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Abstract—Molecular chaperones, such as Hsp70 and Hsp90, are responsible for a variety of protective, anti-apoptotic functions.
While inhibitors of Hsp90, such as geldanamycin and its derivative 17-AAG, are well known and important anti-cancer leads,
Hsp70 has received less attention. Interesting lead candidates for Hsp70 share a dihydropyrimidine core; however, the preferred dis-
play of pendant functionality is still not clear. Here, we take advantage of the versatility of peptides to explore the requirements for
activity. An exploratory compound collection was assembled by performing a Biginelli cyclocondensation at the terminus of a resin-
bound b-peptide. Liberation from solid support yielded peptide-modified dihydropyrimidines and, within this series, we uncovered
compounds that alter the ATPase activity of Hsp70 and its bacterial ortholog, DnaK. Moreover, we identified important contribu-
tions made by aromatic, hydrophobic groups. These chemical probes could be used to study the roles of this molecular chaperone in
disease.
� 2007 Elsevier Ltd. All rights reserved.
The heat shock proteins, including Hsp70 and Hsp90,
are members of a family of molecular chaperones that
regulate protein function, trafficking, and homeosta-
sis.1–7 Given their many roles within the cell, it is not
surprising that molecular chaperones have been impli-
cated in a variety of diseases, including cancer and neu-
rodegenerative disease.8,9 Notably, recent work has
strongly linked Hsp70 and Hsp90 to cancer.10,11 Hsp70
is expressed at high levels in numerous cancerous tissues,
but its molecular targets and the mechanisms responsi-
ble for its anti-apoptotic function are not yet clear.12–14

Conversely, more is known about Hsp90’s roles; this
chaperone is believed to promote aberrant survival via
stabilizing interactions with oncogenic targets.15–17

In part, the important roles of Hsp90 have been eluci-
dated through the use of the small molecules geldana-
mycin and radicicol.18 These compounds permit rapid,
reversible chemical suppression of Hsp90 function and
illumination of the corresponding phenotypes. These
experiments provide insight into how Hsp90 promotes
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survival of cancer cells. Moreover, derivatives of gel-
danamycin, such as 17-AAG, are being studied in more
than a dozen clinical trials. Thus, these chemical tools
have not only been useful as probes for understanding
the roles of Hsp90 in the apoptotic cascade, but they
have also given rise to important therapeutic drugs.

It is likely that insights into Hsp70’s roles in disease
would arise from the availability of potent and selective
chemical inhibitors. Early work in this area yielded
15-deoxyspergualin (DSG; Fig. 1), which, at concentra-
tions of approximately 10 lM, modifies the ATPase
activity of Hsp70 by 20–40%.19 Structurally related com-
pounds, such as alkylated benzamides coupled to amino
acids (e.g., N-tetradecanoyl-(4-aminomethylbenzoyl)-
isoleucine; Fig. 1), were subsequently found to have re-
lated activity.20,21 These principally linear hydrocarbons
provide minimal opportunities for analog synthesis and
this limitation prompted a focused search for more
‘drug-like’ scaffolds. These efforts led to the Hsp70-bind-
ing compound, NSC-630668-R/1 (R/1), which, like
DSG, also modifies ATPase activity at �300–
600 lM.22 Most recently, attention has shifted to com-
pounds that resemble R/1, but are assembled on a
dihydropyrimidine core.23 These studies identified
MAL3-101, which at approximately 300 lM inhibits
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Figure 1. Chemical structures of known modulators of Hsp70 are

shown, with the region under investigation highlighted.
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co-chaperone stimulated ATP hydrolysis,23 blocks endo-
plasmic reticulum trafficking of some targets23, and, at
2 lM, is cytotoxic to carcinoma cells.24 Interestingly,
structurally related compounds, such as MAL3-90, en-
hance ATP turnover and another dihydropyrimidine,
SW02, promotes the anti-aggregation functions of
Hsp70 in vitro.23,25 Thus, this family of compounds
has members that either stimulate or inhibit known
functions of Hsp70. These studies firmly establish dihy-
dropyrimidines as modifiers of this chaperone; however,
systematic structure–activity studies have not been
reported.

The goal of this study is to generate a focused library of
dihydropyrimidines and screen these for additional
leads. Previous compounds, such as MAL3-101 and
MAL3-90, were assembled from consecutive, multicom-
ponent Biginelli and Ugi reactions, which produce
highly functionalized dihydropyrimidines (Fig. 2). This
core is shared amongst known Hsp70 partners, thus, it
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Figure 2. Design of dihydropyrimidines appended to b-peptides to mim

dihydropyrimidine, MAL3-90.
is believed to be important for activity. However, the
role of the Ugi-centered functionality is still not clear be-
cause some interesting compounds, such as R/1 and
SW02, have limited complexity in this region. Therefore,
the specific goal of this study is to explore the structure–
activity relationships in this portion of the molecule
using protease-resistant b-peptides as a replacement
for the Ugi product (Fig. 2), while keeping the identity
of the dihydropyrimidine constant. Peptides provide a
facile entry into rapid analysis of functional group ef-
fects and we reasoned that this approach would permit
modular installation of common side chains. In the ab-
sence of structural information or knowledge of the
binding site, we preferred an empirical approach in
which polar and hydrophobic residues could be easily
interchanged. Moreover, we envisioned that this ap-
proach would be amenable to routine Fmoc chemistry
on solid support and that this method would provide
the opportunity to assemble combinatorial libraries.

Our route begins with microwave-assisted assembly of
b-peptides on Wang resin (Fig. 3).26 A series of di-
and tripeptides with a range of hydrophobic and polar
side chains were used to explore the SAR in the target
region and, based on work from the Gellman group,
microwave irradiation was used to accelerate the histor-
ically poor yields and reaction times for these trans-
formations.27,28 Following installation of the final
b-amino acid, one of two approaches was used to com-
plete the products. For the dipeptides, a solution-phase
Biginelli reaction afforded the desired dihydropyrimi-
dine and then this pre-formed molecule was coupled to
the terminus of the immobilized peptide. The identity
of the dihydropyrimidine was chosen to resemble the
core of the known, bioactive compounds, MAL3-90
and SW02. Coupling this unit via the pendant carboxyl-
ate proceeded smoothly to produce the dipeptide-modi-
fied dihydropyrimidine in adequate overall yields
(between 5% and 32%; 6 steps, >90% purity). However,
to investigate whether a more linear approach could be
used, we also attempted the Biginelli reaction directly on
the resin-coupled peptide. The Wipf group has reported
that this reaction is amenable to solid-phase synthesis29

and, further, the Kappe laboratory has established that
it is accelerated by microwave irradiation.30,31 There-
fore, we envisioned that the microwave-assisted, solid-
phase assembly of this scaffold might proceed smoothly;
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however, it was unclear whether the steric environment
of highly peptide-modified resin would be suitable for
this transformation. To explore this idea, bulky tripep-
tides were assembled by Fmoc chemistry on Wang resin
as illustrated in Figure 3, followed by installation of 1-
ureidobutyric acid to the N-terminus, and subsequent
Biginelli cyclocondensation (Fig. 3B).32,33 While the
Biginelli reaction is known to be relatively functional
group tolerant,31 we were pleased to find that this trans-
formation proceeded readily, even in the presence of po-
lar and sterically challenging amino acid side chains.
Overall purified yields were modest (1–10%; 9 steps)
but, using this sequential, microwave-accelerated ap-
proach, the prospective Hsp70 ligands could be built
entirely on solid support in excellent purity (>90%).
Using these routes, we generated an exploratory collec-
tion of 17 compounds (Table 1).

The many functions of Hsp70 are derived from its ATP-
ase activity.2,34 Thus, using a recently developed assay,35

we screened 1–17 for their ability to influence ATP turn-
over.36 Specifically, we examined two related members
of the Hsp70 family: DnaK from Escherichia coli and
bovine Hsc70. Although Hsp70 proteins are highly con-
served,37 we were interested in understanding whether
selective inhibitors of individual chaperones could be
uncovered. For both proteins, the inclusion of the stim-
ulatory co-chaperone, DnaJ, improved signal intensity
and provided robust screening conditions.35 When com-
pounds 1–17 were screened at 100 lM in this assay, we
found that some of them stimulated ATP turnover,
while others inhibited this activity. This finding is consis-
tent with previous reports and this dual capacity seems
to be a feature of dihydropyrimidine-based ligands.23,25

The mechanistic origin of this plurality is currently un-
known, but it likely involves an unidentified, allosteric
pathway. Importantly, both types of Hsp70 regulators
(activators and inhibitors) might be interesting as chem-
ical probes for exploring the roles of the chaperone in
disease; thus, we pursued both classes and defined com-
pounds that either reduced or improved signal by at
least 20% as ‘hits’. The EC50 values for these hits were
then determined from dose-dependence experiments.
We found that, under these conditions, MAL3-101 has
an effect on the ATPase activity of Hsc70 but had no sig-
nificant activity against DnaK (Fig. 4). Similarly, com-
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pound 2, which we had previously shown to modify
Hsp70’s anti-aggregation functions,25 had weak stimula-
tory activity against Hsc70 and was inactive against
DnaK. From the exploratory screen, we identified com-
pounds 6–9, 14, and 15 for further analysis. Compound
6 partially blocked function of both Hsc70 and DnaK
with EC50 of �110 lM. Conversely, 14 and 15 were rel-
atively good activators and compound 14 was selective
for Hsc70, while 15 stimulated both chaperones. The
potency of these compounds is modest (EC50 � 100–
200 lM), but it is important to note that, despite their
similarly small impact on ATP turnover, DSG, SW02,
and MAL3-101 have dramatic effects in biological set-
tings.23–25 Thus, in vitro changes in ATPase activity
may under-represent potency in more complex environ-
ments. From these studies, we have identified additional
modulators of Hsp70 and, given the low number of
comparable reagents, we expect that these compounds
will find use in exploring the function of this chaperone.

In these assays, two evolutionary distant members of the
Hsp70 family were used, DnaK from E. coli and mam-
malian Hsc70. We chose to study these chaperones be-
cause we were interested in understanding whether
selective modulators of distinct Hsp70 isoforms could
be uncovered. In these experiments, we found that, even
though the extent of homology between the two iso-
forms is high (�46% identical, 64% similar),38 some
compounds, such as 14, were highly selective for one
type over the other. However, other structurally related
compounds, such as 15, were equally effective against
both chaperones. Although the chemical and structural
basis for this selectivity is not yet clear, these results sug-
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gest, for the first time, that compounds in this class may
serve as important reagents for selective modulation of
chaperone function in environments containing contri-
butions from multiple Hsp70s.

One goal of this study was to begin to understand the
functional groups that are important for the activity of
dihydropyrimidine-based ligands for Hsp70. Strikingly,
we found that aromatic, hydrophobic functional groups
(benzyl and naphthyl rings) attached via short, flexible,
methylene spacers were important for both activator
and inhibitor functions. Specifically, the most potent
compounds 6, 14, and 15 all possess these functional
groups, whereas inactive examples, such as 3, 4, and
17, lack aromatic substitutions. Although the binding
site for these molecules is not yet known, these results
suggest that there is a key hydrophobic contact within
this region. Consistent with this idea, polar and charged
functional groups, such as are present in 6–8 and 16, had
less impact on activity. Interestingly, the position of the
hydrophobic group (i.e., whether it was appended to the
second or third amino acid position) seemed less impor-
tant, which might indicate a flexible or complex binding
site. Together, these results suggest that, although other
portions of the molecule remain to be explored, the pep-
tide region makes an important contribution to potency.

The diverse cellular roles of Hsp70 likely contribute to
its involvement in a number of diseases, including cancer
and neurodegeneration.8,9 However, there are few small
molecules that are known to interact with Hsp70 and
this limitation has slowed progress in the field. The most
widely used of the known inhibitors, MAL3-101, inhib-
its the ATPase activity of yeast Ssa1 at concentrations of
approximately 300–600 lM under some conditions.23

The best of the new molecules described here have sim-
ilar potency (�100 lM) and some of these, such as 6 and
15, were unique in that they had activity against multiple
Hsp70 isoforms. Thus, although extensive work
remains, these findings may assist the development of
new chemical probes that will help reveal the roles of
this chaperone in disease.
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