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Inhibitors of Difficult Protein-Protein Interactions Identified by
High Throughput Screening of Multi-Protein Complexes

Laura C. Cesa#, Srikanth Patury#, Tomoko Komiyama, Atta Ahmad, Erik R. P. Zuiderweg,
and Jason E. Gestwicki*
Departments of Pathology and Biological Chemistry and the Life Sciences Institute University of
Michigan, Ann Arbor, MI 48109-2216
# These authors contributed equally to this work.

Abstract
Protein-protein interactions (PPIs) are important in all aspects of cellular function and there is
interest in finding inhibitors of these contacts. However, PPIs with weak affinities and/or large
interfaces have traditionally been more resistant to the discovery of inhibitors, partly because it is
more challenging to develop high throughput screening (HTS) methods that permit direct
measurements of these physical interactions. Here, we explored whether the functional
consequences of a weak PPI might be used as a surrogate for binding. As a model, we used the
bacterial ATPase DnaK and its partners DnaJ and GrpE. Both DnaJ and GrpE bind DnaK and
catalytically accelerate its ATP cycling, so we used stimulated nucleotide turnover to indirectly
report on these PPIs. In pilot screens, we identified compounds that block activation of DnaK by
either DnaJ or GrpE. Interestingly, at least one of these molecules blocked binding of DnaK to
DnaJ, while another compound disrupted allostery between DnaK and GrpE without altering the
physical interaction. These findings suggest that the activity of a reconstituted multi-protein
complex might be used in some cases to identify allosteric inhibitors of challenging PPIs.
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Multi-protein complexes are critical to cellular functions.1–4 These complexes are typically
assembled from a combination of enzymes and non-enzymes: the enzymes, such as a
demethylase, protease or ATPase, often conduct the “work” associated with the system,
while the non-enzymes regulate this activity – either by dictating subcellular location,
guiding the selection of binding partners, or controlling enzyme turnover rates. Thus, the
protein-protein interactions (PPIs) between enzymes and non-enzymes are critical for the
overall function of the complexes and inhibitors of these PPIs are important chemical
probes.5, 6 More recently, there has also been renewed interest in targeting PPIs in the
treatment of disease.7–10

While there has been tremendous progress in the general area of PPI inhibitors, it has
become clear that some types of PPIs are more challenging to target than others.11, 12 In
particular, PPIs involving weak (KD >200 nM) interactions that occur over large contact
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surfaces (>2,500 Å2) tend to be more difficult to inhibit.11 One challenge in finding
inhibitors of weak interactions is that it is difficult to develop robust, high throughput
screening (HTS) methodology to directly measure the physical interactions between
transient partners. Accordingly, many groups, including our own, have been interested in
exploring new HTS platforms that are specifically designed for use against these types of
challenging PPIs.13, 14 These methods, such as fragment-based screens and high content
screening (HCS), are promising to open the number of “druggable” PPIs to include even the
challenging targets.11, 12

As an attractive model system, we have been studying the Escherichia coli chaperone
complex, which is composed of an enzyme (DnaK) and multiple non-enzymes (DnaJ, GrpE,
peptide substrate).15 DnaK is a member of the highly conserved heat shock protein 70 kDa
(Hsp70) family of molecular chaperones, which are important in protein quality
control.16, 17 Like other Hsp70s, DnaK is an ATP-driven enzyme that has a nucleotide-
binding domain (NBD) and a substrate-binding domain (SBD) (Fig 1A). ATP is hydrolyzed
in the NBD, while the SBD binds to hydrophobic segments of polypeptides, such as those
exposed in misfolded proteins.18, 19 Allosteric communication between the two domains
modulates the affinity of DnaK for peptides; DnaK binds loosely in the ATP-bound state,
while it binds tightly in the ADP-bound form.20, 21 A major role of DnaK's non-enzyme
partners, DnaJ and GrpE, is to regulate this ATP cycling. Specifically, DnaJ and peptides
stimulate the rate of nucleotide hydrolysis in DnaK,22, 23 while GrpE accelerates release of
ADP and peptide.24 Together, the components of the DnaK-DnaJ-GrpE-peptide complex
work together to coordinate ATP hydrolysis and regulate dynamic binding to misfolded
proteins.

Each of the components of the DnaK-DnaJ-GrpE-peptide complex is thought to play an
important role in chaperone functions in vivo and this system is highly conserved in
mammals.15 Thus, inhibitors of the individual PPIs are expected to be powerful chemical
probes and these molecules may even find use in the treatment of bacterial infections, cancer
and neurodegenerative diseases.25 However, DnaJ and peptides each bind DnaK with weak,
micromolar affinities,26, 27 while GrpE binds DnaK over a large and topologically complex
surface (~2800 Å2).24 These partners interact with DnaK transiently (e.g. fast on - fast off),
acting as catalysts rather than stable binding partners. As evidence of this mechanism,
substoichiometric amounts of DnaJ are sufficient to convert DnaK from its ATP to ADP-
bound state under single turnover conditions.28 Further, structural studies on DnaK-DnaJ
have provided insight into the possible mechanism of this transient interaction, as the
protein-protein contact surface is shallow and almost entirely electrostatic,26 suggesting that
the two proteins form dynamic complexes that are able to form and dissolve rapidly. In E.
coli, the levels of DnaK are approximately 10-fold greater than the concentration of DnaJ or
GrpE, suggesting that this weak interaction is physiologically relevant.

As discussed above, it has proven especially challenging to find inhibitors of weak, transient
PPIs, such as those between DnaK-DnaJ.5 In this work, we sought to use the enzymatic
activities of the reconstituted DnaK-DnaJ, DnaK-GrpE and DnaK-peptide complexes as a
possible surrogate for the physical, bi-molecular interactions. We considered this approach
potentially feasible because, despite their moderate to weak affinities for DnaK, each of the
non-enzyme partners (DnaJ, GrpE and peptide substrates) produce dramatic effects on ATP
cycling, enhancing steady state hydrolysis by approximately 10-fold, 2-fold and 3-fold,
respectively.23, 29 Thus, even though they bind transiently, these non-enzyme “catalysts”
produce potent effects on nucleotide turnover.

In this study we measured phosphate release from eight distinct, reconstituted E. coli DnaK
complexes and screened a pilot chemical library for possible inhibitors. Strikingly, we found
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that both the identity of the non-enzyme (e.g. DnaJ or GrpE) and its stoichiometry relative to
DnaK (e.g. maximal or half-maximal) affected the number and types of inhibitors that were
identified. At least one of these molecules had the characteristics of a direct inhibitor of the
DnaK interaction with DnaJ, while another molecule operated at an allosteric site in DnaK
to block stimulation by GrpE. These results suggest that PPI inhibitors with interesting
mechanisms-of-action can be identified via screening reconstituted multi-protein complexes
in vitro. This approach might contribute to a growing arsenal of HTS methods for finding
inhibitors of challenging PPIs.

RESULTS
Design of HTS campaigns to identify inhibitors of the DnaK-DnaJ-GrpE-peptide system

We reasoned that one way to screen for inhibitors of weak PPIs might be to monitor the
functional consequences of the interactions (e.g. ATP hydrolysis), rather than measuring the
physical binding events themselves. This approach might be particularly well suited for
weak contacts, such as the one between DnaK and DnaJ, because these interactions are
technically challenging to directly measure using typical, HTS-compatible formats, such as
flow cytometry, FP, AlphaLisa or surface plasmon resonance (SPR).30, 31 Yet, the transient
PPIs between DnaK and DnaJ provide robust and readily measured changes in enzymatic
turnover.22, 23

Accordingly, a series of small-scale pilot screens was performed to better understand the
potential feasibility of such an approach. We first expressed and purified E. coli DnaK, DnaJ
and GrpE and synthesized a model peptide substrate with the sequence NRLLLTG.32 Using
an adaptation of a malachite green assay for detecting release of inorganic phosphate,33 we
confirmed that DnaJ, GrpE and the NRLLLTG peptide all stimulated the steady state
ATPase activity of DnaK. During these experiments, we also determined the stoichiometry
of each partner that was required to maximally and half-maximally promote hydrolysis
(Suppl. Fig 1A). For example, DnaJ stimulated the ATPase activity of DnaK (0.4 μM) with
a half-maximal concentration of 0.05 μM and reached full stimulation at ~6 μM, values
consistent with literature precedent. We then reconstituted DnaK with each of these partners
to establish a series of 8 different screening targets (screens A–H; Fig 1B). All of the screens
used the same amount of DnaK (0.4 μM) and varied only in the identity and stoichiometry
of the non-enzyme. In selecting this series of targets, we focused on exploring the effects of
molar ratio by either saturating the levels of the partners (screens A, C and E) or using half-
maximal amounts (screens B, D and F) (Fig 1B). We hypothesized that high levels of non-
enzyme partner might yield better signal:noise and Z' values, while half-maximal levels
might facilitate discovery of PPI inhibitors by decreasing competition between the test
molecules and the partner proteins. In addition to the binary complexes, we also assembled
ternary complexes of DnaK-DnaJ-peptide (screen G) and DnaK-GrpE-peptide (screen H).
Screen G was included because DnaJ and peptide are known to use synergistic allosteric
pathways to stimulate ATP hydrolysis,34 while screen H was included because GrpE alone
has a relatively modest effect on ATPase activity and we suspected that the signal:noise in
the DnaK-GrpE screens (screens C and D) may not be sufficient to achieve good screening
characteristics.

Parallel chemical screens yield inhibitors of distinct DnaK complexes
The series of reconstituted targets was screened against a pilot library of ~300 molecules.13

This library was composed of commercially available compounds and was assembled at the
University of Michigan's Center for Chemical Genomics. Guided by previous
observations,35 we specifically selected a library that is enriched with plant natural products
because these molecules are expected to yield relatively high “hit rates” (up to 3 or 4 % in
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some DnaK screens)35, allowing us to rapidly and cost effectively test the performance of
this HTS approach on a relatively small number of compounds. On each plate, 12 wells were
assigned to a positive control (e.g. lacking only the enzyme, DnaK) and 12 wells served as
negative controls (1% DMSO). Active molecules were defined as those that reduced the
signal by at least three standard deviations from the negative controls with intrinsic
fluorescence values less than 500 AFUs. Compounds that met these criteria were then
subject to dose response in triplicate and were considered “confirmed actives” if they had
IC50 values less than 75 μM (Fig 1B). Of the eight screens, only the DnaK-GrpE screen with
low GrpE levels (screen D) failed to give a Z' factor greater than the 0.5 cutoff due to a poor
signal:noise; thus, it was removed from subsequent analyses.

From the pilot screening results, a number of interesting observations were made. First,
seven compounds were identified that were inhibitors of all the reconstituted complexes,
regardless of their composition. The broad activity of these molecules suggests that they
may be competitive inhibitors of ATP binding in DnaK or that they interfere with the assay
(e.g. strong aggregators). More interesting were the compounds that acted on only specific
multi-protein complexes, but not others (“unique actives”; Fig 1B and 1C). For example, 10
compounds were identified as active in only the DnaK-DnaJ screen (screen B), but not the
screens involving GrpE or peptide (screens C, E and F). Likewise, 4 compounds were
inhibitors in the DnaK-GrpE screen (screen C), but not in the screens involving any of the
other non-enzymes. These results suggest that the combination of components chosen for the
screen may favor discovery of molecules exclusive for that pair. This is an interesting result
because the same enzyme, DnaK, is used in all of the parallel pilot screens. We speculate
that conformational changes, which occur as a consequence of the individual PPIs, might
create new opportunities for inhibitor binding. For example, the ADP-bound form of DnaK
is not heavily populated in the absence of DnaJ, because the rate limiting step, ATP
hydrolysis rate is slow.36 Thus, molecules that bind the ADP-bound state of DnaK might
only become potent when this state becomes significantly populated by the DnaJ-DnaK
interac. Another interesting observation was that screens of ternary combinations did not
reveal new compounds that were not already found in the relevant binary complexes (Fig
1C), although this result may be limited by the small size of the pilot library.

We also found that “saturating” the amount of non-enzyme (especially DnaJ or peptide)
tended to suppress the identification of inhibitors, consistent with the idea that half-maximal
levels are more permissive to inhibitor discovery (Fig 1B and Suppl. Fig 1B). For example,
dropping the level of DnaJ to its half-maximal concentration (0.05 μM) increased the
number of confirmed actives from 11 to 23 (Fig. 1B). This observation is interesting because
HTS campaigns, at least in our experience, typically start with the goal of optimizing the
signal:noise in order to obtain the best possible screening statistics (e.g. Z' factor, etc). Thus,
while this approach is technically sound (and in some cases required), maximizing the signal
in a PPI assay may, in some cases, create a disadvantage for the discovery of inhibitors.
Together, these studies provided insights into the design principles and implementation
strategies for screens against reconstituted multi-protein complexes.

Next, we wanted to explore this HTS concept in studies of larger and more diverse chemical
collections. In these studies, we focused on the DnaK-DnaJ (screen B) and DnaK-GrpE
(screen C) combinations for re-screening against an expanded collection of ~3880 known
bioactive molecules, including the MS2000 and NCC libraries. These compounds were
screened at ~50 μM in 384-well plate format using a quinaldine red-based modification of
the malachite green assay.37 The Z' factors from these screens were between 0.6 and 0.7 and
CV values were between 6 and 9% (Fig 1B). The primary actives were subject to the same
triage criteria as in the pilot screens, yielding 31 confirmed hits against DnaK-DnaJ and 18
against DnaK-GrpE. Of these compounds, 10 were common to both DnaJ and GrpE, leaving
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21 unique hits for DnaK-DnaJ and 8 for DnaK-GrpE (Fig 1D). The unique inhibitors of
DnaK-DnaJ included myricetin (Myr) and zafirlukast (Zaf), which were previously
identified as inhibitors of DnaK-DnaJ.14, 35 In addition, these screens revealed a number of
additional molecules, including pancuronium bromide (PaBr) and telmisartan (Tel), which
appeared as actives in the DnaK-GrpE screen but not the DnaK-DnaJ screen (Fig 1D).

Using re-purchased compounds, we confirmed that Myr and Zaf are only inhibitors of the
DnaK-DnaJ combination (Fig 2A), while Tel and PaBr were only inhibitors of the DnaK-
GrpE combination (Fig 2B). For example, Zaf inhibited DnaJ-stimulated ATPase activity
(IC50 = 37 ± 1.1 μM) but it did not have a pronounced effect on GrpE-stimulation (IC50 >
200 μM). Because PaBr is weakly soluble and the activity of Myr has already been
reported,35 we selected Zaf and Tel as test molecules for further characterization.
Specifically, we measured the activity of these molecules against each of the possible binary
combinations (DnaK-DnaJ, DnaK-GrpE and DnaK-peptide) and against DnaK's intrinsic
ATPase activity. In these studies, we varied the levels of each non-enzyme and tested if
compounds could interfere with the individual stimulatory activities. These results showed
that Zaf is able to suppress the activity of DnaK-DnaJ, but that it had weak or no activity
against DnaK-GrpE or DnaK alone (Fig 2C). In contrast, Tel had little activity against DnaK
alone or the complexes containing DnaJ or peptide, but it significantly inhibited the DnaK-
GrpE combination (Fig 2D).

It is worth noting that these HTS “hits” are unlikely to be selective for the DnaK system in
cells. In fact, both Zaf and Tel are already FDA-approved drugs with previously known
targets: Zaf is a leukotriene receptor antagonist used in the treatment of asthma,38 while Tel
is an angiotensin II receptor antagonist and selective modulator of peroxisome proliferator-
activated receptor gamma (PPAR-γ).39 Although we did not consider Zaf or Tel to be
particularly strong leads for further development, we wanted to explore their mechanisms-
of-action to begin defining the general ways that compounds might interfere with the
functions of the DnaK multi-protein systems. Specifically, we were interested in whether
these molecules might directly compete with non-enzyme partners for binding to DnaK
(“orthosteric” inhibitors) or whether they might impact the communication between DnaK
and the non-enzymes without disrupting the PPI itself (e.g. by binding to an important
allosteric site).

Zafirlukast preferentially binds ADP-DnaK and enhances DnaK's affinity for
substrate—To explore the mechanism by which Zaf inhibits the DnaK-DnaJ combination,
we first tested whether it interacted with DnaK using intrinsic tryptophan fluorescence.
DnaK has a single tryptophan located at the NBD-SBD interface (Fig 3A), and this residue
is commonly used to probe structural changes in DnaK.40 When DnaK (5 μM) was
incubated with 25 μM or 100 μM of Zaf, the fluorescence intensity at 342 nm decreased by
~25% and the peak shifted by ~ 2 nm (Suppl. Fig 2A), suggesting that Zaf binds to DnaK.
Using this approach, dose-dependent changes in tryptophan fluorescence were measured
and, interestingly, we found that the apparent affinity (KD) was dependent on nucleotide:
Zaf bound DnaK with a KD of 52 ± 12 μM in the presence of ADP (Fig 3A) but its KD was
greater than 100 μM for ATP-bound DnaK (Suppl. Fig 2B). The ADP-bound form of DnaK
is known to have a better affinity for peptide substrates.19 Thus, to test whether Zaf could
stabilize the “tight binding” form of DnaK, we measured the affinity of DnaK for a
fluorescent 10-mer peptide derived from the MHC class I antigen HLA-B2702 (FITC-
HLA). We first confirmed that FITC-HLA binds to DnaK with low micromolar affinity
using a fluorescence polarization (FP) assay (Suppl. Fig 2D). This affinity is similar to what
had been previously found for binding of FITC-HLA to human Hsp70.41 Addition of Zaf
enhanced the apparent affinity of DnaK for FITC-HLA (Fig 3B), suggesting that it stabilizes
the tight-binding form of DnaK. To better understand the relationship between Zaf and
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nucleotide binding, we performed additional FP studies with a fluorescent nucleotide analog
(FAM-ATP). In this assay, Zaf was unable to compete with FAM-ATP for binding to DnaK
(Suppl. Fig 2C), suggesting that it binds outside the ATP-binding cleft to stabilize the ADP-
bound state. Finally, we tested whether Zaf might block binding of labeled DnaJ to DnaK,
using a fluorescence-quenching assay.35 In this platform, Zaf slightly weakened binding of
DnaJ to DnaK by ~1.8 fold (Fig 3C). Although this effect did not reach statistical
significance it was nonetheless reproducible, suggesting that Zaf might partially block this
PPI. Together, these studies suggest that Zaf binds the ADP-bound form of DnaK, stabilizes
binding to peptides and partially inhibits physical interactions with DnaJ.

Telmisartan interacts with the IB subdomain of DnaK and allosterically
inhibits nucleotide affinity—To elucidate the mechanism of Tel inhibition, we first
tested whether the molecule might bind to DnaK using the tryptophan fluorescence assay
described above. Unfortunately, Tel interfered with the Trp fluorescence signature,
preventing interpretation of those studies (data not shown). However, a recent mutagenesis
study suggested a pocket in DnaK that might be involved in Tel-mediated inhibition of GrpE
function.42 Specifically, it was recently found that mutations in the IB and IIB subdomains
of DnaK, including Phe67, Arg71, Phe91 and Lys263, suppresses the ability of GrpE to
stimulate DnaK's ATPase activity. Because the behavior of these mutants was similar to
what was seen with Tel addition, we hypothesized that the compound might also bind in this
region. To test this model, we used induced fit docking to generate a model of Tel bound to
the putative binding pocket in the NBD of DnaK (see the Materials and Methods). This
simulation suggested that Tel might bind between the IB and IIB subdomains and, in the two
best energy orientations, Tel was predicted to make hydrophobic contacts with a series of
residues (Fig 4A). To test this prediction, we titrated Tel into a sample of 15N DnaKNBD
(residues 1–388) and performed the TROSY-HSQC NMR experiment (Fig 4B). Analysis of
the results suggested a number of strong (two standard deviations, 2σ) and intermediate (at
least one standard deviation, 1σ) chemical shift perturbations. Mapping these chemical shifts
onto the DnaKNBD crystal structure (1DKG) supported the idea that Tel binds to the 1B
subdomain of the chaperone (Fig 4B and Suppl. Fig 3). Residues with the largest change in
chemical shift were found in the site predicted by computational docking to bind Tel.
Additional residues were clustered in surface-exposed regions of the NBD, which could
arise from allosteric interactions. We did not observe any binding of Tel to either DnaJ or
GrpE by isothermal calorimetry (ITC) (KD > 100 μM) (Suppl. Fig 4A, B). Together with the
NMR data, the results confirm that Tel binds to DnaK in the NBD, but not to either of the
co-chaperones.

To further explore the binding site suggested by the docking and NMR studies, we mutated
some of the nearby residues (Arg56 and Met89) in the pocket and an unrelated residue,
Asp23342 and measured the ability of Tel to block GrpE-stimulation of these mutants using
ATPase assays. These studies showed that both R56A and M89A were resistant to Tel,
while the control mutant (D233A) was identical to wild type (~1.5-fold increase in Km) (Fig
4C). Together, these results suggest that Tel might bind in a pocket between the IB and IIB
subdomains of DnaK. Interestingly, this predicted binding site does not overlap with the
surface of DnaK that is normally bound to GrpE24 (Fig 4D), suggesting that Tel acts through
an allosteric mechanism. In fact, Tel had no effect on the physical interaction between DnaK
and GrpE, as measured by the fluorescence-quenching assay (Suppl. Fig 4C). Together,
these data suggest that Tel may interrupt allosteric conformational changes that occur in
DnaK upon binding of GrpE, without blocking their physical interaction.

Although both Tel and Zaf were identified as inhibitors of DnaK's ATPase activity in the
primary HTS experiments, the subsequent mechanistic studies showed that they had very
different mechanisms. For example, while Zaf dramatically enhanced binding of DnaK to
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FITC-HLA in the FP assay and had no effect on nucleotide affinity, Tel had no effect on
FITC-HLA binding (Suppl. Fig 4D) and it interfered with binding to FAM-ATP (Suppl. Fig
4E). Thus, although both Tel and Zaf might be considered “inhibitors” of DnaK, they have
distinct mechanisms and they target different co-chaperone activities.

DISCUSSION
Chemical screens yield molecules with distinct inhibitory mechanisms

There is growing interest in targeting PPIs and an emerging realization that not all PPIs are
equally amenable to HTS-based methods. We performed pilot screens using eight different
combinations of DnaK with its various non-enzyme partners to explore whether stimulated
enzymatic activity might be used as a surrogate for transient or challenging PPIs. An
interesting observation from the pilot screens was that changing the identity of the non-
enzyme component (e.g. switching DnaJ for GrpE) allowed discovery of “unique actives”
(e.g. those some compounds that inhibit one combination and not others). On first glance,
this finding is counterintuitive, because the same enzyme, DnaK, was used in all of the
screens. Why might changing the identity of the non-enzyme favor discovery of unique
actives? It would seem unlikely that these compounds could be competitive with nucleotide,
because such molecules would be expected to be inhibitors of all the combinations. Rather,
our limited follow-up studies on Zaf and Tel (see Figs 3 and 4) suggest that the molecules
identified using this HTS approach may be more likely to disrupt specific PPIs or PPI-
induced conformational changes. Another theoretical way that unique actives might emerge
from these types of screens is through the action of the compounds on the non-enzyme (e.g.
DnaJ or GrpE) itself. It is important to note that we cannot fully discount the possibility that
Tel or Zaf might weakly bind to GrpE or DnaJ, although we were unable to measure such an
interaction. However, it seems logical that such mechanisms will be identified in screens of
larger chemical collections.

Following the pilot screens, we examined ~3,800 compounds for their ability to inhibit
ATPase activity of either the DnaK-DnaJ or DnaK-GrpE complexes. These studies
confirmed the results of the pilot screens and led to the identification of a number of
molecules that targeted one complex without influencing the other. To understand what
types of mechanisms these molecules might have, we explored the activity of Zaf and Tel in
a series of secondary assays. These assays were designed to reveal effects on PPIs and the
biochemical activities of the DnaK systems. Interestingly, we found that Zaf only inhibited
the ATPase activity of the DnaK-DnaJ combination and that it weakened the physical
interaction between DnaK and DnaJ (see Fig 3). Also, this molecule bound the ADP-bound
form of DnaK and stabilized substrate-DnaK complexes. Based on these findings, a likely
mechanism is that DnaJ first promotes ATP hydrolysis in DnaK, followed by binding of Zaf
to ADP-DnaK, which traps this nucleotide state. This “dead-end” complex appears to have a
weak ability to re-bind to DnaJ, but a strong ability to remain bound to peptide substrates. It
is known that DnaJ binds poorly to DnaK in the ADP-bound form.19 Thus, the effects of Zaf
on the DnaK-DnaJ interaction are likely due to trapping of the “dead-end” ADP-bound
complex. Interestingly, stabilization of the ADP-bound form of Hsp70s reduces
accumulation of proteotoxic proteins in cellular and animal models of neurodegenerative
disease,43, 44 so this step in the ATPase cycle appears to be especially important in protein
quality control. Molecules with a mechanism-of-action (MoA) similar to Zaf might be useful
in those settings and, more importantly, this HTS approach might be a good platform for
identifying compounds with this MoA.

In contrast to Zaf, Tel was identified as an inhibitor of the DnaK-GrpE combination, with
little effect on the DnaJ-DnaK or other combinations. Interestingly, Tel appeared to block
GrpE activity without impacting the physical interaction between these partners. Rather,
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NMR, mutagenesis and modeling results suggest that Tel might bind between the IB and IIB
subdomains, on the opposite face of DnaK than the one involved in GrpE binding (see Fig
4). How might binding in this region impact GrpE function without impacting its affinity for
DnaK? GrpE normally rotates the IIB subdomain relative to IB and opens the nucleotide-
binding cleft.45 Thus, one possibility is that Tel might interfere with the conformational
transitions needed to couple GrpE binding with its effects on ADP release, perhaps by
limiting mobility of the IIB subdomain. Tel also had a mild (2-fold) effect on FAM-ATP
binding (see Suppl. Fig 3), but it isn't yet clear how this reduced nucleotide affinity might
relate to its inhibition of GrpE stimulation.

CONCLUSIONS
A growing number of studies have reported potent inhibitors of PPIs, including both small
molecules and protein mimics that either directly7 or allosterically46 inhibit the formation of
protein complexes. These molecules have great promise as chemical probes for better
understanding the biology and “druggability” of multi-protein complexes. Against this
backdrop, the studies described here provide an HTS approach that appears to be
particularly well suited for finding orthosteric and/or allosteric inhibitors of challenging
PPIs, especially those in which the interaction produces a measurable change in enzyme
turnover rates.

METHODS
Reagents and general methods

Myricetin (Myr) was purchased from Sigma (St. Louis, MO), zafirlukast (Zaf) from Cayman
Chemical (Ann Arbor, MI), pancuronium bromide (PaBr) from Santa Cruz Biotechnology
(Santa Cruz, CA), and telmisartan (Tel) from AK Scientific (Union City, CA). The identities
and purities (> 90%) of all compounds were confirmed by NMR and mass spectrometry.
Alexa Fluor 488 was purchased from Invitrogen, and BHQ-10 carboxylic acid was obtained
from Biosearch Technologies. All other biological reagents were obtained from Sigma (St.
Louis, MO) unless otherwise noted. All spectroscopic measurements were obtained using a
SpectraMax M5 microplate reader (Molecular Devices).

Peptide synthesis
The peptide FITC-HLA (RENLRIARLY) was synthesized on Wang resin using microwave-
assisted DIC/HOBt solid-phase peptide synthesis. It was capped with two β-alanine residues
and labeled on resin via the N-terminus with fluorescein-5-isothiocyanate (Anaspec). Crude
TFA-cleaved peptide (> 90% purity) was extracted with ether and stored in DMSO as a
concentrated stock at −20 °C until use. The NR peptide (NRLLLTG) was synthesized on
Wang resin, cleaved with TFA, precipitated with ether, and purified with reverse-phase
HPLC using 0.1% TFA/CH3CN solvent system (>95% purity). The masses of the peptides
were verified using electrospray ionization mass spectrometry.

Protein expression and purification
DnaK, DnaJ, and GrpE were expressed and purified as previously described,14 using a His
column and subsequent cleavage of the His tag by TEV protease. DnaK was further purified
using an ATP column, while both DnaJ and GrpE were subjected to final purification on a
Superdex 200 gel filtration column (GE Healthcare). All proteins were concentrated and
stored in 25 mM HEPES buffer containing 10 mM KCl and 5 mM MgCl2 (pH 7.5) until use.
Protein purities were estimated at greater than 90% by SDS-2 PAGE. The BCA
(bicinchoninic acid) assay kit (Thermo Fisher Scientific Inc) was used to measure total
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protein concentration and the activity of the purified proteins was verified with the described
ATPase assays.

High-throughput screening
The high-throughput screening methodology was developed following previously published
protocols.13, 14 The libraries used were a natural product library,35 the NCC collection of
~500 bioactive molecules and the MicroSource MS2000 library containing ~2000
bioactives. The quinaldine red (QR) reagent was prepared fresh for each experiment by
mixing stock solutions of 0.05% QR, 2% polyvinyl alcohol, 6% ammonium heptamolybdate
tetrahydrate in 6 M HCl, and water in a 2:1:1:2 ratio. DnaK at 0.4 μM and the indicated
concentrations of co-chaperones (DnaJ, GrpE, or NRLLLTG) were diluted into assay buffer
(100 mM Tris-HCl, 20 mM KCl, 6 mM MgCl2, 0.01% Triton-X, pH 7.4), and 5 μL of this
solution was added to each well of a white, opaque, low-volume 384-well plate (Greiner
Bio-One). To this solution, 200 nL of compound stocks (2 μM) or DMSO was added to each
well for a final screening concentration of ~55 μM. ATP (1 mM) was added to begin the
reaction, followed by incubation for 3 hours at 37 °C. QR reagent (15 μL) was added and the
reaction was quenched with 2 μL of 32% sodium citrate after 2 minutes. Following
incubation at 37 °C for 15 minutes, the fluorescence intensity (excitation 430 nm, emission
530 nm) was measured on a PHERAstar plate reader. Standard curves were obtained using
stock solutions of dibasic potassium phosphate. Z' scores were calculated using no DnaK
solutions as the positive control (100% “inhibited”) and DMSO-treated samples as the
negative control (0% inhibited).

ATPase assays
ATPase assays were performed as described.13, 14 Stock solutions of DnaK, DnaJ, or GrpE
were made in assay buffer (100 mM Tris-HCl, 20 mM KCl, 6 mM MgCl2, pH 7.4). Unless
otherwise noted, the DnaK concentration was 0.6 μM, while DnaJ and GrpE concentrations
are indicated. If applicable, stock solutions of compound were made in DMSO, then diluted
into 15 μL of assay buffer and protein in clear, flat-bottom 96-well plates (Thermo Fisher
Scientific Inc) to the final concentrations noted. Absorbance was measured at 620 nm. Data
were fit to the Michaelis-Menten equation (Y = VmaxX/[Km + X]) in GraphPad PRISM.

Tryptophan fluorescence
Tryptophan fluorescence was measured as previously described.13, 14 DnaK was diluted to 5
μM in storage buffer containing 1 mM of nucleotide and Zaf at the indicated concentrations,
with a total volume of 25 μL in black, flat-bottom 96-well plates (Costar). The mixture was
incubated for 30 minutes at 37 °C in the dark, and either the emission spectrum between 300
and 450 nm or emission at 340 nm (excitation 290 nm) was measured. Binding data were fit
to a form of the Langmuir isotherm (Y = BmaxX/[Kd + X]).

Fluorescence quenching
DnaK and DnaJ/GrpE were labeled with Alexa Fluor 488 and BHQ-10 carboxylic acid,
respectively, and their binding affinity was measured by FRET as previously described.13, 14

Briefly, compound was diluted to the final indicated assay concentration from a
concentrated DMSO stock into 20 μL of assay buffer (50 mM HEPES, 75 mM NaCl, pH
7.2) containing 50 nM labeled DnaK, labeled DnaJ at the noted concentrations, and 1 mM
ATP. Following incubation for 1 hour at 37 °C, fluorescence at 525 nm (excitation 480 nm,
cutoff 515 nm) was measured. The compounds did not affect either the fluorescence of
Alexa-labeled DnaK or the absorbance spectra of BHQ-10 labeled partner. Binding data
were fit to the Langmuir isotherm, as described above. Statistical significance was
determined using an unpaired t-test.
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Fluorescence polarization
Binding of fluorescent peptide (FITC-HLA) to DnaK was carried out using the method of
Ricci and Williams,41 with minor modifications. In a black, round-bottom, low-volume 384-
well plate (Corning), 5 μM DnaK and 1 mM ATP in 10 μL of assay buffer (25 mM HEPES,
150 mM KCl, pH 7.2) were incubated with the indicated compound concentrations or a
solvent control for 30 minutes at room temperature. A stock of FITC-HLA was diluted to 25
nM into each well, for a total volume of 20 μL. The plate was incubated in the dark for 10
minutes at room temperature before reading fluorescence polarization (excitation 494 nm,
emission 519 nm). The dose response data was fit to the Hill equation (Y = Emax/[1 + (EC50/
X)nH]), providing EC50 values.

We also measured binding of a fluorescent ATP analog, N6-(6-Amino)hexyl-ATP-5-FAM
(FAM-ATP) (Axxora LLC), to DnaK using a fluorescence polarization binding assay. An
aqueous stock of FAM-ATP was diluted to 20 nM in assay buffer (100 mM Tris-HCl, 20
mM KCl, 6 mM MgCl2, pH 7.4) and titrated with DnaK in a black, round-bottom, low-
volume, 384-well plate (Corning) in a total volume of 20 μL. The plate was incubated in the
dark for 10 minutes at room temperature before reading fluorescence polarization (excitation
485 nm, emission 535 nm). Binding data were fit to the Langmuir equation as described
above. Competition data were fit to the Hill equation.

Docking
We used AutoDock 4 to simulate binding of Tel to DnaKNBD. First, GrpE was removed
from the crystal structure (PDB: 1DKG). For the computations, we used published
parameters.47 The grid box was located between the IB and IIB subdomains, near the top of
the nucleotide-binding cleft, with 0.2Å resolution. Docked conformations were evaluated
using PyMOL. The calculations were performed on an Apple MacBook5.1 running Mac OS
X 10.6.8.

Isothermal titration calorimetry
Isothermal calorimetric titrations were performed on a VP-ITC MicroCalorimeter
(MicroCal, Inc.) at 25 °C. DnaJ or GrpE were diluted into buffer containing 25 mM HEPES
(pH 7.5), 5 mM MgCl2, 10 mM KCl, 5 mM TCEP, and 0.5% DMSO to a final concentration
of 10 μM. Protein samples were extensively dialyzed and added into the calorimetric cell
(cell volume = 1.43 mL). DnaJ and GrpE were individually titrated with 100 μM Tel in 30 ×
10 μL increments. Injections were performed at 2 μL/s. Data were analyzed using Microcal
Origin (v2.9).

NMR
Binding of Tel to DnaKNBD was measured by 2D HSQC-TROSY NMR on a Varian/Agilent
800 MHz NMR system, using methods that were previously described.47 Briefly, small
aliquots of compound solution (100 mM in DMSO) were added to 15N-labeled
DnaKNBD(1-388) (100 μM) in NMR buffer (25 mM Tris, 10 mM MgCl2, 5 mM KCl,
10% 2H2O, 0.01% sodium azide, pH 7.1, 5 mM ADP, 10 mM potassium phosphate).
Identical aliquots of DMSO without compound were added to the protein sample in NMR
control experiments. Residues were selected as significantly affected if the compound-
induced chemical shift, correcting for the shift with DMSO alone, were above one standard
deviation (1σ; see Suppl. Fig. 3).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig 1.
High throughput screens identify selective inhibitors of individual multi-protein complexes.
(A) Schematic of the DnaK-DnaJ-GrpE-substrate system. Nucleotide hydrolysis by DnaK is
stimulated by DnaJ and peptide substrate, while GrpE stimulates ADP and peptide substrate
release. (B) Results of eight parallel, pilot HTS campaigns. The indicated non-enzyme
partner was added at an amount that either saturated steady state ATP hydrolysis or at the
half maximal amount (Km, app). Confirmed actives = repeated in triplicate, dose response <
75 μM. Unique actives = compounds found with a specific non-enzyme but not the others.
(C) Comparison of the actives from screening 3,880 molecules against the DnaK-DnaJ and
DnaK-GrpE combinations in 384-well plates. In these screens, DnaJ was used at Km, app
and GrpE at saturation. The chemical structures of representative unique actives are shown.
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Fig 2.
Active compounds identified in the binary HTS experiments are selective for either DnaJ- or
GrpE-stimulated ATPase activity. (A) Zaf and Myr inhibit ATPase activity of the DnaK-
DnaJ complex. Results are the representative averages of triplicate of three independent
experiments. Error bars represent SEM. (B) Tel and PaBr inhibit the DnaK-GrpE complex.
(C and D) The ATPase activity of either DnaK alone or DnaK stimulated by DnaJ, GrpE or
peptide substrate (NRLLLTG) was measured at three concentrations of Zaf (C) or Tel (D).
Zaf has activity against the DnaK-DnaJ and DnaK-substrate combinations, with weak
activity against the DnaK alone or DnaK-GrpE combinations. Conversely, Tel inhibited the
DnaK-GrpE pair, but had weak activity against the others. All experiments are the
representative averages of triplicate of three independent experiments, and the error bars
represent SEM. Curves were fit to the Michaelis-Menten equation.
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Fig 3.
Zaf binds the ADP-bound form of DnaK and enhances the apparent affinity of DnaK for
substrates. (A) Intrinsic Trp fluorescence of DnaK in the presence of ADP (1 mM) and Zaf.
Zaf had no effect on Trp fluorescence in the ATP- bound states (p = 0.06) (Suppl. Fig 2).
Results are the representative averages of triplicate of three independent experiments, and
the error bars represent SEM. (B) Zaf enhances the apparent affinity of DnaK for a model
peptide substrate (FITC-HLA), as measured by fluorescence polarization (FP). (C) Zaf
partially inhibits binding of DnaJ to DnaK. DnaK and DnaJ were labeled with a fluorescence
quench pair, as described in the Materials and Methods. Zaf weakened the interaction by ~2-
fold (p = 0.07). Binding curves were fit to the Langmuir binding equation; dose response
curves were fit to the Hill equation.
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Fig 4.
Tel binds subdomain IB in DnaK to allosterically block GrpE activity. (A) Results of
docking Tel to the IB subdomain, showing the two lowest energy conformations (see the
Materials and Methods for details). GrpE is removed from the structure (PDB 1DKG) for
clarity. (B) Titration of Tel into the nucleotide-binding domain of DnaK (15N DnaKNBD)
provided NMR chemical shifts that support the binding of Tel to DnaK. Red = > 2σ shift;
Yellow > 1σ shift; Green < 1 s shift; Gray = unassigned or overlapped (see Suppl. Fig. 3).
(C) Mutation of residues in the predicted docking site supports the proposed Tel-binding
site. Tel inhibits GrpE stimulation of wild type and a control mutant (D233A), but mutations
near the proposed binding site (R56A and M89A) were resistant. Results of the ATPase
assays are the average of triplicates and error bars represent SEM. (D) Overlay of Tel-
sensitive residues on the co-crystal structure of DnaK's NBD in complex with GrpE. Red =
mutations that block GrpE stimulation. Blue = mutations that block Tel activity. Yellow =
residues predicted to bind Tel by docking.
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