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Proteome Dynamics and Proteome Function of
Cardiac 19S Proteasomes*s
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Myocardial proteasomes are comprised of 20S core par-
ticles and 19S regulatory particles, which together carry
out targeted degradation of cardiac proteins. The 19S
complex is unique among the regulators of proteasomes
in that it affects both the capacity and specificity of
protein degradation. However, a comprehensive molec-
ular characterization of cardiac 19S complexes is lack-
ing. In this investigation, we tailored a multidimensional
chromatography-based purification strategy to isolate
structurally intact and functionally viable 19S complexes
from murine hearts. Two distinct subpopulations of 19S
complexes were isolated based upon (1) potency of ac-
tivating 20S proteolytic activity, and (2) molecular com-
position using a combination of immuno-detection,
two-dimensional-differential gel electrophoresis, and
MS-based approaches. Heat shock protein 90 (Hsp90)
was identified to be characteristic to 19S subpopulation
I. The physical interaction of Hsp90 with 19S complexes
was demonstrated via multiple approaches. Inhibition of
Hsp90 activity using geldanamycin or BIIB021 potenti-
ated the ability of subpopulation | to activate 20S pro-
teasomes in the murine heart, thus demonstrating func-
tional specificity of Hsp90 in subpopulation I. This
investigation has advanced our understanding of the
molecular heterogeneity of cardiac proteasomes by
identifying molecularly and functionally distinct cardiac
19S complexes. The preferential association of Hsp90
with 19S subpopulation | unveils novel targets for de-
sighing proteasome-based therapeutic interventions for
combating cardiac disease. Molecular & Cellular Pro-
teomics 10: 10.1074/mcp.M110.006122, 1-10, 2011.

The proteasome system governs protein turnover and reg-
ulates essential signaling cascades in cardiac biology (1, 2).
Despite the distinct etiologies of many cardiac diseases,
proteasomes are among the final effectors of ventricular re-
modeling during heart failure (2, 3). A decline in proteasome
function occurs gradually with aging (4) and acutely with
ischemia-reperfusion injury (5, 6). On the contrary, elevated
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proteasome function has been observed in both hypertrophic
hearts (7, 8) and atrophic, diabetic hearts (9, 10). These ob-
servations highlight the enormous complexity of proteasome
regulation in the heart.

The functional dynamics of proteasomes are tuned coordi-
nately by several mechanisms. The incorporation of inducible
subunits in the core particle, the 20S proteasome, leads to
durable alterations in proteolytic function (11, 12). Post-trans-
lational modifications of proteasome subunits provide instan-
taneous adaptation of proteasome activities to receptor
stimulation or stress (13, 14). The dynamic association of
proteasomes with regulatory proteins, known as associating
partners, serves as a key mechanism by which proteasome
activities are modulated. Additionally, distinct subtypes of
proteasome complexes exhibit different susceptibilities to
pharmacological agents, such as competitive inhibitors (15,
16). Taken together, delineating the heterogeneity of protea-
some complexes will have profound biological and clinical
significance (17, 18).

The 19S complex, also known as the regulatory particle, is
among the first specific regulators identified for 20S protea-
somes. The 19S complexes tether ubiquitination and proteol-
ysis by governing substrate recruitment and accessibility to
the proteolytic centers. Thus, the 19S complexes serve as
important modulators of targeted protein degradation (14, 19,
20). However, to date, the functional and structural dynamics
of 19S complexes remain poorly defined. The current model
of 19S complex biology is established primarily based on 26S
proteasomes (21-23), with limited appreciation and resolution
of 19S complex heterogeneity.

We previously identified heterogeneous subpopulations
of cardiac 20S proteasomes, and found that they exhibited
unique functional capacities and molecular constituents
(24). This suggests that the protein degradation capacity of
cardiomyocytes is specifically tuned to meet physiologic
demands through the specialization of proteasome popula-
tions. This study led us to further dissect the diversity of
cardiac proteasomes by determining whether 19S regula-
tory particles are heterogeneous. However, difficulties in
isolating 19S complexes that retained endogenous func-
tionality posed a major hindrance, as 19S complexes are
labile and bulky in nature (25). In cardiac muscle, this is
further complicated by the relatively high expression level of
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sarcomeric myofibrillar proteins which associate with 19S
complexes (21, 26).

In this study, we developed a purification strategy (25) for
endogenous cardiac 19S complexes to overcome these
challenges. Consequently, two distinct subpopulations of
structurally intact and functionally viable 19S complexes
(19S | and 19S Il) were obtained from the murine cardiac
tissue. Each subpopulation exhibited different regulatory
potency in stimulating 20S proteasome-dependent proteol-
ysis, with 19S | exhibiting lower potency than 19S Il. The
molecular basis for this functional disparity was interro-
gated using quantitative proteomic tools (27) to probe for
regulators of 19S complexes. A unique molecular feature
observed in 19S | was the specific recruitment of heat shock
protein 90 (Hsp90)', which was subsequently confirmed
with independent immunoblotting assays as well as nonde-
naturing native polyacrylamide gel electrophoresis. Phar-
macologic inhibition of 19S I-associated Hsp90 significantly
enhanced the functional potency of 19S I, thus identifying
Hsp90 as an important regulator of 19S complex activity in
the heart.

Studies presented herein present the first reported strat-
egy for isolation and purification of two distinct 19S com-
plexes from murine hearts. With functional proteomic ap-
proaches, Hsp90 was found to be uniquely associated with
a specific 19S subpopulation and importantly, to restrict the
regulatory potency of this subpopulation in the heart. The
heterogeneity of 19S complexes identified in this study
indicated that 19S complexes functionally specialize to
meet the demands of heart biology. This investigation ad-
vances our understanding of basic proteasome biology, and
provides avenues by which to engineer novel strategies for
targeted therapeutics.

EXPERIMENTIAL PROCEDURES

All procedures were performed in accordance with the Animal
Research Committee guidelines at the University of California, Los
Angeles and the Guide for the Care and Use of Laboratory Animals,
published by the National Institutes of Health.

Furification of Murine Cardiac 19S Complexes—A protocol (25) to
effectively isolate 19S complexes from murine cardiac muscle was
established via numerous pilot studies. Detailed procedures can be
found in the supplemental materials (supplemental Fig. S2). Briefly,
300 murine hearts (ICR stain, male, 8-9 weeks old) were homoge-
nized. Cytosolic fraction was collected by centrifugation and then
prefractionated with DE52 resin (GE Healthcare). The fraction recov-
ered with 400 mm NaCl was further enriched with ammonium sulfate
precipitation (30-40% saturation) and dialyzed overnight at 4 °C. Low
molecular weight proteins were then removed via Sephacryl S-400
gel-filtration (GE Healthcare). The 19S containing fractions were
pooled and resolved with DEAE Sepharose Fast Flow chromatogra-
phy (GE Healthcare). Excess salts were removed via ultrafiltration,

" The abbreviations used are: Hsp90, heat shock protein 90; 20S,
proteasome proteolytic core particle; 19S, proteasome regulatory
particle; 2-D DIGE, two-dimensional differential gel electrophoresis;
LC-MS/MS, liquid chromatography tandem MS.

and then Mono Q 5/50GL chromatography (GE Healthcare) was used
to obtain purified 19S complexes.

The enrichment of 19S complexes was monitored by using immu-
noblotting (28). Antibodies against 19S complex subunits Rpt4, Rpn7,
Rpn2 (Biomol, PA) and 20S proteasome subunit a3 were elected to
assess the intactness of 19S complexes and to distinguish 19S
complexes from 26S proteasomes.

High-Throughput 19S Complex Functional Assay—The function of
19S complexes was assessed by measuring the potency by which
19S complexes stimulated 20S proteasome-dependent proteolysis
(29). Murine cardiac 19S complexes were titrated with buffer (20 mm
Tris, pH 7.6, 1 mm MgCl,, 0.1 mm EDTA, 0.5 mwm dithiotreitol (DTT),
10% Glycerol, 50 mm NaCl) and then incubated with purified murine
cardiac 20S proteasomes in assay buffer (25 mm Tris, 10 mm MgCl,,
0.5 mm DTT, 200 um ATP, pH 8.0) for 45min at 37 °C. A fluorophore-
tagged substrate (Suc-LLVY-AMC, Bachem, CA) was subsequently
applied to signal proteolytic activity; the reaction proceeded for 1 h at
37 °C. The release of the free AMC group was measured with a
Fluoroskan Ascent Fluorometer (Thermo Fischer) (excitation: 390 nm;
emission: 460 nm) (30). The proteasome-specific inhibitor, epoxomi-
cin was employed in negative control. All activity assays were per-
formed in solution with the 96-well micro-titer plates. 19S-Indepen-
dent 20S proteasome activity was measured in the same plate in
parallel, which was then subtracted from the 19S stimulated proteo-
lytic activities.

Two-Dimensional Differential Gel Electrophoresis (2-D DIGE)
Analysis of Cardiac 19S Complexes—2-D DIGE was conducted
based on a previously published protocol (31). 19S | and 19S Il were
labeled with Cy3 and Cy5, respectively, and mixed. Labeled pro-
teins were diluted in 350 ul IPG strip rehydration buffer (6 m Urea,
2 M Thiourea, 1% CHAPS, 1% Pharmalytes). An 18 cm, pH 3-11NL
IPG strip (GE Healthcare) was run with the following 6-step pro-
gram: 12h at 30 V (active rehydration), 2 hat 200V, 2 hat 600V, 2 h
at 2000 V, 1 h gradient from 2000 V to 8000 V, and held at 8000 V
until the total Vhr reached 15,000. The IPG strip was incubated first
with 1% DTT in equilibration buffer (50 mm Tris, pH 8.8, 2% SDS,
6 M Urea, 30% Glycerol), and then with 2.5% iodoacetamide in
equilibration buffer. For the second dimension, proteins were re-
solved by 12% SDS-PAGE at 65 V for 15 h. Gel images were
acquired using a Typhoon 9410 imager (GE Healthcare). Three
independent analyses were conducted. The gel was then silver-
stained and the gel spots were excised, digested with trypsin (1:50,
enzyme: protein; Promega, WI), and extracted for liquid chroma-
tography tandem MS (LC-MS/MS) analysis.

Two-dimensional Nondenaturing Native PAGE/SDS-PAGE of Pro-
teasome Complexes—Purified 19S complexes were mixed with na-
tive electrophoresis sample-loading buffer (20% glycerol, 0.2%
bromphenol blue), incubated at 4 °C for 1 h, and resolved on a
nondenaturing gel (4.0%T) at 60V for 10 h at 4 °C (32). The gel lane
containing 19S complexes was excised and laid atop an SDS-
PAGE gel (4.0%T stacking and 10%T resolving) for denaturing
electrophoresis in the second dimension. Proteins were transferred
to nitrocellulose membranes and probed with antibodies to Rpn2,
Rpt4 (Biomol), and Hsp90 (Stressgen, San Diego, CA). Silver stain-
ing of a parallel set of gels illustrated the overall pattern of protein
separation.

LC-MS/MS Characterization of Murine Cardiac 19S Complexes—
LC-MS/MS of cardiac 19S complexes was performed on an LTQ-
Orbitrap and an LTQ-XL (Thermo Fischer) mass spectrometers
integrated with a C18, 300A, 5 um nanoLC column (New Objective,
MA). A linear gradient of 5% buffer B to 50% buffer B was applied
over 180 min for effective peptide separation (Buffer A: 0.1% formic
acid, 2% acetonitrile (ACN); buffer B: 0.1% formic acid, 80% ACN).
The data-dependent acquisition was set as one full MS scan fol-
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lowed by MS? fragmentation of the five most abundant ions. Spec-
tra were searched against the IPI mouse database (v.3.47, 55,298
entries) using SEQUEST (Bioworks v.3.3.1 was used for the . dta
generation, default setting). The search parameters were set as:
trypsin digestion: partial; missed cleavages: 2; precursor tolerance:
20ppm/Orbitrap or 2Da/LTQ; fragment tolerance: 0.5 amu; fixed
mods: C 57.0215 Da; variable mods: M 15.9949 Da and N terminus
210.1984 Da. Identified peptides were filtered: Xcorr > 2.7 (+2), 3.5
(+3), ACn > 0.1 (30, 33), then Scaffold (v.2.0) was used to ensure
reported proteins were identified with a confidence greater than or
equal to 99%.

80 Labeling-Assisted Quantitative LC-MS/MS Analysis—The
postdigest peptide '®0-labeling procedure was performed as pre-
viously described (26). Briefly, immobilized trypsin beads (AB
SCIEX, Foster City,CA) were washed with water and mixed with
trypsin-digested peptides. The sample mixture was then dried us-
ing a Speedvac concentrator (Thermo Fischer). Either '80-enriched
water (95%, Sigma Aldrich) or regular '®0 water containing 20%
ACN were added to samples and incubated for 18 h at 37 °C with
gentle agitation. The use of immobilized trypsin beads facilitates the
removal of trypsin postlabeling; thus nonspecific exchange of C-
terminal oxygen atoms postlabeling can be avoided. The removal of
immobilized trypsin beads was achieved with a microspin column.
The "0 or 80 labeled samples were then combined in preparation

for analysis on an LTQ-Orbitrap. Three independent analyses were
conducted.

Statistical Analyses—All data are presented as mean = S.E. Stu-
dent’s t test was used for unpaired data analysis. p < 0.05 was
considered statistically significant.

RESULTS

Molecular characterization of 19S complexes has been a
challenging task, especially in mammals, largely because of
the labile nature of these complexes. In this investigation,
we implemented a multidimensional chromatography plat-
form to extract 19S complexes in their native state from
murine hearts. Heterogeneous subpopulations of 19S com-
plexes were isolated, and each exhibited a distinct ability to
activate purified 20S proteasomes. Hsp90 was identified as
a unique associating partner of 19S subpopulation I, which
we further demonstrated to be a negative regulator of 19S
I-induced activation of 20S (supplemental Fig. S1).

Purification of Murine Cardiac 19S Proteasome Complex-
es—Significant efforts were made to extract structurally intact
and functionally viable 19S complexes from the murine heart
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TABLE |
Conventional subunits of cardiac 19S subpopulations identified by LC-MS/MS
Proteomic characterization of cardiac 19S complexes. The molecular components of 19S | and 19S Il were identified with an LC-MS/MS-
based analysis after one dimensional SDS-PAGE separation. The number of unique peptides identified and sequence coverage percentage for
each subunit are shown. The identified 19S subunits are labeled with both common nomenclature (32) and gene name.

MonoQ Peak | MonoQ Peak I
Subunit/Gene
Unique Peptides Coverage Unique Peptides Coverage
19S Proteasome ATPase Regulatory Subunits
Rpt2/PSMC1 26 49.3% 19 40.5%
Rpt1/PSMC2 24 51.7% 30 56.2%
Rpt5/PSMC3 21 59.8% 18 52.5%
Rpt3/PSMC4 26 51.7% 16 45.6%
Rpt6/PSMC5 29 52.5% 16 44.1%
Rpt4/PSMC6 24 54.5% 16 43.4%
19S Proteasome Non-ATPase Regulatory Subunits

Rpn2/PSMD1 31 46.8% 20 37.7%
Rpn1/PSMD2 31 46.5% 28 47.3%
Rpn3/PSMD3 21 34.4% 15 36.6%
Rpn10/PSMD4 18 44.3% 12 41.7%
S5b/PSMD5 9 26.6% 13 37.9%
Rpn7/PSMD6 21 52.7% 15 47.8%
Rpn8/PSMD7 12 36.8% 9 40.2%
Rpn12/PSMD8 6 37.4% 4 19.8%
Rpn6/PSMD11 21 37.4% 16 46.7%
Rpn5/PSMD12 31 43.1% 17 43.4%
Rpn9/PSMD13 19 39.6% 13 37.8%
Rpn11/PSMD14 5 31.3% 7 40.3%
Rpn13/ADRM1 1 3.9% 2 8.8%

(supplemental Fig. S2) (25). The purification procedure in-
cluded five key steps. The bulk of proteins in heart tissue
homogenates were first removed by absorption with DE52
resin and selective precipitation with ammonium sulfate.
19S Complexes were collected in the fraction cor-
responding to 30-40% ammonium sulfate saturation. Fur-
ther enrichment based on protein molecular mass and sur-
face-to-charge ratio was conducted via size-exclusion
chromatography and DEAE Sepharose chromatography, re-
spectively. High resolution, analytical-scale MonoQ ion-ex-
change chromatography constituted the final refinement
step for the purification of murine cardiac 19S complexes
(Fig. 1A).

Two distinguishable subpopulations of 19S complexes
were collected from murine hearts, further referred to as 19S
subpopulation | (19S 1) and 19S subpopulation Il (19S )
according to the sequential elution and UV 280 nm trace on
the MonoQ chromatogram (Fig. 1A). The molecular identity as
well as the structural intactness of 19S complexes in each
subpopulation was first interrogated with immunoblotting.
Each subpopulation contained components from both the
19S base and lid subcomplexes as evidenced by the detec-
tion of Rpn2, Rpt4, and Rpn7 (Fig. 1B). The possibility that
26S proteasomes constituted one of these subpopulations
was ruled out with parallel immunoblotting of 20S proteasome
subunit a3 (data not shown). Thus, the observed heterogene-
ity was attributed to the different constituents of 19S com-
plexes. The relative abundance of conventional 19S com-
plexes in each fraction was carefully evaluated via image
densitometry measurement postimmunoblotting. The enrich-

ment profiles of all test subunits, Rpn2, Rpt4, and Rpn7, were
in agreement with UV 280 nm trace (Fig. 1B), supporting the
existence of two distinct subpopulations of 19S complexes in
the murine heart. With the four independent replicates ana-
lyzed, the relative abundance of 19S Il over 19S | was 0.54 =+
0.08 (average = standard deviation).

To further validate the structural intactness of 19S com-
plexes, an unrestricted molecular characterization was con-
ducted with LC-MS/MS. 19S Subunits identified using this
approach were complimentary to immunoblotting ex-
periments, including 19S base subunit Rpt6 (supplemental
Fig. S3A) and 19S lid subunit Rpni12 (supplemental
Fig. S3B). Collectively, all essential subunits of cardiac 19S
complexes were identified in both subpopulations (Table I). In
addition, the functional potency of 19S subpopulations, defined
as the ability to stimulate 20S proteasome-mediated proteolysis
in vitro, was assessed (Fig. 1C). The relative activities among
individual fractions reflected profiles of the MonoQ UV 280 nm
traces (Fig. 1A) and immunobilots (Fig. 1B), thus further support-
ing the existence of two distinct and heterogeneous subpopu-
lations of murine cardiac 19S complexes.

The Molecular Basis of the Functional Variance between
19S Subpopulations—The two distinct 19S complex sub-
populations were pooled separately and their functional po-
tencies were characterized in parallel. The content of 19S
complexes in each subpopulation was normalized based on
results of quantitative immunoblotting using an antibody spe-
cific to 19S subunit Rpt4 (Fig. 2A). A standard curve was
established with a serial dilution of 19S Il to match the abun-
dance of protein complex in 19S |. The accuracy of the
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FiGc. 2. Variation in functional dynamics between distinct 19S
subpopulations. A, The content of 19S complexes in two pooled
subpopulations was normalized based on the results of quantitative
immunoblotting. The content of 19S Il was titrated to match the
content of 19S I. All subsequent functional comparisons were made
following careful normalization of the protein. B, Postnormalization,
the content of 19S complexes in the two normalized pools was
verified with a panel of antibodies (Rpt1, Rpt2, Rpt3, Rpt4, Rpt5,
Rpn2 and Rpn7) via quantitative immunoblotting. C, The biological
potency of 19S complexes was evaluated as the ability of each to
stimulate 20S proteasome-dependent proteolysis. 19S Il showed
significantly higher (up to 40%) activity over that of 19S I.

normalization assay was verified with additional antibodies
targeting Rpt1, Rpt2, Rpn2, and Rpn7, respectively (Fig. 2B).
No significant differences in assembly stoichiometry of these
subunits were observed between the two subpopulations.
However, the two subpopulations of 19S complexes dem-
onstrated distinct biological potency. Postnormalization, 19S

Il activated 20S proteasomes up to 40% greater than 19S |
(Fig. 2C). Accordingly, the molecular basis for this functional
variance was investigated with parallel quantitative proteomic
platforms—2-D DIGE and '80-labeling prior to LC-MS/MS.
The 2-D DIGE approach showed similar molecular stoichio-
metries of conventional 19S subunits between subpopula-
tions, with the exception of S5b (Fig. 3A). In previous reports,
it has been suggested that S5b is an interacting partner,
rather than a subunit of 19S complex (21, 34). In addition,
Hsp90 was significantly enriched in 19S I, whereas elF3
subunits were enriched in 19S Il. An LC-MS/MS-based
quantitative survey was conducted in parallel. Intact 19S
complexes from each subpopulation were resolved on non-
denaturing native PAGE gels and excised for proteomic
analysis. Post-trypsin digestion, peptides derived from 19S
| and 19S Il were C-terminally labeled with '®0 or 80
isotopes, respectively, and combined for quantitative LC-
MS/MS using an LTQ-Orbitrap (Fig. 3B). In agreement with
immunoblotting (Fig. 2B) and 2-D DIGE (Fig. 3A), quantita-
tive LC-MS/MS revealed that S5b was the only conventional
subunit differing between the two subpopulations (Fig. 3C).
A complete list of 19S associating proteins consistently
identified in both subpopulations is provided in supple-
mental Table S2.

Hsp90 Is a Unique Functional Associating Partner of 19S
Subpopulation I—Hsp90 was identified to be a component of
19S | by native PAGE-LC-MS/MS (Fig. 4A). A total of eight
distinct peptides derived from Hsp90 were identified in mu-
rine cardiac 19S |, exemplifying the substantial and prefer-
ential association of Hsp90 with 19S | complexes compared
with 19S |l (supplemental Fig. S4). Furthermore, immuno-
blotting analyses confirmed this unique molecular feature of
19S | (Fig. 4B).

Hsp90 is a molecular chaperone known to interact with
20S, 26S, and 11S proteasomes during assembly or expo-
sure to oxidative stress (35-37). However, the direct asso-
ciation of Hsp90 with 19S complexes has not been previ-
ously reported. Using 2-D nondenaturing native-PAGE/
SDS-PAGE coupled with immunoblotting, we demonstrated
a specific interaction between Hsp90 with 19S | from murine
hearts (Fig. 4C).

The functional impact of Hsp90 on the ability of 19S
complexes to activate 20S proteasomes was examined in
vitro. Because the depletion of Hsp90 from 19S | under
native conditions was not feasible, we employed specific
inhibitor of Hsp90 with distinct structure, BIIB0O21 and
geldanamycin, to evaluate the influence of Hsp90 on 19S |
function (Figs. 5A and 5B). Inhibition of Hsp90 led to a
significant enhancement in 19S | activating potential of 20S,
thus identifying Hsp90 as a negative regulator of 19S |
complexes in the heart. Neither HSP90 inhibitor significantly
affected the functional potency of 19S Il. In addition, neither
BIIB021 nor geldanamycin affects 20S activity significantly
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(Fig. 5C). HSP90 have been previously shown to interact
with 20S proteasomes; in this assay, Hsp90 alone did not
significantly affect 20S proteolytic activity (Fig. 5D); thereby
confirming 19S | complexes as specific regulatory targets of
Hsp90. Additionally, in vitro treatment of 19S | or 19S Il with
recombinant Hsp90 did not imitate a significant functional
changes in 19S activities (Fig. 5E). This observation sug-
gested 19S | contains sufficient endogenous Hsp90 and
19S population Il may have adapted a conformation reject-
ing the association of HSP90. With the addition of recom-

binant Hsp90, the activity of 19S | and 19S Il are still clearly
distinct.

DISCUSSION

The 19S complex is the first recognized as well as the
most intricate regulator of the proteasome system. A major
proportion of 19S complexes interacts with 20S protea-
somes, serving to recruit and catalyze targeted degradation
of protein substrate repertoires (38). In addition, 19S com-
plexes function independently from 20S proteasomes as

10.1074/mcp.M110.006122-6
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molecular chaperones (39) or regulators of post-transla-
tional modifications (40). Our current knowledge of 19S
complexes is primarily derived from studies of 26S protea-
somes, which may have limited our appreciation of 19S
heterogeneity and specialization within cardiac cells.
Purification of Murine Cardiac 19S Complexes—The labile
nature of 19S complexes and their association with abun-
dant myofibrillar proteins (21, 26) necessitate a delicate
protocol for effective isolation. With significant efforts in-
vested in preliminary experiments, we adjusted the purifi-
cation procedure to accommodate the unique characteris-
tics of cardiac tissue (25, 41). In the salt precipitation step,
the window of ammonium sulfate concentration was nar-
rowed from 0-40% to 30-40%. Together with DE52 resin
absorption, the majority of contaminant proteins were effi-
ciently removed from heart tissue homogenates. ATP was

added as a supplement in between isolation steps, resulting
in considerable stabilization of labile 19S complexes. High
resolution MonoQ ion-exchange chromatography was ap-
plied to replace hydroxyapetite chromatography as the final
step of purity refinement (25). MonoQ chromatography ex-
hibited superior sensitivity, reproducibility and resolution for
purifying murine cardiac 19S complexes. An even deeper
delineation of 19S heterogeneity may be possible with ad-
ditional fractionation technology.

The 19S complex is configured jointly with two substruc-
tures, the “base” and the “lid” (38, 42). A panel of antibodies
specific to three distinct 19S subunits; two from the “base”
(Rpn2 and Rpt4) and one from the “lid” (Rpn7), was formu-
lated to track the correlation between these substructures
along the purification procedure. Nondenaturing native
electrophoresis, LC-MS/MS, and enzymatic activity assays
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|-associated Hsp90 significantly enhanced the activating potency of
19S | on 20S-dependent proteolytic activity, indicating that Hsp90 is
a negative regulator of 19S | (n = 4). B, The functional impact of
Hsp90 on 19S complexes was validated with another Hsp90 inhibitor,
geldanamycin, supporting Hsp90 as a specific negative regulator of
19S | (n = 4). C, Neither BIIB0O21 nor geldanamycin impacts 20S
activity significantly (n = 3). D, As another negative control, the
functional impact of Hsp90 on 20S proteasomes alone (without 19S)
was examined. The proteolytic function of 20S proteasomes was not

were conducted in parallel to thoroughly interrogate the
intactness of purified murine cardiac 19S complexes.

Heterogeneity of Murine Cardiac 19S Complexes—The
functional dynamics of proteasome complexes, in general,
vary from tissue to tissue (26, 43). In the heart, there exist
an array of heterogeneous proteasome species with distinct
activities, which collectively may direct targeted protein ho-
meostasis (15, 24). The variation in molecular assembly
leads to differences in biochemical activities (14, 44) as well
as susceptibility to oxidative stress (45) and inhibitors (15).
However, the diversity of 19S complexes and its molecular
basis until now were poorly defined. This investigation re-
ported a novel, large-scale chromatographic purification of
cardiac 19S complexes, which enabled molecular and en-
zymatic characterization in a systematic fashion.

Heterogeneity of 19S complexes was first suggested from
studies demonstrating post-translational modifications on
19S subunits (20, 21, 44, 46). In addition, 19S complexes
from bovine erythrocytes were distinguished into two sub-
populations with hydroxyapatite chromatography (41).
Erythrocyte 19S complexes from the second-eluting sub-
population exhibited a lower biological activity than the first
one; however the molecular basis underlying this difference
was not elucidated. In this investigation, we isolated two
distinct 19S subpopulations from the murine heart using
MonoQ chromatography. Contrary to erythrocyte 19S com-
plexes, the later-eluting subpopulation of cardiac 19S com-
plexes (19S Il) showed a higher activating capacity. One
possible reason for this discrepancy is that the separation
kinetic of 19S complexes via MonoQ chromatography is
quite distinct from that of hydroxyapatite chromatography.
Another feasible scenario is that cardiac 19S complexes
exhibit significant differences in functional dynamics or mo-
lecular features from that of erythrocytes.

In this study, we took a functional proteomic approach to
characterize the molecular features leading to functional het-
erogeneity of 19S complexes in the heart. Unique molecular
constituents were observed via quantitative proteomic ap-
proaches. Among them, Hsp90 was identified to be a func-
tional associating partner of 19S I, but not 19S Il, murine
cardiac complexes, and the presence of active Hsp90 signif-
icantly suppressed the functional potency of 19S . HSP90
may influence the function of 19S in many ways. It may reduce
the binding affinity between 19S and 20S proteasomes or
hinder the passage of substrates toward the proteolytic cen-
ter. The ATPase activities within 19S complexes may be the
regulatory targets as well. Eukaryotic initiation factor 3 (elF3)
was also found to be markedly different between 19S sub-
populations in 2-D DIGE analysis. This may reflect the spe-

inhibited with exogenous Hsp90, suggesting that the Hsp90-induced
functional inhibition of 20S proteolysis was transduced through 19S
(n = 4). E, In vitro treatment with recombinant Hsp90 did not signif-
icantly alter the function of 19S | or 19S Il (n = 4).
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cialization of this subpopulation for a role in protein translation
(47). Experimental protocols are being implemented for further
analyses of the role of elF3 and other unique molecular fea-
tures to offer additional insights toward the diverse function of
cardiac 19S complexes. S5b was found to be dominantly
associated with 19S Il. S5b has been previously shown to
assist in 19S assembly, and it also maintains a functional
affiliation with mature 19S complexes (48). Our data supports
the notion that S5b is interacting with mature proteasome
complexes in the heart, as 19S Il was not constituted with
assembly intermediates. Rather, quantitative assays sug-
gested that 19S | and 19S Il have matching subunit stoichio-
metry (Figs. 3A and 3C). Additionally, 19S Il has full function-
ality, which further supports that this population is mature in
nature.

Implications of 19S Heterogeneity in Cardiovascular
Biology—The proteasome is more than just a passive protein
degradation machine. A dysregulation in proteasome func-
tion has been recognized in many forms of cardiomyopathy,
including ischemia-reperfusion injury (5), hypertrophy (7),
myocarditis (11), and diabetic cardiomyopathy (10). Appli-
cations of pharmacological reagents to inhibit (49, 50) or
preserve proteasome function (51) have shown promising
benefits in combating cardiomyopathy. However, prolonged
application of high-dose proteasome inhibitors may also
induce detrimental side-effects on the heart (52). Therefore,
it is important to engineer targeted intervention strategies
with precise specificity.

The identification and characterization of heterogeneity in
the proteasome system provides knowledge for achieving
such goals. Distinct populations of 19S complexes confer
different functional states; the dynamic balance among them
collectively defines protein degradation. The characterization
of this diversity at the molecular level may foster targeted
intervention strategies. The various species of proteasome
complexes demonstrated distinct properties in functional
dynamics (53), resistance to oxidative damage (45, 54) and
susceptibility to pharmacological agents (15). Taking advan-
tage of the distinction in molecular properties, it is feasible
to develop agents which target specific subpopulations of
proteasomes (55). Recently, pharmacological agents aiming
at 19S complexes have also emerged (56, 57), which may
enable selective adjustment of targeting ubiquitinated pro-
teins for degradation. The comprehensive delineation of the
heterogeneity in cardiac 19S subpopulations will aid in the
engineering of a new generation of agents with enhanced
specificity.
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