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Formation of the eukaryotic proteasome is not a spontaneous process but a highly ordered process
assisted by several assembly chaperones. In contrast, archaeal proteasome subunits can spontaneously
assemble into an active form. Recent bioinformatic analysis identified the proteasome-assembly chaper-
one-like proteins, PbaA and PbaB, in archaea. Our previous study showed that the PbaB homotetramer
functions as a proteasome activator through its tentacle-like C-terminal segments. However, a functional
role of the other homolog PbaA has remained elusive. Here we determined the 2.25-A resolution struc-
ture of PbaA, illustrating its disparate tertiary and quaternary structures compared with PbaB. PbaA forms
a homopentamer in which the C-terminal segments, with a putative proteasome-activating motif, are
packed against the core. These findings offer deeper insights into the molecular evolution relationships
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between the proteasome-assembly chaperones and the proteasome activators.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

Protein degradation in cells is essential for the homeostasis of
all living organisms. In this system, majority of intracellular pro-
teins are degraded by the ubiquitin—proteasome system in an
ATP-dependent manner [1-3]. The proteasome forms a huge
multi-subunit complex and is composed of a catalytic core particle
(also called 20S proteasome) and one or two 19S regulatory parti-
cles (19S proteasome). The 20S proteasome consists of seven
homologous o subunits and seven homologous B subunits that
are assembled into a cylindrical structure consisting of four hetero-
heptameric rings [4,5]. The resulting ot;_7B1-7B1-70l1_7 barrel-like
architecture is characterized by a twofold rotational symmetry,
with each half containing an outer ring of seven o subunits and
an inner ring of seven B subunits. While the two B rings contact
each other to form the catalytic chamber of the 20S core particle,
each o ring caps the chamber with a central channel gated by reg-
ulatory protein complexes termed proteasome activators. The 19S
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proteasome, a major eukaryotic proteasome activator composed of
at least 19 subunits, is responsible for capturing the ubiquitin-
tagged substrate, activating the 20S proteasome through gate
opening, and eliminating the ubiquitin chain from the substrate
[1-3]. The 19S proteasomes dock onto the 20S proteasome through
their C-terminal tails containing a hydrophobic-Tyr-unspecified
residue (HbYX) motif of three ATPase subunits, thereby facilitating
gate opening [6-10].

Accumulated evidence has recently revealed that formation of
the eukaryotic proteasome does not occur due to spontaneous
self-organization but results from highly ordered processes medi-
ated by several assembly chaperones that transiently associate with
immature proteasome assembly intermediates [11,12]. Formation
of the 20S proteasome is assisted by five assembly chaperones,
i.e., PAC1, PAC2, PAC3, PAC4, and UMP1, whereas assembly of 19S
proteasome is also assisted by five chaperones, i.e.,, Hsm3, Nas2,
Nas6, Rpn14, and Adc17. To date, the 3D structures have been deter-
mined for several assembly chaperones [13-20]. These data have
provided the structural basis of specific interactions between the
proteasome-assembly chaperones and proteasomal subunits. Yeast
orthologs of PAC1 and PAC2 (termed Pbal and Pba2, respectively)
possess the C-terminal HbYX proteasome-binding motifs, which,
however, are not capable of stimulating the proteasome activation
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Table 1

Data collection and refinement statistics for PbaA.
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Native

Edge

High remote

Crystallographic data
Space group
Unit cell a/b/c (A)

Data processing statistics
Beam line
Wavelength (A)
Resolution (A)
Total/unique reflections

222,
111.4/155.2/172.0

PE-AR NW12A
0.9792

50-2.25 (2.29-2.25)
523,885/71,040

Completeness (%) 99.9 (100.0)
Rimerge (%) 8.4 (42.1)
Ila (I) 40.1 (6.7)
Refinement statistics
Resolution (A) 40.0-2.25
Raryst/Riree (%) 19.6/22.0
r.m.s. deviations from ideal
Bond lengths (A) 0.012
Bond angles (°) 1.53
Ramachandran plot (%)
Favored 98.3
Allowed 1.7

222,
111.1/155.2/172.5

NSRRC 13B1
1.0721

30-2.80 (2.90-2.80)
268,062/37,188
100.0 (100.0)

11.6 (72.3)

18.6 (2.6)

222,
111.1/155.3/172.5

NSRRC 13B1
1.0539

30-2.80 (2.90-2.80)
266,899/37,188
99.9 (100.0)

11.3 (73.6)

19.1 (2.7)

Number of atoms
Protein atoms (A/B/C/DJE)

Water molecules 308

Average B factors (A?)
Protein atoms 33.4/32.9/35.5/38.4/65.4
Water molecules 34.1

1755/1772/1764/1764/1715

Fig. 1. Crystal structure of PbaA protomer. Ribbon model of the PbaA protomer. -
Strands, o-helices, and loops are shown in yellow, red, and gray, respectively.
Positions of the N- and C-termini are indicated.

[20], whereas Nas2 masks the C-terminal proteasome-activating
motif of a 19S proteasome subunit, Rpt5, during proteasome orches-
tration processes [18].

In contrast to eukaryotic proteasomes, archaeal 20S proteasome
subunits are much less divergent and typically described as only a
single form of each a- and B-subunit, which spontaneously assem-
ble into four heteroheptameric rings in vitro [4]. Recent bioinfor-
matic analysis has identified the PAC1-2 homologs PbaA and
PbaB from archaeon Methanococcus maripaludis [21]. The archaeal
homologs also share the C-terminal proteasome-binding HbYX
motif [11,12]. However, it is enigmatic how the archaeal homologs
are involved in proteasome assembly, which can proceed sponta-
neously in vitro and probably also in archaeal cells. Our recent
study has revealed that the archaeon Pyrococcus furiosus PbaB acts
as an ATP-independent proteasome activator [22]. Furthermore,

the biochemical data showed that PbaA did not bind to the 20S
proteasome despite its proteasome-binding HbYX motif. These
findings raised questions as to why the HbYX motif-containing
PbaA is not able to bind the proteasome and what is the functional
role of this protein in archaeal cells. To address these issues, we
herein performed a crystallographic study of P. furiosus PbaA.

2. Materials and methods
2.1. Protein expression, purification, and crystallization

Expression and purification of P. furiosus PbaA (PF0015, residues
1-242) was performed according to a method previously described
[22]. The hexahistidine-tagged PbaA was purified using a
Ni2*-immobilized affinity column (Chelating Sepharose, GE Health-
care), anion exchange column (HiTrap Q HP), and gel-filtration col-
umn (HiLoad Superdex 200) from Escherichia coli soluble lysate.
After the affinity chromatography, thrombin protease was used to
remove the hexahistidine tag.

The purified PbaA protein was concentrated to 11.0 mg ml~! in
50 mM Tris-HCI (pH 7.5) and used for crystallization. The crystal-
lization screening and optimization experiments were performed
by sitting-drop and hanging-drop vapor diffusion methods, respec-
tively. The crystals of PbaA were obtained in a buffer containing
1.4 M sodium citrate tribasic and 0.1 M HEPES (pH 7.5) at 293 K
for 3 days. To obtain the Pt-bound PbaA complex, the native crystal
was soaked into the crystallization mother liquor buffer containing
5 mM K,Pt(NO,), for 6 h using Heavy Atom Screen Pt kit (Hampton
Research).

2.2. X-ray diffraction data collection and structure determination

Crystals were transferred into crystallization mother liquor and
stored in liquid nitrogen. The native and anomalous datasets were
collected using synchrotron radiation at AR-NW12A of the Photon
Factory (PF, Japan) and 13B1 of the National Synchrotron Radiation
Research Center (NSRRC, Taiwan). The native dataset was collected
at wavelength of 09792 A at PF, and the multi-wavelength
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Fig. 2. PbaA forms a homopentamer. Ribbon models of the PbaA pentamer are shown on the left and right. The two structures are related by a rotation of 180° around a
vertical axis (upper). Chains A, B, C, D and E are colored green, cyan, magenta, yellow, and pink, respectively. The two structures are also shown after 90° rotation around a
horizontal axis in below. The B-hairpin (4 and B5) makes an interface with 10 of the neighboring chain (B4/p5 of chain A and B10 of chain B are highlighted).

anomalous dispersion (MAD) datasets were collected at wave-
lengths of 1.0721 A (edge) and 1.0539 A (high remote) at NSRRC.
All diffraction data were processed using HKL2000 [23]. The crystal
parameters of native and K,Pt(NO;)s-soaked PbaA are shown in
Table 1.

The 2.80 A-resolution crystal structure of PbaA was solved by
the MAD method. The initial phase was determined using CRANK
suite [24]. Because the Pt-soaked and native datasets were ade-
quately isomorphous (Table 1), the phase information obtained
from the MAD dataset could be transferred to the native dataset.
After the density modification and phase extension to 2.25 A using
DM [25], the electron density map became unambiguous enough to
be interpreted. The initial models were then built automatically
using ARP/wWARP [26]. Further manual model building into the elec-
tron density maps were conducted using COOT [27]. The refinement
procedure was performed using REFMACS5 [28]. The stereochemical
quality of the final model was validated using RAMPAGE [29]. The
final refinement statistics are summarized in Table 1. Graphic fig-
ures were prepared using PyMOL (http://www.pymol.org/).

3. Results and discussion
3.1. Crystal structure of PbaA

We first tried to solve the crystal structure of P. furiosus PbaA by
molecular replacement using the crystal structures of PbaA
homologs, i.e., P. furiosus PbaB (PDB entry 3VRO) and Tal441, a
hypothetical protein from Thermoplasma acidophilum, (PDB entry
3GAA) as search models. However, we could not find a molecular
replacement solution despite numerous trials using search models

with various modifications, including homology modeling and
potential loop truncations. We consequently performed heavy-
atom derivatization experiments and successfully solved the
2.25-A resolution crystal structure by the MAD method using the
Pt?*-bound crystal belonging to space group €222; with five mole-
cules per asymmetric unit. The final model of PbaA has an Rerys: of
19.6% and Rgee of 22.0% (Table 1).

In the crystal structure, N- and C-terminal residues consisting of
Met1-Gly4 and Glu234-Leu242 are completely disordered. In
addition, B6-p7 loop (residues Gly73-Asn76) in chain E gave no
interpretable electron density. The overall chain E shows poor elec-
tron densities with high crystallographic B factor compared with
those of chains A-D (Table 1, Supplementary Fig. 1). This is proba-
bly due to the subtle crystal contact around chain E (data not
shown).

The crystal structure of PbaA showed a pentameric structure
with the contact area (825-886 A2) buried through formation of
the quaternary structure. Our previous analytical ultracentrifuga-
tion data also indicated that PbaA makes a stable pentamer in solu-
tion [22]. The overall structure of each PbaA protomer, which are
essentially identical with a root mean square deviation (r.m.s.d.)
of 0.17-0.26 A for superimposed 221-226 Co atoms, exhibits a
three-layered oo fold constituted from a central eight-stranded
B-sheet (B1-B3-B6-B7-B2-p8-p11-p9) flanked by two o-helices
(o2 and a4) and one B-strand (B10) on one side and four o-helices
(o1, a3, o5, and o6) (Fig. 1). The protruding B4-B5 hairpin is
responsible for the pentamerization through the formation of a
three-stranded antiparallel B-sheet with 10 from the neighboring
subunit (highlighted in Fig. 2). The C-terminal o6 helices showed
high crystallographic B factors (Supplementary Fig. 1).
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Fig. 3. Comparison of PbaA, Ta1441, and PbaB. Ribbon models of PbaA, Ta1441, and PbaB are shown in A, B and C, respectively. The secondary structures are colored as in
Fig. 1. Their protomer structures are show in top. Their oligomer structures are shown in middle and bottom, which are rotated by 90° around a horizontal axis. The chain

symbols are also indicated.

3.2. Structural comparison with other archaeal homologs of
proteasome-assembly chaperone

The overall structure of the PbaA protomer is very similar to
those of PbaB and Ta1441 (Fig. 3). The Ta1441 also forms a homo-
pentamer in the crystal (PDB entry 3GAA). The PbaA can be super-
imposed with Ta1441 with r.m.s.d. values of 2.19 A for 205 Co.
atoms (as protomer, chain A) and 3.27 A for 932 Cot atoms (as pen-
tamer). PbaA and PbaB protomers can be superimposed with
r.m.s.d. of 2.21 A for 205 Ca atoms (chain A).

Despite the overall structural similarity of the protomers of
these three proteins, significant conformational variations exist
among them, which are associated with the differences in their
quaternary structures and biological functions. The quaternary
structure difference between PbaA and PbaB is ascribed to the
local conformational variation around the B4 strand and
consequent difference in subunit contact area, i.e., PbaA for
825-886 A%; PbaB for 1072-1184 A? [22]. Although both PbaA
and Ta1441 form a homopentameric structure, their 84 loop con-
formations are significantly different: Ta1441 lacks the B5 strand
but makes a B-sheet with the adjoining molecule through its short
B4 strand.

Most importantly, orientation of the C-terminal segment con-
taining the potential proteasome-activating HbYX motif is remark-
ably different between pentameric PbaA/Ta1441 and tetrameric
PbaB (Fig. 3). Although minor structural changes of a6 are observed
between PbaA and Ta1441, their overall arrangement is almost con-
sistent: the o6 helices are anchored inside the core. The o6 of PbaAis
kinked so as to be accommodated on its own protomer core, whereas
the C-terminal helix of Ta1441 is extended and in contact with a
neighboring subunit, thereby forming a “star” shape (Fig. 3B). In
contrast, the o6 helices of PbaB show tentacle-like structures that
are projected from the core domain and extend in the same direction
[22]. In the pentameric PbaA/Ta1441, the o6 helix is stabilized
exclusively through hydrophobic interactions with the core
(Supplementary Fig. 2A and B). A salt bridge between Glu216 and
Arg182 observed in PbaA is not conserved in Ta1441. On the other
hand, the protruding o6 helix of PbaB is stabilized through both
hydrophobic and electrostatic interactions with Leu45/Ile215 and
Lys219/Lys222 residues, respectively (Supplementary Fig. 2C). The
charged residue pair, Lys219 and Glu249, is conserved among archa-
eal PbaB homologs. These structural features may explain the dis-
tinct 20S proteasome binding abilities of archaeal homologs of
proteasome-assembly chaperone: PbaB but not PbaA could bind
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the 20S proteasome, thereby functioning as a proteasome activator
[22]. Previous proteomics analysis revealed that PbaA forms a stable
complex with a hypothetical protein (PFO014) [30]. It is plausible
that PbaA alone is in aninactive state, as demonstrated by the crystal
structure but may become allosterically activated upon its complex
formation with this binding partner so as to interact with the 20S
proteasome through its C-terminal segments.

In summary, we determined the 2.25-A resolution crystal struc-
ture of the archaeal homolog of the proteasome-assembly chaper-
one PbaA. Our crystallographic data revealed the distinct structural
features of potential C-terminal proteasome-activating segments
among archaeal Pba proteins. These findings not only offer insights
into the molecular evolution relationships between the protea-
some-assembly chaperones and the proteasome activators but also
provide clues as to how scaffolds are designed to create distinct
homooligomeric structures with homologous protomers.

Accession numbers

The coordinate and structural factor of the crystal structure of P.
furiosus PbaA has been deposited in the Protein Data Bank under
accession number, 3WZ2.
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