep1050 will be to obtain stable
dimers and dodecamers, to understand the dimer-dodecamer transition, and to solve the structure
of both oligomers. Ultimately it would allow to better understand the molecular determinants behind
oligomerization. The two other T. maritima M42 aminopeptidases, TmPep1048 and TmPep1049, will
be studied following the same methodology as that of TmPep1050. Both enzymes could have a
substrate specificity complementary to TmPep1050. Thus, comparing the structure of their substrate
binding pockets will provide valuable information about substrate recognition.

Regarding E. coli as a model, its main advantage is the availability of proven genetic tools and
transcriptomic data. Consequently, studying the M42 aminopeptidases of E. coli could reveal their
physiological functions. Their genes will be deleted, and phenotypes will be sought in the light of
transcriptomic studies. The three aminopeptidases will also be characterized according to the same
approach than that used for T. maritima enzymes. They are expected to have different substrate
specificities, like the P. horikoshii M42 aminopeptidases, to complete peptide hydrolysis in their
assumed role linked to the proteasome. Their cellular localization will also be investigated since
several M42 aminopeptidases have been reported to be, at least partly, associated to the membrane.
Finally, the formation of heterocomplexes will be studied using the E. coli enzymes as a model. Their
existence would mean that such “peptidasomes” are widespread among prokaryotes.
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B.1 How metal cofactors drive dimer-dodecamer transition of the

M42 aminopeptidase TmPep1050 of Thermotoga maritima

B.1.1 Background

The quaternary structure of M42 aminopeptidases is dependent on divalent metal ion availability.
The metal ion cofactor is known to trigger the transition of dimers or monomers to
dodecamers?68:382420423 - pe-gligomerization of dodecamers is achieved by removing metal ions
under certain experimental conditions!®+365382420  GSeyeral aspects of the dodecamer assembly
process remain either unclear or ambiguous. The identity of the physiological relevant building block
is still debated, as both monomers and dimers have been reported in de-oligomerization
experiments!84325,365,382420 Qn the one hand, PhTET2 and PfTET3 can de-oligomerize into monomers
under chelating conditions3¢>42°, While PhTET2 monomers have been shown to be unfolded, PfTET3
monomers keep about 30% of relative activity. On the other hand, no monomers of PhTET1, PhTET2,
and PhTET3 have been observed in vivo in P. horikoshii?®®. Subsequently, one may suspect that
monomers could not be physiologically relevant.

The two metal ions found in the active site seem to have distinct roles in the oligomerization.
The metal ion of the M1 site has been shown to stabilize the quaternary structure of PfTET3
dodecamers3®>, Its absence, however, led to a partial dissociation of 40% of PfTET3 dodecamers. The
metal ion of the M2 site seems to be enough to maintain the dodecameric structure. The M2 site has
also been described to have a higher affinity for metal ions than the M1 site?>3%5, Consequently, the
metal ion of the M2 site has been proposed to be catalytically active rather than that of the M1 site,
challenging the catalytic mechanism of VpAp1. Thus, dimers (or monomers) are expected to exist
with a loaded M2 site and be active. Appolaire et al. (2013) showed that PhTET2 dimers are active on
dipeptides only*'®. Therefore, the dodecamer formation seems to be required to process longer
peptides. Yet, the distinct roles of the M1 and M2 sites remain ill-described with just one study
published about that topic.

Another caveat is the lack of high-resolution structure of a dimer. According to the current
literature, no major structural rearrangement is supposed to happen during dimer-dodecamer
transition. Indeed, the subunit structure of a PhTET2 dimer is believed to be the same as that of a
PhTET2 dodecamer*®420 The current hypothesis, however, relies only on a low resolution structure
of PhTET2 dimer obtained by SAXS. Thus, a high-resolution structure of a dimer would show whether
any structural rearrangement occurs during dodecamer assembly. Few structures of M42
aminopeptidase monomers or dimers are available in the Protein Data Bank but it would be
hazardous to draw any conclusion from them due to either the lack of biochemical characterization
or the presence of a hexa-histidine tag?®3. The latter could introduce an oligomerization artefact since
it coordinates metal ions, probably interfering in metal ion binding within the catalytic site.

Previously, we characterized TmPep1050, an M42 aminopeptidase of T. maritima3%. In our
study, due to the presence of a hexa-histidine tag, TmPep1050 was purified as a dimer displaying a
weak leucyl-aminopeptidase activity. We decided to study the native enzyme devoid of any
purification tag. Preliminary results showed that native TmPep1050 is a dodecamer exhibiting a much

41






RESULTS AND DISCUSSION

higher activity than the histidine tagged version. This first hint prompted us to further characterize
TmPepl1050 which could be a relevant model to study the dimer-dodecamer transition of M42
aminopeptidases. We succeeded in solving the structure of both the dodecamer and the dimer of
TmPep1050. Consequently, several structural rearrangements were identified, revealing how the
metal ions intervene in stabilizing the dodecamer structure. The work has been published in the
Journal of Biological Chemistry (JBC) in October 2019.

B.1.2 Methodology

Basically, we used a conventional approach to study the dimer-dodecamer transition of TmPep1050.
Our methodological approach has been described in length in a second article (see section B.2, page
68). In short, the enzyme was produced recombinantly in E. coli and purified to homogeneity without
using an affinity tag. The molecular weight of recombinant TmPep1050 was determined by size
exclusion chromatography and native MS. The specific activity was determined using amino acid p-
nitroanilide derivatives, whose amide bound mimics a peptide bound. Several crystallization
conditions were identified using various crystallization kits. Two conditions were optimized to get
crystals suitable for X-ray diffraction. For data collection, crystals were diffracted at BM30a (ESRF
synchrotron) and Proxima 2 (SOLEIL synchrotron) beamlines. The structures were solved classically
by molecular replacement. The apo-enzyme can be prepared in three different ways using either
malic acid or 1,10-phenanthroline as chelating agent or an extended dialysis. In the article, we used
only the results obtained with the malic acid treated TmPep1050 because one of the crystallization
conditions contains malic acid. The dimer-dodecamer transition was studied by coupling different
methods: size-exclusion chromatography, cobalt quantification, thermal-shift assays, and native MS.
Stable dimers of TmPep1050 were obtained by simply heating the apo-enzyme. The dimer was
subsequently characterized using the same methods as for the dodecamer. Two variants were
engineered by single-point mutagenesis to study the role of the M1 and M2 sites. Both variants were
characterized by native MS and X-ray crystallography.

B.1.3 Article summary and discussion

Two structures were solved for TmPep1050 dodecamers: the apo-form and the complex with Zn?*
and Co?* (hereafter named apo-TmPep105012-mer and TmPepl105012-mer, respectively). Apo-
TmPep105012-mer probably resulted from malic acid used in the crystallization condition, which is
considered as a mild chelating agent*3®. Observing a dodecameric structure for apo-TmPep105012-mer
seemed unusual as metal ion chelation often leads to the dodecamer disassembly3%>382, Despite the
role of metal ions in the oligomerization, the dodecamer disassembly may require an energy input,
especially for thermophilic enzymes. A similar observation was made by Roncari et al. (1972) for
GsApl: the disassembly of the apo-GsApl was achieved only after a heat treatment372. In addition, the
structure of ADPkam589 has been reported as an apo-form dodecamer®’8. Besides, the structure of
apo-TmPepl105012-mer appeared to be nearly identical to that of TmPep105012-mer. Some slight
differences, however, were observed in their catalytic sites. As expected, the quaternary structure of
TmPep10501,-mer adopts the same genuine structure as other characterized M42 aminopeptidases. It
consists of six dimers spatially organized to form a tetrahedron-shaped particle. Nevertheless, the
structure of TmPep105012-mer unraveled a new structural feature in the PDZ-like domain. As explained
in section A.5.3.1 (page 31), a gap has been reported in the PDZ-like domain for all M42
aminopeptidase structures published so far. In PhTET2, this gap is located between the d strand and
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the ab helix (see Figure 39, page 31). In the TmPep105012-mer Structure, the a4 helix filled that gap
and could have two roles. The o4 helices are positioned in such a manner that the entrance (13 A of
diameter) found at each tetrahedron face are narrower than that of other M42 aminopeptidases (18-
20 A of diameter). Consequently, an open/closed conformation of the entrances could happen as the
a4 helix seems to be flexible. Thus, we inferred a first role for this helix: the control of the inner
chamber accessibility. Furthermore, at the dimer level, the a4 helix of one subunit was found
delineating the catalytic pocket of the other subunit. Subsequently, it could fulfil a second role in
substrate binding. During the revision of our article, Gauto et al. (2019) observed the a4 helix in the
PDZ-like domain of PhTET24%’. In their study, the authors reported the structure of PhTET2 in solution
using NMR and cryo-EM. Interestingly, almost no NMR signal was obtained at room temperature for
this segment of the PhTET2 dimerization domain while the backbone could be seen in the cryo-EM
density. Such an observation strongly supports our hypothesis on the function of the a4 helix.

The structures of apo-TmPep105012-mer and TMPep105012-mer also provided some hints about
metal ion binding and the catalytic mechanism of M42 aminopeptidases. The comparison of both
structures showed that the metal ions impose some constraints on their ligand residues, bringing
them closer to the reaction center. In the TmPep105012-mer Structure, the water molecule thought
being involved in peptide bond hydrolysis is positioned asymmetrically between both metal ions. In
other M42 aminopeptidase structures or in VpAp1, this water molecule is symmetric to the metal
ions. Our data suggests that Zn?* of the M2 site could activate the water molecule, which is in
accordance with the proposed catalytic mechanism of VpAp1 (see section A.5.2.2, page 26). Activity
assays showed that TmPep1050 is a strict leucyl-aminopeptidase activated by Co?*. Compared to our
previous study, we observed a 550-fold increase of ket against L-Leu-pNA. Co?* is bound with an
apparent dissociation constant of 50 uM. The most remarkable trait of TmPep1050 is its
thermostability, with half-lives at 95°C and 75°C of 24 hours and 20 days, respectively. When metal
ions are removed by extended dialysis against malic acid, the half-life at 75°C dropped to only one
hour. This dramatic loss of activity was accompanied with the disassembly of dodecamers into
dimers. The phenomenon was further explored to confirm that the dimer-dodecamer transition of
TmPep1050 is driven by Co?*. Adding Co®* to dimers restored the activity and thermostability of
TmPep1050. In the process, the ratio of dodecamer-to-dimer increased with the concentration of
Co?* accordingly. Native MS experiments confirmed that the dimer-dodecamer transition is
dependent on Co?*. Moreover, several transition oligomers were identified: tetramer, hexamer, and
octamer. As no decamer was observed, our study does not support the stochastic model proposed
by Macek et al. (2017)*%°. Still, due to the scarcity of data, it would be hazardous to exclude or
acknowledge any hypothesis (stochastic, hexamer-based, or hybrid).

The structure of the TmPep1050 dimer (hereafter named TmPep1050,-mer) Was solved at high
resolution. The overall structure is highly similar to that of TmPep105012-mer although with some
important differences. Especially, the active site of TmPep1050,-mer undergoes major rearrangements
following the dodecamer disassembly. More particularly, the catalytic residue, Glu-197, and a metal
ion ligand of the M1 site, Glu-198, are displaced far away from the catalytic center. The a carbons of
Glu-197 and Glu-198 are at, respectively, 6 A and 7 A from their normal position in the dodecamer
structure. Their side chains are even oriented outward the active site. Two other metal ion ligands,
Asp-220 of the M2 site and His-307 of the M1 site, have their side chain displaced compared to the
active site in the TmPep105012-mer Structure. Besides these rearrangements in the active site, the a8
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and a10 helices, corresponding to the a4 and a7 helices in PhTET2 (see Figure 37, page 30), are so
disordered in the dimer that they cannot be seen in the electron density. A native MS experiment
showed that TmPep1050;-mer fragmented preferentially within the a8 and a10 helices, proving their
high flexibility. These helices have been reported to be part of the exit channel. Furthermore, two
loops involved in dimer-to-dimer interaction are misplaced in the TmPep1050;-mer structure. To
demonstrate their role in oligomerization, three key residue — Lys-232, Arg-233, and Arg-249 — were
substituted to glutamate residues. The resulting variant lost the ability to form dodecamer, as only
dimers and tetramers were observed.

Finally, we investigated the role of the M1 and M2 sites in oligomerization. To achieve that,
His-60 and His-307 were substituted to alanine residues independently. His-60 and His-307 are
involved in metal ion binding in the M2 and M1 sites, respectively. The substitution of His-60
provoked an alteration in the dodecamer formation as both dimers and dodecamers were observed
for this variant. This result was expected as it correlates with the role of the M2 site proposed by
Colombo et al. (2016)3%°. Unexpectedly, the substitution of His-307 completely abolished the
dodecamer formation as the variant is a strict dimer. Thus, the oligomerization of TmPep1050 is
strictly controlled by the M1 site. Conversely, PfTET3 tends to disassemble partly into monomers
when the M1 site metal ion was removed. The complete disassembly of dodecamers was achieved
only when both sites were depleted of their metal ions®®>. Consequently, whether the
oligomerization is strictly controlled by the M1 site remains uneasy to settle.

For TmPep1050, the metal ion binding affinity of the M1 site could not be determined
experimentally since no biphasic dose-response curve was observed during the Co?* binding assays.
Based on the structural data, the M2 site seems to have a higher affinity than the M1 site for metal
ion binding. Indeed, Zn?* is found in the M2 site of TmPep1050 and, according to the Irving-Williams
series, zinc has a higher affinity than cobalt to occupy a metal ion binding site. In addition, the M2
site of TmPep1050 is occupied at 87% while the M1 site is occupied at 34%. Thus, our structural data
are in accordance with Colombo et al. (2016) but our results with TmPep1050n60a and
TmPep10504307a suggest the contrary. One should be cautious when interpreting structural data
since X-ray radiation damage may occur. When collecting a data set at a wavelength near the metal
absorption edge, the metal ion will absorb more energy and may oxidize, resulting in an anomalous
signal loss*37438_ Furthermore, the dimer and dodecamer could have different binding affinities for
the M1 and M2 sites. Henceforth, other experiments will be required to disambiguate their
respective roles in the oligomerization. The Co?* binding assays also showed that TmPep1050 could
bind more than two Co?*, suggesting a potential third site like in PfTET336>,
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The M42 aminopeptidases are dinuclear aminopeptidases
displaying a peculiar tetrahedron-shaped structure with 12 sub-
units. Their quaternary structure results from the self-assembly
of six dimers controlled by their divalent metal ion cofactors.
The oligomeric-state transition remains debated despite the
structural characterization of several archaeal M42 aminopep-
tidases. The main bottleneck is the lack of dimer structures, hin-
dering the understanding of structural changes occurring dur-
ing the oligomerization process. We present the first dimer
structure of an M42 aminopeptidase, TmPep1050 of Thernio-
toga maritima, along with the dodecamer structure, The com-
parison of both structures has allowed us to describe how the
metal ion cofactors modulate the active-site fold and, subse-
quently, affect the interaction interface between dimers. A
mutational study shows that the M1 site strictly controls
dodecamer formation. The dodecamer structure of TmPep1050
also reveals that a part of the dimerization domain delimits the
catalytic pocket and could participate in substrate binding.

Cells possess an arsenal of proteolytic enzymes to ensure
specific and nonspecific hydrolysis of proteins and peptides (for
instance, up to 2% of the human genome encodes proteases) (1).
Proteolysis plays an important role in a wide array of cellular
functions as diverse as homeostasis, stress responses, cell-cycle
regulation, quorum sensing, stalled ribosome rescue, immune
response, virulence, etc. (2—6). About 80% of protein degrada-
tion is achieved by the proteasome 26S in eukaryotes (3). Pro-
tein turnover is carried out by either the proteasome 208 in
archaea and actinomycetes or several proteolytic complexes,
notably HslUV, ClIpAP, ClpXP, Lon, and FtsH, in other pro-
karyotes (4, 7). The proteasome and its related complexes gen-
erate peptides 6—9 amino acids in length (8) that are further
processed by a set of endopeptidases and exopeptidases. Several
peptidases have been proposed to act downstream of the pro-
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teasome: the tricorn protease (9), thimet oligopeptidase (10),
tripeptidyl peptidase I (11), aminopeptidase N (12), and TET?
aminopeptidases (13). The latter peptidases are widely distrib-
uted in all kingdoms of life (14). They adopt a peculiar tetrahe-
dron-shaped structure compartmenting the active sites in a
buried catalytic chamber (15). In Pyrococcus horikeshii, four
TET aminopeptidases, PhTET1, PhTET2, PhTET3, and
PhTET4, have been described, and each of them displays a dif-
ferent substrate specificity, aspartyl, leucyl, lysyl, and glycyl
aminopeptidase activity, respectively (15-18). Remarkably,
heterocomplexes, made of PATET2 and PhTET3, have been
reported, leading to the assumption of the existence of a pepti-
dasome particle (19, 20).

According to MEROPS classification, the TET aminopepti-
dases are found in the M18 and M42 families (14, 21). Both
families belong to the MH clan, encompassing metallopepti-
dases sharing a common ¢/ catalytic domain. The archetypal
MH clan enzyme is the Vibrio proteolyticus aminopeptidase 1
(22). The M18 family is widely distributed in all domains of life
(14), whereas the M42 family is unique to prokaryotes (23).
Several structures of archaeal M42 aminopeptidases have been
studied (13, 15, 17, 18, 24 —26), but only one structure has been
reported for bacteria (27). Franzetti et al. (25) described the first
TET aminopeptidase structure of the Haloarcula marismortui
M42 aminopeptidase, consisting of 12 subunits adopting a tet-
rahedron-shaped quaternary structure. High-resolution struc-
tures of P. horikoshii PATET2 have revealed that the M42 amin-
opeptidase subunit is composed of an /3 catalytic domain and
a PDZ-like dimerization domain (13, 15). A similar quaternary
structure has been reported for several M18 aminopeptidases
from prokaryotes and eukaryotes (28-31), although their
dimerization domain adopts a butterfly fold instead of a PDZ-
like fold. The quaternary structure is often seen as the assembly
of six dimers with a dimer positioned on each edge of the tetra-
hedron (13). At the center of the tetrahedron faces are four

?The abbreviations used are: TET, tetrahedral shape; r.m.s.d., root-mean-
square deviation; pNA, p-nitroanilide; LAP, leucyl aminopeptidase; k, spe-
cific activity; k.,,, turnover number; T, melting temperature; V., elution

volume; [Co”"], Co” " concentration; Tm, T. maritima; Ph, P. horikoshii; Sp,

Streptococcus pneumoniae; CV, column volumes; PDB, Protein Data Bank;

MR, molecular replacement; Pf, P.furiosus.
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gates leading to a wide inner cavity. Four exit pores are located
at the tetrahedron vertices through which amino acids, gener-
ated during peptide hydrolysis, are released.

The catalytic site is characterized by (i) two catalytic res-
idues, (ii) five residues forming the metal ion—binding sites
M1 and M2, and (iii) two divalent metal ions (usually Zn>",
Co’", and Mg2+). The metal ions have been described to
bind the substrate, to facilitate nucleophile generation
(water molecule deprotonation), and to stabilize the transi-
tion state of peptide hydrolysis (32). In addition to their cat-
alytic roles, the metal ions could also control the TET amin-
opeptidase oligomerization. Such a structural role has been
reported for three M42 aminopeptidases, PATET2 and PhTET3
from P. horikoshii (13, 33, 34), and PfTET3 from Pyrococcus
Sfuriosus (24). Under chelating conditions, dodecamers disas-
semble into either dimers (PhTET3) or monomers (PhTET2
and PfTET3). Colombo et al. (24) inferred the role of the M1
and M2 sites in the oligomerization: the presence of a metal ion
in the M2 site is required for the oligomerization, whereas the
M1 site controls protein flexibility. According to Macek et al.
(33), the dissociation is reversible as dodecamers are formed
through random association of dimers. The understanding of
the dodecamer formation mechanism, however, suffers from
the lack of dimer (or monomer) structure. A low-resolution
structure of PhTET2 dimer has been reported, but no
significant structural change has been pinpointed (35). The cur-
rent knowledge on M42 aminopeptidases relies on a set of
archaeal enzymes, whereas their bacterial counterparts remain
ill-described.

In this work, we focus on the bacterial M42 aminopeptidase
model, TmPepl050 from Thermotoga maritima, previously
characterized as a cobalt-activated leucyl aminopeptidase (23).
We present the first high-resolution dimer structure of an M42
aminopeptidase alongside the dodecamer structure. The dimer
structure clearly showed the cofactor role in the active-site fold
that reverberates the interaction interfaces between dimers. In
addition, the thermostability of TmPepl1050 depends on the
oligomeric state. The dodecamer assembly/disassembly was
further studied by native MS, revealing the intermediate oligo-
meric states as well as the flexible parts in the dimer structure.
Finally, we inferred the role of the M1 and M2 sites through the
structural study of TmPepl050 variants. Our results showed
that the M1 site strictly controls the dodecamer assembly.
Based on the current knowledge, we should avoid drawing gen-
eral dogma on the TET aminopeptidases due to the lack of
studies on metal ion binding behavior and structures in com-
plex with substrates and inhibitors.

Results and discussion
TmPep1050 has a genuine TET aminopeptidase structure

The Tm_1050 open reading frame (ORF) was overex-
pressed in Escherichia coli, and the recombinant enzyme was
purified to homogeneity through three chromatographic
steps. Size-exclusion chromatography showed that the puri-
fied enzyme, subsequently named TmPep1050,,_,,.,, had an
apparent molecular weight of 330 = 15 kDa (S.E. with n = 12;
molecular weight of a monomer, 36.0 kDa). Native MS anal-
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Figure 1. The TmPep1050,,_,,.. structure. A, schematic representation of
TmPep1050,,_,,., Quaternary structure (PDB code 6NW5) centered on one of
the tetrahedron faces. As the asymmetric unit contains four monomers, the
quaternary structure was reconstituted by PDBePisa. B, schematic represen-
tation of TmPep1050,,.,,.., subunit. The «4 helix, 316 strand, and 3 sheet
extension (310, 11, and B17) are colored in green, dark blue, and purple,
respectively. Zn”** and Co®™ are displayed as gray and pink spheres, respec-
tively. C, schematic representation of subunits A and B (red and blue, respec-
tively) composing a dimer in the TmPep1050, ..., structure. The subunit A
catalytic pocket is indicated by an arrow, the a4 helices are schematized as
cylinders. D, structural alignment of the five metal ion-binding residues and
the two catalytic residues of TmPep1050,,._,,, (in light gray) and apo-Tm-
Pep1050,,. ., (PDB code 4P6Y; in flight blue). Zn>*, Co®*, and H,0 are repre-
sented as gray, pink, and red spheres, respectively. The distance between
His-60 and His-307 Ne2 is about 6.7 A in the TmPep1050, ,._,,,., structure. In the
apo-TmPep1050,,.,... structure, this distance is increased to about 8.2 A.

ysis demonstrated that TmPep1050,,_ ., is a dodecamer
with a measured mass of 435,323 = 64 Da (theorical mass,
432,783 Da). Crystals were obtained in two crystallization
conditions (see Table S1). X-ray fluorescence scanning
detected Co”* and Zn”™ in crystals grown in 0.18 M triam-
monium citrate, 40% PEG3350, pH 7.5, whereas no trace of
metal ions was found in crystals grown in 2.1 M malic acid,
pH 6.75 (see Fig. S1). The absence of metal ions could be due
to the use of malic acid, a weak chelating agent of divalent
metal ions (K, 10 ? M for Co®" binding) (36), in the crystal-
lization buffer. Under such conditions, TmPep1050,, ..
was barely active, although dodecameric oligomerization
remained unaffected at room temperature (see below). A
similar statement has been reported for Ph'TET2 (13): when
cocrystallized with o-phenanthroline, PhTET2 remained
dodecameric even if the two Zn>" were chelated. The apoen-
zyme structure (apo-TmPepl1050,,_...,) was determined by
molecular replacement using the coordinates of YpdE, an
uncharacterized M42 aminopeptidase of Shigella flexneri.
The metal-bound complex structure was determined by MR
and single-wavelength anomalous diffraction using apo-Tm-
Pepl050,, .., coordinates.

The TmPepl050,, .., quaternary structure consists of 12
subunits adopting a tetrahedron-shaped architecture (see Fig.
1A) like other available structures of M42 aminopeptidases (13,
17,18, 24,26, 27). The tetrahedron-shaped architecture is often
described as the self-assembly of six dimers in such a manner
that a dimer lies on each tetrahedron edge. Four entrances are
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located at the center of the faces, and four exit channels are
located at the vertices. The entrances and exits lead to an inner
cavity with the 12 catalytic sites oriented inward, compart-
menting the active sites. The interaction between dimers is
maintained through a polar and hydrophobic interaction net-
work at the vertices (see Fig. S24) and nine salt bridges between
adjacent subunits (see Fig. S2B). The residues forming these salt
bridges are, however, not conserved among all M42 aminopep-
tidases. The apo-TmPepl050,, .. structure appears to be
nearly identical to the TmPep1050,, .. structure obtained
with bound metal ions (structural alignment r.m.s.d., 0.235A).
There are, however, several differences observed in the catalytic
site, and they are described below.

The o4 helix of the PDZ-like domain delimits the
TmPep1050,,._,,,, catalytic pocket

The TmPepl050,,_,,.. subunit is composed of a catalytic
domain and a dimerization domain (Fig. 18). The catalytic
domain adopts an «/f3 globular structure similar to that of
V. proteolyticus aminopeptidase Apl (see Fig. S3) except that
the B sheet displays an extension of three antiparallel strands
(10, B11, and B17) connected to the B16 strand. The B sheet
extension is conserved among the M42 family (13, 15, 21) and
interacts with the neighbor subunit dimerization domain (13,
27). The TmPepl050,,_,,., dimerization domain adopts the
typical fold of a PDZ-like domain (13). In all structurally char-
acterized M42 aminopeptidases, the a4 helix of the PDZ-like
domain is highly flexible (13, 15, 17, 18, 24, 26, 27). The a4 helix,
however, was modeled in TmPep1050,,_.,.,. structure, probably
due to its stabilization in the crystal. In the quaternary struc-
ture, the a4 helices are positioned in such a manner that the
entrances are restricted to 13 A (see Fig. S4), which is smaller
than those reported for Ph'TET1, PhTET2, and SpPepA (13, 18,
27). The carboxylate functions of three glutamate residues
(Glu-110, Glu-114, and Glu-117) are oriented toward the
entrance. In addition, the TmPep1050,,_,... active sites appear
to be more buried and delimited than those of other character-
ized M42 aminopeptidases as the a4 helix of one monomer
delimits the active-site pocket of the other monomer at the
dimer level (see Figs. 1C and S54). Hence, the a4 helix flexibility
could indicate a possible open/closed conformation of the
enzyme. It is worth noticing that an « helix of the butterfly-fold
dimerization domain of the M18 aminopeptidases could also be
highly flexible (30, 31) or, to the contrary, more stable (28, 29).
Such an a helix, flexible or not, seems to be a conserved struc-
tural feature among TET aminopeptidases. In the human M18
aminopeptidase structure, this « helix is directly involved in
substrate binding (28). A similar function could be expected for
the a4 helix in M42 aminopeptidases.

Seven residues conserved in the MH clan define the
TmPep1050,, ..., active site

The M42 aminopeptidase catalytic site consists of two
divalent metal ions (M1 and M2) bound by five strictly
conserved residues and two catalytic residues. In the
TmPepl050,,_,.., catalytic site, the M1 site consists of Asp-
168, Glu-198, and His-307 residues bound to a Co®" ion,
whereas the M2 site consists of His-60, Asp-168, and Asp-
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Table 1

TmPep1050;,_,,., aminopeptidase activity against L-aminoacyl-pNA
derivatives

k, specific activity; ND, not detectable (k < 0.05 s 1).

Substrates k
s!

L-Leu-pNA 1183 = 3.6
L-Ile-pNA 429 *+ 1.6
L-Val-pNA 72+08
L-Met-pNA 6.3 +0.2
L-Phe-pNA 0.9 £0.02
L-Ala-pNA 0.1 +0.01
L-Glu-pNA ND
Gly-pNA ND
L-His-pNA ND
L-Lys-pNA ND
L-Pro-pNA ND
Ac-Leu-pNA ND

220 residues bound to a Zn>" ion (see Fig. 1D). In the apo-
TmPepl050,, ... structure, these residues are correctly
positioned despite the absence of metal ions. The distance
between the imidazole rings of His-60 and His-307 is, how-
ever, increased by 1.5 A, whereas the carboxylate of Glu-198
is displaced by 0.4 A away from the M1 site center compared
with the TmPep1050,, ., structure with its metallic cofac-
tors. Thus, the presence of metal ions seems to pull the side
chains of metal-binding residues closer, especially those of
the M1 site (see Fig. 1D). The two metal ions also coordinate
a water molecule involved in peptide bond hydrolysis. The
water molecule is asymmetrically positioned, being closer to
the M2 site rather than the M1 site (see Fig. S5B). In the
monomer D, the distance between Zn>" and the oxygen
atom is so short that only a hydroxide ion could be modeled
instead of a water molecule, suggesting that the M2 site
stabilizes the hydroxide ion prior to the nucleophilic attack.
The TmPepl1050,,_,., Sstructure contrasts with V. proteo-
Iyticus Apl, PhTET1, and PhTET2 where the water mole-
cule is positioned symmetrically (see Fig. S5B). In the
TmPepl050,, . catalytic site, the acid/base catalyst is Glu-
197, which is conserved in all MH clan members. Indeed, the
mutation of Glu-197 to glutamine completely abolished the
activity (specific activity of L-Leu-pNA of less than 0.1 s~ 1),
whereas the oligomeric state remained unaffected. The sev-
enth conserved residue is Asp-62, which has been described
as a modulator of Lewis acid strength of M2 in V. proteolyti-
cus Apl (37). The TmPepl050,,_ ... S1-binding pocket is
similar to that of PATET2 because six of seven residues are
conserved (see Fig. S5C), which is in accordance with their
substrate specificities as both enzymes are leucyl
aminopeptidases.

TmPep 1050, , .., is a cobalt-activated leucyl aminopeptidase

TmPepl050,, .. aminopeptidase activity was assayed with
various L-aminoacyl-p-nitroanilide (pNA) derivatives. The sub-
strate specificity is mainly toward nonpolar aliphatic L-amino-
acyl-pNA, with a clear preference for L-Leu-pNA (Table 1).
TmPepl1050,,_,,. activity is maximal at pH between 7.0and 7.8
and up to 90 °C (see Figs. S6 and S7). Its kinetic parameters, k_,,
and K, were determined for L-Leu-pNA, L-Ile-pNA, and
L-Met-pNA (Table 2). These values differ greatly from our pre-
vious results obtained with His-tagged TmPep1050 (23), indi-
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Table 2
TmPep1050,, ., kinetic parameters
The ratio k_,./K,,, represents the catalytic efficiency.

Substrates K Koot k. /K
M st sTtat
L-Leu-pNA 1750 = 250 138 12 7.9 % 10"
L-Tle-pNA 1100 £ 100 534 4.8 X 10"
L-Met-pNA 1750 = 100 le £1 9.1 x 10°

cating that the polyhistidine tag could interfere in the binding
of divalent metal ions to the M1 and M2 sites. Indeed, we
reported ak,,, of 0.25s* for His-tagged TmPep1050, even with
a Co®" -to-enzyme ratio of 500.

Dialysis of TmPep1050,, ... against 2.1 M malic acid, pH 7.0
(one of the crystallization conditions), resulted in aloss of activ-
ity (dropping to 1 s~ 1), whereas its oligomeric state remained
unaffected as determined by gel filtration with an apparent
molecular weight of 300 = 10 kDa (S.E. with # = 3). The addi-
tion of Co>" partly restored TmPep1050,, ... LAP activity,
whereas Zn*>" had no effect on LAP activity, although it was
found in the active site (see Table 3). Similar observations have
been reported for other M42 aminopeptidases: although their
structures contain Zn®>", PhTET2, PhTET3, PfTET3, and
SpPepA are activated by Co?" (13, 17, 24, 27, 38). Other metal
ions had no significant effect on TmPep1050,,_,.... LAP activity
(see Table 3).

To quantify its affinity for Co>*, metal ion-depleted
TmPepl050,,_ .., was incubated with an increasing amount of
Co*", ranging from 0 to 2560 um. After 24-h incubation at
75°C, Co” " binding was quantified with an Amplex UltraRed
fluorescent probe. In parallel, LAP activity was measured to
follow the reactivation of metal-depleted enzyme (see Fig. 2).
Co?* content of metal ion—depleted enzyme was less than one
atom per 10 monomers (1.5 um Co*" for 20 um proteins).
TmPep1050,, .., can bind Co®" with an apparent association
constant of 50 = 5 um.

The thermostability and oligomerization state of TmPep1050
are Co**-dependent

As TmPep1050,,_,,,.. displays a LAP activity up to 90 °C, we
expected TmPepl050,, ... to be a highly thermostable
enzyme. Its thermostability was determined at 75 and 95 °C: at
95 °C the half-life of TmPepl1050,,_.... is about 24 h, whereas at
75°C it is about 20 days. TmPep1050,, ., is highly thermo-
stable, probably due to many ionic and hydrophobic interac-
tions between dimers maintaining the whole quaternary struc-
ture in dodecamers. Shorter half-lives (a few hours) have been
reported for various M42 aminopeptidases (17, 38 —41).

Remarkably, in the absence of its metal ion cofactors, the
half-life at 75 °C is dramatically reduced to merely 1 h. More-
over, under these conditions, TmPepl050 dodecamers dis-
sociated to dimers (namely TmPep1050,_,,,.,) after 2-h incu-
bation at 75 °C as an apparent molecular weight of 52 * 3
kDa (S.E., n = 12) was measured by gel filtration. Thermal
shift assays were conducted to further characterize the role
of cobalt ions in TmPepl050,, , ., thermostability. Cobalt-
loaded TmPepl1050,,_,..,. had a T, of about 97 °C, confirm-
ing its remarkable thermostability. After dialysis against
2.1 M malic acid, pH 7.0 (as mentioned above), the T,
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Table3

Effect of divalent metal ions on TmPep1050,,_ ... LAP aminopepti-
dase activity

Metal ion—depleted TmPepl1050,, ... was diluted at 20 pM in 50 mm MOPS, 0.5 M
(NH,),S0O,, pH 7.2, supplemented with 1.28 mwm of various metal chlorides. After
24-h incubation at 75 *C, specific activities (k) were measured with L-Leu-pNA as
substrate.

Metal ion k
S_l
Co** 40.1 £ 1.1
Zn** 1.9 £ 0.02
Mn** 1.3 =0.02
Mg>* 1.4 = 0.01
Ni** 1.1 =0.03
Cu?* 1.4 = 0.01
Ca** 1.6 = 0.01
N 3 50
5 ! ol
S Lt !
Erp 05
Q x
AR =
S 10
[=}
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Figure 2, Evolution of bound Co** per molecule of enzyme (mol. enz.)
(open circles) and LAP activity (k; closed circles) in response to an increas-
ing Co®* concentration ([Co?*]) ranging from O to 2560 um. Error bars
represent S.E. withn = 3.

dropped to 91 °C; meanwhile Co®" addition restored its
thermostability (see Fig. 3).

The link between the metal cofactors and thermostability
has been reported for several M42 aminopeptidases: Geoba-
cillus stearothermophilus aminopeptidase I (42), Thermococ-
cus onnurineus deblocking aminopeptidase (43), and
PhTET3 (34). The dodecamer dissociation has often been
achieved in harsh conditions such as EDTA treatment (24,
34, 42) or in acidic buffer (pH < 4) (33). Dimer formation has
been reported for PhTET3 (34) and PhTET2 (13), whereas a
further breakdown of dimers into monomers has been
achieved for PfTET3 (24) and PhTET2 (33). Neither of these
studies have, however, described the dodecamer dissociation
in physiologically compatible conditions. Although our
results focused on TmPepl1050,, ..., treated with malic acid,
the same dissociation of dodecamers into dimers was
achieved with an extensive dialysis against 50 mm MOPS,
0.5 M (NH,),SO,, pH 7.2, followed by a heat treatment at
75 °C (see Table S2). Therefore, our data tend to support a
dimer— dodecamer equilibrium depending on metal cofactor
availability.

The oligomeric-state transition is reversible and Co?* -driven

Thermal shift assays suggested that dodecamer dissociation
could be reversible, but the different oligomeric states occur-
ring during the association/dissociation process had to be iden-
tified. For that purpose, we opted for native MS. After a buffer
exchange in ammonium acetate, TmPep1050,, ... retained its
oligomeric state (molecular weight, 300 kDa according to gel
filtration) but had a LAP activity reduced by two-thirds, sug-
gesting that metal cofactors were partly lost. Native MS showed
that, under these conditions, TmPep1050 was mainly a mixture
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Figure 3. Thermal shift assays of Co** effect on TmPep1050, ..., ther-
mostability. Metal ion-depleted TmPep1050,,_,,., was diluted to 20 pum in
50 mm MQPS, 0.5 M (NH,),50,, pH 7.2, supplemented with [Co?*] ranging
from 0 to 2560 pm. After 24-h incubation at 75 °C, the thermostability was
determined by measuring T,,,. Error bars represent S.E. with n = 3.

of dimers and dodecamers (see Fig. 44). MS/MS analysis of
dodecamer +46 peakrevealed two masses for dissociated mono-
mer of 36,076.2 = 1.7 and 36,136.9 = 4.4 Da (see Fig. S8). The
first mass is almost equal to the theoretical molecular weight of
36,065 Da,whereasthesecond masscould correspond toamono-
mer with one cobalt ion bound.

When samples were loaded with Co®™ and heated at 75 °C
for 30 min prior to MS analysis, peaks corresponding to
dimers tended to disappear in favor of dodecamer peaks (see
Fig. 4B). MS analysis of Co*"-reloaded TmPep1050,, ...,
showed that monomer had a mass about 176 Da higher than
the theoretical molecular weight. Such difference could be
explained by the presence of at least two cobalt ions per
subunit. In addition, MS experiments showed the existence
of intermediate oligomeric states: tetramers, hexamers, and
octamers (see Fig. 4C). The self-assembly pathway of M42
aminopeptidases is still poorly understood. Appolaire et al.
(35) proposed that dimers self-assemble into dodecamers via
intermediate hexamers for PhTET2. Macek et al (33)
debated this theory arguing that dimers self-assemble ran-
domly to form tetra-, hexa-, octa-, and decamer intermedi-
ates for PhTET2. Our native MS data suggest that a
dodecamer could result from the association of either two
hexamers or a tetramer and an octamer. Such a transition of
oligomeric states could occur and be controlled in vivo due
to the low availability of divalent metal ions.

Native MS analysis of TmPep1050,_... (Co®>*-depleted and
heat-treated) revealed peaks corresponding to dimers only (see
Fig. 4D). The addition of Co®" combined with a heat treatment
at 75 °C completely changed the mass spectra. Indeed, dimer
peaks became almost undetectable, whereas dodecamers were
the most abundant oligomer in the presence of a 6 X excess of
cobalt (see Fig. 4D). In comparison, only partial reassociation
was reported for PhATET3 (34) and PhTET2 (35). A second
experiment was conducted to quantify the different oligomers
occurring during the reassociation. TmPep1050, .. was incu-
bated with an increasing concentration of Co® " at 75 °C for 30
min, and the oligomers were identified by size-exclusion chro-
matography (see Fig. 54). The intermediate oligomers were not
detected due to their low abundance (as seen in MS experi-
ments). As expected, the ratio of dodecamers to dimers increased
according to the Co®" concentration (see Fig. 5, A and B).
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TmPep1050,_,,.., structure highlights the structural changes
triggered by metal ion loss

We showed that cobalt ions are important for activity, ther-
mostability, and oligomerization of TmPepl050. Native MS
experiments demonstrated the reversibility of dodecamer dis-
sociation and how it depends on metal cofactors. As dimers are
unable to form dodecamers in the absence of cobalt, structural
changes must occur at oligomerization interfaces. To under-
stand these changes, the structure of TmPepl050 was
solved by X-ray crystallography.

The overall shape of TmPepl1050, ... does not differ from a
dimer in the TmPep1050,, ., structure (see Fig. 6A). How-
ever, several structural dissimilarities having a dramatic impact
on the oligomerization capability are observed. Two segments
are too flexible to be modeled in the TmPep1050,_, .. structure:
Gly-203-Gly-208 and Phe-279 —Glu-292 corresponding to the
a8 and a10 helices, respectively. To rule out a potential crystal-
lographic artifact linked to protein stacking in the crystal,
TmPepl050, ... backbone flexibility was probed by collision-
induced dissociation. Mass spectra showed that proteins were
fragmented at two preferential regions, Gly-203-Pro-212 and
Asn-283-Thr-290, indicating the soundness of the crystallo-
graphic data (see Fig. 6B). At each vertex of the tetrahedron-
shaped dodecamer, the @8 and «10 helices of three adjacent
subunits form the exit tunnel via an interaction network
between Tyr-209 and Arg-289 (see Fig. S2A). This interaction
network has been described to be highly important for oligo-
merization (21, 35). In the TmPep1050, ... structure, interac-
tion between Tyr-209 and Arg-289 is prevented as Tyr-209 is
completely buried.

Structural alignment between dimer subunit and dodecamer
subunit shows that the GIn-196—-Val-202, Lys-229—-Ala-235,
and Lys-247-Ser-254 segments diverge greatly (see Fig. 6A).
High B-factors were observed for these segments, indicating
that they are highly flexible (see Fig. $9). The Gln-196 —Val-202
segment contains two conserved residues of the catalytic site,
Glu-197 and Glu-198, which are the catalytic general base and a
metal ion-binding residue of the M1 site, respectively. In the
TmPep1050, ., structure, the Glu-197-Gly-200 loop is so dis-
ordered that Glu-197 and Glu-198 side chains point outward
from the catalytic site, which explains why the dimers are far
less active than the dodecamers (see Fig. 6C). Thus, metal ion
binding in the M1 site is strongly impaired in TmPep1050, ...
The displacement of Glu-197 and Glu-198 probably has an
impact on His-60 and Asp-62 as their predicted pK, values
increase from 8.5 to 10.1 and from 2.6 to 5.0, respectively.
His-60 plays a pivotal role in an H-bond network in the
dodecamer subunit, interacting with Asp-62, Asp-168, Asp-
169, Glu-197, Glu-198, and Asp-220. In the TmPep1050,_ ..
structure, the whole H-bond network is disrupted. In the
dodecamer structure, the GIn-196-Val-202 loop probably
imposes the fold of the subsequent 8 helix via an entangled
network of H-bonds and polar interactions. In addition, the
GIn-196-Val-202 segment is closely connected to the «l0
helix.

The Lys-229-Ala-235 and Lys-247—Ser-254 segments are
important for oligomerization as Lys-232, Arg-233, and Arg-
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Figure 4. Oligomeric state determination by native MS. A, mass spectrum of TmPep1050

ata concentration of 50 pum (trap collision energy setto 10 V).

12-mer

B, mass spectra of TmPep1050,,_,,.., in the presence of an increasing Co?" concentration. 20 um enzyme was incubated for 30 min at 75 °C with Co®™ at a
concentration ranging from 0 to 120 um. C, ion-mobility mass spectra of TmPep1050,,._,,., (50 um). D, mass spectra of TmPep1050,_.., (upper) and its
reassociation into dodecamers (lower). For the reassociation experiment, 20 M enzyme was incubated with 120 um Co?* for 30 min at 75 °C.

249 are involved in the formation of salt bridges in the
dodecamer (see Fig. S1B). Systematic mutagenesis of these
residues was set up to support the role of salt bridges in the
dodecamer structure. Single point mutations of Lys-232,
Arg-233, and Arg-249 to alanine residues did not impact the
oligomerization (data not shown). However, the triple
mutation to either alanine or glutamate residues (Tm-
Pepl050ycz50p/m2ssamaaoa  aNd  TmPepl050y,uop/rasse/rosors
respectively) greatly disturbed the formation of do-
decamers. Indeed, the oligomeric state of Tm-
Pepl050i 354 12334 /R2404 15 Mainly dimeric as shown by gel
filtration (see Fig. 7). It also forms dodecamers and tetramers
representing about 32 and 20% of the purified sample,
respectively. For TmPepl050,,55p/ra338/roa0p: the muta-
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tions have a dramatic impact on the oligomerization as the
dimeric fraction represents about 88% of the purified sample
(see Fig. 7). TmPepl050 53,4 ,/r2334,r2404 Nas a reduced spe-
cific activity on L-Leu-pNA of 37.2 * 0.9 s~ ', whereas
TmPepl050ss30r/ros3ERr049r 1S barely active with a specific
activity of 0.15 = 0.01 s~ . Our results strongly support the
role of Lys-232, Arg-233, and Arg-249 to stabilize the
dodecameric structure. Nevertheless, one should avoid gen-
eralizing such a conclusion to the whole M42 family as these
residues are not conserved. Appolaire et al. (35) reported the
destabilization of PhTET2 by mutating five residues
involved in interdimer interactions. However, in their study,
the destabilization was only transitory as PhTET2 dimers
slowly reassembled into dodecamers over time (35).
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Figure 5. Reassociation of dimers into dodecamers in response to Co** concentration. TmPep1050,_.., was incubated with Co’" at a concentration
ranging from 0 to 5 mm for 30 min at 75 °C, Oligomers were detected and quantified by gel filtration on a Superdex 200 column (volume of 120 ml). A,
gel-filtration chromatogram of TmPep1050,_,,... after incubation with increasing Co’" concentrations of 0 (black dashes), 0.05 (light gray dashes), 0.1 (gray
dashes), 0.2 (light gray dots), 0.5 (gray dots), 1 (light gray line), and 5 mm (gray line). The peak at elution volume (V,) of 95.0 ml corresponds to dimers, whereas the
peak at V, of 81.8 ml corresponds to dodecamers. Inset, the calibration of the Superdex 200 column with albumin (Ab), conalbumin (C), aldolase (Ad), ferritin (F),
and thyroglobulin () as standards. The correlation between V, (ml) and the logarithm of the relative mass (M,) is linear with R? of 0.91. The 95% confidence
intervals of the linear regression are shown in dots. 8, ratio of dodecamers to dimers (R, 5,,) after incubating TmPep1050,.,,,., with Co?*. Ratios were calculated
based on the peak areas. Abs, absorbance. mUA, milli unit of absorbance. Error bars represent S.E. with n = 3.

The metal ion cofactors are directly involved in structural
changes during dodecamer dissociation

The TmPep1050, ..., structure shows how the loss of metal
ions induces dodecamer dissociation. The structural role of
either M1 or M2 sites, however, was not so obvious as Glu-198
(M1 site) interacts with His-60 (M2 site). Therefore, systematic
mutagenesis of His-60 and His-307 (M1 site) to alanine resi-
dues was undertaken; the resulting variants were named
TmPep1050;44, and TmPepl050,,,,,4, respectively. The vari-
ants were barely active using L-Leu-pNA as substrate (specific
activity of less than 0.1 s~ '). Their molecular states were deter-
mined by native MS: TmPep1050,,,,, was a mixture of dimers
and dodecamers, whereas TmPepl1050,5,,, formed only
dimers (see Fig. 8A). Size-exclusion chromatography of
TmPepl1050;,4,, showed that the dodecamer-to-dimer ratio
was about 0.75.

As TmPepl050,,,,,, only exists as a dimer, the M1 site
is probably the most important feature leading to Tm-
Pepl1050,, ,.., formation. The structures of TmPep1050; 404
(dimer only) and TmPep1050,,5,., were solved by X-ray crys-
tallography. The H307A mutation provokes the same structural
dissimilarities as observed in TmPep1050,_,,,., (see Figs. 88 and
S9). The a8 and «l0 helices could not be modeled in the
TmPep1050,,5,, 4 structure, whereas the &9 helix is elongated
by three residues. Glu-197 and Glu-198 residues are also ori-
ented outward from the catalytic site. The M2 site presents the
same spatial arrangement as in the dimer, indicating that only
the apo form was crystallized. Our data strongly support the
structural role of the metal cofactors in addition to their cata-
lytic role. Colombo et al. (24) drew the same conclusion with
PfTET3 and hypothesized that the metal ion bound to the M1
site could stabilize the oligomerization.

The presence of Co®" in the M2 site is not strictly required
for oligomerization as TmPepl050,,,,, is able to form a
dodecamer. Still, the H60A mutation impeded cobalt binding in
the M1 site, probably due to H-bond network disruption. The
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TmPepl050;4,, dimer structure afforded a better understand-
ing of conformational changes in the Gln-196 —Tyr-209 region.
Glu-197-1le-201 forms a wide loop instead of a tight U-turn.
The a8 helix is completely unwound in the TmPep1050,,,,4
dimer (see Fig. 8B).

Mutagenesis of His-60 and His-307, which are involved in
metal ion binding in the M2 and M1 sites, respectively, led to an
interesting observation. In M42 aminopeptidases, the M1 site
has been described to have a lower affinity to metal ion than the
M2 site (15, 24). According to Colombo et al. (24), the removal
of Co* from the M1 site led to a partial dissociation of PFTET3
dodecamer into monomer. The dodecamers were fully dissoci-
ated when the second metal ion in the M2 site was removed.
Surprisingly, the H307A mutation abolished the dodecamer
formation for TmPep1050,,,,,, Whereas a partial dissociation
was observed for TmPep1050,,4,4. Our data strongly suggest
that the M1 site strictly controls the TmPep1050 oligomeriza-
tion. Further studies would be required to understand how M1
and M2 sites finely tune the oligomerization according to their
affinity and selectivity.

Experimental procedures
Cloning and mutagenesis of Tm_1050

The Tm_1050 ORF was amplified from BspHI-digested
TmCD00089984 plasmid (Joint Center for Structural Genom-
ics) using Pfu DNA polymerase (Thermo Fisher Scientific) and
primers ocej419 and ocej420 (see Table S3). The PCR product
was inserted into the pBAD vector (Thermo Fisher Scientific)
by homologous recombination in E. coli according to the seam-
less ligation cloning extract (SLiCE) protocol (44), giving rise to
pCEC43. Briefly, the insertion of the PCR product is allowed via
two 30-bp sequences, homologous to the insertion site of the
pBAD vector, flanking the gene of interest. The homologous
recombination is mediated by using a cell extract of PPY strain,
expressing the A prophage Red recombination system. Site-di-
rected mutagenesis was carried out following the single-primer
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Figure 6. The TmPep1050,_, ., structure. A, structural alignment of TmPep1050,_,,.., subunit (PDB code 5NE6; blue) versus TmPep1050;, ;... Subunit (PDB

code 6NW5; light gray). Arrows point to the structural dissimilarities. The metal-

binding residues, catalytic residues, and residues involved in the oligomerization

are shown in stick representation. B, MS fragmentation pattern of TmPep1050,_,.., under 125-V collision trap energy. In the inset, preferential fragmentations

are annotated in blue. The sequences underlined are the unmodeled flexible

parts of the TmPep1050,_,., structure. C, close-up of the TmPep1050,_,,., (blue)

active site versus the TmPep1050, ..., active site (light gray). The side chains of the metal-binding residues and the catalytic residues are represented as sticks.
The metal cofactors of TmPep1050, ;... Co®>" and Zn*", are shown as pink and gray spheres, respectively.

©
17}
1501 £
g 100- 45 5 5.5 s
£ Log,, M,
[72]
< 507
o L} T 1
14 16 18 20
V, (mL)

Figure 7. Oligomeric states of TmPep1050y,3,a/r233a/r2494 (Plain line) and
TmPep1050y,3,e/r2336/m240e (dOts) determined by gel filtration on Superose
6 column. The peaks at V, of 16.2, 17.1, and 18.3 ml correspond to dodecamers
(347 kDa), tetramers (151 kDa), and dimers (54 kDa), respectively. Inset, the calibration
of the Superose 6 column with albumin (Ab), conalbumin (0), aldolase (Ad), and
ferritin (F) as standards. The correlation between V, (ml) and the logarithm of the
relative mass (M,) is linear with R of 0.99. The 95% confidence intervals of the linear
regression are shown in dots. Abs, absorbance. mUA, milli unit of absorbance.
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reactions in parallel (SPRINP) protocol (45) except for the
two vectors used for TmPepl050y,554,/r033a/R0004 and
TmPepl050y 5551 /r233E/R000r Production. In that case, two
synthetic genes harboring the desired mutations (GeneArt,
Thermo Fisher Scientific) were introduced into the pBAD vec-
tor by homologous recombination. The primers used to gener-
ate TmPep1050 variants are listed in Table S1. All genetic con-
structs were verified by sequencing (Genetic Service Facility,
University of Antwerp) and are listed in Table S4. The E. coli
MC1061 strain (46) was used for cloning and expression. Cells
were grown on LB broth in the presence of 100 pg/ml ampicil-
lin for positive selection.

Production and purification of recombinant enzymes

Cultures and protein extracts were prepared following pre-
viously published procedures (23) with two modifications: (i)
cells from a 1-liter culture were disrupted in 40 ml of 50 mm
MOPS, 1 mm CoCl,, pH 7.2, and (ii) protein extracts were
heated at 70 °C for 10 min. The purification consisted of three
chromatographic steps. The first step was anion-exchange
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Figure 8. A, native mass spectrum of TmPep1050,,5,, in 100 mm ammonium acetate. Dimers and dodecamers were the two major species observed. B, native mass
spectrum of TmPep1050,,3057, in 100 mm ammonium acetate. Dimers were the main oligomeric form observed. C, structural alignment of TmPep1050,_,..., (blue),
TmPep1050, 0, structure (gold), and TmPep1050;,3q;4 (green). rm.s.d. values are 0.122 and 0.468 for TmPep1050,,40, and TmMPep1050,,54;,4, respectively.

chromatography on Source 15Q resin (GE Healthcare, Tricorn
10/150 column) in 50 mm MOPS, 1 mm CoCl,, pH 7.2. Elution
was performed with a gradient step from 0 to 0.5 M NaCl for
five column volumes (CV). Fractions containing the protein
of interest (2 CV) were pooled, and (NH,),SO, powder was
added to a concentration of 1.5 M (NH,),SO,. The second
chromatographic step was hydrophobic-interaction chro-
matography on Source 15Phe resin (GE Healthcare, XK
16/20 column) in 50 mm MOPS, 1.5 M (NH,),S0O,, 1 mm
CoCl,, pH 7.2. Elution was performed with a gradient step
from 1.5 to 0 M (NH,),SO, for 5 CV. Fractions (1.5 CV)
containing the protein of interest were pooled and concen-
trated using an Amicon Ultra-15 ultrafiltration unit with
30-kDa cutoff (Merck Millipore). The third step consisted of
gel filtration on Superdex 200 resin (GE Healthcare, XK
16/70 column) in 50 mm MOPS, 0.5 M (NH,),SO,, 1 mm
CoCl,, pH 7.2. The concentration of (NH,),SO, had to be
maintained at 0.5 M to avoid protein precipitation. Purified
proteins were finally concentrated using an Amicon Ultra-15
ultrafiltration unit with 30-kDa cutoff. The presence and
purity of the recombinant enzymes were checked through-
out the purification procedure by SDS-PAGE and enzymatic
assays with L-Leu-pNA as substrate (see below). Proteins
were quantified by measuring the absorbance at 280 nm and
applying the extinction coefficient of 18,910 M ' c¢m ™ '. This
purification protocol allowed the purification of about 10 mg
of TmPep1050 from 1 liter of culture. The concentrations of
purified TmPepl050 are given in Table S1. Molecular
weights were determined by gel filtration on Superdex 200
resin (GE Healthcare, XK 16/70 column) and Superpose 6
10/300 GL (GE Healthcare) using 50 mm MOPS, 0.5 M
(NH,),S0O,, pH 7.2, as running buffer. The gel-filtration col-
umns were calibrated using both a high-molecular-weight
gel filtration calibration kit (GE Healthcare) and gel-filtra-
tion standard (Bio-Rad).
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Enzymatic assays

Aminoacyl-pNA substrates were purchased from Bachem
AG. Aminopeptidase (EC 3.4.11.1) activity was assayed as
described previously (23) except that enzymatic reactions were
stopped by adding 1 ml of 20% acetic acid to 1 ml of reaction
mixture (200 pl of substrate in 10% methanol, 790 ul of 50 mm
MOPS, pH 7.2, and 10 ul of enzyme at a concentration ranging
from 10 to 50 nm depending on the substrate). For the determi-
nation of substrate specificity of TmPep1050,,_,,..., aminopep-
tidase assays were carried out at 75 °C with an enzyme concen-
tration of 30 nm and the appropriate amino acid-pNA substrate.
All substrates were used at 2.5 mm except L-Gly-pNA (1.25
mM), L-Phe-pNA (0.75 mm), and 1-His-pNA and 1-Glu-pNA
(0.5 mm). The effects of metal ions, pH, and temperature on the
activity were studied as described previously (23). For the deter-
mination of kinetic parameters, assays were performed at 75 °C
with an enzyme concentration of 10 nm for r-Leu-pNA and
L-lle-pNA and an enzyme concentration of 50 nm for L-Met-
pNA. Reaction mixtures were supplemented with 250 um
CoCl,. Kinetic parameters (k_,,, K, and k_, /K,,) were deter-
mined from the initial reaction rates using Lineweaver—Burk
linearization of the Michaelis—Menten equation. Activation
energies were calculated from the slope of the trend line
obtained by plotting the logarithm of the specific activity versus
the inverse of the temperature. For thermostability assays,
TmPepl050,, ., was diluted to 1 pum in 50 mm MOPS, 0.5 m
(NH,),SO,, 1 mm CoCl,, pH 7.2, and it was incubated at either
75 or 95 °C. At various time intervals, the activity was measured
at the incubation temperature (75 or 95 °C) by diluting the
enzyme to 10 nm in 1 ml of reaction mixture containing 2.5 mm
L-Leu-pNA as substrate.

Cobalt binding assays
A 1 mMm TmPepl050,, ... sample was diluted in 10 volumes
of 2.1 M malic acid, pH 7.0, and concentrated back to 1 volume
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Table 4
Data collection and refinement statistics

Values in parentheses are for the highest-resolution shell. ESRF, European Synchrotron Radiation Facility; ASU, asymmetric unit.

Apo-TmPepl050,, ... TmPepl050,, ...

TmPepl1050, ... TmPepl1050,,44a TmPepl050,,44, 4

Data collection

Temperature (K) 100 100 100 100 100
Radiation source ESRF BM30a SOLEIL Proxima 2 SOLEIL Proxima 2 SOLEIL Proxima 2 SOLEIL Proxima 2
Wavelength (A) 0.9797 0.9801 0.9800 0.9801 0.9801
Detector ADSC QUANTUM 315r DECTRIS EIGER X 9M DECTRIS EIGER X 9M DECTRIS EIGER X 9M DECTRIS EIGER X 9M
Rotation range (*) 0.37 0.10 0.20 0.10 0.10
Exposure time (s) 20 0.025 0.025 0.025 0.025
Space group P1 H3 c2221 c2221 P1211
Unit cell parameters
o B,y () 114.46, 91.71, 105.69 90.00, 90.00, 120.00 90.00, 90.00, 90.00 90.00, 90.00, 90.00 90.00, 110.51, 90.00
a,b,c(A) 114.26, 114.57, 114.04 131.15, 131.15, 285.61  42.55, 114.71, 267.69 42,63, 114.22, 267.96 42.79, 138.65, 61.25

Resolution (A) 44.05-2.20 (2.28-2.20)

47.60-1.70 (1.74-1.70)

48.25-2.00 (2.05-2.00) 43.46-1.84 (1.89-1.84) 40.11-1.75 (1.79-1.75)

Unique reflections 237,152 201,316 45,086 57,222 67,094
R (%) 8.9(39.2) 8.2 (67.0) 9.5 (69.1) 8.7 (60.6) 5.6 (56.3)
Redundancy 3.2(2.2) 10.34 (10.41) 13.2(13.0) 12.0 (9.8) 6.7 (6.7)
(Ifo) 8.56 (2.22) 15.81 (2.81) 16.81 (3.46) 16.52 (2.63) 18.04(2.38)
Completeness (%) 93.5 (84.8) 99.8 (97.6) 99.9(99.2) 99.4 (91.7) 99.5(97.2)
CCy,y (%) 99.4 (81.1) 99.9 (87.1) 99.8 (90.0) 99.9 (90.0) 99.9 (88.1)
Refinement
Resolution 44.05-2.20 47.60-1.70 48.25-2.00 43.46-1.84 40.11-1.75
Reflections 237,090 201,316 45,076 57,213 67,094
Ry, set test count 11,854 9,715 2,254 2,862 3,363
R on/ Riee 0.212/0.247 0.143/0.164 0.166/0.203 0.167/0.195 0.165/0.185
Protein molecules per ASU 12 4 2 2 2
V., (A*/Da) 2.98 3.27 2.26 2.26 2.36
Solvent content (%) 58.7 62.4 45.6 45.6 479
Protein/solvent atoms 29,969/2,223 10,759/1,474 4,610/362 4,730/500 4,621/335
r.m.s.d. bond lengths (A) 0.009 0.019 0.004 0.004 0.012
r.m.s.d. bond angles (°) 1.254 1.680 0.647 0.672 1.263
Average B-factors (A% 37.0 24.0 37.8 33.2 289
Favored/disallowed 95.71/0.46 95.35/0.34 94.86/0.17 94.95/0.00 93.64/0.52
Ramachandran ¢/ifs (%)
Twin law h, —k —h—1
PDB code 4P6Y 6NW5 5NE6 5NE7 5NE8

using an Amicon Ultra-15 ultrafiltration unit with a 30-kDa
cutoff. The malic acid—treated sample was dialyzed four times
against 100 volumes of 50 mm MOPS, 0.5 m (NH,),SO,, pH 7.2
using SnakeSkin™' dialysis tubing with a 3.5-kDa cutoff
(Thermo Fisher Scientific). To monitor metal ion removal, the
specific activity was measured with 1-Leu-pNA as substrate.
Cobalt binding assays were performed by incubating 100 ul of
20 uM cobalt-depleted TmPep1050,, ... with CoCl, at a con-
centration ranging from 0 to 2560 um in 50 mm MOPS, 0.5 M
(NH,),SO,, pH 7.2, for 24 h at 75 °C. After incubation, the spe-
cific activity was measured using 10 nM enzyme and 2.5 mm
1-Leu-pNA as substrate without added cobalt in the reaction
mixture. Other metal ions were tested following this procedure
to identify the metal cofactor of TmPep1050,,_,,...-

In parallel, cobalt concentration was determined using
Amplex UltraRed (Thermo Fisher Scientific), a fluorescent
probe that specifically binds cobalt at high pH. The protocol
established by Tsai and Lin (47) was adapted to fit a 384-well
black microplate (Corning). Fluorescence was measured on a
SpectraMax 5 (Molecular Devices) with excitation wavelength
set on 495 nm and emission wavelength set on 570 nm. Prior to
cobalt ion quantification, samples were diluted twice in 50 mm
MOPS, 0.5 M (NH,),SO,, pH 7.2. In addition to total cobalt
concentration, unbound cobalt was quantified after filtering
samples using an Amicon Ultra-0.5 ultrafiltration unit with a
30-kDa cutoff. The affinity constant K, was determined from
Scatchard plot data representation.

To study the reassociation of dimers into dodecamers, 100 p.l
of 50 um TmPep1050 was incubated with Co**" at a con-

2-mer
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centration ranging from 0 to 5 mm for 30 min at 75°C. The
oligomers were detected and quantified by size-exclusion chro-
matography using Superdex 200 resin (GE Healthcare Life Sci-
ences, XK16/20 column). 50 mm MOPS, 0.5 m (NH,),SO,, pH
7.2, buffer was used for this assay.

Thermal shift assay

SYPRO Orange™ (Thermo Fisher Scientific) was diluted
1:125 in 50 mm MOPS, 0.5 M (NH,),SO,,, pH 7.2. The fluores-
cent probe was mixed with protein samples conditioned in 50
mm MOPS, 0.5 m (NH,),SO,,, pH 7.2, and Co®" at a concentra-
tion ranging from 0 to 2560 pm. The working SYPRO Orange
dilution was 1:1000, and the protein concentration was 20 um
for a reaction volume of 20 pl. Thermal shift assays were per-
formed in a 96-well plate on a StepOnePlus"™ Real-Time PCR
System (Thermo Fisher Scientific). Fluorescence curves were
treated with StepOne™ software.

Native MS

Samples for native MS were transferred into 20 mm ammo-
nium acetate, pH 7.2. This was done using Zeba 7-kDa desalting
columns (Thermo Fisher Scientific). If further desalting was
needed, Bio-Spin P-6 gel columns (Bio-Rad) were used. The
protein samples were diluted in 100 mM ammonium acetate,
pH 7.2, to a working concentration of 5 pum unless stated oth-
erwise. In house—prepared borosilicate gold-coated needles
filled with 2-3 ul of sample were used to introduce the protein
into the gas phase using nanoelectrospray ionization. The spec-
tra were recorded in positive ion mode on a traveling-wave ion
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mobility Q-TOF instrument (Synapt G2 HDMS, Waters). Dif-
ferent settings were tuned to optimize sample measurement.
The most important settings applied during the measurements,
unless stated differently in the figure legends, were 20-V sam-
pling cone, 10-V trap collision energy, and pressures of 8.30 e >
and 5.31 e~ * millibar for the source and trap, respectively.

Crystallization

TmPepl1050;5 00 TmPepl050,4,,, and
TmPepl050y,,,, were crystallized using the hanging-drop
vapor diffusion method at 292 K in EasyXtal Tool plates (Qia-
gen). Drops contained 2 ul of recombinant enzyme mixed with
2 ul of well buffer. Crystallization conditions are described in
Table S1. One cycle of seeding was necessary to get monocrys-
tals of each species.

TmPepl050

2-mer?

Structure determination and analysis

For apo-TmPepl050,, ... diffraction data were collect-
ed on the FIP-BM30a beamline at the European Synchro-
tron Radiation Facility (Grenoble, France) (48, 49). For
TmPepl050,, ,.orr TmPepl050, ..., TmPepl050,;50,, and
TmPepl050,,54, 4, diffraction data were collected on Proxima 2
beamline at SOLEIL (Saint-Aubin, France). The data collection
and refinement statistics are presented in Table 4. Diffraction
data were processed using the XDS program package (50).
Molecular replacement and model building were performed
using PHENIX software package v.1.10.1-2155 (51). The initial
solution of TmPepl050,, .., was determined by molecular
replacement with MR-Rosetta using the coordinates of YpdE of
S. flexneri (PDB code 1YLO) as the search model (translation-
function Z-score value, 23.9; log-likelihood gain, 5150). For
TmPepl050, ..., TmPepl050,,,,,, and TmPepl050, 50,
molecular replacement was achieved with Phaser-MR using the
coordinates of TmPep1050,,_ ... as search model. The models
were built using phenix.autobuild. Iterative manual building
was done in Coot (52). Multiple rounds of refinement were
performed using phenix.refine. Model stereochemical quality
was assessed using MolProbity (53). Protein structures were
analyzed with PDBePisa (54), Arpeggio (55), Rosetta pK, pro-
tocol (56, 57), Advanced Poisson—Boltzmann Solver (APBS)
(58), and PyMOL Molecular Graphics System version 2.2
(Schrédinger, LLC).
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Figure S1 X-ray fluorescence of TmPep105012.mer. The energy peak at 6.95 keV corresponds
to Co*" (Ko = 6.931 keV) while the energy peaks at 8.65 keV and 9.60 keV correspond to Zn**
(Ko = 8.637 keV and K = 9.570 ke V).
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Figure S2 Interaction interface in the TmPepl10502.mer structure. A Polar (red dash) and
hydrophobic (white dash) interaction network involving Y209 and R291 residues of three
contiguous subunits located at a tetrahedron vertex. B Salt bridges between two contiguous
subunits of two different dimers involving R233, R249, and K255 of one subunit and E80, E98,
and D125 of the other subunit.
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Figure S3 Structural alignment of TmPep105012.mer subunit A (light grey, PDB ID 6NW5) with
V. proteolyticus aminopeptidase Apl (light blue, PDB ID 1AMP). RMSD = 2.521. The
structural motifs defining the M42 aminopeptidases are shown in red: the PDZ-like domain and
B sheet extension (10, B11, B17).

6NW5

Figure S4 The quaternary structures of TmPep1050 2-mer (6NWS), PhTET2 (1YOR), PhTET1
(2WYR), and SpPepA (3KL9). The structures are centred on the entrance. The surface
electrostatic potentials were calculated using APBS. PhTET?2 has an entrance of about 15 A of
diameter while PhTET1 and SpPepA have an entrance diameter of about 20 A. For
TmPep105012-mer, the entrances are funnel-shaped with an outside diameter of 20 A and an
inside diameter of 11 A.
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Figure S5 Structural comparison of TmPep1050i2.mer With other M42 aminopeptidases. A
Catalytic pocket surface electrostatic potential of TmPep1050i2-mer (6NWS5), PATET2 (1YOR),
SpPepA (3KL9), and PhTET1 (2WYR). Surface potentials were calculated using APBS. B
Structural alignment of the metal binding residues and the catalytic residues of TmPep1050»-
mer (light grey, PDB ID 6NW5), PhTET1 (gold, PDB ID 2WYR), PhTET2 (light green, PDB
ID 1YOR), and V. proteolyticus aminopeptidase Apl (purple, PDB ID 1AMP). The distances
between metal ions are 3.9 A, 3.4 A, 3.8 A, and 3.5 A, respectively. The distances between
either water molecule or hydroxide ion or arsenic ion and M1 /M2 are 2.8 A /2.1 A, 23 A/
2.1A,3.1A/3.0A,and2.2 A /2.3 A, respectively. C Structural alignment of the TmPep1050.,.
mer Catalytic pocket vs. the PhTET2 catalytic pocket. The catalytic base, the metal binding
residues, and S1 pocket residues are displayed as sticks. The PATET2 S1 pocket consists of
T237, 1238, K261, E291, 1293, G296, and 1322 corresponding to T222, D223, K245, E275,
L277, G280, and V306, respectively, in TmPep1050i2-mer.
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Figure S6 Influence of pH on TmPep105012-mer LAP activity. Specific activity (k) vs. pH in
MES (triangles), MOPS (circles), and HEPES (squares) buffers. LAP activity was measured
using 2.5 mM L-Leu-pNA as substrate and 10 nM enzyme.
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Figure S7 Influence of temperature on TmPepl1050,2.mer LAP activity. A Specific activity (k)
vs. temperature. LAP activity was measured using 2.5 mM L-Leu-pNA as substrate and 10 nM

enzyme. B Arrhenius plot: AG* = 840 + 20 J mol™! (R® = 0.985), AG* = 460 = 20 J mol™! (R =
0.947), temperature transition = 320 K.
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Figure S8 MS/MS analysis of TmPep1050i2-mer. The dodecamer +46 peak was selected in the
quadrupole of the Synapt G2 mass spectrometer under a collision energy of 200 V. Monomer
peaks are highlighted in green and 11-mer peaks in blue. Close-ups are shown as insets in their
respective colors. Two masses were measured for the monomer: 36076.2 Da and 36136.9 Da.
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Figure S9 B-factors plot of apo-TmPepl050i2.mer (black), TmPepl10502.mer (light blue),
TmPep1050mu60a (green), and TmPep10503074 (red).
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apo-TmPep105012-mer TmPepl105012-mer TmPepl0502-mer  TmPep1050u60a TmPep1050u307a
L 018 Mtri- 0.1 M sodium . . 0.1 M sodium
Crystallization L ammonium citrate, . 0.1 M sodium citrate, ;
buffer 2.1 M malic acid pH6.75 40% PEG3350 citrate, 10% 59 PEG3350 pH4.5 citrate, 10 %

u pH';S PEG3350 pH6.0 o PELDUPHEE pRG3350 pH4.S
Protein ” ” \
concentration 390 pM 1 mM 230 pM 230 pM 230 uM

0.1 M sodium 0.1 M sodium
Cryoprotectant citrate, 5% 0.1 M sodium citrate, ~ citrate, 5%
'"yk“’ - - PEG3350, 5% PEG3350, PEG3350,
soaking 20% glycerol pH ~ 20% glycerol pH 5.2 20% glycerol pH
5.2 5.2
Table S1 Crystallization conditions.
k(s Tm (°C)
TmPep1050:2.mer W/ Co?* 118 96.6
Malic acid-treated TmPep1050;2-mer 0.3 91.2
Dialyzed TmPep1050:2.mer 0.9 92.6

Table S2 Effect of Co* removal on the LAP activity (k) and thermostability (Ty) of
TmPepl105012.mer. The malic acid treatment is described in Results and Discussion section.
Similar results were obtained when TmPep10501,.me was extensively dialyzed against 50 mM
MOPS, 0.5 M (NH4)>SO4 pH7.2. LAP activity was determined using 2.5 mM L-Leu-pNA as
substrate. T, were measured by thermal shift assay.

Oligonucleotide

Sequence Description
name

ocej419 5" —TTTAACTTTAAGAAG Amplification of Tm_1050 ORF
GAGATATACATACCCATG with 30 pb homology to arabinose
AAGGAACTGATCAGAAAG promoter for homologous
CTG recombination.

ocej420 5" — ATCCGCCAAAACAGC Amplification of Tm 1050 ORF
CAAGCTGGAGACCGTTTA with 30 pb homology to pBAD
CGCCCCCAGATACCTGATG  terminator for homologous
AG recombination.

ocej687 5" — GAAAAAGGTGATACT Tm_1050 H60 codon mutation,
GGACGCTgecATAGATGAG forward primer complementary to
ATAGGTGTTGTCG ocej688.

ocej688 5" — CGACAACACCTATCT Tm_ 1050 H60 codon mutation,
CATCTATggcAGCGTCCAG reverse primer complementary to
TATCACCTTTTTC ocej687.

ocej689 5" —= GTCTATTCCCACACG Tm_ 1050 H307 codon mutation,
ATACGTTgecTCACCCAGT forward primer complementary to
GAGATGATCGC 0cej690.

ocej690 5 = GCGATCATCTCACTG Tm_1050 H307 codon mutation,
GGTGAggcAACGTATCGT reverse primer complementary to
GTGGGAATAGAC 0cej689.

ocej691 5= CTACGGTGTTTTCAG Tm_1050 E197 codon mutation,
TGTTCAGcaaGAAGTGGG forward primer complementary to
ACTGGTCGGTG ocej692.
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ocej692

ocej693

ocej694

ocej695

ocej696

0cej699

ocej700

ocej814

ocej815

Cobalt-driven dimer-dodecamer transition of TmPepl050

5° - CACCGACCAGTCCCA
CTTCttgCTGAACACTGAA
AACACCGTAG

5’ — GACACTCCGAAGGCC
ATCAAGgcaCACGCAATGA
GGCTCTCCG

5’ — CGGAGAGCCTCATTG
CGTGtgcCTTGATGGCCTTC
GGAGTGTC

5° - CAGACACTCCGAAGG
CCATCgegAGACACGCAAT
GAGGCTCTCCG

5’ = CGGAGAGCCTCATTGC
GTGTCTcgcGATGGCCTTCGG
AGTGTCTG

5° - CCCGCTCTGAAAGTGA
AAGACgcgGCATCGATCAG
CAGCAAACG

5" — CGTTTGCTGCTGATCGA
TGCegeGTCTTTCACTTTCAG
AGCGGG

5 — Gtttaactttaagaaggagatataca
tacccATGAAAGAGCTGATT
CGTAAACTGACC

5’ — catccgccaaaacagcecaagcetgga
gaccgtTTATGCACCCAGATA
GCGAATCAGC

Tm_1050 E197 codon mutation,
reverse primer complementary to
ocej691.

Tm_1050 R233 codon mutation,
forward primer complementary to
ocej694.

Tm_1050 R233 codon mutation,
reverse primer complementary to
ocej693.

Tm_ 1050 K232 codon mutation,
forward primer complementary to
ocej696.

Tm_1050 K232 codon mutation,
reverse primer complementary to
ocej695.

Tm_1050 R249 codon mutation,
forward primer complementary to
ocej700.

Tm_1050 R249 codon mutation,
reverse primer complementary to
0cej699.

Amplification of synthetic Tm_1050
gene harbouring K232, R233 and
R249 mutations with 30 pb
homology to arabinose promoter for
homologous recombination.
Amplification of synthetic 7m_/050
gene harbouring K232, R233 and
R249 mutations with 30 pb
homology to pBAD terminator for
homologous recombination.

Table S3 List of the oligonucleotides used for 7m_ /050 ORF cloning and mutagenesis.

pCEC43

pCEC153

pCEC154

pCECI155

Plasmid name

Description

pBAD vector harbouring Tm_ 1050 ORF for
TmPep10502.mer expression.

pCEC43 with mutagenized H60 codon for
TmPep1050m604 €xpression.

pCEC43 with mutagenized H307 codon for
TmPepl050n3074 expression.

pCEC43 with mutagenized E197 codon for

TmPep1050k197q expression.
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pCEC156

pCEC157

pCEC159

pCEC194

pCEC195

Cobalt-driven dimer-dodecamer transition of TmPep1050

pCEC43 with mutagenized R233 codon for
TmPep1050r233a expression.

pCEC43 with mutagenized K232 codon for
TmPep1050k2324 expression.

pCEC43 with mutagenized R249 codon for
TmPep1050r2494 expression.

pBAD vector harbouring synthetic Tm_ 1050
gene with K232E, R233E and R249E for
TmPep1050k2321r2330/R249E EXPrEssion.
pBAD vector harbouring synthetic 7m 1050
gene with K232A, R233A and R249A for

TmPepl 050k2324/R233A/R249A expressi on.

Table S4 List of the plasmids used for expressing TmPep1050,2.mer and its mutants.
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Figure 46 — Substrate specificity of TmPep1050 against Xaa-Ala dipeptides. 5 mM Xaa-Ala was incubated with 100 nM
TmPep1050in 50 mM MOPS pH 7.2 during 30 min. at 75°C. The hydrolysis products were analyzed by TLC using either 40:10:2
isopropanol:water:formic acid (lanes 1 to 17) or 50:30:10:10 tert-butanol:acetone:ammonia:water (lanes 18-30) as solvent.
Amino acid spots were revealed using ninhydrin staining. For each peptide, two reactions were conducted in presence or in
absence of enzyme. The two samples were deposited side-by-side, beginning from the left with the reaction in presence of
enzyme. Lanes 1-2: Ala-Ala; lanes 3-4: lle-Ala; lanes 6-7: Tyr-Ala; lanes 8-9: Leu-Ala; lanes 11-12: Met-Ala; lanes 13-14: Phe-
Ala; lanes 15-16: His-Ala; lanes 18-19: Arg-Ala; lanes 20-21: Asp-Ala; lanes 22-23: Glu-Ala; lanes 24-25: Lys-Ala. Amino acid
standards were deposited as: lane 5: lle (upper spot) and Ala; lane 10: Leu (upper spot) and Tyr; lane 17: Phe (upper spot),
Met, His (lower spot); lane 26: Ala; lane 27: Arg; lane 28: Asp; lane 29: Glu; lane 30: Lys.
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Figure 47 — Thermostability of TmPep1050 at 75°C and 95°C. The thermostability was monitored by measuring the activity
(k) using L-Leu-pNA as substrate. k is expressed as uM of released pNA per second and per uM of TmPep1050. (A)
Thermostability of TmPep1050 incubated at 75°C (squares) and 95°C (circles) over a period of 48 hours. (B) Thermostability
of TmPep1050 incubated at 75°C over a period of 36 days.
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B.1.5 Unpublished related results

Several experiments were not included in the article to avoid overcrowding the results and
weakening the main message. Nonetheless, they are worth to be mentioned here as they bring a
complementary insight. As shown in the article, TmPep1050 exhibits a high leucyl-aminopeptidase
activity using amino acid p-nitroanilide derivatives. It degrades preferentially peptides beginning
with, in order of preference, Leu, lle, Val, and Met. No significant activity was observed with Glu-pNA
or Lys-pNA. The substrate specificity of TmPep1050, however, appeared to be broader when assayed
on dipeptides (see Figure 46). As expected, Leu-Ala, lle-Ala, and Met-Ala peptides were completely
degraded but TmPep1050 also hydrolyzed almost completely His-Ala peptide. To a lesser extent,
TmPep1050 showed an activity against Ala-Ala, Tyr-Ala, Phe-Ala, Arg-Ala, and Lys-Ala peptides. Thus,
the S1 pocket appeared to accommodate amino acids with either an aromatic or a positively charged
side chain. Nevertheless, TmPep1050 was found inactive on both Glu-Ala and Asp-Ala peptides.
Somehow the p-nitroanilide group prevents the hydrolysis of some derivatives. Such a phenomenon
has been reported for PhTET1, which cannot hydrolyze amino acid p-nitroanilide derivatives3?°.
Consequently, a broader specificity could be expected for all M42 aminopeptidases. The activity of
TmPep105012-mer Was also assayed on Met-Lys-Arg-Pro-Pro-Gly-Phe-Ser-Pro-Phe-Arg peptide (Met-
Lys-bradykinin). This peptide was used previously to discriminate the activity of PhTET2 dimer and
dodecamer in Appolaire et al. (2013)%1°, The PhTET2 dimer was unable to hydrolyze such a peptide,
albeit both oligomers were shown to hydrolyze L-Leu-pNA with almost the same catalytic efficiency.
The kinetic parameters of TmPep1050 were determined using Met-Lys-bradykinin by monitoring the
release of methionine by HPLC. TmPep105012-mer hydrolyzed Met-Lys-bradykinin with a ket of 2.6 £
0.2 st and a Km of 3.1 £ 0.7 mM. Since TmPep10502-mer Was proven to be completely inactive, the
activity assay on Met-Lys-bradykinin was not included in the article.

In the article, we presented the thermostability of TmPep1050, notably its half-life at 75°C
and 95°C. During the experiment, the activity was enhanced by the temperature within the first hours
of incubation (see Figure 47). This activity boost has also been reported for GsApl3®°. Anecdotally,
TmPep1050 is extremely stable at 25°C as no activity loss was recorded after 700 days of incubation.
Regarding Co?* binding assays, we used a fluorescent probe, Amplex UltraRed, which reacts
specifically with Co?* at pH 9. During the article reviewing, a reviewer asked to determine the
dissociation constant for Co?* binding using either isothermal titration calorimetry or inductively
coupled plasma mass spectrometry. In collaboration with George Feller (Uliege), we tried to measure
Co?* binding by ITC but failed to get an interpretable signal at 75°C.

To study the role of active site residues, six variants of TmPep1050 were produced, although
only two of them were described in this article: TmPep1050n60a and TmPep105041307a. A third variant
with both His-60 and His-307 substituted with alanine residues (TmPep1050us0a H307a) Was described
in a methodological paper (see section B.2, page 68). A fourth variant with Asp-62 being substituted
with an alanine residue (TmPep1050p624) Was exploited in an article published in Proteins (see section
B.3, page 83). The two remaining variants were not included in any article since their degree of
oligomerization remained unaffected by the substitution. The first one has the catalytic base Glu-197
substituted with a glutamine residue. This variant was found completely inactive on L-Leu-pNA
despite being a thermostable dodecamer (Tm of 97.2°C determined by thermal shift assay). The
second one has Asp-168, the aspartate residue bridging both metal ions, substituted with an alanine
residue. This variant was also inactive on L-Leu-pNA while still being a dodecamer. The Asp168Ala
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substitution, however, had a dramatic impact on the variant thermostability, with a T of 55.2°C. We
have no explanation for that result as we did not carry out further experiment with this variant.

B.2 X-Ray crystallogaphy to study oligomeric state transition of the

Thermotoga maritima M42 aminopeptidase TmPep1050

B.2.1 Background

Following the publication of our article in JBC, an editor invited us to submit a methodology article in
the Journal of Visualize Experiments (JoVE). Subsequently, several methods used in the precedent
article were consolidated into a workflow for studying oligomeric state transition applied to
TmPep1050. The proposed methodology covers various fields: gene cloning, protein purification,
activity assays, dimer preparation, crystallogenesis, data indexation, and molecular replacement. It
can be viewed as an accompanying article to the work published in JBC. Without being cutting-edge,
this methodology is transposable in any laboratory as it does not require peculiar devices, except an
access to a radiation facility (home source or synchrotron). The methods associated to protein
crystallography could be insightful for non-crystallographers. Especially, the different steps are
presented along with their related software. Software used in protein crystallography have become
user-friendly thanks to the developers’ impressive work. Beyond its use to study an M42
aminopeptidase, the methodology could be applied to any protein which oligomerization degree
depends on metal ion availability.

Some unreleased data were added to illustrate the methodology, especially the structure of
TmPep1050k60a H307a (With His-60 and His-307 substituted with alanine residues). This variant could
indicate if dimers can further dissociate into monomers when metal ion binding is totally prevented.
As discussed earlier, PfTET3 dodecamers were shown to fully dissociate into monomers when metal
ions were depleted with EDTA3%, The existence of PhTET2 monomer after metal ion removal,
however, is not clearly established due to a discrepancy between two studies. By applying the same
treatment (i.e. 0.5 M Zn?* at pH < 4.5), Borissenko and Groll (2005) and Macek et al. (2017) reported
contradictory results, with PhTET2 dodecamers dissociating into dimers and monomers,
respectively® 429, On the other hand, Rosenbaum et al. (2011) showed that PhTET3 could dissociate
into dimers after metal ion depletion3®. Perhaps a further dissociation of PhTET3 dimers occurred
after a prolonged heat-treatment of two hours at 90°C in presence of EDTA. The authors suggested
that dimers could either unfold or dissociate into monomers. Of note, TmPep1050;-mer can be
incubated for 24 hours at 75°C without any sign of dissociation being observed, as shown in our article
published in JBC (see section B.1.4, page 45). Yet, a further dissociation of dimers into monomers
could still occur since trace amount of metal ions was observed in dimers. Consequently, studying
the oligomeric state of TmPep1050kx60a 13072 cOuld demonstrate whether a complete dissociation into
monomers may happen. Applying the methodology developed for studying the dimer-dodecamer
transition of TmPep1050, we observed that TmPep10504s0a H307A iS @an inactive dimer presenting the
same structural modifications as those of TmPep1050,-mer. The methodology and its associated
results were published in JoVE in May 2020.
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B.2.2 Methodology

The methodology relies on a set of methods straight from the biochemistry toolbox. Each method is
described step-by-step in the article. The pBAD vector was used for recombinant production in E. coli.
The promotor of the araBAD operon was preferred to that of T7 expression system as gene
expression can be finely tuned with arabinose, allowing a moderate recombinant protein production.
Gene cloning was performed by homologous recombination according to the SLICE protocol (see
, page 111)**. To generate TmPep1050 variants, site-directed mutagenesis was carried
out using the SPRINP protocol**°. Recombinant protein purification was achieved via a four-step
protocol consisting of a heat-treatment, an anionic exchange chromatography, a hydrophobic
interaction chromatography, and a size-exclusion chromatography. A heat-treatment was allowed as
a pre-purification step since TmPep1050 is stable at high temperature. The last step is critical and
must be undertaken with care considering (i) the chromatographic medium, (ii) the column size, (iii)
the size and concentration of the sample, and (iv) the running conditions*?°. The aminopeptidase
activity was assayed by monitoring the release of pNA resulting from hydrolysis of L-Xaa-pNA
derivatives, the amide bound between the amino acid and pNA mimicking the peptide bound**!. The
sensitivity of this spectrophotometric method allows to determine pNA release rate as low as 0.4
umol mint. Apo-enzyme can be prepared by incubating TmPep1050 with 2.1 M malic acid pH7.0, as
described in our article published in JBC. This procedure, however, presents a drawback:
concentrating the sample using an ultrafiltration device takes several hours due to a high viscosity.
To speed up apo-enzyme preparation, 1,10-phenanthroline is a good alternative giving identical
results to the procedure with malic acid. The activity was monitored to check the process efficiency.
The crystallogenesis of TmPep1050 is rather straightforward, relying on a screening using
commercial kits to identify crystallization conditions. The identified crystallization conditions for
either TmPep105012-mer or TMPep1050,-mer Were optimized by varying pH vs. precipitation agent
concentration as a matrix fashion. Size and shape of crystals were improved using microseeding. The
hanging drop method was used throughout the whole process of TmPep1050 crystallization (see
, page 114). X-ray diffraction experiments were performed at synchrotron facilities. The
oscillation range, i.e. the number of frames taken per degree of rotation, was a critical parameter to
allow data indexation since the unit cell can be large in one direction (up to 285 A for TmPep10501,.
mer). Usually, an oscillation range of 0.1° is enough to discriminate diffraction spots. Data sets were
indexed using XDS applying the recommendations of Karplus and Diederichs (2015)#4%443, Phaser and
Phenix software were used for molecular replacement and model building, respectively**444>, The
models were refined manually and automatically using Coot and Phenix software?4>446,

B.2.3 Article summary and discussion

To illustrate the methodology described in the article, we presented the characterization of
TmPep1050ku60a H307a. This variant was found to be an inactive dimer, even in presence of Co?*. Thus,
a complete dissociation seems to be unlikely for TmPep1050 since stable monomers were not
observed. As expected, TmPep1050ns0a 3074 Crystallized in conditions similar to TmPep10502-mer. A
data set was obtained at 2.37 A of resolution. According to its indexation, the space group of
TmPep1050460a H3o7A Crystal was potentially C2221 with a likelihood of 0.711 according to Pointless.
Of note, this space group was observed for TmPep1050;-mer crystals. After indexation in C2224, the
data set was analyzed by Xtriage, revealing a pseudo-merohedral twinning. Twinning results from
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crystal growth anomaly, like two crystals growing in such a manner that some of their lattice
directions are parallel*7448_Since twinning is considered unlikely in high symmetry space groups, the
data set was indexed again in the space group P21, having a likelihood of 0.149%%°, Both indexations
were tried in molecular replacement, but a solution was found only for the indexation in the space
group P24, strongly supporting the existence of a pseudo-merohedral twinning. The data set indexed
in that space group was subsequently used to solve the structure of TmPep1050u60a H307A.

As expected from its oligomerization state, the TmPep1050u60a H307a Structure is highly similar
to that of TmPepl050,-mer. Indeed, the structural modifications inherent to the degree of
oligomerization are observed in TmPep1050460a H3074: @ high flexibility of the a8 and .10 helices, the
GIn-196—-Val202 loop displaced outwards the catalytic site, and two misplaced segments involved in
oligomerization (Lys-229-Ala-235 and Lys-247-Ser-254). Although being similar, two slight
differences were observed between TmPepl050h60a H307a and TmPep10502-mer, highlighting the
structural role of His-60 and His-307. Firstly, the carboxylate of Asp-168 is rotated by 40° in the variant
compared to the wild-type dimer, indicating that both histidine residues impose the position of Asp-
168 side chain. Secondly, the side chain of Asp-62 is rotated by about 98° in TmPep1050us0a H3074,
with the carboxylate oriented towards Glu-18 instead of the catalytic site. Our structural data
suggests that Asp-62 is related to His-60 and His-307 via a H-bond network. The role of Asp-62 will
be discussed in the third article (see section B.3, page 83).
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The M42 aminopeptidases form functionally active complexes made of 12 subunits. Their assembly process appears to be regulated by

their metal ion cofactors triggering a dimer-dodecamer transition. Upon metal ion binding, several structural modifications occur in the active
site and at the interaction interface, shaping dimers to promote the self-assembly. To observe such modifications, stable oligomers must be
isolated prior to structural study. Reported here is a method that allows the purification of stable dodecamers and dimers of TmPep1050, an
M42 aminopeptidase of T. maritima, and their structure determination by X-ray crystallography. Dimers were prepared from dodecamers by
removing metal ions with a chelating agent. Without their cofactor, dodecamers became less stable and were fully dissociated upon heating.
The oligomeric structures were solved by the straightforward molecular replacement approach. To illustrate the methodology, the structure of a
TmPep1050 variant, totally impaired in metal ion binding, is presented showing no further breakdown of dimers to monomers.

Introduction

Oligomerization is a predominant process that dictates the biological functions of many proteins. In Escherichia coli, it is estimated that only

35% of proteins are monomeric'. Some proteins, called morpheeins, can even adopt several oligomeric states with subunits having distinct
structure in each oligomeric state”. The transition between their oligomeric states is often a mean to regulate protein activity as each oligomeric
state may have a different specific activity or function. Several examgles of morpheeins have been well-documented in literature, notably the
porphobilinogen synthasea, HPr kinase/phosphatase“, Lon protease”, lactate dehydrogenases, glyceraldehyde-3-phosphate dehydrogenase7,
pyruvate kinasee, citrate synthaseg, and ribonuclease A'°. Recently, we described the M42 aminopeptidase TmPep1050, another example of
enzyme with morpheein-like behavior, whose activity depends on its oligomeric states . The transition between its oligomeric states is mediated
by its metallic cofactors which induce several structural modifications of the subunits.

The M42 aminopeptidase family belongs to the MH clan12'13| and is widely distributed amonsg Bacteria and Archaea'®. The M42 aminopeptidases
are genuine dinuclear enzymes degrading peptides up to 35 amino acid residues in Iength1 . They adopt a peculiar tetrahedron-shaped
structure made of 12 subunits with their active sites oriented towards an inner cavity. Such an arrangement is often described as a nano-
compartmentalization of the activity to avoid uncontrolled proteolysis. The physiological function of the M42 aminopeptidases may be associated
with the proteasome, hydrolyzing peptides resulting from EProtein degradationw'”. Pyrococcus horikoshii possesses four M42 aminopeptidases,
each presenting distinct but complementary speciﬁcities1 182021 Singularly, heterocomplexes made of two different types of subunits have been
described in P horikoshii, suggesting the existence of peptidasome complexes®2®,

Several structures of M42 aminopeptidases have been described in the literature "6 181920242526 Tpg gybunit is composed of two distinct

domains, a catalytic domain and a dimerization domain. The catalytic domain ado?ts a common a/B fold conserved in the whole MH clan, the
archetypal catalytic domain being the aminopeptidase Ap1 of Vibrio ,ural‘ta'(JL\,wﬁcus2 . The dimerization domain adopts a PDZ-like fold"® and
may have, in addition to its role in the oligomerization, a role in controlling substrate access and binding in the inner cavity . As the basic
building block is a dimer, the dodecamer is often described as the association of six dimers, each dimer being positioned at each edge of the
tetrahedron'®. The oligomerization of the M42 aminopeptidases relies on the availability of its metal cofactors. Divalent metal ions, often n*
and Coz" are catalytically involved in the peptide binding and hydrolysis. They are found in two distinct binding sites, namely M1 and M2 sites.
The two metal ions also drive and finely tune the oligomerization as demonstrated for PhTET2, PhTET3, PTET3, and TmPep1050ﬁ’2“‘ze'29
When the metal cofactors are depleted, the dodecamer disassembles into dimers, like in PATET2, PhTETS3, and TmPep105011‘15‘25, or even
monomers, like in PhTET2 and PITET3%,

Presented here is a protocol used for studying the structures of TmPep1050 oligomers. This protocol is a set of common methods including
protein purification, proteolytic activity screening, crystallization, X-ray diffraction, and molecular replacement. Subtleties inherent to dealing with
metalloenzymes, protein oligomerization, protein crystallization and molecular replacement are emphasized. A case of study is also presented
to show whether TmPep1050 dodecamers may further dissociate into monomers or not. To address this question, a TmPep1050 variant,
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TmPep10504g04 H3074, has been studied whose metal binding sites are impaired by mutating His-60 (M2 site) and His-307 (M1 site) to Ala
residues. This protocol may be accommodated to study other M42 aminopeptidases or any metalloenzymes with morpheein-like behavior.

1. Production and purification of recombinant TmPep1050

NOTE: Hereafter are described the cloning procedure and purification of wild-type TmPep1050 adapted from a previous study”, Alternatively,
the cloning can be done using a synthetic gene. To generate TmPep1050 variants, site directed mutagenesis can be performed following, for
instance, the single-primer reactions in parallel protocol (SPRINP) method®. The purification protocol can be used for TmPep1050 variants. The
use of His-tag should be avoided as it interferes with metal ion binding.

1. Expression vector design

1.
2.

Acquire genomic DNA of Thermotoga maritima MSB8 (ATCC 43589) or TmCD00089984 (Joint Center for Structural Genomics).
Amplify TM_1050 open reading frame (ORF) using either genomic DNA or template plasmid, a high-fidelity DNA polymerase, and

the following primers: ocej419 (5'- TTTAACTTTAAGAAGGAGATATACATACCCATGAAGGAACTGATCAGAAAGCTG) and ocejd420
(5'- ATCCGCCAAAACAGCCAAGCTGGAGACCGTTTACGCCCCCAGATACCTGATGAG). Run the polymerase chain reaction (PCR)
screening according to the following scheme: 5 min at 95 °C, 30 cycles of 3 steps (30 s at 95 °C, 30 s at 556 °C, 90 s at 72 °C), and 10
min at 72 °C as the final step.

Clone the PCR fragment into a suitable expression vector (Table of Materials) by homologous recombination (Figure 1) in E. coli
according to the SLICE protocolaw. To 50 ng of linearized vector, add PCR fragment in a 10:1 molar ratio of fragment to vector, 1 pL of
PPY strain extract, 50 mM Tris-HCI pH 7.5, 100 mM MgCl,, 10 mM ATP, and 10 mM dithiothreitol (DTT) for a reaction volume of 10 uL.
Incubate for 1 h at 37 °C.

Transform chemically competent E. coli XL1 blue strain (or any recA” suitable strain) with 1 pL of recombination reaction. Plate the cells
on LB medium containing 100 pg/mL ampicillin. Incubate the plates overnight at 37 °C.

Pick colonies on fresh LB plates with 100 pug/mL ampicillin. Incubate the plates at 37 °C for a least 8 h.

Screen for positive candidates by colony PCR using suitable primer pair (5- ATGCCATAGCATTTTTATCC and 5'-
ATTTAATCTGTATCAGGC if using the recommended vector listed in Table of Materials). With a microtip end, scratch a picked colony
and transfer the cells to 20 pL of reaction mix containing 0.5 uM of each primer and 10 pL of a commercial Taq DNA polymerase mix.
Run the PCR screening according to the following scheme: 5 min at 95 °C as the denaturation step, 30 cycles of 3 steps (30 s at 95 °C,
30satb5°C,90sat72°C), and 10 min at 72 °C as the final step.

NOTE: The PCR reactions can be stored overnight in the PCR machine at 12 °C.

Load 10 pL of each PCR reaction on a 0.8% agarose gel prepared in Tris-acetate-EDTA (TAE) buffer. Run the electrophoresis for 25
min at 100 V.

NOTE: A 1.1 kbp amplicon is expected.

Extract plasmids from candidates using a commercial kit (Table of Materials) and sequence them using the same primer pair used in
step 1.1.6.

2. Cell culture
NOTE: When a suitable candidate has been identified by sequencing, the clone can be directly used as the expression if using the
recommended vector (Table of Materials). In that case, the expression is controlled by the arabinose-inducible Pgap prornoter”.

1.

U

o

Inoculate 10 mL of LB medium containing 100 pg/mL ampicillin with the candidate and incubate the preculture overnight at 37 °C under
orbital shaking. Add 5 mL of the preculture to 1 L of LB medium with 100 pug/mL ampicillin. Mind to respect an air to liquid ratio of 3.

Let cells grow at 37 °C under orbital shaking. Monitor the optical density at 660 nm (ODggp).

When ODggg has reached 0.5-0.6, rapidly cool the culture for 5 min on ice and transfer it to an incubator set to 18 °C.

Add 0.2 g/L arabinose to induce gene expression and incubate for 12-18 h at 18 °C.

Harvest cells by centrifuging the culture at 6,000 x g for 30 min at 4 °C. Discard the supernatant and wash cells with 100 mL of 0.9%
(w/iv) NaCl.

Centrifuge again at 6,000 x g for 15 min at 4 °C and discard the supernatant.

NOTE: Cell pellets can be used directly for protein extraction or stored at -80 °C.

3. Protein purification

1.

Resuspend the cell pellets in 40 mL of 50 mM MOPS, 1 mM CoCl,, pH 7.2. Add 1 pL of 25 U/uL DNA/RNA endonuclease and one
tablet of protease inhibitor cocktail that does not contain EDTA. Sonicate the suspension in pulse mode under cooling for 30 min.

2. Centrifuge the crude extract at 20,000 x g for 30 min at 4 °C. Collect the supernatant and heat it in a water bath at 70 °C for 10 min.

3. Centrifuge the denatured cell extract at 20,000 x g for 30 min at 4 °C and collect the supernatant for purification.

4. Use suitable anion exchange resin (Table of Materials) packed in a column of ~15 mL of volume. Refer to manufacturer’s
recommendations for the working flow rate and column pressure limit. Equilibrate the resin with 50 mM MOPS, 1 mM CoCly, pH 7.2.

5. Load the supernatant collected from step 1.3.3 into the column. Monitor the absorbance of the eluate at 280 nm. When it has reached
the baseline, proceed to the elution.

6. Apply a gradient from 0 to 0.5 M NaCl in 50 mM MOPS, 1 mM CoCl,, pH 7.2 for 5 column volumes (CV). Wait till the conductivity is
stabilized and the absorbance has reached the baseline.

7. Apply a final gradient from 0.5 to 1 M NaCl in 50 mM MOPS, 1 mM CoCl,, pH 7.2 for 1 CV.

8. Analyze some fractions (see Figure 2A for guidance) by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE).
NOTE: TmPep1050 appears as a 36 kDa band after Coomassie staining. Alternatively, the presence of TmPep1050 can be confirmed
by activity assay (see section 2.1). At this step, fractions can be stored at 4 °C overnight.

9. Pool the fractions containing TmPep1050 and add finely ground powder of (NH,4),SO, to obtain a concentration of 1.5 M (NH,4)>SO,.
Mix gently by inverting the tube upside down till complete dissolution.
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10. Use hydrophobic interaction resin (Table of Materials) packed in a column of ~30 mL of volume. Refer to manufacturer’s
recommendations for the working flow rate and column pressure limit. Equilibrate the resin with 50 mM MOPS, 1.5 M (NH,4)>SO4, 1 mM
CoCly, pH 7.2.

11. Load the sample onto the column and monitor the absorbance of the eluate at 280 nm. When the absorbance has reached the
baseline, elute bound proteins by applying a gradient from 1.5 M to 0 M (NH4)>,SO,4 in 50 mM MOPS, 1 mM CoCl,, pH 7.2 for 5 CV.

12. Analyze some fractions (see Figure 2B for guidance) by SDS-PAGE.

NOTE: TmPep1050 appears as a 36 kDa band after Coomassie staining. Alternatively, the presence of TmPep1050 can be confirmed
by activity assay (see section 2.1). At this step, fractions can be stored at 4 °C overnight.

13. Pool the fractions containing TmPep1050 and concentrate to 2 mL using ultrafiltration units with 30 kDa cutoff (Table of Materials).
Proceed to section 1.4 to determine the molecular weight.

4, Size exclusion chromatography

1. Use size exclusion resin (Table of Materials) packed in a column of ~120 mL of volume. Refer to manufacturer’'s recommendations for
the working flow rate and column pressure limit. Equilibrate the resin with 50 mM MOPS, 0.5 M (NH,4),SO4, 1 mM CoCl,, pH 7.2.

2. Load the sample onto the column and monitor the absorbance of the eluate at 280 nm. Fractionate from the column dead volume
(~0.33 CV) until the end of the elution (1 CV).

3. Measure the elution volume for each observed peak.
NOTE: For guidance, dodecameric TmPep1050 elutes at ~82 mL (Figure 3A) under current experimental conditions, while dimeric
TmPep1050, such as the TmPep1050yg0a 3074 Variant, elutes at ~95 mL (Figure 3B). Some TmPep1050 may adopt both oligomeric
forms, such as TmPep1050ygq4 (Figure 3C).

4. Analyze fractions corresponding to the maxima and tails of observed peaks using SDS-PAGE.
NOTE: TmPep1050 appears as a 36 kDa band after Coomassie staining.

5. Pool the fractions of each peak and concentrate using ultrafiltration units with 30 kDa cutoff (Table of Materials) to obtain a
concentration of ~300 pM.

6. Measure the absorbance at 280 nm on a nano-volume spectrophotometer and calculate the concentration using the molecular
extinction coefficient of 18,910 M cm’.

7. Store the purified protein at -18 °C.

8. To determine the molecular weight, calibrate the size exclusion chromatography (SEC) column using molecular weight standards
(Table of Materials). Analyze the standards using 50 mM MOPS, 0.5 M (NH,),SQ,4, 1 mM CoCl, pH 7.2 as the running buffer.

2. Activity assay and apo-enzyme preparation

NOTE: Criginally, the apo-enzyme was prepared by diluting 1 volume of TmPep1050 in 10 volumes of 2.1 M malic acid pH 7.0 and
concentrating back to 1 volume prior to dialysis”. Below is presented an alternative procedure using 1,10-phenanthroline, a metal ion chelator.
This procedure reduces protein loss and gives the same results than the previously published method.

1. Activity assay

1. Prepare a stock solution of 100 mM L-Leucine-p-nitroanilide (Table of Materials) in methanol.

2. Add 25 pL of 100 mM L-Leucine-p-nitroanilide in 965 pL of 50 mM MOPS, 250 uM CoCly, pH 7.2, 10% methanol. Preincubate the
reaction mix at 75 °C in a dry bath.

3. Dilute the enzyme in 50 mM MOPS pH 7.2 to a concentration of 1 uM. Add 10 pL to the reaction mix, vortex, and incubate at 75 °C
either until it has turned yellowish or for 1 h.

4. Stop the reaction by adding 1 mL of 20% acetic acid. Vortex well and let it cool down to room temperature.

5. Transfer the reaction mix in a spectrophotometer cell. Read the absorbance at 410 nm against a negative control (incubated reaction
mix without enzyme).

2. Apo-enzyme preparation

1. Prepare a stock solution of 1 M 1,10-phenanthroline in ethanol. Add 10 pL of 1,10-phenanthroline stock solution to 890 pL of 50 mM
MOPS, 0.5 M (NH,;)>,S0,4, pH 7.2. Add 100 pL of purified TmPep1050 (300 uM-1 mM concentration).

2. Check the activity loss using the activity assay described in section 2.1 without adding CoCl, in the reaction mix.

3. Transfer the sample in a dialysis tube. Dialyze against 200 mL of 50 mM MOPS, 0.5 M (NH,),SO,, pH 7.2 at 4 °C. Exchange thrice the
dialysate with fresh buffer during the 48 h dialysis.

4. Collect the sample from the dialysis tube and concentrate back to 100 pL using ultrafiltration units with 30 kDa cutoff (Table of
Materials). Check the concentration by reading the absorbance at 280 nm using a nano-volume spectrophotometer.

3. Dimer preparation
1. Dilute the apo-enzyme to a concentration of 1 uM in 50 mM MOPS, 0.5 M (NH,4);SO,, pH 7.2. Incubate for 2 h at 75 °C in a dry bath,
then let the sample cool down to room temperature.
2. Concentrate the sample to an enzyme concentration of at least 50 uM. Check the molecular weight by SEC (see section 1.4). The
elution peak must shift from ~82 mL to ~95 mL (under current experimental conditions).

3. TmPep1050 crystallization

NOTE: Protein crystallization remains an empirical science as it is a multifactorial phenomenon33. While some parameters can be identified and
controlled (such as temperature, pH, precipitation agent concentration), others may influence elusively the crystallization (such as protein and
chemical purity, proteolysis, sample history). Nowadays protein crystallization is tackled in a rational and systematic manner thanks to a bunch of
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commercial crystallization screening conditions and automation. The optimization of a crystallization condition, however, relies mostly on a trial-
and-error approach. Hereafter are described a blueprint for crystallizing proteins and several tips for optimizing the crystallization conditions.

1. Crystallization screening
NOTE: Using commercial crystallization kits, crystals of dodecameric TmPep1050 have been obtained in 2.2 M DL-malic acid pH 7.0, 0.1 M
Bis-Tris propane pH 7.0 and 0.18 M tri-ammonium citrate, 20% polyethylene glycol (PEG) 3350. Crystals of dimeric TmPep1050 have been
obtained in 0.1 M sodium citrate pH 5.6, 0.2 M ammonium acetate, 30% PEG4000. Crystals of dodecamers appear within a week and reach
their full size in a month. Crystals of dimers usually appear within 24 h and grow to full size in a week.
1. Acquire several commercial crystallization kits (see Table of Materials for examples).
2. Set up crystallization plates (Table of Materials) for the hanging drop method. Fill the wells with 500 pL of each solution of a
crystallization screening kit.
3. Foreach well, set up a crystallization support. On the support, deposit a 1 uL drop of purified protein (usually ~10 mg/mL).
4. Immediately pipet 1 uL of crystallization solution from the well. Add it carefully to the protein drop and mix gently by pipetting upside
down thrice. The drop must remain semispherical without any bubbles.
5. Screw the support on top of the corresponding well. Repeat the operation for the whole kit.
6. After setting up the plates, observe each drop with a binocular. Refer to the crystallization kit user guide for interpretation (clear drop,
phase separation, precipitate, needles, etc.).
7. Incubate the plates at 20 °C. Check the plates once per day during the first week and once per week afterwards.
8. Score each well using the score sheet and the user guide provided with the crystallization kits.

2. Crystallization optimization
NOTE: The initial crystallization conditions of dodecameric TmPep1050 have been optimized to 2.1 M DL-malic acid pH 6.75 and 0.18
M tri-ammonium citrate pH 7.5, 40% (w/v) PEG3350 while the crystallization condition of dimeric TmPep1050 has been shifted to 0.1 M
sodium citrate pH 6.0, 10% (w/v) PEG3350. One cycle of seeding has been necessary to improve crystallinity. Hereafter is described how the
crystallization of TmPep10504g04 H3o7a Variant has been optimized.
1. Prepare stock solutions of 0.5 M sodium citrate buffer at different pH (4.5, 5.2, and 6.0), and 50% (w/v) PEG3350 solution.
2. Set up a crystallization plate as a matrix of pH vs. precipitation agent (see Figure 4A).
3. Incubate the plate at 20 °C. Observe each well with a binocular once per day during a week.
4. Score each well according to crystal size and shape. Select a condition giving crystals of at least 50 pm. Proceed to microseeding.

3. Microseeding
NOTE: Microseeding is a powerful method to improve the shape, size and crystallinity of protein crystals“. A faster seeding approach is
streak seeding using a cat whisker. See Figure 4 as an example how crystallization optimization and microseeding have improved the crystal
shape and size for TmPep10504g0a Hao7A-
1. Prepare the seeds using the selected well in step 3.2.4.
2. Increase the volume of a drop containing crystals to 10 uL by adding crystallization solution from the well. Pipet the drop and add 90 pL
of crystallization solution from the well. Vortex thoroughly and keep the seeds on ice.
3. Prepare several dilutions of the seeds: 1x, 10x, 25x, and 100x. Vortex well the seeds before pipetting. Keep the dilutions on ice.
4. For each seed dilution, set up a crystallization plate as a matrix of pH vs. precipitation agent (see Figure 4B). Use the stock solutions
prepared in step 3.2.1.
5. When making the drop, add 0.2 pL of seeds for a 2 pL drop. Incubate the plate at 20 °C. Observe each well with a binocular once per
day during a week.
NOTE: Crystal size distribution and shape must be improved, see Figure 4C as an example for TmPep1050ug0a H3o7a- For further uses,
seeds can be stored at -20 °C.

4. X-ray diffraction

1. Crystal picking
NOTE: Sample preparation depends on the X-ray source facility (home facility vs. synchrotron). Use storage devices (vials and vial-holder
basket) accordingly. The addition of cryoprotectant (such as glycerol) may be required depending on salt/precipitation agent concentration.
For TmPep1050 crystals, a cryoprotectant is not necessary as PEG or buffer concentration is high enough to avoid water crystals.
1. Prepare a bath filled with liquid nitrogen, plunge any vials or basket used for sample handling.
2. Set up sample picking loops of different sizes: 100, 150, and 200 ym (Table of Materials). Choose the sizes according to the crystal
size.
3. Using a binocular, check the drop containing crystals and spot isolated crystals (the easiest to pick). With a loop, gently pick a crystal
from the bottom. Immediately plunge the loop in liquid nitrogen and place the loop in a suitable vial.

2. Data collection
NOTE: Data collection may vary greatly depending on the X-ray source (home facility vs. synchrotron) and detector sensitivity. The collection
strategy may also differ greatly from a sample to another, depending on the resolution, spot intensity, space group, etc. The topic has been
extensively reviewed by Dauter™.
1. Mount the loop carrying the crystal on the goniometer head of the diffractometer.
2. Tune the goniometer head along XYZ axes to align the crystal with the X-ray beam path.
3. Set the wavelength to 0.98 A and move the detector to get 2 A of resolution.
4. Start a short data collection by acquiring images in at least two different crystal orientations. Take 10 images (1 image per 0.1°) at 0°
and 90°.
5. Check the collected images with suitable software (e.g., ADXV, XDS-Viewer or Albula Viewer). Determine the spot intensity and the
highest resolution where spots are seen. Check also the monocrystallinity and spot separation.
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6. Eventually, repeat steps 4.2.3-4.2.5 by changing the detector position for higher or lower resolution and the exposure time in
accordance to the observation.
7. Start data collection around 360° with 1 image taken per 0.1°. Remember to set the detector position and exposure time optimally.

5. Indexation, molecular replacement and model building

1. Indexation
NOTE: Indexation is a method for measuring diffraction spols |nten3|ty glvmg the amplltudes of structure factors®®. Four software packages
are commonly used for processing collected images: Mosfim®’, HKL2000%%, DIALS™®, and XDS*. The latter has been used for indexing the
data sets obtained from TmPep1050 crystal diffraction.

1. Install XDS package and XDSME i processing HDF5 files, install XDS Neggia plugin (available on Dectris website). For more
information, visit XDS wiki web page https:/strucbio.biologie.uni-konstanz.de/xdswiki/index.php/Main_Page and XDSME web page
https://github.com/legrandp/xdsme.

Before processing data, create a folder from where XDS will be run. Locate the path to the images.

To run XDSME, type xdsme /path_to_images/image.extension in a terminal window.

4. After XDS has ended the job, check the CORRECT.LP file. Note the probability of the space group determination, data completeness,
the highest resolution, crystal mosaicity, and data quality. Check also XDS_pointless.log to obtain the likelihood of space groups.
NOTE: See Figure 5 as an example of output.

5. Rerun XDSME with different space group solutions proposed by XDS in separate folder to avoid overwriting the previous process.
Type xdsme -s space_group_name -c “unit_cell_parameters” /path_to_images/image.extension (e.g., xdsme -s P21 ¢ “43.295
137.812 61.118 90.000 110.716 90.000).

6. Check the CORRECT.LP files and choose the best solution based on data statistics.

7. Run XSCALE by typing xscale.py XDS_ASCII.LHKL. Run XDSCONYV by typing xdsconv.py XSCALE.HKL ccp4.

NOTE: In some cases, XDSME fails to identify the space group or fails to cut the resolution range properly or generates weird data
statistics. If such a problem is encountered, it is worth to run XDS natively. Several parameters must be introduced in the XDS.INP
initiation file (see XDS wiki page). When using XDS, the likelihood of possible space groups can be checked by using Pointless, pan of
CCP4 package . To cut the data set resolution, Reas < 60% and l/o ~2 are commonly accepted to determine the highest resolution 3
The molecular riplacement and model refinement, however, can be improved by extending the resolution to /o ~0.5-1.5 and CCy;,
down to 0.2-0.4

W

2. Molecular replacement
NOTE: Experimental data give access to the amplitude of structural factors but, without knowing the phase, they are useless The phase
can be determined experimentally by different methods relying on an anomalous signal (from a heavy atom, for |nsiance) . Molecular
replacement is another method for determining the phase without an anomalous scattering atom*®*". This method uses the coordinates of a
related molecule to find and improve the phase iteratively. We use Phaser® in Phenix GUI*® for molecular replacement.
1. Prepare the starting model for molecular replacement using 4P6Y coordinates. From the pdb file, extract the monomer A and truncate
its aminoacids in alanine using the PDB file editor in Phenix (under the Model tools tab).
2. Run Xtriage in Phenix (under the Data analysis tab) with the reflection file generated by XDSCONV (5.1.9) and the sequence as
inputs.
3. Check the log file from Xtriage. Note the completeness, the number of subunits in the asymmetric unit, the anisotropy, the presence of
ice rings, and twinning occurrence.
4. Run Phaser-MR in Phenix (under the Molecular replacement tab) for molecular replacement using the reflection file, the sequence
and the starting 4P6Y model truncated in poly alanine (step 5.2.1).
5. Upon completion, check if a model has been found and the score of the molecular replacement. A translation factor Z-score (TFZ) of at
least 8 indicates that the solution is definitively correct.

3. Model building
NOTE: After determining the phase by molecular replacement, the model must be built and refined. This protocol uses Phenix GUI*® for
automatic building and iterative refinements, and Coot™ for manual structure building and refinement.
1. After molecular replacement using Phase-MR in Phenix, select Run Autobuild. All the required files will be automatically added.
Simply press Run to start autobuild.
2. Upon completion, check the model in Coot. Build and refine the model manually according the electron density map in Coot.
3. Refine the manually curated model in Phenix (in the Refinement tab) using the model, the sequence, and the diffraction data as inputs.
Refer to Phenix help to choose the right strategy.
4. After refinement, check the results: Ryee and Ry,q must decrease, Molprob|ty ! indicators must be respected, and outliers with low real-
space correlation must be limited.
Repeat steps 5.3.2-5.3.4 until the best refined model is generated.
Run Molprobity on the server: http://molprobity.biochem.duke.edu/. Check any outliers identified by Molprobity.
Eventually repeat steps 5.3.2-5.3.6 until the best refined model is obtained.

Representative Results

To study a possible dodecamer dissociation into monomers in TmPep1050, the His-60 and His-307 codons were replaced by alanine codon
using a synthetic gene. This gene was then cloned in pBAD vector for expression and purification of the corresponding TmPep1050 variant
subsequently named TmPep1050yg04 3074 Size exclusion chromatography (Figure 3B) showed that the purified protein had an apparent
molecular weight of 56 kDa (molecular weight of the monomer being 36.0 kDa). A similar apparent molecular weight, 52 kDa, has been reported
for TmPep1050 dimer"’ . Hence, the oligomeric state of TmPep1050yg04 Hao7a could be inferred as dimeric. Regarding its specific activity,

No o
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TmPep1050460a Hao7a Was completely inactive on L-Leu-pNA as substrate, even in the presence of cobalt ions. This result strongly suggests that
the variants cannot bind any metal ions.

The crystallization condition of TmPep1050y60a 3074 Was optimized by varying pH vs. PEG concentration (Figure 4) around the condition of

the dimer (i.e., 0.1 M sodium citrate pH 6.0 10% PEG3350). The best crystals of TmPep10504g0a H307a4 Were obtained in 0.1 M sodium citrate

pH 5.2 20% PEG3350 with one cycle of microseeding for improving monocrystallinity. A complete data set was collected at Proxima 2 beamline
(SOLEIL synchrotron) at a resolution 2.36 A (Table 1). Data indexation showed that the space group of the TmPep1050y5pa Hzo7a Crystal is
C222, but XDS proposed another solution, the mP space group (see Figure 5). According to Pointless, the likelihood of C2224 and P24 space
groups were 0.711 and 0.149, respectively. According to the data quality analysis, two monomers are found in the asymmetric unit. The analysis
by Xtriage revealed that the data set is probably twinned but twinning in C222, space group is unlikely™. Twinning results from crystal growth
anomaly where several definite domains have some of their lattice directions parallel to each other™. Twinning may also result from a higher
crystal symmetry, indicating an erroneous data indexation. Hence, a pseudo-merochedral twin may exist so that a P2, crystal lattice looks like a
C222,. The data set was subsequently indexed in space group P2, and tested in molecular replacement. Xtriage analysis of the data set indexed
in P24 revealed a pseudo-merohedral twin following a twin law h, -k, -h-1.

Using the coordinates of a monomer from dodecameric TmPep1050 (PDB code 4P6Y), a molecular replacement solution was found for the
data set indexed in P24 only, with a TFZ score of 28.9. Therefore, the diffraction data were treated as a twinned data set for model building. To
minimize the bias of molecular replacement, a first model was built by using phenix,autobuildsa'ss. The structure of TmPep1050,504 H3o74 WaS
completed after several cycles of automated and manual refinement in Phenix and Coot (Table 1 and Figure 6A). The structure confirmed the
oligomeric state with an interface surface of 1,710 A? petween both monomers and a A'G of -16.2 kcal mol™ as calculated by PDBe Pisa®. In
comparison, the interface surface and A'G of dimeric TmPep1050,._ ., is 1,673 A® and -16.7 kcal mol™, respectively.

The structure of TmPep1050450a Hao7a is highly similar to the wild-type dimer structure with RMS of 0.774 A upon alignment. Importantly,

the same structural modifications are observed in both structure: high flexibility of the a8 and a10 helices, disordered active site GIn-196—
Val-202, and the displacement of Lys-229-Ala-235 and L¥5-24?—Ser 254. These modifications were correlated previously with the hindrance

of dodecamer formation in absence of its metal cofactor' . The two mutations of His-60 and His-307, however, had a slight effect on the side
chains of Asp-168 and Asp-62. They appeared to be locked in a conformation different from the wild-type dimer (Figure 6B). The Asp-168
carboxylate is rotated by 40° due to the absence of His-60 and His-307. Hence both histidine residues are important for positioning the Asp-168
carboxylate correctly for bridging the two metal ions. The Asp-62 side chain is oriented towards Glu-18 carboxylate, outside the catalytic site.
Asp-62 may have an important role in catalysis as it is assumed to modulate the pK, of His-60 and, thus, influence metal ion binding in the M2
site. In addition, it could be implicated structurally in the stabilization of the catalytic site upon metal ion binding, favoring the formation of the
dodecamer.

B T1 & T2
. P —_— — - AmpR e

BAD

linearized pBAD vector
Figure 1: Schematic representation of TM_1050 ORF cloning into pBAD vector by homologous recombination.
The ORF is flanked by two 30 bp sequences homologous to the promoter BAD end and the sequence upstream Pmel restriction site. Please
click here to view a larger version of this figure.
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Figure 2: Chromatograms of TmPep1050 purification.

(A) Anion exchange chromatography. (B) Hydrophobic interaction chromatography. The absorbance (Abs), expressed in milliunits of absorbance
(mUA), is shown in plain line. The conductivity, expressed in mS cm'1, is shown in dashed line. The grey box indicates where TmPep1050
eluates on the chromatograms. Please click here to view a larger version of this figure.
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Figure 3: Size exclusion chromatography of (A) TmPep1050 dodecamer, (B) TmPep1050,50a H3o7a, and (C) TmPep1050440a-

Samples were analyzed using SEC resin packed in a 120 mL column. Absorbance (Abs) is expressed in milliunits of absorbance (mUA). (D)
Calibration of the SEC column using thyroglobulin (T), ferritin (F), aldolase (Ald), conalbumin (C), and albumin (Alb) as standards. The correlation
between the logarithm of the relative mass and the elution volume is linear, with a R? of 0.91. The 95% confidence intervals are represented as

dots. Please click here to view a larger version of this figure.
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Figure 4: Optimization of TmPep10504¢0a H307a Crystallization.

(A) The first optimization strategy consists of varying pH (between 4.5 and 6.0) vs. PEG3350 concentration (between 5% and 25%). The
crystallization plate is schematized, and the wells are color coded: red for precipitate, yellow for polycrystals, and green for monocrystals. (B)
The second optimization strategy includes the use of seeds diluted 25x with a narrower variation of pH vs. PEG3350. (C) Crystal shape and
size before (upper image) and after (lower image) crystallization optimization and microseeding. Please click here to view a larger version of this
figure.
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Figure 5: Excerpts from the log output CORRECT.LP of TmPep10504¢0a H307a data indexation by XDS.
Upper panel, the possible Bravais lattices, the most likely being mC, mP, and oC. Middle panel, overall statistics of data indexed in C222, space
group. Lower panel, overall statistics of data indexed in P2, space group. Please click here to view a larger version of this figure.
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Figure 6: Structure of TmPep1050460a H307A-

D220

(A) Structural alignment of a TmPep1050yg04 H307a SUbunit (red, PDB code 5NE9) vs. a dodecamer subunit (white, PDB code 6NW5) and
a dimer subunit (blue, PDB code 5NE6). Arrows indicate the structural dissimilarities between dodecamers and dimers. (B) Close-up of the
TmPep1050450a Hao7a active site (red) compared to the active site of TmPep1050 dimer (blue) and dodecamer (white). Please click here to view

a larger version of this figure.
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TmPep1050ug0a H307A

Data collection

Temperature (K) 100

Radiation source SOLEIL Proxima 2

Wavelength (A) 0.9801

Detector Dectris Eiger X 9M

Oscillation range (°) 0.1

Exposure time (s) 0.025

Space group P1211

Unit cell parameters

a B,y (") 90.00, 110.69, 80.00

a, b, c(A) 43.24,137.79, 61.11

Resolution 43.99 — 2.37 (2.52-2.37)

Unique reflections 26.902

Rmerge (%) 0.14

Redundancy 6,815

<lio> 8.64 (2.12)

Completeness (%) 99.6 (97.9)

CCyi2 (%) 99.2 (84.1)

Refinement

Resolution 43.99 - 2.37

Reflections 26.9

Rfee set test count 1345

Ruork/Rfree 0.206/0.234

Protein molecules per ASU 2

Vi (A%Da) 2.37

Solvent content (%) 49.0

Protein/solvent atoms 4,559/96

rm.s.d. bond lengths (A) 0.31

r.m.s.d. bond angles (°) 0.51

Average B-factors (A%) 57.0

Favored/disallowed Ramachandran @/y (%) 95.02/0.17

Twin law h, -k, -h-|

PDB code 5NE9

Table 1: Data collection and refinement statistics. Values in parentheses are for the highest-resolution shell.

The protocol described herein allows understanding the dimer-dodecamer transition of TmPep1050 at the structural level. The methodology
was experienced previously for determining the structure of both TmPep1050 oligomers”. The most challenging step was to find conditions
promoting the dissociation of dodecamers into stable dimers. Such conditions had to be mild enough to permit the reassociation of dimers into
dodecamers when the metal ion cofactor was added. The separation of oligomers was also a critical step as it conditions the structural studies
and further biochemical characterization (e.g., studying the dodecamer reassociation in various doses of Coz*)‘ The molecular replacement, a
proven method for phase determination, was used to solve the structures of TmPep1050 oligomers and its variants. The proposed protocol may
be adapted to study other metallo-enzymes whose oligomerization states depend on the availability of their metal cofactors.

To illustrate the protocol, a case of study was presented, TmPep1050,50a H3o7a Whose metal binding sites were impaired by mutating His-60
and His-307 to alanine. These residues bind Co®" at the M2 and M1 sites, respectively. Interfering in metal binding could have perturbed the
oligomerization state and led to a complete dissociation into monomers. Evidences of such a phenomenon have been reported for PhTET2 and
PfTET3, two M42 aminopeptidases from P. horikoshii and P. furiosus, respectively24'29. TmPep1050ng0a H3o7a did not behave as expected as
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this variant formed dimers only. Its structure showed the same modifications as the wild-type dimer but with two small exceptions. Indeed, the
side chains of Asp-168 and Asp-62 appeared to be locked in an unconventional orientation preventing the stabilization of the active site. Their
orientation seemed to be imposed by His-60 and His-307 as such modifications were not observed in the single point mutation variants.

The authors have nothing to disclose.
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B.3 M42 aminopeptidase catalytic site: the structural and functional

role of a strictly conserved aspartate residue

B.3.1 Background

As discussed in the Introduction (see section A.5.1.1, page 23), the members of the MH clan share
seven highly conserved residues located within their active site. Five of them are involved in the metal
ion binding, forming the M1 and M2 sites. The metal ion centers play a critical role for the activity
but also for the oligomerization of M42 aminopeptidases!84365372,382,420,424 "\We showed that two
histidine residues are especially crucial for the binding of Co?* and, subsequently, the oligomerization
of TmPep1050 (see sections B.1-B.2). The two other conserved residues are a glutamate residue and
an aspartate residue. According to literature on VpAp1, the former acts as the catalytic base while
the latter probably modulates the Lewis acid strength of the metal ion bound in the M2 site302:304.307,
The catalytic role of the conserved glutamate residue has been proven for M42 aminopeptidases.
Indeed, its substitution with either an alanine or glutamine residue yields to an inactive enzyme for
PhTET13%, The same impact was observed for TmPep1050 as the Glu197GlIn substitution drastically
impaired the activity (see sections B.1.4-B.1.5). The catalytic base, however, does not play a role in
the oligomerization of TmPep1050 despite being part of a H-bond network involving the seven
conserved residues. The role of the conserved aspartate residue remains ill-described. According to
the hypothesis drawn from the structure of VpAp1, this residue interacts with the histidine residue
of the M2 site, forcing its imidazole ring to be deprotonated3®*3%7, As a consequence, the Lewis acid
strength of the M2 metal ion is decreased, favoring the hydroxide ion transfer to the M1 metal ion
(see also section A.4.2.3, page 26). Nothing is known about the implication of the conserved
aspartate residue in metal ion binding or its structural role in the catalytic site. Studying these roles
in M42 aminopeptidases was particularly relevant since their oligomerization is dependent on its
metal ion cofactors36>382420  |n addition, S. Russo reported in her PhD thesis that Asp-70
(corresponding to Asp-99 in VpAp1 and Asp-62 in TmPep1050) plays a critical role in the activity of
PhTET233%8,

TmPep1050 could be a relevant model for studying the role of the conserved aspartate
residue close to the M2 site. Indeed, after the residue substitution, the degree of oligomerization
could tell whether it is involved in metal ion binding or not. According to the oligomers being
observed, its role as a second shell residue could be linked to the M1 or M2 site. We showed that the
substitution of Asp-62 completely abolished the activity of TmPep1050. Moreover, the dodecamer
formation appeared to be dramatically impaired as only dimers were observed. The structural study
of a variant highlighted the structural role of Asp-62 in maintaining an important loop correctly
positioned in the active site. Albeit not interacting directly with His-307, Asp-62 could influence metal
ion binding in the M1 site. The work has been published in Proteins: Structure, Function, and
Bioinformatics in July 2020.

B.3.2 Methodology

Basically, we applied the methodology described earlier (see sections B.1.2-B2) to study the role of
Asp-62 in TmPep1050. Asp-62 was substituted with either an alanine or asparagine or glutamate
residue by site-directed mutagenesis. The variants were purified using the same protocol as for
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purifying TmPep105012-mer. Their oligomeric state was determined by size-exclusion chromatography
and native MS. Their activity was assayed using L-Leu-pNA as substrate in presence of Co?*. Metal ion
binding was examined by measuring for the three variants (i) the influence of Co?* on thermostability
and (ii) the apparent association constant for Co?*. Ultimately, the structure of TmPep1050ps24 Was
solved at 1.5 A by X-ray crystallography.

B.3.3 Article summary and discussion

The activity of the three variants was completely abolished regardless the substitution nature. In
addition, the Asp-62 substitution led to an impaired dodecamer formation since only dimers were
observed. The activity loss was expected in accordance with the supposed role of Asp-62 in catalysis.
Its impact on oligomerization, however, was unexpected since it interacts with His-60 (in the M2 site)
but not with His-307 (in the M1 site). As a reminder of our previous study (see section B.1), the
substitution of His-307 with an alanine residue completely prevented the dodecamer formation while
that of His-60 partly interfered in oligomerization. Thus, the Asp-62 variants behaved as if the M1 site
was crippled. They were further characterized to determine their property to bind Co?'. The
thermostability of the Asp-62 variants was monitored by TSA and compared to that of the wild-type
dimer. The Asp62Ala and Asp62Glu substitutions had a destabilizing effect as these variants are less
thermostable than the wild-type dimer. The thermostability of Asp-62 variants increased with the
concentration of Co?*, indicating the binding of metal ions. Of note, their T, remained lower than Tm,
of TmPep105012-mer €ven at Co?*-to-protein molar ratio of 50. Especially, TmPep1050ps24 and
TmPep1050p62¢ had a Tm of about 91°C compared to a Tm of 97°C observed for the dodecamer. Co?*
binding assays were conducted to determine the amount of bound Co?* per molecule of enzyme.
Each variant was shown to bind only one cobalt atom per molecule of enzyme with an apparent
dissociation constant ranging from 70 to 87 uM. In comparison, wild-type TmPep1050 binds at least
two cobalt atoms with an apparent dissociation constant of 50 uM. Our data suggested that the Asp-
62 substitution strongly impaired one of the metal ion binding sites. According to the molecular
weight of Asp-62 variants, it could be the M1 site being affected.

The structure of TmPep1050ps24 Was solved at 1.5 A by X-ray crystallography, confirming its
oligomeric state. As expected, it displays the same structural adaptation as those of TmPep10502-mer.
Especially, the GIn-196 — Val-202 loop is displaced outwards the active site in TmPep1050p624, like in
the wild-type dimer. The a8 and a10 helices are also so disordered that they cannot be modelled.
Globally, the structure of TmPep1050p624 does not differ from the wild-type dimer except for the
position of His-60 sidechain. Indeed, it adopts two alternate rotamers, m90° and p-80°, the former
being observed in the wild-type enzyme structure. Thus, Asp-62 seems to be important in positioning
His-60 side chain correctly. As the dodecamer formation is abolished, Asp-62 must have a structural
role on the M1 site fold. In the dodecamer structure, the carboxylate of Asp-62 interacts with the
backbone nitrogen of Glu-197 and Glu-198. Its absence probably prevents the correct positioning of
GIn-196 — Val-202 loop. Consequently, the M1 site is affected as Glu-198 cannot participate in metal
ion binding. To fulfil such a structural role, the length and charge are crucial at the position 62.
Substituting Asp-62 with an asparagine or glutamate residue also impaired the dodecamer formation.
In fact, three residues impose structural constraint on Asp-62 sidechain, Ser-15, Glu-18, and His-60.
A longer sidechain at position 62 will fail to be sandwiched between Ser-15 and His-60. The charge is
probably important for the correct positioning due to charge repulsion with Glu-18. It would be
interesting to study the structural role of the conserved aspartate residue in other MH clan enzymes,
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especially monomeric enzymes. If the destabilization is also observed for such enzymes, it will
support its structural role thorough the whole MH clan. If not, it will indicate that the destabilization
of the active site, as observed for TmPep1050p624, could be an adaptation to oligomerization.
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1 | INTRODUCTION
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Abstract

The M42 aminopeptidases are a family of dinuclear aminopeptidases widely distrib-
uted in Prokaryotes. They are potentially associated to the proteasome, achieving
complete peptide destruction. Their most peculiar characteristic is their quaternary
structure, a tetrahedron-shaped particle made of twelve subunits. The catalytic site
of M42 aminopeptidases is defined by seven conserved residues. Five of them are
involved in metal ion binding which is important to maintain both the activity and the
oligomeric state. The sixth conserved residue, a glutamate, is the catalytic base
deprotonating the water molecule during peptide bond hydrolysis. The seventh
residue is an aspartate whose function remains poorly understood. This aspartate
residue, however, must have a critical role as it is strictly conserved in all MH clan
enzymes. It forms some kind of catalytic triad with the histidine residue and the metal
ion of the M2 binding site. We assess its role in TmPep1050, an M42 aminopeptidase
of Thermotoga maritima, through a mutational approach. Asp-62 was substituted with
alanine, asparagine, or glutamate residue. The Asp-62 substitutions completely
abolished TmPep1050 activity and impeded dodecamer formation. They also inter-
fered with metal ion binding as only one cobalt ion is bound per subunit instead of
two. The structure of Asp62Ala variant was solved at 1.5 A showing how the substi-
tution has an impact on the active site fold. We propose a structural role for Asp-62,
helping to stabilize a crucial loop in the active site and to position correctly the
catalytic base and a metal ion ligand of the M1 site.

KEYWORDS
catalytic site fold, cobalt ion, M42 aminopeptidase, metal ion binding, MH clan,
oligomerization, strictly conserved aspartate, Thermotoga maritima

suggesting that peptidasome particles may exist.” The M42 aminopepti-
dases are characterized by a genuine quaternary structure made of

The M42 aminopeptidases are dinuclear enzymes proposed to achieve
peptide degradation downstream the proteasome in Bacteria and
Archaea.” In Pyrococcus horikoshii, four M42 aminopeptidases
(PhTET1, PhTET2, PhTET3, and PhTET4) have been described, each
having a different, but complementary, substrate specificity. 3¢ PhTET2
and PhTET3 have even been shown to form heterocomplexes,

twelve subunits organized spatially as a tetrahedron.’*%%"1® The associa-
tion of the twelve subunits is often described as the assembly of six
dimers, each dimer being located at a tetrahedron edge. Four gates are
found at the middle of the tetrahedron faces, leading to a wide inner
chamber. The gate size (between 12 and 20 A) probably restricts the

access to the inner chamber to unfolded peptides only.}20134

Proteins. 2020;1-9.
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The 12 catalytic sites are oriented inward the chamber, compartmentaliz-
ing the activity. The amino acids, generated after peptide hydrolysis, exit
the catalytic sites through four channels located at the tetrahedron
vertexes. The oligomerization of M42 aminopeptidases is controlled by
their metal ion cofactors, as shown for PhTET2, PhTET3, PfTET3 of
Pyrococcus furiosus, and TmPep1050 of Thermotoga maritima.>*%131516
Indeed, active dodecamers disassemble into inactive dimers upon the
depletion of metal ions. The disassembly is although reversible as adding
metal ions to dimers restores the dodecamer formation and activity.

The M42 family, ubiquitous to Bacteria and Archaea,'” belongs to
the MH clan alongside the M18, M20, and M28 families.*® All MH
clan enzymes share a common «/p globular fold for their catalytic
domain, the archetypal model being the aminopeptidase Ap1 of Vibrio

1° The typical subunit of M42 aminopeptidases

proteolyticus.
possesses a PDZ-like dimerization domain in addition to the catalytic
domain.! Seven residues define the catalytic site of MH clan
enzymes.'®?° Five of them are involved in the binding of two metal
ion cofactors. The first metal ion binding site, M1, consists of three
conserved residues: a histidine, a glutamate, and an aspartate. The
latter is shared with the second metal ion binding site, M2. Two other
residues define the M2 site: a conserved histidine and a glutamate/
aspartate. These five residues impose the tetrahedral coordination
geometry to the two bound metal ions. The implication of both metal
ions in the catalytic mechanism has been thoroughly studied in
V. proteolyticus aminopeptidase Ap1.2*2% Indeed, they interact with
the free N-terminal amine and the first carbonyl of the peptide
substrate. The metal ion of the M2 site has been proposed to assist
the water molecule deprotonation. The hydroxide is then transferred
to the metal ion of the M1 site for peptide bond hydrolysis. In M42
aminopeptidases, the two metal ions are also involved in the dimer-
dodecamer transition. We previously showed that the metal ion of
the M1 site strictly controls the oligomerization of TmPep1050 while
that of the M2 site could have a stabilizer role.*® Intriguingly, their
roles are swapped in PfTET3,1? suggesting that other factors may
influence oligomerization.

In addition to the five metal ion ligands, two other residues, a gluta-
mate and an aspartate, define MH clan enzymes. These two residues are
not involved directly in metal ion binding but are strictly conserved in the
whole clan. The glutamate residue acts as a general hase deprotonating
the water molecule during the peptide bond hydrolysis.?* It may also play
a role in decreasing the Lewis acidity of the metal ion of the M2 site. As
proposed for V. proteolyticus aminopeptidase Apl, the catalytic base
Glu-151 is within hydrogen bond distance to interact with His-97.2%%3
The aspartate residue is not directly involved in hydrolysis but may have
a role in decreasing the Lewis acidity of the metal ion of the M2 site.? In
V. proteolyticus aminopeptidase Ap1, Asp-29 has been proposed to form
some kind of catalytic triad (hereafter mentioned as Asp-His-metal) with
His-97 and Zn?" in the M2 binding site.2%?>?>2?7 |ndeed, a strong hydro-
gen bond links the O atom of Asp-99 with the N° atom of His-97,
forcing the imidazole ring to be deprotonated. As a result, the Lewis acid-
ity of Zn?* would be decreased sufficiently to allow the transfer of the
hydroxide to the metal ion of the M1 site, which is closer to the peptide
bond to be hydrolyzed.

Still, how the aspartate residue participates in peptide bond
hydrolysis remains intricate. Its role has only been hypothesized for
V. proteolyticus aminopeptidase Ap1. To our knowledge, nothing has
been well established about its implication in metal ion binding or
active site stabilization for MH clan enzymes. In this work, we propose
to study the Asp-His-metal triad of TmPep1050, an M42 aminopeptidase
from T. maritima. TmPep1050 is a leucyl-aminopeptidase whose activity
depends on its oligomeric states: inactive dimer and active dodecamer.*®
The transition between dimers and dodecamers is regulated by its
metal ion cofactor, Co?". We present the characterization of three
TmPep1050 variants for which Asp-62, equivalent to Asp-99 of
V. proteolyticus aminopeptidase Ap1, was substituted with alanine,
asparagine, or glutamate residue. All substitutions completely
abolished the activity and dodecamer formation of TmPep1050. The
Asp-62 variants were still able to bind one cobalt ion per subunit. As
dodecamer formation relies on the M1 site, we propose that the M2
site remained functional despite the substitution. The structure of
TmPep1050p424 Was solved at 1.5 A resolution and, by comparing
with the dimer and dodecamer structures, a structural role was
inferred for Asp-62.

2 | MATERIALS AND METHODS

2.1 | Mutagenesis of Tm_1050

Site-directed mutagenesis was performed following the single-primer
reactions in parallel protocol (SPRINP)?® using the pCEC43 as
template vector. This vector allows the production of TmPep1050 under
the regulation of Pgap promoter in Escherichia coli.*® The primers used to
generate the Asp-62 variants of TmPep1050 are described in Table S1.
Phusion DNA polymerase (ThermoFisher Scientific) was used for DNA
polymerization reactions. Cloning was carried out in the E. coli strain
MC1061.% The genetic constructs were checked by sequencing
(Genetic Service Facility, University of Antwerp).

2.2 | Production and purification

The Asp-62 variants of TmPep1050 were produced and purified to
homogeneity according to the protacol described elsewhere.’®3° |t
consists of four steps: (a) a heat treatment of crude cell extract at
70°C for 15 minutes, (b) an anion-exchange chromatography using
Source 15Q resin (GE Healthcare Life Sciences), (c) an hydrophobic
interaction chromatography using Source 15Phe resin (GE Healthcare
Life Sciences), and (d) a size-exclusion chromatography using a Sup-
erdex200 column (GE Healthcare Life Sciences, XK16/20 column of
120-mL volume). During the last purification step, an elution peak was
observed at 95 mL for the three Asp-62 variants. The purified Asp-62
variants were concentrated to 250 uM using an Amicon Ultra-15
ultrafiltration unit with 30-kDa cutoff (Merck Millipore). The protein
concentration was estimated by measuring the absorbance at 280 nm

and applying the mass extinction coefficient of 18 910 M~* ecm™™.
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For molecular weight determination, 50 pM of purified protein was
loaded on a Superdex200 column (GE Healthcare Life Sciences,
XK16/20 column of 120-mL volume) using 50 mM MOPS, 0.5 M
(NH4)2S04, 1 mM CoCl,, and pH 7.2 as running buffer. The size
exclusion column was calibrated using Gel-filtration standard (Biorad)
and high-molecular weight gel filtration calibration kit (GE Healthcare

Life Sciences) under the same running conditions.

2.3 | Mass spectrometry

Sample preparation and native mass spectrometry (MS) analysis were
performed as previously described.’® TmPep1050ps2a Was condi-
tioned in 20 mM Ammonium acetate, pH 7.2 using Zeba 7-kDa desa-
Iting columns (Thermo Fisher Scientific). Prior to MS analysis, the
sample was diluted to 5uM in 20 mM ammonium acetate, pH 7.2.
The spectrum was recorded in positive ion mode on a traveling-wave
ion mobility Q-TOF instrument (Synapt G2 HDMS, Waters).

2.4 | Enzymatic and cobalt binding assays

The specific activity of Asp-62 variants was assayed using L-leucine-p-
nitroanilide (L-Leu-pNA, Bachem AG) as substrate. About 10 uL of
200 pM enzyme was added to 990 puL of reaction mix containing
2.5mM L-Leu-pNA in 50 mM MOPS, 10% methanol, 1 mM CoCls,,
and pH 7.2. The reaction was performed at 75°C during 1 hour and
stopped by adding 1 mL of 20% acetic acid. Released p-nitroaniline
was quantified by measuring the absorbance at 410 nm. Prior to
cobalt binding assays, apo-enzyme was prepared as previously
described.®° About 200 L of 250 uM enzyme was diluted in 1.8 mL
of 50 mM MOPS, 0.5M (NH,4),504, 10 mM 1,10-phenanthroline,
pH 7.2. The sample was then dialyzed four times against 200 mL of
50 mM MOPS, 0.5 M (NH,4)>S0,, and pH 7.2. After the dialysis, the
sample was concentrated to 100 plL using an Amicon Ultra-15 ultrafil-
tration unit with 30-kDa cutoff (Merck Millipore). Protein concentra-
tion was determined as described above. To study the metal binding,
apo-enzyme was diluted to 20 pM in either 50 mM MOPS, 0.5 M
(NH4),SO,, pH 7.2 or 100 mM sodium citrate, 5% PEG3350, pH 5.2.
CoCl, was added at a concentration ranging from 0 to 1280 uM. The
reaction volume was 140 uL and the samples were incubated at 50°C
for 24 hours. The thermostability of the samples was determined by
Thermal Shift Assay using SyproOrange (Thermofisher Scientific) as
previously described.’® Bound Co?* was quantified using Amplex
UltraRed fluorescent probe (ThermoFisher Scientific) as previously
described.*®

2.5 | X-ray crystallography
TmPep1050p424 Was crystallized in 0.1 M citric acid, 5% PEG3350,

pH 5.2 using the hanging drop diffusion method. Drops containing
2 uL of 250 M TmPep1050p424 and 2 pl of crystallization reagent

eroTENS W LEY 3

were set up in EasyXtal Tool plates (Qiagen). Fully grown crystals
were obtained after a week at 292 K. Crystal shape and size were
improved by microseeding. Diffraction data were collected on the
FIP-BM30a beamline at the European Synchrotron Research Facility
(Grenoble, France).*"*? Data collection and refinement statistics are
presented in Table 1. XDS program package®® was used for indexing
diffraction data. The phase was determined by molecular replacement
using Phaser®® with the monomer A coordinates of TmPep1050 dode-
camer structure (PDB code 4P6Y). The model was build using phenix.
autobuild in PHENIX software package.®® The model was iteratively
refined manually with Coot®® and automatically with phenix.refine.
Model stereochemical quality was assessed using MolProbity.®”

TABLE 1 Data collection and refinement statistics (values in
parentheses are for the highest-resolution shell)

TmPep1050p42a

Data collection
Temperature (K) 100
Radiation source ESRF BM30A
Wavelength 0.9797
Detector ADSC QUANTUM

315r
Oscillation range (°) 0.5
Space group C2224

Unit cell parameters

a oy () $0.00, $0.00, 90.00
a,b,c(A) 42.18, 113.96, 267.23
Resolution 48.00 - 1.50
(1.58-1.50)
Unique reflections 103,939
Remerge (%) 9.1(49.3)
Redundancy 5.8
<l/a> 14.80 (3.34)
Completeness (%) 99.7 (89.4)
CCy/2 (%) 99.8(87.6)
Refinement
Resolution 48.00 - 1.50
Reflections 103,177
Rfree Set test count 5,158
Ruwork/Riree 0.183/0.215
Protein molecules per ASU 2
Vi (A%/Da) 2.27
Solvent content (%) 45,79
Protein/solvent atoms 4,950/820
r.m.s.d. bond lengths (A) 0.36
r.m.s.d. bond angles (°) 0.55
Average B-factors (A?) 20.0
Favored/disallowed Ramachandran ¢/y 97.71/0.00
(%)
PDB code 5L6Z
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Protein structures were analyzed with PDBe Pisa,®® Arpeggio,®’ and
PyMOL Molecular Graphics System version 2.2 (Schrédinger, LLC).

3 | RESULTS AND DISCUSSION
3.1 | The role of Asp-62 in the activity and
oligomerization of TmPep1050

Asp-62, equivalent to Asp-99 of V. proteolyticus aminopeptidase Ap1,
was substituted with alanine, asparagine, or glutamate residue. The
resulting variants were named TmPepl1050ps24, TMPepl050ps2n,
and TmPep1050p42¢, respectively. The variants were recombinantly
produced in E. coli and purified to homogeneity. Their molecular
weights were determined by size-exclusion chromatography
(Figure S1). The substitution of Asp-62 had a dramatic impact on the
TmPep1050 cligomerization state as only dimers were observed even
in the presence of Co?". The oligomerization state of TmPep1050p424
was confirmed by native MS showing dimers mainly (Figure 1). MS
experiments also highlighted a minor tetrameric form. Minor inter-
mediate oligomers (tetramer, hexamer, and octamer) were reported
previously for the wild-type enzyme.'® These oligomers were inferred
as intermediate forms occurring during the dimer-dodecamer
transition. For TmPep1050p¢24, only tetramers were observed as
intermediates, supporting the impaired oligomerization of the Asp-62
substitution. The three variants were barely active when assayed on
L-Leu-pNA in comparison to the dodecameric wild-type enzyme
(Table 2).

The loss of activity resulting from Asp-62 substitution was
expected according to the putative function of Asp-99 in
V. proteolyticus Apl. The negative charge and the side chain length
are critical for the activity. Intriguingly, the Asp-62 substitution
prevents the self-assembly of dimers into dodecamers. Such an
observation contrasts with the known role of the two metal ion
binding sites in TmPep1050 oligomerization. Indeed, we previously
demonstrated that the M1 binding site strictly controls the oligomerization

as the His307Ala substitution prevented the self-assembly of
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FIGURE 1 Native mass spectrum of TmPep1050p424. Dimers are
the major observed species. The sample was conditioned in 20 mM
ammonium acetate and diluted to 5 pM prior to native MS analysis

dimers.’® The substitution of His-60, a residue of the M2 binding site,
perturbed the oligomerization to a lesser extent as both dimers and
dodecamers were observed. Since Asp-62 interacts with His-60, its
substitution would have had a rather small impact on cligomerization,
like the His-60 substitution. Unexpectedly, the Asp-62 variants
behaved as if the M1 binding site had been impaired as only dimers
were observed. Therefore, the Asp-62 substitution could somehow
interfere with the metal ion binding in both M1 and M2 binding sites.

3.2 |
binding

Asp-62 substitution partly impaired the Co**

To show the potential impact of the Asp-62 substitution on Co®*
binding, thermal stability of Asp-62 variants was measured by thermal
shift assay in presence of various concentrations of Co®*. Using such
a method, we previously showed that TmPep1050 dimers depleted of
cobalt were more prone to thermal denaturation than TmPep1050
dodecamers (hereafter named TmPep105045_ mer), With melting tem-
peratures of 91°C and 97°C, respectively. The addition of Co?* restored
the thermal stability of TmPep1050 dimers.®® Prior to the binding assays,
the Asp-62 variants were treated with 1,10-phenanthroline to remove
any bound Co?*. Then 20 pM of each apo-enzyme was incubated in
presence of Co?* at a concentration ranging from O to 1280 pM for
24 hours. The melting temperatures were subsequently determined to
monitor an eventual cobalt binding. Apo-TmPep1050p42y had a melting
temperature of 89.1°C £ 0.4°C, close to that of the wild-type dimer.
Apo-TmPep1050p424 and apo-TmPep1050p4,¢ had a melting tempera-
ture of 86°C +£0.1°C and 83.2°C + 0.2°C, respectively, indicating that
the Asp62Ala and Asp62Glu substitutions destabilized partly the struc-
ture. As the thermal stability increased with the cobalt concentration
(Figure 2), the three variants were found to bind cobalt ions. Of note,
none of them exhibited a thermostability comparable to the dodecamer
upon Co?* binding. Indeed, the maximal melting temperature of
TmPep1050pgzn, TMPepl050pe2e, and TmPepl050ps24 was 95.1°C,
91.1°C, and 90.7°C, respectively, for a C02+-to-protein molar ratio of 50.

Bound Co?* was quantified to define how many metal ion binding
sites are occupied in each variant. 20 pM of apo-enzyme was incu-
bated with varying Co?" concentration ranging from 0 to 1280 uM.

The concentration of bound Co?* was determined at the equilibrium

TABLE 2 Aminopeptidase activity of Asp-62 variants against
L-Leu-pNA

Enzyme k
TmPep105012-mer 7098 + 216
TmPep1050D62A 0.084 £ 0.003
TmPep1050D62N 0.087 £ 0.005
TmPep1050D62E 0.036 + 0.002

Notes: Specific activity (k) is expressed as pmol of released p-nitroaniline
per minute per pmol of enzyme. The specific activities of the variants are
compared with wild-type TmPep1050 dodecamer (TmPep105045.mer). SE
is given for each value with n = 3.
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FIGURE 2 Thermal shift assay showing Co?" binding effect on
Asp-62 variant thermostability. The thermostability of
TmPep1050pg2a (circle), TmPep1050p42y (square), and
TmPep1050p42¢ (triangle) was determined by measuring T, at each
Co?* concentration. From our previous study, the thermostability of
wild-type TmPep1050 dimer is presented as rhombi.*® Error bars
represent SE withn =3
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FIGURE 3 Co? binding of apo-TmPep1050p424 (circle), apo-
TmPep1050p¢2n (square), and apo-TmPep1050p42¢ (triangle). The
results are expressed as the number of bound Co?* per molecule of
enzyme (mol. enz.) in response to a varying concentration of Co®*
ranging from O to 1280 pM. Error bars represent SE withn =3

using Amplex Ultra Red fluorescent probe for quantification. The
results are shown in Figure 3. TmPep1050p424, TMPep1050p42n, and
TmPep1050pe2e Were able to bind Co®* with an apparent association
constant of 70 + 12, 86 + 2, and 87 + 13 uM, respectively. Only one
cobalt ion was bound per monomer (maximal bound Co?* being 1.3),
suggesting that one of the two metal binding sites is impaired in the
Asp-62 variants. In comparison, wild-type TmPep1050 could bind two
cobalt ions with an apparent association constant of 50 pM.>® For the

Asp-62 variants, the cobalt quantification did not allow to determine

whether both M1 and M2 sites were partially occupied or one of
them remained vacant. The second hypothesis is the likeliest based on
(a) the dimeric state of Aps-62 variants and (b) the M1 site controlling
the dimer-dodecamer transition. Thus, the M2 site was inferred to be
functional even when Asp-62 was substituted. Our results contrast
with what has been reported for the human copper/zinc superoxide
dismutase. This enzyme displays an Asp-His-metal triad analogous to
that of the MH clan enzymes. The substitution of the aspartate
residue with an asparagine or alanine residue completely abolished
both the activity and the metal jon binding.*°

3.3 | The structure of TmPep1050p¢24 reveals
how Asp-62 maintains the structural fold of the
active site

To understand how Asp-62 could influence Co?* binding in the M1
site, we solved the structure of TmPep1050ps24 at 1.5 A. The crystal-
lization condition was 0.1 M citric acid, 5% PEG3350, pH 5.2. Unfor-
tunately, X-ray fluorescence scanning of crystals did not detect any
trace of metal ion, probably due to cobalt chelation by citric acid.*?
Co?* binding assays were undertaken for TmPep1050p424 to demon-
strate the interference of citric acid in metal ion binding.
TmPep1050p42a Was incubated with Co®* at a concentration ranging
from O to 320 uM according to the crystallization condition. Thermal
shift assay showed that the melting temperature, 84.6°C, was invari-
ant whichever the Co?* concentration (see Table $2). Furthermore,
the concentration of bound Co®* remained under the detection limit,
that is, less than 1 umol Co?** per 20 pmol enzyme).

Based on the crystal space group and unit cell parameters (see
Table 1), TmPep1050p424 is a dimer according to PDBe Pisa. The
interaction interface between the two subunits is similar to that of
TmPep1050 dimer.*® In addition, the absence of a 3-fold symmetry
strongly supports the dimeric state observed in the crystal unit cell.
Such a symmetry has been reported for several structures of dode-

cameric M42 aminopeptidases, 331113

When compared with
TmPep105012.mer the subunit structure of TmPepl050pg24 presents
the same structural dissimilarities as TmPep1050 dimer (Figure 4A and
Figure S2)*°* Two segments, Lys-229-Ala-235 and Lys-247-Ser-254,
diverge greatly between hoth structures. For instance, the backbone is
displaced by 3 and 11 A for Lys-232 and Arg-249, respectively. Both
segments were described as critical in the oligomerization as they are
involved in the interaction between dimers. The Asp-62 substitution also
affects the catalytic pocket fold as the a8 and 10 helices are too flexible
to be modeled. Furthermore, the GIn-196-Val-202 loop is displaced out-
ward the catalytic site, explaining the lack of activity of TmPep1050p42a
(Figure 5).

Because of the GIn-196-Val-202 loop displacement, Glu-197 and
Glu-198 residues are not correctly positioned to fulfill their function
(Figure 6). The former is the catalytic base, assisting the deprotonation
of a water molecule during the first step of the peptide bond hydrolysis.
The latter is involved in the binding of a cobalt ion at the M1 site, along
with His-307 and Asp-168. In the TmPep1050p42a structure, the
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His-307 side chain adopts a m-70° rotamer, compared with the
m170° rotamer observed in the dodecamer structure. Conse-
quently, the imidazole ring is tilted by about 28° between both
structures. Asp-168 belongs to both M1 and M2 sites as it bridges
the two cobalt ions. The Asp-62 substitution did not have any

K247-S254

al0

FIGURE 4  Structural alignment of TmPep1050p424 subunit (PDB
code 5L6Z, light grey) with TmPep105015.mer subunit (PDB code
6NWS5, green). The structural dissimilarities are indicated with arrows.
Zn?* and Co?* are represented as gray and pink spheres, respectively.
Structural alignment r.m.s.d. value is 0.504 A

TmPep1050

D62A

effect on the Asp-168 position. Regarding the M2 site, the side
chains of Asp-220 and His-60 are oriented differently in
TmPep1050p424 compared with TmPep105045_ e The Asp-220
side chain adopts an m-20° rotamer instead of a t0° rotamer found
in the dodecamer structure. Due to side chain orientation change,
the carboxylate center is displaced by 2.4 A and interacts with the
carbonyl of lle-221. In the monomer A of TmPep1050p¢24, the
imidazole ring of His-60 is correctly positioned with a p-80°
rotamer but is rotated by 180°. Consequently, N®! and N®2 of

D220 H60 =
o \f E198
o ;,
. /
D168 D62 S15
E1S
H307

FIGURE 6 Close-up view of the active sites of TmPep1050pgoa
(light gray) and TmPep105012_ner dodecamer (green). The water
molecules interacting with His-60 in the TmPep1050p424 Structure
are showed as red spheres. Zn?* and Co?* are represented as gray
and pink spheres, respectively

TmPep1050

12-mer

FIGURE 5 The GIn-196-Val202 loop displacement in the TmPep1050p424 structure. The TmPep1050p424 subunit (left, light grey) is
compared with TmPep1050;,._mer Subunit (right, green). The loop displacement is justified by omit maps represented as dark gray and dark green
meshes for TmPep1050p424 and TmMPep105015.mer, respectively. Omit maps were calculated using Phenix by omitting GIn-196-Val202. Zn?* and

Co?* are represented as grey and pink spheres, respectively
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His-60 are found interacting with two water molecules which are
not observed in the dodecamer structure. In the monomer B, His-
60 side chain adopts two alternate rotamers, m90° and p-80°, with
an occupation of 0.57 and 0.43, respectively.

Excepting the alternate rotamers of His-60, the TmPep1050
dimer structure shows the same dissimilarities in the active site as
TmPep1050p424. Despite being structurally similar, TmPep1050
dimers are still able to bind two cobalt ions and revert to dodecamers
while TmPep1050p424 cannot. Consequently, the Asp-62 substitution
must have a structural role for stabilizing the metal-bound form. In the
dodecamer structure, 0% and O%2 of Asp-62 are in tight H-bond
interaction with the backbone nitrogen of Glu-197 and Glu-198,
respectively (Figure 5B). Thus, the Aspé2Ala substitution probably
prevents this interaction and, consequently, could not stabilize the
GIn-196-Val-202 loop. It has a dramatic impact on the M1 site as
Glu-198 cannot be correctly positioned to allow the binding of a
cobalt ion. The side chain length and charge of residue 62 are critical
since TmPep1050p4on and TmPep1050p4.¢ are also inactive dimers.
The position of the Asp-62 carboxylate is probably imposed by
H-bond interactions with Ser-15 and His-60. In the TmPep1050p424
structure, Ser-15 hydroxyl is rotated by 107.2° compared with wild-
type dimer and dodecamer. In addition, charge repulsion may occur
between Glu-18 and Asp-62. Placing a glutamate residue at position
62 would not allow the correct alignment of the carboxylate with
Ser-15 and His-60. In the case of an asparagine residue at position
62, the amide group would not sustain the charge repulsion from
Glu-18. Furthermore, the amine group would clash with either the
Ser-15 or His-60 due to short H-H distance.

4 | CONCLUSION

The carboxylate-histidine-metal ion triad is commonly encountered in
metalloenzymes. Christianson and Alexander (1989) reported that at
least 35% of histidine residues bound to a metal ion interacts with
either a glutamate or an aspartate residue.2® The supposed role of the
carboxylate is to modulate the basicity of the neighbor histidine resi-
due, affecting the Lewis acidity of bound metal ion. It may also have
an impact of metal ion binding affinity and nucleophilicity of the water
molecule bound to the metal ion.*>** The MH clan enzymes display
such a carboxylate-histidine-metal ion triad at the M2 site. Both the
aspartate and histidine residues of the triad are strictly conserved in
the whale clan. A function of the aspartate residue has been postu-
lated for the MH clan archetypal enzyme, the V. proteolyticus amino-
peptidase Ap1.27232527 A¢p-99 has been described to decrease
Lewis acidity of the M2 site Zn?' via a strong H-bond between
Asp-99 and His-97. Consequently, the interaction between the nucle-
ophilic hydroxide and the M2 site Zn?* is disfavored and may transito-
rily alter the coordination geometry of the metal ion.

In this work, we showed that the aspartate residue of the Asp-
His-metal triad could have another function for the M42 aminopepti-
dases. Using TmPep1050 as a case of study, Asp-62, equivalent to
Asp-99 of V. proteolyticus aminopeptidase Ap1, was substituted with

PROTEINS Wl LEY. 7

alanine, asparagine, or glutamate residue. This substitution completely
abolished the activity, as expected, but also interfered in the dode-
camer formation. We suppose that the Asp-62 substitution affects
the M1 binding site as the oligomerization of TmPep1050 strictly
relies on the M1. The structure of TmPep1050pg24 presented the
same structural dissimilarities as observed for the wild-type dimer.
Notably, the GIn-196-Val-202 loop is disordered, preventing the
correct positioning of Glu-197 and Glu-198 (the catalytic base and a
ligand of the M1 site). Asp-62 has probably a structural role for stabi-
lizing this active site loop since its carboxylate function is in close
interaction with the backbone nitrogen of Glu-197 and Glu-198.
Nevertheless, we could not ascertain the structural role of Asp-62 to
all MH clan enzymes, as no structure of equivalent variant has been
reported in other families. It would be interesting to know whether
substituting the aspartate residue would destabilize the active site of
a monomeric enzyme like V. proteolyticus aminopeptidase Ap1l. If the
destabilization is also observed for such an enzyme, it will support the
structural role of this strictly conserved aspartate residue thorough
the whole MH clan. If not, it will indicate that the destabilization of the
active site as observed for TmPep1050p424 could be an adaptation to
oligomerization. Nevertheless, both hypotheses agree with the depen-
dency of M42 aminopeptidase oligomerization on the active site fold.
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Oligonucleotide
name

Sequence

Description

ocej462

ocej463

ocej464

ocej465

ocej820

ocej821

5’-
GATACTGGACGCTCACATAaatGA

GATAGGTGTTGTCGTCAC

5’-
GTGACGACAACACCTATCTCattTA

TGTGAGCGTCCAGTATC

5’-
GATACTGGACGCTCACATAQCctGA

GATAGGTGTTGTCGTCAC

5’-
GTGACGACAACACCTATCTCagcT

ATGTGAGCGTCCAGTATC

5’-
TGATACTGGACGCTcacATAGAAG

AGATAGGTGTTGTCGTCACA

5’-
TGTGACGACAACACCTATCTCTT

CTATgtgAGCGTCCAGTATCA

Asp-62 codon mutation to
Asn codon, forward primer

complementary to ocej463

Asp-62 codon mutation to
Asn codon, reverse primer

complementary to ocej462

Asp-62 codon mutation to
Ala codon, forward primer

complementary to ocej465

Asp-62 codon mutation to
Ala codon, reverse primer

complementary to ocej464

Asp-62 codon mutation to
Glu codon, forward primer
complementary to ocej821

Asp-62 codon mutation to
Glu codon, reverse primer
complementary to ocej820

Table S1 List of the oligonucleotides used for Tm_1050 ORF mutagenesis.
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[CoCly] (UM) Tm (°C)
0 84.73  0.04
20 84.63 + 0.08
40 84.53 + 0.15
80 84.70 + 0.12
160 84.73 + 0.04
320 84.00 + 0.12

Table S2 Thermal shift assay of Co?" effect on TmPep1050ps2a thermostability in 0.1 M sodium
citrate, 5% PEG3350, pH 5.2. Standard error is given for each value with n = 3.
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Figure S1 Size exclusion chromatography of TmPepl1050p62a (plain line), TmPep1050p62n (dot
line), and TmPep1050p62e (dashed line). An elution peak was observed at 95 ml for the three variants
using a Superdex 200 column (V = 120 ml). Inset: The column was calibrated using albumin (Ab),
conalbumin (C), aldolase (Ad), ferritin (F), and thyroglobulin (T) as standards. The correlation
between the logarithm of the relative mass and the elution volume is linear, with a R? of 0.91. The 95%

confidence intervals are represented as dots.
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Figure S2 Structural alignment of TmPep1050D62A subunit (PDB code 5L6Z, light grey with
TmPep1050 dimer subunit (PDB code 5NESG, light blue). Alignment r.m.s.d. value is 0.470 A.
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Figure 48 — Determination of oligomeric states of (A) TmPep1048 and (B) TmPep1049. The oligomeric states were
determined by size-exclusion chromatography using a Superdex200 XK16/70 column. Abs, absorbance. mUA, milli unit of
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Figure 49 — Calibration of the Superdex200 XK16/70 column used to determine the relative mass of TmPep1048 and
TmPep1049. Albumin (Ab), Conalbumin (C), Aldolase (Ad), Ferritin (F), and Thyroglobulin (T) were used as standards. The
correlation between the elution volume (Ve) and the relative mass (M,) is linear with R? of 0.91. The 95% confidence intervals

of the linear regression are shown as dots.



RESULTS AND DISCUSSION

B.4 Characterization of TmPep1048 and TmPep1049

B.4.1 Background

The genome of T. maritima possesses three genes coding M42 aminopeptidases, TM_1048,
TM_1049, and TM_1050, the three ORFs being organized as an operon. As discussed in the
introduction (see section A.5.3.4, page 34), the structures of enzymes corresponding to these genes
were deposited in the PDB as part of a structural genomic project*°. Based on structural data (PDB
codes: 1VHO, 2FVG, and 3ISX), TmPep1048 and TmPep1049 are monomers while TmPep1050 is a
dimer. Although, we showed that TmPep1050 is a dodecameric leucyl-aminopeptidase activated by
Co?* (see section B.1, page 41). The discrepancy between our results and the structural genomic
project could be due to an artefact linked to the histidine tag used in the high-throughput structure
determination pipeline. Thus, we could reasonably suspect that the structures of TmPep1048 and
TmPep1049 could be erroneous like for TmPep1050.

B.4.2 Methodology

To study the oligomeric state of TmPep1048 and TmPep1049, both proteins were recombinantly
produced in E. coli and purified according to the protocol developed to study TmPep1050 (see section
B.2.4, page 71). In addition, both proteins were produced as Strep-tag fusion. The Strep-tag consists
of an eight-residue peptide (Trp-Ser-His-Pro-GIn-Phe-Glu-Lys) which displays a near covalent affinity
to streptavidin®?. It allows to purify Strep-tag fusion proteins by affinity chromatography. The
specific activity of TmPep1048 and TmPep1049 was determined using Xaa-pNA derivatives and Xaa-
Ala dipeptides.

B.4.3 Results and discussion

TmPep1048 and TmPepl1049 were purified either as Strep-tag fusion or devoid of any purification
tag. In both cases, size-exclusion chromatography showed that TmPep1048 and TmPep1049 are not
dodecameric. Indeed, two major peaks were observed for TmPep1048 at elution volumes of 94.3 and
100.8 ml (Figure 48.A). The first peak corresponds to a dimer with an apparent relative mass of 68.4
kDa while the second peak corresponds to a species of only 16.2 kDa (the TmPep1048 monomer
relative mass being 36.6 kDa). The species of low relative mass could be unstructured monomers
since (i) the sample was concentrated using a filter of 30 kDa cut-off and (ii) no degradation product
was observed by SDS-PAGE. Of note, the first peak broadness suggested that other oligomers could
exist. The elution profile of TmPep1049 was quite different from TmPep1048 as only an evenly
distributed peak was observed at an elution volume of 90.6 ml (Figure 48.B). According to the column
calibration (Figure 49), it corresponds to a tetramer with an apparent relative mass of 132.7 kDa (the
TmPep1049 monomer relative mass being 37.3 kDa). Notwithstanding not being dodecamers,
TmPep1048 and TmPep1049 were assayed on various Xaa-pNA derivatives but no significant activity
was observed (i.e. specific activity less than 0.05 pumol of pNA s per umol of enzyme). As some M42
aminopeptidases are unable to hydrolyze chromogenic substrates3?®, their activity was also assayed
using Xaa-Ala dipeptides. One uM of enzyme was incubated with 5 mM of dipeptides for one hour at
75°C. The hydrolysis products were then analyzed by TLC, but no significant activity was detected on
none of the substrates.
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RESULTS AND DISCUSSION

Our preliminary data showed that TmPep1048 and TmPep1049 are not monomers despite
being annotated so based on structural data. Both proteins, however, failed to form active
dodecamers under the tested experimental conditions. A plausible explanation could be that
TmPep1048 and TmPep1049 are involved in heterocomplexes either together or with TmPep1050.
Such a hypothesis is supported by the study of the M42 aminopeptidase GsApl. Indeed, GsApl is a
heterododecamer composed of two different subunits, la. and 1B372423:432 Several stoichiometries
have been shown to exist in vivo in Geobacillus stearothermophilus: ten la for two I, eight lo for
four IB, and six lo for six IB*32. Interestingly, Stoll et al. (1972) reported that the la subunit can form
homododecamers while I subunits fail to reassociate*?3. The I subunit, however, has been reported
to be important for the aspartyl-aminopeptidase activity of GsApl. Thus, it would be worth to co-
express the whole TM_1048-TM_1049-TM_1050 operon to show the occurrence of
heterocomplexes.

B.5 Characterization of M42 aminopeptidases from E. coli

B.5.1 Background

Albeit the clear progress in biochemically characterizing M42 aminopeptidases, their physiological
function remains poorly described due to the paucity of in vivo studies. Borissenko and Groll (2005)
proposed that M42 aminopeptidases could be linked to the proteasome, achieving the ultimate
degradation of peptides released by the proteasome or other degradation machines'84. The existence
of heterododecamers has also been reported for M42 aminopeptidases from P. horikoshii?®®4?® and
G. stearothermophilus3’?423424432  gych heterododecamers have a broad substrate specificity
recognizing almost any type of amino acid at the P1 position, excepting proline. In addition, an activity
synergy has been reported between the distinct subunits in heterocomplexes?%®332, |n analogy to the
proteasome, Appolaire et al. (2014) even proposed to name such M42 aminopeptidase
heterocomplexes “peptidasome”. E. coli would be an interesting model for studying the function of
M42 aminopeptidases due to availability of genetic tools and transcriptomic studies. Especially, it
would be worth to show the existence of heterocomplexes having broad substrate specificity like
those of P. horikoshii and G. stearothermophilus.

The genome of E. coli possesses three genes coding M42 aminopeptidases, frvX, sgcX, and
ypdE, each gene being in a different operon. Surprisingly, the three operons are potentially linked to
carbohydrate metabolism (Figure 50). Indeed, frvX is found in the frvABXR operon where frvA and
frvB code, respectively, an enzyme IIA and an enzyme IIBC of a putative phosphotransferase system
(PTS) while frvR could be a regulatory gene. Likewise, the sgcXBCQAER operon has three genes coding
PTS enzyme IIB (sgcB), PTS enzyme IIC (sgcC), and PTS enzyme lIA (sgcA). In addition to the PTS, sgcE
codes a pentose 5-phosphate 3-epimerase while sgcR could be a regulatory gene. The sgcQ gene
product, however, is a putative nucleoside triphosphatase. Finally, the fryBCypdFEfryA operon has
been proposed to be linked to the peptidoglycan metabolism#°2. It could allow the production of a
complete PTS system since fryA codes a hybrid protein with a PTS enzyme |, a phosphocarrier protein
(HPr) domain and a PTS enzyme lIA domain while fryB and fryC code a PTS enzyme IIB and a PTS
enzyme IIC, respectively. In addition, ypdF codes a prolyl-aminopeptidase of the M24 family3274°3,

PTS systems are involved in carbohydrate transport and its regulation®*. Each PTS system is
believed to transport one carbohydrate or closely chemically related carbohydrates. A complete PTS
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RESULTS AND DISCUSSION

system is usually composed of a PTS enzyme |, HPr, and up to four PTS enzyme [1*°. The different
functional units can be either individual proteins or multidomain proteins. Carbohydrates are
transported through the membrane PTS enzyme IIC. During their transportation, they are
phosphorylated via a phosphorylation cascade involving phosphoenolpyruvate, as a phosphate
donor, the PTS enzyme |, HPr, and the PTS enzyme IIA and 1IB (Figure 51.A-B). The phosphorylated
carbohydrate then enters the Embden-Meyerhof-Parnas, pentose phosphate, and Entner-
Doudouroff pathways. HPr plays an important regulatory role since it phosphorylates various
carbohydrate metabolism regulators (Figure 51.A)**%%% |n addition, when phosphorylated by HprK,
HPr can act as a transcription regulator in complex with CcpA*74°8, The PTS enzyme IIA has a
regulatory function by interacting mainly with various carbohydrate transporters (Figure 51.B)**4,

The expression of frvX, sgcX, and ypdE seems to be upregulated in different conditions. The
different chemicals cited hereafter are represented in Figure 52. The expression of fryABXR operon
is upregulated in response to either an oxidative stress*%4%0 or a nalidixic acid treatment?®®! or an
exposure to sulfometuron methyl*®2, Nalidixic acid is a synthetic quinolone that inhibits DNA
replication and the gyrase subunit A%34%4 Meanwhile, sulfometuron methyl is a herbicide known to
inhibit the synthesis of branched amino acids by acting on the acetolactate synthase*®>. The
expression of fryBCypdFEfryA operon responds to the passage from planktonic to sessile lifestyle*t®
as well as to a bicyclomycin treatment®®’. Bicyclomycin is a natural antibiotic (cyclized lle-Leu
peptide) produced in Streptomyces and Pseudomonas sp. that targets the transcription terminator
factor Rho*®®4%, Finally, the expression of sgcXBCQAER operon is upregulated when cells reach the
stationary phase or form biofilm47%-474 as well as in response to a shift of carbohydrate source®’>476,
Of note its expression is also repressed by SlyA, a regulatory protein of the MarR family*””. MarR is a
repressor of the marRAB and marCD operons involved in multiple antibiotic resistance in E. coli*’3.
MarR has a winged-helix DNA binding domain®’® and binds the palindromic operator sequence marO
as a dimer4’8480 The repression is lifted when MarR binds phenolic compounds like salicylic acid and
2,4-dinitrophenol*®, Several MarR homologs have been described acting as repressors and activators
regulating genes involved in antibiotic resistance, response to oxidative stress, catabolism of phenolic
compounds, and virulence*®. SlyA has been shown to be important for virulence of pathogenic
bacteria, especially for their survival in macrophages*8-8>, Regarding the characterization of E. coli
M42 aminopeptidases, only YpdE has been studied so far. It has been shown to be an aminopeptidase
with broad specificity hydrolyzing peptides up to 18 residues long3?’. Furthermore, YpdE is probably
a dodecamer based on the structure of a homolog from S. flexneri sharing 95% of identity with YpdE
(see Figure 53).

B.5.2 Methodology

The preliminary study of the M42 aminopeptidases of E. coli was conducted following two axes.
Firstly, their role in E. coli fitness to stresses was assessed using a strain lacking frvX, sgcX, and ypdE.
To engineer such a strain, the three genes were deleted according to the method of gene knock-out
used to generate the Keio collection*8®487, Briefly, this method relies on the integration of a deletion
cassette mediated by the homologous recombination system of bacteriophage A (see Figure 54). The
deletion cassette consists of an antibiotic resistance gene, like kanR, flanked by two 50-pb sequences
homologous to sequences upstream and downstream the targeted gene. It contains also two Flp
recombinase recognition target (FRT) sites to allow to recycle the antibiotic marker. Two heat
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RESULTS AND DISCUSSION

sensitive vectors are used sequentially to express the homologous recombination system of
bacteriophage A and the S. cerevisiae Flp recombinase.

The second axis consisted in studying the specific activity of FrvX, SgcX, and YpdE. The three
proteins were produced as Strep-tag fusions to facilitate protein purification by affinity
chromatography. Their activity was measured using various Xaa-pNa and Xaa-Ala substrates. The
hydrolysis of dipeptides was monitored by coupling the reaction with the L-amino acid oxidase and
peroxidase, as described elsewhere*®, Basically, the L-amino acid oxidase oxidizes L-amino acids
released during peptide hydrolysis (see Figure 55). During this reaction, hydrogen peroxide is
generated and is used by the peroxidase to oxidize o-dianisidine, allowing to follow peptide hydrolysis
spectrophotometrically. Crystallogenesis was also undertaken with FrvX, SgcX, and YpdE according
to the method used for TmPep1050 (see section B.2, page 68). In parallel, the putative formation of
heterocomplexes was studied by co-expressing frvX, sgcX, and ypdE. To engineer a suitable vector
for co-expression, each gene was cloned separately into the pET15b vector in fusion with an epitope
sequence. The latter allows to C-terminally tag the recombinant protein. Three epitopes were used:
Strep-tag (for affinity chromatography), Myc-tag (derived from c-Myc), and HA-tag (derived from
human influenza hemagglutinin). The polycistronic vectors were generated by the cut and paste
approach using suitable restriction enzymes (see Figure 56)*8, Briefly, a donor vector was restricted
using Xbal and BamHI to excise one of the three gene with its ribosome binding site (RBS). This
fragment was then inserted into an acceptor vector between the Nhel and BamHI restriction sites.
Ultimately, three vectors were engineered to co-produce FrvX, SgcX, and YpdE with different
combinations of epitopes (see Figure 56). To detect heterocomplexes, the Strep-tagged proteins
were purified using streptavidin and potential binding partners were immunodetected by Western
blot using anti-Myc and anti-HA antibodies.

B.5.3 Results and discussion

The first axis of this preliminary study was to show if frvX, sgcX, and ypdE are essential genes for E.
coli under stress conditions. The deletion of the three ORFs was achieved using the E. coli strain JW
3869 from the Keio collection, which is AfrvX?8. The kanR cassette integration and excision were
verified by PCR to ensure the correct knock-out. Ultimately, the deletion of frvX, sgcX, and ypdE was
confirmed by sequencing. The E. coli M42 aminopeptidases are not essential as AfrvX AsgcX AypdE
strain did not show any growth defect on minimal M9 medium. The growth of AfrvX AsgcX AypdE
strain was tested under several stresses: osmotic stress (addition of 0.7 M NacCl), heat stress (recovery
from an incubation of 15 min. at 42°C), cold stress (recovery from a 2 hour-incubation at 15°C),
oxidative stress (addition of 10 mM H,03), and glucose-acetate carbon shift. None of these conditions
induced a reduced fitness of AfrvX AsgcX AypdE strain compared to the wild-type strain MG1655,
even though the M42 aminopeptidase coding genes are overexpressed in such conditions.

The second axis of this preliminary investigation was to study the specific activity of E. coli
M42 aminopeptidases. FrvX, SgcX, and YpdE were recombinantly produced with a C-terminal Strep-
tag to allow their purification by affinity chromatography. Their oligomeric states were determined
by size-exclusion chromatography. While YpdE is mainly dodecameric, FrvX and SgcX form
dodecamers and tetracosamers (see Figure 57). The occurrence of tetracosamers is not common in
M42 aminopeptidases since it has been reported for PhTET1 only3?6. Furthermore, a third species of
about 1.9 - 2.0 MDa was observed for FrvX and SgcX which could astonishingly correspond to a
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RESULTS AND DISCUSSION

putative octotetracontamer. Of note, this third species was not eluted in the void volume of the size-
exclusion chromatography column (being of 4 MDa). FrvX, SgcX, and YpdE did not show any
significant activity on Xaa-pNA substrates but displayed some activity against Xaa-Ala dipeptides (see
Table 3). FrvX appeared to fit in the S; pocket bulky aromatic or aliphatic amino acids such as tyrosine,
phenylalanine, leucine, and isoleucine. While being less active than FrvX, SgcX displayed the same
specificity towards aromatic and aliphatic residues. Of note, dodecamers and tetracosamers had
almost the same hydrolysis rate, excluding any loss of activity linked to a high oligomerization degree.
In comparison, YpdE had a broad substrate specificity but it appeared to exclude negatively and
positively charged residues in the S1 pocket. Our results are in contradiction with the previous
characterization of YpdE. Indeed, Zheng et al. (2005) reported that YpdE recognized any type of
residue, excepting proline, and it could hydrolyze peptide bonds like Asp-Ala and Lys-Ala3%’.
Intriguingly, the three M42 aminopeptidases of E. coli did not show complementary specific activities
which casts doubt on their auxiliary function linked to the proteasome or associated proteolytic
complexes. According to the current hypothesis (see section A.5.2.1, page 25), M42 aminopeptidases
work in concert to achieve a complete peptide hydrolysis thanks to their complementary or even
synergetic specific activity as showed in P. horikoshii?58319:324:325323 gnd G. stearothermophilus3%°432,

The use of a C-terminal Strep-tag allowed to localize FrvX, SgcX, and YpdE using streptactin.
The three M42 aminopeptidases were mainly localized in the cytosol while being absent from the
extracellular medium and the periplasm. Surprisingly, about 30 % of Strep-tagged proteins were
localized in the membrane fraction, albeit the absence of signal peptide for membrane translocation
(see Figure 58). The membrane localization of FrvX, SgcX, and YpdE could be an artefact linked to
overexpression, but such a localization has been reported for several MA42
aminopeptidases328331,368,370,388435  [inally, FrvX, SgcX, and YpdE were co-produced in E. coli with
different C-terminal epitopes for immunodetection. The co-production of SgcX-Strep, FrvX-HA, and
YpdE-Myc is presented hereafter as a representative case of study. A similar result was obtained with
YpdE-Strep while FrvX-Strep has not been tested yet. SgcX was purified using immobilized
streptavidin and the oligomerization states were determined by size-exclusion chromatography.
When co-produced with FrvX and YpdE, SgcX formed mainly dodecamers while its higher oligomeric
states were almost absent (see Figure 59.A). The presence of FrvX and YpdE was then checked by
immunodetection using antibodies raised against the HA and Myc tags. Both proteins were detected
alongside SgcX-Strep, hinting the formation of M42 aminopeptidase heterocomplexes in E. coli (see
Figure 59.B). Thermal shift assays were performed to dovetail the immunodetection of
heterocomplexes. Taken separately, FrvX-Strep, SgcX-Strep, and YpdE-Strep homododecamers had a
Tm of 72.3°C, 71.3°C, and 80.4°C, respectively. The heterocomplex, however, displayed a melting
curve with two plateaux and, subsequently two Tm: 72.0°C and 89.0°C. The first Tm could correspond
to thermal denaturation of SgcX homododecamers or FrvX-SgcX heterocomplexes. Surprisingly, the
second Tm was much higher than those of homododecamers and it could result from a synergetic
stabilization when the three proteins are associated in heterocomplexes. OQur preliminary results
strongly support that the existence of heterocomplexes could be widespread among prokaryotes,
corroborating the previous studies on P. horikoshii and G. stearothermophilus heterocomplexes
268,372,423,426,432.

A further characterization of E. coli M42 aminopeptidases is required to better understand
the assembly of complexes and their physiological function. The lack of phenotype in AfrvX AsgcX
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Figure 59 — Characterization of FrvX-SgcX-YpdE heterocomplexes. (A) Determination of the oligomeric states
of SgcX-Strep co-produced with FrvX-HA and YpdE-Myc using Superose 6 10/300 GL. (B) Immunodetection of
SgcX-Strep, FrvX-HA, and YpdE-Myc by Western blot using, respectively, HRP-streptavidin, anti-HA, and anti-
Myc antibodies. Left lane: molecular weight ladder, right lane: FrvX-SgcX-YpdE heterocomplexes. Anti-HA and
anti-Myc antibodies were controlled using pure SgcX-Strep (data not shown).



RESULTS AND DISCUSSION

AypdE strain probably results from redundant aminopeptidases as shown in Lactococcus lactis*®°. It
would be interesting to study to the possible link between M42 aminopeptidases with carbohydrate
metabolism in E. coli. They could potentially be involved in degrading peptidoglycans*?2. The
formation of tetracosamers and octotetracontamers must also be characterized more thoroughly to
settle whether these oligomers are physiologically relevant or not. The structural study of FrvX, SgcX,
and YpdE could be particularly relevant to map the S1 pocket accepting bulky aromatic residues.
Several crystallization conditions were identified, and a complete data set at 3.5 A was obtained for
YpdE. Finally, the formation of heterocomplexes must be better understood, especially the subunit
stoichiometry and how the activity could be modulated. Again, the physiological relevance must be
ascertained since overproduction could bias protein interactions.
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Due to their peculiar quaternary structure, TET peptidases are thought to be involved in peptide
degradation downstream the proteasome!®262  Indeed, they adopt a singular tetrahedron-shaped
structure with twelve subunits which are organized to compartmentalize the twelve active sites in an
inner chamber. The access to the inner chamber is strictly controlled by the size and surface charge
of entrance pores. The TET peptidases from P. horikoshii have been characterized extensively thanks
to several pioneer works which have revealed several of their key-features!84265268313,324-
326,329,382,419,420,422,426,427 The tetrahedral-shaped structure has been observed in the four P. horikoshii
TET peptidases, each of them having a distinct substrate specificity84265319,324-326,329 | gddition to
the dodecameric form, tetracosamers may occur as shown for PhTET13%6, yet no physiological clue
has been gathered about their existence. Conversely, the existence of dimers has been proven in vivo
prompting a potential activity regulation through oligomerization?%®41° Indeed, in vitro experiments
have shown that (i) PhTET2 dimers display a reduced activity against long peptides compared to
dodecamers*? and (ii) the dimer-dodecamer transition is mediated by the metal ion cofactor
availability?6838241% The metal ion cofactor seems to play a crucial role since dodecamers tend to
disassemble into dimers when metal ions are chelated. This phenomenon is not irreversible as metal
ions promote the dodecamer assembly. During the dimer-dodecamer transition, different
intermediates (tetramers, hexamers, octamers, and decamers) have been emphasized for PhTET2
and PhTET3419420426 Finally, the last important landmark about the P. horikoshii TET peptidases is
the existence of heterocomplexes, notably dodecamers made of PhTET2 and PhTET3 subunits2684%°,
Such heterocomplexes have been shown to occur in vivo and to display a synergic activity with a
broader substrate specificity than homododecamers of PhTET2 and PhTET3.

Despite the deep knowledge gathered on P. horikoshii TET peptidases, drawing general
conclusions remains challenging and several issues remain to be addressed. Firstly, few structures of
M42 aminopeptidases have been described for other phyla than Euryarchaeota262330378 Notably,
PepA from S. pneumoniae remains the sole bacterial M42 aminopeptidase to be structurally
characterized33°. In addition, some M42 aminopeptidases have been reported to have a lower degree
of oligomerization than dodecamers32%:334-336370 Sacondly, M42 aminopeptidases have been linked
to protein turnover, achieving the final degradation of peptides upstream the proteasome 20S or
other related proteolytic complexes®262, Yet, no direct proof of this cellular function has been
reported in vivo. Several other enzymes may also fulfil the same role, such as TRI, APH, Hsp31, PepA,
and PepN>0,182,183,205,206,236 Thirdly, the dimer-dodecamer transition is not fully understood due to the
lack of any dimer structure. Dodecamers are known to disassemble into dimers when metal ions are
chelated but the subunit structure of a dimer is thought to be the same as that of a
dodecamer'84382413  Dimers may even further dissociate into monomers although the monomer
structure has been described to be so flexible that monomers are prone to rapidly self-associate into
dimers3%5420 Moreover, the two metal ion binding sites probably have a distinct role in the
dodecamer formation. The M2 site has been proposed to strictly control the oligomerization while
the M1 site stabilizes the dodecamer structure3®>. Such a hypothesis implies that the metal ion
binding affinity of the M2 site is greater than that of the M1 site, unlike VpAp1, and should
consequently challenge the canonical catalytic mechanism?®>36>, Finally, M42 aminopeptidases seem
to form heterocomplexes, as observed in P. horikoshii*®®4%¢ and G. stearothermophilus**>#32, Such
complexes may act as peptide degradation machines?®3. Their occurrence and broad substrate
specificity remain to be further characterized in other microorganisms.
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The aim of this work was to investigate the dimer-dodecamer transition, their physiological
functions, and the potential formation of heterocomplexes by studying several bacterial M42
aminopeptidases. TmPep1050 was chosen as a model to study its quaternary structures and the role
of metal ions in oligomerization. Previously, it was described as a dimeric enzyme displaying a weak
leucyl-aminopeptidase activity3?3. Its unusual oligomeric state could be linked to the histidine tag
used to purify the recombinant enzyme. Indeed, such a purification tag may have artefactual effects
on oligomerization, stabilization, and activity**%*%1, Henceforth, for this study, we decided to work
with untagged TmPep1050. In that case, we showed that TmPep1050 forms stable dodecamers much
more active than the tagged dimer, with a ket increasing from 0.25 to 138 s, According to our
structural data, TmPep105012-mer adopts the genuine tetrahedral-shaped structure of TET peptidases.
Two new structural features were highlighted: (i) the peculiar interaction interface between dimers
and (ii) the implication of the PDZ-like domain in defining the catalytic chamber. Several salt bridges
were shown to play a critical role in maintaining the quaternary structure, involving residues either
located at the access pore or buried in the exit channel. These residues are not conserved among
other structurally characterized M42 aminopeptidases, the interaction between dimers relying more
on close contact at the tetrahedron vertices'®432>326:330419 Regarding the PDZ-like domain, a loop has
been described to be disordered since it was not modelled in all structures of M42 aminopeptidases
published so farl84265325326330365378 |n the TmPep105012-mer Structure, this fragment of the PDZ-
domain was clearly defined in electron density as an o helix (a4). It is localized next to the access
pore in such a manner that three a4 helices form a kind of funnel, restricting the pore size to 13 A.
Subsequently, the pore diameter appears to be smaller than those reported for other M42
aminopeptidases, ranging from 16 A to 20 A!84325326330 Qyr observation, however, corroborates
with the recently published structure of PhTET2 solved by combining NMR and cryo-EM data®?’. At
the dimer level, the a4 helix of a subunit is also ideally placed to participate, especially Arg-115, in
defining the substrate binding pocket of the other subunit.

Studying the structure of TmPepl05012-mer revealed the role of metal ion cofactors in
governing enzyme stability and oligomerization. In presence of Co?*, TmPep105012-mer Was extremely
stable, having a half-life of about twenty days at 75°C. Meanwhile, when Co?* was depleted, its
thermostability was lost and, after two hours, the dodecamers dissociated into dimers. The
dissociation, however, is reversible since dimers self-assembled into dodecamers upon adding Co**
as shown by native MS. Our data strongly support the role of metal ion cofactors as a driving force of
the oligomerization state transition as observed in PhTET2184419420  phTET3382 PfTET33%5 and
GsApl*?*. The structural modifications, underwent during dimer-dodecamer transition, were
identified thanks to the structure of TmPep1050;-mer. TWo o helices (a8 and a10) were shown to be
highly flexible in the dimer subunit since no electronic density that could match them was observed.
In addition, two fragments involved in the interdimer interactions are misplaced in TmPep1050;-mer,
preventing the formation of crucial salt-bridges between dimers. The active site of TmPep10502-mer
also undergoes deep modifications, especially the displacement of an important loop outside the
active site. Consequently, Glu-197 and Glu-198 are not correctly positioned to fulfil their function as,
respectively, a catalytic base and a ligand of the M1 site. In the dodecamer structure, this active site
loop is closely connected to the a8 and a10 helices via an entangled H-bond network. It is worth
noting that the structure of TmPep1050;-mer is currently the sole structure of a M42 aminopeptidase
dimer to be published.
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The role of the metal ion cofactors was further investigated by substituting His-60 and His-
307, two metal ion ligands of the M2 and M1 sites, respectively. The substitutions influenced
differently the TmPep1050 oligomerization state. When His-60 was substituted with an alanine
residue, both dodecamers and dimers were observed, suggesting that the M2 site contributes partly
to the dodecamer formation. The substitution of His-307 with an alanine residue, however, had a
more pronounced impact on oligomerization since only dimers were observed with this variant.
Consequently, the dimer-dodecamer transition of TmPep1050 seems to rely mainly on the M1 site.
Moreover, the structures of TmPep1050u60a dimer and TmPep10504307a resemble greatly to that of
TmPep1050;-mer, Showing the same structural modifications inherent to the dimeric state. Our
observations differ from what Colombo et al. (2016) reported for PfTET3. Indeed, the role of the M1
and M2 sites in oligomerization is reversed in PfTET3. In that case of study, the M1 site contributes
to stabilizing the dodecamer formation while the complete dissociation of dodecamer is achieved
when no metal ion occupies both the M1 and M2 sites®%°. As discussed earlier, since the binding
affinity of the M2 site is greater than that of the M1 site, the M2 is probably involved in the
deprotonation of the water molecule prior to hydrolysis instead of the M1. TmPep1050, however,
could follow the same catalytic mechanism as described for VpAp1 with the M1 involved in the water
molecule deprotonation. In addition, a further dissociation of dimers into monomers has been
reported for PhTET2 and PfTET3365420, To prevent any metal ion binding, a variant having both His-
60 and His-307 substituted with an alanine residue was characterized and shown to remain dimeric.
Thus, for TmPep1050, the dimer formation does not seem to rely on metal ion.

Finally, the role of Asp-62 was also investigated in TmPep1050 since this residue could be
important in catalysis. Indeed, according to the hypothesis drawn for VpAp1304307.363 = Agp-62
interacts with His-60, forcing the imidazole ring to be deprotonated. Consequently, the Lewis acid
strength of the M2 is decreased, favoring the transfer of the hydroxide ion to the M1. Due to its
position in the second shell of the M2 site, Asp-62 could also influence the binding of the M2. Its
substitution, however, resulted in the formation of inactive dimers only, suggesting that the M1 site
was impaired too. Although, the Asp-62 variants were shown to still bind one cobalt ion per subunit.
Native MS and crystallographic analyses confirmed that TmPep1050p624 is @ genuine dimer. Because
of the oligomeric state of TmPep1050p624, the M2 site was inferred to be functional. Regarding the
M1 site, Asp-62 probably fulfils a structural role as it interacts tightly with the backbone nitrogen of
Glu-197 and Glu-198. It would be interesting to know whether substituting the aspartate residue
equivalent to Asp-62 would destabilize the active site of a monomeric enzyme like VpApl. If the
destabilization is also observed for such an enzyme, it will support its structural role thorough the
whole MH clan. If not, it will indicate that the destabilization of the active site as observed for
TmPep1050p624 could be an adaptation to oligomerization.

To investigate the physiological functions of M42 aminopeptidases, E. coli was chosen as a
model due to the availability of genetic tools and transcriptomic data. Its genome possesses three
ORFs coding M42 aminopeptidases (FrvX, SgcX, and YpdE), each being part of an operon linked to
carbohydrate metabolism. Indeed, the three operons include a complete PTSIl system, but the
transported carbohydrates are unknown. We failed to link any phenotype to the deletion of frvX,
sgcX, and ypdE in the tested conditions. The absence of phenotype is not surprising since E. coli
possesses an arsenal of proteolytic complexes and peptidases (see sections A3-A.4). The biochemical
characterization of the three E. coli M42 aminopeptidases gave interesting preliminary results. Firstly,
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when recombinantly produced, FrvX, SgcX, and YpdE were localized mainly in the cytoplasm but also
in the membrane fraction. Several studies have reported that M42 aminopeptidases are associated
to the inner membrane despite the absence of any secretion signal peptide or transmembrane
motif328331,368-370,388,435 yet, the localization to the membrane of E. coli M42 aminopeptidase must
be demonstrated in more physiological conditions since overexpression could have biased it.
Secondly, the oligomeric states of FrvX, SgcX, and YpdE were determined in vitro, each forming
dodecamers and tetracosamers. FrvX and SgcX could also exist as octotetracontamers, although such
an oligomer could have resulted from unspecific interactions between dodecamers or tetracosamers.
Nonetheless, our data suggest that tetracosamers could be common among M42 aminopeptidases,
as previously shown for PhTET1328, Thirdly, FrvX, SgcX, and YpdE share a similar substrate specificity
with a clear preference to aliphatic and aromatic residues at the P; position. They are completely
devoid of any glutamyl-/lysyl-aminopeptidase activity. The absence of complementary specificity
between FrvX, SgcX, and YpdE differs from the TET peptidases of P. horikoshii. Indeed, the four
enzymes have different but complementary substrate specificities319:324325329 |n heterocomplexes,
they could virtually degrade any peptide, which agrees with their putative function linked to the
proteasome. What is true for P. horikoshii does not seem to apply to E. coli, prompting the
requirement to characterize other combinations of M42 aminopeptidases from other prokaryotes. It
is worth noting that the GsApl heterocomplex displays a broad substrate specificity like the PhTET2-
PhTET3 heterocomplex?%8369432_ Finally, the formation of heterododecamers made of FrvX, SgcX, and
YpdE was observed, revealing an increased thermostability of the heterododecamers compared to
homododecamers. Further characterization is required to uncover the stoichiometry of
heterododecamers and the potential synergy of different subunits on activity.

Several perspectives can be foreseen in the wake of this work. The function of the metal ion
cofactors must be further studied since they are involved in catalysis and oligomerization. Many M42
aminopeptidases have been reported to be fully active in presence of Co?
324,325,327,328,331,333,339,366,367,369-372 g|heijt the low abundance of Co?* in E. coli and P. furiosus cells38,
The metallome of T. maritima has not yet been determined but the Co?* content is also expected to
be low. Indeed, the Co?* concentration does not exceed 20 pg/l in groundwater samples from Vulcano
island (i.e. where T. maritima was isolated) while Zn?* is quite abundant (more than 1 mg/I)**2. Given
the low abundance of intracellular Co?* and the binding affinity in the micromolar range3%°, M42
aminopeptidases are expected to bind other divalent metal ions. Yet, the binding affinity to these
metal ions must still be determined as well as the subsequent impact of metal ion binding on
oligomerization and substrate specificity. Of note, VpAp1 has been reported to accommodate various
divalent metal ions in the M1 and M2 sites, modulating its substrate specificity and kinetic
parameters of peptide hydrolysis (see Table 2, page 28)3%¢. We showed that the M1 site of
TmPep1050 strictly controls the dimer-dodecamer transition, but our observation contradicts the
model established for PfTET3. Consequently, the binding affinity of the M1 and M2 sites must be
determined for other M42 aminopeptidases to understand their respective function in the catalytic
mechanism and oligomerization. Still regarding the role of metal ions in oligomerization, it would be
interesting to study M18 aminopeptidases to determine whether their oligomerization state relies
on metal ion availability.

The PDZ-like domain of M42 aminopeptidases could have other functions than dimerization.
PDZ domains are often involved in protein-peptide, protein-protein, and protein-lipid interactions*°.
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The putative binding site involved in those interactions, however, remains completely free in the M42
aminopeptidase PDZ-like domain. Such an interaction site could recognize unfolded substrates
modulating the activity or even promoting oligomerization. Since M42 aminopeptidases are localized
partly at the membrane, the PDZ-like domain could also fulfil a role to anchor the enzyme to either a
binding partner or directly the lipid bilayer. A membrane localization is not so weird as proteolytic
events occur at its vicinity. Indeed, FtsH is involved in the turnover of membrane proteins in situ’37°0
and DegP ensures as similar role in the periplasm8!. Another putative binding partner could be PTS
enzyme IIC (carbohydrate transporters) since the genes coding M42 aminopeptidases are found in
operons harboring genes coding PTS enzymes Il in E. coli. Although, the link to PTS enzymes is not
true in all microorganisms as, for instance, the genes coding M42 aminopeptidases are organized in
a single operon in T. maritima.

Studying M42 aminopeptidase heterocomplexes may also bring valuable information about
their function. We showed that TmPep1048 and TmPep1049 are not dodecameric like TmPep1050
and form rather inactive dimers and tetramers, respectively. Thus, it would be interesting to verify
the existence of an heterocomplex made of TmPep1048, TmPep1049, and TmPep1050. Indeed, the
lack of activity of TmPep1048 and TmPep1049 could be due to their oligomerization state. As part of
a heterocomplex, one may expect to discover their substrate specificity, like in GsApl. The latter is a
heterododecamer consisting of two subunits, o and B*3. While the o subunit can form
homododecamers, the [ subunit forms dimers only*?3. The B subunit, however, has been shown to
be responsible for the glutamyl-aminopeptidase activity**2. As mentioned earlier, another example
of heterododecamer to be studied is the FrvX-SgcX-YpdE complex. In that case, the stoichiometry and
substrate specificity remain to be determined. Both models, however, rely on recombinant
expression that could bias the stoichiometry or promote artefactual interactions between the
different subunits. GsAPl could be an interesting model to study M42 aminopeptidase
heterocomplexes. Indeed, it can be purified in near-physiological conditions because of its
abundance in G. stearothermophilus®®®. In addition, three heterocomplexes of different
stoichiometries can be isolated: (i) ten a and two [ subunits, (ii) eight o and four 3 subunits, and (iii)
six o and six B subunits*?. Studying their structures would be an important achievement to
understand the cooperativity between the a and [3 subunits as well as their structural organization.
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Oligonucleotide Sequence Description

name

ocej419 5’ — TTTAACTTTAAGAAGGAGATATACA Amplification of Tm_1050 ORF with 30 pb homology
TACCCATGAAGGAACTGATCAGAAAGCT to arabinose promoter for homologous recombination
G

ocej420 5’ — ATCCGCCAAAACAGCCAAGCTGGAG Amplification of Tm_1050 ORF with 30 pb homology
ACCGTTTACGCCCCCAGATACCTGATGAG to pBAD terminator for homologous recombination

ocej434 5’ — TTTAACTTTAAGAAGGAGATATACAT Amplification of Tm_1048 ORF with 30 pb homology
ACCCATGAAGATGGAAACCGGAAAACTC to arabinose promoter for homologous recombination
-

ocej435 5’ — ATCCGCCAAAACAGCCAAGCTGGAG Amplification of Tm_1048 ORF with 30 pb homology
ACCGTTCACACCTCCAGTTCTACCGCG to pBAD terminator for homologous recombination

ocej436 5 —TTTAACTTTAAGAAGGAGATATACAT Amplification of Tm_1049 ORF with 30 pb homology
ACCCATGTATCTCAAAGAGCTTTCGATGA to arabinose promoter for homologous recombination
T

ocej437 5’ — ATCCGCCAAAACAGCCAAGCTGGAG Amplification of Tm_1049 ORF with 30 pb homology
ACCGTTCATGAGACCACCTCCACGATTTT to pBAD terminator for homologous recombination

ocejd62 5’ — GATACTGGACGCTCACATAaatGAG Tm_1050 D62 codon mutation to Asn codon, forward
ATAGGTGTTGTCGTCAC primer complementary to ocej463

ocej463 5’ — GTGACGACAACACCTATCTCattTAT Tm_1050 D62 codon mutation to Asn codon, forward
GTGAGCGTCCAGTATC primer complementary to ocej462

ocej464 5’ — GATACTGGACGCTCACATAgCctGAG Tm_1050 D62 codon mutation to Ala codon, forward
ATAGGTGTTGTCGTCAC primer complementary to ocej465

ocej465 5’ — GTGACGACAACACCTATCTCagcTAT Tm_1050 D62 codon mutation to Ala codon, forward
GTGAGCGTCCAGTATC primer complementary to ocej464

ocej530 5 — AATGGCTAGCTGGAGCCACCCGCAG Amplification of Tm_1048 ORF with 30 pb homology
TTCGAAAAAGGCGCCAAGATGGAAACCG to pASK-IBA5plus for homologous recombination
GAAAACTCTTGA

ocej531 5’ — CAATGTGCGCCATTTTTCACTTCACAG  Amplification of Tm_1048 ORF with 30 pb homology
GTCAAGCTTTCACACCTCCAGTTCTACCGC  to pASK-IBAS5plus for homologous recombination
GAC

ocej532 5 — AATGGCTAGCTGGAGCCACCCGCAGT  Amplification of Tm_1049 ORF with 30 pb homology
TCGAAAAAGGCGCCTATCTCAAAGAGCTTT  to pASK-IBA5plus for homologous recombination
CGATGATG

ocej533 5’ — CAATGTGCGCCATTTTTCACTTCACAG  Amplification of Tm_1049 ORF with 30 pb homology
GTCAAGCTTTCATGAGACCACCTCCACGAT  to pASK-IBA5plus for homologous recombination
TTTTCC

ocej687 5’ — GAAAAAGGTGATACTGGACGCTgccA  Tm_1050 H60 codon mutation, forward primer
TAGATGAGATAGGTGTTGTCG complementary to ocej688

ocej688 5’ — CGACAACACCTATCTCATCTATggcAG Tm_1050 H60 codon mutation, reverse primer
CGTCCAGTATCACCTTTTTC complementary to ocej687

ocej689 5’ — GTCTATTCCCACACGATACGTTgccTC Tm_1050 H307 codon mutation, forward primer
ACCCAGTGAGATGATCGC complementary to ocej690

ocej690 5’ — GCGATCATCTCACTGGGTGAggcAAC Tm_1050 H307 codon mutation, reverse primer
GTATCGTGTGGGAATAGAC complementary to ocej689

ocej691 5’ — CTACGGTGTTTTCAGTGTTCAGcaaGA  Tm_1050 E197 codon mutation, forward primer
AGTGGGACTGGTCGGTG complementary to ocej692

ocej692 5’ — CACCGACCAGTCCCACTTCttgCTGAAC Tm_1050 E197 codon mutation, reverse primer
ACTGAAAACACCGTAG complementary to ocej691

ocej693 5’ — GACACTCCGAAGGCCATCAAGgcaCAC Tm_1050 R233 codon mutation, forward primer
GCAATGAGGCTCTCCG complementary to ocej694

ocej694 5’ — CGGAGAGCCTCATTGCGTGtgcCTTGA  Tm_1050 R233 codon mutation, reverse primer
TGGCCTTCGGAGTGTC complementary to ocej693

ocej695 5’ — CAGACACTCCGAAGGCCATCgcgAGAC Tm_1050 K232 codon mutation, forward primer
ACGCAATGAGGCTCTCCG complementary to ocej696




TM_1050 open reading frames (ORF) was amplified from BspHI-digested TmCD00089984 plasmid
(Joint Center for Structural Genomics) using Pfu DNA polymerase (ThermoFischer Scientific) and
ocej419 and ocej420 primers (see ). TM_1048 and TM_1049 ORFs were amplified from T.
maritima strain MSB8 genomic DNA using ocej434/ocej435 and ocej436/ocej437 primer pairs,
respectively (see ). The PCR products were inserted into the pBAD vector (ThermoFisher
Scientific) by homologous recombination in E. coli according to the SLiCE protocol*®. Briefly, the
insertion of the PCR product is allowed via two 30 bp sequences, homologous to the insertion site of
the pBAD vector, flanking the gene of interest. The homologous recombination is mediated by using
a cell extract of E. coli strain PPY, expressing the A prophage Red recombination system. TM_1048
and TM_1049 ORFs were also cloned as Strep-tag fusion into pASK-IBA5plus vector (IBA Life Sciences)
using ocej530/ocej531 and ocej532/ocej533 primer pairs, respectively. To co-express frvX, sgcX, and
ypdE, the ORFs were amplified from E. coli strain MG1655 genomic DNA using Phusion Master Mix
(ThermoFisher Scientific) and the primers listed in . The PCR products of frvX amplification
were digested by Ncol and BamHI while the others were digested by BspHIl and BamHI. The restricted
fragments were ligated into Ncol/BamHI-digested pET15b vector (Merck Millipore) using T4 DNA
ligase. To create the polycistronic vectors, the donor vectors were digested by Xbal and BamHI. After
purification, the restricted fragments were ligated into the acceptors vectors digested by Nhel and
BamHI according to a strategy described elsewhere*®,

Site-directed mutagenesis was carried out following the SPRINP protocol**® except for the two
vectors used for TmPep1050k2324/r233a/R240a and TMPep1050k232e/r233e/R2498 Production. In that case,
two synthetic genes harboring the desired mutations (GeneArt — ThermoFisher Scientific) were
introduced into the pBAD vector by homologous recombination. The primers used to generate
TmPep1050 variants are listed in . All genetic constructs were verified by sequencing (Genetic
Service Facility, University of Antwerp) and are listed in . The E. coli strain MC1061%°3 was used
for cloning. PCR fragments and plasmid DNA were purified using Genelet PCR Purification kit and
Genelet Plasmid Miniprep kit (ThermoFisher Scientific), respectively. For expression, the E. coli
strains MC1061 and BL21 (Merck Millipore) were used for, respectively, pBAD- and pET15b-derived
vectors Cells were grown on LB broth in presence of 100 ug/ml ampicillin for positive selection.

For the purification of TmPep1050 and its variants, cultures and protein extracts were prepared
following previously published procedures3?? with two modifications: (i) cells from 1 | culture were
disrupted in 40 ml of 50 mM MOPS, 1 mM CoCl, pH 7.2 and (ii) protein extracts were heated at 70°C
for 10 minutes. The purification consisted in three chromatographic steps. The first step was an anion
exchange chromatography on Source 15Q resin (GE Healthcare Life Sciences, Tricorn 10/150 column)
in 50 mM MOPS, 1 mM CoCl; pH 7.2. Elution was performed with a gradient step from 0 to 0.5 M
NaCl for five column volumes (CV). Fractions containing the protein of interest (2 CV) were pooled
and (NH1),SOs powder was added to a concentration of 1.5 M (NH4);SOs. The second
chromatographic step was a hydrophobic interaction chromatography on Source 15Phe resin (GE
Healthcare Life Sciences, XK 16/20 column) in 50 mM MOPS, 1.5 M (NH4)2S04, 1 mM CoCl; pH 7.2.

Elution was performed with a gradient step from 1.5 to 0 M (NH4),S04 for five CV. Fractions (1.5 CV)



ocej696

5’ — CGGAGAGCCTCATTGCGTGTCTcgcGA

Tm_1050 K232 codon mutation, reverse primer

TGGCCTTCGGAGTGTCTG complementary to ocej695

ocej699 5’ — CCCGCTCTGAAAGTGAAAGACgcgGC Tm_1050 R249 codon mutation, forward primer
ATCGATCAGCAGCAAACG complementary to ocej700

ocej700 5’ — CGTTTGCTGCTGATCGATGCcgcGTCT  Tm_1050 R249 codon mutation, reverse primer
TTCACTTTCAGAGCGGG complementary to ocej699

ocej796 5’ — ATTATTCCATGGACATTGAGTTACTGC  Amplification of frvX ORF with Ncol restriction site for
AACAG cloning into pET15b

ocej797 5" — AATAATGGATCCACAACAGCTAGCTT  Amplification of frvX ORF with Strep-tag fusion and
ATTTTTCAAACTGTGGATGGCTCCACGCG Nhel and BamHI restriction sites for cloning into
CTATCCACCTGACGGAACTGGC pET15b

ocej798 5’ — AATAATGGATCCACAACAGCTAGCTT  Amplification of frvX ORF with HA-tag fusion and Nhel
ATGCATAATCAGGCACATCATAAGGATAA  and BamHlI restriction sites for cloning into pET15b
TCCACCTGACGGAACTGGC

ocej799 5’ — ATTATTTCATGACATTTTCTGTGCAGG  Amplification of sgcX ORF with BspHI restriction site
AAAC for cloning into pET15b

ocej800 5’ — AATAATGGATCCACAACAGCTAGCTT  Amplification of sgcX ORF with Strep-tag fusion and
ATTTTTCAAACTGTGGATGGCTCCACGCG Nhel and BamHI restriction sites for cloning into
CTTAATGGATGTGCCTCTTGTGTA pET15b

ocej801 5" — AATAATGGATCCACAACAGCTAGCTTA  Amplification of sgcX ORF with HA-tag fusion and Nhel
TGCATAATCAGGCACATCATAAGGATATAA and BamHI restriction sites for cloning into pET15b
TGGATGTGCCTCTTGTGTA

ocej802 5’ — TATTATGGATCCACAACAGCTAGCTTA  Amplification of sgcX ORF with myc-tag fusion and
AAGATCCTCCTCACTTATGAGTTTCTGCTCT  Nhel and BamHI restriction sites for cloning into
AATGGATGTGCCTCTTGTGTA pET15b

ocej803 5’ — ATTATTTCATGAATTTATCGCTATTAAA  Amplification of ypdE ORF with BspHI restriction site
AGCG for cloning into pET15b

ocej804 5’ — AATAATGGATCCACAACAGCTAGCTTA Amplification of ypdE ORF with Strep-tag fusion and
TTTTTCAAACTGTGGATGGCTCCACGCGCT  Nhel and BamHI restriction sites for cloning into
TCTGAAATCCGTCAGTTGAAC pET15b

ocej805 5’ — TATTATGGATCCACAACAGCTAGCTTA  Amplification of ypdE ORF with myc-tag fusion and
AAGATCCTCCTCACTTATGAGTTTCTGCTCT  Nhel and BamHI restriction sites for cloning into
CTGAAATCCGTCAGTTGAAC pET15b

ocej814 5’ — GTTTAACTTTAAGAAGGAGATATACAT Amplification of synthetic Tm_1050 gene harbouring
ACCCATGAAAGAGCTGATTCGTAAACTGA K232, R233 and R249 mutations with 30 pb homology
cC to arabinose promoter for homologous recombination

ocej815 5’ — CATCCGCCAAAACAGCCAAGCTGGAG  Amplification of synthetic Tm_1050 gene harbouring
ACCGTTTATGCACCCAGATAGCGAATCAG K232, R233 and R249 mutations with 30 pb homology
C to pBAD terminator for homologous recombination

ocej820 5’- TGATACTGGACGCTcacATAGAAGAGA  Tm_1050 D62 codon mutation to Glu codon, forward
TAGGTGTTGTCGTCACA primer complementary to ocej821

ocej821 5’- TGTGACGACAACACCTATCTCTTCTATgt Tm_1050 D62 codon mutation to Glu codon, forward

gAGCGTCCAGTATCA

primer complementary to ocej820




containing the protein of interest were pooled and concentrated using an Amicon Ultra-15
ultrafiltration unit with 30 kDa cut-off (Merck Millipore). The third step consisted of a gel filtration on
Superdex 200 resin (GE Healthcare Life Sciences, XK 16/70 column) in 50 mM MOPS, 0.5 M (NH4)2S0a,
1 mM CoCl; pH 7.2. The concentration of (NH4)2SO4 had to be maintained at 0.5 M to avoid protein
precipitation. Purified proteins were finally concentrated using an Amicon Ultra-15 ultrafiltration unit
with 30 kDa cut-off. The presence and purity of the recombinant enzymes were checked throughout
the purification procedure by SDS-PAGE and enzymatic assays with L-Leu-pNA as substrate (see
). Proteins were quantified by measuring the absorbance at 280 nm and applying the
extinction coefficient of 18,910 M* cm™. This purification protocol allowed the purification of about
10 mg of TmPepl1050 from 1 | of culture. Molecular weights were determined by gel filtration on
Superdex 200 and Superdex 75 resins (GE Healthcare Life Sciences, XK 16/70 column) and Superose
6 10/300 GL (GE Healthcare Life Sciences) using 50 mM MOPS 0.5 M (NH4)2S04 pH 7.2 as running
buffer. The gel filtration columns were calibrated using both HMW gel filtration calibration kit (GE
Healthcare Life Sciences) and gel filtration standard (Bio-Rad). The same procedure was applied to
purify TmPep1048 and TmPep1049.
TmPep1048, TmPep1049, FrvX, SgcX, and YpdE were purified as Strep-tag fusions. Cells were
grown in 11 of LB broth supplemented with 100 pg/ml ampicillin at 37°C. When ODgsonm reached 0.5,
cultures were cooled on ice for 5 minutes and transferred in an incubator at 18°C. After 15 minutes,
cultures were induced by adding 1 mM IPTG for pET15b-derived vectors or 200 pg/| tetracyclin for
pASK-IBA5plus-derived vectors. Induction was carried out at 18°C for 18 h. Cells were harvested by
centrifuging 30 min. at 5,500 x g and disrupted in 40 ml of 50 mM MOPS, 150 mM NacCl pH 7.2 buffer
containing 25 U benzonase (Merck Millipore) and one tab of Complete EDTA-free protease inhibitors
(Roche). The cell extract was centrifuged at 20,000 x g for 30 min. and the supernatant was collected
for purification. The first purification step was performed using a 15-ml column packed with Strep-
tactin Superflow resin (IBA Life Sciences) conditioned in 50 mM MOPS, 150 mM NaCl pH 7.2. Strep-
tagged proteins were eluted with 50 mM MOPS, 150 mM NaCl, 2.5 mM desthiobiotin pH 7.2. The
second purification step consisted of a size exclusion chromatography using a Superose 6 10/300 GL
(GE Healthcare Life Sciences) using 50 mM MOPS, 150 mM NaCl pH 7.2 as running buffer. Purified
proteins were finally concentrated using an Amicon Ultra-15 ultrafiltration unit with 30 kDa cut-off.
The presence and purity of the recombinant enzymes were checked throughout the purification
procedure by SDS-PAGE. Proteins were quantified by measuring the absorbance at 280 nm and
applying the extinction coefficient of 25,440 ; 22,920 ; and 20,970 M1 cm™ for FrvX, SgcX, and YpdE,
respectively. The same procedure was used to purify heterocomplexes made of FrvX, SgcX, and YpdE.

Aminoacyl-p-nitroanilide (pNA) substrates were purchased from Bachem AG. Aminopeptidase (EC
3.4.11.1) activity was assayed as previously described3?® except that enzymatic reactions were
stopped by adding 1 ml of 20 % acetic acid to 1 ml of reaction mix (100 pl of substrate in 10 %
methanol, 890 ul of 50 mM MOPS pH 7.2, and 10 ul of enzyme at a final concentration ranging from
10 nM to 2 uM). To determine the substrate specificity of TmPep105012-mer, aminopeptidase assays
were carried out at 75°C with an enzyme concentration of 30 nM and the appropriate amino acid-p-
NA substrate. For TmPep1048, TmPep1049, FrvX, SgcX, and YpdE, aminopeptidase assays were
carried out with an enzyme concentration of 1 uM. All substrates were used at 2.5 mM, except L-Gly-
pNA (1.25 mM), L-Phe-pNA (0.75 mM), L-His-pNA and L-Glu-pNA (0.5 mM). The effect of metal ions,



Plasmid name Description

pCEC43 pBAD vector harbouring Tm_1050 ORF for TmPep1050;;-mer €Xpression

pCEC48 pBAD vector harbouring Tm_1048 ORF for TmPep1048 expression

pCEC49 pBAD vector harbouring Tm_1049 ORF for TmPep1049 expression

pCEC75 pASK-IBA5plus harbouring TM_1048 ORF in fusion with Strep-tag

pCEC76 pASK-IBAS5plus harbouring TM_1049 ORF in fusion with Strep-tag

pCEC84 pCEC43 with mutagenized D62 codon for TmPep1050p6,n €Xpression

pCEC85 pCEC43 with mutagenized D62 codon for TmPep1050p6,4 €Xpression

pCEC153 pCEC43 with mutagenized H60 codon for TmPep10504s04 €Xpression

pCEC154 pCEC43 with mutagenized H307 codon for TmPep105043074 €Xpression

pCEC155 pCEC43 with mutagenized E197 codon for TmPep1050¢197q €Xpression

pCEC156 pCEC43 with mutagenized R233 codon for TmPep1050g2334 €Xpression

pCEC157 pCEC43 with mutagenized K232 codon for TmPep1050k2324 €Xpression

pCEC159 pCEC43 with mutagenized R249 codon for TmPep1050g2494 €Xpression

pCEC165 pCEC43 with mutagenized H60 and H307 codons for TmPep1050460a 13074 €XPression

pCEC184 pET15b vector harbouring frvX ORF in fusion with Strep-tag

pCEC185 pET15b vector harbouring frvX ORF in fusion with HA-tag

pCEC186 pET15b vector harbouring sgcX ORF in fusion with Strep-tag

pCEC187 pET15b vector harbouring sgcX ORF in fusion with HA-tag

pCEC188 pET15b vector harbouring sgcX ORF in fusion with myc-tag

pCEC189 pET15b vector harbouring ypdE ORF in fusion with Strep-tag

pCEC190 pET15b vector harbouring ypdE ORF in fusion with myc-tag

pCEC194 pBAD vector harbouring synthetic Tm_1050 gene with K232E, R233E and R249E for
TmPep1050k232e/r233€/R249E EXPression

pCEC195 pBAD vector harbouring synthetic Tm_1050 gene with K232A, R233A and R249A for
TmPep1050k232a/r233a/r2404 EXPression

pCEC196 pCEC43 with mutagenized D62 codon for TmPep1050p6,¢ expression

pCEC197 pET15b vector harbouring frvX-Strep, sgcX-HA, and ypdE-myc for co-expression

pCEC198 pET15b vector harbouring frvX-HA, sgcX-Strep, and ypdE-myc for co-expression

pCEC199

pET15b vector harbouring frvX-HA, sgcX-myc, and ypdE-Strep for co-expression




pH and temperature on the activity was studied as previously described3?3. To determine the kinetic
parameters of TmPep105012-mer, assays were performed at 75°C with an enzyme concentration of 10
nM for L-Leu-pNA and L-lle-pNA and an enzyme concentration of 50 nM for L-Met-pNA. Reaction
mixes were supplemented with 250 uM CoCl,. Kinetic parameters (kcat, Km and keat/Km) were
determined from the initial reaction rates, using Lineweaver-Burk linearization of the Michaelis-
Menten equation. Activation energies were calculated from the slope of the trend line obtained by
plotting the logarithm of the specific activity vs. the inverse of the temperature. For thermostability
assays, TmPep105012-mer Was diluted to 1 uM in 50 mM MOPS, 1.5 M (NH4)2S04, 1 mM CoCl, pH 7.2,
and it was incubated at either 75°C or 95°C. At various time-intervals, the activity was measured at
the incubation temperature (75°C or 95°C) using by diluting the enzyme to 10 nM in 1 ml of reaction
mix containing 2.5 mM L-Leu-pNA as substrate.

The specific activity of TmPep1048, TmPep1049, and TmPep1050 was assayed against various Xaa-
Ala peptides (Bachem AG). Protein samples were diluted to a concentration ranging from 10 nM to 1
UM in 20 pl of 50 mM MOPS, 1 mM CoCl; pH 7.2 buffer containing 5 mM Xaa-Ala. Assays were
performed at 75°C for one hour. Hydrolysis products were analyzed by Thin Layer Chromatography
(TLC). 3 x 2 pl of each sample was spotted onto a TLC silica gel 60 plate (Merck Millipore). TLC was
conducted in two solvents, depending on the chemical properties of released amino acids. The amino
acids with a hydrophobic or polar uncharged side chain were separated with 40:10:2
isopropanol:water:formic acid as solvent. The amino acids with a charged side chain were separated
with 50:30:10:10 tert-butanol:acetone:ammonia:water as solvent. Amino acids were revealed by
spraying the plates with 0.35% ninhydrin solution in ethanol and heating at 80°C.

The specific activity of FrvX, SgcX, and YpdE was assayed against various Xaa-Ala peptides
according to a previously described method*!°. Protein samples were diluted to 1 uM in 40 pl of 50
mM MOPS, 1 mM CoCl; pH 7.2 buffer containing 5 mM Xaa-Ala, 0.1 mg/ml o-dianisidine, 20 U/ml
horseradish peroxidase (Sigma-Aldrich), and 3.5 U/ml L-amino acid oxidase (Sigma-Aldrich). Assays
were performed at 37°C and the absorbance was recorded at 440 nm using a Cary-60
spectrophotometer (Agilent).

The hydrolysis of Met-Lys-bradykinin peptide (Bachem AG) was assayed for TmPep105012-mer.
The protein sample was diluted to 1 uM in 100 pl of 50 mM MOPS, 1 mM CoCl, pH 7.2 buffer
containing Met-Lys-bradykinin at a concentration ranging from 0 to 5 mM. Assays were performed
at 75°Cfor 10 minutes and samples were taken at different time-intervals. Released amino acids were
derivatized using AccQ Tag Chemistry kit (Waters) and analyzed by HPLC on a Waters 2695 HPLC
system. Amino acids were separated on AccQ Tag Amino Acid Analysis Column (Waters) according to
the manufacturer’s conditions. Derivatized amino acids were detected by fluorescence with
excitation wavelength set on 250 nm and emission wavelength set on 395 nm.

Protein samples were diluted to 100 uM in either 2.1 M malic acid pH 7.0 or 50 mM MOPS, 0.5 M
(NH4)2S04, 10 mM 1,10-phenanthroline pH 7.2. Sample were dialyzed four times against 100 volumes
of 50 mM MOPS, 0.5 M (NH4)2S04 pH 7.2 using SnakeSkin dialysis tubing with a 3.5 kDa cut-off
(ThermoFisher Scientific). To monitor metal ion removal, the specific activity was measured with L-
Leu-pNA as substrate. Samples were concentrated back to their original concentration using Amicon



Ultra-0.5 ultrafiltration unit with a 30 kDa cut-off. Cobalt binding assays were performed by
incubating 100 pL of 20 uM cobalt-depleted enzyme with CoCl; at a concentration ranging from O to
2560 uM in 50 mM MOPS, 0.5 M (NH4)2S0a4 pH 7.2 for 24 H at 75°C for wild-type TmPep1050 or at
50°C for the Asp-62 variants. For TmPep105012-mer, the specific activity was measured using 10 nM of
enzyme and 2.5 mM L-Leu-pNA as substrate without added cobalt in the reaction mix. Other metal
ions were tested following this procedure to identify the metal cofactor of TmPep105012-mer.

In parallel, cobalt concentration was determined using Amplex UltraRed (ThermoFisher
Scientific), a fluorescent probe that binds specifically cobalt at high pH. The protocol established by
Tsai & Lin (2013) was adapted to fit a 384-well black microplate (Corning)*®*. Fluorescence was
measured on a SpectraMax 5 (Molecular Device) with excitation wavelength set on 495 nm and
emission wavelength set on 570 nm. Prior to cobalt ion quantification, samples were diluted twice in
50 mM MOPS, 0.5 M (NH4)2S04 pH 7.2 working buffer. In addition to total cobalt concentration,
unbound cobalt was quantified after filtering samples using an Amicon Ultra-0.5 ultrafiltration unit
with a 30 kDa cut-off. The affinity constant Kq was determined from Scatchard plot data
representation.

To study the reassociation of dimers into dodecamers, 100 ul of 50 UM TmPep1050;-mer Was
incubated with Co?* at a concentration ranging from 0 to 5 mM for 30 min. at 75°C. The oligomers
were detected and quantified by size exclusion chromatography using Superdex200 resin (GE
Healthcare Life Sciences, XK16/20 column). 50 mM MOPS 0.5 M (NH4)2SO4 pH 7.2 buffer was used
for this assay.

SyproOrange (ThermoFisher Scientific) was diluted 1:125 in 50 mM MOPS, 0.5 M (NH4)2SO4 pH 7.2.
The fluorescence probe was mixed with protein samples conditioned in 50 mM MOPS, 0.5 M
(NH4)2S04 pH 7.2 and Co?* at a concentration ranging from 0 to 2560 pM. The working SyproOrange
dilution was 1:1000 and the protein concentration was 20 uM for a reaction volume of 20 ul. Thermal
shift assays were performed in 96-well plate on a StepOnePlus Real-Time PCR System (ThermoFisher
Scientific). Fluorescence curves were treated with StepOne Software.

Samples for native mass spectrometry were conditioned in 20 mM ammonium acetate (AmAc) pH
7.2 using Zeba 7 kDaA desalting columns (ThermoFisher Scientific). If further desalting was needed,
Bio-spin P-6 gel columns (Bio-Rad) were used. The protein samples were diluted in 100 mM AmAc pH
7.2 to working concentration of 5 uM unless stated otherwise. In house prepared borosilicate gold
coated needles filed with 2-3 ul sample were used to introduce the protein into the gas phase using
nano electrospray ionization. The spectra were recorded in positive ion mode on a traveling-wave
ion mobility Q-TOF instrument (Synapt G2 HDMS, Waters). Different settings were tuned to optimize
sample measurement. The most important settings applied during the measurements, unless stated
differently at the figure legend, were 20 Volts sampling cone, 10 Volts trap collision energy, and
pressures 8.30 e3 mbar and 5.31 e2 mbar of source and trap respectively.

TmPep105012-mer, TMPep10502-mer, TMPep1050n60a, TMPep1050n307a, TMPepl050us0a H307a, and
TmPep1050p624 Were crystallized using the hanging-drop vapor diffusion method, at 292 K in EasyXtal
Tool plates (Qiagen). Drops contained 2 pl of recombinant enzyme mixed with 2 ul of well buffer.



Crystallization buffer

Protein
concentration

Cryoprotectant soaking

Apo-TmPep1050;,-

. 2.1 M malic acid pH 6.75 390 uM None
TmPep105012-mer 0.18M ;Dr ;?;2;;,:%'[;3 ;i‘tsrate, 40 1mM None
TMPep1050uonraora O MPSE?;‘;?OC:QaSt_ez’ 20% 320 uM None
TmPep1050062a 0.1 M sodium citrate, 5 % 250 uM None

PEG3350 pH 5.2




Crystallization conditions are described in . One cycle of seeding was necessary to get
monocrystals of each species.

For apo-TmPep105012-mer and TMPep1050p624, diffraction data were collected on the FIP-BM30a
beamline at ESRF (Grenoble, France)*¥>%%, For TmPep105012-mer, TMPep10502-mer, TMPep1050460a,
TmPep10504307a, and TMPep1050+60a H3074, diffraction data were collected on Proxima 2 beamline at
SOLEIL (Saint-Aubin, France). The data collection and refinement statistics are presented in
Diffraction data were processed using the XDS program package?®*>4*3, Molecular replacement and
model building were performed using PHENIX software package*#. The initial solution of apo-
TmPep105012-mer was determined by molecular replacement with MR-Rosetta using the coordinates
of YpdE of Shigella flexneri (PDB ID: 1YLO) as the search model (TFZ-value = 23.9, log-likelihood gain
= 5,150). The structure of TmPep105012-mer Was solved by MR-SAD using ShelX and Phaser**44%7 For
TmPep1050;-mer, TMPep1050n60a, TMPep1050n307a, TmMPepl050us0a H3o7a, and TmPepl050ps2a,
molecular replacement was achieved with Phaser-MR using the coordinates of apo-TmPep105012-mer
as search model. The models were built using phenix.autobuild. Iterative manual building was done
in COOT*®. Multiple rounds of refinement were performed using phenix.refine. Model
stereochemical quality was assessed using MolProbity#®4%°, Protein structures were analyzed with
PDBe Pisa*?!, Arpeggio®®, Rosetta pKa protocol*®>%2, APBS??°, and PyMOL Molecular Graphics
System version 2.2 (Schrodinger, LLC).

E. coli strains JW3869, JW5776, and JW2381 from the Keio collection*3® were used for the deletion of
frvX, sgcX, and ypdE. The deletion was performed using the strategy and the primers described
elsewhere®®4’ The deletion cassettes were amplified using Phusion Master Mix (ThermoFisher
Scientific) and pKIKO/acZKm as template®%3. Strains were transformed with pREDIA vector>®* to allow
A Red recombination expression necessary for gene deletion. Strains with pREDIA were grown in SOB
medium supplemented with 50 pug/ml ampicillin at 30°C. At ODeoo 0.2, 0.2% arabinose was added,
and cultures were transferred at 37°C. Cells were harvested when ODgsgonm reached 0.6 and treated
for electroporation as previously described®®. Electrocompetent cells were electroporated with 200-
400 ng of deletion cassettes using a BTX ECM830 electroporator. Cells were resuspended in 1 ml of
SOB and incubated for three hours at 37°C before being plated onto LB agar supplemented with 50
ug/ml kanamycin. Deletions were verified by PCR as described previously*®. To curate pREDIA vector,
cells were streaked on LB agar and grown at 42°C. Isolated colonies were then tested on LB agar
supplemented with 50 pg/ml ampicillin to check the pREDIA loss. The integrated kanamycin cassette
was excised using pCP20 vector allowing the production of Flp recombinase®°®. The cassette loss was
verified on LB agar supplemented with 50 pg/ml kanamycin. pCP20 vector was curated as described
for pREDIA vector.

The polycistronic vectors pCEC197, pCEC198, and pCEC199 (see ) were used for co-expression
of frvX, sgcX, and ypdE. Culture conditions and the purification of Strep-tag fusions are described
above (see ). After separation by SDS—PAGE, proteins were electroblotted onto a
Hybond nitrocellulose membrane (GE Healthcare) with Xcellll module (ThermoFisher) and with



Apo- TmPep TmPep TmPep TmPep TmPepl10 Tmpep
TmPep 105012.mer  10502.mer 1050460a 105043074 50us0aH307a  1050p62a
105012-mer

Data collection

Temperature 100 100 100 100 100 100 100

(K)

Radiation ESRF Soleil Soleil Soleil Soleil Soleil ESRF

source BM30a Proxima 2 Proxima 2 Proxima 2 Proxima 2 Proxima 2 BM30a

Wavelength (A) 0.9797 0.9801 0.9800 0.9800 0.9800 0.9801 0.9797

Detector ADSC DECTRIS DECTRIS DECTRIS DECTRIS DECTRIS ADSC
QUANTUM  EIGER X EIGER X EIGER X EIGER X EIGER X QUANTUM
315r 9IM 9IM 9IM 9IM 9IM 315r

Rotationrange 0.37 0.10 0.20 0.10 0.10 0.10 0.50

(°)

Exposure time 20 0.025 0.025 0.025 0.025 0.025 10

(s)

Space group P1 H3 C222; C222; P12;1 P12;1 C222;

Unit cell

parameters

a,B,y(°) 114.46, 90.00, 90.00, 90.00, 90.00, 90.00, 90.00,
91.71, 90.00, 90.00, 90.00, 110.51, 110.69, 90.00,
105.69 120.00 90.00 90.00 90.00 90.00 90.00

a, b, c(A) 114.26, 131.15, 42.55, 42.63, 42.79, 43.24, 42.18,
114.57, 131.15, 114.71, 114.22, 138.65, 137.79, 113.96,
114.04 285.61 267.69 267.96 61.25 61.11 267.23

Resolution (A) 44.05-2.20 47.60-1.70 48.25-2.00 43.46-1.84 40.11-1.75 43.99-2.37 48.00-1.50
(2.28-2.20) (1.74-1.70) (2.05-2.00) (1.89-1.84) (1.79-1.75) (2.52-2.37) (1.58-150)

Unique 237,152 201,316 45,086 57,222 67,094 26,902 103,939

reflections

Rmerge (%) 8.9 (39.2) 8.2 (67.0) 9.5 (69.1) 8.7 (60.6) 5.6 (56.3) 14.0 9.0

Redundancy 3.2(2.2) 10.3 (10.4) 13.2(13.0) 12.0(9.8) 6.7 (6.7) 6.8 5.8

<l/o> 8.56 (2.22) 15.81 16.81 16.52 18.04 8.64 (2.12) 14.80

(2.81) (3.46) (2.63) (2.38) (3.34)

Completeness 93.5(84.8) 99.8(97.6) 99.9(99.2) 99.4(91.7) 99.5(97.2) 99.6(97.9) 99.7(89.4)

CCy2 99.4 (81.1) 99.9(87.1) 99.8(90.0) 99.9(90.0) 99.9(88.1) 99.2(84.1) 99.8(87.6)

Refinement

Resolution (A) 44.05-2.20 47.60-1.70 48.25-2.00 43.46-1.84 40.11-1.75 43.99-2.37 48.00-1.50

Reflections 237,090 201,316 45,076 57,213 67,094 26,900 103,177

Rfree Set test 11,854 9,715 2,254 2,862 3,363 1,345 5,158

count

Rwork / Riree 0.212/ 0.143/ 0.166/ 0.167/ 0.165/ 0.206/ 0.183/
0.247 0.164 0.203 0.195 0.185 0.234 0.215

Protein 12 4 2 2 2 2 2

molecules per

ASU

Vm (A3/Da) 2.98 3.27 2.26 2.26 2.36 2.37 2.27

Solvent content 58.7 62.4 45.6 45.6 47.9 49.0 45.8

(%)

Protein/solvent 29,969/ 10,759/ 4,610/ 4,730/ 4,621/ 4,559/ 4,950/

atoms 2,223 1,474 362 500 335 96 820

r.m.s.d bond 0.009 0.019 0.004 0.004 0.012 0.310 0.360

length (A)

r.m.s.d bond 1.254 1.680 0.647 0.672 1.263 0.510 0.550

angles (°)

Average B- 37.0 24.0 37.8 33.2 28.9 57.0 20.0

factors (A2)

Favored/disallo 95.71/0.00 95.35/0.34 94.86/0.17 94.95/0.00 93.64/0.52 95.02/0.17 97.71/0.00

wed Ramachan-

dran ¢/¢ (%)

Twin law none none none none h, -k, -h-I h, -k, -h-I none

PDB code 4PeY 6NW5 5NE6 5NE7 5NE8 5NE9 5L6Z




NuPage Transfer Buffer (ThermoFisher). Tagged proteins were immunodetected using Streptavidin-
HRP (ThermoFisher), anti-HA tag antibody (Abcam), and anti-Myc tag antibody (Abcam).
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Summary

M42 aminopeptidases are dinuclear enzymes widely found in prokaryotes but completely
absent from eukaryotes. They have been proposed to hydrolyze peptides downstream the
proteasome or other related proteolytic complexes. Their description relies mainly on the
pioneering work on four M42 aminopeptidases from Pyrococcus horikoshii. Their quaternary
structure consists of twelve subunits adopting a tetrahedral-shaped structure. Such a spatial
organization allows the compartmentalization of the active sites which are only accessible to
unfolded peptides. The dodecamer assembly results from the self-association of dimers under
the control of the metal ion cofactors. Both oligomers have been shown to co-exist in vivo
and heterododecamers with broadened substrate specificity may even occur. Yet, the
molecular determinants behind the dodecamer assembly remain unknown due the lack of a
high-resolution structure of a stable dimer. In addition, the bacterial M42 aminopeptidases
are still ill-described due to the paucity of structural studies.

This work focuses mainly on the characterization of TmPepl1050, an M42
aminopeptidase from Thermotoga maritima. As expected, TmPep1050 adopts the genuine
tetrahedral-shaped structure with twelve subunits. It also displays a leucyl-aminopeptidase
activity requiring Co?* as a cofactor. In addition to its catalytic function, Co?* has a role in the
enzyme thermostability and oligomerization. The absence of Co?* provokes the disassembly
of active TmPep1050 dodecamers into inactive dimers. The process, however, is reversible
since Co?* triggers the self-association of dimers into dodecamers, as shown by native MS.
The main achievement of this work is the determination of the first high-resolution structure
of a dimer, allowing to better understand the dimer-dodecamer transition. Several structural
motifs involved in oligomerization are displaced or highly flexible in the TmPep1050 dimer
structure. Furthermore, a loop bringing two catalytic relevant residues is displaced outside
the catalytic site. These residues are the catalytic base and a ligand involved in the Co?*
binding at the M1 site. The metal ion binding sites have been further investigated to define
how they influence the oligomerization of TmPep1050. A mutational study shows that the M1
site strictly controls the dodecamer formation while the M2 site contributes only partly to it.
A strictly conserved aspartate residue of the M2 site second shell also plays an important
structural role in maintaining the active site integrity. Indeed, its substitution prevents the
formation of dodecamer probably due to the lack of stabilization of the active site loop.

The characterization of TmPep1050 supports that bacterial M42 aminopeptidases
probably share the quaternary structures and dodecamer assembly with their archaeal
counterparts. The dimer structure highlights several structural modifications occurring in the
dimer-dodecamer transition. Yet, based on current knowledge, no general rules can be drawn
for the role of the M1 and M2 sites in oligomerization. Besides, the physiological function of
the M42 aminopeptidases is under-examined albeit the proposed link to the proteasome. In
this work, this has been investigated using the Escherichia coli M42 aminopeptidases as a
model. Yet, no phenotype has been associated to the deletion of their coding genes.
Preliminary results have shown that the three enzymes (i) display a redundant substrate
specificity, (ii) could be localized partly to the membrane, and (iii) form heterocomplexes.
Further experiments are still required to crack the function of these M42 aminopeptidases.





