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A major form of proteasome activator PA28 is a heteroheptamer composed of interferon-y-inducible o
and B subunits, which share approximately 50% amino acid identity and possess distinct insert loops. This
activator forms a complex with the 20S proteasome and thereby stimulates proteasomal degradation of
peptides in an ATP-independent manner, giving rise to smaller antigenic peptides presented by major
histocompatibility complex class I molecules. In this study, we performed biophysical and biochemical
characterization of the structure and function of the PA28 hetero-oligomer. Deuteration-assisted
small-angle neutron scattering demonstrated three o and four B subunits are alternately arranged in
the heptameric ring. In this arrangement, PA28 loops surround the central pore of the heptameric ring
(site for peptide entry). Activating the 20S proteasome with a PA28 mutant that lacked the o subunit
loops cleaved model substrates longer than a nonapeptide with better efficiency when compared to
wild-type PA28. Based on these data, we hypothesize that the flexible PA28 loops act as gatekeepers,
which function to select the length of peptide substrates to be transported between the proteolytic cham-

ber and the extra-proteasomal medium.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

The 20S proteasome is part of the protein degradation machin-
ery of the cell and has a cylindrical structure, which sequesters
two proteolytic chambers located in a symmetrically related
manner [1,2]. Proteolytic functions of this molecular machine
are promoted through its interaction with other protein com-
plexes, which are termed proteasome activators (PAs) [3].
PA700, which is composed of at least 19 different subunits, medi-
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ates proteasomal degradation of ubiquitinated proteins in an ATP-
dependent manner. Another protein complex, PA28 (also known
as REG and the 11S regulator) activates ATP-independent prote-
asomal proteolysis of small peptides [4,5]. These PA complexes
harbor several subunits that contain C-terminal proteasome-
binding motifs, which allow docking onto the ends of the protea-
some cylinder. As a result of PA binding, the proteasome gate that
normally restricts the unregulated access of substrates, are now
permeable for the substrates to enter the active sites in the pro-
teolytic chamber [3].

While three homologs (o, B, and y) have been identified as sub-
units of PA28, the major form of this proteasome-activating com-
plex is a heteroheptamer composed of the o and B subunits
(hereafter, termed PA28o and PA28B, respectively). Expression of
these subunits is induced by interferon-y (IFN-v) in a variety of
cells and associated with efficient production of antigenic peptides
presented by major histocompatibility complex (MHC) class I mol-
ecules [6-10]. Although PA28a and PA28B share approximately
50% amino acid identity, they each possess a distinct insert region
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that differs in length and sequence (Supplementary Fig. S1).
Reportedly, the PA28a insert is dispensable for proteasome bind-
ing and activation and removal of the PA28p insert results in re-
duced proteasome activation [11,12]. Thus, PA28a and PA288
contribute to the regulation of proteasomal functions in different
ways.

A crystallized, conical structure has been reported for a homo-
heptameric ring of the human PA28a, but lacked interpretable
electron density corresponding to the inserts due to structural
disorder of these segments [13]. In our previous study, we used
small-angle neutron scattering (SANS) to characterize the solution
structure of mouse PA28 formed from wild-type PA28B and a mu-
tated PA28a that lacked the insert [14]. The SANS data indicated
that these subunits formed heteroheptameric rings, parts of which
were stacked back to back to form a double-ring structure, but
could not provide any information on spatial arrangements of the
subunits due to their structural similarity.

In the present study, we attempted to address this issue by
PA28a-selective deuteration of wild-type PA28 in conjunction
with contrast-matching SANS measurements. Post inspecting the
deuteration-assisted SANS data, we propose a 3D model of the
PA28 oligomeric structure. We also discuss the functional role of
the PA28a insert based on biochemical data obtained through
analysis of a series of model peptides.

2. Materials and methods
2.1. Preparation of PA28

The cDNAs of mouse PA28a and PA28B were sub-cloned into
the expression vectors pET21d and pET23a, respectively. A PA28a
mutant in which the insert segment (Val69 to Lys97) substituted
with a glycine-serine dipeptide was constructed as previously de-
scribed [14]. The wild-type and mutated PA28a and PA28B were
separately expressed in Escherichia coli strain BL21-CodonPlus
(Stratagene) and purified as described [14]. For the preparation
of perdeuterated PA28a, bacteria were grown in M9 minimal med-
ia containing deuterated glucose (2 g/L) and 99.8% D,0. Uniformly
15N-labeled PA28a was expressed by cultivating bacterial cells in
M9 minimal medium that contained [>N]NH4CI. The hetero-oligo-
mer of PA28 was constructed by mixing either wild-type or mu-
tated PA28a (final protein concentration of 0.1 mg/mL) with
approximately one molar equivalent of wild-type PA28p followed
by dialysis against 20 mM Tris-HCl buffer (pH 7.6) containing
20 mM NaCl, 1 mM EDTA, 5 mM 2-mercaptoethanol, and 5% glyc-
erol (4 °C for 24 h). Hetero-oligomers were then purified by gel fil-
tration chromatography using a Superose 12 column (GE
Healthcare Life Sciences). Hereafter, the wild-type PA28 oligomer
and the PA28 oligomer composed of the PA28a mutant and wild-
type PA28B will be designated as PA28,,; and PA28 Aqi00p, T€SPEC-
tively. Complex formation between the 20S proteasome-recombi-
nant PA28 protein was checked by native polyacrylamide gel
electrophoresis.

2.2. SANS measurement

The SANS experiments were performed using a SANS2d spec-
trometer, a newly launched time-of-flight SANS spectrometer ded-
icated to the long pulse neutron source at target station 2 of ISIS
(neutron scattering facility) at Rutherford Appleton Laboratory,
Didocot, UK [15]. The total g-range covered with the spectrometer
was 0.002-2 A~!. The quaternary structure of PA28,,; was analyzed
by the contrast variation method [16-18]. PA28,,; composed of
perdeuterated PA28a and non-deuterated (natural abundance)
PA28B was subjected to SANS measurement in 50 mM Tris-HCl

(pH 7.5) containing 1 mM dithiothreitol (DTT) and a variable
amount of D,0 at a protein concentration of 5 mg/mL. The mea-
surement time was 4 h and temperature was kept constant at
25 °C. The observed intensity was converted to a scattering profile
in absolute unit via standard procedure.

2.2.1. 3D structure modeling

For simulation of the SANS profile of PA28,,., its 3D-structural
models were developed on the basis of homology modeling using
the crystal structure of the PA28o homoheptameric ring (PDB
code: 1avo) as described previously [13,14]. Depending on the con-
figuration of PA28o and PA28B in each model, one or more PA28a
subunit(s) in the crystal structure was/were replaced by the
homology-modeled PA28f subunit(s), and the remaining PA28a
subunit(s) was/were considered as deuterated. The loop inserts
were represented by a sphere at the small basal plane, with scat-
tering length equal to the sum of those ascribed to the loops in
our modeling simulation.

2.3. In vitro proteasome proteolysis assay

As model proteasomal substrate, we used 9-24-mer peptides
derived from RLAkt12-35 (denoting the peptide of altered Akt ami-
no acid sequence 'AYREETLSIIPGLPLSLGATDTMN3® in BALB/c
RL31 cells), which contains the immunodominant H-2L%-restricted
precursor epitope, pRL1b [19]. A plasmid vector that contained the
RLAkt peptide gene produced primer-dimer amplification was
constructed and cloned as a fusion protein with hexahistidine-
tagged ubiquitin (Hisg-Ub) using a pET28a(+) vector (Novagene),
which was transformed into E. coli strain BL21-CodonPlus. The bac-
terial cells were grown at 37 °C in Luria-Bertani medium contain-
ing 15 pg/mL of kanamycin. Protein expression was induced by
adding 0.5 mM isopropyl-B-p-thiogalactopyranoside when absor-
bance reached 0.9 at 600 nm. After 5 h, cells were harvested, sus-
pended in 50 mM Tris-HCl (pH 8.0), and subsequently disrupted
by sonication. After centrifugation, the Hisg-tagged protein was
purified using a Chelating Sepharose Fast Flow column (GE Health-
care Life Sciences). The RLAkt peptide was enzymatically cleaved
from the Hisg—Ub moiety using recombinant glutathione S-trans-
ferase-tagged yeast ubiquitin hydrolase-1 as described previously
[20] and subsequently purified by reverse-phase chromatography
using a C8 column (Sunniest C8, CronTech) with a linear acetoni-
trile gradient.

Proteolysis of RLAkt peptides by the PA28-activated 20S protea-
some was monitored according to the literature [21]. After addition
of 0.1% TFA at the indicated time points, reaction mixtures were
subjected to HPLC analysis using a C8 column and absorbance at
214 nm was monitored with a linear acetonitrile gradient. Amino
acid sequence was determined by matrix-assisted laser desorp-
tion/ionization time-of-flight (TOF) mass spectrometric analyses
using an AXIMA-CFR mass spectrometer (Shimadzu). A 21-mer
peptide corresponding to residues 355-375 of mouse melanoma
tyrosinase-related protein-2 (TRP2355_375) was also used as model
substrate [22]. The TRP2355_375 peptide was prepared as Hisg—Ub
fusion and isolated according to the protocol used for the prepara-
tion of the RLAkt peptides. Degradation of a fluorogenic peptide N-
succinyl-LLVY-amido-4-methycoumarin (Sigma) was monitored
by time-course measurements of fluorescence intensity at
460 nm with excitation at 380 nm using spectrofluorophotometer
(F-4500, Hitachi).

2.4. NMR measurement

PA28,,; and PA28ui00p Were dissolved in 50 mM potassium
phosphate (pH 6.9) containing 10% D,0 at a protomer concentration
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of 0.1 mM. 'H-">N HSQC spectra were measured at 30 °C using a
Bruker DMX-500 spectrometer equipped with a cryogenic probe.

3. Results and discussion
3.1. Subunit composition of PA28

Prior to determination of the spatial arrangements of PA28a
and PA28p in PA28,,, we estimated their stoichiometric numbers
in the complex. For this purpose, we focused on the neutron scat-
tering length density (pp) of PA28,,. formed of deuterated PA28c.
We calculated p,, for each of the eight possible models of PA28,,,
corresponding to incorporation of different numbers of deuterated
PA28a subunits (i.e., 0-7 PA28a subunits in one heptameric ring).
As shown in Supplementary Fig. S2A, the p, value (and the corre-
sponding D,0 ratio) increased depending on the number of deuter-
ated PA28a since deuterium and hydrogen have positive and
negative scattering lengths, respectively. Hence, the matching
point, at which the scattering constant (defined as the difference
in scattering length density of solvent and p;) is expected to be
null, also depends upon the number of deuterated PA28a con-
tained in the heptameric ring.

To experimentally determine the matching point, we measured
the zero angle scattering intensity I(0), which is proportional to the
square of the scattering contrast, for the PA28,,; complex com-
posed of perdeuterated PA28a and non-deuterated PA288 at vary-
ing H,O/D,0 ratios. The matching point of this complex was
73.2+2.8% D,0 (Supplementary Fig. S2B), indicating that the
PA28.,,: heptamer was composed of three PA28a and four PA28p
subunits. This is consistent with the electrospray ionization TOF
mass spectrometric data of recombinant human PA28 [23].

3.2. Subunit arrangement of PA28

In determining the subunit arrangement of PA28,,;, we assumed
two extreme models of its heptameric ring configuration (Supple-
mentary Fig. S3): In one model, three PA28a and four PA28f sub-
units were segregated forming isologous clusters in the single
ring as in the aoapBPP configuration (designated as SR®), while
in the other model, the PA28a and PA28p subunits were alter-
nately arranged with the exception of an adjacent PA283-PA288
pair (i.e., Bapofap, designated as SR*). To generate double ring
models, two single rings with identical subunit arrangement were
combined so as to be related by a two-fold axis and associated in a
back-to-back manner (Supplementary Fig. S3). In combining two
SRC rings, a two-fold axis was selected to render PA28a clusters
that were most proximal and most distal between the rings there-
by, giving DR’ and DR models, respectively. On the other hand,
two SR® rings were combined to render the PA28B-PA28p pair in
the heptameric ring most distal between the two rings, giving
DR* model.

Based on these models, SANS profiles were simulated at three
contrasting points (i.e., 0%, 40% and 98% D,0). The simulations
indicated that, although the DR and DR°Y models gave quite sim-
ilar SANS profiles, the DR* model exhibited qualitatively distinct
SANS profiles at 40% and 98% D0, which is characterized by a peak
at ¢ ~0.13 A~! (Supplementary Fig. S4). Because scattering con-
trasts of non-deuterated PA28B in 40% D,O and deuterated
PA28a in 98% D,0 are expected to be very low, SANS profiles mea-
sured under these conditions sensitively reflect the subunit
arrangement of PA28. The experimentally observed SANS profiles
exhibited a peak at g =0.13 A~! in all scattering contrasts (Fig. 1),
indicating that the DR* model provided the best approximation
of the hetero-oligomeric structure of PA28,,. This is consistent
with previously reported chemical cross-linking data, which

Intensity (cm-)

Scattering vector (A1)

Fig. 1. Simulated (line) and experimental (dot) SANS profiles are shown for PA28,,;
composed of perdeuterated PA28o and non-deuterated PA28p in 0% (blue), 40%
(cyan), and 98% (red) D,0 solutions along with those of non-deuterated PA28,,; in
98% D0 solution (black). The simulation was made based on the structural model
shown in the inset: Three PAa and four PAB subunits are alternatively arranged in
the heteroheptameric ring in equilibrium between the single-ring (70%) and
double-ring (30%) forms.

identified the presence of PA28o—PA28p and PA283—PA28p di-
mers but not of PA28a—PA28a dimers [23].

The observed gyration radius of the partially deuterated PA28,,.
oligomer was 41 A in the D,0 solution, which was between those
calculated from the models of SR?* (33 A) and DR? (49 A). This indi-
cated that the heteroheptameric rings were at equilibrium be-
tween the single- and double-ring forms, with populations of
70% and 30%, respectively. These data are consistent with our pre-
vious results obtained using PA28 Aqi00p Without deuteration [14],
suggesting that the long insert region of PA28a has virtually no im-
pact on the subunit assembly state of the PA28 hetero-oligomer
[12]. SANS profiles calculated by taking into account the equilib-
rium between SR* and DR® were in excellent agreement with those
experimentally obtained at four different contrasting points
(Fig. 1).

3.3. Role of flexible loop of PA28o. in proteasomal proteolysis

Our SANS data have provided a quantitative perspective of the
PA28,, heterodimer except for the insert loops. To obtain struc-
tural information on these regions, we compared 'H-'>N HSQC
spectra between PA28,,; and PA28 s4100p in their uniformly '°N-la-
beled forms. PA28,,; exhibited limited numbers of HSQC peaks
within a limited spectral region (Supplementary Fig. S5), implying
that these peaks originated from considerably flexible segments of
this large oligomer. The overlapping peaks mostly disappeared in
the spectrum of PA28a4100p, allowing us to assign them to the
PA28a loops. Therefore, we observed that the PA28a loops were
largely unstructured and highly mobile, which was consistent with
the previous crystal structure of the PA28a homoheptamer that
exhibited disordered insert segments [13].

To assess the functional role of the flexible loops of PA28a, we
compared the time course of PA28-activated proteasomal degrada-
tion between PA28,,; and PA28 a4100p Using 9-24-mer RLAkt pep-
tides as model substrates. The results summarized in Fig. 2
clearly demonstrated that the 20S proteasome combined with
PA28,, degraded longer peptides less efficiently although they
possessed more cleavage sites. Interestingly, deletion of the
PA28a loop facilitated the proteasomal degradation of longer pep-
tides compared with PA28,,-activated proteolysis. Consistent with
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Fig. 2. Relative degradation rates are shown for various lengths of RLAkt peptides in
the presence of the 20S proteasome activated by PA28,, (gray) or PA28gi00p
(white). Values are means + S.E. n = 3.

these observations, a 21-mer peptide derived from a melanoma
differentiation antigen, (TRP23s55_375) was more efficiently de-
graded by the proteasome when the PA28a loops were absent
(Supplementary Fig. S6). However, the proteasomal degradation
of a small fluorogenic peptide, N-succinyl-LLVY-amido-4-
methycoumarin, proceeded at almost identical rates when
stimulated by PA28,; or PA28 Aq100p (Supplementary Fig. S7). The
abovementioned effects of the PA28a loop deletion were most
likely not appreciated in previous studies because small fluoro-
genic peptides were used as substrates, and the peptide degrada-
tion was analyzed after long incubation (12 h) [11,12].

In the alternative subunit arrangement of PA28, the flexible
PA28a loops were assumed to have surrounded the central pore
of its hexameric ring, serving as a gate for peptide entrance into
the proteolytic chamber of the 20S proteasome. Our model sug-
gests a functional role of these loops, which selectively act to hin-
der the passage of longer peptides while peptides as small as
nonapeptides can pass through the passage.

The IFN-y-inducible activator PA28 is involved in efficient pro-
duction of antigenic peptides presented by MHC class I molecules
[21,24]. PA28 enhances dual cleavage of peptide substrates giving
rise to immunodominant epitopes without directly affecting the
catalytic activities of the active sites inside the proteolytic chamber
[24,25]. Interestingly, IFN-y induces generation of a hybrid protea-
some, in which the 20S proteasome is attached to both PA28 and
PA700, as PA700-20S-PA28 [26]. This proteasome complex facili-
tates ATP-dependent degradation of larger protein substrates,
which are assumed to enter the proteolytic chamber through the
PA700-capped end. The resultant peptides may be further digested
into shorter peptides in the other chamber capped by PA28. Based
on our findings, an intriguing hypothesis is that the PA28a loops
block the exit of the longer peptides from the proteolytic chamber
to the extra-proteasomal medium until they are transformed to
nonapeptides, which are suitable for antigen presentation by
MHC class [ molecule.

In summary, the present data have revealed that the PA28 het-
eroheptameric ring exhibits an alternative subunit arrangement in
which the flexible PA28a loops act as gatekeepers in terms of size-
selective transport of peptide substrates.
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