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Summary

Eukaryotic proteasome consists of a core particle (CP), which degrades unfolded protein, and a
regulatory particle (RP), which is responsible for recognition, ATP-dependent unfolding and
translocation of polyubiquitinated substrate protein. In the archaea Methanocaldococcus
jannaschii, the RP is a homohexameric complex of proteasome-activating nucleotidase (PAN).
Here we report the crystal structures of essential elements of the archaeal proteasome: the CP, the
ATPase domain of PAN, and a distal subcomplex that is likely the first to encounter substrate. The
distal subcomplex contains a coiled-coil segment and an OB-fold domain, both of which appear to
be conserved in the eukaryotic proteasome. The OB domains of PAN form a hexameric ring with
a 13-A pore, which likely constitutes the outermost constriction of the substrate translocation
channel. These studies reveal structural codes and architecture of the complete proteasome,
identify potential substrate-binding sites, and uncover unexpected asymmetry in the RP of archaea
and eukaryotes.

Introduction

ATP-dependent proteases are found universally in living cells, and are responsible for rapid
and selective turnover of many intracellular proteins (Baker and Sauer, 2006; Baumeister et
al., 1998; Goldberg, 1992; Inobe and Matouschek, 2008). These proteases mediate the
degradation of misfolded, mistranslated, and mutant proteins, which may be toxic if allowed
to accumulate, and regulate numerous key proteins such as cyclins and NF-xB, which are
degraded in response to specific conditions or stimuli. Unfolding of the substrate protein, an
energy-requiring process, is a required early step in the degradation of many substrates. The
requirement for unfolding owes to the basic structure of these proteases, in which a
proteolytically active topological compartment is linked to a substrate-recognizing ATPase
module via a narrow, gated channel through which protein substrates are translocated. The
complex architecture of these proteases, and especially their sequestered proteolytic sites,
endow them with high specificity, processivity, and capacity for regulation.
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Bacteria contain an array of ATP-dependent proteases, such as CIpAP, CIpXP, and HsIUV
(Baker and Sauer, 2006; Groll et al., 2005). These are typically derived from two gene
products, which assemble into stacked ring complexes, thus forming a homo-oligomeric
protease component and a homo-oligomeric ATPase component. In contrast, the eukaryotes
contain only one known ATP-dependent protease, known as the proteasome (Baumeister
and Lupas, 1997; Bochtler et al., 1999; Goldberg, 2007; Hanna and Finley, 2007; Pickart
and Cohen, 2004). The proteasome contains 33 distinct subunits, and is thus architecturally
different from the bacterial proteases. This complexity results in part from the use of
ubiquitin as a substrate recognition tag for the eukaryotic proteasome. The proteasome is
composed of a 20S core particle (CP) and a 19S regulatory particle (RP). The CP is
responsible for the degradation of unfolded substrate protein, while the RP recognizes
polyubiquitinated protein, unfolds the substrate in an ATP-dependent manner, and
translocates the unfolded substrate into the CP for degradation (Elsasser and Finley, 2005).
The RP contains at least 19 different subunits, which are organized into a CP-proximal base
and a distal lid that is connected to the base on the side (Glickman et al., 1998; Walz et al.,
1998). The base includes six essential AAA+ ATPases (hereafter the Rpt proteins) that are
responsible for key functions of the RP.

The archaeal proteasome has the architectural simplicity of bacterial ATP-dependent
proteases, but shares key features of the eukaryotic particle and may represent its
evolutionary precursor. The CP assemblies of both archaea and eukaryotic proteasomes are
barrel-like structures of four stacked heptameric rings of subunits (Groll et al., 1997; Lowe
et al., 1995; Smith et al., 2005; Zwickl et al., 1999). The outer rings are composed of a—type
subunits, the inner rings of B-type subunits. In eukaryotes each ring is hetero-oligomeric,
and in archaea they are homo-oligomeric, but the overall architecture is very similar.
Degradation of the substrate protein occurs in the central chamber formed by the two f3-
heptamer rings (Groll et al., 1997; Lowe et al., 1995).

The proteasome RP in archaea is assembled from a single protein named proteasome-
activating nucleotidase (PAN) (Zwickl et al., 1999). Although PAN can form dodecamers
after overexpression in E. coli, it is thought to function as a hexamer (Smith et al., 2005).
Unlike the ATPase components of the bacterial proteases, PAN shares extensive sequence
homology with the six Rpt proteins of the eukaryotic proteasome (Zwickl et al., 1999). The
PAN complex is sufficient to execute essential functions shared with eukaryotic RP, such as
substrate recognition, unfolding, and translocation (Smith et al., 2006).

Mechanistic understanding of proteasome function requires elucidation of its three-
dimensional structure, particularly that of the RP, which is considerably more complex than
the CP. Structures of the 20S CP have been elucidated for Thermoplasma acidophilum
(Lowe et al., 1995), Archaeoglobus fulgidus (Groll et al., 2003), Mycobacteria tuberculosis
(Hu et al., 2006), Saccharomyces cerevisiae (Groll et al., 1997), and mammals (Unno et al.,
2002a, b). Structures of two RP components, Rpn13 (Schreiner et al., 2008) and the C-
terminus of Rpt3 (Nakamura et al., 2007), are also known. However, vigorous effort has
failed to unveil any atomic structure of the intact eukaryotic RP or its archaeal homolog. In
this manuscript, we report three crystal structures from the archaea Methanocaldococcus
jannaschii (M. jannaschii): the CP, the adjacent ATPase domain of PAN, and the distal
subcomplex of PAN.

Identification of two subcomplexes in the archaeal RP

The three gene products that compose the M. jannaschii proteasome, PAN and the o and
subunits of the CP, were individually expressed and purified to homogeneity. The o and 8
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subunits were subsequently assembled into a stable 20S core particle (data not shown).
Despite years of intense effort, crystals of the PAN regulatory complex failed to diffract X-
rays beyond 8 A resolution. Reasoning that the poor diffraction quality of the crystals might
be in part due to flexible surface loops, we subjected the oligomeric PAN complex to limited
proteolysis, which led to the generation of two non-overlapping subcomplexes.

Analysis by mass spectroscopy and N-terminal peptide sequencing revealed that
subcomplex | spans residues 74-150, which comprise portion of a predicted coiled-coil
domain and a predicted globular domain. Subcomplex | was stable and exhibited an
apparent molecular mass of approximately 50-kDa by gel filtration (Supplementary Figure
1), suggesting a hexameric assembly of this 8.4-kDa fragment. Subcomplex Il extends from
residue 155 to the C-terminus of PAN (residue 430), and represents the entire nucleotidase
domain. In contrast to subcomplex I, subcomplex Il dissociated slowly on gel filtration and
was eluted in a broad range of molecular weights from 200-kDa, which corresponds to a
hexameric assembly, to 30-kDa, which corresponds to a monomer (Supplementary Figure
1). These observations are consistent with previous studies using electron cryo-microscopy
(Smith et al., 2005) and further indicate that residues 74-150 make a major contribution to
the formation of the PAN hexamer.

Structure of subcomplex | of the archaeal RP

We succeeded in crystallization of subcomplex | and determined its structure at 2.1 A
resolution by multi-wavelength anomalous dispersion (Figures 1 and 2, Table 1,
Supplementary Table 1). Each PAN fragment contains an N-terminal a-helix (residues
74-89) followed by a compact B-domain (residues 90-150) (Figures 1A and 2). The 6 B-
domains, each comprising a 5-stranded p-sandwich, associate with each other with a pseudo
six-fold symmetry to form a donut-shaped structure with an axial pore of 13 A (Figure 1B),
which, as discussed below, is presumably the first constriction through which substrates
must pass to be degraded. Three pairs of the asymmetric dimers associate with each other to
form the hexameric subcomplex | (Figure 1A), which has a diameter of 70 A and a height of
40 A. Within each dimer, the two a-helices pair up to form a coiled-coil, but the coiled coil
is skewed towards one member of the dimeric pair. The position of the coiled coils at the
distal face of PAN suggests that they may assist in substrate recognition.

The extensive interactions among the 6 PAN fragments within the hexameric assembly
result in the burial of approximately 9100 A2 of otherwise exposed surface area. The inter-
subunit interactions are rich in hydrogen bonds (H-bonds), which are susceptible to distance
changes. These structural features, together with the observation that subcomplex | consists
exclusively of rigid B-strands at the center (Figure 1A), suggest that, if the central ring
formed by the B-domains were to undergo conformational changes upon substrate binding or
during ATP hydrolytic cycles, such changes must be coordinated and likely affect the
overall conformation.

The N-terminal face of subcomplex | is on the same side as the coiled coils and is hereafter
referred to as the distal face, as it is farther away from the CP in the assembled proteasome.
Similarly, the C-terminal face is spatially connected to subcomplex Il and referred to as the
proximal face (Figure 1A). The proximal face contains a high density of positively charged
amino acids surrounding the axial pore whereas the distal face has a mixture of positively
charged and hydrophobic residues (Figure 1B).

The observed structural features of subcomplex | in the PAN regulatory complex appear to
be generally conserved in eukaryotes. Sequence alignment of PAN with Rpt1-6, the six
AAA+ ATPases in the base of the RP from S. cerevisiae, indicates that each of the Rpt
subunits contains a coiled-coil domain followed by a highly conserved B-domain (Figure 2).
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Thus, the 6 putative p-domains in Rpt1-6, as well as their counterparts from humans, are
predicted to form the central ring of a hexameric complex, with the adjacent 6 a-helices
forming three pairs of coiled-coils.

OB fold in the RP

An unanticipated finding is that structure of the B-domain conforms to the oligonucleotide/
oligosaccharide-binding fold, known as the OB-fold (Agrawal and Kishan, 2003; Arcus,
2002; Theobald et al., 2003) (Figure 3A). Similar to other OB-fold proteins such as CspA
(Schindelin et al., 1994) (Figure 3B), strand B1 in the OB-fold domain of PAN participates
in two B-sheets, with its N-terminal portion pairing up with strand 4 and C-terminal half
interacting with B2 (Figure 3A). Residues 74-150 of PAN are hereafter referred to as the
coiled-coil OB-fold domain, or CC-OB domain. Previous studies of OB-fold proteins
revealed that the surface loops connecting the 5 B-strands generally play an important role in
ligand binding (Agrawal and Kishan, 2003; Arcus, 2002; Theobald et al., 2003). For
example, loop L23 in Cdc13, which connects B-strands 2 and B3, makes crucial contacts
with telomeric DNA elements (Mitton-Fry et al., 2002). In subcomplex I, these surface loops
are concentrated in two areas: L23 and L45 line the inner surface of the central passage
whereas L12 and L34 are located on the outer surface between coiled-coils (Figure 3C).
Thus, two of the surface loops are properly positioned to contact or transiently bind the
protein substrate as it enters the translocation channel. In agreement with this scenario,
residues in L23 appear to impose the narrowest passage in the central pore of subcomplex |
(Figure 3C).

t- and c-type subunits in the RP

Subcomplex I is a trimer of asymmetric dimer (Figure 1A). To facilitate description of
subcomplex I, the 6 CC-OB domains are designated molecules A through F (Figure 1A). An
asymmetric dimer (such as that involving molecules A and B) contains a coiled-coil formed
by two a-helices (Figure 4A). The underlying key to this asymmetry is the main chain
configuration of Pro91, which alternates across subunits within a hexameric ring.
Configuration of the peptide bond preceding Pro91 is trans in three subunits (molecules A,
C, and E), and cis in the other three (molecules B, D, and F) (Figure 4B). Hence, we
designate the first set as trans-Pro subunits, or t-type subunits, and the second set as cis-Pro
subunits, or c-type subunits. Although the OB domains of t-type and c-type subunits are
nearly identical, with a root-mean-squared deviation (rmsd) of ~0.7 A, their a-helices are
nearly perpendicular to each other relative to the aligned OB domains (Figure 4B). The
divergent trajectories of the a-helices are linked to the configuration of the peptide bond
preceding Pro91, and the cis configuration in the c-type subunit likely plays an important
role in allowing its a-helix to form a coiled-coil with the corresponding a-helix in the t-type
subunit. Apart from Pro91, all amino acids in the two molecules have virtually identical
conformations. To confirm the importance of Pro91, we generated three mutations: P91A,
P91G, and P90A/P91A. Unfortunately, none of these mutant proteins was stable enough to
allow biochemical characterization, as all mutant proteins were readily degraded during
expression and purification (data not shown). This observation highlights the structural role
of Pro91 and further demonstrates its critical importance in maintenance of the correct
conformation for PAN.

There are two types of interface within the same hexameric assembly: the interface within
the asymmetric dimer (Figure 4C) and the interdimer interface (Supplementary Figure 2).
The intradimer interface involves both the OB domains and the coiled-coils, while the less
intimate interdimer interface involves only the OB domains. The intradimer interface
contains 9 inter-molecular H-bonds and extensive van der Waals interactions, involving
2214 A? surface area (Figure 4C). Within the OB domain, Asp99 of the c-type subunit
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accepts a pair of charge-stabilized H-bonds from Arg134 of the t-type subunit (Figure 4C).
Within the CC domain, hydrophobic amino acids Leu80, Leu84, and Met87 of the t-type
subunit stack closely against Leu80, Leu84, and the aliphatic side chain of Arg81 of the c-
type subunit.

Conserved asymmetry in the RP

Among the 20 naturally occurring amino acids, only Pro allows the preceding peptide bond
to populate the cis configuration. Thus, because the six yeast Rpt subunits are thought to
form a structure similar to that of subcomplex | from M. jannaschii (Figure 2), we predicted
that three of the six Rpt subunits should belong to the c-type, namely, three should contain a
Pro residue that corresponds to Pro91 of PAN. Sequence alignment confirmed this
prediction (Figure 2). Rpt2, Rpt3, and Rpt5 each have a conserved Pro at this position;
consequently, these Rpt subunits may correspond to c-type subunits. Similar analysis
confirmed the same prediction in the human proteasomal RP (Figures 2 and 4D).

We have described two asymmetries in the CC-OB structure: the positioning of the coiled-
coils and the alternating cis-trans configuration of the peptide bond preceding Pro91. A third
asymmetry in the CC-OB structure further strengthens the physiological relevance of these
asymmetries and their generality to the eukaryotic proteasome. This more subtle asymmetry
is a direct result of asymmetric dimer formation — which leads to a slight intradimer rotation
of the two OB domains relative to the central axis of the hexamer. Consequently, stabilizing
contacts are established between the OB domains of intradimeric but not interdimeric
neighbors: Asp99 of a c-type subunit accepts two H-bonds from Arg134 of the t-type
subunit (Figure 4E).

If, as suggested above, Rpt2, Rpt3, and Rpt5 are c-type subunits, they should each contain a
conserved acidic residue in the position corresponding to Asp99. Indeed, this prediction was
verified by the identification of an invariant Glu residue (Figure 4D). This analysis further
suggests that Rpt1, Rpt4, and Rpt6 should be t-type subunits. Consistent with this view,
Rptl, Rpt4, and Rpt6 each contain a conserved Arg residue that aligns with Arg134 of PAN.
Moreover, the position of Pro91 is not strictly conserved in these predicted t-type subunits
(Figure 2), as they have no need to form a cis peptide bond. In summary, we propose that
PAN and Rpts of the eukaryotic proteasome share key structural features in the CC-OB
element, especially a linked ensemble of asymmetries that may be relevant to the
functioning of these complexes. Remarkably, the asymmetries that are embedded in the
sequence features of the hetero-oligomeric Rpt ring are exactly reflected in the structure of
the homo-oligomeric PAN complex.

Subcomplex Il of the archaeal RP

Compared to subcomplex I, subcomplex Il was unstable and dissociated slowly
(Supplementary Figure 1). We combined the fractions containing subcomplex Il, generated
crystals, and determined the structure at 3.1 A resolution (Table 1, Supplementary Table 2).
There are three molecules of the PAN nucleotidase domain (residues 155-430) in one
asymmetric unit (Supplementary Figure 3). The lack of 6-fold symmetry confirms that
subcomplex Il had dissociated during purification and crystallization. The structure of the
PAN nucleotidase domain conforms to the canonical fold of AAA+ ATPases, with a
nucleotide-binding o/p fold and a characteristic small helical domain toward the C-terminus
(Lupas and Martin, 2002) (Figure 5A). Interestingly, the bound nucleotide is ADP, not ATP.
To obtain the ATP-bound structure, we attempted to crystallize the walker B mutant
nucleotidase domain in the presence of ATP but were only able to obtain the ADP-bound
crystals. These observations suggest that ADP-binding may be favored over ATP, which
may have interesting implications for PAN function.
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The core elements of the PAN ATPase can be superimposed with those of the representative
AAA+ ATPases ClpX (Kim and Kim, 2003) and HslU (Bochtler et al., 2000; Sousa et al.,
2000) with rmsd of 1.65 A for 115 Ca atoms and 1.92 A for 140 Co atoms, respectively
(Figure 5B). ADP is bound between the o/p domain and the small helical domain (Figure
5C), suggesting that binding and hydrolysis of ATP may impact on the relative position of
these two domains. In addition to the P-loop (Walker A motif) and the Walker B motif in the
o/ fold, the small helical domain also contributes four amino acids to bind nucleotide.
I1e349 and His353 interact with the adenine moiety whereas Ala378 and Lys381 stabilize
the ribose (Figure 5C).

AAA+ ATPases are ATP-dependent molecular machines with highly conserved oligomeric
structures (Baker and Sauer, 2006; Davey et al., 2002; Erzberger and Berger, 2006; Lupas
and Martin, 2002; Sauer et al., 2004). The conserved structural features between PAN and
the bacterial ATPase HslU (Bochtler et al., 2000; Sousa et al., 2000) allowed us to
superimpose the atomic coordinates of the PAN nucleotidase domain onto the six molecules
of HslU to generate a model for subcomplex Il (Figure 5D). The quality of the model is
manifested by the paucity of steric clashes in the main chains of adjacent molecules.
Interestingly, the modeled subcomplex Il contains a very narrow central passage, with a
surface diameter of less than 5 A. As observed in other oligomeric AAA+ ATPases
(Hinnerwisch et al., 2005; Lupas and Martin, 2002; Martin et al., 2008a; Wang et al., 2001),
the Ar-® loop (also known as pore-1 loop) and the pore-2 loop (Figure 5A, D) line the
central passage and define the constriction points. The bound nucleotide is partially exposed
on the distal face, which may closely approach the proximal face of subcomplex I.
Electrostatic interactions may promote such contacts, because the negative charges at the
distal face of the modeled subcomplex 11 (Figure 5D) are complementary to the positive
charges at the proximal face of subcomplex | (Figure 1B).

Structure of the CP

The archaeal proteasome that has been extensively characterized contains the PAN complex
from M. jannaschii but the CP from T. acidophilum, in part because PAN was initially
cloned from M. jannaschii (Zwickl et al., 1999), whereas structural information is available
on the CP from T. acidophilum (Lowe et al., 1995) but not from M. jannaschii. To
understand assembly of the complete proteasome within the same species, we crystallized
the 20S core particle from M. jannaschii and determined its structure (Table 1,
Supplementary Table 2). The 20S CP contains 14 o and 14 B subunits, which assemble into
four stacked rings of a7-p7-p7-a7 (Figure 6A). Three chambers are formed within the CP;
the central chamber formed by the two P rings is where proteolysis occurs. Delivery of an
unfolded substrate peptide to the central chamber requires passage through the central
channel of the o ring as well as a constriction in the B ring. The constriction in the § ring is
constitutively open and large enough to allow passage of an extended polypeptide chain
(Figure 6A). However, the axial channel in the a ring is thought to be closed in the absence
of the RP (Forster et al., 2005; Rabl et al., 2008; Smith et al., 2007). Indeed, the constriction
of the a ring of the M. jannaschii CP is too narrow to allow passage of peptide chain and
exists in a closed state (Figure 6A). Opening of the gated channel of the o ring is thought to
be induced by binding of the RP (Groll et al., 2000). The C-terminal residues of PAN were
previously shown to bind directly to the CP (Forster et al., 2005; Rabl et al., 2008; Smith et
al., 2007). Consistent with this analysis, the exposed surface of the a ring contains 7 putative
binding pockets (Figure 6B). A conserved Lys residue known to play a key role in binding
to RP (Smith et al., 2007) resides at the base of this pocket.
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Discussion

Structural information on subcomplex | and the PAN nucleotidase domain allowed modeling
of the PAN regulatory particle (Figure 7A). In this model, the ATPase ring (subcomplex I1)
is formed by 6 nucleotidase domains, and subcomplex | consists of 6 CC-OB domains. The
C-terminal residues of subcomplex | are connected to the N-termini of the ATPase ring,
likely through flexible sequences (residues 151-158), because limited proteolysis of the
PAN complex occurred in this region and readily generated subcomplexes I and Il. Our
structure-based modeling is fully consistent with previous EM study, which revealed a two-
ring architecture of the PAN regulatory complex (Smith et al., 2005).

A major finding from the present study is the existence of an unexpected domain, the OB
domain, within PAN and the Rpt proteins. Six OB domains assemble to form a ring structure
with an inner surface diameter of 13 A. The constrictions, formed by loops L23 and L45, are
too narrow to allow passage of folded proteins (Figure 7A, B). The positioning of this ring at
the distal face of the ATPase ring indicates that it is most likely the site of substrate entry
into the axial translocation channel (Figure 7A). Thus, we postulate that the requirement for
substrate to pass through the OB ring is the critical barrier by which the selectivity of
proteasomes for unfolded proteins is enforced. Substrates need to be translocated
approximately 60 A further to reach the proteolytic sites of the enzyme, through additional
constrictions in the ATPase ring (Figure 7B, C).

In addition to functioning as a molecular sieve, we suggest that the OB domain may also
serve as a fulcrum for substrate unfolding. If the substrate is unfolded by being tugged into
the channel through motions of the Ar-® loop of the ATPase domain (Hinnerwisch et al.,
2005; Inobe et al., 2008; Martin et al., 2008a; Martin et al., 2008b; Wang et al., 2001),
unfolding will be mediated by an opposing force acting on the substrate, which blocks its
movement. We propose that this force is exerted passively by the OB domain. The
surprising stability of the OB complex may reflect this inherent resistive capacity. The
presence of the OB channel distal to Ar-® sequesters the Ar-® loop from folded protein
domains and allows the Ar-® loop to act selectively on polypeptides that have already
threaded through the channel. It should be noted, however, that the structural stability of the
OB ring does not necessarily imply that it cannot undergo conformational changes during
substrate binding or ATP hydrolytic cycles of proteasome function. Rather, the structural
observations strongly suggest that any such changes are likely to be coordinated and may
impact on the overall conformation of the OB ring and the RP.

The proteasomal OB domains might interact with substrate, because ligand-binding is a
general feature of OB domains (Agrawal and Kishan, 2003; Arcus, 2002; Theobald et al.,
2003). The face of the proteasomal OB domains that lines the substrate entry site is one that
typically engages in ligand binding. Interestingly, for each eukaryotic Rpt protein, the
predicted pore residues of the OB domains are highly conserved (Supplementary Figure 4).
Moreover, amino acid substitutions in this region of the OB domain cause major defects in
the protein unfolding and degradation by PAN (Zhang et al, to be submitted). A key
question for future work will be how putative binding interactions between OB domains and
specific segments of protein substrates may influence proteasome function. The OB domains
might promote the initiation of substrate threading into the channel, and thus increase the
likelihood of productive contacts between substrate and pore-1 loop. Alternatively, substrate
binding by OB domains might promote unfolding of the substrate or help to target the
substrate to the proteasome. The last scenario is more plausible for the archaeal proteasome
than the eukaryotic proteasome, where ubiquitin plays a dominant role in targeting.
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The OB ring may provide an interpretive framework for understanding several prior studies
of proteasome function. Constitutively unfolded sequences can be used by the proteasome to
drive unfolding of the remainder of the substrate (Prakash et al., 2004). The degradative
“initiation sequences” may need to reach through the OB pore to the Ar-® loops before
active unfolding can begin. The length requirement for initiation sequences may thus be
related to the distance from the OB domain to Ar-®. On the other hand, some sequences,
such as those found in the viral EBNA-1 protein, have an interfering effect on degradation
(Levitskaya et al., 1997). These might physically block the translocation channel by
interacting unusually strongly with the OB domain, or perhaps the downstream Ar-® and
pore-2 loops.

The unfolding activity of PAN is linked to ATP hydrolysis (Zwickl et al., 1999). ATP-
driven conformational changes within subcomplex Il can be expected to underlie this
unfolding activity. A question for future work is whether the CC-OB domain also undergoes
ATP-dependent conformational changes. A related challenge will be to determine what role
the coiled-coils of the CC-OB domain play in substrate processing. To address these
questions, we have initiated systematic mutagenesis of surface-exposed residues in PAN
(Zhang et al, submitted).

Whether the asymmetries and dimeric pairings of the CC-OB domain are associated with
similar structural features of the nucleotidase domain remains unclear. However, it seems
likely that the nucleotidase domain of the PAN hexamer is asymmetric within the assembled
proteasome, if only because it is required to interface with the heptameric CP. Asymmetry
within the PAN nucleotidase domain has also been suggested by EM studies (Smith et al.,
2005) and by the finding that not all subunits within the PAN homohexamer can bind
nucleotide simultaneously (Horwitz et al., 2007).

As the proteasome evolved from a PAN-like evolutionary precursor, contemporaneously
with the introduction of ubiquitin as a degradation tag, the proteasome RP became far more
complex, and specified by 19 gene products rather than one. The striking similarities
between PAN and the Rpt proteins revealed in this study, however, indicate that the
architectural features of this core assembly of the RP remained little altered. The recognition
and manipulation of ubiquitin chains is the shared responsibility of many of the additional
subunits, all of which lack apparent ATPase domains. But the addition of such new subunits
is perhaps not the only means by which the proteasome acquired new functions in
eukaryotes. The diversification of the PAN homohexamer into the Rpt heterohexamer may
have enhanced its capacities significantly, without gross changes in architecture. In
particular, the sequence differentiation from Rpt to Rpt within Ar-®, the OB pore, and the
coiled-coil elements (Supplementary Figure 4) may all provide the Rpt hexamer with a more
robust capacity for substrate recognition, unfolding, and translocation.

Experimental procedure

Protein preparation and crystallization

PAN and 20S proteasome of M. Jannaschii were cloned from genomic DNA using standard
PCR procedure. The B subunit of 20S proteasome lacked six N-terminal residues (BA6) to
gain a constitutive peptidase activity (Wilson et al., 2000). All proteins were expressed in E.
coli BL21 (DE3). The C-terminally His6-tagged PAN was purified using Ni-NTA (Qiagen),
followed by anion-exchange (Source-15Q, GE) and gel-filtration (Superdex-200, GE). For o
subunit, the fusion protein eluted from Ni-NTA column was further treated with thrombin to
release the N-terminal His6 tag prior to chromatography. For non-tagged g subunit, the
crude cell lysate was heated at 85 °C for 15 min and cooled down on ice for 30 min. The
supernatant was then applied to cation-exchange (Source-15S, GE) and gel-filtration for
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further purification. Selenomethionine-labeled CC-OB domain was generated as described
(Sreenath et al., 2005).

All diffracting crystals were grown at 22 °C using the hanging drop vapour diffusion
method. For subcomplex I, the reservoir buffer contained 0.1 M NaOAc, pH 4.5, 0.2 M
Li»SO,4 and 34%-36% MPD (v/v). The crystals appeared overnight. Macro-seeding was
used to generate single, large crystals. Crystals were slowly equilibrated in a dehydration
buffer containing 0.1M NaOAc, pH 4.5, 35% MPD (v/v) and 20% PEG 400 (v/v) and flash
frozen in liquid nitrogen. For the nucleotidase domain, the protein was mixed with an equal
volume of the reservoir solution containing 0.1 M NaOAc, pH 4.6, and 0.65 M NH4H,PO4.
For the 20S CP, the reservoir contained 0.1 M Tris, pH 6.8, 0.2 M KCI and 33-36% MPD
(v/v). The a and B subunits were mixed at 1:1 molar ratio and heated at 65 °C for 30 min just
before setting up tray. 2 mM ATP, 20 mM MgCl, and 8% Sucrose-10 was added into the
protein mixture as additives. The crystals grew to full size in 2-3 days. All data sets were
collected at NSLS beamline X29 and processed using HKL2000 (Otwinowski and Minor,
1997).

Structure determination of subcomplex |

Subcomplex | was crystallized in space group P21212 with cell dimensions of a = 126.6 A,
b=129.6 A, c =60.6 A. The structure was determined by SeMet MAD experimental
phasing using the program SHELX (Sheldrick, 2008). Initial phases were improved using
SHARP (Bricogne et al., 2003), and the use of two SeMet MAD datasets resulted in an
electron density map with improved interpretability, although phasing statistics are likely to
be biased. Non-crystallographic symmetry was determined from inspection of the maps in
the vicinity of the SeMet sites, and optimized using the program NCS6D (Jones, 1992).
There are 12 molecules in the asymmetric unit (Supplementary Figure 5), with approximate
32 symmetry. Six-fold averaging significantly improved the interpretability of the electron
density maps. The structure was built using the programs O (Jones et al., 1991) and COOT
(Emsley and Cowtan, 2004) and refined using CNS (Brunger et al., 1998) against the high
resolution SeMet peak wavelength dataset (Supplementary Table 1). Non-crystallographic
symmetry restraints were used in the early stages of refinement but then released as subtle
differences between the chains became evident. Three dimers form a subcomplex; two
subcomplexes associate with each other through their respective coiled coils. There is a
mixture of H-bonds and van der Waals contacts at the inter-subcomplex interface
(Supplementary Figure 6).

Structure determination of the nucleotidase domain

The nucleotidase domain of PAN was crystallized in space group P65 with cell dimensions a
=b=116.43 A, c = 164.17 A, with three molecules in the asymmetric unit. The structure
was determined by molecular replacement using coordinates of p97 AAA+ ATPase
(Dreveny et al., 2004) and the program PHASER (Storoni et al., 2004). There were three
independent molecules in the asymmetric unit. The structure was built into the model-
phased electron density maps using the program O (Jones et al., 1991) and refined using the
program REFMAC (Winn et al., 2003) with tightly restrained individual B-factors and six
TLS groups corresponding to the N- and C- terminal domains of each of three monomers.
Refinement is summarized in Supplementary Table 2.

Structure determination of the 20S CP

The 20S CP of M.jannaschii crystallized in two crystal forms in identical conditions. The
larger form diffracted to 4.5 A resolution and was in space group P212121 with a = 205.1 A,
b=219.3 Aand ¢ =299.5 A, and contained one whole and two half 20S complexes. The
smaller form diffracted to 4.1 A resolution and was in space group P21212 with cell

Mol Cell. Author manuscript; available in PMC 2012 January 30.
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dimensions of a=206.7 A, b = 219.5 A and ¢ = 149.0 A, with two half complexes (a7p7) in
the asymmetric unit. Structure of the larger form was first solved by molecular replacement
using the structure of the Archaeoglobus fulgidus 20S proteasome (Groll et al., 2003) using
the program PHASER (Storoni et al., 2004). Heptamer rings of o or  subunits were used as
models, and the solution unambiguously placed the rings to form one full and two half-
complexes in the asymmetric unit, comprising a total of 28 o subunits and 28 B subunits.
The structure was built into 28-fold averaged model-phased 2Fo-Fc electron density maps
calculated from data that had been sharpened by applying a -60 A2 B-factor to the
experimental data to give more detail in the maps. The structure was refined using the
program PHENIX (Adams et al., 2002) against this sharpened data and also against the
unmodified data. Final refinements were performed against unmodified structure factor
amplitudes (Supplementary Table 2). Refinement was heavily restrained by 28-fold non-
crystallographic symmetry with an average RMS between subunits of approximately 0.1 A
on all atoms. One B-factor per subunit was refined. Eight TLS groups, one per heptameric
ring, were refined. The biasing of R-free by the high level of non-crystallographic symmetry
was reduced by selecting the test set reflections in spheres of constant resolution. The
refinement programs were CNS (Brunger et al., 1998) and PHENIX (Adams et al., 2002).
The structure was built using COOT (Emsley and Cowtan, 2004) and O (Jones et al., 1991).
Structure of the smaller form was similarly solved and refined. See Supplementary Table 2
for data collection and refinement statistics.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Structure of subcomplex I of the PAN regulatory particle. (A) Structure of the hexameric

subcomplex I. The 6 Pan fragments are labeled A through F. Each Pan fragment (residues
74-150) contains an N-terminal a-helix followed by a -domain that is structurally
homologous to the oligonucleotide/oligosaccharide binding fold (OB-fold). Two a-helices
from adjacent domains form a coiled coil. The distal and proximal faces refer to their
relative orientation with respect to the 20S core particle. (B) Surface potential of
subcomplex I. The positive and negative charges are colored blue and red, respectively.
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SIATKRFDAQTGSDREVQORILIELLTQOMDGFDQSTNVKVIMATNRADTLDPALLRPGRLDRKIEFPYLRDRRERRLIFG 354
ATIATKRFDAQTGADREVQR ILLELLNOMDGFDQNVNVKVIMATNRADTLDPALLRPGRLDRKIEFP-LPDRROKRLIFS 346
AIGGRRFSEGTSADRE IQRTLMELLTQOMDGFDNLGQTKIIMATNRPDTLDPALLRPGRLDRKVEIP-LPNEAGRLEIFK 362
AIGGRRFSEGTSADRE IQRTLMELLNQMDGFDTLHRVKMIMATNRPDTLDPALLRPGRLDRKIHID-LPNEQARLDILK 314
AIGTKRFDSEKSGDREVQRTMLELLNQLDGFSSDDRVKVLAATNRVDVLDPALLRSGRLDRKIEFP-LPSEDSRAQILO 362
AIGTKRFDSEKAGDREVORTMLELLNQLDGFQPNTQVKVIAATNRVDILDPALLRSGRLDRKIEFP-MPNEEARARIMQ 367
SIGSTRVEGSGGGDSEVORTMLELLNQLDGFETSKNIKITIMATNRLDILDPALLRPGRIDRKIEFP-PPSVAARAEILR 329
SIGSSRLEGGSGGDSEVORTMLELLNQLDGFEATKNIKVIMATNRIDILDSALLRPGRIDRKIEFP-PPNEEARLDILK 330

44 =

I——@S—« R G -

IHTRKMNLAEDVNLEE IAKMTEGCVGAELKAICTEAGMNAIRELRDYVTMDDFRKAVEK IMEKKKVKVKEPAHLDVLYR 430
IHSKSMSVERGIRWELISRLCPNSTGAELRSVCTEAGMFAIRARRKVATEKDFLKAVDKVISGYKKFSSTSRYMQYN-- 467
IHARSMSVERDIRFELLARLCPNSTGAEIRSVCTEAGMFAIRARRKIATERDFLEAVNKVIKSYAKFSATPRYMTYN-- 433
IHTSKMNLSEDVNLETLVTTKDDLSGADIQAMCTEAGLLALRERRMOQVTAEDFKQAKERVMKNKVEENLEGLYL-—-—--~ 437
IHTSRMTLADDVTLDDLIMAKDDLSGADIKAICTEAGLMALRERRMKVTNEDFKKSKENVL YKKQEGTPEGLYL~
TIASKMSLAPEADLDSLIIRNDSLSGAVIAAIMOQEAGLRAVRKNRYVILOSDLEEAYATQVKTDNTVDKFDF YK~
TITSKMNLSEEVDLEDYVARPDKISGADINSICQESGMLAVRENRYIVLAKDFEKAYKTVIKKD--EQEHEF YK~
IHTAKVKKTGEFDFEAAVKMSDGFNGADIRNCATEAGFFAIRDDRDHINPDDLMKAVRKVAE-VKKLEGTIEYQKL-~~ 437
IHAGPITKHGEIDYEAIVKLSDGFNGADLRNVCTEAGMFAIRADHDFVVQEDFMKAVRKVAD-SKKLESKLDYKPV-~-~ 389
IHSRKMTTDDDINWQELARSTDEFNGAQLKAVTVEAGMIALRNGQSSVKHEDFVEGISEVQARK--SKSVSFYA-
IHSRKMNVSPDVNYEELARCTDDFNGAQCKAVCVEAGMIALRRGATELTHEDYMEGILEVQAKK--KANLQYYA-

THSRKMNLTRG INLRKVAEKMNGCSGADVKGVCTEAGMYALRERR THVTQEDFELAVGKVMNKNQE TAISVAKLFK 405
THSRKMNLTRGINLRK IAELMPGASGAEVKGVCTEAGMYALRERRVHVTQEDFEMAVAKVMOKDSEKNMS IKKLWK-—— 406
L] L] L]
@ Side-chain H-bond ® Main-chain H-bond = van der Waals contact
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Structure-based sequence alignment between PAN and the AAA+ ATPases in yeast and
human proteasomes. Rptl through Rpt6 are derived from S. cerevisiae. Secondary structural
elements of PAN are indicated above the sequences. Invariant and conserved amino acids
are colored yellow and cyan, respectively. Residues that correspond to Pro91, Asp99, and
Arg134 of PAN, are highlighted in red and green. Doubled arrows indicate residues that are
predicted to line the substrate translocation channel. The loop that falls between 8 and a5 is
known as pore loop 1 (pore-1 loop, or Ar-® loop), and that between a8 and a9 is pore loop 2
(pore-2 loop). The OB domain pore loops are termed L23 and L45.
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Figure 3.

The B-domain of PAN exhibits an oligonucleotide/oligosaccharide binding fold (OB-fold).
(A) Ribbon (left panel) and topology (right panel) diagrams of the B-domain of PAN reveal
an OB-fold. The surface loops connecting adjacent f3-strands are highlighted in red. (B)
Structure of a representative OB-fold protein CspA (Schindelin et al., 1994). (C) Candidate
substrate-binding site in subcomplex I. Subcomplex I is represented in ribbon diagram (left
panel) and surface potential (right panel). The surface loops are concentrated in two areas:
inner surface of the central passage (L23 and L45) and outer surface between coiled-coils
(L12 and L34).
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Figure 4.

Conserved asymmetry in subcomplex | of the PAN regulatory particle. (A) Interface
between molecules A and B involves both the coiled-coil and the OB-fold domains. (B)
Structural difference between molecules A and B is rooted in the peptide bond configuration
preceding Pro91. This bond exists in trans configuration in molecule A and cis in molecule
B. (C) A stereo view of the A-B interface. Side chains from molecules A and B are colored
green and blue, respectively. H-bonds are represented by red dashed lines. (D) A conserved
pattern of asymmetric amino acids that play key roles in stabilizing the structure of
subcomplex I. The asymmetry defines two types of subunits in subcomplex I: cis-Pro
subunits (c-type) and trans-Pro subunits (t-type). (E) A conserved pair of H-bonds at the
interface between molecules B and C. Arg134 and Asp99 come from the t- and c-type
subunits, respectively.
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Figure 5.

Structure of subcomplex Il of the PAN regulatory particle. (A) Structure of the nucleotidase
domain of PAN. The o/p fold and the helical domain are shown in magenta and cyan,
respectively. ADP is bound to the hinge region between these two domains. (B) The
nucleotidase domain of PAN is structurally similar to the AAA+ ATPases of ClpX and
HslU. Shown here is a stereo comparison of the relevant structures. (C) ADP is coordinated
by residues from both the o/f fold and the helical domain. (D) Model of the nucleotidase
ring. The atomic coordinates of the PAN nucleotidase were superimposed onto those of the
HslU hexamer (Bochtler et al., 2000; Sousa et al., 2000) to generate the nucleotidase ring.
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Two perpendicular views are shown on the left. The surface representations are shown on
the right. Note the highly acidic proximal face.
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Figure 6.

Structure of the 20S core particle from M. jannaschii. (A) Structure of the 20S core particle.
The o and B rings are colored cyan and magenta, respectively. Two perpendicular views of
the ribbon representation are shown in the top panel. Surface representation of the a-
double ring is shown in the bottom panel. (B) Electrostatic surface potential of the o ring.
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Figure 7.

Structural and functional implications on the proteasome. (A) A structure-based model of
the PAN regulatory particle. Substrate protein is thought to bind to the distal face of
subcomplex I as shown. (B) The constrictions are conferred by four layers of surface loops.
The first two layers come from subcomplex |, involving loops L23 and L45, and the latter
two layers come from the Ar-® and pore-2 loops in the nucleotidase domains. (C) A
structural view of the complete proteasome in M. jannaschii. The modeled, complete
proteasome is cut across the middle section to show the path and constrictions to the
degradative chamber in the B-rings. The placement of subcomplexes | and 11 and their
position relative to the 20S CP were based on measurement of the reported electron
microscopic images of the PAN-20S complex (Smith et al., 2005).
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Table 1
Summary of data collection and structure refinement

Data Collection

Data set Subcomplex I PAN nucleotidase  Core Particle
Wavelength (A) 0.9791 1.10 1.08
Resolution (A) 50-2.1 50-3.10 50-4.10
Unique reflections 58,588 22,762 54,076
Redundancy 6.4 6.6 4.8

I/c (outer shell) 11.0(2.8) 19.7 (3.1) 9.5(3.5)
Completeness (%) (outer shell)  99.3 (95.4) 99.8 (100.0) 99.8 (100.0)
Rsym (outer shell) 0.100 (0.376)  0.084 (0.523) 0.126 (0.488)
Refinement

Resolution (A) 50-2.1 50-3.1 50-4.1
Reflections (work/free) 55,430/2,931  19,605/1,092 51,010/2,737
Completeness (%) 98.8 95.8 99.8
R-work/R-free 0.212/0.259 0.221/0.277 0.265/0.321
RMSD bond lengths (A) 0.0084 0.011 0.009
RMSD bond angles (°) 1.52 1.43 1.26

Page 22

Rsym =ZhZj | Ih,i - Ih |/ ZhZj Ih,i, where In is the mean intensity of the i observations of symmetry related reflections of h. R = X |Fobs - Fcalc
| / ZFobs, where Fops = Fp, and Fcalc is the calculated protein structure factor from the atomic model (Rfree was calculated with 5% of the
reflections). R.m.s.d. in bond lengths and angles are the deviations from ideal values, and the r.m.s.d. deviation in B factors is calculated between

bonded atoms.
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