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Molecular Machines for Protein Degradation
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One of the most precisely regulated processes in living cells is in-
tracellular protein degradation. The main component of the deg-
radation machinery is the 20S proteasome present in both eukar-
yotes and prokaryotes. In addition, there exist other proteasome-
related protein-degradation machineries, like HsIVU in eubacteria.
Peptides generated by proteasomes and related systems can be
used by the cell, for example, for antigen presentation. However,
most of the peptides must be degraded to single amino acids,
which are further used in cell metabolism and for the synthesis
of new proteins. Tricorn protease and its interacting factors are

Introduction

One of the biggest challenges in modern cell biology is to
unveil the principles of intracellular protein synthesis and pro-
tein degradation. Functional analysis of structural data has sig-
nificantly contributed to the recent progress in understanding
interactions between elements of the protein-synthesis machi-
nery and their regulation. At the same time, the picture of pro-
tein-degradation processes and interactions between the com-
ponents involved is still incomplete. In eukaryotic cells most
cytosolic and nuclear proteins are degraded by the ubiquitin
(Ub)/proteasome pathway, which is responsible for protein
quality control, antigen processing, signal transduction, cell-
cycle control, cell differentiation and apoptosis. This pathway
employs a complex enzymatic system to degrade proteins.
Protein substrates are marked by covalent addition of a poly-
Ub chain and are subsequently degraded by a 2500 kDa pro-
teolytic molecular machine, known as the 26S proteasome.
The discovery of ubiquitination was honored with the Nobel
prize in Chemistry in the year of 2004, thereby highlighting the
discovery of this important physiological regulatory mecha-
nism. The 26S proteasome plays its role as the proteolytic ma-
chinery in this cascade of reactions by degrading previously
marked substrate proteins. This multifunctional complex is
built up from the 700000 Da proteolytic core particle (CP, 20S
proteasome) and two 900000 Da regulatory particles (RPs, 19S
complexes), which are responsible for substrate recognition,
substrate unfolding and substrate translocation.

When the involvement of the Ub/proteasome protein degra-
dation pathway in a vast number of cellular processes is con-
sidered, inhibitors of this system are promising candidates as
antitumor or antiinflammatory drugs. After the discovery of
the 20S proteasome, its mode of action was first analysed with
nonspecific protease inhibitors. Specific inactivation of protea-
somal active centres for a limited amount of time reduces cy-
totoxic effects, and this has been a major topic of proteasomal
investigations lately. New synthetic and natural inhibitors have
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working downstream of the proteasome and process the peptides
into amino acids. Here, we summarise the current state of knowl-
edge about protein-degradation systems, focusing in particular
on the proteasome, HsIVU, Tricorn protease and its interacting
factors and DegP. The structural information about these protein
complexes opens new possibilities for identifying, characterising
and elucidating the mode of action of natural and synthetic
inhibitors, which affects their function. Some of these compounds
may find therapeutic applications in contemporary medicine.

greatly facilitated the investigation of the proteasome in vivo
as well as in vitro (see Section 2). The released structural infor-
mation allowed the Millennium Pharmaceuticals company to
develop the proteasome inhibitor Valcade (bortezomib), which
passed the clinical phase lll study this year and now represents
a newly approved prescription drug against multiple myeloma.
These and further experiments will certainly enhance interest
in the proteasome as a potential target for drug development
in medical research.

CPs are ubiquitous among all three kingdoms of life. Howev-
er, in contrast to eukaryotes, archaea and actinomycetes con-
tain a much more simply organised core particle (only one
type of a and one type of [} subunit; see Section 2), whereas
eubacteria possess a proteasome-related system named HslV
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(comprised of only one type of f§ subunit; see Section 1). Al-
though subunits of the HslV complex show substantial struc-
tural and functional similarities to the corresponding subunits
of archaeal and eukaryotic CPs, the general architecture and
the assembly of the mature complexes differ significantly.
Despite all the differences, a common feature of the CPs
and proteasome-related systems is the generation of peptide
fragments with a length distribution of about 8-15 amino acid
residues. As a rule, these peptides cannot be reused by the
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cell and have to be further degraded by proteases to single
amino acids, which can be utilised for de novo protein synthe-
sis. One example of this kind of protease in prokaryotes is the
tricorn protease (TRI), which exists only in some archaea and
eubacteria (see Section 3). Structural and functional analysis
has shown that the tricorn protease acts as a carboxypeptidase
with preferential di- and tripeptidase activity. Further degrada-
tion of these small peptides is performed by tricorn-interacting
proteases, such as the aminopeptidases F1, F2 and F3. Since
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the distribution of the tricorn protease among microbial ge-
nomes is limited, there should exist functional analogues. The
recently identified tetrahedral aminopeptidase (TET) is able to
degrade oligopeptides to single amino acids and can be con-
sidered as a functional equivalent of the tricorn protease.
Structural data have revealed its molecular architecture and
functional characteristics.

The four proteases discussed in this review display different
regulatory mechanisms but show sequestration of their active
sites inside molecular cages as a common structural principle,
although the structures are assembled from different building
blocks in different shapes and with varying symmetries. We
focus in particular on structural, functional and mutational
studies from our laboratories. Other cage-forming proteases
and their regulatory components that have been structurally
characterised are mentioned briefly.

1. The ATP-Dependent Protease HsIVU

HsIVU, presently the mechanistically best-characterised adeno-
sine triphosphate (ATP) dependent protease, is the most
recent addition to the set of known ATP-dependent proteases
in bacteria. In contrast to other enzymes in this group, HsIVU
had eluded all attempts to isolate the ATP-dependent proteo-
lytic activities from the bacterial cytosol, probably because of
the lability of the complex. The first hint about the existence
of this ATP-dependent protease emerged from a screen for
bacterial heat shock genes that led to the identification” and
sequencing® of the hs/VU operon. The sequence data showed
that HslU was an Hsp100 protein with a Walker ATPase motif,
and they also revealed a remarkable similarity of HsIV with the
[ subunits of archaebacterial and eukaryotic proteasomes, a
fact suggesting that HslV could have protease activity.”? The
presence of both genes in the same operon suggested the
possibility that they could form an ATP-dependent protease.
This hypothesis was subsequently proven by the demonstra-
tion that ATP-dependent peptidase activity could be reconsti-
tuted from the recombinantly expressed and purified
components.®¥ HslVU was subsequently rediscov-
ered several times. The enzyme was independently
discovered in screens for proteins that could downre-
gulate the heat shock response™ and for suppressors
of the SOS-mediated inhibition of cell division in Es-
cherichia coli® The observed biological responses in
HsIVU-overexpression or -deletion strains result from
a decrease or increase in the steady levels of HslVU
substrates.”! HsIVU, itself a heat shock protein, affects
the heat shock response by degradation of the heat
shock factor 032%% and affects the SOS response
through the degradation of the cell-division inhibitor
SU|A.[9’1O]

HsIVU biochemistry and physiology

The physiological role of HsIVU seems to be limited,
probably because of overlapping substrate specificity

with other ATP-dependent proteases in bacteria. In  ref.[17].

ChemBioChem 2005, 6, 222-256  www.chembiochem.org

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

E. coli, HsIVU deletion has no effect on the phenotype at stan-
dard growth temperature and affects growth and viability only
at very high temperatures.” According to the protease data-
base MEROPS, some bacterial species appear to lack an HsIVU-
type peptidase altogether."" Therefore, it came as a surprise
that some HslV and HslU homologues were recently found in
primordial eukaryotes, where they appear to be simultaneously
present with genuine 20S proteasomes.'”? Low expression
levels and the lability of the HsIVU complex make work with
proteins from wild-type strains difficult. Gratifyingly, the active
protease can be reconstituted in vitro from overexpressed and
purified components.”! It requires ATP for the degradation of
folded substrates and ATP or some of its analogues for the pu-
rification of small chromogenic peptides. As expected, the ATP-
hydrolysis and proteolysis activities are mutually dependent.”?
In addition, the peptidase activity was found to depend in
complex ways on the presence of various cations, especially
K*, in the buffers.™

HslV peptidase

On the sequence level, HslV shows sequence similarity with
the 3 subunits of archaebacterial and eukaryotic proteasomes,
a fact that was immediately noticed when the E. coli gene was
sequenced? and was later shown to extend to other related
eubacterial sequences."” Electron microscopy of recombinant
HslV subsequently suggested that the particle formed a dimer
of hexamers that appeared to enclose only one central cavity
without antichambers, as in proteasomes.'® The unexpected
sixfold symmetry of HslV and the similarity of subunit fold with
that of eukaryotic proteasomes were subsequently confirmed
by X-ray crystallography."”” The crystallographic data also

showed that the contracted ring, as compared to that of pro-
teasomes, resulted from small changes to the subunit-subunit
interface, not from an entirely new mode of oligomerisation
(Figure 1).

n71

Figure 1. Comparison of E. coli HslV and the T. acidophilum proteasome. A superposition of
one hexameric ring of E. coli HslV (red) with one heptameric ring of the 5 subunit of the

T. acidophilum proteosome (green) is shown in stereo representation. The subunits at the
“top” of the ring have been overlayed optimally. The “tails” of the HslV subunits that point
radially outwards are histidine tags and are thus cloning artefacts. Figure reproduced from
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All 12 active sites of HslV are located on the inner walls of
the hollow particle. In the E. coli particle, each active site has
neighbouring active sites 28 A away on the same ring and 22
and 26 A away on the opposite ring. The environment of the
nucleophilic Thr1 looks similar to that in proteasomes, and the
presence of a (putatively protonated) lysine residue near the
active site probably helps to lower the pK, value of the N-ter-
minal a-amino group so that it is present in the unprotonated
form that can act as the general base to accept a proton from
Thrl.

Since the determination of the HsIV crystal structure, two
additional crystal structures from other species have also been
determined. The highest resolution structure available to
date is the crystal structure of the Haemophilus influenzae
enzyme."® Intriguingly, this structure showed the presence of
cation-binding sites near the active centres,"® a finding that
could subsequently be confirmed for the Thermotoga maritima
enzyme” and that explains, at least in qualitative terms, the
dependence of HsIVU activity on various cations in solution.
Overall, the crystal structures of the enzymes from H. influ-
enzae™® and T. maritima"® are very similar to the original struc-
ture of the E. coli enzyme. Therefore, it came as a surprise that
the HsIV homologue from Bacillus subtilis, known as CodW,
behaves rather differently. Although the enzyme contains a
threonine residue that aligns with the active-site threonine of
the E. coli, H. influenzae and T. maritima enzymes, it does not
contain the glycine at the C terminus of the profragment, a
residue that is believed to be required for efficient autocatalyt-
ic processing; indeed, the polypeptide chain is processed five
residues upstream of the conserved threonine that is the
active-site nucleophile in other species, to expose an N-termi-
nal serine residue.”” Whether this implies that the serine is in
the spatial position normally filled by the threonine, thereby
implying a discrepancy between the sequence-based and
structure-based alignments, or whether it means that the ac-
cessory catalytic residues are either dispensible or anchored
elsewhere on the sequence is currently not clear.

HslU ATPase

Based on the sequence, HslU can be easily classified
as an ATPase due to the presence of conventional
Walker A (phosphate-binding loop or P-loop) and
Walker B (magnesium-binding) motifs. Beyond this
simple classification, two competing models for HslU
were proposed, which classified the enzyme either as
a PDZ-domain-containing ATPase®’ or alternatively
as a AAA(4)-type ATPase.?? The crystal structure set-
tled the issue in favour of the AAA(4+) model.”
AAA(+4) ATPases consist essentially of two structural
domains that are connected through a short linker.
The nucleotide binds at the interface of the two do-
mains. As first observed with HslU, the presence or
absence of nucleotide induces different relative ori-
entations between the two domains.”! With the

C domain (S50
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pendence on the state of hydrolysis of the nucleotide.”?

The nucleotide is in a strategic position both at the interface
of the N and C domains of one subunit and at the interface of
adjacent subunits. A combination of mostly conserved residues
from the two subunits around the nucleotide creates a highly
polar environment.” Two arginine residues have attracted
particular attention. Arg393 of E. coli HslU is thought to act as
the “sensor” that transmits information on the presence or
absence of nucleotide and possibly on its identity to the C
domain and thus controls the relative orientation of N and C
domains in HslU. Another conserved arginine residue, Arg325,
is anchored on the subunit that makes fewer contacts with the
nucleotide and is a homologue of the proposed “arginine
finger” in FtsH.” Although the term “arginine finger” (taken
from the small guanosine triphosphate (GTP) binding proteins
Ras and Rho) implies a direct catalytic role for this residue, its
distance from the phosphate groups of the nucleotide argues
more for an indirect role. A similar conclusion has since been
reached for CIpA.*® Experimentally, mutation of either of the
two arginine residues abolishes all ATP-dependent proteolysis
activity.””? Loss of subunit interactions plays a major role in the
loss of function: The “arginine sensor” mutant Arg325Glu is
fully and the “arginine finger” mutant Arg393Glu is partially
dissociated in gelfiltration experiments in the presence of
salt?”

A very complex picture has emerged from biochemical and
crystallographic studies designed to characterise the substrate
binding sites in HslU. An essential role for the C terminus of
HslU was first suggested on the basis of experimental studies
that were designed based on the prediction of PDZ-like do-
mains at the C terminus of HslU.”?" Although the prediction of
PDZ-like domains later turned out to be in error, the con-
clusion about a role for the C terminus of HslU in substrate
recognition was later corroborated with the description of a
biochemically defined “sensor and substrate-discrimination
domain (SSD)"?® that is also present in other AAA(+) ATPases

I domain

Figure 2. HslU surface-coloured according to domain. A) View along the sixfold axis, seen
from the side opposite to the | domains. B) View along the sixfold axis, seen from the side
of the | domains. Every second subunit of the ring is coloured according to domain (N do-
main = yellow, | domain = blue, C domain or SSD domain = red), while the other subunits
are coloured in green. The diagram is based on the trigonal crystals of E. coli HslU that con-
tain nucleotide in every other subunit. The asymmetry and crystallographic packing effects

are responsible for the broken sixfold symmetry of the | domains. Note that the | domains of

availability of many different nucleotide states of
HslU, the model was later refined to include a de-
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three subunits at the top of the figure have been cut away in (B) to allow a view on the
globular N and C domains.
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and was suggested to act as the “hook” for substrates.”

When the crystal structure of HslU became available, the SSD
domain turned out to coincide with the C domain. This finding
is remarkable and not fully understood, since in all crystal
structures of HslU the C domain primarily mediates oligomeri-
sation contacts between HslU subunits. Its solvent-accessible
regions are found on the periphery of the HslU ring, far out-
side the cavity that is formed by the protruding | domains
(Figure 2). From the crystal structure,”® it would appear likely
that the protruding | domains, rather than the SSD domains,
act as the “hook”, although the ill-defined tertiary structure of
the | domains makes specific interactions unlikely (Figure 2). In
agreement with this model, it was found experimentally that
the | domains are essential for the degradation of the folded
substrate MBP-sulA.¥”! A recent two-hybrid study is consistent
with both points of view: it confirms the essential role of the C
domain (SSD domain) in oligomerisation but also supports a
role for the | domain and the SSD domain in substrate degra-
dation. Presumably, if substrates
are translocated through the
central pore in HslU as electron-

microscopy data suggest for A)
CIpXPE” both the | domains and

the globular part of the ring e
would come into contact with - :
the substrate during substrate [k

translocation, although the loca-
tion of the C domains (SSD do-
mains) on the periphery of the
HslU ring would still need to be
reconciled with this model.

The precise mode of recogni-
tion of substrates is even less
clear for CodX, the HslU homo-
logue from B. subtilis. In the ab-
sence of detergent, the | do-
mains of two hexameric CodX
rings contact each other, which
leads to a head-to-head stacking
of CodX rings and, presumably,
the formation of a central cavity loosely surrounded by | do-
mains. As the dimer of CodX rings can associate with the
CodW protease on either side, repetitive, chain-type structures
with alternating double rings of the peptidase CodW and the
ATPase CodX can be formed.”" The physiological significance
of these high-molecular-weight assemblies is currently not
clear.

HslU

HsIVU protease complex

A key theme in ATP-dependent proteolysis has been the issue
of “symmetry-matched” versus “symmetry-mismatched” com-
plexes. In the light of the clearly established symmetry mis-
match of the CIpAP®? and CIpXP®¥ complexes, the unambig-
uous sixfold symmetry of HsIV'®** in electron-microscopy
images and the reports of a predominant HslU species with
sixfold symmetry"®*¥ came as a surprise because they exclud-

ChemBioChem 2005, 6, 222-256  www.chembiochem.org

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

REVIEWS

ed a ratcheting mechanism in HsIVU. This conclusion has since
been confirmed by all HslU and HsIVU crystal structures.’?*3>3")
In all cases, HslU is hexameric and matches the oligomerisation
state of HslIV. For the first crystal structure of an HslU-HslV co-
crystal, a controversial |-domain-mediated contact between
HslU and HslV was reported.*®* The contact was suspicious
from the very beginning because of the poor contact area, but
it seemed compatible with the known low affinity between
HslV and HslU and appeared to explain how the symmetry-mis-
matched ClpXP and CIpAP complexes could be formed. Al-
though a crystallographic reinterpretation of our original data
that attributed this docking mode to overlooked twinning®®*%
turned out to be itself in error,*? it is now clear from the com-
bined results of cryoelectron microscopy,”" small-angle scatter-
ing analysis®® and several additional crystal structures of the

complex®>3 that the physiological mode of interaction be-
tween HslU and HslV is with HslU | domains distal to HslV
(Figure 3).

Figure 3. HsIVU complex. A) Crystal structure of the HsIVU complex in the physiologically relevant form, drawn accord-
ing to the coordinates in PDB file 1G31.2° Note the insertion of the C termini of HslU into clefts in HslV. B) Schematic
comparison of the physiologically relevant binding mode, with | domains of HslU distal to HslV, with the originally re-
ported mode of association, which has the | domains proximal to HslV.

Allosteric activation

In the absence of nucleotide, HsIVU has residual activity at
best, but the presence of several nonhydrolysable ATP ana-
logues is sufficient to stimulate HsIVU-driven proteolysis activi-
ty against substrates that do not require unfolding, a fact sug-
gesting an allosteric effect of the nucleotide on HslU and,
through HslU, also on HslV. This was further corroborated by
the observation that a peptide vinyl sulfone only formed a co-
valent complex with HslV in the presence of HslU and nucleo-
tide.*? The details of this allosteric mechanism emerged from
the crystal structure of HslVU from H. influenzae. In this case,
but not in other crystal structures of the HsIVU complex, the
normally buried C termini of the HslU subunits distend and
insert into the active-site clefts in HsIV to reach out almost to
the HslV active centres® (Figure 4). The crystal structure of
HsIVU in complex with a peptide vinyl sulfone inhibitor®® and
two independent biochemical studies™ that demonstrated
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A)

HslU (1G3I)
(C-domain)

HslU (1E94)
(C-domain)

Figure 4. HsIVU activation mechanism. A) Ca trace of the superposition of the C domain of an HslU subunit (red) from the original E. coli HsIVU complex onto that
of the H. influenzae HslU subunit (green) from its complex. Two HslV subunits (pink and blue) from the H. influenzae complex are also shown to illustrate the bind-
ing of the C-terminal segment of H. influenzae HslU to the pocket between the HslV subunits (indicated also by a black curved arrow). B) Close-up of the C-terminal
residues of an E. coli HsIU subunit (red) from the complex. The carboxylate group of the terminal leucine residue forms salt bridges with Arg394 of the same subunit
and with Arg329 of an adjacent (yellow) HsIU subunit, which is not illustrated in (A) for clarity. C) Close-up of the C-terminal residues of an HslU subunit from the

H. influenzae HsIVU complex. Figure adapted from ref. [45].

the activatory properties of the C-terminal tails of HslU further
corroborated this mechanism. In the light of these data, it is
remarkable that wild-type HslU in the presence of adenosine
diphosphate (ADP) does not act as an activator for HslV, not
even against unfolded or chromogenic substrates. A possible
but experimentally untested explanation could be that the C
termini of the HslU subunits are available for HslV binding only
in the presence of activatory nucleotides.

Whatever the details of the allosteric activation mechanism,
it is already clear that HslU primarily affects the conformation
of the HslV active sites and not the accessibility of the HslV
proteolytic chamber. Two independent lines of in vitro evi-
dence support this conclusion. Firstly, an HslV mutant with a
widened entrance channel does not show increased proteolyt-
ic activity in the absence of HslU, although it can still be acti-
vated like wild-type HslV by the presence of HslU.** Secondly,
the recently determined crystal structure of the H. influenzae
asymmetric HsIVU protease in complex with an inhibitory pep-
tide vinyl sulfone has the inhibitor bound only in HslV subunits
that are in contact with HslU,®” a fact strongly arguing against
accessibility of the proteolytic chamber as the rate-limiting
factor, at least under experimental conditions.

The eubacterial HslVU is distantly related in structure to the
proteasome found in archaea, actinomycetes and eukaryotes.
Surprisingly, however, the structural relationship is not reflect-
ed in the regulatory properties, as will be described in the fol-
lowing section which focuses on structural studies of the 20S
proteasome and its activation, activity and inhibition.

2. The 20S Proteasome
The 20S proteasome complex

The 20S proteasome (core particle; CP) is a large, cylinder-
shaped protease with the molecular weight of about
700000 Da. It plays a crucial role in cellular protein turnover
and is found in all three kingdoms of life. Electron micrographs
of 20S proteasomes have revealed that it has molecular dimen-
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sions of about 160 A in length and 120 A in diameter.*® The
complex is formed by 28 protein subunits, which are arranged
in 4 stacked rings, each comprising 7 subunits.*” The detailed
architecture of the CP was elucidated by crystal-structure anal-
ysis of the archaebacterial 20S proteasome from Thermoplasma
acidophilum at 3.4 A resolution.”® The structural data showed
that the CP has the shape of an elongated cylinder with three
large cavities and narrow constrictions between them. The
molecule has 72 point symmetry following an a,f3,p,0, stoichi-
ometry. The two outer chambers are formed by o and f rings,
whereas the central chamber containing the proteolytic active
sites is composed of the P rings. The a and [ subunits of the
CP show similar folding, although the primary sequences of
these subunits are quite different (Figure 5A). The fold of the
subunits is characterised by a sandwich of two five-stranded
antiparallel f sheets, which are flanked by helical layers on the
top and bottom. Archaebacterial proteasomes can be regarded
as the prototype for the quaternary structure and topology of
CPs, whereas the general architecture of eukaryotic CPs is
much more complex.*”*? These molecules represent the most
elaborate versions of the CP, as the a and B subunits have
each diverged into seven different subunits. Eukaryotic CPs
show pseudo-sevenfold symmetry and consist of two equal
parts (ot,_,B:_,p1-704_,), which are related by twofold symmetry.
The nomenclature of each subunit is defined according to the
structural data from the yeast CP*? Residue numbers for these
subunits are assigned on the basis of the alignment to T. acido-
philum (Figure 5B, C). All 14 different eukaryotic proteasomal
subunits contain characteristic insertion segments and termini,
which represent well-defined contact sites between related
subunits and lead to their unique locations at special positions
within the particle (Figure 5D). Compared to the archaebacteri-
al CPs which have 14 identical active sites, eukaryotic 20S pro-
teasomes contain only three proteolytically active -type sub-
units, f1, 2 and B5, whereas the other -type subunits are in-
active. In mammals, y-interferon provokes the substitution of
the three active B subunits (31, 2 and B5) with three newly
synthesised low-molecular-mass polypeptide (LMP) subunits

ChemBioChem 2005, 6, 222 - 256
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Figure 5. A) Ribbon drawings of the a and 3 subunits from T. acidophilum.”*® Helices and 3 strands are coloured in blue and green, respectively, and secondary

structure elements from helices HO-H5, as well as from [5 strands S1-510, are labelled in black. B) Sequence alignment of the various a-type subunits of CPs from

T. acidophilum and yeast. Conserved amino acids among all a-type subunits are highlighted against a red background;

helices and f3 strands are shown as black

cylinders and arrows, respectively. Below are the ribbon drawings of each of the different a-type subunits from Saccharomyces cerevisiae. Orientations of the sub-

units are similar to those illustrated in (A). Each o
tured CP. C) Sequence alignment of the various [

’

s, which cause their unique locations in the ma-

type subunit contains specific insertions and terminal extension
type subunits in matured CPs from T. acidophilum and yeast. (Prosegments of the proteolytically active subunits

are removed, subunits 6 and 37 are only shown with their partially processed precursor sequence.) The proteolytically active subunits 51, 2 and 5 are highlight-

ed against green, yellow and blue backgrounds,

respectively. Additionally, these subunits are aligned with their related constitutive and y-interferon-inducible

human p-type subunits. Positions 20, 31, 35 and 45 of the S1 specificity pocket of subunit 31 are coloured in orange, thereby illustrating the change of specificity in

the inducible human immunosubunit. The labelling and representation of the ribbon drawings of the various [

type subunits from yeast is similar to that described

in (B). D) Topology of the 28 subunits of the yeast CP drawn at atomic resolution and as spheres. The segment of the f-[5' rings shows Ca-chain tracings of sub-

units B1, B2, 83, 6’ and B7, thereby highlighting their f—cis and -trans-f3 interactions through characteristic contacts of insertion segments.*”
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termed B1i, B2i and B5i."*? The incorporation of the vy-inter-
feron-inducible subunits into the CP requires its de novo as-
sembly and depends on the cell's development state and the
tissue type.”>*¥ Collectively, these y-interferon-inducible sub-
units are referred to as the immunosubunits as they tune the
CP for higher efficiency to generate specific antigenic pepti-
des.”® These epitopes are finally loaded onto major histocom-
patibility complex (MHC) class| proteins and initiate the
immune response.

The proteolytic active centres

The crystal structure of the CP from T. acidophilum in complex
with the competitive inhibitor N-acetyl-Leu-Leu-norleucinal
(Calpain inhibitor I) showed for the first time that the proteo-
lytic active centres in archaebacterial proteasomes are formed
by the N-terminal threonine of each of the B subunits.”® The
functional aldehyde group of the inhibitor is covalently bound
to the Thr1 Oy atom as a hemiacetal. The tripeptide aldehyde
adopts a f conformation and fills the gap between p strands
by generating an antiparallel -sheet structure. 20S protea-
somes were the first known example of threonine proteases.
Structural and mutational studies defined Thr1, Glu17 and
Lys33 as the most important residues for the proteolytic
system. Additionally, Ser129, Asp166 and Ser169 are close to
the active-site threonine and seem to be required for the struc-
tural integrity of the proteolytic centre, as well as being in-
volved in catalysis.**>® Crystal structures of the yeast 20S pro-
teasomes as well as the characterisation of various mutants fi-
nally allowed the elucidation of the proteolytic mechanism in
CPs.*%758 These results demonstrate that the Thr1Oy atom
reacts either with electrophilic functional groups of inhibitors
or with peptide bonds of substrates, while the Thr1 N atom
represents the proton acceptor (Figure 6 A). The N terminus of
the nucleophilic threonine is hydrogen bridged to the
Ser1290y, Asp1680 and Ser1690y atoms, whereas the
Thr10Oy is hydrogen bonded to the Lys33N{ atom. The pK,
value and status of protonation of the ionisable groups is un-
known, but the pattern of hydrogen bonds suggests that at
least the Lys33N¢ atom is charged. Indeed, in yeast, the con-
served active substitution of Lys33 with Arg33 in subunit 85
leads to its inactivation. The structural superposition of this
mutant with the wild-type shows a change of Arg33 only,
which for sterical reasons has its guanidino group tilted rela-
tive to the amino group of the lysine residue to avoid a clash
with Thr1.5® This rearrangement is possibly associated with
effects on the intrinsic pK, values of the Thr1Oy and Thr1N
atoms, thus preventing the hydrolysis of substrates. Besides
the nucleophilic N-terminal threonine, a nucleophilic water
molecule, termed NUK, is also essential for proteolysis. It is in
proximity to the Thr1 Oy, Thr1N, Ser1290y and Gly47N atoms.
It had been missed in the electron-density map of the CP from
T. acidophilum at lower resolution but was seen in the yeast
CP“I and penicillin acylase,”” a member of the Ntn-hydrolase
family (Ntn=N-terminal nucleophile). The water molecule is
thought to serve as the proton shuttle between the Thr1 Oy
and Thr1 N atoms during substrate binding and to cleave the
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Figure 6. Stereorepresentation of proteolysis and autolysis. A) The vicinity of
residue Thr1 in subunit 31. The protein backbone is drawn as white coils,
whereas residues that particularly contribute to the active site (Thr1, Asp17,
Lys33, Ser129, Asp166 and Ser169) are shown as ball-and-stick structures. Lys33
is in a salt bridge to Asp17 (purple dots, both residues are coloured green) and
is therefore presumably positively charged, thus lowering the pK, value of the
Thr1 Oy atom electrostatic potential (black dots). Close to Thr1 are residues
Ser129, Asp166 and Ser169 (coloured blue) which are required for the confor-
mational stability of Thr1 (purple dots). A solvent molecule, NUK (shown as
yellow sphere), is localised in the electron density close to the Thr1 Oy and N
atoms and presumably plays a role in the proton transfer (yellow arrow).

B) Suggested mechanism for autolysis and substrate proteolysis exemplified at
the active site of the yeast 20S proteasome subunit 31. The backbone is shown
as white coils and Thr1 is drawn as as a blue ball-and-stick structure. Calpain
inhibitor | and B1-propeptide are coloured green and pink, respectively. The su-
perposition of wild-type 51 and 31 Thr1Ala main-chain atoms reveals a root-
mean-square deviation of 0.19 A, which allow the Ala residue in the mutant to
be modelled with the Thr1 residue from the wild-type CP. Proteolysis and autol-
ysis (black arrows) are initiated by proton transfer from the Thr1 Oy atom to
the water NUK (shown as a yellow sphere). The Gly47 N atom (blue sticks) is
the major constituent of the oxyanion hole for inhibitors and substrates; it
lowers the energy of the tetrahedral adduct transition state. The Ser129N atom
(blue sticks) is an essential part of the oxyanion hole for the carbonyl oxygen
atom of Gly—1, whereas the Lys33 NG atom (blue sticks) stabilises the carbonyl
oxygen atom of position —2 in the propeptide. Hydrogen bonds are indicated
as black dots. Addition of the Thr10Oy to the Gly—1C (autolysis) or Nle1 C
atoms (proteolysis) is followed by ester bond formation, which is hydrolysed in
both pathways by incorporation of the water NUK into the product.***"*%

acyl-ester intermediate, thereby regenerating the Thr1Oy
atom.

Topology of proteasomal subunits

The topology of proteasomal subunits is not unique to protea-
somes but rather to a set of hydrolases that have no recognis-
able sequence similarity to each other. Currently, there are
already 19 documented crystal structures of Ntn-hydrolases de-
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posited in the RCSB protein data bank. This class of proteins
use their N-terminal residue as the nucleophile and are there-
fore termed Ntn-hydrolases.™ Surprisingly, the active-site resi-
dues, including the aforementioned lysine residue are not con-
served, a fact supporting the assignment of the common N-
terminal amino group as the proton acceptor in proteolysis.
However, all Ntn-hydrolases require a processing step which
results in the exposure of the N-terminal amino group acting
as the nucleophile. Therefore, 20S proteasomes have to follow
a defined maturation pathway leading to the functionally
active Ntn-protease complex. The prosegments of the [(3-sub-
unit precursor complexes are removed by intramolecular autol-
ysis during the consecutive maturation steps of the particle
to result in the proteolytic active-protease complex (Fig-
ure 6 B).[57'61’62]

Early and late assembly intermediates in 20S proteasomes

a Subunits from archaea assemble spontaneously into homo-
oligomeric seven-membered rings, whereas their 3 subunits
are synthesised as monomers and contain precursor sequences
(Figure 7). The a ring alone has the same conformation as is

Inactive
[i-subunits
!I]
(o] — (o ﬂ ) =
i Inactive
u-subunits o -ring half CP

Assembled

cpP

M. Groll et al.

organisms. 20S proteasomes in actinomycetes have been
found to have a substantially smaller contact region between
o subunits than the corresponding regions found in the CPs of
archaea and eukaryotic cells, a fact suggesting that a smaller
contact area between o subunits is probably the structural
basis for the a subunits not assembling into rings when ex-
pressed alone.™ The crystal structure of the CP from Rhodo-
coccus erythropholis reveals that the propeptide of the (3 sub-
units acts as an assembly-promoting factor by linking its own
[ subunit to two adjacent a subunits. In eukaryotic CPs, the as-
sembly of the 14 different subunits is supported by additional
regulatory factors, which probably act as chaperones and are
only transiently associated with the nascent complexes.®>%
However, structural data for eukaryotic precursor complexes
and assembly intermediates are so far not available. Analysis of
all deposited [-subunit structures shows that the contact area
between [ subunits within a § ring is not sufficient for -ring
self-assembly without the additional contact provided by the a
ring. An established order of assembly and maturation helps to
prevent uncontrolled protein degradation within the cell. If
rings could preassemble, their active sites would not be se-
questered and be accessible to protein substrates. One func-

Latent CP

Inactive
Latent CP

(S

265 Proteasome

Figure 7. Model of coupled regulation of proteasome assembly and inhibition. Proposed steps in the assembly of the CP are depicted. The inhibitory N-terminal se-
quences of the a and f3 subunits are represented in red. In the inactive half CP, inhibition is provided by the (-subunit propeptides (which directly block the proteo-
lytic active sites). Inhibition by the a-subunit tails becomes effective only when the half CPs condense to form a closed chamber. The inactive CP is converted into

the latent form upon autolysis of the 3 propeptides. The last step represents holoenzyme formation, which is accompanied by channel opening.

found in the assembled 20S proteasome,® which illustrates
that during proteasome maturation a stable and rigid frame-
work is formed by the a rings. It is noteworthy that even the
contact regions are not significantly different between free a
subunits and aff assemblies in the CP, a fact indicating pre-
existing complementarities of the a—3 contact surfaces. There-
fore, the a ring represents an early assembly intermediate
during core-particle maturation and serves as the nucleus for
the B-subunit precursor complexes, thereby leading finally to
the matured 20S complex. Surprisingly, it could be shown that
adding B-subunit precursors from Archaeoglobus fulgidus to o
subunits from Aeropyrum pernix generates a proteolytically
active chimeric 20S proteasome.® This cross-maturation of
chimeric CPs from phylogenetically distant archaea is evidence
for a common assembly pathway of proteasomes from these

232

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chembiochem.org

[57,62,63,68,98,99]

tion of the B precursors is to correctly position half 20S protea-
some complexes for the generation of the CP on the matura-
tion pathway. The crystal structure of the proteolytically inac-
tive A.fulgidus [ ThriGly CP mutant, which is unable to
mature, represents one of the last CP assembly intermediates
in archaeal proteasomes.®™ It shows loosely associated a,f,
half proteasomes, which are separated from each other by a
gap of 4.5 A, as compared to the wild-type structure of the
mature enzyme (Figure 7). The a,f3,8,0, assembly intermediate
confines almost completed active sites to the inner cavities of
the complex and the maturation is finished by the subsequent
autocatalytic processing step. Archaebacterial and eukaryotic
CPs are homologous in sequence and structure® and eukary-
otic 20S proteasomes are also assembled from half protea-
somes, named 16S precursor complexes.®” It appears likely

ChemBioChem 2005, 6, 222 - 256
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that the assembly pathway in eukaryotes, in particular the ini-
tial formation of the a ring, is similar to that in archaeal pro-
teasomes. In the late assembly intermediates of eukaryotes,
the various different propeptides from the  subunits and ad-
ditional chaperones are essential to generate the two-fold sym-
metry that results in the fully active matured CP.>25%¢8 For
example, in yeast, the propetide of subunit 5 has been
shown to be essential for cell viability but is functional when
expressed in trans (intermolecularly),®® whereas deletion of
the propetide of subunit 1 does not show any phenotype.””
In cases where the propeptide

of subunit B1 is replaced by
ubiquitin, which liberates the N- A)
terminal threonine immediately

after expression, the subunit re-

mains inactive. Structural analy-

sis of the mutant proteasome

showed no significant differen-

ces to the wild-type structure,

except for extra electron density

at the amino group of Thr1 of
subunit 1, which was interpret-

ed as an acetyl group and con-

firmed by mass spectroscopy.”®

In parallel, yeast mutagenesis \\
has shown that all proteolytically
active subunits maintain their
activity by deleting their respec-
tive propeptides when the Na-
acetyltransferase is inactivated.””
These observations support the
above-mentioned proteolytic
mechanism and assign the role
of proton acceptor to the amino
group of Thrl. The acetyl group
is not cleaved by autolysis (see below), probably for steric and
electronic reasons.

posed mechanism.®”*®

Autolytic mechanism in 20S proteasomes

All eukaryotic proteasomal B-type subunits have probably di-
verged from a single ancestor similar to the archaebacterial 3
subunit. The maturation of active eukaryotic and archaebacte-
rial 3 subunits is independent of the presence of other active
subunits and occurs by intrasubunit autolysis within the as-
sembled particle.””*®% The prosegments are removed by au-
tolysis between residues Gly1 and Thr1, a process requiring a
Gly-Thr site and catalytic residues. Designed mutants in eu-
karyotic CPs®7"7Z and naturally occurring inactive proteaso-
mal subunits altered at those sites are not processed. In eukar-
yotes, only three [-type subunits (31, f2 and (35) are active
and possess N-terminal threonine residues, whereas the re-
maining B-type subunits (3, 4, f6 and P7) remain inactive
and are found as precursors or intermediate processing prod-
ucts.">¥ For the autolysis reaction, the N-terminal amino
group is not available as a proton acceptor and is functionally
replaced by the catalytic water molecule (NUK). NUK is ideally

ChemBioChem 2005, 6, 222-256  www.chembiochem.org
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positioned to act as the general base and to promote the ab-
straction of the proton from the Thr1 hydroxy group, thereby
initiating nucleophilic attack on the carbonyl carbon atom of
the preceding peptide bond.®” The structures of the active
sites are therefore designed for both reactions, autolysis and
substrate proteolysis. As shown for the yeast 1 Thr1Ala CP
mutant, the conformation of the segment Leu—2 to Thr1 has a
bulge at Gly—1 with a short hydrogen bond (2.5 A) between
the Leu—20 and Thr1N atoms; this is classified as a three resi-
due vy turn (Figure 8). v Turns show no significant sequence

Figure 8. Autolysis of B subunits—a late occurring assembly process of CPs. A) 20 A sector around Alal of subunit 81
of the 31 Thr1Ala mutant from yeast. Residues are drawn in balls-and-stick representations (coloured in grey) except
the prosegment of subunit 1 (coloured in red), the mutated ThriAla residue (coloured in yellow) and the amino acids
responsible for autolysis and proteolysis (coloured in green). The experimental electron density of the Ser—3/Ser2 seg-
ment is shown in blue. B) Model of the chromosomally expressed subunit 31 (coloured in blue) with its propeptide
(coloured in red); Thr1 is labelled in black. The ribbon drawing of the 31 Thr1Ala mutant from yeast confirms the pro-

preference and the conservation of Gly—1 in proteasomes may
be to avoid steric interference of a side chain with the turn
segment at position 168. The Thr1 Oy atom is centrally posi-
tioned in the y turn and is in proximity to the carbonyl carbon
atoms of Leu—2 and Gly—1, such that further approach by a
Thr1 side-chain rotation and pyramidalisation of the carbonyl
carbon atoms follow the preferred trajectory of a nucleophilic
addition reaction.”® Addition leads to a hydroxazolidine inter-
mediate, which may decay to the ester when the C—N bond is
cleaved (see Figure 6B). The nucleophilic water molecule func-
tions as the base in the addition reaction and, after a slight re-
arrangement, as a proton donor to the amido nitrogen atom
when the C—N bond is cleaved and the ester is formed. It may
finally be incorporated into the product when the ester is hy-
drolysed while the active site generates. The conservation of
backbone geometry and the majority of the residues making
up the active site in inactive 3 subunits indicate that early in
evolution these subunits could have been proteolytically
active. Later, these subunits lost their activity by mutations.
Subunits 33, B4 and (36 lack at least the nucleophilic threonine
in position 1, and 37 has Arg33 and Phel129 instead of Lys33
and Ser129, respectively. However, reactivation of inactive f3-
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type subunits by multiple mutations has failed so far,"® where-
as inactivation of individual active subunits is possible but
causes severe phenotypes.>%)

Specificity of proteasomal subunits

The eukaryotic 20S proteasome has different protease activi-
ties. In vivo assays in eukaryotic cells have shown that the CP
is able to cleave after almost every amino acid.”*” However,
proteolytic activity against chromogenic substrates demon-
strates only five distinct cleavage preferences, named chymo-
tryptic-like (CL), tryptic-like (TL), peptidyl-glutamyl-peptide
hydrolysing (PGPH), branched-chain amino acid preferring
(BrAAP) and small neutral amino acid preferring (SNAAP) activi-
ty. Most of the subunits responsible for these cleavages could
be defined by structural and functional mutagenesis in the
yeast CP (Figure 9).49*%% Thus, the bottom of the P1 pocket,

PGPH
LCLIViILy

Figure 9. Surface representation of the yeast 20S proteasome crystallised in the
presence of calpain inhibitor I, clipped along the cylindrical pseudo-sevenfold
symmetry axis. The accessible surfaces is depicted in blue and the cut surface
in white. Inhibitor molecules are shown as space-filling models in green and
indicate the proteolytically different active sites. The various proteolytic active
centres are marked by a specific colour coding: orange = subunit 31, blue =
subunit 52 and yellow = subunit 5. Cleavage preferences, termed PGPH-, tryp-
tic- and chymotryptic-like activity, are zoomed and illustrated in surface repre-
sentation; the nucleophilic Thr1 is presented as a ball-and-stick model. Basic
residues are coloured in blue, acidic residues in red and hydrophobic residues
in white.*®

which appears largely to determine its character, is formed by
residue 45. Additionally, adjacent subunits in the § rings con-
tribute to the S1 pockets further back and modulate their char-
acter. Subunit $1 contains Arg45 in the specificity pocket that
preferentially interacts with glutamate P1 residues and is there-
fore associated with the PGPH activity of the CP, as also indi-
cated by mutational analysis.”®”” However, degradation experi-
ments of yeast enolase have identified that subunit $1 has,
beside its PGPH specificity, limited BrAAP activity.”® A possible
explanation for the dual cleavage specificity of this subunit is
provided by the crystal-structure analysis of the CP-Calpain-
inhibitor-I complex, which shows the hydrophobic norleucine
side chain of the inhibitor projecting towards the Arg45 resi-
due. The high-resolution structure of the complex displays
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additional electron density in the vicinity of Arg45 and was in-
terpreted as a bicarbonate anion, which compensates for the
unbalanced positive charge.®” Subunit 32 has glycine as resi-
due 45 and consequently a spacious S1 pocket confined at its
bottom by Glu53. This subunit is suited for very large P1 resi-
dues of basic character and has the trypsin-like activity. This
hypothesis was confirmed by mutational analysis.”®%% The
chymotrypsin-like activity can be attributed to subunit (35,
which is shaped in particular by Met45. However, mutational
analysis has shown that subunit 35 also has the tendency to
cleave after small neutral and branched side chains; therefore,
BrAAP and SNAAP activity can additionally be assigned to this
subunit. One explanation for the various activities of subunit
5 is the mobility of Met45, which allows the alteration of the
size of the ST pocket. Met45 in the CP-Lactacystin complex
adopts tight interactions with the isopropyl side chain of the
inhibitor. On the other hand, the crystal structure of the CP-
Calpain-inhibitor- complex represents the Met45 side chain
displaced by the bulky norleucine side chain of the inhibitor,
thus making the S1 pocket more spacious.””!

As mentioned before, in mammalian proteasomes, the con-
stitutive proteolytic subunits are replaced by immunosubunits
upon y-interferon induction; the quantity and distribution of
MHC class| molecules on the cell surface is thereby con-
trolled.”>® The substitution of these subunits leads to the
generation of oligopeptides that have an higher affinity to
bind to MHC class | molecules by their C-terminal anchor resi-
dues. Surprisingly, the constitutive and related immunosub-
units are almost identical in the amino acid sequences of their
substrate-binding pockets, except for 1i, which contains two
conspicuous differences in the S1 pocket, as compared to 1
(see Figure 5C). Modelling experiments with the coordinates of
the CP from yeast revealed that these two exchanges firstly
reduce the size of the S1 pocket (Thr21Phe) and secondly
change the charge character of the pocket from positively
charged to neutral (Arg45Leu). These specific substitutions can
explain why the immunoproteasome has a reduced activity for
cleavage after acidic amino acids, whereas the CL and BrAAP
activity is drastically enhanced.” Interestingly, knock-out mu-
tants of subunit 31i in mice have reduced MHC class | epitope
presentation,®' ¥ which might be due to the preference of
MHC class | molecules to interact with peptides having basic
or hydrophobic C-terminal anchor residues.®” However, the
substitutions of 32 and B5 with B2i and B5i do not indicate
substantial modifications in the arrangement and specificities
of the S1 pocket. Nevertheless, in vivo experiments in mice
mutants lacking these immunosubunits show a severe defect
in MHC class | presentation.” The available crystal structures
of 20S proteasomes from yeast and bovine liver do not give an
explanation for these observations.*”*” However, it is likely
that the conserved replacement of 32 and (5 includes restric-
tions in the flexibility and size of the specificity pocket, which
will certainly alter the cleavage preference of substrates. As al-
ready mentioned, the size of the S1 pocket in subunit 5
varies in response to substrate binding. More structural and
functional experiments are necessary to understand the func-
tional consequences of the subunit exchange in mammalian
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CPs. The different cleavage specificities of subunits may reflect
physical constraints on the peptide substrate due to the slight-
ly altered local structure around each active site, rather than a
strict selectivity for the P1 residues of the substrate. In line
with this idea, it has been shown that CPs can cleave protein
substrates at every peptide bond, a fact showing that sub-
strate residues other than P1 can influence degradation and
neighbouring subunits can interfere with the function of the
catalytic subunits.

Generation of oligopeptides

The length of the cleavage products made by proteasomes
varies from 3-25 amino acids and has an average length distri-
bution of 7-8 amino acids. The mechanism by which peptide-
product length is controlled was unclear until recently. The
crystal structure of the 20S proteasome from T. acidophilum
suggested the presence of a molecular ruler given by the de-
fined distances of Thr1 residues between adjacent [ subunits.
In these CPs the intervals between active-site residues are
always about 30 A; this allows binding of peptides of 8-
12 amino acids in an extended conformation.*® However eu-
karyotic CPs contain a reduced number of proteolytic active
sites, and it is also possible to inactivate four of the six active
B-type subunits, B1 and B2, by mutagenesis.”” The distance
between the remaining active §5 and B5' threonines in this
mutant CP is about 49 A®® which would suggest products
with an average length distribution of 15-18 amino acids if ad-
jacent active-site distances were indeed defining the product
size. Interestingly, the mutant proteasome degrades yeast eno-
lase, which serves as a suitable substrate for 20S proteasomes
because of its thermolability, to oligopeptides having an aver-
age length distribution of 8-15amino acids, with an ability
similar to that of the wild-type CP"® As expected, the frag-
ments produced by the double mutant reveal a processive
degradation mechanism, but they show differences in the
cleavage pattern compared to wild-type proteasomes as the
mutant is only able to cleave after hydrophobic residues. Sur-
prisingly, the analysis of cleavage products at different times
from wild-type and mutant CPs showed similar turnover rates,
a result implying that the number of proteolytic active sites in
proteasomes is not a limiting factor. The crystal structure of
the yeast 20S proteasome had suggested the presence of fur-
ther “non-Thr1” proteolytic active centres in the inner cavity of
the CP, which were hypothesised to be important for the prod-
uct length determination.”” The hypothesis was based on the
observation that the crystal structure of the yeast CP showed
defined electron density of the partially processed intermedi-
ates of the inactive subunits 6 and 37, whose prosegments
are anchored at the inner annulus of the central - chamber.
Additionally, crystallographic analysis of various yeast CP mu-
tants, in which proteolytically active threonine residues were
inactivated by site-directed mutagenesis, still showed the char-
acteristic length distribution of the partially processed propep-
tides observed in the wild-type crystal structure. However, N-
terminal sequencing of the inactive 6 and 7 subunits in 2-
inactivated proteasome mutants resulted in longer proseg-
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ments than those of wild-type CP and they were structurally
disordered.®® These observations excluded the presence of ad-
ditional non-Thr1 endopeptdidase cleavage sites in 20S protea-
somes and indicate that partially processed propeptides rear-
range to their final locations after they have been hydrolysed
and CP maturation is completed. The experiments show that
the substrate docks in specific channels, which exhibit binding
sites for peptides 7-9 amino acids long (Figure 10). The maxi-
mum likelihood of substrate cleavage depends on the mean
residence time at the proteolytic sites, so the related product-
cleavage pattern is directly related to the affinity of the sub-
strates for the individual binding clefts. Consistently, the active
subunits differ in eukaryotic CPs only in their binding pockets,
thereby yielding different cleavage specificities. Nevertheless, it
must be emphasised that the CP complex does not represent

A)
afp-ring of the yeast 208 proteasome:

2 ; . i

B)
pE-segment of the yeast 208 proteasome:

Figure 10. Model of the eukaryotic CP at atomic resolution (coloured in grey)
with the different docking sites for substrates to the various proteolytically
active subunits 1, 52 and 5 (highlighted in red, blue and green, respectively).
The model was prepared by using coordinates from the 1 Thr1Ala/B2 Thr1Ala
double mutant from the yeast CP by replacing the coordinates of subunit 35
with coordinates from subunit 35 of the 5 Lys33Ala yeast CP mutant. The var-
ious prosegments have a defined length of 7-10 amino acids, whereas the re-
maining residues of the precursors are flexible and do not reveal clear electron
densities. As shown in Figure 6 B, the prosegments adopt a similar orientation
(except Gly—1) to that found in the crystal structures of the yeast CP with
various inhibitors. Therefore, the organisation of the precursors in the model
mimics substrate docking. The arrangement of the propeptides is specific for
each of the proteolytically active sites due to the unique topology of the CP
and due to the specific structural constraints and cleavage preferences of the
related active centres. A) a,3, Half CP from yeast, which illustrates the possible
pathway of substrates entering the CP through the regulatory gate performed
by the a ring. B) Segment of the -3 rings, which possesses the organisation of
the proteolytic active centres and docking sites in the central chamber.?*”"
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a simple collection of various proteolytic specificities but that
the whole structure of the proteolytic chamber imposes the
characteristic appearance for product generation. However, a
comparison of the crystal structures of the CP mutants with
the wild-type structure shows no significant changes of sub-
unit positions or backbone structure, and the activity assay
against chromophoric substrates is not altered by the presence
or absence of intact sites of other subunits. Also the covalent
binding of subunit specific inhibitors has no influence on the
remaining active sites and does not show noticeable structural
changes.**8%7 All these observations argue against the exis-
tence of allosteric interactions between the active sites for
product formation. The produced peptide fragments are gen-
erally further degraded to amino acids by endopeptidases or
aminopeptidases,® which can then be reused for protein syn-
thesis. Interestingly, some of the finally obtained peptides are
stable against further hydrolysis. They are specially designed to
be incorporated into MHC class | molecules and presented on
the outer membrane to the extracellular space.”

Substrate access into eukaryotic 20S proteasomes by
regulatory gating

The structural organisation of the proteasome segregates its
proteolytic active sites from the cellular components by se-
questering them within a central chamber formed by active f3-
type subunits.®>°" This feature was first observed in the crystal
structure of the Thermoplasma proteasome.® The architecture
of this CP shows a transverse channel through the whole mol-
ecule. The a rings contain central entry ports with 13 A diam-
eters, which are constrained by turn-forming segments of
Tyr126-Gly-Gly-Val in each individual a subunit, a fact sug-
gesting that the rate-limiting factor for product generation is
not substrate hydrolysis at the proteolytic active subunits but
accessibility into the lumen of the CP (see previous section).
The openings in the prokaryotic CP are slightly larger than the
diameter of an a helix and are therefore not sufficiently wide
enough to allow translocation of folded substrates. These con-
strictions are essential for cell viability as they represent an im-
portant check point for regulated and progressive degradation
of substrates. Therefore, the compartmentalised geometry of
CPs prevents unwanted degradation of endogenous proteins
and favours the processive degradation of substrates by re-
stricting the dissociation of partially digested polypeptides. By
contrast, the hydrolytic chambers of eukaryotic CPs are quite
inaccessible.* The N termini of the a subunits project into the
ports seen in the prokaryotic CPs“*®¥ and fill them up com-
pletely in several layers with tightly interdigitating side chains
forming a central plug (Figure 11 A). Thus, substrate access into
the interior chamber of eukaryotic CPs requires substantial re-
arrangements of the N-terminal residues of the a subunits. In-
triguingly, the N-terminal residues 1-12 are disordered in the
crystal structures of the CPs from T. acidophilum and A. fulgidus,
which indicated for the first time a regular gating mechanism
in at least the eukaryotic 20S proteasome.”” Additionally, there
are some narrow side windows, particularly at the interface of
a and B rings. These openings are mainly in between the

236

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chembiochem.org

M. Groll et al.

teeth-like helix H1-turn-helix H2 motifs of the a-f3 interface
and point towards the active-site threonine residues. They are
coated with polar and charged residue side chains, which may
move to make openings of about 10 A diameter and may
allow passage of unfolded, extended peptide chains, possibly
acting as exit channels for the generated fragments.*” Unlike
speculations about product release, substrate accessibility in
eukaryotic CPs is clearly defined by the a rings. For example,
the 19S regulatory particle, which confers ATP- and ubiquitin-
dependence on proteolysis by the 20S proteasome, is attached
proximally to the a rings.®? This association results in a strong
activation of peptide-bond hydrolysis.”® Similarly, the protea-
some activator PA28 (11S) is bound to the a subunits and ac-
celerates peptide digestion®® as well as the improvement of
antigen processing.””! Mutational and crystallographic analysis
of the yeast 20S proteasome®®® ¥ as well as the crystal struc-
ture of the 11S regulator from Trypanosome brucei in complex
with the yeast CP® led to the elucidation of the principle and
mechanism of the formation of a gated channel into eukaryot-
ic proteasome core particles. In the yeast proteasome mutant,
the nine-residue tail (GSRRYDSRT) from the N terminus of sub-
unit a3 was chromosomally deleted. This segment was chosen
for deletion because it is situated on top of the molecule, ex-
tends across the pore of the CP and contacts all other N termi-
ni that are involved in the organisation of the plug.***® The
tail of subunit a3 itself is defined on the basis of the sequence
alignment of archaeal and eukaryotic a-type subunits to the
single Thermoplasma o subunit and corresponds to the se-
quence Met1-Thr13, which is disordered in the crystal struc-
ture of the CP from T. acidophilum.*® The distortion of the N-
terminal tails has also been observed in the crystal structure of
the CP from A. fulgidus and accounts for the observation of a
channel in prokaryotic proteasomes, whereas the irregular but
well-defined structure appears to seal the chamber in the eu-
karyotic complex. The importance of the tails in the functions
of the CP is indicated by the remarkable evolutionary conser-
vation of these sequences across eukaryotes. Although each
tail is conserved evolutionarily, the tail sequences are divergent
from one a subunit to another. This divergence is correlated
with dramatic structural heterogeneity among the tails. In con-
trast, sequences upstream of Thr13 are strongly conserved
from one subunit to another and assume pseudo-sevenfold
symmetry of the particle. As expected, deletion of the first
nine amino acids of subunit a3 (hereafter termed the a3 AN
mutant) causes a major structural perturbation.”® Surprisingly,
the a3 AN mutant does not show any obvious phenotype, al-
though the crystal structure of this mutant has an axial chan-
nel through the molecule whose dimensions are comparable
to those of the T.acidophilum channels®® (Figure 11B). The
loss of electron density results from both the elimination of
the N-terminal residues from subunit a3 and the disorder in
the tails of the other subunits. Importantly, a3 is unperturbed
within the mutant particle, a fact indicating that the deletion
does not cause an assembly defect. The CP of the a3 AN
mutant shows a strongly enhanced peptidase activity with
three different fluorogenic peptide substrates, each specific to
a different active site. Thus, the enhanced basal activity of the
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Figure 11. Substrate access into and product release out of eukaryotic and prokaryotic CPs—similarities and differences. A) and B) Deletion of the a3 N-terminal
segment in eukaryotic 20S proteasomes opens a central channel into the CP. Ribbon drawings of the wild-type (A) and the a3 AN mutant (B) 20S proteasomes and
their related a rings. Subunits follow a specific colour coding (top view of the ribbon representation of the CPs). In the « ring, only the N-terminal tails (residues

up to position 13) are drawn in their specific colour coding, whereas the remaining part of the molecule is coloured in grey. The helices HO, which posses specific
docking sites for the various regulators, are highlighted in red. Each figure shows the electron-density maps of the a rings of the related yeast CPs (wild-type and
mutant a3 AN). The maps are contoured at 10, with 2F,—F coefficients after twofold averaging. The N-terminal segments are coloured as shown for the a ring.
The regulatory gate in the yeast CP is built by a specific structural arrangement, termed the YDR motif, which is conserved among all eukaryotes and prokaryotes.
C) Ribbon drawing of the CP from A. fulgidus (top view), with a subunits coloured in blue and [ subunits coloured in green. The crystal structure of prokaryotic
CPs show a transversal channel through the whole molecule. However, in the crystal structure of archaeal CPs, the first N-terminal residues, which include the YDR
motif, are structurally disordered. In comparison, the crystal structure of the free « ring from A. fulgidus shows defined electron densities of the N-terminal seg-
ments which protrude outside of the body of the molecule. Mutational studies of the YDR motif in prokaryotes confirmed these structural observations and argue
against the regulatory YDR gating mechanism that has been found in eukaryotic CPs. D) Stereodrawings of the open and closed channels from A. fulgidus and
yeast. The N-terminal tails are rendered as in (A) and (C). The characteristic structural arrangement of the YDR motif is highlighted in bold sticks. Specific interac-
tions within the YDR motif are shown by black dots. In eukaryotes, residues of the YDR element in the a3 and a4 subunits maintain the regulatory gate. In contrast,
residues of the YDR motif in prokaryotic CPs interact specifically with the YDR motif of the adjacent a subunits and mainly contribute to the open axial channel.

mutant cannot be due to allosteric activation of any individual
active site. General allosteric activation can be excluded as
well, because the detailed structures of the proteolytically
active B-type subunits are indistinguishable in the mutant and
wild-type particles. Eukaryotic 20S proteasomes can also be
stimulated by mild chemical treatments, such as exposure to
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low levels of sodium dodecylsulfate (SDS).'™ Interestingly,
SDS-mediated activation was not observed with the mutant
complex; this suggests that SDS activation of wild-type CP is
mediated by channel opening. These data indicate that the
closed state of the channel seen in the crystal structure is also
the predominate state in solution. Therefore, eukaryotic 20S
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proteasomes exist in a self-inhibited state, in which the entry
into the lumen of the particle is rate limiting for hydrolysis.
The in vivo activity of the a3 AN 26S proteasome in degrada-
tion of ubiquitin-protein conjugates was found to be compa-
rable to that of the wild-type by using 3-galactosidase deriva-
tives.”® % Additionally, the a3 AN deletion mutant had no sig-
nificant effect on the stability or abundance of the 26S protea-
some holoenzyme. Thus, formation of the wild-type 26S pro-
teasome activates peptide hydrolysis within the CP to an
extent comparable to that of SDS, a fact suggesting that in
wild-type holoenzymes the repressive effect of the a3 tail is re-
lieved. Remarkably, the addition of the synthetic peptide with
the sequence of the a3 tail to the a3 AN mutant restores wild-
type behaviour, whereas control peptides did not significantly
inhibit the mutant.®® Equally, the synthetic a3 peptide failed
to inhibit the basal activity of the wild-type 20S proteasome.
The a3-tail peptide inhibits all three proteolytic active centres
of the a3 AN mutant, which is consistent with its blocking
peptide entry into the proteolytic chamber. The region of the
sequence that is responsible for the closed channel state was
analysed by an alanine scan with the a3-tail peptide. Asp9 of
subunit a3 could be identified as being essential in the stabili-
sation of the closed state of the channel. The observation is
surprising, because the only sequence conserved from one o
tail to another is Tyr8-Asp9-Arg10 (hereafter termed the YDR
motif); this indicates a key structural role for this motif in the
regulatory gating process. Conservation of Tyr8 is absolute,
whereas Asp9 is present in six of the seven a tails and Arg10 is
less well conserved. The structural data of the wild-type CP
demonstrate that the 0% atom of Asp9 on subunit a3 is in
contact with Tyr8 and Arg10 of the neighbouring subunit a4.
However, the 0% atom of Asp9 interacts only with the nitro-
gen atoms of the backbone of the a3 N-terminal amino acids
Ser10 and Arg11, thus maintaining the inhibitory effect of the
synthetic a3-tail peptide on the a3 AN mutant by alanine
modifications within these positions (Figure 11D). The direct
contacts formed between these residues in adjacent subunits
may explain their correlated evolutionary conservation among
all eukaryotes. The requirement for Asp9 is specific, because
neither of the two most conservative substitutions for these
residues, Asn and Glu, resulted in complete inhibition of pepti-
dase activity, although Glu showed a partial inhibitory effect.
The functional significance of Asp9 was further tested in yeast
by introducing an Asp9Ala mutation in the chromosome.® In
vitro peptidase assays on the Asp9Ala mutant CPs resulted in a
derepression of the peptidase activity as strong as that of the
a3 AN mutant. The close similarities between the Asp9Ala and
a3 AN mutant 20S proteasomes suggest that the properties of
the a3 mutants reflect the general properties of CPs in an
open-channel stage. Thus, the channel may be driven into the
open stage in various ways, and the detailed structure of the
open conformation is apparently not critical for function. It is
likely that the channel of the CP does not function as a selec-
tivity filter and substrates may be committed to translocation
within the regulatory particle prior to their entrance into the
CP. So far, structural and mutational experiments indicate a
dominant role of Asp9 of subunit a3 in the regulatory gating

238

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chembiochem.org

M. Groll et al.

process; however, it is likely that the replacement of Tyr8 with
Phe in subunit a4 has a similar effect.

Regulation of substrate accessibility into 20S proteasomes
by the 19S regulatory particle

Activation of 20S proteasomes and other ATP-dependant pro-
tein complexes has often been attributed to allosteric regula-
tion of their proteolytic active sites. However, the structural
studies discussed provide no evidence for such a mechanism.
Indeed, the regulatory particle (RP) functions as a gate opener
in addition to its important roles in substrate recognition, un-
folding and translocation.”"'°? Most probably, the six homolo-
gous ATPase subunits of the RP form a ring in which each sub-
unit contacts the CP.'® Thus, these molecules are well situated
to influence the gating of the CP. Interestingly, substitutions in
the ATP-binding motif of subunit Rpt2 of the RP lead to a
severe reduction in peptide hydrolysis by the holoenzyme.'*
Lys229 is invariant in the nucleotide-binding pockets (Walker A
motif) of AAA ATPases, where it interacts directly with the
phosphate groups of ATP210%1%! The conservative Lys229Arg
mutation in Rpt2 is lethal, but the additional exchange of
Ser241 to Phe makes the mutant viable, albeit associated with
a severe peptide hydrolysis defect (hereafter termed the
Rpt2RF mutant).®” Substitutions equivalent to Lys229Arg in
the other Rpt proteins are not lethal and do not significantly
reduce peptide hydrolysis."® This indicates that the ATPase
domain of subunit Rpt2 plays a major role in regulating the
peptidase activity of CPs. Three models for the Rpt2 effect on
peptide hydrolysis can be now considered. In model |, the mu-
tation of the Rpt2 subunit influences the conformational func-
tionality of the proteolytic active sites of the CP. However, as
discussed before, allosteric regulation of these active sites has
been shown to be unlikely by mutagenic and structural analy-
sis. In model ll, the mutation in subunit Rpt2 closes a hypo-
thetical channel within the centre of the RP base, which blocks
substrate access to the CP channel. As for model |, this hypoth-
esis is unlikely to be true, as in mutant yeast strains containing
the Rpt2RF regulatory particle and the a3 AN CP, the 26S pro-
teasomes still mature and show similar peptide hydrolysis to
that observed in wild-type cells. In model Ill, substrate access is
controlled by the CP channel, which is closed in the Rpt2RF
holoenzyme. With a constitutively open a3 AN CP, peptidase
activity should be restored, as is observed.

Regulation of the molecular gate of eukaryotic 20S
proteasomes by PA28

Peptide hydrolysis by the eukaryotic CP is also dramatically
stimulated upon association with the 11S regulatory complex
(also known as REG or PA28).%*%1% The main function of 115
complex is to enhance the production of antigenic peptides
for presentation by MHC class | molecules."®'* The subunits
of the 11S regulator share extensive sequence similarity, apart
from a highly variable internal segment of 17-34 residues
which may confer subunit-specific properties."® PA28a and
PA28B preferentially form a heteromeric complex,"""¥ al-
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though purified PAo. forms a heptamer in solution® and has
biochemical properties similar to the heteromeric PA28a/
PA28f complex."™ The crystal structure of human recombi-
nant PA28a shows the molecule in its architecture as a hepta-
meric barrel-shaped assembly, which contains a central chan-
nel with an opening of 20 A diameter at one end and of 30 A
diameter at the presumed proteasome-binding surface.'” The
topology of PA28a is predominantly helical, with four long a
helices, each containing 33-45 residues. The last ten C-terminal
amino acids of PA28a have been identified as a binding/activa-
tion sequence for the proteasome CP*"" PA28 itself contains
a central chamber with narrow constrictions at its poles. There-
fore, substrate allocation is restricted, a fact implying that a
check-point function for the specific selection of only unfolded
substrates is performed by PA28. So far, crystallisation of a CP-
11S complex from the same species has been unsuccessful.
However, a chimeric 11S-CP-11S complex from yeast CP and
Tryponosoma 11S/PA26 could be elucidated by crystallogra-
phy.®? The crystal structure of the complex explained the abili-
ty of 11S regulators to activate eukaryotic CPs from widely di-
vergent species. It showed a symmetrical complex with regula-
tor molecules bound at each end of the 20S barrel. The bind-
ing of the 11S regulator triggers the rearrangement of the a
plug. Unlike the uncomplexed CP, all seven a-subunit N-termi-
nal tails extend away from the CP and project into the pore of
the regulator. The structural rearrangement of the a-subunit
N-terminal tails is basically achieved by two features. First, the
11S activation loops impose a more stringent sevenfold sym-
metry on the CP, thereby straightening out the asymmetrically
orientated a tails and pushing them away from the entrance
gates. Second, the high-affinity binding between CP and 11S is
accomplished by the C-terminal sequences of the regulator,
which insert into pockets formed by the a subunits of the 20S
proteasome. The fundamental contact is observed between
the C-terminal main-chain carboxylate group of the 11S regula-
tor and the N-terminal end of the helix HO of the various a
subunits. The strength of this interaction is amplified by the
heptameric assembly of the CP-11S complex. Although up to
now there have been no structural data available from 26S
proteasome holoenzymes, it is unlikely that there is consensus
in the activation mechanism of the CP by RP and 11S particle.
Different modes of activation of the CP by these two regula-
tors are indicated by the lack of sequence homology and oli-
gomeric structure. The 11S regulator exhibits sevenfold sym-
metry, whereas the contact region of the RP contains six relat-
ed ATPases.""® The finding that an ATPase domain,® which is
absent in the 11S regulators, can control CP gating is an addi-
tional important distinction between the regulation of CP
gating by RP and 11S complexes.

Substrate access in prokaryotic proteasomes

In comparison to the eukaryotic CPs, the simpler prokaryotic
CPs do not establish a multifunctional 26S proteasome and
their genomes lack major parts of the RP. Remarkably, all se-
quenced archaebacterial CPs to date contain the characteristic
YDR motif in their a subunits. This observation suggests that
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the regulatory gating mechanism in CPs is of universal impor-
tance among all species. However, the crystal structures of
T. acidophilum™ and A. fulgidus®® show no defined electron
densities at the N termini of their a subunits. Thus, prokaryotic
CPs have a central channel through the whole molecule (Fig-
ure 11 C). The strictly conserved YDR sequence among archaea,
which forms the essential motif of the regulatory gate in eu-
karyotes, is part of the disordered segment. As confirmed by
N-terminal Edman degradation, the primary sequences of the
Thermoplasma and Archaeoglobus o. subunits in the matured
CPs did not show any degradation or posttranslational modifi-
cations in their termini. In contrast to prokaryotic CPs, the
yeast 20S proteasome has ordered N-terminal tails of the a
subunits which occupy unique positions not following any
symmetry. Furthermore mutagenesis and structural analysis re-
vealed that residue Asp9 of subunit a3 is the key element in
the rigid construct of the central channel plug.®® The lack of
defined electron density in the crystal structures of the pro-
karyotic CPs is due to disorder within the subunits or to heter-
ogeneity between the subunits. The resulting open channel is
apparent, but it could in reality be filled with unstructured
matter, which would abolish easy passage of the substrates.
However, the yeast a3 Asp9Ala mutant has a 20-times en-
hanced proteolytic activity against chromgonic substrates
compared to the wild-type CP and is also characterised by a
disordered plug region. The A. fulgidus o Asp9Ala point
mutant has no effect on the activity of chromogenic sub-
strates,®® a fact indicating that a stable plug is not formed in
archaeal proteasomes; this contrasts with the role of the YDR
motif of the eukaryotic CPs. The crystal structure of the free a
ring from A. fulgidus allowed the N-terminal segments, includ-
ing the YDR motif, to be traced and localised (Figure 11 C). Sur-
prisingly, the N-terminal tails project outwards from the body
of the molecule and adopt the secondary structure of 3,, heli-
ces.”¥ Therefore, the channel of the o ring is formed by the
loop Tyr126-Gly-Gly of the individual a subunits, with a pas-
sage of 13 A in diameter left at the centre. Interestingly, in the
YDR motif, only Tyr8 makes hydrogen bonds to Asp9 of the
adjacent a subunits, whereas Arg10 points towards the chan-
nel, thereby generating a strongly positive potential (Fig-
ure 11 D). It is unclear whether the differences in this area be-
tween the free a rings and the a rings in CP are due to an al-
losteric effect that the [ subunit exerts on the a subunit, but
the conservation of other sections, in particular of the a—f3
contacts, argues against this. A more trivial reason may lie in
the different buffer conditions used for crystallisation.

In comparison to archaeabacterial CPs, the more complex
eukaryotic 20S proteasomes have the ability to establish a mul-
tifunctional 26S holoenzyme with the 19S regulatory particle.
Binding of the RP to the CP activates the free CP from its re-
pressed state, probably by opening the axial channel in a simi-
lar way to that seen and described in the a3 AN mutant. The
central plug is constructed by the heterogeneous set of N-ter-
minal tails and has the central YDR motif, which is strictly con-
served. In the crystal structure of the wild-type CP from yeast,
the carboxylate group of a3 Asp9 is seen to contact both
Arg10 and Tyr8 of the neighbouring a4 subunit. It is notewor-
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thy that a similar local interaction occurs in the a ring of A. ful-
gidus, in which Asp9 makes a strong hydrogen bond to Tyr8 of
the adjacent a subunit, but the global structure of the N-termi-
nal tail in the a ring of Archaeoglobus is entirely different from
that of the plug-forming a-subunit tails in the eukaryotic 20S
proteasome. Strict sequence conservation across eukaryotic
species of the a-subunit N-terminal segments emphasises the
importance of this structural element in eukaryotic protea-
somes and suggests that the regulatory gate is an early inven-
tion in the evolution of eukaryotes. It is remarkable that the
YDR motif appears to be present in all organisms but is differ-
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active subunits as a hemiacetal (Figure 12A). The compound
therby adopts a § conformation and fills a gap between the
strands, including residues 20, 21 and 47, respectively, to
which it is hydrogen-bonded, generating an antiparallel f3-
sheet structure. The norleucine side chain projects into the S1
pocket, whereas the leucine side chain at P2 is not in contact
with the protein. The leucine side chain at P3 closely interacts
with amino acids of the adjacent [3-type subunit. Thus, the spe-
cificity pockets of both S1 and S3 play a prominent role in in-
hibitor binding.***? However, in vitro and in vivo analyses
have demonstrated that the inhibitor inactivates primarily the

ent in tertiary structure and
function between eukaryotes
and prokaryotes.

Covalent inhibition of the 20S
proteasome

The proteasome is particularly
important for the regulated deg-
radation of many critical proteins
which control a vast array of bio-
logical pathways, including pro-
liferation, differentiation and in-
flammation. Therefore, protea-
some inhibitors are promising
candidates as antitumor or anti-
inflammatory drugs. After the
discovery of the 20S protea-
some, its mode of action was
first analysed with nonspecific
protease inhibitors. Recently,
several molecules, with greater
specificity against the CP, have
become available to study sever-
al functions of the proteasome.
These inhibitors have greatly fa-
cilitated the investigation of the
proteasome in biological proc-
esses in vivo as well as in vitro.
One of the first found protea-
some inhibitors was N-acetyl-
Leu-Leu-norleucinal (Ac-LLnL-al;
also called Calpain inhibitor I),
which has been widely used to
study proteasome functions in
vivo, despite its lack of specifici-
ty.""” This inhibitor binds reversi-
bly to proteasomes and in the
case of the eukaryotic CP abol-
ishes the chymotrypsin-like and,
to a lesser extent, the trypsin-
like and postacidic activities. The
crystal structure of the protea-
some in complex with Ac-LLnL-al
shows the inhibitor covalently
bound to the Thr1 Oy atom of all
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Figure 12. Stereorepresentation of the yeast 20S proteasome subunits (coloured in white and grey) in complex with
the synthetic inhibitors (coloured in yellow), Calpain inhibitor | (A), Mal-fAla-Val-Arg-al (B) and Ac-Pro-Arg-Leu-Asn-vs
(C). Covalent linkages of the inhibitory compounds with the proteasomal subunits are drawn in pink. Electron-density
maps (coloured in green) are contoured from 16 in similar orientations around Thr1 (coloured in black) with 2F,—F
coefficients after twofold averaging. Apart from the bound inhibitor molecules, structural changes were only noted in
the specificity pockets. Temperature-factor refinement indicates full occupancies of all inhibitor-binding sites. The in-
hibitors have been omitted for phasing. A) Calpain inhibitor | covalently bound to subunit 5. In contrast to the crystal
structure of the CP-lactacystin complex (see Figure 13 A), Met45 of subunit 85 is rearranged by 3 A to avoid a clash
with the Nle side chain of the inhibitor, thereby making the S1 pocket more spacious.*” B) Mal-BAla-Val-Arg-al, a se-
lective bivalent inhibitor, covalently bound to subunit 52. Residue Glu53 of subunit 52 (coloured in orange) is particu-
larly responsible for the tryptic-like cleavage preference of this subunit. The electron density reveals the presence of an
additional covalent bond between the functional maleinimide side chain of the inhibitor and Cys118 of subunit (33,
thereby proving the bivalent binding mode of this compound."® C) Ac-Pro-Arg-Leu-Asn-vs, a specific vinyl sulfone in-
hibitor, covalently bound to subunit 32. Favourable hydrogen bonds between Asp28 of subunit 32, Cys118 and Asp120
of subunit 33 within the walls of the S3 pocket are coloured in orange. These residues are particularly responsible for
the subunit specificity. Subunits f1 and 85 do not form stable complexes with this inhibitor, due differences in their S3
pockets.”!
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Figure 13. Stereoview of yeast 20S proteasome subunits (white and grey) in complex with the natural inhibitors
(yellow), lactacystin (A), epoxomicin (B) and TMC-95A (C). The layout of this figure is similar to that of Figure 12.

A) Lactacystin covalently bound to subunit 35. The S1 pockets of subunit 31 and (32 differ from that of subunit 35
and do not interact with lactacystin. Met45 of subunit 35 (coloured in orange) specifically interacts with the branched
side chain of lactacystin. In contrast to the crystal structure of the CP—calpain inhibitor | complex (see Figure 12A),
Met45 minimises the size of the S1 pocket, thereby allowing optimal protein-ligand interactions, which account for
the selectivity of this compound.”””’ B) Epoxomicin, a natural Streptomyces metabolite, covalently bound to subunit
p5. The electron density reveals the presence of a unique six--membered ring system. This morpholino derivative results
from adduct formation between epoxomicin and the proteasomal N-terminal Thr1 Oy and N atoms (both bonds are
coloured pink). Met45 of subunit 35 is arranged similarly to that described in Figure 12 A, thus making the S1 pocket
more spacious for the Leu side chain of the inhibitor.™ C) TMC-95A noncovalently bound to subunit 2. The natural
specific 20S proteasome inhibitor from Apiospora montagnei binds near the proteolytic active site and occupies the
specificity pockets of the CP. TMC-95A adopts an extended conformation without modifying the nucleophilic Thr1 and
is found in all proteolytically active sites. Optimal binding to the 20S proteasome is due to the strained conformation
of TMC-95A, caused by the presence of the cross-link between the tyrosine and the oxoindol side chain. The IC,, values
for stereoisomers in position C7 of the TMC-95s (indicated by a black arrow) vary by two orders of magnitude. This ob-
servation is explained by the fact that, for effective binding, the hydroxy group must be in its S-isomeric state in order
to avoid a steric clash with the carbonyl oxygen atom of residue 21 (orange).®

labelling of subunit B5.""7" The
natural compound effectively
and irreversibly inhibits the chy-
motrypsin-like activity of the 20S
proteasome. It also blocks the
trypsin-like and the postacidic
activities with lower potency. In
aqueous solutions at pH 8, lacta-
cystin is spontaneously hydro-
lysed into clasto-lactacystin -
lactone which represents the re-
active compound inhibiting the
CPI' The crystal structure of
the complex between lactacystin
and the yeast proteasome shows
the molecule covalently bound
only to subunit f5,"” which is in
accord with the observed chemi-
cal modification of subunit 35/
p5i of the mammalian protea-
some."” Bound lactacystin dis-
plays a host of hydrogen bonds
with protein main-chain atoms
(Figure 13 A). The irreversible in-
hibition by lactacystin of the
active site of the proteasome is
due to the formation of an ester
bond with the N-terminal threo-
nine. Specificity for subunit p5 is
explained by its apolar S1
pocket. A major function of the
specificity pockets in CPs is to
prolong the mean residence
time of substrates at the proteo-
lytic active sites by characteristic
substrate—protein  interactions.
This is essential for the proteo-
lytic step in order to allow com-
pletion of the reaction. The func-
tional head group plays a signifi-
cant role for inhibitor binding
and may override other contri-
butions. As mentioned, the Cal-
pain inhibitor | binds, despite its
hydrophobic side chains, to all
proteolytic active sites through
its aldehyde group, which is
much more reactive than a lac-

chymotrypsin-like active site of the yeast 20S proteasome, al-  tone ring. Lactacystin, containing a less reactive head group,
though in the crystal structure the compound was found to  needs a longer time to react with the Thr1 Oy atom and there-
bind to all proteolytic active centres when used at high con-  fore requires strong interactions at S1. The dimethyl side chain

centrations.®4

of the inhibitor mimics a valine or a leucine residue and there-

The first identified natural inhibitor against proteasome ac-  fore only Met45 of subunit 35 is able to contribute effectively
tivity is lactacystin. This compound is made by Streptomyces sp.  with its hydrophobic S1 pocket and to interact closely.
and was discovered by its ability to induce neurite outgrowth Previously discussed data gave impetus to the first struc-

in a murine neuroblastoma cell line."®

! The incubation of cells  ture-based design for inhibitor development of single proteo-

in the presence of radioactive lactacystin resulted mainly in the  lytic active sites in eukaryotic CPs."?" As 20S proteasomes are
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able to cleave substrates after almost each amino acid and all
proteolytic active sites within the molecule follow a universal
catalytic mechanism, peptide-based inhibitors cause some
problems. However due to the knowledge of the crystal struc-
ture of the yeast 20S proteasome, it was possible to design
and synthesise a specific bifunctional inhibitor against subunit
B2, termed maleoyl-fAla-Val-Arginineal (Mal-fAVR-al). In the
yeast CP, subunit $3 contains in position 118 a cysteine residue,
which contributes mainly to the S3 specificity pocket of the
proteolytic 32 active site. Thus, synthesis of a bivalent inhibitor,
containing a malenimide group in the P3 site for covalent
binding with the S3 thiol group and a C-terminal aldehyde
group for hemiacetal formation with the Thr1 Oy atom was en-
visaged. Structure-based modelling was required to obtain the
characteristic distance of the malenimide side chain to the P1-
P2 dipeptide aldehyde, and inclusion of the specificity of the
S1 pocket allowed the activity of the inhibitor to be limited
only to subunit 2. The crystal-structure determination of
bound Mal-fAVR-al to the yeast CP reveals the inhibitor only
bound to subunit 2 by hemiacetal formation and additionally
confirms the presence of the covalent bond between the mal-
enimide and the Cys118 residue of subunit B3"*" (see Fig-
ure 12B). Remarkably, Mal-BAVR-al shows an 1Cs, value of
0.5 um for subunit $2, much lower than the IC;, value of
200 pm with Calpain inhibitor |, and represented a new type of
inhibitor that is highly selective for the trypsin-like activity.
Given that Cys118 is conserved among the known primary
structures of eukaryotic CPs, the new inhibitor represents a
promising tool for studying the mechanisms of substrate deg-
radation of the protease complexes. However, the reactivity of
the malenimide group towards thiols limits the use of the
inhibitor only to in vitro assays.

A further approach to develop subunit-specific inhibitors for
single proteolytic active subunits of the proteasomes was tried
by using nonpeptide compounds. Based on the crystal struc-
ture of the yeast 20S proteasome, a unique topography of the
six proteolytic active subunits in the central chamber was de-
rived, with the active-site separation distances among the Thr1
residues defined. The structural data allowed the design of bi-
or multivalent proteasome inhibitors containing a polymeric
spacer of appropriate length to link two monovalent binding
head groups and to yield homo- or heterobivalent inhibi-
tors."?? |n first attempts, peptides for the spacer region were
chosen, as they are comparable to unstructured polypeptide
chains of unfolded proteins. However, peptides about the size
of gastrin (17-mer) or secretin (27-mer) were found to be rapid-
ly degraded by the CP and are therefore unsuitable. Next,
poly(ethylene glycol) (PEG) was selected as the spacer element,
as this represents a linear, flexible, solvated and protease-resist-
ant polymer that mimics unfolded peptide chains, thus allow-
ing access to the proteolytic chamber. Furthermore, this spacer
is hydrophilic and therefore avoids formation of hydrophobic
cores that would prevent the molecule from entering it. The
spacer length was chosen to satisfy the inter- and intraring dis-
tances for occupation of the active sites. Finally the N termini
of two tripeptide aldehydes were linked to the related PEG
spacer, thereby resulting in a bivalent protease-resistant CP in-
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hibitor. As expected, the crystal-structure analysis of the CP in-
hibitor complexes did not reveal a conformationally restricted
PEG moiety in any part of the density due to structural distor-
tion in the linker region. However, kinetic measurements
against the proteolytic activity of the yeast CP showed that the
bivalent inhibitors have IC;, values in the low nanomolar
range, thus showing an increase in the potency by two orders
of magnitude relative to the ICs, values of the monovalent an-
alogues. Interestingly, this improved inhibition had already
been achieved by using a heterogeneous polymeric spacer
with a statistical length distribution from 19-25 monomers to
bridge various distances between different active sites. Further-
more, the general principle of bivalency is not only restricted
to the use of peptide aldehydes as binding head groups but
could, in combination with more potent and selective mono-
valent inhibitors (see below), result in the design of specific in-
hibitors of the CP in the picomolar range. The question of
whether PEG-linked bivalent inhibitors retain membrane per-
meability to an extent useful for intracellular tools has not
been specifically addressed. However, PEG is known to be non-
toxic, has low immunogenicity and low clearance rates, in-
creases water solubility and may help in transmembrane
transfer.

It has been shown that the o’,3'-epoxyketone peptide natu-
ral product epoxomicin potently and irreversibly inhibits the
catalytic activity of the CP'® Unlike most other proteasome
inhibitors, epoxomicin is highly specific for the proteasome
and does not inhibit other proteases like calpain, trypsin, chy-
motrypsin, papain or cathepsins. The crystal structure of epox-
omicin bound to the yeast CP reveals the molecular basis for
selectivity of o/,f’-epoxyketone inhibitors.®™™ The structure of
the complex showed an unexpected morpholino formation be-
tween the N terminal threonine and epoxomicin, thereby pro-
viding the first insights into the unique specificity of epoxomi-
cin for the proteasome (see Figure 13 B). The morpholino-deriv-
ative formation is most likely a two step process. First, activa-
tion of the Thr1 Oy atom is believed to occur by its N-terminal
amino group acting as a base, either directly or through a
neighbouring water molecule. Subsequent nucleophilic attack
of the Thr1 Oy atom on the carbonyl group of the epoxyke-
tone pharmacophore would produce a hemiacetal, as is ob-
served in the proteasome-Ac-LLN-al complex. The formation
of the hemiacetal facilitates the second step in the formation
of the morpholino adduct. In this cyclisation step, the N termi-
nus of Thr1 opens the epoxide ring by an intramolecular dis-
placement with consequent inversion of the C2 carbon. The
observed specificity of epoxomicin for the proteasome is ex-
plained by the requirement for both an N-terminal amino
group and a side-chain nucleophile for adduct formation with
the epoxyketone pharmacophore. Thus, epoxomicin only inter-
acts with the small class of Ntn-hydrolases. Nevertheless, epox-
omicin, which represents a cell-permeable natural product,
binds covalently to all proteolytic active subunits of the CP,
therefore showing cytotoxicity.

Another class of proteasome inhibitors comprises peptides
that possess a vinyl sulfone moiety.”? These compounds bind
to CPs irreversibly but are less reactive than aldehydes. Howev-
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er, vinyl sulfones have similar limitations as the peptide alde-
hydes in so far as they have been reported also to bind and
block intracellular cysteine proteases such as cathepsin S. The
crystal structure of the proteasome—Ac-YLLN-vs complex
shows covalent binding of the Thr1 Oy atom of all active subu-
nits to the B carbon atom of the vinyl sulfone group.®” Previ-
ous work with libraries of peptide-based covalent inhibitors
has identified structural elements that can be used to control
the selectivity of synthetic inhibitors.**'?"'? |n parallel posi-
tional scanning, libraries of peptide vinyl sulfones were gener-
ated in which the amino acid located directly at the site of hy-
drolysis was held constant and sequences distal to that residue
were varied across all natural amino acids."* These ap-
proaches provide the opportunity to make the vinyl sulfones
specific against the active 32 subunit of the CP in altering the
P3 and P4 positions, as indicated by Ac-PRLN-vs in comparison
with Ac-YLLN-vs (Ac-PRLN-vs=acetyl-Pro-Arg-Leu-norleucine
vinyl sulfone).®” The crystal-structure analyses of the eukaryot-
ic CP in complex with these vinyl sulfones suggest that favour-
able interactions between the P3 residue and the S3 pocket
generated at the interface of neighbouring 8 subunits are re-
sponsible for inhibitor selectivity (see Figure 12C). Further-
more, the P1 residue was bound in the S1 pocket of each of
the active sites, regardless of seemingly unfavourable electro-
static interactions. When these facts are taken together, it is
possible to design a model in which specificity can be control-
led predominantly by interactions at the S3 pocket for sub-
strates with favourable interactions at this site and poor inter-
actions at other sites. However, strong interactions at P1 may
overcome the need for a favourable P3 residue. This model for
substrate binding may aid in the development of inhibitors of
the proteasome with tuneable selectivity for each of the active
sites.

Noncovalent inhibition of the 20S proteasome

As proteasomes play an important role in many intracellular
irreversible processes, such as mitosis, differentiation, signal
transduction and antigen processing,” inhibitors that specifi-
cally block proteasomal activities may be promising candidates
for tumor or inflammation therapy. However, all of the afore-
mentioned proteasome inhibitors bind covalently to the active
B subunits and usually cause cell death by induction of apop-
tosis."*! Reversible and time-limited inactivation of the differ-
ent proteasome activities may reduce the cytotoxic effects of
these compounds. Recently, it was shown, that the natural
products from Apiospora montagnei, the TMC-95s (TMC-95A, B,
C and D), block the proteolytic activity of the CP selectively
and competitively in the low nanomolar range.'**'* The in-
hibitors consist of modified amino acids forming a heterocyclic
ring system that is not related to any previously reported pro-
teasome inhibitors. The crystal-structure analysis of the yeast
CP in complex with TMC-95A shows the inhibitor bound at all
three active sites®™ (see Figure 13C). The structure indicates a
noncovalent linkage of TMC-95A to the active 3 subunits, with-
out modifying their N-terminal threonines; this is in contrast to
all previously structurally analysed proteasome-inhibitor com-
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plexes. TMC-95A displays a host of hydrogen bonds with the
protein that give further stabilisation of the compound when
bound. All these interactions are performed with main-chain
atoms and strictly conserved residues of the CP, thereby reveal-
ing a common mode of proteasome inhibition amongst differ-
ent species. The arrangement of TMC-95A in the CP is similar
to the already reported aldehyde and epoxyketone inhibi-
tors.® The n-propylene group of TMC-95A protrudes into the
S1 pocket, making weak hydrophobic contacts with Lys33,
whereas the S2 subsite is shallow and does not contribute in
stabilizing TMC-95A, as already observed for the proteasome-
Ac-LLnL-al adduct.”” The side chain of the asparagine is insert-
ed deeply into the S3 pocket and has been ascribed a major
role in the differing ICs, values amongst the different activities.
However, the stereoisomers of the TMC-95s dramatically influ-
ence the ICy, values, by two orders of magnitude; this is partic-
ularly noticeable for the hydroxy group seen in R1/R2, whereas
the methyl group in R3/R4 has almost no effect on TMC-95
binding (Figure 14B). The crystal structure adequately explains
this behaviour, as the hydroxy group in R1/R2 of the TMC-95
complex can only be accommodated as the S isomer. It is a
surprise that during evolution the hydroxy group in R1/R2 of
the TMC-95s was not replaced by a hydrogen atom, as this
substitution would presumably have no effect for the binding
affinity of these inhibitors.

The class of TMC-95 compounds specifically blocks the CP
and does not inhibit other proteases like m-calpain, cathep-
sinL and trypsin.'® The NMR spectroscopy structure of un-
bound TMC-95A in solution,"”! when superimposed with the
structure bound to the CP, as determined by X-ray crystallogra-
phy, shows a similar conformation.®® The strained conforma-
tion of TMC-95s is stabilised suitably for optimal binding to the
proteasome because of the cross-link between the tyrosine
and the oxoindol side chain, (see Figure 13C). Binding does
not require major rearrangements of ligand and protein and is
favoured over more flexible ligands for entropic reasons.

Analysis of the TMC-95A structure overlaid with that of the
vinyl sulfone peptide inhibiting only subunit 32 shows a re-
markable overlap with both the backbone amides and the P1
and P3 residues, since TMC-95A interacts with the proteasome
noncovalently (see Figure 14A). By presenting its functional
groups in an optimal manner, covalent attachment to the cata-
lytic nucleophile is no longer required. The combination of in-
formation from the crystal structures in complex with the CP
inhibitors suggests the possibility of generating a scaffold
based on the geometry of the bound TMC-95A that can pres-
ent a variety of structures to the S1 and S3 pockets specific for
each of the active sites of the CP. In particular, the P3 position
offers itself for fine-tuning of the selectivity of compounds for
individual (-subunits and designing reversible, selective and
subunit-specific inhibitors of the CPs.

Much attention has been paid to the development of syn-
thetic inhibitors and to the discovery of natural ligands be-
cause of the promising therapeutic potential of proteasome in-
hibition. The crystal structure of the CP-TMC-95A complex re-
vealed the base for the minimum structural elements of TMC-
95A for binding to the proteasome (see Figure 14B). In particu-
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Figure 14. A) Superposition of TMC-95A and lactacystin and TMC-95A and Ac-Pro-Arg-Leu-Asn-vs bound to subunit 35 and subunit 32, respectively. Carbon atoms
of TMC-95A are shown in yellow, of lactacystin and Ac-Pro-Arg-Leu-Asn-vs in green and of Thr1 in black; oxygen and nitrogen atoms are drawn in red and blue, re-
spectively. The crystal structures of the related subunits were superimposed by using the program CCP4. The inhibitor structures were extracted and their arrange-
ments compared. Lactacystin occupies the S1 pocket (coloured in blue) in a similar orientation to that of TMC-95A; Ac-Pro-Arg-Leu-Asn-vs occupies the S3 pocket
(coloured in blue) in a similar orientation to that of TMC-95A.1¥71 B) Chemical structure of the TMC-95s including diastereomers A-D. From the crystal structure of
the CP-TMC-95A complex, the lead-structure segment of TMC-95s, which contributes mostly to proteasome inhibition was derived. The S1 and S3 residues, shown
in blue, mark specific amino acid residues that are major determinants for differential binding to proteasomal subunits. Simplification of the synthetically challeng-
ing structure of the TMC-95 lead by replacing the oxidised side-chain biaryl system with a endocyclic biphenylether is shown.!'?'3

lar, the cyclic tripeptide of TMC-95A, which is constrained into
a 17-membered ring structure by an endocyclic biaryl system,
binds to the active-site clefts of the CP by hydrogen bonds,
thereby adopting an antiparallel $-sheet structure. The remain-
ing part of the inhibitory compound is not involved in direct
interactions with the protein, except the oxoindol group of the
tryptophan, which shows an additional hydrogen bond to the
nitrogen backbone atom of residue 23. Thus, the conforma-
tionally restricted C-terminal (2)-prop-1-enyl moiety as the P1
and the central asparagine as the P3 residue are the structural
factors that dictate the differentiated affinity of TMC-95A for
the three active sites. The lead structure sensibly facilitates syn-
thetic access to TMC-95A analogues,"?'* as the total synthe-
sis of the natural TMC-95A compound is highly complex.'3%'3?
As a proof of concept the minimal core structure was decorat-
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ed at the C terminus with an n-propyl group (on the norleu-
cine side chain) as the P1 residue and at the N terminus with a
benzyloxycarbonyl moiety as an N-protecting group, while the
central Asn residue of TMC-95A was retained as the P3 resi-
due. However, the inhibitory potencies of the analogue
showed a potency for subunit 35 that was 10-times reduced
relative to that of the natural compound. This observation is a
surprise, as the analogue contains an N-terminal benzylur-
ethane instead of the alkyl-ketoamide group and only lacks
the two hydroxy groups at the tryptophan moiety. According
to the X-ray structure of the CP-TMC-95A complex these two
modifications should not account for the significantly lower in-
hibition of the activity. Therefore, the replacement of the con-
formationally restricted and bent (2)-prop-1-enyl group with
the flexible n-propyl group as the P1 residue has to be the pri-
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mary cause of this effect on the binding affinities. The crystal
structures of the CP in complex with the TMC-95 analogue are
perfectly superimposable with the CP-TMC-95A structures. An
almost identical hydrogen-bonding network is established be-
tween the active-site cleft and the inhibitors with the only dif-
ference being the mode of insertion of the C-terminal N-alkyl
chain into the S1 pocket. Here, the hydrophobic S1 pocket is
optimally filled without any steric clashes by the (2)-prop-1-
enyl group of TMC-95A, while the n-propyl chain of the ana-
logue is deeply inserted and thus clashes with the side chain
of the subunit. In the case of the tryptic-like activity of subunit
B2, the inhibitory potency of the analogue is lowered by a
factor of three, as compared to the value for TMC-95A. Again,
the structures of the bound inhibitors are almost superimpos-
able and the hydrogen-bonding networks appear identical.
Therefore, the structural observations suggest that the entrop-
ic loss related to the more flexible P1 residue in the analogue
is responsible for the reduced potency. These results allowed
the conclusion that the restricted conformational freedom of
the cyclic tripeptide fully dictates the mode of insertion of the
individual residues into the pockets of the active-site cleft and,
correspondingly, the optimal occupancy of critical binding sub-
sites.

In fact, the rigid display of the backbone severely limits the
choice of groups acting as the P1 residue without steric clash-
es. Thus, the use of other, possibly less bulky and less rigid en-
docyclic clamps for conformational restriction of the peptide
backbone is expected to allow a better orientation of groups
interacting with the various subsites. Biaryl ethers of the isodi-
tyrosine type, which are also more easy to synthesise, are
known to induce an identical conformational restriction to that
of the biaryl system in TMC-95A when used as structural
clamps in positions i and i+2 of cyclic peptides. The NMR-
spectroscopy-derived conformation of the biarylether in so-
lution clearly revealed that the meta-para junction through
the ether group leads to a structure very similar to that of
TMC-95A™¥ (see Figure 14B). As a consequence, a TMC-95 an-
alogue was prepared, with the biaryl group replaced with a bi-
phenyl ether. Surprisingly, it was found that the new TMC-95
derivative showed an equipotent inhibition of the tryptic-like
activity of yeast CP, as compared with TMC-95A,™*% (unpub-
lished results). This observation makes the design of new re-
versible inhibitors, by the use of other, possibly even less
bulky, endocyclic clamps for conformational restriction of the
peptide backbone and for optimal orientation of groups inter-
acting with the various subsites, attractive.

In some but not all archaea and eubacteria, the 20S protea-
some is accompanied by another large cage-forming protease,
the tricorn protease. Tricorn functionally interacts with the CP
by cleaving proteasomal peptide products into smaller pep-
tides, which are further degraded into single amino acids by
associated factors. The structural and functional aspects of tri-
corn are described in the following section. The unexpected re-
lationship between tricorn and the eukaryotic dipeptidyl pepti-
dase IV revealed by these structural studies is also discussed in
brief.
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3. The Tricorn Protease and Its Structural and
Functional Relationship with Dipeptidyl Pepti-
dase IV

The tricorn protease, named for its tricorn-like shape, was first
purified from the model organism T. acidophilum during a
search for regulatory components of the 20S proteasome.!*
Even though the enzyme did not appear to regulate the 20S
proteasome’ and is now believed to act downstream, it at-
tracted interest as a giant protease that exceeded the 20S pro-
teasome in size. Genetic and biochemical characterisation
showed that the enzyme was assembled from multiple copies
of a single, 120 kDa polypeptide chain.** Six subunits each
form homohexamers that assemble further into an icosahedral
capsid with a molecular weight of 14.6 MDa.**'* The crystal
structure of the 720 kDa tricorn hexamer is available.™” It
shows the mode of assembly of monomers, demonstrates that
each monomer consists of five separate domains and suggests
how the domains coordinate the specific steps of substrate
processing and particularly substrate channeling to and from
the active site.

Architecture of the tricorn protease

The hexameric D3-symmetric tricorn protein is assembled by
two perfectly staggered and interdigitating trimeric rings with
every subunit of one ring forming contacts almost exclusively
with the two subunits of the other ring related by the molecu-
lar diads. The toroid structure has the shape of a distorted hex-
agon formed by a trimer of dimers (Figure 15). The overall di-

Figure 15. Surface representation of the tricorn protease with the ribbon model
of one subunit superimposed. The two orthogonal views are along the molecu-
lar twofold and threefold axes, respectively. The six solid spheres indicate the
active-site positions. Figure reproduced from ref. [137].

mensions of the molecule are 160 A within the plane normal
to the three-fold axis and 88 A parallel to it. The conically
shaped central pore connects with additional cavities formed
by the individual subunits like spokes of a wheel (see
Figure 15).

Single tricorn subunits can be divided further into five do-
mains, namely a 6-bladed (3 propeller (36) domain, a 7-bladed
B propeller (37) domain, a mixed a—f3 domain (C1), a PDZ-like
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domain, and another mixed o-f domain (C2), that
are arranged in this order along the polypeptide
chain. Very unusually for B propeller domains, both
6 and 7 are topologically unclosed, an extremely
rare feature otherwise observed only in the prolyl oli-
gopeptidase (POP)"® and DP IV protease.**"*” The
PDZ-like domain is interspersed between the two C-
terminal mixed a—f3 domains. These C-terminal do-
mains harbour the catalytic residues and exhibit the
o—f} hydrolase fold, again underlining the relationship
of tricorn with DP IV and POP.

Catalytic residues and mechanism

To identify catalytically important amino acids, tricorn
was cocrystallised™” with a series of chloromethyl
ketone based inhibitors, including the known tricorn

M. Groll et al.
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Figure 16. Stereoview of a 13-mer chloromethyl ketone bound to the active site. With the
exception of a few important residues in tricorn, which are presented in an all-atom repre-
sentation, tricorn is represented as a smoothed Ca trace. For the inhibitor and Arg132, a key
residue in tricorn, the experimental electron density is presented together with the final
model. The peptide is clearly directed towards the 37 propeller.

inhibitors™  tosyl-L-lysine  chloromethyl  ketone

(TLCK) and tosyl-L-phenylalanine  chloromethyl

ketone (TPCK). In all cases, continuous electron density con-
necting to the side chain of Ser965 was observed and unam-
biguously fitted by the respective inhibitors. Ser965 is posi-
tioned at the entrance to helix H3 within subdomain C2. The
amide nitrogen atom of Asp966, together with that of Gly918,
forms the oxyanion hole which is occupied by a water mole-
cule in the uninhibited structure. His746 is ideally positioned
to activate the catalytic Ser965 at a hydrogen-bonding dis-
tance of 2.7 A. Although a covalent linkage between a chloro-
methyl ketone inhibitor and the catalytic histidine of a serine
protease could be expected,"" no such linkage was found in
any of the complexes of tricorn with trichloromethyl ketone in-
hibitors. Thus, in this respect, tricorn is more similar to cysteine
peptidases."*? A crucial role for Ser965 and His746 in activity is
supported by mutagenesis data: both the single-site mutants
Ser965A and His746A are amidolytically inactive.® His746 is
correctly oriented by the Oy atom of Ser745, which in turn is
polarised by Glu1023. Thus, Ser965, His746, Ser745 and
Glu1023 can be described as a catalytic tetrad. The arrange-
ment of Ser965, His746 and the oxyanion hole suggests that
peptide-bond hydrolysis follows the classical steps for trypsin-
like serine proteases, namely the formation of the tetrahedral
adduct, the acyl-enzyme complex and hydrolysis.

Tricorn specificity

Tricorn has been shown to exhibit both tryptic and chymotryp-
tic specificities."* The X-ray crystal structure reveals that spe-
cificity for basic P1 residues is conferred by Asp936, which is
provided by the diad-related subunit (Figures 16 and 17), thus
linking the mode of assembly (trimer of dimers) with function.
Intriguingly, in the uninhibited high-resolution crystal structure,
the acidic S1 specificity-determinant residue Asp936 was
mobile. In the TPCK complex structure, the side chain of
Asp936 adopts an alternative rotamer to allow the TPCK
phenyl ring to freely access the hydrophobic niche formed by
Tyr946, 11e969, Val991 and Phe1013. Thus, it appears that, due
to its flexibility, Asp936 can serve as a substrate-specificity
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Figure 17. Detailed active-site view and substrate recognition as deduced from
experimental complex structures. The substrate C terminus is anchored by
Arg131 and Arg132.

switch to accomodate both hydrophobic and basic P1 resi-
dues. The SO, group of TPCK and TLCK interacts with the NH
moiety of 11€994, thereby already suggesting the strand
Glu993-Pro996 as the unprimed substrate-docking site. These
substrate-recognition sites are rather unrestricted, in agree-
ment with tricorn’s generally broad substrate specificity.'*> '
Experimentally, it was found that a negative charge was not
tolerated at at positions P3, P4 and P5 of a synthetic fluoro-
genic 7-amino-4-methylcoumarin (AMC) substrate." The crys-
tal structure does not indicate any steric or electrostatic con-
flicts, if a canonical binding mode of these substrates is as-
sumed. It is conceivable that discrimination against these sub-
strates resulted from unproductive binding with inverted
strand polarity, which in turn could be due to the inverted po-
larity of these substrates which lack a free C terminus and are
N-terminally succinylated.

Tricorn accepts substrates with a rather broad variety of se-
quences upstream of the scissile peptide bond but it places re-
strictions on the length of substrates downstream of the scis-
sile peptide bond. These restrictions are due to a prominent
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cluster of basic residues (Arg131, Arg132) in tricorn that delimit
the binding site of the substrate C terminus. These basic resi-
dues, positioned on a flexible loop (as discussed in detail
below), together with the primed site topology, clearly mark
tricorn as a carboxypeptidase. The geometric dimensions ex-
plain tricorns preferential di- and tricarboxypeptidase activity,
while the cleavage of longer peptides will require some con-
formational rearrangement and is energetically less favourable.
Single amino acids cannot be cleaved from a substrate, be-
cause the P1’" residue is unable to anchor its carboxylate group
on the basic backstop residues (see Figures 16 and 17).

Each of the three C-terminal domains (C1, PDZ, C2) is re-
markably similar to the respective domains (A, B and C) found
in the D1 processing protease (D1P) of photosystem Il. The
root-mean-square deviations between the Ca positions of
these domains are 2.2, 2.3 and 2.7 A with 84, 86 and 135
matching amino acids, respectively. A weak homology be-
tween these domains is recognisable in the primary sequences
(11, 19 and 20% identities). The relative arrangement of these
domains, however, differs very much between tricorn and D1P;
With the C2 domain aligned to the C domain of D1P, the orien-
tation of the C1 domain differs from that of the D1P A domain
by 35°. Analogously, the required transformation to align the
PDZ-like domains includes a 96° rotation. The rotation axes of
these transformations are unrelated to each other. In addition,
proper alignment of the PDZ-like domain requires a 30 A trans-
lation. The catalytic serine residues (Ser965 and Ser372, respec-
tively) are positioned on topologically equivalent positions at
the helix entrance in the C2 or C domain (tricorn and D1P, re-
spectively). Furthermore, the amides forming the oxyanion
hole (Gly918, Asp966 and Gly318, AIn373 in tricorn and D1P,
respectively) superimpose to within 1A. As in other T-cell
serine (Tsp) like proteases, the residue serving as a general
base in D1P is a lysine (Lys372) residing within the C domain
of D1P, while it is a histidine in tricorn (His746) which resides in
tricorn’s C1 domain. The relative arrangement of the C1 and
C2 domains in tricorn must, for that reason, remain very re-
stricted to allow proper catalysis.

A role of the PDZ domain in substrate recognition has been
shown for Tsp™¥ and was analogously suggested for the tri-
corn protease."*! While the Gly-Leu-Gly-Phe substrate-recog-
nition element is structurally conserved (Arg764-lle-Ala—
Cys767 in tricorn), as pointed out earlier, it appears unlikely for
a number of reasons that the tricorn PDZ domain will partici-
pate in substrate recognition in a similar manner to that sug-
gested for D1P:™¥ 1) The putative substrate-binding site, as
defined by the crystal structures of the C-terminal peptides
complexed with PDZ domains,"*'* is partly occupied by the
outer strands of blade 3 of 36 within the same subunit; 2) the
generally conserved arginine (Arg247) involved in recognition
of the carboxylate group of the peptide C terminus corre-
sponds to a hydrophobic residue in tricorn (l1e851); iii) the ori-
entation and position of the tricorn PDZ domain differs so
strongly from that seen in D1P that any analogy based on the
sequential domain arrangement is invalidated on the basis of
their respective three-dimensional domain arrangements. In-
stead, the PDZ domain mainly serves to scaffold the subdo-
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mains as described earlier and, in addition, might be involved
in the recognition of associating component proteins.

Substrate access and product egress through f5 propellers

The comparison with POP, including the open Velcro topolo-
gy, suggests an important role for the B propellers in sub-
strate access to and product exit from the active site!
(Figure 18). Both the 36 and (37 propeller axes are directed to-

Side
opening

Propeller /
opening \

Side
opening

Figure 18. Ribbon representation of the tetrameric DP IV. The tetramer results
from a dimerisation of dimers and has 222 symmetry. Potential glycosylation
sites are marked as grey spheres, and sites that were modified in the crystal
structure are marked as red spheres. Figure reproduced from ref. [139].

wards the active site of the protein, almost intersecting near
Ser965. The arginine anchor (Arg131, Arg132) obstructs the
otherwise direct connection from the active-site chamber to
the exterior through the 6 propeller. Based on these data, it
has been proposed that the 6 propeller channel represents
one, if not the, major rear exit from the catalytic chamber."*”
This model is supported by the properties of the tricorn point
mutant Leu184Cys. The point mutant has a wider pore in the
6 domain and is indeed more active than the wild-type. After
modification of the introduced thiol group with N-ethylmalei-
mide (NEM), the activity of the mutant enzyme towards fluoro-
genic substrates is significantly reduced (<50%) compared
with the wild-type protein."®”'* The substrate entrance and
product exit paths are indicated in Figure 19.

The crystal structures of the chloromethyl ketone based in-
hibitor complexes suggested the strand Glu993-Pro996 as a
recognition strand for the unprimed substrate residues. This
strand extrapolates towards the (7 channel (see Figure 14).
The channel through the 37 propeller provides a significantly
shorter route from the catalytic chamber to the outside of the
protein (60 A) than the alternative route through the central
pore (83 A). The latter path to the active site has multiple
branchings and dead ends. Therefore, the 7 channel might
be utilised by the enzyme for the preferred substrate passage
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Figure 19. Cartoon of the model for electrostatically driven processive substrate
turnover."*! A) The blue and yellow cylinders represent the seven- and six-
bladed [3 propeller domains, respectively. Substrates to the 37 domain and
products from the 36 domain are represented as strings of green dots. Single
green dots represent individual amino acids. Figure reproduced from ref. [149].
B) Schematic representation of the electrostatic potential along the suggested
path for substrates.

to the active site. It is wide open but capped on its outside by
four basic residues (Arg369, Arg414, Arg645, Lys646) which are
only partially charge compensated by one acidic residue
(Asp456). This locally positive lid to the 7 propeller channel is
encircled by acidic residues (Asp333, Asp335, Asp372, Asp456,
Asp506, Asp508, Glu592 and Glu663). Except from Glu663,
which is located on the hairpin connecting-strands 3 and 4 of
blade 7, all of these charged amino acids are positioned be-
tween strands 1 and 2 of the respective 37 blades. The result-
ing charge distribution mimics an electrostatic lens, whereby
peptides are preorientated with their C termini towards the
central basic propeller lid. Once the entrance to the 37 channel
is opened by a concerted side-chain movement of Arg369,
Arg414, Arg645 and Lys646, possibly assisted by main-chain
movements of Ala643-Lys646 (blade 7), a peptide is able to
enter the channel in an extended conformation where it will
find multiple docking sites on the unsaturated inner strands of
the 7 propeller blades. A similar substrate gating/filter mecha-
nism through a seven-bladed 3 propeller has been suggested
for the prolyl oligopeptidase,*®'*” and there is precedence for
a P hairpin binding into a seven-bladed propeller."*" The pre-
ferred substrate entry through the (7 propeller channel is in
line with the point mutation Arg414Cys, located in the (7
channel. Derivatisation of the introduced thiol group with mal-
eimide markedly decreased the fluorogenic activity of this
mutant to about 50% of the wild-type activity."?”

Tricorn cleaves substrates in a processive mode,'* a fact in-
dicating that only completely digested products will leave the
inner protein chambers, while larger products will be retained
and processed as preferred substrates. The structure suggests
several mechanisms to maintain “one-way” processing. Basic
lids (Arg414, Arg645, Lys646 and Arg131-Arg132) are placed at
the entrances to the 6 and (37 channels. The topology and
size of the inner cavities favour an extended conformation of
the substrate and the C terminus of the substrate will be at-
tracted to the basic (36 lid, thereby presenting the substrate’s
scissile bond at the active-site Ser965 residue for proteolyis. In
one possible scenario, the primed product residues are re-
leased by the enzyme through the “rear exit” to the active site
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formed by the (36 propeller, which is gated by Arg131-Arg132.
The arginine gate is located on a helical loop containing three
glycines (Gly126, Gly130, Gly139) and not restrained to its posi-
tion by any protein contacts. These glycines might function as
hinge residues that allow the gate to move into a sufficiently
voluminous cavity of mixed polarity (see Figure 17).

The unprimed side of the substrate is held in place by a
series of interactions with the protein. In addition to the
observed ionic (Asp936) or hydrophobic S1 interaction site
(Tyr946, 11e969, Val991, Phe1013), the P1 main chain is held by
its interaction with the oxyanion hole (Gly918, Asp966). P2-P4
residues will presumably utilise unsaturated main-chain hydro-
gen bonds at the strand 11e994-Pro996 and further interactions
might occur in the (37 propeller channel, as described in galac-
tose oxidase™". The modelling studies and suggested sub-
strate binding at the primed and unprimed sides are fully ex-
perimentally confirmed by crystal structure studies with C- and
N-terminally extended covalently bound inhibitors.™*?

Tricorn reportedly cooperates with three additional proteins,
termed interacting factors F1, F2 and F3, to degrade oligopep-
tides sequentially to yield free amino acids."*? F1 is a prolyl
iminopeptidase with 14% sequence identity to the catalytic
domain of prolyl oligopeptidase (POP), which has an additional
propeller domain."*®"*? Guided by the structural scaffold of
the latter structure, we speculate that F1 docks onto the six-
bladed B propeller of the tricorn core protein. As in POP, the
substrate would enter F1 through the propeller channel in this
model. While a physical interaction of F1 with tricorn has been
suggested,’® the exact mode of interaction of tricorn with F1,
F2 and F3 has not been detailed so far. There is also evidence
for functional but not physical interaction of tricorn with the
proteasome.™ A physical interaction between these mole-
cules by aligning their respective central pores would imply a
symmetry mismatch. While such a physical interaction would
be consistent with the geometric dimensions of both mole-
cules, its existence needs to be experimentally confirmed and
characterised.

The structural and functional relation of tricorn with DP IV

The situation in the tricorn protease is closely resembled by di-
peptidyl peptidase IV (DP 1V) where an eight-bladed topologi-
cally open 3 propeller and a side opening provide entrance to
and exit from the active site (see Figure 18). Similarly to tricorn,
DP IV is a serine protease with low but significant structural
homology to the family of a/B-hydrolases. We superimposed
the catalytic core elements, including the active-site serine and
histidine residues, the strictly conserved helix following the
active-site serine (Ser630-Ala642 and Ser965-Leu977, respec-
tively) and tricorn’s five-stranded parallel 3 sheet onto the
equivalent strands of the eight-stranded DP IV sheet. Both
sheets have identical polarity. Significantly, both tricorn propel-
lers come to superimpose onto the two DP IV openings, with
the tricorn 7 propeller on the DP IV 38 propeller and the tri-
corn 36 propeller on the side exit, as schematically indicated in
Figure 20. This similarity suggests that the 38 propeller pro-
vides substrate access to and the side-opening offers product
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DP IV

Figure 20. Schematic representation of the active-site access and product
egress in tricorn and DP IV. Figure reproduced from ref. [139].

release from the DP IV active site. This tricorn-derived model is
able to explain the high substrate selectivity critical for the DP
IV function of activating or inactivating regulatory peptides.
Passage through the [-propeller tunnel requires the substrates
to unfold, thereby providing their “finger print” to DP IV. Once
the amino terminus of the peptide approaches the active site,
it is still held in place by its C terminus interacting with the f§
propeller, which may contribute to conformationally activate
the substrate for cleavage. After the nucleophilic attack the
acyl-enzyme intermediate forms, while the primed product is
directly released through the side exit. This explains why deg-
radation of glucagon by DP IV is not processive but occurs se-
quentially in two independent steps (glucagon 3-29 and gluca-
gon 5-29)."*¥ Clearly, the final determination of the functional
roles of the DP IV openings awaits further experiments.

In the last chapter, DegP, a bacterial cage-forming protease
which has homologues in all kingdoms of life, is described. It
differs from the other enzymes in its extreme flexibility and in
its potential to change overall shape and internal structure.
Structural flexibility is translated into function and into the
unique property of DegP to act predominantly as a chaperone
or as a protease according to the temperature. DegP is a
Janus-faced molecule that appears as a helper or killer as cells
need it.

4. The DegP Protease Chaperone: A Molecular
Cage with Bouncers

Cells have developed a sophisticated system of molecular
chaperones and proteases to reduce the amount of unfolded
or aggregated proteins."** Chaperones recognise hydrophobic
stretches of polypeptides that become surface exposed as a
consequence of misfolding or unfolding. If refolding attempts
fail, irreversibly damaged polypeptides are removed by pro-
teases.

E. coli contains several intracellular proteases that recognise
and degrade abnormally folded proteins. The biochemical and
structural features of these ATP-dependent proteases have
been studied extensively (see Section 1). However, relatively
little is known about proteases that are responsible for the
degradation of nonnative proteins in the periplasmic compart-
ment of Gram-negative bacteria. Such a function has been at-
tributed to the heat shock protein DegP, also commonly refer-
red to as HtrA or Protease Do. While most factors involved in
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protein quality control are ATP-dependent heat shock pro-
teins,*® DegP fulfills this role without consuming chemical
energy."™ DegP homologues are found in bacteria, fungi,
plants and mammals. Some, but not all, are classical heat
shock proteins. They are localised in extracytoplasmic compart-
ments and have a modular architecture composed of an N-ter-
minal segment believed to have regulatory functions, a con-
served trypsin-like protease domain and one or two PDZ do-
mains at the C terminus."*® PDZ domains are protein modules
that mediate specific protein-protein interactions and bind
preferentially to 3-4 residues at the C-terminal of the target
protein.'* Prokaryotic DegPs have been attributed for toler-
ance against thermal, osmotic, oxidative and pH stress, as well
as to pathogenicity."™ A number of DegP substrates are
known. These are either largely unstructured proteins such as
casein, small proteins that tend to denature, hybrid proteins
or proteins that entered a nonproductive folding path-
way.['7161162) Stably folded proteins are normally not degraded.
In addition to its protease activity, DegP has a general chaper-
one function. The dual functions switch in a temperature-
dependent manner, with the protease activity being most ap-
parent at elevated temperatures.'®? The ability to switch be-
tween refolding and degradation activity and the large variety
of known substrates make DegP a key factor in the control of
protein stability and turnover.

The DegP protomer, a PDZ protease

DegP from E. coli was crystallised at low temperatures in its
chaperone conformation and analysed.'®® The protomer can
be divided into three functionally distinct domains, namely a
protease and two PDZ domains, PDZ1 and PDZ2 (Figure 21).
Like other members of the trypsin family, the protease domain
of DegP has two perpendicular p-barrel lobes with a C-terminal
helix. The catalytic triad is located in the crevice between the
two lobes. While the core of the protease domain is highly
conserved, there are striking differences in the surface loops
L1, L2 and L3 (for nomenclature, see ref. [164]), which are im-
portant for the adjustment of the catalytic triad (Asp105,
His135, Ser210) and the specificity pocket S1. The enlarged
loop LA protrudes into the active site of a molecular neigh-
bour, where it intimately interacts with loops L1 and L2. The
resulting loop triad, LA*-L1-L2, completely blocks the sub-
strate-binding cleft and results in a severe deformation of the
proteolytic site with formation of the catalytic triad, the oxyan-
ion hole and the S1 specificity pocket abolished. Thus, the pro-
tease domain of the DegP chaperone is present in an inactive
state, in which substrate binding and catalysis is prevented.'®”
The structure of the PDZ domains of DegP is similar to that of
PDZ domains of bacterial origin."*! Compared to the canonical
442 PDZ B sandwich,'*” the DegP PDZ domains show a circu-
larly permuted secondary structure, in which the N- and C-ter-
minal strands are exchanged. Furthermore, they contain a 20-
residue insertion following the first § strand (including helix f)
that is important for inter- and intramolecular contacts within
the oligomer. In analogy to other PDZ domains, PDZ1 and/or
PDZ2 should be involved in substrate binding. PDZ1 contains
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Figure 21. Structure of the DegP protomer in ribbon representation. Colour is
according to domain and residues of the catalytic triad are shown as ball-and-
stick models. The nomenclature of secondary structure elements, the termini of
the protein and regions that were not defined by electron density is indicated.

a deep binding cleft for substrate, which is mainly
constructed by strand 14, its N-terminal loop (the so-
called carboxylate-binding loop) and helix h. The car-
boxylate-binding loop is located in a highly positively
charged region and is formed by an Glu-Leu-Gly-lle
motif, which is similar to the frequently observed
Gly-Leu-Gly-Phe motif.™” Binding specificity is mainly
conferred by the specific configuration of the 0, —2
and —3 binding pockets,"®® where pocket 0 anchors
the side chain of the C-terminal residue. In PDZ1, all
pockets are built by mainly hydrophobic residues.
The thermal motion factors point to the flexibility of
strand 14 and its associated carboxylate-binding
loop, thereby indicating the plasticity of the binding
site. Thus, PDZ1 seems to be well adapted to bind
various stretches of hydrophobic peptide ligands.
Unlike PDZ1, the occluded binding site of PDZ2 is
unlikely to be involved in substrate recognition.

The DegP hexamer can adopt an open and a
closed form

In the crystallographic asymmetric unit, two DegP
molecules (A and B) were observed, which build up
two distinct hexamers (Figure 22). Both hexamers are
formed by staggered association of two trimeric
rings. Hexamer A is a largely open structure with a
wide lateral passage penetrating the entire complex
(see Figure 22 A), whereas hexamer B corresponds to
the closed form, in which a cylindrical 45 A cavity
containing the proteolytic sites is completely shield-
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ed from solvent (see Figure 22B). In both cases, the top and
bottom of the DegP cage are constructed by the six protease
domains, whereas the twelve PDZ domains generate the
mobile sidewalls. The height of the cavity is determined by
three molecular pillars, which are formed by the enlarged LA
loops of the protease domain. The PDZ domains are able to
adopt different conformations and represent side doors that
may open. This en bloc mobility enables the PDZ domains to
function as tentacular arms that capture substrates and deliver
them into the inner cavity. This structural organisation is strik-
ingly different from the other cage-forming proteases, where
substrates enter the central cavity through narrow axial or lat-
eral pores, as described in Sections 1-3.

DegP, a chaperone

E. coli DegP has the ability to stabilise and support the refold-
ing of several nonnative proteins in vivo and in vitro.'®*'6
Possible binding sites for misfolded proteins are located within
the inner cavity (Figure 23). The solvent-accessible height of
this chamber is 15 A at its centre and increases to 18 A near
the outer entrance. Due to these geometric constrictions, sub-
strates must be partially unfolded to reach the active site (see
Figure 23). As in other chaperones of known structure, the
DegP cavity is lined by hydrophobic residues. Two major hy-
drophobic grooves can be distinguished, which are mainly

Figure 22. Structure of the DegP hexamer. Top and side views of the hexamer constructed
by molecules A and B. Both hexamers are approximately equal in size with a height of
105 A and a diameter of 120 A. The nomenclature of the individual monomers and their

termini is given. Figure adapted from ref. [163].
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Figure 23. Properties of the inner cavity. Half cut presentations of molecule A (left: side view; middle and right: top
views) with cut regions shown in dark grey. Left: Surface representation of the internal tunnel illustrating its molecu-
lar-sieve character. Access is restricted to single secondary-structure elements as shown by the modeled polyalanine
helix (coloured yellow). Middle: Top view of the ceiling of the inner cavity with mapped thermal motion factors to
show its plasticity. Flexible regions are coloured red, rigid regions are blue. Right: Formation of the hydrophobic bind-
ing patches within the cavity. Hydrophobic residues of the protease domain are shown in cyan and the nonpolar

peptide-binding groove of PDZ1 is coloured green.

constructed by residues of loop LA and L2. Notably, the hydro-
phobic binding sites of the PDZ1 domains are properly orien-
tated to augment the number of potential binding patches.
The alternating arrangement of polar and hydrophobic surfa-
ces, both within one trimeric ring and between trimeric rings,
should allow the binding of exposed hydrophobic side chains
as well as of the peptide backbone of substrates. Taken togeth-
er, the ceilings of the DegP cavity represent docking platforms
for partially misfolded proteins. Both platforms are structurally
flexible and should thus allow binding of diverse polypeptides.

The protease form

The protease conformation of DegP is still elusive, as crystalli-
sation of a substrate-like inhibitor complex has failed and
maintenance of a stably folded protein precludes long-term
experimentation at elevated temperatures where it displays
protease activity. We propose a profound rearrangement of
the LA*-L1-L2 loop triad into the canonical conformation of
active serine proteases, ready for substrate binding. This may
be initiated by a collapse of the hydrophobic LA platforms and
an enlargement of the hydrophobic contacts caused at high
temperature.

Working model for an ATP-independent heat shock protein

Cage-forming proteases and chaperones can be ATP-depend-
ent or -independent. In the former group, ATPase activity is im-
portant for recognition of target proteins, for their dissociation
and unfolding, for their translocation within the complex and
for various gating mechanisms. The present crystal structure
indicates why these functions are not relevant for DegP. DegP
preferably degrades substrates that are per se partially unfold-
ed and that might accumulate under extreme conditions."*”'s”!
Alternatively, threading of substrate through the inner cham-
ber could promote unfolding into an extended conformation.
Removal of higher order structural elements may reinitiate
substrate folding after exit from DegP. By binding to the C ter-
minus or the B-hairpin loop of a protein, the PDZ domains
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A could properly position the
substrate for threading it into
the central cavity. After access-
ing this chamber, the fate of
the unfolded protein depends
on the interplay and structural
organisation of loops LA, L1
and L2. Recruitment of PDZ do-
mains for the gating mecha-
nism should permit a direct
coupling of substrate binding
and translocation within the
DegP particle. This two-step
binding process is similar to
that of other cage-forming pro-
teins, such as the proteasome
or the Clp proteases. Here, two
binding sites (chambers) exist,
the first of which primarily determines substrate specificity.

Conclusion and Outlook
From HslVU to other bacterial ATP-dependent proteases

HsIVU is still the best-characterised ATP-dependent protease at
the mechanistic level, but partial structural information for
other ATP-dependent bacterial proteases has also become
available, especially for the activatory domains. Very recently,
separate structures of the Lon protease domain'®® and of the
small, mostly helical a domain of the Lon AAA(+) module!®”
have been published. The structure of ClpP, the protease core
of the ATP-dependent proteases CIpAP and ClpXP, has already
been available for quite some time."”” More recently, the acti-
vatory components CIpA®® and ClpX"”" have been crystallised,
although only as the monomeric proteins and not as the phys-
iologically occurring oligomers. For the essential, membrane-
spanning metalloprotease FtsH, structural information at the
atomic resolution is available for the ATPase domain but is still
lacking for the protease component.'”>'”® Although atomic-
resolution structures of the active complexes would be highly
desirable, numerous unsuccessful efforts in our and other
hands suggest that this will be difficult. Even in the absence of
full structural information on the ATP-dependent proteases,
many conclusions can already be drawn. In particular, it is al-
ready clear that great variability in the protease domains con-
trasts with strong similarity of the ATPase domains in ways
that were not originally anticipated.

Although the protease domains all share the multimeric ar-
chitecture with a central channel or pore, there is no further
similarity, either at the level of fold or in the active-site archi-
tecture. HslV is an Ntn-hydrolase® with an N-terminal threo-
nine nucleophile.'”"”¥ CIpP is a serine protease that belongs
to the crotonase superfamily of enzymes, a large class of en-
zymes that catalyse a variety of chemical reactions that all
require the stabilisation of an intermediate by an oxyanion
hole."” The crystal structure of the protease domain of E. coli
Lon shows that this domain has yet another fold and a serine-
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lysine dyad in the active site."®® No structure is available for
FtsH, but an HEXXH motif in the sequence and the experimen-
tal identification of a Zn?*-chelating glutamate ligand place
the protease domain of FtsH in MEROPS clan MA(E), together
with other metallopeptidases such as thermolysin, angiotensin-
converting enzyme, and thimet oligopeptidase.!'”

In contrast to the proteolytic core complexes, the activatory
components of HsIVU, ClpXP, CIpAP, Lon and FtsH are structur-
ally related and belong to the AAA(+) family of ATPases.” The
activators are separate subunits in HsIVU, CIpXP and ClpAP
and occur in one polypeptide chain with the peptidase do-
mains in Lon and in FtsH. In HslU, ClpX, Lon and FtsH, only
one copy of the AAA(+) module is present per subunit, where-
as ClpA has two such modules.”” In addition to the common
AAA(4) domain, the different ATPases contain additional,
enzyme-specific domains. In HslU, a mostly helical | domain is
inserted into the AAA(+) module.” ClpX contains an N-termi-
nal domain that was shown to bind zinc""’® and to act as a di-
merisation module."”” Like ClpX, CIpA contains a non-AAA(+)
domain at its N terminus, and like the N-terminal domain in
ClpX, this domain also has the capability to bind zinc.”®' How-
ever, unlike the N domain of ClpX, the N domain of ClpA is
almost entirely helical and consists of two four-helix tandem
motifs. 2

In both ClpA and ClpX, the N-terminal non-AAA(+) motifs
serve as “docking modules” for accessory proteolysis factors
that modulate or change the activity of the proteolytic com-
plex itself."”® The N domain of ClpX interacts specifically with
the adaptor protein SspB that stimulates the degradation of
SsrA-tagged proteins.’® The tag is jointly recognised by the
SspB-ClpXP complex, where SspB interacts with the N-terminal
and central regions of the SsrA tag and leaves the C-terminal
region for interaction with ClpX."®®"®" The C-terminal region of
SspB shares considerable homology with the corresponding
region in RssB, another ClpX adaptor protein."”® It appears
that RssB promotes the degradation of a specific substrate,
namely a subunit of RNA polymerase known as ¢°."®? Very re-
cently, it was shown biochemically that the adapter protein
and the ATPase recognise distinct sites in the substrate."®
ClpA has its own adaptor protein, ClpS. At least in vitro, ClpS
switches CIpAP activity away from SsrA-tagged towards heat-
aggregated proteins.® Two independent crystal structures of
ClpS in complex with the N domain of CIpA are available.’?* s
They explain the specificity of ClpS for CIpA over other related
Clp proteins, especially ClpB."®! Although the membrane-pro-
tein complex HfIKC is mostly exposed to the periplasmic face
of the E. coli membrane, and although the periplasmic part of
FtsH is rather small, genetic and biochemical data indicate that
HfIKC can form a complex with FtsH and suggest that HfIKC
modulates FtsH activity."® " PinA has been described as a
modulator of Lon-dependent protein degradation. However,
instead of promoting degradation, it inhibits it by forming a
tight complex with Lon’s N-terminal region.['8-'*"

Mechanistically, bacterial ATP-dependent proteases can be
divided into two broad classes, the symmetry-matched com-
plexes HslVU, Lon and FtsH on the one hand and the symme-
try-mismatched complexes ClpXP and ClpAP on the other
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hand. In HslVU, the best-understood system, structural, func-
tional and mutagenesis data suggest allosteric activation of
the protease active sites by the C termini of the activator mole-
cules.P%** |n the crystal structure of the HslVU complex, the
C termini of all subunits insert into their binding sites in pro-
tease. If this feature was essential, a similar activation mecha-
nism should not be possible in the CIpAP and ClpXP systems.
This does not seem to be the case, because there is strong bio-
chemical evidence that an internal loop in ClpX could be the
functional equivalent of the C terminus in HslU."'®" Although
allosteric effects are clearly also involved in the activation of
the Lon and FtsH proteases, the details require further investi-
gation.

From the 20S to the 26S proteasome

The ATP-independent 20S proteasome is now fairly well char-
acterised, and its maturation, catalytic mechanism, broad sub-
strate specificity, regulation and interactions with a broad vari-
ety of inhibitors have been described in detail. This is in stark
contrast to the available data on the ATP-dependent 26S pro-
teasome, which has, so far, only been imaged at much lower
resolutions by electron microscopy and 3D-image reconstruc-
tion."?? Difficulties with crystallisation have to do with the size
of the complex, which approaches >2.5MDa, and probably
more importantly with the lability of the 19S cap. So far, it is
known that the ATP-dependent 19S regulators can be regard-
ed as a complex of two major subcomplexes, the “base” and
the “lid”."™ All six AAA(+) ATPases that occur in the 195 cap
are part of the base complex.

Thus, the 20S-proteasome-base complex is in some ways
reminiscent of bacterial HsIVU, even though there are impor-
tant differences. Firstly, the 20S proteasome, but not HslV, has
antichambers in addition to the central proteolytic chamber.
Secondly, bacterial HslV has sixfold symmetry, whereas eukary-
otic 20S proteasomes have pseudo-sevenfold symmetry and
are thus at least formally symmetry-mismatched with the six
different ATPases in the cap. Although the analogy with all
bacterial ATP-dependent proteases suggests a six-membered
ring in the base of the 19S cap, two-hybrid-experiment data
support a more complex model that places only four of the six
AAA(+) ATPases in a ring. Finally, allosteric activation, not
channel opening, appears to be essential for HslV activation. In
contrast, there is no evidence for allosteric active-site activa-
tion in 20S proteasomes, but there is strong evidence that the
activators control “gating” into the 20S particle.®® At present,
it is not clear whether the “insertion mechanism”, shared
among the very different ATP-dependent proteases HslVU and
ClpXP, has an equivalent in 26S proteasomes. Although there is
firm structural evidence for the role of the C termini of an ATP-
independent proteasome activator in gating,” no such evi-
dence is available for the C termini of AAA(+) ATPases in the
19S cap. Thus, the mechanism of 20S proteasome activation
remains open for further investigation.

Despite many differences, the 20S-proteasome-base com-
plex is likely to be similar to the bacterial peptidase HsIVU in
some ways. Although the details are controversial, it is general-
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ly assumed that several AAA(+) ATPases will form a ring, and
the analogy with HsIVU suggests that the ATPase subunits
could be in direct contact with the 20S core particle. Two-
hybrid-experiment data support this model, because they
reveal a number of interactions among proteasomal ATPases
and between ATPases and 20S core subunits.'™ As there is no
ubiquitin system in bacteria or archaea, the model systems
shed no light on the “lid” complex that seems to lack homo-
logues in these simpler organisms. Thus, currently the most
detailed structural information is derived from high-resolution
electron-microsopy data®® and from an exhaustive protein-
protein interaction map of the Caenorhabditis elegans 26S pro-
teasome."® In the light of the intriguing similarities between
the proteasomal 19S cap, the COP9 signalosome and the trans-
lation-initiation factor elF3,"° structural information on the
19S cap at atomic resolution could either come directly from a
crystal of this complex regulatory molecule or could result
more indirectly from the determination of the crystal structure
of either of the two other complexes.

In analogy to tricorn, which serves as a scaffold for interact-
ing proteases, it is becoming increasingly clear that the 195
cap serves as a scaffold for some ubiquitin isopeptidases that
deubiquitinate substrates prior to their degradation. In some
cases, the association is so tight that the isopeptidases are re-
garded as integral parts of the 26S proteasome. This is true for
Rpn11, a ubiquitin-metalloisopeptidase that appears to be
present in all eukaryotic proteasomes.™ It is also true for
Uch37, a conventional ubiquitin hydrolase with a cysteine nu-
cleophile that was found in eukaryotic proteasome prepara-
tions but that appears to lack a homologue in yeast.'™ More
recently, it was shown that Ubp6 (USP14 in mammals) is acti-
vated by and physically associated with 265 proteasomes,?”
thereby prompting the suggestion that it could be an integral
part of physiologically occurring proteasomes that was lost in
previous purification protocols of the 265 particle.'™ A physi-
cal association with proteasomes has also been reported for
Doa4, another class Il ubiquitin hydrolase."™ In contrast to
other non-ATPase subunits of the 19S cap, rough structural
models can be built for the ubiquitin hydrolases that are part
of the 195 cap or are associated with it: from the HAUSP®2*”
structure, it is known that conventional class Il ubiquitin hydro-
lases belong to the papain family of cysteine peptidases, and
the Rpn11 can partially be modeled after the structure of an
archaebacterial protein of unknown function.”®" Given the
loose association of 19S cap subunits, it is possible that more
structural information on this complex will emerge from struc-
tures of individual subunits or their homologues rather than
from a single crystal structure of the 19S cap or of the related
COP9 signalosome.

From tricorn to structurally and functionally related
proteases

Tricorn represents a striking example for molecular coevolu-
tion: the enzyme and its downstream peptidase share not only
similarities of the a—f hydrolase fold but also analogies in the
structure and mechanism of their catalytic machineries. The ac-
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tivities of the two enzymes compliment each other: Two tri-
corn arginine residues serve to recognise and anchor the C ter-
mini of substrates and thus explain the carboxypeptidase activ-
ity of tricorn. In contrast, two glutamate residues in F1 anchor
the N termini of substrates, thereby making F1 an aminopepti-
dase.

Quite unexpectedly, the eukaryotic DP IV exhibits striking
structural similarities with these archebacterial protein-degra-
dation enzymes, both with respect to the catalytic machinery
and the characteristic open-Velcro § propeller topology. By
contrast, the function of DP IV is related to delicately regulat-
ing the blood-glucose level and is thus very much diverged
from its archebacterial ancestors involved in “high-throughput
degradation”. Nonetheless, important analogies and conclu-
sions about the substrate-product passage through these
highly complex proteases can be drawn.

Functional eukaryotic tricorn analogues appear to be struc-
turally unrelated to tricorn. It is currently believed that protea-
some degradation products are digested by prolyl oligopepti-
dase, thimet oligopeptidase and a giant peptidase, tripeptidyl
peptidase 11.2°22% Tripeptidyl peptidase Il has several features
in common with tricorn. It is a serine protease as well, and like
tricorn it forms defined, giant, high-molecular-weight assem-
blies that far exceed the proteasome in size.?*” Apart from
these similarities, tricorn and tripeptidyl peptidase Il are quite
different. Their sequences and folds are so unrelated that the
two enzymes are classified in different clans in MEROPS.' The
helical features in the ultrastructure of tripeptidyl peptidase Il
have nothing in common with the regular icosahedral tricorn,
and most importantly, there is currently no experimental evi-
dence for any role of tripeptidyl peptidase Il as a scaffold to
physically assemble components of the protein-degradation
machinery.

From DegP towards proteins that tip the balance between
refolding and degradation

DegP can act either as a chaperone or as a protease. According
to the current working model, the switch depends on a confor-
mational change from the low-temperature conformation with
occluded active sites to the hypothetical high-temperature
conformation with accessible active sites. Thus, the switch de-
pends primarily on DegP and less so on substrates or cofac-
tors. This simple model contrasts with more complex mecha-
nisms to explain the balance between protein degradation and
protein refolding in eukaryotes.

In direct analogy to DegP, it has been reported that many
ATP-dependent proteases, including the proteasome, can act
as chaperones if the protease activity is artificially ablated. Al-
though this observation has been made multiple times in
vitro, its in vivo significance is not clear, and interactions be-
tween genuine chaperones and the protein-degradation ma-
chinery appear to be the key factor that tips the balance be-
tween protein degradation and refolding. The idea of cross-
talk between chaperones and the protein-degradation machi-
nery has received strong support from the discovery of specific
factors, such as CHIP (“C terminus of Hsc70 interacting pro-
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tein”),?* BAG-1 (“Bcl-2-associated athanogene-1")¢%7 or VCP
(“valosin-containing protein”),?® that interact with chaperones
or act as chaperones and have also been demonstrated to be
directly involved in ubiquitin-mediated protein degradation.

A physical association of components of the protein-degra-
dation machinery with chaperones makes mechanistic sense.
Chaperones select for aberrant proteins. Thus, the protein-deg-
radation machinery is most likely to find these proteins in asso-
ciation with chaperones and cochaperones. Moreover, proteins
that are encountered in complex with a chaperone are difficult
to refold, simply because proteins that are refolded efficiently
are quickly released from chaperones. Thus, a protease can be
more selective for truly “difficult” cases if it targets aberrant
proteins that occur in complex with chaperones. Substrates
could either be recognised specifically or simply be targeted
for degradation because of their persistent association with
chaperones. As both the key chaperones and the 26S protea-
some are abundant proteins, and because currently prominent
proteins at the interface of chaperones and the protein-degra-
dation machinery are rare proteins, we expect that more fac-
tors that have a role in the decision between protein degrada-
tion and protein refolding remain to be discovered.
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