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assembly chaperone PAC4 involved in
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Abstract: The 26S proteasome is a large protein complex, responsible for degradation of ubiqui-
nated proteins in eukaryotic cells. Eukaryotic proteasome formation is a highly ordered process
that is assisted by several assembly chaperones. The assembly of its catalytic 20S core particle
depends on at least five proteasome-specific chaperones, i.e., proteasome-assembling chaperons
1-4 (PAC1-4) and proteasome maturation protein (POMP). The orthologues of yeast assembly
chaperones have been structurally characterized, whereas most mammalian assembly chaperones
are not. In the present study, we determined a crystal structure of human PAC4 at 1.90-A resolu-
tion. Our crystallographic data identify a hydrophobic surface that is surrounded by charged resi-
dues. The hydrophobic surface is complementary to that of its binding partner, PAC3. The surface
also exhibits charge complementarity with the proteasomal 44-5 subunits. This will provide insights
into human proteasome-assembling chaperones as potential anticancer drug targets.
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Introduction

The 26S proteasome plays a central role in selective
ubiquitin-dependent protein degradation in eukaryot-
ic cells.'™ This enzyme complex comprises a 20S core
particle (CP) and one or two 19S regulatory particles
(RPs). The catalytic 20S CP is built up with seven
homologous a-subunits (al-a7) and seven homolo-
gous B-subunits (1-7), forming a cylindrical archi-
tecture with arrangement of two distal a-subunit
heteroheptameric rings and two proximal B-subunit
heteroheptameric rings (a;_7B1-7B1-7a1-7). The B1,
B2, and B5 subunits carries proteolytic active sites
that are located on the inner surfaces of the B-ring,
which acts as a chambered protease.®® The 19S RP is
constituted from a base subcomplex, comprising six
ATPase subunits and a lid subcomplex, comprising at
least 13 non-ATPase subunits.®” This 198 RP is
responsible for capturing ubiquitin-tagged substrates,
for opening the gated pore of the 20S CP, and for deu-
biquitinating and unfolding the substrates. ™82

The assembly of the eukaryotic 26S proteasome
is not spontaneous but is mediated by several
assembly chaperones.®° A correct arrangement of
the proteasomal subunits is required for functioning
of the eukaryotic proteasome. This is attained
through transient and proper interactions among
the chaperones and the proteasomal subunits during
the proteasome biogenesis. The formation of the
eukaryotic 20S CP is assisted by five proteasome-
specific assembly chaperones, namely PAC1-PAC4
in human (Pbal-Pba4 in yeast) and POMP (Umpl).
As for 19S RP assembly, four assembly chaperones—
p27 (Nas2), gankyrin (Nas6), PAAF1 (Rpnl4), and
S5b (Hsm3)—are responsible for an efficient and
precise formation of the base subcomplex.

During the last decade, extensive structural
studies on the CP- and RP-assembly chaperones''~1"
have elucidated their specific interactions with cog-
nate proteasomal subunits. For example, yeast Pba3
and Pba4 are structurally similar and form a hetero-
dimer, which thereby acts as a matchmaker, facili-
tating the interaction between a4 and o5, a crucial
step in a-ring formation.!”*° Since the proteasome
expression level is highly upregulated in cancer
cells,®® it is demanded to develop inhibitors that
merely target the proteasome biogenesis without
affecting mature proteasomes in other normal cells.
Proteasome-assembling chaperones are potential tar-
gets of inhibiting accurate proteasome assembly?!?%;
therefore, the structural information on human
proteasome-assembling chaperones is crucial for
designing and developing less toxic anticancer
drugs. However, to date, most of the structural data
on the proteasome-assembling chaperones have been
limited to yeast proteins, with modest sequence
identities with the human counterparts (<20%, as in
the case of Pbal-Pba4). Regarding the mammalian
proteasome-assembling chaperones, the structural
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data have been available only for human PAC3Y’
and mouse gankyrin.'! Hence, we performed X-ray
crystallographic analysis for determining the struc-
ture of the human PACA4.

Results and Discussion

PAC4 structure

We purified recombinant PAC4 protein and crystal-
ized it using the hanging-drop vapor diffusion meth-
od. To avoid unfavorable protein aggregation via
intermolecular disulfide bonds in the recombinant
protein preparation, a C55S mutation was intro-
duced into PAC4. While bacterially expressed PAC3
was homodimeric,'” the recombinant PAC4 protein
existed both as monomeric and homodimeric forms
[Supporting Information Fig. S1(A)], the latter of
which was successfully crystallized. Crystal struc-
ture of the PAC4 dimer was solved by the single-
anomalous dispersion (SAD) and molecular replace-
ment methods using crystals of non-labeled and sele-
nomethionine (SeMet)-labeled proteins. The final
model of PAC4, refined to a 1.90-A resolution, had
Ry o and Rg.. values of 20.5% and 25.3%, respec-
tively (Table I). The crystal belongs to the space
group F222 with four molecules per asymmetric
unit. The structures of the four molecules are very
similar to one another with a root-mean-square devi-
ation (rmsd) value of 0.34-0.50 A for superimposed
98-99 Ca atoms. The PAC4 formed a domain-
swapped homodimer related by a pseudo two-folded
symmetry [Fig. 1(A)].

Structural Comparison with Other Proteasome
Assembly Chaperones

To confirm structural similarities among PAC4 and
its homologs, we compared the structure of PAC4
with those of its yeast ortholog Pba4, its binding
partner PAC3, and Pba3, the yeast ortholog of
PAC3. Although sequence similarities among these
proteins are very low (13.8-18.3% identities), the
overall tertiary structure of PAC4 is essentially iden-
tical to those of PAC3, Pba3, and Pba4 [Fig. 1(B)],
suggesting their common fold. The rmsd values of
superimposed 89-96 Ca atoms between PAC4 and
the homologs are 1.89-2.19 A. Each PAC4 protomer
exhibits a globular structure that comprises a six-
stranded B-sheet (termed S1-S6) and two a-helices
(termed H1 and H2) [Fig. 1(A)]. Two antiparallel B-
sheets are made up with three p-strands (S1-S3 and
S4-S6) [Fig. 1(B)]. The parallel B-strand interaction
between two antiparallel B-sheets of PAC4 and Pba4
is mediated by S3 and S6 sheets [Fig. 1(B)]. In the
PAC4 structure, this B-strand interaction is sup-
posed to be weak because domain-swapping occurs
between the antiparallel B-sheet units. Among these
proteins, the yeast ortholog Pba4 adopts the most
similar structure to PAC4. However, there are
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Table I. Data Collection and Refinement Statistics for PAC4

Native SeMet

Crystallographic data
Space group
Unit cell parameters
a, b, c (A)
Data processing statistics
Beamline
Wavelength A) .
Resolution range (A)
Number of total reflections
Number of unique reflections
Completeness (%)
Rmerge (%)
1/
Redundancy
Refinement statistics
Resolution range (A)
Rwork/Rfree (%)
R.m.s.d. bond length (A) and angles (°)
Ramachandran plot (%)
Most favored regions
Additional allowed regions
Generously allowed
Number of molecules
Protein atoms (A/B/C/D)
Water molecules
Tons
Average B-values (A2
Protein atoms (A/B/C/D)
Water molecules
Tons

F222 P4;2,2

72.6, 152.8, 212.9 129.0, 129.0, 72.8
SPring-8 BL44XU
0.90000
50-1.90 (1.93-1.90)
343,113
46,618
99.8 (100.0)

8.7 (80.0)

42.0 (3.3)

7.4 (1.5)

SPring-8 BL44XU
0.97932
50-2.60 (2.64-2.60)
273,692
19,649
99.9 (100.0)
13.1 (94.2)
50.6 (7.6)

13.9 (14.6)

20.5/25.3
0.018/1.86

92.1
6.9
1.0

912/857/842/857
287
8

43.7/40.8/51.5/46.3
47.8
51.4

prominent structural differences between PAC4 and
Pba4 such as shortened S2-S3 loops, extended S1-—
S2 sheets, shortened S4—-S6 sheets, and shortened
H1 and H2 helices in the PAC4 [Fig. 1(B,C)].

Pba4 forms a heterodimer with Pba3 in vitro
and in vivo.!” We confirm that PAC4 is capable of
making a heterodimer with PAC3 in vitro as shown
by size exclusion chromatography [Supporting Infor-
mation Fig. S1(B)], consistent with the previously
reported interaction in vivo.2® The Pba3—-Pbad heter-
odimer has a B-sandwich structure formed by two
six-stranded B-sheets on their convex surfaces,
which is similar to the domain-swapped homodi-
meric structure of PAC4 [Fig. 1(A)]. Pba4 interacts
with Pba3 through hydrophobic interactions and
surface-charge complementarity,!” which includes
one negatively and two positively charged patches in
Pba4 and one positively and two negatively charged
patches in Pba3 (Supporting Information Fig. S2).
Our structure-based sequence alignment analysis
indicated that the residues at the heterodimeric
interface between yeast Pba3 and Pba4 are not well
conserved in human PAC3 and PAC4 [Fig. 1(C)].
However, although the positions are different
between the orthologs, the surface-charge comple-
mentarity is also found at the putative dimeric
interface between PAC3 and PAC4 (Supporting
Information Fig. S2). Hydrophobic patches are
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commonly found in the centers of B-sheet surfaces
that forms the Pba3-Pba4 interface and, more
extensively, the PAC3—-PAC4 interface. These struc-
tural data suggest that PAC4 forms a heterodimeric
complex with PAC3 through its hydrophobic surface
surrounded by the charged residues. To characterize
their interaction in solution, we conducted NMR
analysis using PAC4 and '°N-labled PAC3, in which
the NMR data was previously obtained in our
group.?! As expected, upon addition of PAC4, signifi-
cant spectral changes were observed for the residues
involved in the homodimer formation in the PAC3
(Supporting Information Fig. S3). Based on the fact
that PAC3-PAC4 and PAC3-PACS3 interactions were
mediated by common interfaces, we constructed a
PAC3-PAC4 docking model using program MOE and
the PAC3 homodimer crystal structure (Supporting
Information Fig. S4). In the docking model, the
PAC3-PAC4 interface is created mainly through
hydrophobic and charged residues. The dimeric
interface of PAC3 can be a target of inhibitors
against chaperone dimerization.?! The present data
offer structural foundation for designing inhibitors
that target the dimeric interface of PAC4.

In the previous study, we presented a structural
model in which the Pba3-Pba4 heterodimer acts as
a matchmaker, reinforcing the interaction between
the proteasomal a4 and ob subunits.!”® In that
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Figure 1. Comparison of overall structures of PAC4 homologs. (A) Crystal structures of domain-swapped PAC4 homodimer
and Pba3-4 heterodimer. In the PAC4 structure (left), chains A and B are colored in green and slate, respectively. Positions of
the N and C termini and secondary structure elements of domain-swapped PAC4 are indicated with black and red letters for
chains A and B, respectively. Numbering of the B-strands is according to the scheme of Saccharomyces cerevisiae Pba4
(Dmp1/Poc4), Pba3 (Dmp2/Poc3), and human PAC3."” In the Pba3-Pba4 heterodimer structure (right, PDB code: 2Z5B), ribbon
models of Pba4 and Pba3 are colored in cyan and magenta, respectively. http://imolecules3d.wiley.com/imolecules3d/review/
8Gb8VSRcJezNWMySAB607AbkJTkfUoWFIPIXIBBNgyGYsKwbtMriwmOmrOdZy4Qom802/1583; http://imolecules3d.wiley.com/
imolecules3d/review/8Gb8VSRcJezNWMySA607AbkJTkfUoWFIPIXI88NqyGYsKwbtMriwmOmrOdZy4Qom802/1584 (B) Mono-
meric structures of PAC4 homologs: human PAC4 (green) and PACS3 (yellow, 2Z5E, chain A); S. cerevisiae Pba4 (cyan, 2Z5B,
chain A) and Pba3 (magenta, 2Z5B, chain B). For clarity, the globular structure of PAC4 containing residues 1-43 and 48-123
from chains A and B, respectively, are indicated. http://imolecules3d.wiley.com/imolecules3d/review/8Gb8VSRcJezNWMy-
SA607AbkJTkfUoWFIPIXIB8NqyGYsKwbtMriwmOmrOdZy4Qom802/1585 (C) Structure-based sequence alignment of PAC4,
Pba4, PAC3, and Pba3. Secondary structure elements of PAC4 are indicated by red cylinder (a-helix) and blue arrow (B3-strand)
above the amino acid sequence. In the amino sequence, residues forming a-helix and B-strand of Pba4, PAC3, and Pba3 are

indicated as red and blue letters, respectively. Residues boxed in red and black are involved in the a4 and o5 interactions,

respectively, with the Pba3-Pba4 heterodimer, as shown by the crystallographic and mutagenesis analyses.

model, Pba4, but not Pba3, was involved in interac-
tion with a4, which was mediated through electrostat-
ic interactions involving the residues Lys89, Asp91,
and His99 of Pba4. The structural architecture and
the charge distribution of these proteasomal subunits
are almost identical between human and yeast coun-
terparts (Fig. 2). Although the residues that are
involved in a4 interactions in Pba4 are not well con-
served in human PAC4 [Fig. 1(C)l, surface-charge
complementarity is found between PAC4 and a4 from
a 3D-structural viewpoint (Fig. 2), suggesting that
their interaction mode is evolutionally conserved
despite the amino acid substitutions.

To summarize, we report a 1.90-A resolution crys-
tal structure of the human proteasome-assembling
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17,18

chaperone PAC4. The crystal structure displays com-
plementary surfaces with its binding partner PAC3
and with the cognate proteasomal a4 and o5 subunits,
which provides insights into the functional mecha-
nisms of PAC4 in mammalian proteasome assembly.
Our current high-resolution structural data offer new
clues for designing and developing inhibitors against
proteasome biogenesis.

Materials and Methods

Crystallization, X-ray data collection, and
structure determination

Recombinant PAC4 was expressed in E. coli and
purified using immobilized metal affinity and size-
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Figure 2. Surface potential representation of (A) human and (B) yeast proteasomal a4 and «5 subunits and the assembly chap-
erones PAC4/Pba4. The surface models of human (5LE5) and yeast (1RYP) proteasomal a4/a5 complexes (left) and PAC4
orthologs (right) are colored according to the electrostatic surface potential (blue, positive; red, negative). The human a4/a5-
PAC4 and yeast a4/a5-Pba4 are shown in an open-book representation.

exclusion chromatography. Further details are pro-
vided in the Supporting Information. The non-
labeled and SeMet-labeled C55S-PAC4 protein was
concentrated to 7 mg/mL in 5§ mM Tris-HCl buffer
(pH 8.0) and used for crystallization screening. Crys-
tallization screening was performed by the hanging-
drop vapor diffusion method using equal volumes of
protein and precipitant solutions. After optimization,
orthorhombic crystals were obtained by the hanging-
drop vapor diffusion method with incubation in a
buffer containing 1.0 M lithium sulfate, 0.1 M Tris-
HCI (pH 8.5), and 10 mM nickel chloride at 20°C for
3—4 days.

For data collection, the crystals were cryoprotected
with the precipitant solution supplemented with 15%
glycerol. Diffraction data were collected using synchro-
tron radiation (0.90000 A and 0.97932 A for non-
labeled and SeMet-labeled crystals, respectively) at the
Osaka University using BL44XU beamline at SPring-
8 equipped with MX-300HE (Rayonix). Diffraction data
were integrated and scaled using HKL2000.2 The
non-labeled and SeMet-labeled crystals diffracted up to
the resolutions of 1.90 A and 2.60 A, respectively. The
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crystallographic summarized in
Table I.

Using the tetragonal 2.60-A resolution of the
SeMet data, the initial coordinates of the PAC4 dimer
with the P432,2 space group were determined using
the SAD method with the Phenix AutoSol program.?®
For further model building, molecular replacement
was performed against the F222 orthorhombic higher
resolution native data using MOLREP,?® in which the
tetragonal PAC4 initial model was used as a search
model. The high-resolution structures were then built
automatically using ARP/WARP,?” and further model
fitting to the electron density maps was performed
manually using COOT.?® The stereochemical quality
of the final model was validated using PROCHECK.?®
Refinement statistics are summarized in Table I. The
molecular graphics were prepared using PyMOL
(http://www.pymol.org/).

parameters are

Accession Number

The coordinates and structural factor of the crystal
structure of PAC4 have been deposited in the PDB
under accession number 5WTQ.
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