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ABSTRACT: The proteasome plays a central role in maintaining cellular homeostasis, in controlling the
cell cycle, in removing misfolded proteins that can be toxic, and in regulating the immune system. It is
also an important target for novel anticancer drugs, such as bortezomib, a potent inhibitor that has been
used successfully in the treatment of multiple myeloma. Here, we show that the antimalaria drug chloroquine
inhibits proteasome function in eukaryotic cell extracts and in preparations of purified 20S archaeal
proteasome from Thermoplasma acidophilium. Methyl-TROSY-based NMR spectroscopy experiments
conducted with the 670 kDa 20S proteasome localize chloroquine binding to regions between the o and
S subunits of the o.—B—f—a. barrel-like structure, 20 A from the proteolytic active sites in this 7-fold
symmetric molecule. Complementary amide TROSY experiments that provide further probes of
proteasome—inhibitor interactions were performed on a novel 180 kDa single-ring construct containing
only o subunits, the proper assembly of which was confirmed by electron microscopy. In contrast to the
chloroquine—proteasome interaction described here, all previously reported inhibitors of the proteasome,
including MG132, bind the catalytic region directly. Consistent with the NMR chemical shift perturbation
data reported here that place chloroquine binding distal from sites of proteolysis, we show that MG132
and chloroquine can bind the proteasome simultaneously, further establishing that they exploit two
completely separate binding pockets. Our data thus establish a novel class of proteasome inhibitor that
functions via a mechanism distinct from binding to active sites.

The 26S proteasome is responsible for the degradation of
the majority of proteins in eukaryotic cells (/-3). It therefore
plays a critical role in regulating cellular function through
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proteolysis of proteins whose activities are no longer
required. The process of degradation is highly regulated and
often involves ubiquitination of target molecules (/, 3). The
26S proteasome is comprised of a 19S regulatory particle
(RP) that recognizes ubiquitin-coated proteins and a 20S
core particle (CP) that contains the active sites for substrate
proteolysis, localized in a central catalytic chamber that
sequesters them from the cellular environment. In addition
to its role in substrate recognition, the 19S particle unfolds
the target in an ATP-dependent manner prior to transfer to
the 20S CP. X-ray structures of the 20S CP from archaea
(4), yeast (5), and bovine (6) show it to be composed of o
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and f rings, arranged in an o;—f7;—[(7—0; configuration,
giving the molecule a cylindrical shape. In the case of the
CP from archaea, each of the a and f rings is comprised of
a single polypeptide chain that is repeated seven times,
producing heptameric rings (termed a7 or 37 in what follows).
Catalytic activity is localized to the § subunits so that for
the archaeal proteasome there are thus 14 equivalent pro-
teolytic sites. By contrast, the 20S CPs of proteasomes from
higher organisms are more complex. Here each ring is
produced from seven distinct o or 3 subunits; only three 3
sites are proteolytically competent, and each has a different
enzymatic activity (5).

Considering its central role in maintaining cellular ho-
meostasis, it is not surprising that the proteasome has been
implicated in the development of many human diseases (7).
Moreover, because of the importance of this enzyme, in both
health and disease, it was initially unanticipated that it would
be a suitable drug target. In 2003, however, the FDA
approved the use of the proteasome inhibitor bortezomib in
the treatment of multiple myeloma (8). From a structural
point of view, it is clear that this inhibitor reduces proteasome
activity by binding to chymotryptic-like active sites located
in the 85 subunit (9). It remains less clear why proteasome
inhibition is more toxic to tumor cells than to normal cells.
Nevertheless, the anticancer activity of proteasome inhibitors
has led to an increased level of interest in novel components
that interfere with proteasome function, and the proteasome
has emerged as a significant target in the search for cancer
therapeutics.

In the development of novel inhibitors, it is often the case
that initial compounds are low-affinity binders that can easily
escape detection; this is problematic since localization of their
sites of interaction on the target of interest is a critical first
step in the drug discovery process. In this regard, NMR'
spectroscopy is a particularly powerful technique because
chemical shifts of NMR probes are exquisitely sensitive to
binding events even in the millimolar range and because
chemical shift perturbations can be used to map binding sites
(10). This knowledge can be subsequently used to improve
binding specificity and efficacy of lead compounds. An
additional strength of the NMR technique relates to its ability
to study interactions that involve highly dynamic components
that cannot be probed in detail using other techniques. This
is particularly relevant in connection with the proteasome
because its substrates are unfolded polypeptide chains and
because molecular dynamics are likely to be important for
function. For example, in the case of the archaeal proteasome,
the gating residues of the o subunits that regulate entry of
substrates are known to be highly mobile (/7).

Applications of NMR spectroscopy to problems in bio-
chemistry have traditionally been limited to systems that are
at least an order of magnitude smaller than the proteasome;
however, a number of studies of supramolecular systems
indicate that this size limit is changing (//—13). For example,
recently, we have shown that very high quality 'H—'3C
methyl-TROSY (/4) data sets can be recorded on a half-
proteasome complex comprised of pairs of o rings, 0;—0t7,
and on the full a;—f7—f7—0; 20S CP from Thermoplasma

! Abbreviations: NMR, nuclear magnetic resonance; TROSY, trans-
verse relaxation-optimized spectroscopy; NOESY, nuclear Overhauser
effect spectroscopy; HSQC, heteronuclear single-quantum correlation.
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acidophilium (11). Ile, Leu, and Val methyl groups from the
o subunit have been assigned to specific sites in the structure,
providing a large number of probes for studying molecular
interactions. Although it has not been possible to record
"H—'5N correlation maps of either o;—07 or 0;—3,— 37—
20S CP, we show here that TROSY-based '"H—"°N spectra
(15) can be obtained for a single-ring particle, o, that is
stabilized through a series of mutations to the o subunit.
This provides an even larger number of probes for exploring
molecular interactions.

In what follows, we establish that the anti-malaria drug
chloroquine inhibits proteasome function both in eukaryotic
cell extracts and in the purified archaeal protein. Using
'H-5N (a7) and 'H—"3C (0.7—(17 and a7—[37—ﬁ7—a7)
TROSY-based NMR spectroscopy, we show that chloroquine
specifically binds to regions at interfaces between o and [
rings, distant from catalytic regions that are targeted by all
other known inhibitors (/6). In addition, the proteolysis
pattern of a-synuclein, a 140-residue intrinsically disordered
polypeptide chain, has been elucidated by two- and three-
dimensional NMR spectroscopy, and it is shown that
chloroquine binding to the proteasome inhibits its degrada-
tion. This study highlights the important role that solution
NMR spectroscopy can play in understanding dynamic events
such as substrate proteolysis and in the identification of novel,
low-affinity compounds that serve as inhibitors of proteolysis
that can then be subsequently refined to higher affinities at
later stages of the drug discovery process.

MATERIALS AND METHODS

Enzymatic Assays. MDAY-D2 cells were lysed in 50 mM
HEPES (pH 7.5), 150 mM NaCl, 1% Triton X-100, and 2
mM ATP, after which the soluble fraction was diluted to an
approximate protein concentration of 10 M with buffer A
[50 mM Tris (pH 7.5) and 150 mM NaCl]. SucLLY-AMC
(20 uM) and different amounts of inhibitor were added to
the cell extracts. After incubation at 40 °C for 1 h, the
generation of free AMC was monitored at a wavelength of
460 nm using an excitation wavelength of 380 nm. The
activity of the purified TA 20S proteasome (20 nM in buffer
A) was measured as described above.

NMR Spectroscopy. All protein samples were produced
as described previously (/7) and in the Supporting Informa-
tion. NMR experiments were performed on Varian Inova 600
and 800 MHz spectrometers, equipped with cryogenically
cooled and room-temperature probes, respectively. Spectra
of o7 and a;—0o; were recorded at 50 °C, while data sets of
the full proteasome were obtained at 65 °C. NMR degrada-
tion experiments involving a-synuclein (0.1 mM substrate,
18 uM active proteasome) were performed at 5 °C, and peak
intensities were extracted from a series of successively
recorded HNCO data sets. Chemical shift titrations were
performed at a (monomer) protein concentration of 0.3 mM,
to which small volumes of chloroquine had been added, and
binding constants were extracted by fitting the data to a
model of independent binding (/7). NMR data were pro-
cessed and analyzed with nmrPipe/nmrDraw (/8) with figures
displaying NMR spectra and protein structures prepared using
NMRview (/9) and Pymol (www.delanoscientific.com),
respectively.
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FIGURE 1: Inhibition of the 20S proteasome. (A) Structures of the
proteasome inhibitors MG132 (Z-Leu-Leu-Leu-al) and chloroquine.
(B) Inhibition of the 20S proteasome in MDAY-D2 cell extracts
by MG132 (blue) and by chlorquine (red). (C) Inhibition of the
purified 20S proteasome from 7. acidophilium by MG132 (blue)
and chloroquine (red).

RESULTS AND DISCUSSION

Chloroquine Inhibits Proteasome Activity in MDAY-D?2
Cell Lines. Fluorogenic peptides, including the SucLLY-
AMC peptide used here, are substrates for the proteasome
and can be used to monitor proteasome activity in a
straightforward manner since peptide hydrolysis is ac-
companied by changes in fluorescence (20). Changes in
proteasome activity resulting from the addition of drug can
be readily tracked through fluorescence changes, allowing
for a rapid and convenient way to screen for novel
components that potentially interfere with proteasome
function (7, 16). Addition of the known proteasome inhibitor
MG132 (Figure 1A) to cell extracts from a murine leukemia
cell line (MDAY-D?2) leads to decreased activity resulting
from binding of MG132 to substrate recognition sites in the
central catalytic chamber of the 20S CP (Figure 1B).
Inhibition was also noted upon addition of chloroquine
(Figures 1A,B), although higher concentrations of this
compound are required (see below). Chloroquine is a widely
used anti-malaria agent and recently entered clinical trials
as an antiretroviral drug against HIV/AIDS (27).

Chloroquine Inhibits the Activity of Purified Proteasomes.
As chloroquine is known to inhibit a number of cellular
processes, including lysosomal degradation of proteins (22),
we investigated whether purified proteasomes are inhibited
by chloroquine as well. Here, we use the archeael proteasome
from T. acidophilium (TA), which can be expressed in
Escherichia coli and purified to high levels. Structurally, the
archeael and eukaryotic proteasomes are very similar (2),
although the former has a simpler subunit composition and
is thermostable, important considerations in our NMR studies
(11). Both MG132 and chloroquine indeed inhibit the purified
TA proteasome (Figure 1C), although chloroquine is less
efficient, as expected on the basis of studies with MDAY-
D2 cell extracts described above. We are currently exploring
whether synergistic effects between the two inhibitors are
present.

Degradation of Cellular Protein Substrates by the 20S CP.
The 20S CP can degrade intrinsically disordered proteins in
an ATP-independent manner without additional “helper”
molecules (23). By contrast, folded proteins are targeted for
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proteolysis through the attachment of ubiquitin chains that
are subsequently recognized by the 19S RP that unfolds and
translocates substrates toward active sites of the CP ([, 2).
o-Synuclein is one example of a naturally disordered
proteasome substrate (24), and it forms the major component
of Lewy bodies present in brain cells of patients with
Parkinson’s disease (25). The degradation of o-synuclein has
been monitored here in real time by NMR at 5 °C. This
relatively low temperature was chosen to decrease enzyme
activity to the point that the time dependence of hydrolysis
could be followed quantitatively by two-dimensional (2D)
and three-dimensional (3D) NMR spectroscopy and because
spectra of o-synuclein are of higher quality at this temper-
ature. Peak positions in NMR spectra are very sensitive to
changes in protein sequence, and peaks derived from residues
in the vicinity of the cleaved bond will become weaker as
proteolysis progresses. Simultaneously, new resonances will
appear from residues proximal to the newly formed protein
termini. Figure 2A shows the 'H—""N HSQC spectrum of
a-synuclein, at 5 °C and 600 MHz, just after the addition of
active proteasome (black) and after degradation has occurred
for increasing amounts of time (red, green). Since each
residue in o-synuclein gives rise to a single amide resonance,
and since assignments of each cross-peak to specific sites in
the protein are available, substrate degradation can be
monitored on a per-residue basis. As expected, intensities
of some of the peaks decrease significantly with time (for
example, T33 and T42) (Figure 2A,B). Interestingly, how-
ever, it is clear that not all resonances of the full-length
a-synuclein disappear simultaneously, suggesting that the
20S CP degrades this substrate in a sequence-dependent
manner. The change in relative intensity (//1,, where [ is the
intensity at time ¢ and 7, is the intensity immediately after
addition of the proteasome) as a function of o-synuclein
sequence is shown in Figure 2B for different incubation
times. Notably, degradation at the N-terminus is fastest, while
the C-terminus remains intact, even after prolonged periods
of proteolysis that include incubation at 50 °C (data not
shown). It is difficult to establish the exact nature of the
fragments produced from the limited data recorded (HSQC
and HNCO), in part because the cleavage of a peptide bond
can be “sensed” by residues that are several positions
removed from the site of proteolysis. It has been reported,
however, that proteasome products vary in length between
3 and 30 amino acids (26). Interestingly, I,/I’ ratios (where
I’ is the peak intensity prior to the addition of the proteasome)
establish that the C-terminus of a-synuclein associates with
the proteasome to a greater extent than other regions of the
substrate (Figure 2C) that likely reflects very transient
binding since we have not being able to observe the
corresponding changes on the proteasome. Although it is
tempting to speculate that binding at the C-terminus cor-
relates with preferential degradation of the N-terminal part
of the protein, it is likely that the difference in cleavage
reflects sequence-specific effects, resulting perhaps from the
large number of negatively charged residues at the C-
terminus of o-synuclein. Upon addition of chloroquine,
degradation of o-synuclein is slowed dramatically (Figure
2D), establishing that this compound inhibits not only
proteasomal degradation of model peptides but also the
degradation of disordered protein substrates.
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FIGURE 2: Degradation of o-synuclein by the proteasome. (A)
Overlay of '"H—"N HSQC spectra of o-synuclein (5 °C) im-
mediately after the addition of the proteasome (black) and after
degradation for 60 (red) and 120 h (green). Assignments of
correlations of the intact a-synuclein are indicated, and peaks
labeled with asterisks derive from degradation products and increase
in magnitude with time. (B) Relative intensities of a-synuclein
correlations over time, as extracted from a series of HNCO
experiments. (C) Intensities of o-synuclein cross-peaks immediately
after the addition of the active proteasome (/,) relative to intensities
in the absence of enzyme (I’). (D) Relative rates of degradation of
a-synuclein in the absence (green) and presence (red) of 25 mM
chloroquine, at 5 °C (250 uM proteasome in monomer). The relative
rate equals the slope of peak intensity vs time, normalized such
that the maximum rate is —1. Addition of chloroquine slows
degradation by a factor of at least 20.

Mapping Binding of Chloroquine on the 20S CP and on
o;—0az by Methyl-TROSY To gain insight into the structural
basis of proteasome inhibition by chloroquine, we turn to
methyl-TROSY NMR spectroscopy of highly deuterated
protein samples that are labeled with '3C and 'H in methyl
positions of Ile-01, Leu, and Val (only one of the two
prochiral methyls is labeled). We have recently shown that
very high quality data sets can be recorded on the 670 kDa
20S CP (Figure 3A, bottom) using this methodology (/71),
allowing, for example, the site-specific detection of drug
binding through monitoring changes in chemical shifts. The
top panel of Figure 3A shows a portion of the "H—"3C Ile-
01-["*CH;], Leu, Val-['*CH;,"2CD;] methyl TROSY spec-
trum of the 20S CP, at 65 °C and 800 MHz, that is
isotopically enriched in both o and S subunits (black
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spectrum). Addition of chloroquine clearly changes the
position of a select number of resonances in the spectrum
(red), indicating a specific drug—enzyme interaction. As
described previously, site-specific assignments are available
for Ile, Leu, and Val methyl groups of the a subunits of the
20S CP; cross-peaks from o that are perturbed upon addition
of inhibitor are labeled, while those derived from f are
denoted with 5. The changes are confirmed in Figure 3B
that shows the same spectral region of a 'H—'3C methyl
TROSY spectrum of the 20S CP recorded on a sample that
is isotopically enriched only in the o subunits. Interestingly,
residues in both the outer o and in the inner § rings are
affected by chloroquine (Figure 3A, top), consistent with
binding occurring in a region at the interface of the o.—f3
rings. This is confirmed by assignments of the methyl groups
of the a ring that show that those methyls that are affected
by inhibitor are proximal to the 5 subunits. From the change
in chemical shift upon subsequent additions of chloroquine
to the 20S CP, a dissociation constant of 560 + 100 uM is
obtained (Figure 3B, bottom).

Due to the absence of some resonances at the o—/3
interface in spectra of the full proteasome (/7), we decided
to use a simpler construct that produces higher-quality
spectra. As reported previously (71, 27), the proteasome o
subunits spontaneously assemble into 360 kDa ‘“half-pro-
teasome” particles, a;—ay (Figure 3A, bottom), for which
we also have previously reported methyl group chemical shift
assignments. Addition of chloroquine to the half-proteasome
results in chemical shift perturbations of residues that would
normally be located close to the f ring interface in the intact
20S CP (Figure 3C) (50 °C). As expected, additional residues
that are affected by inhibitor binding could be identified
relative to the case for the 20S CP. However, chloroquine
binding to 0;—a is more than an order of magnitude weaker
(Figure 3C, bottom), indicating that the 5 subunits do play
an important role in stabilizing the chloroquine—proteasome
interaction.

Probing the Chloroquine—Proteasome Interaction by
'H—N TROSY of a 180 kDa Single-Ring Particle. The
major advantage of methyl-TROSY in relation to other NMR
approaches for studies of supramolecular systems is one of
sensitivity. However, on average, Ile, Leu, and Val comprise
only ~20% of the residues in a protein, and in many cases,
it would be advantageous to increase the number of probes
available. In addition, chemical shift perturbations in methyl
spectra upon addition of ligand can be quite small, often less
than a line width for chloroquine. Ideally, one would like to
supplement the methyl data with additional information
obtained from backbone amide groups that are, in general,
very sensitive to the addition of ligands. However, we have
not been able to record reasonable 'H—'SN correlation spectra
of either the 20S CP or as,—0o;. We therefore dissected the
proteasome further through mutagenesis in an attempt to
prepare smaller particles that would be within the “range”
of "TH—N TROSY-HSQC experiments (/5). Deletion of
residues 97—103 from the native a subunit sequence
prevented formation of 0;—a; and produced a single-ring
structure, a; (180 kDa), with the same 7-fold symmetry as
the full proteasome as determined using negative stain
electron microscopy (Supporting Information, Figure S1).
High-quality 'H—""N correlation maps could now be ob-
tained, although only 3D HNCO and HNCA triple-resonance
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FIGURE 3: Mapping the binding of chloroquine on the 20S proteasome. (A) Spectra of uniformly Ile-61-['*CH3], Leu, Val-['*CHj3,'2CDs]-
labeled proteasome before (black) and after (red) addition of chloroquine, at 65 °C, 800 MHz. Resonances originating from the o and 3
subunits that are affected by binding are labeled. Chemical shift assignments are indicated for correlations derived from residues in a
chains. The bottom panel shows structures of the molecules analyzed (4). (B) As in panel A with only the o subunits labeled and where
contours in green correspond to those after addition of saturating amounts of chloroquine. The bottom panel shows '*C chemical shift
changes of selected peaks vs [inhibitor]i,/[protein]iowm; @ Kp value of 0.56 £ 0.1 mM is extracted. (C) Spectra of a uniformly Ile-01-
['3CH3,], Leu, Val-['*CHj3,'2CDs]-labeled half-proteasome in the absence (black) and presence (blue) of chloroquine, at 50 °C, 800 MHz.
Assignments of the residues affected by chloroquine are indicated. The bottom panel shows titration curves as in panel B. (D) Spectra of
a uniformly >N- and 2H-labeled single-proteasome ring without (black) and with (red) chloroquine, at 50 °C, 600 MHz. Assignments for
residues that are affected by chloroquine are indicated. The bottom panel shows titration curves as in panels B and C.

experiments were feasible. By comparing 3D HNCA and
5N-edited NOESY data sets recorded on o7 with corre-
sponding spectra for a monomeric a species that was also
produced by mutagenesis and for which near-complete
assignments were available (/7), we were able to assign
~95% of the observed correlations in the o; '"H—"N map.
However, for approximately one-third of the residues in the
single ring it was not possible to observe correlations in
"H—">N-based spectra (Supporting Information, Figure S2).
Interestingly, some of these missing cross-peaks are from
residues located in regions of the protein that could be
quantified by methyl-TROSY and have been identified as
undergoing chemical exchange on the millisecond time scale
or localized to regions that have extensive picosecond to
nanosecond time scale dynamics (Supporting Information,
Figure S3). Thus, ’N- and '3C-based spectra are very much
complementary and should always be recorded in the study
of the structure, dynamics, and interactions of supramolecular
systems, if possible. Addition of chloroquine to the single-o
ring produces a subset of chemical shift changes that derive
from residues localized in regions that are consistent with
expectations based on '"H—'3C methyl data (Figure 3D);
moreover, several additional residues could be identified
since PN probes at every site are available. Chemical shift
titration data establish that the affinities of chloroquine for
a7 (Figure 3D, bottom) and for a;—o; (Figure 3C, bottom)
are comparable. In principle, it would be of interest to extend
this analysis to include titration studies of the a. monomer.
However, the monomeric form is stabilized through the
addition of a significant number of mutations (A2—34, R57A,
R86A, and R130A) (/7), and it may well be difficult to
separate the effects of mutations from intrinsic differences
in binding between wild-type monomeric and oligomeric o

states. We have therefore chosen not to study the chloroquine
0L monomer interaction.

Chloroquine Binds to a Negatively Charged Region at the
o—p3 Interface. '"H—"3C methyl-TROSY spectra of the 20S
CP and o;—0 as well as 'TH—'SN data sets of o7 consistently
show that residues in the a subunits that are close to the
o.—f interface are affected by chloroquine binding (Figure
4A,B, residues highlighted in green; Table S1). Interestingly,
the mapped interaction site is large compared to the size of
the drug, perhaps due to the aromatic nature of the inhibitor
(Figure 1A) that causes chemical shift changes distant from
the binding site due to ring current effects. Alternatively, a
conformational change might occur in the proteasome that
leads to chemical shift changes in regions that are removed
from the direct site of interaction. The changes, nevertheless,
localize to protrusions in the o subunit (Figure 4B) that bind
to corresponding groves in the 3 subunit, fitting together in
a lock—key type manner (Figure 4A). Notably, chemical shift
changes occur in a region of the proteasome that has a
negative surface potential (Figure 4C). Interestingly, it has
recently been shown that chloroquine interferes with the
potassium channel Kir.2.1 through interactions that are
mediated by a negative surface area in the channel (28). In
addition, the lactate dehydrogenase structure from the
malaria-causing parasite Plasmodium falciparum in complex
with chloroquine shows that the drug is stabilized by
hydrogen bonds to a pair of acidic residues in the protein
(29). It may be that a similar network of hydrogen bonds
plays a role in stabilizing the drug—a subunit interaction. It
is noteworthy that the negative surface charge is conserved
between the TA proteasome and most of the seven different
o subunits in the eukaryotic proteasome. A more detailed
description of the substrate—proteasome interaction must
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FIGURE 4: Binding site of chloroquine on the proteasome. (A) Structure of the proteasome with residues showing chemical shift changes
upon addition of chloroquine colored green. The a. subunits are colored gray and the 8 subunits red; active site threonines are located inside
the catalytic chamber below the yellow circles. Distances from chloroquine binding ot—f interfaces to the active sites are 20 A. (B) The
a ring is flipped open, allowing a view of the inside of the antechamber. The substrate enters the proteasome via the gate, visible in the
back. (C) Electrostatic surface potential of the inside of the o ring (same view as in panel B). Chloroquine interacts predominantly with a

negatively charged region.

await a high-resolution crystal structure of the complex that
we are currently attempting to produce.

Chloroquine Binding Is Structurally Distinct from Interac-
tions of Other Inhibitors. With the exception of chloroquine,
all known drugs that inhibit proteasome function bind at or
close to the active sites of the /3 subunits that localize to the
lumin of the enzyme barrel (/6). Figure SA shows the Ile
region of the '"H—"3C methyl-TROSY spectrum of the 20S
CP with both o and f subunits labeled (black) and the
changes that accompany the addition of saturating amounts
of the commonly used proteasome inhibitor MG132 (blue).
Only residues in the § rings are affected by drug binding, as
expected from structural studies of a homologous inhibitor
that shows binding to the substrate recognition groove close
to the active site threonine (4). By contrast, we have
established here that chloroquine binds to regions between
the o and 3 rings (Figures 3A,B, 4A,B, and 5B), and a
comparison of panels A and B of Figure 5 clearly shows
that a different subset of residues is affected by binding of
the two inhibitors. This strongly suggests that the binding
regions are isolated so that both inhibitors can bind to the
proteasome simultaneously. Indeed, addition of a mixture
of MG132 and chloroquine to the 20S CP results in chemical
shift changes that are a simple addition of those that
accompany binding of inhibitors when added separately
(Figure 5C). This provides very strong evidence that chlo-
roquine modulates proteasomal activity by a mechanism
distinct from direct interaction with residues near or at the
active sites. It may be that chloroquine interferes with
substrate translocation or that its binding induces an allosteric
effect that is transmitted to the sites of proteolysis. Consistent
with the discussion given above is the fact that the protea-
some activity data of Figure 1C (red) can be fit to a
noncompetitive inhibition model of binding with a K; of 0.27
4 0.05 mM that is in agreement with the Kp from chemical
shift titrations [0.56 £+ 0.1 mM (Figure 3B)]; small differ-
ences between K and Kp, likely reflect the different conditions
used for both sets of experiments (40 °C vs 65 °C, 'H-labeled
vs 2H-labeled proteasome, and H,O vs D,0). As an interest-
ing aside, one Ile residue from the [ subunit that shifts in
the presence of MG 132 (boxed region, Figure 5C) also shifts
upon addition of the substrate a-synuclein to the uninhibited
proteasome (Figure 5D). As shown in Figure 2, o--synuclein
is degraded by the proteasome over time, and the cross-peak
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FIGURE 5: Active site inhibitor MG132 and chloroquine bind the
proteasome by independent mechanisms. (A—C) Ile region of the
TH—"3C spectrum of the full proteasome, methyl labeled in both o
and S subunits in the absence (black) and presence of inhibitors
MG132 (A, blue), chloroquine (B, red), or both (C, green).
Correlations in the a subunit that shift upon binding of the inhibitor
are indicated, with 3 denoting cross-peaks from residues in the 3
subunit (unassigned). Resonances indicated with an asterisk derive
from a methyl group in chloroquine (Figure 1A). (D) Resonance
in the box of panel C affected by MG132 and by the substrate
a-synuclein (in the absence of inhibitor). Immediately after addition
of a-synuclein, a correlation in red is observed that evolves back
to the free state (black) over time due to substrate degradation, as
indicated by the arrow. The large line width in the carbon dimension
results from '3C—13C one-bond couplings due to '3C enrichment
in both the Tle-01 and Ile-y1 atoms in this particular sample.

from this Ile moves back to its original position in the free
proteasome as substrate is consumed and product is released
(red to black, denoted by the arrow in Figure 5D). This cross-
peak can be assigned with high probability to -Ile45 that
lines the substrate specificity pocket.

Search for Proteasome Inhibitors. Chloroquine has a long
history as a drug against malaria. It has been used to treat a
variety of autoimmune disorders, and it is a potential antiviral
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drug against HIV/AIDS (27). Although chloroquine is known
to inhibit protein degradation through disruption of lysosomal
function (22), to the best of our knowledge its inhibition of
the proteasome has not been reported and perhaps for good
reason. Assuming a total protein concentration of 300 mg/
mLin the cell, of which ~1% (4 uM) is the proteasome (30, 31),
the amount of chloroquine required to significantly inhibit
the proteasome is greater than the clinical range, as lethal
poisoning occurs at blood concentrations of >40 uM (32).
Although it is unlikely that chloroquine will be clinically
relevant as a proteasome inhibitor, the study of its interaction
with the 20S CP reported here is significant because it
establishes that it is possible to inhibit proteasome function
in a novel way through binding to sites that are distinct from
those occupied by previously described inhibitors. Since the
introduction of bortezomib, the search for new proteasome
inhibitors that have anticancer function has intensified, and
to date, efforts have focused on inhibitors that directly bind
the catalytic regions of the enzyme (/6). The discovery of
new sites on the protein that can be targeted for inhibition
is important for further drug development. It is clear that in
this context simple but powerful NMR experiments can play
a significant role.
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SUPPORTING INFORMATION AVAILABLE

Description of protein cloning, expression, and purification,
figures showing an EM image of oy, the 'H—""N NMR
spectrum of @y, and regions on the o ring where amide
correlations could not be observed in spectra, and one table
listing residues whose shifts are affected by binding of
chloroquine. This material is available free of charge via the
Internet at http://pubs.acs.org.
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