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The human immunodeficiency virus, type I protease
inhibitor Ritonavir has been used successfully in AIDS
therapy for 4 years. Clinical observations suggested that
Ritonavir may exert a direct effect on the immune sys-
tem unrelated to inhibition of the human immunodefi-
ciency virus, type I protease. In fact, Ritonavir inhibited
the major histocompatibility complex class I restricted
presentation of several viral antigens at therapeutically
relevant concentrations (5 mM). In search of a molecular
target we found that Ritonavir inhibited the chymotryp-
sin-like activity of the proteasome whereas the tryptic
activity was enhanced. In this study we kinetically ana-
lyzed how Ritonavir modulates proteasome activity and
what consequences this has on cellular functions of the
proteasome. Ritonavir is a reversible effector of protea-
some activity that protected the subunits MB-1 (X)
and/or LMP7 from covalent active site modification with
the vinyl sulfone inhibitor125I-NLVS, suggesting that
they are the prime targets for competitive inhibition by
Ritonavir. At low concentrations of Ritonavir (5 mM)
cells were more sensitive to canavanine but proliferated
normally whereas at higher concentrations (50 mM) pro-
tein degradation was affected, and the cell cycle was
arrested in the G1/S phase. Ritonavir thus modulates
antigen processing at concentrations at which vital cel-
lular functions of the proteasome are not yet severely
impeded. Proteasome modulators may hence qualify as
therapeutics for the control of the cytotoxic immune
response.

The human immunodeficiency virus, type I (HIV-I)1 encodes
an aspartic endoprotease that is required for cleavage of the
viral gag-pol polyprotein. Inhibition of the HIV-I protease leads
to the release of noninfectious virus particles and has thus been
the aim of drug development in AIDS therapy (1). Several
cleavages performed by the HIV-I protease lie between the

amino acids phenylalanine (or tyrosine) and proline. Endopro-
teolytic cleavages N-terminal of proline residues have not been
frequently observed in mammalian proteases, which was the
premise for the design of transition state mimetics of the Phe-
Pro bond as potential inhibitors of the HIV-I protease (2).
Interestingly, an exception to this premise arose from the re-
cent analysis of the cleavage specificity of the 20 S proteasome
(3) that quite frequently cleaved polypeptide substrates N-
terminal of proline residues (4–8).

A number of HIV-I protease inhibitors have been success-
fully used in clinical therapy of HIV-I infection (9). Patients
treated with highly active antiretroviral therapy consisting of
HIV-I protease inhibitors and nucleoside analogues showed a
marked decrease in viremia with a simultaneous increase in
CD41 helper T cells after the initiation of treatment. Remark-
ably, even in patients that (because of resistance of the virus)
remained viremic upon highly active antiretroviral therapy,
the number of CD41 helper T cells in peripheral blood in-
creased suggesting that there was a direct effect of highly
active antiretroviral therapy on the immune system unrelated
to the inhibition of viral replication (10). This clinical finding
was the incentive to test whether a widely applied HIV-I pro-
tease inhibitor named Ritonavir (11) would have an effect on
the immune response in a well defined model system as, for
instance, the infection of the mouse with lymphocytic chorio-
meningitis virus (LCMV). Surprisingly, the treatment of mice
with therapeutical concentrations of Ritonavir markedly re-
duced the cytotoxic immune response against two T cell
epitopes of LCMV and prevented the expansion of LCMV-
reactive cytotoxic T cells (12). This effect was not because of an
inhibition of LCMV replication but resulted from a decrease in
the presentation of LCMV epitopes on major histocompatibility
complex class I molecules of infected cells. In search of a po-
tential molecular target for Ritonavir we tested its effect on
peptide hydrolysis by the 20 S proteasome as it is the key
enzyme for the generation of antigenic peptides as ligands for
major histocompatibility complex class I molecules (3, 13).

Ritonavir inhibited the chymotryptic activity of mouse and
human 20 S proteasomes at a similar potency as N-acetyl-
leucyl-leucyl-norleucinal (LLnL) whereas the tryptic activity
was enhanced (12). Such a modulation of proteasome activity
has not been observed with other proteasome inhibitors (14),
and we decided to further investigate the mechanism of pro-
teasome modulation by Ritonavir that most likely accounts for
the observed cellular defects in antigen processing. Ritonavir
partially protected the proteasome subunits MB-1 (X) and/or
LMP7 from covalent active site modification with a vinyl sul-
fone inhibitor and could be nicely accommodated in the active
site pockets of the homologous yeast subunit. This suggests
that these proteasome subunits are the predominant targets
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for competitive inhibition by Ritonavir in accordance with our
kinetic analysis. A selective block of the cell cycle in G1/S and a
partial inhibition of protein degradation was found at concen-
trations that were ten-fold higher than those required for im-
munomodulation. Modulators of proteasome activity may
therefore be useful for controlling antigen processing and the
cytotoxic immune response.

MATERIALS AND METHODS

Cell Culture—The human lymphoblastoid cell line T2 (15) and the
murine embryonal fibroblast line B8 (4) were grown in IMDM (Biome-
dia, Geneva, Switzerland) supplemented with 10% fetal calf serum and
100 units/ml penicillin-streptomycin (Biological Industries, Beit
Haemek, Israel).

Proteasome Assays—20 S proteasomes from B8 and T2 cells were
purified and quantified as detailed elsewhere (4). 20 S proteasomes
from Saccharomyces cerevisiae were isolated as previously described
(16). Fluorogenic peptide substrates were diluted from 10 mM frozen
stock solutions in N,N-dimethylformamide except for the 10 mM (Z)-
LLE-bNA stock solution that was prepared freshly each time in Me2SO.
Assays were performed for 90 min at 37 °C in a total volume of 100 ml
of buffer E (50 mM Tris/HCl, pH 7.5, 25 mM KCl, 10 mM NaCl, 1 mM

MgCl2, 1 mM dithiothreitol, 0.1 mM EDTA) containing 500 ng of purified
20 S proteasome, and fluorescence was determined with a Tecan Spec-
traFluor Plus plate reader at 30, 60, and 90 min after initiation of the
reaction using emission and excitation wavelengths of 360 and 465 nm,
respectively, for MCA and 340 and 405 nm, respectively, for bNA.
Shown values are from 60-min incubations and were in the linear range
of the reaction; triplicates were measured for all data points. For the
ultrafiltration assays 100 mM Ritonavir was added to 2.5 mg/ml 20 S
proteasomes in buffer E, and the Ritonavir was removed by three
rounds of 1-h incubations at 37 °C followed by ultrafiltration at 300 3
g through Centricon 100 filters. The proteasomes were brought to the
original volume with buffer E, and an aliquot was used for activity
determination with 100 mM Suc-LLVY-MCA substrate.

Viability Test—Ritonavir (Abbott) was dissolved in methanol at a
concentration of 50 mM. LLnL (Roche Molecular Biochemicals) was
dissolved in Me2SO at a concentration of 5 mM. Both substances were
diluted directly into complete IMDM. The final concentration of Me2SO
was adjusted to 1%, and the final concentration of methanol was ad-
justed to 0.1%. 100 ml of T2 cells were seeded in 96-well plates at a
density of 1 3 106/ml for time points of incubation up to 48 h and at a
density of 2 3 105/ml for incubation times from 48 to 96 h. 100 ml of
medium containing the diluted inhibitors Ritonavir and LLnL was
added. After the indicated time points the viability was determined by
trypan blue exclusion. All values are means of triplicates. The experi-
ment was repeated two times, and identical results were obtained.

Determination of Canavanine Resistance—T2 cells were grown for 2
days in the presence of the indicated concentrations of Ritonavir. 100 ml
of T2 cells were seeded in 96-well plates at a density of 1 3 106/ml in
RPMI 1640 medium containing 10% dialyzed fetal calf serum and 10
mg/l L-arginine (prepared with the Select-Amine kit from Life Technol-
ogies, Inc.) instead of 200 mg/l L-arginine in conventional RPMI 1640
medium. 100 ml of the same medium containing canavanine at the
indicated concentrations and Ritonavir was added. The plates were
incubated for 24 h, and the viability was determined as described above.
All values are means of triplicates. The experiment was repeated two
times, and identical results were obtained.

Flowcytometric Analysis of DNA Content—T2 cells were cultured to a
density of about 2 3 105/ml. To arrest cells with a 2 N DNA content,
hydroxyurea was added at a final concentration of 0.76 mg/ml. Cells
arrested with a 4 N DNA content were prepared with nocodazole at 3.2
mg/ml final concentration. Ritonavir was added to the medium at the
indicated concentrations as described above. After 48 h of incubation
cells were harvested by centrifugation and fixed with ethanol. An ali-
quot of cells treated with 50 mM Ritonavir was washed three times with
medium (10 min. incubation between the centrifugation steps) and
incubated for another 48 h before fixation. After fixation cells were
washed two times with phosphate-buffered saline and resuspended at a
density of 1 3 107/ml in phosphate-buffered saline. 50 ml of 38 mM

sodium citrate, pH 7.0, containing 50 mg/l propidium iodide, 50 ml of 10
mg/ml RNase A, and 50 ml of 400 mg/ml propidium iodide in water was
added, and the cells were incubated at 37 °C for 30 min. Analysis was
done on a Becton Dickinson FACSCAN® flow cytometer with Lysis II
software.

Metabolic Labeling and Immunoprecipitation—To determine the
degradation rates of the murine cytomegalovirus protein pp89 aliquots

of 1 3 106 B8 cells were treated for 2 days with 0, 10, or 50 mM Ritonavir
or for 30 min with 50 mM LLnL. The cells were incubated for 30 min in
Met-/Cys-deficient RPMI 1640 medium in the presence of inhibitors.
After starvation the cells were incubated for 1 h in methionine-/cys-
teine-free medium plus 0.2 mCi/ml TranS35 (ICN Biomedicals) in the
presence of either Ritonavir or LLnL. After three washes with phos-
phate-buffered saline the cells were incubated for the indicated time
points in IMDM plus inhibitors. Cells were harvested by centrifugation
after detachment with calcium-/magnesium-free medium. 1 3 106 cells
were lysed in 35 ml of lysis buffer (50 mM Tris/HCl, pH 7.8, 150 mM

NaCl, 2% Triton X-100, 1 mM EDTA, 10 mM iodoacetamide, 1 mM

phenylmethylsulfonyl fluoride, 1 mM leupeptin, 1 mM pepstatin, 0.3 mM

aprotinin). 5 3 106 cpm aliquots of postnuclear lysates, which were
taken for immunoprecipitation, were diluted in buffer A (50 mM Tris/
HCl, pH 7.8, 150 mM NaCl, 0.5% Triton X-100, 1 mM EDTA, 10 mM

iodoacetamide, 1 mM phenylmethylsulfonyl fluoride, 1 mM leupeptin, 1
mM pepstatin, 0.3 mM aprotinin, 1 mg/ml ovalbumin). After 2 h of
preclearing with protein A-Sepharose (Amersham Pharmacia Biotech),
pp89 was immunoprecipitated over night with the monoclonal antibody
6–58.1 (17), and the beads were washed three times with buffer A.
Precipitated proteins were separated by SDS-polyacrylamide gel elec-
trophoresis (SDS-PAGE) and quantitated with a BAS 2000 imager
(Fuji).

Ubiquitin Protein Reference Technique—To determine the impact
of Ritonavir on the catabolism of Arg-b-galactosidase we used the
ubiquitin protein reference technique as described by Lévy et al. (18).
Plasmids containing cDNAs for DHFR (hemagglutinin-tag)-ubiquitin-
Arg-b-galactosidase and DHFR (hemagglutinin-tag)-ubiquitin-Met-b-
galactosidase were kindly provided by Dr. F. Lévy, Lausanne, Switzer-
land. B8 cells were treated for 2 days with the indicated concentrations
of Ritonavir. The DHFR-ubiquitin-Arg-b-galactosidase or DHFR-ubiq-
uitin-Met-b-galactosidase expression constructs were transfected by
calcium phosphate precipitation as described elsewhere (19). After 16 h
of incubation the calcium phosphate/DNA coprecipitate was removed,
and the cells were incubated for 6 h in IMDM. Cells were starved for
methionine and cysteine, and pulse labeling was performed in Met-/
Cys-deficient medium containing 0.5 mCi/ml TranS35 label for the in-
dicated time points. After the labeling the dishes containing cells were
transferred to ice. The cells were washed three times with ice-cold
phosphate-buffered saline and lysed with lysis buffer directly in the
culture dish on ice for 30 min. Preclearing and immunoprecipitation
were performed as described above, except that the antibodies Gal-13
(anti b-galactosidase, Sigma) and F-7 (anti HA-tag, Santa Cruz Bio-
technology) were used.

Labeling of Proteasomes with 125I-NLVS—Proteasomes were isolated
from the mouse lymphoblastoid cell line EL-4 and were incubated with
1.8 3 104 Bq/ml 125I-NLVS and various concentrations of Ritonavir for
2 h at 37 °C as previously described (20). The labeling reaction was
quenched by addition of 4 3 SDS sample buffer, and the samples were
analyzed by SDS-PAGE and autoradiography.

Modeling—We have performed FlexX (21) calculations to predict the
potential binding mode of Ritonavir to the chymotryptic site of the yeast
20 S proteasome. FlexX requires the definition of the active site of the
protein. We therefore took the x-ray structure (22) complexed with
LLnL, removed the inhibitor, and defined the active site within a sphere
of radius of 25.0 Å around Thr 1 of subunit b5 (PRE2). The three-
dimensional structure of Ritonavir (23) was build with Sybyl 6.3 (Tripos
Associates, St. Louis, MO) modeling software. Correct atom types, ste-
reocenters, hybridization states, and bond types were defined with
respect to the Sybyl mol2 file format. Formal charges were assigned to
each atom, and an energy minimization was performed using the Tripos
force field. Because FlexX samples the conformational space of the
ligand on the basis of the Mimuba approach (24) bond lengths and bond
angles are kept unchanged during the docking calculation. Therefore
the reasonable minimized geometry should be useful. The selection of
the anchor fragment (25) was done automatically by using the
“AUTODOCK” command. No refinement calculations were performed
after the FlexX run.

RESULTS

Previously we have shown that the treatment of cells with
100 mM Ritonavir led to an accumulation of high molecular
weight ubiquitin protein conjugates, which were about 30%
less abundant compared with amounts obtained after treat-
ment with 100 mM lactacystin or LLnL (12). The induced deg-
radation of IkBa, a well characterized proteasome substrate,
was inhibited at 100 mM Ritonavir suggesting that Ritonavir
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inhibited cellular protein degradation by the proteasome at
least to a certain degree (12). To further investigate this issue
we studied the effect of Ritonavir on the degradation of a viral
antigen, a typical N-terminal rule substrate, and misfolded
proteins.

Inhibition of Protein Degradation by Ritonavir—The imme-
diate early protein of the mouse cytomegalovirus pp89 is pro-
cessed for major histocompatibility complex class I restricted
antigen presentation in a proteasome-dependent manner.2 We
therefore followed the pp89 protein in a pulse-chase experi-
ment to test whether its degradation was affected by Ritonavir
(Fig. 1). Ritonavir inhibited pp89 degradation to an extent
comparable to LLnL at a concentration of 50 mM but it had no
effect at a concentration of 10 mM. In contrast to the proteinoly-
sis of IkBa and pp89, the degradation of the N-end rule sub-
strate Arg-b galactosidase was not changed in its metabolic
stability by 10 or 50 mM Ritonavir (Fig. 2). Rather than per-
forming pulse-chase experiments we have applied the ubiquitin
protein reference technique (18) to monitor Arg-b galactosidase
accumulation after cleavage from a DHFR-ubiquitin-Arg-b-ga-
lactosidase precursor protein. It is an advantage of this method
that the accumulation of Arg-b galactosidase during continu-
ous labeling can be compared with the accumulation of the

metabolically stable DHFR ubiquitin protein, which is pro-
duced in equimolar amounts. The fact that LLnL but not
Ritonavir led to an increase in Arg-b galactosidase accumula-
tion suggests that the extent of inhibition of proteasomal pro-
tein degradation by Ritonavir varies between different protein
substrates.

As the proteasome is responsible for the removal of misfolded
proteins we finally determined the effect of Ritonavir on the
viability of cells that were treated with the arginine analogue
canavanine (26, 27). Consistent with an inhibition of the pro-
teasome the loss in the viability of T2 lymphoblastoid cells due
to canavanine treatment was markedly enhanced by the simul-
taneous administration of Ritonavir in a dose-dependent man-
ner (data not shown). As a loss in viability was already appar-
ent at a Ritonavir concentration of 5 mM this suggests that the
proteasome was already partially inhibited at this low concen-
tration, which we previously showed to affect antigen presen-
tation (12).

Ritonavir Induces a Cell Cycle Arrest in G1—To determine
the effect of Ritonavir on cell viability under normal conditions
we incubated T2 cells with titrated amounts of Ritonavir and
LLnL. Whereas the proteasome inhibitor LLnL killed T2 cells
in culture within 24 h at a concentration of 10 mM we saw no
effect on T2 viability or proliferation at Ritonavir concentra-
tions up to 25 mM. At a concentration of 50 mM Ritonavir led to
a stop in proliferation, but cells remained viable according to2 G. S., unpublished observation.

FIG. 1. Ritonavir inhibits the degradation of the mouse cyto-
megalovirus pp89 protein. B8 mouse fibroblast cells endogenously
expressing pp89 were incubated with 0 (A), 10 (B), or 50 mM Ritonavir
(C) for 2 days or with 50 mM LLnL for 1 h (D). After this pretreatment
the degradation of the pp89 protein was investigated by metabolic pulse
labeling for 1 h followed by pp89 immunoprecipitation and SDS-PAGE
after 0, 3, 6, and 9 h of chase in the presence of inhibitors. Panel E
shows a plot of the relative amounts of pp89 (as percents) after quan-
titation of radioactivity in pp89 bands (at about 90 kDa) on a phospho-
imager. Rito, Ritonavir.

FIG. 2. Ritonavir does not inhibit the degradation of Arg-b-
galactosidase. B8 cells expressing the fusion protein DHFR-ubiquitin-
Arg-b-galactosidase were treated with 0, 10, or 50 mM Ritonavir for 2
days or with LLnL for 1 h. The cells were pulse-labeled for 10, 30, and
60 min. The two parts of the fusion protein, Arg-b-galactosidase (panel
A) and DHFR-ubiquitin (panel B), which are generated by an endoge-
nous ubiquitin C-terminal hydrolase, were immunoprecipitated and
separated by SDS-polyacrylamide gel electrophoresis. The asterisks
indicate the position of the respective proteins, and the arrowheads
show the position of marker proteins. The amount of radioactivity in
Arg-b-galactosidase bands (panel C) and DHFR-ubiquitin bands (panel
D) is plotted versus the time of pulse. Rito, Ritonavir.
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trypan blue exclusion for several days and resumed prolifera-
tion after removal of Ritonavir. As the proteasome inhibitor
LLnL leads to cell cycle arrest at the G1/S boundary, in the S
phase, or in mitosis (28) we examined how Ritonavir would
affect cell cycle progression. Interestingly, the treatment of
unsynchronized T2 cells (Fig. 3) or B8 cells (not shown) with 50
mM Ritonavir for 48 h led to a selective and reversible arrest of
the cell cycle in G1 with a DNA content of 2 N as determined by
flow cytometric analysis. For control of DNA content cells were
either left untreated or were arrested in the S phase by hy-
droxyurea (2n) or in mitosis by nocodazole (4 N). At a concen-
tration of 10 mM Ritonavir we did not observe any effect on cell
cycle progression. A specific cell cycle arrest would be consist-
ent with a selective block in the degradation of certain proteins
(cyclin-dependent kinase inhibitors, cyclins, etc.) specifically
required for G1/S progression.

Titration of Ritonavir and Substrate Concentrations—As a
first approach to study the mechanism how Ritonavir modu-
lates proteasome activity we studied the hydrolysis of fluoro-
genic peptide substrates by 20 S proteasomes isolated from B8
mouse fibroblasts. The fluorogenic substrates Suc-LLVY-MCA,
Bz-VGR-MCA, and (Z)-LLE-bNA, which are frequently used to
respectively monitor the chymotrypsin-like, trypsin-like, and
peptidylglutamyl peptide-hydrolyzing activity of the protea-
some were measured. The substrate (Z)-GGL-MCA may also be
cleaved by the chymotrypsin-like activity, but as this substrate
behaved quite differently from Suc-LLVY-MCA in earlier stud-
ies about the effects of interferon-g-inducible proteasome sub-
units (4) we also included it in our study.

First proteasome activity was measured at titrated concen-

tration of both Ritonavir and LLnL (Fig. 4). In contrast to
LLnL, which similarly inhibits the hydrolysis of the four tested
substrates in a concentration-dependent manner, Ritonavir
shows a comparable inhibition only for the Suc-LLVY-MCA
substrate with an IC50 value of 3 mM. The hydrolysis of (Z)-
GGL-MCA and (Z)-LLE-bNA was increased at Ritonavir con-
centrations of 3 mM and 30 mM, respectively, and was slightly
reduced at higher concentrations. The trypsin-like activity, in
contrast, was consistently enhanced in a dose-dependent man-
ner from 10 to 250 mM of Ritonavir. This modulation of protea-
some activities by Ritonavir was highly reproducible with three
independent preparations of 20 S proteasomes from B8 mouse
fibroblasts and was identical for human 20 S proteasomes
isolated from T2 lymphoblastoid cells (not shown). The inhibi-
tion of the proteasomal chymotrypsin-like activity was revers-
ible as full activity was recovered upon removal of Ritonavir by
ultrafiltration. Moreover, the peptide analogon Ritonavir re-
mained unaltered during incubation with 20 S proteasomes as
determined by reverse phase high pressure liquid chromatog-
raphy analysis (data not shown).

Next we measured proteasome activity at three fixed concen-
trations of Ritonavir and increasing concentrations of the four
fluorogenic substrates (Fig. 5). For the Suc-LLVY-MCA sub-
strate we observed a proportional increase of MCA production
with increasing concentrations of substrate at 1 mM but not at
10 mM Ritonavir suggesting that at low Ritonavir concentration
this substrate can outcompete the modulator. Thus Ritonavir
may act as a competitive inhibitor for the chymotrypsin-like
activity. Interestingly, the enhancement of the trypsin-like ac-
tivity by Ritonavir was not apparent anymore at high concen-
trations of the substrate Bz-VGR-MCA suggesting that this
substrate also competes with Ritonavir for binding to a site
that enhances the tryptic activity and that cannot be identical
to an active site responsible for the trypsin-like activity.

Ritonavir Protects the Proteasome Subunit MB-1 (X) and/or
LMP7 from Covalent Modification by the Vinyl Sulfone Inhib-
itor NLVS—We aimed at identifying the proteasome subunit(s)
that are able to bind Ritonavir. As Ritonavir does not co-
valently bind to the proteasome a direct labeling of proteasome
subunits with radiolabeled Ritonavir and electrophoretic anal-
ysis seems to be impossible. Our kinetic analysis suggests that
Ritonavir competes with the Suc-LLVY-MCA substrate for
binding to the active site of the chymotryptic activity of the
proteasome. Hence we tested whether Ritonavir would be able
to protect proteasome subunits from covalent modification by
the active site vinyl sulfone inhibitor 125I-NLVS. This radioac-
tively labeled proteasome inhibitor was previously shown to
covalently bind to the active site-bearing subunits of mouse or

FIG. 3. Ritonavir causes a cell cycle arrest in G1/S. Shown are
flow-cytometric analyzes of propidium iodide-stained nuclei; DNA con-
tents of 2 and 4 N are indicated by arrows. Cells were treated for 48 h
as indicated: untreated, treated with hydroxyurea as G1/S phase control
(2 N), treated with nocodazole as control for mitotic arrest (4 N), treated
with 10 and 50 mM Ritonavir, and treated with 50 mM Ritonavir followed
by incubation for additional 48 h in the absence of Ritonavir.

FIG. 4. The inhibition of proteasomal hydrolysis of four fluoro-
genic substrates by Ritonavir and LLnL. The cleavage activity of
isolated 20 S proteasomes from murine B8 fibroblast cells is plotted
against the concentration of inhibitors. The concentrations of fluoro-
genic substrates were left constant: 100 mM Suc-LLVY-MCA, 100 mM

(Z)-GGL-MCA, 400 mM Bz-VGR-MCA, and 200 mM (Z)-LLE-bNA. The
activities are calculated from MCA measurements 60 min after initia-
tion of digests when the reaction is in linear progression. Displayed
values are the means of triplicates with S.E. of ,5% for all data points.
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human proteasomes, which allows electrophoretic identifica-
tion of the respective subunits (20, 29). Ritonavir partially
protected the subunits LMP7 or MB-1 (X) at a concentration of
100 mM whereas no protection of LMP2, Z, MECL-1, or Y was
observed (Fig. 6). No protection was detected at lower concen-
trations of Ritonavir, which is most likely due to the fact that
Ritonavir is a reversible competitive inhibitor that will even-
tually be replaced by a covalent inhibitor like 125I-NLVS. This
result strongly suggests that the proteasome subunits LMP7
and/or MB-1 (X) are the predominant subunits for competitive
active site inhibition by Ritonavir.

Three-dimensional Modeling of Ritonavir Bound to the Yeast
Proteasome Subunit PRE2—A three-dimensional structure of
mammalian 20 S proteasomes at high resolution, which could
have been used to test whether Ritonavir would fit in the P1/P3

binding pockets of the proteasome subunits LMP7 or MB-1 (X)
has not yet been obtained. However, as the high resolution
structure of the S. cerevisiae 20 S proteasome is known (22),
and as Ritonavir also inhibited the chymotryptic activity of the
yeast 20 S proteasome (data not shown) we performed FlexX
calculations to predict whether Ritonavir can bind in the active
center of the yeast PRE2 subunit that is homologous to LMP7
and MB-1 (X). Indeed, the calculation performed as outlined
under “Materials and Methods” predicted that Ritonavir
should inhibit the chymotryptic activity. The thirty best inhib-
itor positions are very well clustered in the active center of

PRE2 with predicted binding energies ranging from 234.44 to
233.40 kJ/mol. Fig. 7 shows the highest ranking result of the
docked Ritonavir (colored white) superimposed with the cyan
colored inhibitor LLnL. Ritonavir fills the gap between the
strands similar to LLnL with the hydrophobic side chain at P1

projecting into the S1 pocket like the norleucinal side chain.
The same holds true for the side chains in P2 and P3. The urea
unit of Ritonavir is in contact with the adjacent PRS3 subunit
and is hydrogen-bonded to Asp 114. Taken together, the dock-
ing results are in accordance with the experimental evidence
that Ritonavir is a competitive inhibitor of the chymotryptic
activity of the 20 S proteasome.

DISCUSSION

The aim of this study was to investigate how Ritonavir acts
as a modulator of proteasome activity and to determine the
effects of this modulation on cellular functions of the protea-
some. At therapeutically relevant concentrations (5 mM) at
which immune modulation was observed Ritonavir did not
affect proliferation or cell cycle progression but led to an in-
crease in the sensitivity to canavanine. At higher concentra-
tions of Ritonavir (50 mM) a selective inhibition of intracellular
protein degradation and a reversible arrest of the cell cycle in
the G1/S phase were observed. A kinetic analysis suggested
that Ritonavir is a reversible and competitive inhibitor of the
proteasomal chymotrypsin-like activity and a positive effector
of the trypsin-like activity. Ritonavir partially protected the
proteasome subunit MB-1 (X) and/or LMP7 from covalent mod-
ification by the proteasome inhibitor 125I-NLVS and could be
nicely accommodated in the active site pockets of the homolo-
gous yeast subunit, which is consistent with the kinetic
analysis.

Because Ritonavir inhibited the hydrolysis of the Suc-LLVY-
MCA substrate most potently this result suggests that the
subunits MB-1 (X) or LMP7 are the predominant subunits that
account for the chymotrypsin-like activity defined by this sub-
strate. This notion is supported by mutagenesis experiments in
S. cerevisiae where the inactivation of the PRE2 subunit, which
is homologous to the mammalian subunits MB-1 (X) and LMP7,
led to a selective elimination of the chymotrypsin-like activity
(30). The site-directed inactivation of MB-1 or LMP7 in mam-
malian cells has not yet been reported. However, a study em-
ploying a panel of different vinyl sulfone inhibitors also showed
that the potency in the inhibition of the chymotrypsin-like

FIG. 5. The influence of substrate concentration on protea-
some modulation by Ritonavir. The experimental assessment of
proteasome activities in the presence of fixed concentrations of Ritona-
vir as indicated (0, 1, 10, or 100 mM) was performed as described in the
legend to Fig. 4. The data represent means of triplicates with S.E. of
,5% for all data points.

FIG. 6. Ritonavir protects the subunits LMP7 or MB-1 (X) from
covalent modification by the proteasome inhibitor 125I-NLVS. A
densitometric evaluation of the LMP7/MB-1 (X) band normalized to the
density of the Z band is shown in panel A. Proteasomes isolated from
EL-4 cells were incubated with indicated concentrations of Ritonavir
and 125I-NLVS for 2 h and were subsequently analyzed by 12.5% SDS-
PAGE and autoradiography (panel B).
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activity of mouse proteasomes correlated with their ability to
protect the subunits MB-1 (X) and LMP7 from covalent modi-
fication by radioactive inhibitors of the same class (20).

Although a number of proteasome inhibitors that are, at
least to some extent, selective for the chymotrypsin-like activ-
ity have been described (14), a modifier of proteasome activity
that inhibits one activity (chymotrypsin-like) and simulta-
neously enhances a second activity (trypsin-like) has not yet
been described. This enhancement, which is most prominent at
an intermediate concentration of the Bz-VGR-MCA substrate
(Fig. 5) cannot be attributed to binding to the trypsin-like
active site that, according to a recent analysis by Salzmann et
al., (31) is located at the N terminus of the MC14 subunit. From
the present data we cannot discriminate whether the Ritona-
vir-binding site responsible for enhancing the tryptic activity is
another active site of the 20 S proteasome that allosterically
activates the tryptic activity or an undiscovered modifier site at
another location of the proteasome, and we are currently ad-
dressing this question experimentally.

How does a modulation of proteasome activity in vitro affect
proteasome functions in the intact cell? The accumulation of
ubiquitin conjugates and the inhibition of the LPS-induced
degradation of IkBa (12) are typical consequences of protea-
some inhibition suggesting that housekeeping functions of the
proteasome are inhibited in cells treated with 100 mM Ritona-
vir. This result indicates that the chymotrypsin-like activity of
the proteasome that is inhibited to 90% at this concentration is
indispensable for proliferation of cells and the intracellular
degradation of IkBa, MCMV pp89, misfolded proteins, and bulk
ubiquitin conjugates. Moreover, it is apparent that an increase
in the trypsin-like activity cannot compensate for this inhibi-
tion. The finding that a treatment of cells with 50 mM Ritonavir
did not inhibit the degradation of the well defined proteasome
substrate Arg-b-gal was somewhat surprising. Apparently, at
this concentration Ritonavir is unable to halt the degradation
of some very short lived proteins. Whether this means that the
degradation of some proteins is less amenable to selective pro-
teasome inhibition then others is currently being tested among
a panel of other protein substrates of the proteasome in our
laboratory.

The proteasome is responsible for the programmed destruc-
tion of many key regulatory proteins involved in cell cycle
control. The peptide aldehyde inhibitor LLnL, which has been

shown to bind to all active sites of the eukaryotic proteasome
and which similarly affects the chymotrypsin-like, trypsin-like,
and peptidylglutamyl peptide-hydrolyzing activities of the pro-
teasome (Fig. 1), arrests the cell cycle of unsynchronized Chi-
nese hamster ovary cells both in mitosis and the early S phase
(28). In contrast, Ritonavir led to a selective cell cycle arrest of
unsynchronized cells at G1/S. Interestingly, lactacystin, which
also inhibits the chymotrypsin-like activity of the 20 S protea-
some much more potently than the trypsin-like or peptidylglu-
tamyl peptide-hydrolyzing activities (32) and which in yeast
proteasomes bound selectively to the PRE2 subunit (i.e. the
MB-1 (X) homologue), also led to a cell cycle arrest in G1/S (33).
This could suggest that in a situation where the chymotrypsin-
like activity of the proteasome becomes limiting, cell cycle
regulators that need to be degraded for passing the G1/S check-
point accumulate faster than regulators of G2/M or mitotic
checkpoints. Clearly, a phase-selective arrest of the cell cycle as
a consequence of proteasome modulation through Ritonavir is
consistent with a substrate selectivity in affecting protein
degradation.

Although our results collectively support that Ritonavir is a
modulator of proteasome activity in vivo, it is difficult to ex-
perimentally establish that the observed effects on antigen
processing and cell metabolism can exclusively be attributed to
the modulation of proteasome activity. We do not know of
proteases other than the HIV-I protease and the proteasome
that would be inhibited to a significant extent at a concentra-
tion of 5–10 mM Ritonavir. Leucine aminopeptidase, which is
inducible by interferon-g and which has been implied in anti-
gen processing (34), is, at least, not inhibited by Ritonavir.2

However, as unidentified proteases may be involved in antigen
processing we cannot rule out that their inhibition could con-
tribute to the observed clinical and experimental phenotypes.
Proof of the principle that the selective inhibition of one but not
other proteasome subunits can influence antigen processing
without affecting cell viability or proliferation has recently
been obtained by the functional inactivation of the subunits D
and LMP2 in mutant cell lines (19). Selective inhibitors or
modulators of proteasome activity such as Ritonavir may thus
be applied to modulate the cytotoxic immune response for im-
munosuppressive therapy in organ transplantation or for the
treatment of autoimmune diseases.
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