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ABSTRACT: Proline- and arginine-rich peptide PR11 is an allosteric inhibitor of 20S proteasome. We modified its sequence
inter alia by introducing HbYX, RYX, or RHbX C-terminal extensions (Hb, hydrophobic moiety; R, arginine; Y, tyrosine; X, any
residue). Consequently, we were able to improve inhibitory potency or to convert inhibitors into strong activators: the former
with an aromatic penultimate Hb residue and the latter with the HbYX motif. The PR peptide activator stimulated 20S
proteasome in vitro to efficiently degrade protein substrates, such as α-synuclein and enolase, but also activated proteasome in
cultured fibroblasts. The positive and negative PR modulators differently influenced the proteasome conformational dynamics
and affected opening of the substrate entry pore. The resolved crystal structure showed PR inhibitor bound far from the active
sites, at the proteasome outer face, in the pocket used by natural activators. Our studies indicate the opportunity to tune
proteasome activity by allosteric regulators based on PR peptide scaffold.

■ INTRODUCTION

The ubiquitin−proteasome system (UPS) is one of the two
main proteolytic pathways existing in human cells.1 It is
involved in regulation of all aspects of cellular physiology, and
aberrations in its function are intricately related to the well-
being of cells, organs, and organisms.2 Proteasome inhibition
became an efficient way to kill rapidly proliferating, and thus
addicted to proteasome activity, cancer cells. Three FDA-
approved drugs specifically inhibiting the proteasome,
bortezomib, carfilzomib, and ixazomib, revolutionized the
therapy of hematological cancers.3 Multiple other inhibitors
are in clinical trials.4 However, killing oversensitive cells by
abolition of the proteasome activity is not the only way to use
proteasome-targeting compounds. For example, mild inhib-
ition of the proteasome may protect muscle cells from
excessive protein degradation that occurs in disease-related
cachexia or aging-related sarcopenia.5 On the other hand,
activation of the proteasome should help to attenuate these

age-related diseases which result from the diminished
proteasome activity.6

The 26S proteasome, which is a central element of the UPS,
comprises one or two 19S regulatory particles and a barrel-
shaped catalytic core called 20S proteasome or core particle
(CP). The 19S module enables recognition of proteins marked
for degradation by polyubiquitin chains, their deubiquitination,
unfolding, and translocation into the catalytic core.7 The core
consists of 28 subunits, which are arranged in a stack of four
heptameric rings in an αββα fashion.8 The two outer α rings
provide binding sites for activating or regulatory particles,
whereas the catalytic activity resides within the inner β
subunits. In eukaryotic proteasomes the catalytically active β
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subunits exhibit three different substrate cleavage preferences:
caspase-like post acidic (C-L; β1/1′), trypsin-like post basic
(T-L; β2/2′), and chymotrypsin-like post hydrophobic (ChT-
L; β5/5′).8−10 The tightly packed N-termini of the α-subunits
form the gate, which restricts access of substrates to the
catalytic chamber. Opening of the gate is promoted by docking
of proteasome activators: 19S (PAN in Archaea), 11S (PA28/
REG), or PA200.11−14 All these additional modules attach to
the surface of the α ring (the “α-face”), anchoring in the
pockets between the α subunits, but through transduction of
allosteric signals they can influence the performance of the
active sites.7,13,14

Although most intracellular proteins are selectively targeted
for degradation through ubiquitin tagging, an increasing
number of proteins have been identified as undergoing
ubiquitin-independent cleavage by the 20S core itself. The
pool of its substrates includes proteins that have been partially
or completely unfolded due to aging, mutations, or oxidation
and also native proteins, which are intrinsically disordered or
encompass large (>30 residues) disordered regions.15,16 A
growing body of evidence indicates that the 20S core plays a
major role in the clearance of proteins that can be precursors of
toxic oligomeric species implicated in the pathogenesis of
severe neurological disorders, such as Parkinson’s, Alzheimer’s,
and Huntington’s diseases and amyotrophic lateral sclero-
sis.17−19

The extensive involvement of proteasome in human health
and disease requires precise regulation of its activity and causes
that small molecules with such capacity are of great interest.
However, while the field of competitive inhibitors of the
enzyme is mature, the concepts for noncompetitive allosteric
regulation are only starting to emerge, mainly because of
structural complexity of the proteasomes, which offers not only
unique opportunities but also challenges to the rational design
of allosteric regulators. Relatively few noncompetitive/
allosteric small molecule regulators of the CP activities have
been described so far. Among them are several compounds
with a quinoline or imidazoline scaffold (inhibitors),
derivatives of rapamycin (inhibitors), chlorpromazine (activa-
tors), or betulinic acid (inhibitors/activators).20−26 A promis-
ing direction in the design of proteasome modulators could be
peptidic structures,27 since peptides and peptidomimetics can
offer higher specificity and lower toxicity than low molecular
weight compounds.28 Peptide modulators can be derived from
the binding regions of proteins which are natural proteasome
regulators. One example of such an approach is a short, 10-
residue C-terminal fragment of the RP subunit, Rpt5, which

has been reported to activate the core in trans.29 We designed
a 14-mer peptide based on the C-terminal fragment of Blm10
(a yeast ortholog of PA200), which stimulated human 20S
proteasome’s activity 3-fold at 1 μM concentration.30 The key
feature of both these peptides is the three-residue C-terminal
“HbYX” motif (hydrophobic-Tyr-any residue) through which
the modulator docks in the pocket between α subunits and
probably allosterically affects catalytic activity.13,29 Another
example of the peptidic approach to the regulation of
proteasome activity is PAP1 peptide, described by Dal Vechio
et al.31 This peptide reportedly activated the proteasome and
was able to prevent protein aggregation in a cellular model of
amyotropic lateral sclerosis. The distinct group of peptidic
modulators of the 20S proteasome are peptides and mimetics
derived by us from the proteasome-binding viral protein HIV-1
Tat, which in vitro potently inhibited the core.32

Here, we focus our attention on the proline- and arginine-
rich (PR) porcine cathelicidine PR39 peptide, which is a
proteasome inhibitor with unique molecular and intracellular
effects.33,34 Since it was reported that the 11-residue N-
terminal fragment of PR39, PR11 (11), was sufficient to
convey allosteric actions on the CP,35,36 we set out to explore
peptide regulators based on the scaffold of 11 and constructed
from Arg-rich, Pro-rich, and HbYX-inspired motifs. Modifica-
tions introduced to the sequence of 11 allowed us to discover
inhibitors more potent than the parent peptide but also
compounds able to efficiently stimulate human 20S proteasome
(h20S). Our studies have shed light on allosteric interactions
that may be critical for the positive and negative regulation of
the proteasome.

■ RESULTS AND DISCUSSION
Design of the Peptides. Compound 11 has been

described before as a noncompetitive and allosteric inhibitor
of human and yeast proteasomes.35 As a basis for our design,
we distinguished three modules in the canonical structure of
11: the N-terminal triple-Arg, the Pro-rich module (PPPP or
PRPP), and the variable C-terminal fragment (Table 1). The
RRR module, which has been proved essential for proteasome
targeting by 11, was present in all peptides. Some of the
peptides (3, 4, 10, and 12) were devoid of the Pro-rich module
but had instead an extended C-terminal part. In 6, 7, and 8
both the extended C-terminus and Pro-rich module were
included. The extension of the original sequence of 11 was
inspired by the fact that an aromatic residue at the ultimate or
penultimate position has been indicated as crucial for binding
of allosteric modulators to proteasome.37 Another rationale for

Table 1. Amino Acid Sequence and Corresponding IC50 of the Studied PR Modulators

MW [Da]

compd sequence calculated found IC50 ± SEM [μM]

11 RRR-PRPP-YLPR-OH 1462.8746 1462.7694 0.095 ± 0.009
1 RRR-PPPP-LYA-OH 1221.7095 1221.6209 N/Aa

2 RRR-PPPP-YYA-OH 1271.6888 1271.5974 N/Aa

3 RRR-YLPR-WG-OH 1258.7160 1258.6235 0.111 ± 0.013
4 RRR-YLPR-WG-NH2 1257.7160 1257.6425 0.082 ± 0.013
6 RRR-PRPP-YLPR-FG-OH 1666.9645 1666.8566 0.099 ± 0.009
7 RRR-PRPP-YLPR-WG-OH 1705.9754 1705.8556 0.050 ± 0.006
8 RRR-PRPP-YLPR-WG-NH2 1704.9754 1704.8704 0.113 ± 0.010
10 RRR-YPR-WG-OH 1145.6319 1145.5477 0.166 ± 0.017
12 RRR-YLPR-YA-NH2 1248.7156 1248.6411 0.154 ± 0.003

aNot applicable.
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such a modification was reported by Anbanandam et al., better
inhibitory capacity of 11 with a Trp residue appended at the C-
terminus.36 In 1 and 2 the C-terminus was modified by
incorporation of the full HbYX motif (Table 1), which has
been proved to be a critical element of proteasome activators.13

PR Peptides as Inhibitors of Human 20S Proteasome.
All PR peptides described so far were inhibitors of human 20S
proteasome.35,36 Accordingly, we found that the ChT-L
peptidase activity of SDS-activated 20S was inhibited by all
but two of our modulators (Figures 1 and S1). The IC50 (the

concentration causing 50% inhibition of activity, compared to
the vehicle-treated control) was respectably below 200 nM for
all inhibitors, with the lowest values obtained for 7 and 4 (50
and 82 nM, respectively; Table 1). The common motif in the
sequences of 7 and 4 was a WG moiety, added to the C-
terminal module of 11. Since glycine is devoid of any
productive side chain, it may be speculated that the indole
ring of tryptophan is solely responsible for this improvement in
the inhibitory capacity. This conclusion is in line with the
results of Anbanandam et al.36 and proves the positive effect
that may be exerted by tryptophan incorporated as an
ultimate/penultimate residue into the sequence of PR-type
inhibitors. Further analysis of the structure−activity relation-

ships in 3−8 indicates that other elements that distinguish
their sequences do not affect their inhibitory propensity in a
consistent manner. While the lack of the Pro-rich module
diminished the inhibitory capacity of the analog with a C-
terminal carboxylate (3 vs 7), the same modification was rather
advantageous for the peptide terminated with an amide group
(8 vs 4). Compound 10, which has almost the same sequence
as 3 except for the lack of Leu residue in the YLPR segment,
was the weakest inhibitor in the tested set of compounds
(Table 1). The importance of the Leu residue may result either
from its ability to furnish hydrophobic interactions necessary
for efficient proteasome inhibition or from its ability to
position other moieties in such a way as to enable their
interactions with the 20S proteasome. The most striking result
of the kinetic assays utilizing the activated 20S was a complete
lack of inhibitory capacity of 1 and 2 (Figure 1). These two
compounds were equipped with the HbYX motif, with a
tyrosine residue occupying the penultimate position and
preceded by either Leu or another Tyr. On the other hand,
when the penultimate aromatic residue Trp (3, 4, 7, 10), Phe
(6), or Tyr (12) was flanked by Arg from the YLPR/YPR
segment, the peptides retained their inhibitory propensity.
Apart from the ChT-L, we also tested the trypsin- and

caspase-like activities to detect if there are any selectivity in the
influence of our PR-analogs on the SDS-activated h20S
proteasome. We observed that compounds 3−12 inhibited
both the C-L and T-L activities but the caspase-like peptidase
responded to much lower concentrations of PRs (Figure S2).
This response generally resembled the sensitivity of the ChT-L
peptidase (Figures 1 and S1). The T-L activity diminished
significantly only when the modulators were applied at their
highest tested concentration (10 μM). 1 and 2 displayed very
weak inhibitory propensity against the C-L and the complete
lack of capability to inhibit the T-L peptidase (Figure S2).

Mechanism of Inhibition.We attempted to determine the
mechanism of inhibition for the best two inhibitors, 4 and 7,
using Suc-LLVY-AMC as a substrate for ChT-L active centers.
We tested three concentrations of each inhibitor and noticed
that with increasing concentration the dose−response curves
adopt a more pronounced sigmoidal shape, indicating a
cooperative digest of the substrate (Figure 2). Such an effect is
usually observed for an allosteric mode of inhibition.38

Numerical analysis of the data, performed with the enzyme
kinetics applications of OriginPro, pointed at the partial
noncompetitive mixed inhibition model as the most probable

Figure 1. ChT-L peptidase activity of SDS-activated human 20S
proteasome was inhibited by selected PR peptides in a dose
dependent manner, with the exception of 1 and 2. 4 (Figure S1)
and 7 were better inhibitors than 11 (red line), whereas 10 (Figure
S1) and 12 were less efficient. The enzyme activity was probed with
the substrate Suc-LLVY-AMC. Each titration was performed in three
independent replicates. The results are presented as the mean ± SEM.

Figure 2. Inhibition of the ChT-L peptidase activity of h20S by 4 (a) or 7 (b) followed the mechanism of noncompetitive mixed inhibition. In this
mechanism, proteasome preserves partial catalytic activity, while the inhibitor binding affinity also depends on occupancy of the active centers. Each
titration was performed in three independent replicates. The results are presented as the mean ± SEM.
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mechanism to explain the PR peptide interactions with
proteasome (Table 2). Calculated Ki values were 0.0101 ±
0.0055 μM and 0.0048 ± 0.0026 μM for 4 and 7, respectively,
which closely matched the calculated IC50 values (Table 1).

The mixed inhibition indicates that affinity of binding of a
substrate to the active center and of an inhibitor to its
regulatory pocket is mutually cross-dependent. Furthermore,
partial noncompetitive inhibition may explain the substantial
remaining catalytic activity of proteasome in the presence of
PR peptides. Apparently, these inhibitors can significantly slow
formation of the substrate−enzyme complex or dissociation of
the product but cannot completely block the catalytic cycle. It
is worth noting that this partial inhibition, without total
abolishment of proteasome activity even at high concentrations
of an inhibitor, is typical for allosteric modulators and may be
very beneficial when the cells treated with the drug are meant
to survive rather than die from apoptosis. Both tested peptides
presented similar kinetic parameters with a notable difference
in Ki value, which designated 7 as the better inhibitor of the
two (Tables 2 and 1). The proposed mechanism of inhibition
is in contrast to the previously studied case of PR39, which was
classified as consistent with a pure noncompetitive mode of
action.35 A putative penetration of the catalytic chamber by a
39-residue poly-Pro-rich peptide is less plausible than the
similar action performed by the short peptides considered here.
The lack of a competitive component in the case of PR39
could be rationalized in this way.
PR Inhibitors Impair Activity of h20S Stimulated with

Rpt5 C-Terminal Peptide. Activation of the core proteasome
with SDS is an established intervention for studying inhibitor
efficiency;39 however it can be considered an artificial way of
enzyme stimulation. Therefore, we decided to also test our PR
peptides using h20S activated with the 10-aa C-terminal

peptide of the Rpt5 subunit of the 19S regulatory particle
(KKK-ANLQ-YYA-OH, named here “Rpt5”). Rpt5 activated
proteasome with an AC50 of 3.14 μM and can be considered a
“minimal RP” model for activity tests with proteasome
regulators.24 We used two concentrations of Rpt5: 1 μM,
which stimulated the ChT-L activity nearly 4-fold, and a
saturating 10 μM concentration (Figure S3), which left the
proteasome activity about 8-fold higher than the latent control.
As demonstrated in Figure 3, both 7 and the original peptide

11 inhibited the Rpt5-activated proteasome. 7 was a more
potent inhibitor than 11, with an IC50 of about 0.5 μM (0.56
μM with 1 μM Rpt5 and 0.50 μM with 10 μM Rpt5,
respectively). The IC50 of 11 was approximated as 1.60 μM (1
μM Rpt5) and 1.90 μM (10 μM Rpt5). The effect of 2 was
quite interesting: it did not affect the performance of CP
activated by 10 μM Rpt5 (Figure 3b) but was able to stimulate
2-fold the activity of CP treated with 1 μM Rpt5 (Figure 3a).
As a result, the CP activity rose 8-fold (4-fold activation by
Rpt5 × 2-fold activation by 2), which is similar to the
activation achieved with the saturating concentration of Rpt5.
This newly observed activity of 2 prompted us to test the
effects of our PR peptides on the latent h20S.

There Are Efficient Proteasome Activators among
PR-Type Modulators. PR analogs that displayed distinct
inhibitory capacity against SDS-activated h20S (Figures 1, S1,
and S2) differed in their influence on the latent enzyme. At low
concentrations, clustering around 1 μM, 6, 11, and 12
activated the ChT-L peptidase of proteasome, with the best-
performing 12 achieving nearly 5-fold activation at 5 μM
concentration (Figure 4). The activating capacity of 4 was
weaker (maximum 2-fold at 5 μM concentration), while 7
practically did not activate h20S at all. The transient nature of
the activation observed for compounds 12, 11, and 6 may be
explained by presence of a low affinity secondary binding site
that exercises the inhibitory actions on ChT-L activity. An
alternative explanation would call for a negative cooperativity
between binding sites where the occupation of the first binding
site would allosterically modify the second binding site to turn
it into the inhibitory site upon binding of the same compound.
So far our analyses of enzyme kinetics performed in the
presence of the compounds exclude the possibility that the
digest products may play a role of inhibitors leading to the bell
shaped dose−response.
Interestingly, 1 and 2 that did not inhibit the SDS-activated

20S proved to be strong activators of the latent CP. When

Table 2. Kinetic Parameters of Inhibition of SDS-Activated
h20S Proteasome

compound 4 compound 7

kinetic parameter value SEM value SEM

Vmax [s
−1] 13.46 0.91 13.64 0.88

KM [μM] 14.02 5.55 17.42 5.79
Ki [μM] 0.0101 0.0055 0.0048 0.0026
β 4.98 × 106 4.20 × 108 1347 1370
α 180878 7.65 × 106 4620 2963

Figure 3. Compounds 7 and 11 inhibited 20S proteasome activated with 1 μM (a) or 10 μM Rpt5 (b). IC50 calculated for 7 did not depend on
Rpt5 concentration, whereas for 11 it was slightly increased at the higher concentration of Rpt5. In contrast, in the presence of 1 μM Rpt5, 2
additively activated proteasome (a). This effect was abolished at 10 μM Rpt5 (b).

Journal of Medicinal Chemistry Article

DOI: 10.1021/acs.jmedchem.8b01025
J. Med. Chem. 2019, 62, 359−370

362

http://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.8b01025/suppl_file/jm8b01025_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.8b01025/suppl_file/jm8b01025_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.8b01025/suppl_file/jm8b01025_si_001.pdf
http://dx.doi.org/10.1021/acs.jmedchem.8b01025


probed with the substrate Suc-LLVY-AMC (ChT-L activity)
they stimulated the enzyme up to 7-fold at 25 μM
concentration (Figure 4). The caspase-like peptidase was
even more sensitive to activation by the compounds; they
stimulated it 5-fold to 7-fold at 10 μM concentration (Figure
S4).
Proteasome has a dynamic structure, and even in the latent

state about 25% of its molecules adopt a partially open
conformation, which enables small molecules to penetrate the
catalytic channel and be degraded.38 Therefore, using only
small fluorogenic substrates as probes can produce misleading
results, especially in the case of identification of an activator.40

To verify the results obtained with Suc-LLVY-AMC, we
included in our kinetic studies the internally quenched LFP
nonapeptide, which has been described as a substrate that is
very slowly hydrolyzed by the nonactivated 20S proteasome.41

Using this substrate, we did not detect any, even transient,
stimulating propensity of 3, 4, 6, 7, 8, 10, 11, and 12 (Figures
5b and S5b). The only PR analogs capable of efficiently, and in
a dose dependent manner, stimulating ChT-L peptidase
activity of the latent h20S were 1 and 2. At the highest tested
concentration (25 μM) these two peptides accelerated LFP
hydrolysis 8- and 14-fold, respectively (Figure 5b). In kinetic

tests with the SDS-activated h20S 1 and 2 also behaved
differently from other PRs (Figure 1). While almost all analogs
strongly inhibited degradation of the LFP substrate, 1 and 2
did not exert any inhibitory capacity, consistent with the results
obtained with Suc-LLVY-AMC substrate. 7 and 8 were better
inhibitors when compared to 11, whereas 3 and 10 were much
less efficient (Figures 5a and S5a).
The observed diverse effects of PR peptides on proteasome

activity cannot be explained based on conformational differ-
ences between the positive and negative modulators. Although
some structural diversity was detected when comparing the
modulators’ CD spectra, it was not helpful in identification of
activators and inhibitors (Figure S6). We thus turned our
attention to the primary structure differences. There are two
regions that differentiate the positive and negative modulators’
sequences: the proline-rich module and the C-terminal
sequence. To check the influence of the first one, we have
synthesized an analog of inhibitor 7 with the PRPP segment
substituted with the module PPPP, present in the sequence of
1 and 2 activators. The peptide 7-4P inhibited the
chymotrypsin-like activity of the SDS-activated proteasome
with similar effectiveness as 7 and was not able to activate this
peptidase in the latent h20S (Figure S7). The possible
explanations of the observed diverse effects of PR peptides
on h20S activity should be thus sought within the C-terminal
sequence. 1 and 2 are furnished with the HbYX module (Table
1), which they share with protein activators such as PA200/
Blm10, PAN, or Rpt2, 3, and 5 subunits of 19S. This motif has
been proved to be a key factor in the mechanism of
proteasome activation, due to the contacts delivered by the
hydroxyl group of the penultimate Tyr with Gly19. This
interaction causes a shifting of the Pro17 reverse turn in one or
more α subunits, which results in a partially or fully opened
entrance leading to the catalytic chamber.7,13 The stimulating
propensity of 1 and 2 may result from similar interactions. It is
also tempting to speculate that the limited activating potency
of the remaining PR analogs may originate from shortening
their C-terminal motif to only HbX (with “Hb” denoting a
hydrophobic Trp or Phe residue), which precludes the canonic
contacts with Gly19. Compound 12, which displayed quite
significant (although transient) activating capacity when
probed with Suc-LLVY-AMC (Figure 4), comprises the
penultimate Tyr in its sequence. However, in contrast to 1

Figure 4. ChT-L activity of the latent 20S proteasome, probed with
the substrate Suc-LLVY-AMC, was strongly and diversely regulated
by PR peptides. At low concentrations 6, 11, and 12 transiently
activated the proteasome. 1 and 2 proved to be strong activators of
the latent CP and induced typical sigmoidal dose response
stimulation. The results are presented as the mean ± SEM.

Figure 5. (a) ChT-L activity of the SDS-activated proteasome, probed with LFP substrate. Almost all analogs, except for 1 and 2, inhibited h20S,
with 8 (Figure S5a) and 7 being more efficient and 10 (Figure S5a) and 3 significantly less efficient than 11 (red line). (b) 1 and 2 were the only
compounds among the studied set of PR analogs able to stimulate the activity of the latent h20S. The maximum activation effect reached 8-fold for
1 and 14-fold for 2.
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and 2, not the hydrophobic but basic arginine residue precedes
the penultimate Tyr in 12, forming an alternative RYX motif,
similar to RHbX present in all PR analogs which displayed
inhibitory capacity (Table 1). Arginine possesses a long side
chain grafted with the highly basic guanidyl group and thus
may provide interactions not available to 1 and 2. The
interactions of both Arg and the penultimate Tyr may be
responsible for the ambivalent properties of 12, i.e., the
concomitant demonstration of considerable inhibitory and
activating capacity against the latent h20S.
PR Peptides Affect Degradation of Disorganized/

Unfolded Proteins. The model peptide substrates provide a
convenient way to probe proteasome activity. However,
utilization of protein substrates has the advantage of a better
approximation of the kinetic challenges encountered in the
cellular context. Therefore, we tested degradation of α-
synuclein (α-syn) which, as a natively unfolded protein, can
be degraded by 20S alone, without the assistance of the 19S
regulatory complex.42,43 Figure 6a shows that PR modulators
influence α-syn proteolysis differently. At 1 μM concentration
the most efficient inhibitors were 6 and 7, but at higher
concentration 4, 11, and 12 impeded α-syn degradation to
similar extent. 1 and 2 did not display any inhibitory capacity
at 1 μM concentration. On the contrary, at 10 μM

concentration, both compounds increased the level of α-syn
hydrolysis. In the presence of 2, h20S was able to almost
completely degrade this protein (Figure 6a).
To further survey the catalytic response of 20S to PRs, we

expanded our tests to enolase. This 436-residue thermolabile
protein is an established substrate of 20S proteasome,44

although we found that it was less efficiently degraded by CP
than α-syn (Figure 6b).
The enolase degradation assay confirmed that 6 and 7 are

efficient inhibitors of proteolysis, whereas 11, 4, and 12
influence this process slightly less effectively. In contrast to α-
syn, there were no distinct differences in the level of inhibition
at 1 and 10 μM concentration of the inhibitor. Importantly, 1
and 2 stimulated degradation of enolase, a poor substrate,
much better than of α-syn. Indeed, stimulation with 1 μM
concentration of 2 led to more than 2-fold acceleration of
enolase digestion. Surprisingly, 20S proteasome activated with
10 μM of either peptide completely degraded enolase under
the employed reaction conditions. HPLC analysis of the
products showed short fragments of the hydrolyzed protein.
The detection of such products strongly indicates that the
proteolytic activity of h20S was responsible for the
disappearance of the enolase band at the electropherograms.

Figure 6. Degradation of protein substrates by human 20S proteasome was strongly affected by PR peptides. Levels of the remaining substrates
were determined based on SDS−PAGE electrophoretic separation of proteins incubated with 20S proteasome. Almost 70% of α-synuclein (a) and
50% of enolase (b) were degraded by 20S proteasome under the applied experimental conditions. Representative SDS−PAGE electrophoregrams
with Coomassie-stained substrate bands are presented below the columns. At 10 μM, 1 and 2 accelerated the digest to completely degrade enolase.
Other PR peptides, especially at 10 μM concentration, efficiently blocked degradation of the model proteins, with 6 and 7 being the best inhibitors.
NS = not statistically significant; all other cases are statistically significant (p < 0.05).

Figure 7. Treatment of human cultured fibroblasts with compound 2 (24 h) did not affect viability of the cells, even at high peptide concentrations
(a). ChT-L activity of proteasome in cell extracts prepared from human fibroblasts treated with 2 was activated up to 3-fold in a dose dependent
manner (b).

Journal of Medicinal Chemistry Article

DOI: 10.1021/acs.jmedchem.8b01025
J. Med. Chem. 2019, 62, 359−370

364

http://dx.doi.org/10.1021/acs.jmedchem.8b01025


Stimulation of Proteasome Activity in Cell Culture.
Intrigued by the strong potency of 2 as an activator of the
peptidase and proteinase activity of the proteasome, we
decided to test the performance of this peptide in cell culture.
We chose human primary fibroblasts, which provide an
advantageous system for investigating dynamic molecular
regulatory processes without the confounding effects of a
disease state. The cells were treated with 2 at concentrations
ranging from 0.1 μM to 20 μM. Even the highest concentration
of 2 did not exert any cytotoxic effects (Figure 7a).
Importantly, the total activity of proteasomes was significantly
elevated in total cell lysates prepared from cells treated with 2,
as compared with the vehicle-treated cells. The activation was
nearly 3-fold when 10 μM concentration of 2 was present in
the cell culture medium (Figure 7b). This important result
indicates that the activating PR derivatives can be safely used in
cellulo to stimulate UPS.
Dynamics of the Gate Probed by Atomic Force

Microscopy. We had established earlier that the latent 20S
proteasome can switch freely between two major conforma-
tional states: a prevailing “closed” state with no detectable gate
in the α-face and a less populous state with AFM-detectable
indentation in the gate area (the “indented” or “open” state).45

Interaction of control proteasomes with a substrate was
followed by a switch to a majority of “open” particles (about
75%). Consequently, we proposed an allosteric model of the
gate movements with a positive feedback loop running
between the gate and the active centers and enabling efficient
passage of substrates and products to and from the catalytic
chamber.46 Treatment of proteasomes with the canonical PR
peptides, 11 and PR39, induced a “shaky” conformation, with
multiple shallow indentations indicating destabilization of the
α-face.35 Moreover, we noticed that while the images of
“closed” particles were very uniform, the conformers with
detectable indentation presented two distinct morphologies of
the α-face: with a deep indentation surrounded by a
symmetrical rim and with a shallow dip and irregular rims.
Computational analysis of sections through the α-face of
imaged control proteasome particles allowed distinction
between three conformers, “closed” (as previously) as well as
“intermediate” and “open”, replacing the previously described
state with the α-face indentation. We found the control
proteasome particles in a conformational equilibrium of nearly
three-quarters of closed (71% ± 2%), 22% ± 3% of
intermediate, and 7% ± 3% of open particles (Figure 8).
Interestingly, this refined partition of conformers in the control
sample closely resembles the recently proposed cryo-EM based
model of conformational states of the gate in 26S proteasome,
where only about 8% of particles assumed the fully open
conformation.47

Treatment with 1 μM 2 increased the contribution of both
open and intermediate conformers, which together amounted
to half of the analyzed standing proteasomes (Figure 8). In
contrast, treatment with 1 μM 7 resulted in a slightly decreased
partition of open proteasomes and a high contribution of
closed particles (73% ± 2%). Interestingly, treatment with a
high concentration of 7 (10 μM) resulted in apparent
destabilization of the α-face, with the content of the closed
conformers decreasing to only 57% ± 6% (Figure 8). The
destabilization of the α-face by high concentrations of 7 may
seem an unusual effect for an inhibitor; however it follows our
previous observations with PR39 and 11, when closed
conformers were poorly detected in the peptide-treated sets

of particles.34 We speculate that at higher concentrations PR
inhibitors may occupy additional binding sites that include
pockets between the α subunits. The pocket binding is likely to
be critical for activation by the HbYX-containing 1 and 2;
however engagement of other sites may contribute to the
effects displayed by the PR inhibitors.

Binding Site of PR Inhibitor in the Proteasome
Molecule. Molecular modeling and yeast two-hybrid studies
have indicated that PR peptides bind to the outer rim of the
yeast proteasome α-ring.34,48 To elucidate the structural basis
of the interaction, we performed trials to crystallize our
modulators in complexes with both human and yeast 20S
proteasomes. Crystals were obtained for both orthologous
enzymes; however a complex was only successfully formed in
the case of 6 and the yeast 20S. Since 6 is also an efficient
inhibitor of the yeast enzyme (Figure S8), the structural
information provided by this complex may be extended to the
human counterpart. The structure of the complex was
determined at 2.7 Å resolution (PDB code 4X6Z) and
confirmed that PR peptides bind within the proteasome α-ring.
The structure solved based on a single data collection showed
6 bound in the pocket between the α5 and α6 subunits, and
the unidentified electron density was localized symmetrically
between the α5′ and α6′ subunits. Merging the three data sets
collected for the same complex reinforced the electron density
which allows us to identify the peptide electron density also in
the α5′/α6′ pocket. The three C-terminal amino acid residues
of 6 that were visible in the crystal structure created the main-

Figure 8. PR peptides influenced the abundance of the α-face
conformations of 20S proteasome, as detected by AFM. (a) In
control, untreated samples, about 70% of molecules had their central
channel covered and classified as a closed gate conformation. About
7% of molecules had their gate completely open, and the remaining
22% were in the process of switching between these conformations
and were classified as intermediates. In the presence of an activating 1
μM concentration of 2, the abundance of open and intermediate
conformations increased to 54% (18% and 36%, respectively). In
contrast, a 1 μM concentration of 7 decreased the number of open
conformers to less than 3%. The higher concentration of 7 pushed
proteasome to open the gate in 18% of molecules, with a slightly
higher contribution of intermediates (25%). (b) Representative AFM
images of the three conformational forms of the core proteasome. The
top-view images with the α-face exposed were zoomed-in from 1 μm
× 1 μm fields. The images are raw and have been subjected only to
planefitting/flattening, linear adjustments of brightness and contrast,
and linear interpolation for viewing clarity.
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chain to main-chain hydrogen bonds with α6Ser33 and
α6Gly76, and the salt bridge with the α6Lys62 side chain
(Figure 9). The rest of the peptide sequence was not defined
by the electron density probably because of its flexibility and
the lack of stable interactions with the proteasome.
Degradation of 6 by 20S, as other possible explanation, was
excluded by the peptide stability tests (Figure S9).
Binding in the α5/α6 pocket and similar network of

interactions utilized to anchor the modulator within the pocket
were observed by us in the crystal structure of the Blm10-based
proteasome activator, Blm-pep.30 This compound possesses
the C-terminal HbYX motif (YYA) and was able to stimulate
h20S 8-fold when probed with the LFP substrate. The same
site of binding of two modulators, displaying the opposite
influence on the proteasome activity, may indicate that the
pockets between the α subunits may be universal binding
places for allosteric modulators. The allosteric signal that
transduces either inhibition or stimulation effects to the active
sites may thus result from transient interactions, which due to
their nature could be observed in the crystal structure of
neither compound 6 nor Blm-pep. The importance of transient
interactions in proteasome allosteric activation is supported by
the cryo-EM structures of yeast and human 26S proteasomes,
in which the opened entrance to the catalytic chamber was
observed in only one of the detected few conformational
states.7,47,49 It remains to be established which allosteric routes
contribute to the effects of ligands of the α-face pockets. The
nonexclusive options include direct allosteric signaling from
the pockets to the active sites, the pocket-gate signaling
resulting in conformational shifts favoring distinct states of the
gate and influencing substrate uptake, as well as the complex
pocket-gate-antechamber/catalytic chamber/active sites net-
work. PR peptides constitute excellent tools for the exploration
of proteasome allostery.

■ CONCLUSIONS

We demonstrated that manipulations of the structural modules
of Pro- and Arg-rich peptides could provide compounds that
exhibit diverse effects on the activity of the core proteasome
particle, both in vitro and in cellulo. Mixing-and-matching of
Pro-rich and HbYX or RHbX motifs produces strong activators
or strong inhibitors. Studies of interactions of PR39 and 11
with yeast proteasome suggested binding to the outer rim of
the α ring.34,48 While we cannot exclude and should still
consider such binding site(s) for our PR derivatives, their
binding to the intersubunit pockets, used by the HbYX-

containing activators, is an intriguing opportunity. The
plausible common binding sites for allosteric inhibitors and
activators imply that the type of the signal that is transmitted
to the binding pockets and allosterically transduced to the gate
and/or the active sites may depend on small but precisely
adjusted changes in the modulator design. Further exploration
of the diverse effects of PR peptides on performance of the
core proteasome will undoubtedly provide more information
on the mechanism of proteasome degradation, the significance
of the α-face pockets in modulating proteasome activity, and
the usefulness of small peptides as universal proteasome
regulators.

■ EXPERIMENTAL SECTION
General Information. 20S proteasome, isolated from human

erythrocytes, was purchased from Enzo Life Sciences Inc. (Farm-
ingdale, NY). All reagents used in tests with proteasome were of
molecular biology grade. The pH of all buffers was determined at 20
°C.

Peptide Synthesis. Syntheses of all peptides were carried out on
a solid support (TentaGel R PHB or TentaGel R RAM resin), using a
Liberty Blue microwave peptide synthesizer (CEM). Coupling of
orthogonally protected Fmoc-amino acid residues was carried out
using, as a coupling agent, 1 M solution of N,N′-diisopropylcarbo-
diimide in dimethylformamide with 0.5 M ethyl cyano-
(hydroxyimino)acetate as an antiracemization additive. Crude
peptides were purified by reverse phase high performance liquid
chromatography (RP-HPLC), using a C12 semipreparative Jupiter
Proteo column (21.2 mm × 250 mm, 4 μm, Phenomenex) and H2O/
acetonitrile gradients. The purity of the peptides was assessed by
HPLC analysis performed using a Luna C18 column (4.6 mm × 250
mm, 5 μm, 100 Å; Phenomenex) and a LC-20A HPLC system
(Shimadzu). 60 min gradients of 100% A → 100% B (A, H2O + 0.1%
TFA; B, 80% acetonitrile/H2O + 0.1% TFA) and a detection
wavelength of λ = 223 nm were applied. The purity of the peptides
has been determined based on the integration of the area under the
peaks, using the Lab Solution software provided by the HPLC
manufacturer (Shimadzu), The purity of all PRs was at least 95%. The
identity of the pure products was confirmed based on m/z signals
detected by a LCMS-ESI-IT-TOF Prominence mass spectrometer
(Shimadzu). The MS spectra and the chromatograms, alongside with
their quantitative analysis, are available in Supporting Information.

Enzymatic Activity Tests. Boc-LRR-AMC and Z-LLE-AMC
were used as a probes in the trypsin-like and caspase-like activity
assays, respectively. Two peptide substrates were employed in the
assessment of the proteasome chymotrypsin-like activity: the classic
fluorogenic succinyl-Leu-Leu-Val-Tyr-4-methylcoumarin-7-amide
(Suc-LLVY-AMC, Enzo Life Sciences Inc.) and a homemade
FRET-type nonapeptide (LFP; mca-AKVYPYPME-dap(dnp)-amide)
as an alternative which is more reliable for assessment of the activating

Figure 9. Interaction of 6 with yeast 20S proteasome (PDB code 4X6Z). (a) General (left) and detailed (blow-up) localization of the inhibitor
binding site between α5 (wheat color) and α6 (gray) subunits. It is visible in the crystal structure that the C-terminal fragment of 6 (green) binds
to the ε-amine group of the conserved α6Lys62 through its carboxylate group. (b) Electron density defining the fragment of 6 included in the
model (2Fo − Fc omit map contoured at 1σ level). The cartoon of general proteasome structure in (a), left, has also been used in our earlier work.30
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propensities of the studied compounds.41 Latent h20S proteasome
was activated with 0.005% SDS. Stock solutions of the peptides (10
mM) were prepared in dimethyl sulfoxide (DMSO). The activity
assays were performed in a 96-well plate in 50 mM TrisHCl, (pH 8.0)
at a 100 μL final volume. The CP was used at a final concentration of
0.001 mg/mL (1.4 nM). Suc-LLVY-AMC, Boc-LRR-AMC, and Z-
LLE-AMC were added at 100 μM and LFP at 20 μM final
concentration. The release of aminomethylcoumarin (AMC) was
followed by monitoring the fluorescence emission in the range 380−
460 nm. LFP hydrolysis was detected by measuring the emission in
the range 322−398 nm (Infinite M200 Pro, Tecan). Fluorescence was
measured continuously every 2 min for up to 60 min, at 37 °C. All
activity assays were performed in at least three independent replicates.
The relative activity was calculated in relation to the catalytic activity
of the vehicle (DMSO) treated proteasome.
Activity tests with Rpt5 peptide and Rpt5 combined with PRs were

performed in 45 mM Tris/HCl (pH 8.0) buffer containing 100 mM
KCl and 1 mM EDTA, to ensure latency of the h20S proteasome. The
Fluoroskan Ascent plate reader (Thermo Fisher Scientific Inc.,
Waltham, MA) was used in these assays, with fluorescence measured
every 1 min for 60 min at 37 °C.
Determination of the Type of Inhibition. To determine the

type of inhibition induced by PRs, the ChT-L activity of h20S
proteasome was tested in the presence of three different
concentrations of 7 and 4 (0.05, 0.1, and 0.2 μM). The proteasome
concentration was 1.4 nM. ChT-L activity was probed with Suc-
LLVY-AMC in a concentration range 20−200 μM. The kinetic
parameters were calculated with the kinetic module of OriginPro
2017 software (OriginLab, Northampton, MA).
Protein Substrate Degradation Assay. Human α-synuclein

(rPeptide) or yeast enolase (Sigma-Aldrich) was incubated with
human 20S proteasome activated with 0.01% SDS. The h20S/protein
substrate ratio was 1:100 pmol and 1:10 pmol for α-synuclein and
enolase, respectively. Degradation experiments were carried out at 37
°C in 20 mM HEPES, pH 7.4, at a 10 μL total sample volume for 1 h
(α-synuclein) or 4 h (enolase). Either DMSO (control) or
compounds dissolved in DMSO were added to evaluate the influence
of PR peptides on the degradation process. The DMSO concentration
never exceeded 0.05%. The reaction was stopped with 4× Laemmli
buffer, and then samples were boiled for 5 min at 95 °C and loaded (8
μL) onto a 12% (α-synuclein) or 10% (enolase) SDS−PAGE gel. The
protein bands were detected with Coomassie Blue-based reagent
(InstantBlue, Sigma-Aldrich). Quantitative image analysis was carried
out with Quantity One 1-D analysis software (Bio-Rad). The amount
of the nondegraded protein was calculated after reduction of the
background intensity and expressed as a percentage of the control.
Each value represents an average of at least three experiments. All
results are presented as a mean ± SEM. Statistical analysis was
performed using SigmaPlot 12.3 and one-way ANOVA followed by a
Bonferroni post hoc test for pairwise comparison. A P value of <0.05
was considered statistically significant.
Fibroblast Culture. Primary human fibroblasts (GM04390,

Coriell cell repositories) were cultured in complete media made of
Dulbecco’s modified Eagle medium (high-glucose variant, Gibco-
Invitrogen, Carlsbad, CA) supplemented with 10% heat-inactivated
fetal bovine serum and antibiotics (100 U/mL penicillin, 100 μg/mL
streptomycin, and 0.25 μg/mL amphotericin B; Gibco-Invitrogen).
Cells were incubated at 3% O2, hypoxic with respect to atmospheric
O2 concentration, to mimic their normal physiological environment;
the incubators were also maintained at 5% CO2 and 37 °C. The
medium was replaced every 3−4 days. For experimental end points,
cells were seeded at 100 000 cells/mL in either 6- or 96-well plates.
Cells were washed with PBS and medium replaced with Optimem
(Gibco-Invitrogen) 24 h after seeding. Cells were treated with 0.1−20
μM 2 (or an equal volume of DMSO diluent) 48 h after seeding.
Experimental end points were typically performed 24 h after initiation
of treatment with 2.
Proteolytic Activity Assay in Cell Lysates. Cells were harvested

through scraping in PBS and then lysed in proteolysis buffer (50 mM
Tris/HCl, pH 7.4, 5 mM MgCl2, 1 mM DTT) through mechanical

lysis followed by freeze fractionation. Protein content was measured
using a Bradford assay, after which 1 μg of cell lysate was diluted to
100 μL and incubated with 50 μM Suc-LLVY-AMC (Sigma-Aldrich).
Fluorescence emission was measured at 460 nm with excitation at 370
nm.

WST-1 Assay. Cell viability was evaluated using a WST-1 assay
following the Sigma recommended protocol. Cells were incubated
with 10% WST-1 reagent (Sigma-Aldrich) for 4 h after which
absorbance was measured at 450 nm.

Atomic Force Microscopy (AFM) Imaging. We used our
established procedures to image proteasome particles in AFM
oscillating (tapping) mode in liquid using a MultiMode Nanoscope
IIIa microscope (Bruker Corp., Billerica, MA).46,50 In short, about 50
ng of h20S proteasomes in 3 μL of 5 mM Tris/HCl buffer (pH 7.0)
was deposited on freshly cleaved muscovite mica, which provides a
flat, clean, and mildly negatively charged surface that electrostatically
binds a majority of proteins. After 2 min of incubation at room
temperature the enzyme molecules were overlaid with 30 μL of 5 mM
Tris/HCl buffer, pH 8.0. Scanning was performed with SNL (Sharp
Nitride Lever) probes with a nominal spring constant of 0.35 N/m,
mounted in a liquid-mode chamber (Bruker Corp.) and tuned to 9−
10 kHz. Fields of 1 μm2 containing multiple proteasome particles, the
majority of them standing on the α ring and not touching their
neighbors, were scanned at a rate of 3.05 Hz, with a drive voltage of
200−600 mV and a setpoint ranging from 1.5 to 2.0 V. The relatively
high setpoint ensured very gentle imaging conditions. The trace and
retrace images were collected with a digital resolution of 512 × 512
pixels. Numerical values of the height of particles were collected in
SPIP software. The analyzed data remained “raw”, since the images
were subjected only to the standard order 1 flattening and planefitting
in the Nanoscope software. To determine the conformational status of
the α face, height values of the six-pixel scan across the center of the α
face were harvested. When a plot of these values (a section through
the center of the α face) revealed a local minimum, the particle was
classified as “open”. When a plot presented a concave function devoid
of a local minimum, the particle was considered to be an
“intermediate” conformer. The remaining “closed” particles displayed
convex functions in their section plots.

Crystallization. The proteasome crystals were grown at 20 °C
using the hanging drop vapor diffusion method. Drops contained a
1:1 mixture of the protein (2.5 mg/mL) and the reservoir solution
(30 mM magnesium acetate, 100 mM 2-(N-morpholino)-
ethanesulfonic acid (MES), pH 7.2, and 12% (v/v) 2-methyl-2,4-
pentanediol (MPD)). The proteasome−peptide complex was
obtained by soaking the crystals with a solution of 6 at a final
concentration of 1 μM for 24 h. Crystals were cryoprotected in the
mother liquor and flash-frozen in liquid nitrogen.

Structure Determination and Refinement. Diffraction data
were collected at the beam 19 ID at Advanced Photon Source,
Argonne National Laboratory, USA (λ = 0.979 Å). The images were
indexed, integrated, and scaled using the HKL3000 program
package.51 The crystal structure was determined by molecular
replacement using MOLREP52 and the coordinates of the yeast 20S
proteasome (PDB code 1RYP) as a search model. The model was
refined using Refmac53 from the CCP4 package,54 with stereo-
chemical restraints and, in the later stages, TLS parameters for rigid-
body segments established by the TLSMD server.55 The model was
constructed in Coot.56 Progress of the refinement was monitored, and
the model was validated using Rfree.

57 The quality of the final structure
was assessed using a MolProbity server.58 Data collection and
refinement statistics are summarized in Table 1S.
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