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a b s t r a c t

The TET peptidases are large polypeptide destruction machines present among prokaryotes. They form
12-subunits hollow tetrahedral particles, and belong to the family of M42 metallo-peptidases. Structural
characterization of various archaeal and bacterial complexes has revealed a unique mechanism of in-
ternal compartmentalization and peptide trafficking that distinguishes them from the other oligomeric
peptidases. Different versions of the TET complex often co-exist in the cytosol of microorganisms. In
depth enzymatic studies have revealed that they are non-processive cobalt-activated aminopeptidases
and display contrasting substrate specificities based on the properties of the catalytic chambers. Recent
studies have shed light on the assembly mechanism of homo and hetero-dodecameric TET complexes
and shown that the activity of TET aminopeptidase towards polypeptides is coupled with its assembly
process. These findings suggested a functional regulation based on oligomerization control in vivo. This
review describes a current knowledge on M42 TET peptidases biochemistry and discuss their possible
physiological roles. This article is a part of the Special Issue entitled: «A potpourri of proteases and in-

hibitors: from molecular toolboxes to signalling scissors»

© 2015 Published by Elsevier B.V.
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1. Introduction

In prokaryotes, the ATP-independent peptidases represent a
large family of cytosolic enzymes involved in a broad array of
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cellular processes. The trimming of the N- and C-termini of poly-
peptidic chains is involved in the final steps of intracellular protein
degradation, beyond the action of energy dependent proteases
such as the 20S proteasome or the Clp system [1,2]. This action
generates biologically active peptides such as antigenic peptides
[3]. The combined action of the peptidases is also involved in the
processing of exogenous peptides for energy purposes and for the
metabolism of amino acids [4]. The proteins and associated
endogenous peptides are extremely diversified through post-
translational modifications that modify their biological activities
and represent a regulatory mechanism for specific cellular func-
tions and in microbial pathogenicity [5]. The importance of the
peptidome composition in the regulation of specific cellular func-
tions has recently been acknowledged [6]. The role of intracellular
peptidases as regulators of the peptidome composition is not well
understood. Therefore, the functional diversity of peptidases and
the regulation of their activities represents an important field of
research. Among the numerous intracellular energy-independent
peptidases that co-exist in the cytosol, only a few have the capac-
ity to self-assemble as large complexes. The peptidase activities in
these systems are confined to inner cavities, accessible exclusively
to unfolded polypeptides [7]. These complexes are potential regu-
lators in peptide metabolism. Initially most of the complexes have
been described in Archaea due to the high stability of thermophilic
macromolecular edifices that facilitated structural studies. These
include leucine aminopeptidases, bleomycin hydrolase, DppA,
pab87, protease 1, Tricorn protease and the TET aminopeptidase
[8e14]. The present review focuses on TET peptidases. They are bi-
metallic metallopeptidases belonging to the M42 family according
to the MEROPS peptidase classification [15]. The first TET complex
was purified in its native state from Haloarcula marismortui cellular
extracts [14]. The halophilic archaeal particle formed hollow qua-
ternary structures with a peculiar tetrahedral shape [14]. The pro-
tein was named TET with reference to the tricorn protease called
TRI. The latter, also identified in Archaea, possesses the shape of a
tricorn hat [16]. Homologous protein from Pyrococcus horikoshii, a
hyperthermophilic archaeon was also found to be able to fold as a
12-ssu tetrahedron. Three different TET complexes were found to
co-exist in Thermococalles archaeal species and subsequently
named as TET1, TET2 and TET3 [17e20]. Recent studies have
described a mechanism of their controlled assembly and have
shown that oligomerization represents a way to enhance the effi-
ciency of polypeptide processing and also a way to assemble mul-
ticatalytic peptidasomes [21e23]. At the same time, several X-ray
structures of M42 peptidases have revealed the existence of TET-
like complexes in bacteria [24]. Comparison with their archaeal
edifices has revealed common features that indicate a high degree
of conservation between Archaeal and Bacterial TET systems. This
suggests that TET systems play an important biological role. Func-
tional studies have also been conducted mainly in the three TET
systems from P. horikoshii to identify their substrate specificities
and mode of action [14,17,19e29]. These works are reviewed in the
chapters below.

2. Crystallographic structures of M42 peptidases forming TET

dodecamers

The different TET monomers have a molecular weight of about
40 kDa. To date 5 crystallographic structures of M42 proteins
assembled as dodecamers have been published: 3 from the hy-
perthermophilic archaeon P. horikoshii TET1, TET2 and TET3 (2WYR,
1Y0R and 2WZN), 1 in Desulfurococcus kamchatkensis (4WWV)
and 1 from the bacteria Streptococcus pneumoniae (3KL9)
[17,19,24,30,31]. While these proteins display 30e40% similarity
between each other, they share a common fold. Crystallographic

structures of the archaeal PhTET3 and Bacterial Pep A monomers
are presented in Fig. 1. The proteins are arranged in two well-
separated domains: a catalytic domain and a dimerization
domain. In all M42 peptidases the catalytic domain displays a
conserved backbone which consists of a three-layer aba sandwich
arranged around a central, mixed eight-stranded b-sheet. This
structure is consistent with the canonical structure of M42 pepti-
dases such as BsYsdC (PDB 1VHE). A mixed four-stranded b-sheet
motif is present at the periphery of the catalytic domain and in-
teracts with the dimerization domain of a second subunit to form
the dimer.

The catalytic sites of the M42 TET peptidases contain a dinuclear
metal centre. One metal ion is located close to the entry of the
active site, while the second metal ion is located in the vicinity of
the specificity pocket that is responsible for substrate recognition.
Themetal ligand coordination of TET is well conserved amongst the
M42 peptidases. In the case of PhTETs it is identical to the one of
Aeromonas proteolytica aminopeptidase 1 (Ap1) indicating a similar
catalytic mechanism of peptide bound hydrolysis [32] [33]. In TET
peptidases crystal structures, the dinuclearmetal sitewasmodelled
with two zinc ions or two cobalt ions based on the crystallization
conditions employed. Although the Co2þ ions have been shown to
activate TET aminopeptidases, the molecular basis of such behav-
iour has not been elucidated yet.

The fold of the catalytic domain of archaeal and bacterial TET is
highly similar to the ones of AAP and Streptomyces griseus amino-
peptidase, two peptidases from family M28 [34]. All the bi-metallic
peptidases from this family are monomeric and are secreted by the
cells. These peptidases, as well as some M42 peptidases such as the
one of Thermotoga maritima, lack the dimerization domain that is
present in all M42 peptidases forming dodecameric edifices. The
dimerization interface is mediated by the two PDZ-like domains
that form the dimeric building block as shown in Fig. 2. The
dimerization domain is made up of a six-stranded antiparallel b-
barrel, completed by two helical segments on the outside of the
barrel. Due to a large interaction surface involving an extensive
hydrogen bounds and putative salt bridges network, the dimers
appear to be the building blocks in all TET peptidases.

3. The TET dodecamer: a unique type of quaternary structure

Most of the cytosolic compartmentalized peptidases adopt a
barrel-shaped architecture. On the contrary, the TET aminopepti-
dases share a unique dodecameric edifice with a typical tetrahedral
shape that is conserved between archaea and bacteria (Fig. 3)
[17,19,24,30,31]. Moreover, while in other oligomeric peptidases,
the active sites are usually lined up alongside a single central
channel; the TET actives sites are located in vast, funnel-shaped
chambers enclosed in the apices of the particles [17]. These
chambers represent catalytic compartments each containing three
active sites arranged in a circular fashion.

In the quaternary arrangements of the TET complexes, struc-
tures that were determined, the dimeric building blocks form the
edges of the tetrahedrons (Fig 4 A). On the tetrahedron faces, large
openings (~20 Å) are formed by the junction of six subunits
(Fig. 4B). The TET particles therefore possess 4 orifices that are
considered to be the substrates' entry pores. On each tetrahedron
vertex, three catalytic domains arising from 3 different subunits are
arranged as trimers in a circular fashion. The junction found in each
trimer delimits a small pore that is believed to represent the
product exit way (Fig. 4 C). This small orifice is delimited by the
hydroxyl groups of aromatic residues situated at the border of the
hole of ~7 Å diameter. The pore has been described in most of the
TET particle, except PhTET3 [19]. However, in this latter, there are
two possible conformations for the Tyrosine groups, one of them
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unmasking the hole.

4. TET mode of action

The mechanism of peptide trafficking in exopeptidases is poorly
understood. In the case of TET, a model for peptide and product
trafficking can be proposed, based on existing TET structures and on
studies combining electron microscopy with X-ray crystallography
(Fig. 5 A and B). In the case of PhTET1, the examination of the
particle interior revealed a complex compartmentalization [17,19].

The size of openings situated on each face of the tetrahedron limits
the access of the catalytic sites to unstructured polypeptides. The
openings give access to four channels. In all TET, they exhibit a
contrasted electrostatic charge distribution that is involved in the
substrate peptide navigation and orientation toward the catalytic
chambers [17,19,24,30]. A series of mobile loops would then allow
addressing the peptides N-termini toward one of the four catalytic
chambers that are mainly positively charged. Electrostatic repul-
sion would then orientate the positively charged N-termini toward
one of the negatively charged active site pockets. The four funnel-

Fig. 1. Crystallographic structures of the archaeal PhTET3 (PDB code: 2WZN) and bacterial Pep A (PDB code: 3KL9). A) Crystallographic structure of the PhTET3 dimer. The catalytic
domain of the aminopeptidase is represented in light pink, the dimerization domain is represented in hot pink, and the catalytic ions are represented as green spheres. B) Su-
perposition of the crystallographic structures of the PhTET3 (hot pink) and PepA (deep blue) monomers. C) Sequence alignment of bacterial PepA and archaeal PhTET1, PhTET2 and
PhTET3. The red asterisks represent the active site residues.
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shaped catalytic chambers open to the exterior through narrow
holes situated at each apex, close to the 3 bi-metallic active sites.
These pores are not wide enough to allow the easy passage of an
extended peptide. Accordingly, these orifices appear well adapted
for the expulsion of the free amino acids generated by the amino-
peptidase reaction [17]. Another mechanism has been proposed by
Borissenko and Groll in which the small pores located around the
PhTET2 facet's large opening, and that are also connected to the
active site, would represent product exit systems [30]. However
these orifices seem to be absent in the other TET structures. The
non-processive nature of TET enzymes is consistent with a
dynamical mechanism coupling the release of the cleaved sub-
strates with the opening of the small pores located at the apices of
the tetrahedrons to expel the release free aminoacids. This vectorial
model is supported by the conservation of charge properties and
specific residues involved in the proposed mechanisms in the

different available TET structures. There is however a lack of
experimental data to fully validate this model. It is also not known
whether or not the TET system can process several polypeptides at
the same time.

5. Enzymatic properties

Exopeptidases activities depend on the length of the substrate
and on its sequence composition. In some cases exopeptidases can
combine aminopeptidases activities with endopeptidases or di/tri
peptididyl peptidases activities [35e40]. The modes of action of the
different TET particles were studied in depth in the case of the
archaeal TET systems from P. horikoshii and H. marismortui

[14,17,19e22,25,41]. A broad array of standard chromogenic and
fluorogenic peptides corresponding to endopeptidases, amino-
peptidases, carboxypeptidases and peptide deblocking activities

Fig. 2. The dimerization interface of PhTET3. A dimer of PhTET3 inside the dodecameric complex is represented in hot pink colour. The dimerization interface is highlighted in
yellow, the residues involving the interactions between the monomers are represented as sticks. The interaction network involves 17 residues per monomer, there are 28 potential
hydrogen bonds and 20 potential salt bridges.

Fig. 3. Crystallographic structures of the PhTET3 (A) and PepA (B) aminopeptidases dodecameric edifices. Schematic representations of the position of the dimeric building blocks
within the tetrahedral complexes are presented below each structure.
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were tested. In addition, the kinetics of peptide degradations were
studied by reverse phase HPLC using synthetic peptides of different
sizes and compositions. It was found that TET could process poly-
peptides that are up to 40 aa in length, yielding free aminoacids.
The P. horikoshii enzymes PhTET1 seem to be unable to cleave a
peptidic bond when pNA or AMC is in the P10 position, making
activity assays difficult [17]. In this case, the quantity of aminoacids
generated can bemeasured according to themethod of Roth (1971),
modified to minimize sample dilution and increase sensitivity [42].
Alternatively, the release of free aminoacids can also be measured
by the test developed by Frottin et al. in mesophilic conditions.
Ando et al. identified a deblocking activity for the TET1 homologue
of Pyrococcus furiosus (PfTET1) [43]. In the case of PhTET1, as well as
the two other TETenzymes from P. horikoshii, no deblocking activity
could be measured against the various N-terminal blocked

derivatives tested. Functional studies were performed with a few
bacterial M42 peptidases forming TET edifices using reduced sets of
mono-acyl chromogenic substrates confirming the aminopeptidase
activity of these edifices in bacteria [24,27e29]. However it is
important to underline that often these studies were performed
with his-tagged proteins that were purified by nickel affinity,
which, regarding the importance of metal ions for the activation
and oligomeric state of the TET particle may affect results. The
analysis of the different PhTETs actions on complex substrates
showed that the levels of the released amino acids do not increase
in parallel and that the ratio of their concentrations changes with
time meaning that TET do not degrade peptides in a processive
manner [17,19,20] Taken together, these studies indicated that the
archaeal and bacterial TET peptidases degrade oligopeptides in a
sequential manner and displayed strict aminopeptidase behaviour.

Fig. 4. Quaternary arrangement of the TET complexes. A schematic representation of each view of the crystallographic structure of the tetrahedral complex is depicted under each
view of the tetrahedron. A) A dimeric building block, represented in hot pink, form each edge of the tetrahedron. B) View of the tetrahedron from one of the face of the complex,
each face is formed by 6 subunits arranged around a large pore. C) View of the tetrahedron from one the vertex of the complex. Each vertex is formed by three subunits forming a
catalytic pocket.

Fig. 5. Model depicting the mode of action and the non-processing nature of TET dodecameric complexes. Only one of 4 peptide-processing channels is represented. (A) Peptide
trafficking model within the TET tetrahedron. Pores situated in each facets of the edifice capture the substrate peptide. The polypeptide is then guided across the edifice toward one
of the 4 large catalytic chambers situated at each apex of the tetrahedron (represented in Red). Inside the particle, the peptide trafficking system involves contrasted electrostatic
charge distribution and mobiles loops (not represented here). (B) Non-processive peptide hydrolysis process. 1) The N-terminal end of the substrate peptide is directed toward one
of the 3 active sites present in the catalytic chamber and positioned in the active site pocket. 2) The N-ter aminoacid is cleaved by a dinuclear metal centre. After each cleavage, the
reaction product is expelled trough a small pore situated at each apex of the edifice and the polypeptides N-termini are released from the active sites. 3) The new peptide substrate
is then redirected toward one of the 3 neighbouring active sites. 4) The process continues until complete destruction of the polypeptide. In the case of hetero-oligomeric TET
complex containing active sites with different substrate specificities, this allows to optimize the enzymatic efficiency toward complex and long peptides.
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6. Functions and substrate specificities of the different TET

complexes

Surprisingly, the functional characterizations of the different
TET complexes revealed important differences from one cell type to
the other and between the different versions of the enzymatic
complexes that co-exist in a single cell [17,19,20,24,27e29,44].
However a hallmark for these systems is the weak cleavage activ-
ities or even the absence of activity toward aromatic and branched
residues. In Bacteria, two M42 peptidases from Clostridium ther-

mocellum and T. maritima, previously mis-annotated as cellulases,
were assigned as M42 TET peptidases based on sequence homology
and X-ray structure (3ISX) [28]. These enzymes are leucyl amino-
peptidases. The PepA enzyme from S. pneumoniae displays
Glutamyl-Aspartyl aminopeptidase activity [24]. In the pathogenic
bacteria Mycoplasma hyopneumoniae a M42 protein, MHJ_0125,
was assigned as a TET complex by three-dimensional modelling
using the structure of PhTET2 as a template [27]. In this case, the
protein was found to be a glutamyl aminopeptidase, surprisingly
devoid of activity against aspartic acid. Amongst the different TET
peptidases characterized so far, the TET complex from the halo-
philic archaeon H. marismortui was found to have the broader
specificities with a preference for neutral and basic residues [14].
Prokaryotic genomes often contain several M42 peptidases. In
Archaea, the thermococcales contain 3 different versions of the TET
peptidase. In P. horikoshii, PhTET1 is a Glutamyl-Aspartyl amino-
peptidase apparently only raised against peculiar N-ter sequence
composition [17,45]. The two other TET complex, PhTET2 and
PhTET3, display broader specificities while still displaying clear
specificities: PhTET2 is a leucyl aminopeptidase with a broad ac-
tivity against neutral aminoacids [20] while PhTET3 is a Lysyl
aminopeptidase with a clear preference for positively charged
residues [19]. Because of their complementary specificities it was
proposed that the different TET enzymes from Pyrococcus represent
an integrated peptide degradation system in the cytosol. Recently it
was shown that, after co-expression in Escherichia coli, the re-
combinant PhTET2 and PhTET3 proteins can form hetero-
oligomeric assemblies [22]. The same particles were detected in
Pyrococcus cells with a dominant iso-stoichiometric composition.
Therefore, in vivo, PhTET2 and PhTET3 are in fact two subunits of a
single enzymatic complex named PhTET2-3. The PhTET2-3 struc-
ture and its thermal stability were studied by small angle scattering
and electron microscopy [22,23]. It showed that the hetero-
oligomeric complex is a bona fide TET dodecamer. The biochem-
ical activity of the PhTET2-3 complex was studied on chosen pep-
tides containing neutral (PhTET2 substrates) and positively charged
(PhTET3 substrates) aminoacids. These studies showed that the
PhTET2-3 complex is more efficient than an equivalent mixture of
PhTET2 and PhTET3 homomers. Moreover, the efficiency of the
PhTET2-3 complex was assayed on complex peptides mixtures. It
revealed that the hetero-oligomers not only process peptides more
efficiently but can even break down peptides that remained intact
in the presence of a mixture of PhTET2 and PhTET3 homo-
oligomers [22]. Thus, the PhTET2-3 complex can be defined a
multi-subunit peptidasome.

These studies indicated that TET peptidase are highly diverse in
terms of substrate specificity and represent sophisticated machin-
eries. When functional assignations exist together with atomic
structures, the comparison of binding pocket properties and the
modelling of substrates support a clear correlation between
charges distribution and substrate specificities. In the case of en-
zymes for which the amidolytic activity is specialized in the elim-
ination of negatively charged residues from peptides N-termini
such as PhTET1, PepA orMHJ_0125, a positive charge is conferred to
the S1 pocket and the residues involved in the opening of the small

product exit pore are dominated by positively charged residues
[17,24,27]. The opposite was found in the case of the lysyl-
aminopeptidase PhTET3 with a negative electrostatic charge and
a larger size of the pocket compatible with large and mainly posi-
tively charged substrate [19]. In leucyl-aminopeptidases with a
broad specificity toward neutral or small hydrophobic residues,
such as PhTET2 the specificity can be attributed to a smaller and
hydrophobic specificity pocket [30]. Thus, despite highly conserved
tertiary and quaternary structure, the TET complexes can host
active sites possessing very different specificities.

7. Effect of metal ions on TET catalysis and oligomeric state

In each TET aminopeptidase there are two metal ions that are
responsible for the enzymatic activity. The nature of the metal
occupying the dinuclear metal site has been shown to vary the TET
enzymatic rate [14,17,19e29]. Co2þ appears the best catalyser for
the archaeal PhTET1, PhTET2, PhTET3 and for the bacterial TET
(SpPepA). In particular, the cobalt dependence for activity is more
pronounced for PhTET1 compared to other TET-like enzymes that
have been studied so far [45]. Based on nomenclature of Schechter
and Berger site 1 metal ion (M1) is closest to the mouth of the
active site while site 2 metal ion (M2) is relatively buried and next
to the specificity binding pocket (P1) that is devoted to substrate
recognition [46]. As mentioned above, the metals in the active site
are close to the TET oligomeric interface and it has been shown
that chelating agents induce the dissociation of the dodecameric
particle towards lower oligomerization states [25]. In particular
the M1 site is coordinated by a triade Glu/His/Asp, in which Glu lay
on a loop hosting conserved residues (Arg220, Gln214 in PhTET3)
among archaeal and bacterial TET aminopeptidases, that are
implicated in a network of hydrogen bonds (Fig 6). Thus, the
removal of the M1 site may destabilize the formation of the
oligomeric interface leading to the TET dodecamer dissociation.
An interesting difference among archaeal hyperthermophilic TETs
and the mesophilic SpPepA is the response to Zn2þ addition. While
the archaeal TET aggregate, SpPepA resulted slightly activated
[24]. This is particularly relevant by remembering that archaeal
and mesophilic dinuclear metal sites have the same protein
ligands.

8. Assembling the TET system: a highly ordered process

Oligomeric enzymatic complexes involving at least 6 subunits
represent more than 10% of the cellular proteomes [47]. Under-
standing the mechanisms underlying the self-assembling of sub-
units into highly organized structures as well as the evolutionary
events responsible for the emergence of large molecular edifices
represent an important challenge [48]. With their unique tetrahe-
dral symmetry and sophisticated compartmentalization, the TET
peptidases represent remarkable model edifices. The assembling of
TET dimers into dodecamers involve principally subunit in-
teractions located at the edge of the tetrahedrons, where the 3
proteolytic domains are held together forming the apexes of the
edifice. An in depth analysis of the inter-subunits contacts present
in different types of TET particles led to the design of mutant pro-
teins inwhich the natural assembling sequence were slowed down.
In the case of PhTET2, this strategy allowed to dissect the whole
assembling process. The kinetics of intermediate oligomers species
were determined and their structural properties were determined
by combining various biophysical methods in solution with X-ray
crystallography and electron microscopy [21]. It showed that the
TET system does not result from the incremental addition of dimer
but from a highly controlled process involving an obligatory
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hexameric intermediate. The TET assembling process is presented
in Fig. 7 and in Supplementary Movie 1. This model was experi-
mentally validated by using small angle neutron scattering exper-
iments that were performed on the hetero-oligomeric PhTET2-3
complex [22,23]. In this elegant approach, deuteriated and hydro-
genated dimers were mixed in vitro and the reconstituted TET
edifice was purified. SANS data were collected in various buffers
containing different H20/D20 ratios. Contrast variation allowed to
determine the internal topology of the PhTET2 and PhTET3 sub-
units within the PhTET2-3 dodecamers. The experiments revealed
the existence of a limited number of conformers all involving the
opening of the hexameric intermediates to adopt a Z-conformation
in the final complex. Interestingly, this mechanism results in the
formation of multicatalytic chambers at the apices of the tetrahe-
drons. The TET enzymes being non-processive, the polypeptides N-
termini are released from the active sites after each cleavage. The
co-localization of active sites possessing complementary specific-
ities represents a great advantage and explains the observed effi-
ciency of the PhTET2-3 complex compared to mixtures of
homomeric complexes. Thus, in the case of the TET system, the
subunits' interface seems to have evolved not only to control the
TET assembly but also to favour the best possible internal topology
of the respective subunits to promote for broad and efficient
polypeptide destruction.

Supplementary data related to this article can be found online at
http://dx.doi.org/10.1016/j.biochi.2015.11.001.

9. Biological significance of oligomerization in TET peptidases

The purified recombinant TET assemblies are stable molecular
edifices. The different TET edifices from P. horikoshii are amongst
the most robust natural nanoparticles in vitro. They show half-lives
of about 8 h when incubated at 80 �C. The PhTET1, PhTET3 and
PhTET2 edifices were studied by small angle scattering in extreme
temperature, pHs and pressure conditions without showing sig-
nificant signs of quaternary structures destabilization or inter-
particular subunits exchanges [17,19e21,23,26]. In a paradoxical
way, it was noticed that, in vivo, a large part of the TET proteins are
accumulated as stable dimers [21,22]. This was observed for the 3
TETs proteins of P. horikoshii as well as for the TET protein of the
halophilic archaea Haloarcula salinarum. The catalytic property of
the PhTET2 dimer was studied and compared to the one of the
dodecamer. The dimer retains aminopeptidase activity on di or
tripeptides but displayed a significant loss of activity as the size of
the polypeptide increase [21]. Important differences in reaction
speeds were observed and the Km and kcat measurements indicated
that the TET reaction efficiency toward long peptides is compro-
mised when the enzyme is not assembled as dodecamers. Oligo-
merization and active site compartmentalization serve different
functions in cytosolic proteases. In the 20S proteasome, bleomycin
hydrolase or tricorn protease, the sequestration of active sites into
the particle prevents unwanted attacks on folded polypeptides in
the cytosol [49e52]. In Protease 1 or Pab87, oligomerization is

Fig. 6. Role of catalytic metals in TET assembling. On the left, the dodecameric assembly of PhTET3 (PDB: 2WZN). Three monomers are highlighted in ice blue, cyan and magenta,
forming the proposed exit hole of the processed amino acids. Each highlighted monomer interacts through the oligomeric interface. On the right, a detail of the H-bond network
occurring in the oligomeric interface involving Gln214 and Arg220 of one monomer and Asn300, Gln303 and Pro265 of the other subunit. Noteworthy, Gln214 and Arg220 lay on the
same loop hosting Glu216 that is one of the ligand of the M1 site. The red spheres are the metal ions in the active site.

Fig. 7. Oligomerization pathway of the TET aminopeptidases. The building block of the assembly is a dimer of TET; 3 dimers assemble themselves to form a triangular hexamer in
which the interactions at the vertices are not stable enough to remain close. Therefore, the triangular hexamer opens itself to form a so-called Z-form of the hexamer. Two Z-form
hexamers interact to form a dodecameric TET complex. This assembling process is presented as Supplementary Data in Movie 1.
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requested to build up the active sites [11,12]. In bovine lens
leucyl aminopeptidases it stabilizes the edifices while in tryptase or
kallifrein-related peptidases it provides away to inhibit the enzyme
activity [8,38,53,54]. In the case of TET peptidase, the purpose of
oligomerization is to trigger the activity of the system toward larger
substrates. Since the dimeric precursors are stabilized in vivo it has
been suggested that a functional regulation operates on the
dimeredodecamer equilibrium, in vivo, in response to varying
physiological demands.

10. Physiological roles of the TET peptidases

The sequential elimination of the amino-terminal residues from
polypeptidic chains by aminopeptidases fulfils a broad range of
biological functions ranging from energy metabolism to the regu-
lation of specific physiological processes [4,35,55]. Aminopepti-
dases substrates can be diverse. They are peptides obtained from
the environment or produced by the breakdown of proteins by ATP
dependent machines such as the proteasomes. In some cases, post-
translational or co-translational N-terminal modifications of pro-
teins or biogenic peptides trigger their activity or control their half-
life in the cytosol. Aminopeptidases are therefore essential for
housekeeping functions such as proteins turnover and amino acid
homeostasis and to control specific cellular processes.

The distribution of TET peptidases in prokaryotic genomes is
difficult to establish because members of the M42 aminopeptidases
are often misannotated as endoglucanases or cellulases. This
highlights the importance of experimental biochemical studies to
refine the functional annotation of these enzymes. Genomic studies
indicated however that M42 enzymes possessing a TET-like struc-
ture are widely present in prokaryotic genomes, highly diversified
and that the existence of multiple copies of the TET system is not
uncommon even in bacteria (in preparation). A close examination
of the TET proteins in the archaeal kingdom also reveals that the
number of TETcould be particularly high in the genome of deep-sea
organisms. This suggests a link between the TET physiological role
and the lifestyle of marine extremophiles that remains to be clar-
ified. It has also been reported that the TET and TRI systems seem to
mutually exclude in most genomes, although there are some ex-
ceptions, thus suggesting that they represent two evolutionarily
divergent degradation systems involved in the same function.
However, given the conservation of the TET systems and their di-
versity in Bacteria and Archaea it is likely that the TET system is
involved in important physiological functions. It has been sug-
gested that the broad aminopeptidase activity of PhTET2 display
housekeeping functions by trimming the peptides generated by the
20S proteasome endopeptidase activity [30]. However there are
numerous other exopeptidases in the cytosol of Pyrococcus that
could also fulfil this function. The broad activity of the hetero-
oligomeric PhTET2-3 complex is also compatible with an unspe-
cific degradation of exogenous or endogenous peptides for meta-
bolic or energetic purpose. The production of amino acids can be
utilized for processes such as protein synthesis, generation of
metabolic energy, and recycling of reduced cofactors. On the other
hand, the regulation of the dimeredodecamer equilibrium within
cells is consistent with a regulatory role of TET peptidases in the
cells [21]. Moreover, the selective specificity of the PhTET1 archaeal
system and some bacterial TET displaying Glutamyl or Leucine
aminopeptidase activities may be indicative for a specific role of in
the degradation or maturation of a special class of polypeptides or
proteins that remains to be determined. In this respect it was re-
ported that the PhTET1 complex is not assembled in the physio-
logical conditions in which the PhTET2-3 complex is dodecameric
and therefore activated. In bacteria, the aminopeptidases play
important roles in pathogenesis not only by providing aminoacids

from exogeneous proteins but also by modifying host proteins and
by the destruction of immunological antibacterial peptides. The
Glutamyl aminopeptidases found in the pathogenic bacteria such as
SpPepA may be involved in these processes [24]. Gene expression
and proteomic studies as well as the analyses of gene knock-out
mutant strains would be required to elucidate the physiological
role(s) of the different types of TET peptidases.

11. Concluding remarks

Since the discovery of the TET complexes in Archaea, important
progress has been made in determining their structures, activities,
substrates' specificities and assembling process. However, we still
do not fully understand the polypeptide trafficking processes as
well as the functional dynamics within the TET edifices. Moreover,
many different types of TET systems present in bacterial and
archaeal genomes still await structural and mechanistic studies.
Regarding the position of the TET systems in the proteolytic path-
ways and cell physiology it seems that we have just begun to
scratch the surface in terms of an understanding of their regulation,
natural substrate specificities and high genomic diversity.
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