
Split Renilla Luciferase Protein Fragment-assisted
Complementation (SRL-PFAC) to Characterize Hsp90-Cdc37
Complex and Identify Critical Residues in Protein/Protein
Interactions*

Received for publication, January 12, 2010, and in revised form, April 2, 2010 Published, JBC Papers in Press, April 22, 2010, DOI 10.1074/jbc.M110.103390

Yiqun Jiang‡§, Denzil Bernard¶, Yanke Yu‡, Yehua Xie‡, Tao Zhang‡, Yanyan Li‡, Joseph P. Burnett‡, Xueqi Fu§1,
Shaomeng Wang¶2, and Duxin Sun‡3

From the ‡Department of Pharmaceutical Sciences, College of Pharmacy, and ¶Comprehensive Cancer Center, Departments of
Internal Medicine, Pharmacology and Medicinal Chemistry, University of Michigan, Ann Arbor, Michigan 48109 and the §Edmond
H. Fischer Signal Transduction Laboratory, College of Life Sciences, Jilin University, Changchun 130023, China

Hsp90 requires cochaperone Cdc37 to load its clients to
the Hsp90 superchaperone complex. The purpose of this
study was to utilize split Renilla luciferase protein fragment-
assisted complementation (SRL-PFAC) bioluminescence to
study the full-length human Hsp90-Cdc37 complex and to
identity critical residues and their contributions for Hsp90/
Cdc37 interaction in living cells. SRL-PFAC showed that full-
length human Hsp90/Cdc37 interaction restored dramatically
high luciferase activity through Hsp90-Cdc37-assisted comple-
mentation of the N and C termini of luciferase (compared with
the set of controls). Immunoprecipitation confirmed that the
expressed fusion proteins (NRL-Hsp90 and Cdc37-CRL) pre-
served their ability to interact with each other and also with
native Hsp90 or Cdc37.Molecular dynamic simulation revealed
several critical residues in the two interaction patches (hydro-
phobic and polar) at the interface ofHsp90/Cdc37.Mutagenesis
confirmed the critical residues for Hsp90-Cdc37 complex for-
mation. SRL-PFAC bioluminescence evaluated the contribu-
tions of these critical residues in Hsp90/Cdc37 interaction. The
results showed that mutations in Hsp90 (Q133A, F134A, and
A121N) and mutations in Cdc37 (M164A, R167A, L205A, and
Q208A) reduced the Hsp90/Cdc37 interaction by 70–95% as
measured by the resorted luciferase activity through Hsp90-
Cdc37-assisted complementation. In comparison, mutations in
Hsp90 (E47A and S113A) and a mutation in Cdc37 (A204E)
decreased the Hsp90/Cdc37 interaction by 50%. In contrast,
mutations of Hsp90 (R46A, S50A, C481A, and C598A) and
mutations in Cdc37 (C54S, C57S, and C64S) did not change
Hsp90/Cdc37 interactions. The data suggest that single amino
acid mutation in the interface of Hsp90/Cdc37 is sufficient to
disrupt its interaction, although Hsp90/Cdc37 interactions are

through large regions of hydrophobic and polar interactions.
These findings provides a rationale to develop inhibitors for dis-
ruption of the Hsp90/Cdc37 interaction.

The 90-kDa heat shock protein (Hsp90)4 is a ubiquitous
and essential molecular chaperone with multiple functions
in eukaryotic cells under both stressed and nonstressed condi-
tions (1, 2). It plays a central role in post-translational folding
and stability of over 100 signaling proteins, including steroid
hormone receptors, the dioxin receptor, growth factor recep-
tors, transcription factors, protein kinases, and enzymes (3).
Many of these Hsp90 clients are crucial in tumorigenesis, and
when these proteins are dysregulated, they contribute to the
hallmark traits of cancer. It has also been reported that the
expression of Hsp90 in cancer cells is 2–10-fold higher com-
pared with their normal counterparts (4). Therefore, tumor
cells show much more sensitivity when subjected to Hsp90
inhibition than nontransformed cells (5), which suggests the
important function of Hsp90 in tumor progression.
Hsp90 consists of the following three highly conserved do-

mains: a 25-kDa N-terminal domain, a 35-kDa middle domain,
and a 10-kDaC-terminal domain (6). Anucleotide binding pocket
is located on the N terminus, by which ATP binds Hsp90 and is
subsequently hydrolyzed to induce a conformational change of
Hsp90. These conformational changes help Hsp90 to interact
with various cochaperones to form different complexes in the
chaperoning cycles (7–9). Themiddle segment ofHsp90 is con-
sidered to be a major site for binding client proteins (10), and
the C terminus is essential for Hsp90 dimerization (8).
Hsp90 interacts withmultiple cochaperones to form a super-

chaperone complex, including Cdc37, Aha1, p23/Sba1, Hop,
Hsp70, and Hsp40 (8, 11, 12). Each component in the complex
has its own function associated with different types of clients.
Cdc37, originally named as p50, was reported as an accessory
factor to load the subset of protein kinases to Hsp90 in the
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intermediate Hsp90 superchaperone complex (13–15). Silenc-
ing Cdc37 reduces expression of the Hsp90 clients ERBB2,
CRAF, CDK4, CDK6, and phosphorylated AKT, which are
highly relevant to cancer progression (16). The involvement of
the Hsp90-Cdc37 complex in the maturation and activity of
oncogenic protein kinases makes the complex a potential ther-
apeutic target for cancer chemotherapy. Recently, a quinone
methide triterpene compound celastrol was shown to disrupt
Hsp90/Cdc37 interaction and exhibited anticancer activity (17,
18), supporting the potential application of disrupting the pro-
tein/protein interaction of theHsp90-Cdc37 complex in cancer
therapy.
Cdc37 is composed of the following three domains: a 15.5-

kDa N-terminal domain (residues 1–127), a 16-kDa middle
domain (residues 147–276), and a 10.5-kDaC-terminal domain
(residues 283–378) (19, 20). Cdc37 forms a complex with the N
terminus of Hsp90 through its middle and C-terminal portions
(21, 22). Crystal structures of yeast Hsp90 and human Cdc37
revealed that the interaction between the two proteins is
through a flat hydrophobic patch and is reinforced by a network
of polar interactions, burying �1056 Å2 of the molecular sur-
face (21). NMR mapping using human N-terminal Hsp90 (res-
idues 18–223) and middle terminal Cdc37 (residues 147–276)
fragments further showed a series of residues in the interaction
patch, including Ser-113, Lys-116, Ala-117, Glu-120, Ala-121,
Ala-124,Ala-126,Met-130,Gln-133, andPhe-134 ofHsp90 and
His-161, Met-164, Leu-165, Arg-166, Arg-167, Asp-170, Trp-
193, Ala-204, Leu-205, and Gln-208 of Cdc37 (23).
However, the crystallographic study of yeast Hsp90/human

Cdc37 interaction and NMR of human Hsp90/human Cdc37
interaction only used fragments ofHsp90 andCdc37, due to the
large size of full-length Hsp90 and Cdc37. In addition, the crys-
tal structure of Hsp90/Cdc37 using yeast Hsp90, and the amino
acids involved in Hsp90/Cdc37 interactions revealed by NMR
and crystallography have not been fully validated (21, 23). Fur-
thermore, the study of Hsp90/Cdc37 interactions has been lim-
ited to the use of purified protein fragments or immunoprecipi-
tation using cell lines (24–26). Because these methods are
sensitive to the ionic strength of the detergents/buffers, they
may not truly reflect the nature of interactions betweenHsp90/
Cdc37 in intact living cells.
Therefore, in this study, we have utilized a bioluminescence

imaging, SRL-PFAC, to study full-length humanHsp90/human
Cdc37 interaction in living cells. SRL-PFAC imaging system
was developed by Paulmurugan and Gambhir (27). It is a com-
plementation-based bioluminescence assay to quantitatively
measure real time protein/protein interactions in living cells. It
is based on division of the full-lengthRenilla luciferase into two
separate inactive halves that can reconstitute function upon
complementation. When fused to two interacting proteins, the
luciferase reporter fragments are complemented upon associa-
tion of the interacting proteins, thus showing different degrees
of bioluminescence due to different levels of protein interaction
(27–29). In our study, we applied SRL-PFAC to identify critical
amino acid residues for the formation of the full-length human
Hsp90-Cdc37 complex and evaluated the contributions of the
critical amino acid residues in the interaction of Hsp90/Cdc37
in living cells. In addition,we used computationalmodeling and

molecular dynamics simulations to evaluate the details of the
interaction interface of Hsp90-Cdc37 complex. These critical
interacting amino acid residues were confirmed by mutagene-
sis, and their contributions in Hsp90/Cdc37 interaction were
evaluated using the SRL-PFAC system in living cells. We found
that although Hsp90/Cdc37 interactions are through both
hydrophobic and polar interactions, mutation in a single amino
acid residue in the hydrophobic patch or the polar interaction
patch of either Hsp90 or Cdc37, including Ala-121, Gln-133,
and Phe-134 in Hsp90 and Met-164, Arg-167, Leu-205, and
Gln-208 in Cdc37, is sufficient to disrupt the Hsp90/Cdc37
interaction. These finding provides a rationale to develop
inhibitors for disruption of the Hsp90/Cdc37 interaction.

EXPERIMENTAL PROCEDURES

Chemicals—The pCR-BluntII-TOPO vector encoding cDNA
for human Hsp90� and pINCY vector encoding human Cdc37
were purchased from Open Biosystems (Huntsville, AL). The
pG5Luc vector encoding the full-length firefly luciferase (FL)
and pGL4.75 [hRluc/CMV] vector encoding Renilla luciferase
(RL), the Dual-Luciferase reporter assay system kit, and the
EnduRen Live Cell Substrate were purchased from Promega
(Madison, WI). Endonuclease enzymes were purchased from
New England Biolabs (Ipswich, MA). pcDNA3.1(�) vector,
TaqDNA polymerase, T4 DNA ligase, and Lipofectamine2000
transfection reagents, bacteria culture media, and ampicillin
were purchased from Invitrogen. Plasmid purification, DNA
gel extraction, and PCR purification kits were purchased from
Qiagen (Valencia, CA). All site-directed mutants were per-
formed using the Stratagenemultisite-directedmutagenesis kit
(La Jolla, CA). Native coelenterazine was purchased from
Nanolight Technology (Pinetop, AZ). Cell culture media, fetal
bovine serum, penicillin, streptomycin, and trypsin were pur-
chased from Invitrogen. The cells were grown in Dulbecco’s
modified Eagle’s medium containing 10% fetal bovine serum
and 1% penicillin/streptomycin in 5% CO2, 37 °C.
Construction of Plasmids—The full-length firefly luciferase

was directly subcloned into pcDNA3.1(�) vector through
BamHI and XhoI restriction enzyme sites. The N-terminal
(NRL, amino acid 1–229) and the C-terminal (CRL, amino acid
230–311)Renilla luciferases were PCR-amplified using the for-
ward primers designed with NheI or BamHI with a start codon
and the corresponding reverse primers designed with BamHI
with a stop codon or XhoI. The NRL and CRL were also PCR-
amplified with linker DNA sequences GGTGGCGGAGG-
GAGCGGTGGCGGAGGGAGC (corresponding to peptide
GGGGSGGGGS) designed to the NRL reverse primers or the
CRL forward primers (27). The full-length human Hsp90� was
amplified and subcloned downstream of NRL with linker using
the corresponding restriction enzymes. The full-length human
Cdc37 was PCR-amplified and subcloned upstream of linker
with CRL. The N terminus of human Hsp90� (amino acids
1–223 corresponding to the cDNA base pairs) was PCR-ampli-
fied using the forward primers designed with a BamHI site and
reverse primers with an XhoI site and a stop codon. Themiddle
and C termini of human Hsp90� (amino acid 224–732) was
also PCR-amplified with the forward and reverse primers with
BamHI and XhoI sites, respectively. The constructed Hsp90N
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andHsp90MCwere subcloned into the downstreamof theNRL
with linker using corresponding restriction enzymes, respec-
tively. All constructs (Fig. 1A) were verified by restriction
enzyme digestion and DNA sequencing.
Cell Transfection, FL, and RL Assay—Cells were plated in

Dulbecco’s modified Eagle’s medium with 10% fetal bovine
serum and no antibiotics 1 day before transfection and cultured
24 h to reach a 90% confluence. Dulbecco’s modified Eagle’s
medium were then replaced with serum-free Opti-MEM prior
to transfection. For transfection, 0.25 �g of pcDNA3.1(�)
molar equivalent of each constructed plasmid was used in each
well of 24-well plates, and 17.5 ng/well pcDNA3.1(�)-FL plas-
mids were cotransfected to normalize the transfection effi-
ciency. The Lipofectamine2000 from Invitrogen was used as
described in the manual. After 6 h, the culture medium was
replaced with Dulbecco’s modified Eagle’s medium, 10% fetal
bovine serum, and no antibiotics.
The cells were cultured at 37 °C with 5% CO2 for 48 h. After

48 h, the cells were washed twice with cold phosphate-buffered
saline and lysed with Passive Lysis Buffer. The luminometer
assays for FL and RL activity were performed using Promega
Dual-Luciferase reporter assay system according to instruc-
tions. The luciferase activity was measured using Bio-Tek
Synergy 2 microplate reader. RL activities were normalized for
transfection efficiency using FL activity.
Computational Modeling and Molecular Dynamics Simu-

lations—The complex of humanHsp90with humanCdc37was
obtained from the Protein Data Bank data base, code 2K5B.
This model was created by utilizing the crystal structure of
Cdc37 and NMR-based constrained fitting of Hsp90 (23).
Molecular dynamic (MD) simulations were performed in
Amber for 3 ns using explicit TIP3P solvent. After initial mini-
mization of the solvent, the system was further relaxed with
constraints on the backbone before final minimization. MD
simulations involved a gradual increase in temperature to 300K
over 30 ps, while holding the solute constrained, followed by
another 30 ps of simulation with the constraint only on the
backbone. Further equilibrationwas performed for 40 ps before
the production run. Shaking was applied to all bonds involving
hydrogen to permit a time step of 0.002 ps. TheB-factors for the
residues were computed to identify the relative stability of the
residues at the interface during the simulation and to identify
the residues that might be involved in strong interactions. The
enthalpic contributions of the residues at the interface were
obtained by utilizing the MM/GBSA (30) method over the
structures saved every 1 ps. This analysis involved the in silico
mutation of the interfacial residues toAla (Gly forAla residues).
A set of residues at the interface was subsequently selected for
mutagenesis study.
Mutageneses of Hsp90 and Cdc37 Critical Residues—Mu-

tagenesis of NRL-Hsp90 and Cdc37-CRL was generated using
the Stratagene mutagenesis kit and confirmed by direct se-
quencing. Briefly, 100 ng of pcDNA3.1(�)-NRL-Hsp90 or
pcDNA3.1(�)-Cdc37-CRL template and 100 ng of each muta-
genic primer were used in the reaction with a total reaction
volume of 25 �l. After 30 cycles of PCR amplification of DNA
template, 1 �l of DpnI restriction enzyme was added to 10 �l of
each amplification reaction and incubated at 37 °C for 3 h. 1.5

�l of the DpnI-treated DNA from each mutagenesis reaction
was transferred to XL10-Gold ultracompetent cells. The DNA
was purified using Qiagen purification kit (Qiagen, Valencia,
CA). The mutations were confirmed by DNA sequencing.
WesternBlottingand Immunoprecipitation—Toassesspro-

tein/protein interactions, we performed Western blotting of
endogenous or vector-expressed proteins. Cells were plated
in 100-mm tissue culture dishes and transiently transfected
with different combinations of constructed plasmids. After cul-
turing for 48 h, cells were washed twice with ice-cold phos-
phate-buffered saline and collected in lysis buffer (20 mmol/
liter Tris (pH 7.5), 1% Nonidet P-40, 150 mmol/liter NaCl, 5
mmol/liter EDTA, 1mmol/liter Na3VO4) supplemented with a
protease inhibitor mixture (Sigma; added at a 1:100 dilution) as
described previously (17). Equal amounts of protein were sub-
jected to SDS-PAGE. The proteinwas transferred to polyvinyli-
dene difluoride membrane using semidry transfer apparatus.
The membrane was blocked with nonfat milk and incubated
with primary antibody against Hsp90 (1:1000, Cayman Chem-
ical Inc., Ann Arbor, MI) and Cdc37 (1:1000, Santa Cruz Bio-
technology, Santa Cruz, CA). The protein levels were detected
using ECL detection system (Thermo Fisher Scientific Inc.,
Waltham, MA).
Immunoprecipitation was performed as described previ-

ously (17, 18). Briefly, cells were lysed and centrifuged. Super-
natant was recovered, and protein concentrations were deter-
mined with BCA protein assay reagents (Pierce). A total of 500
�g of each protein in 500 �l of lysis buffer was first incubated
with H9010 antibody (Axxora, San Diego) at 4 °C for 1 h, fol-
lowed by addition of 20 �l of protein A/G-agarose (Santa Cruz
Biotechnology) and incubation at 4 °C overnight. Beads were
collected the next day and washed with phosphate-buffered
saline. Precipitates were resuspendedwith lysis buffer and elec-
trophoresis sample buffer. 20 �l of each sample were subjected
to SDS-PAGE for Western blot analysis.
Optical Charge-coupled Device Imaging in Living Cells—

To visually assess the Hsp90/Cdc37 interactions using the
SRL-PFAC system in live cells, HEK293 cells were transfected
with different combinations of constructed plasmids on 12-well
plates and cultured for 24 h. Cells were then washed with phos-
phate-buffered saline buffer and trypsinized. Then 1 � 105

transfected cells were plated in each well on 96-well plates and
allowed to attach for 24 h. EnduRen live cell substrate (10
�g/ml; diluted in 50 �l of medium) was added to each well for
1.5 h, and RL activities were determined by bioluminescence
imaging with an acquisition time of 1 min.

RESULTS

SRL-PFAC to Detect Hsp90/Cdc37 Interactions—SPL-PFAC
system has been established as an imagingmethod for studying
protein/protein interactions in mammalian cells (27–29), yet it
is uncertain whether it could be used for studying full-length
Hsp90/Cdc37 interactions. We hypothesized that the N termi-
nus ofHsp90would interact with theC terminus of Cdc37, thus
bringing two inactive halves of full-length RL (NRL and CRL)
together and lead to complementation of RL activity, which
could be imaged using coelenterazine. In contrast, when the
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interactions betweenHsp90 andCdc37 are disrupted, the lumi-
nescence would subsequently disappear (Fig. 1B).
To test our hypothesis, we created constructs to express the

N andC termini of RL, NRL-Hsp90 (full-length) fusion protein,
and Cdc37 (full-length)-CRL fusion proteins in pcDNA3.1(�)
vector (Fig. 1A). Constructed plasmids were transfected into
human HEK293 cells. pcDNA3.1(�) vector-expressed FL was
cotransfected with each plasmid or combination for transfec-
tion efficiency normalization. After 48 h, the cells were col-
lected to detect the expressed protein using Western blotting.
The results showed that the specific bands of recombinedNRL-
Hsp90 (117 kDa) and Cdc37-CRL (60 kDa) fusion proteins
could be clearly detected in the transfected cells (Fig. 2A). These
bands are distinct from native Hsp90 (90 kDa) and Cdc37 (50
kDa) bands in the cells.
To test if the expressed fusion proteins (NRL-Hsp90 and

Cdc37-CRL) could interact with each other in cells, we per-
formed immunoprecipitation (IP) study after transfection. Fig.
2B showed that Hsp90 antibody is able to precipitate both
nativeHsp90 and fusion proteinNRL-Hsp90. The immunopre-
cipitated complex was also probed with anti-Cdc37 antibody.
The results showed that both native Cdc37 and fusion proteins
Cdc37-CRLwere present in IP samples. These data suggest that
both the expressed fusion proteins (NRL-Hsp90 and Cdc37-
CRL) are able to interact with each other and also able to inter-
act with native Hsp90 and Cdc37. Thus, the fusion proteins
preserve the function of Hsp90 and Cdc37.
To test the complementation of two split RL fragments by

the interaction of full-length Hsp90 and Cdc37, we trans-
fected HEK293 cells with various vectors (Fig. 2C). The cell
lysates were used to measure the luciferase activity after trans-
fection. When the cells were transfected with each fragment
alone (NRL, CRL, NRL-Hsp90, and Cdc37-CRL), the luciferase
activity was low. When cotransfected with different pairs of
fragments, NRL and CRL, NRL-Hsp90 and CRL, and NRL and
Cdc37-CRL to HEK293 cells, the two fragments all showed low
levels of complementation compared with NRL or CRL alone.
However, when the two fragments NRL-Hsp90 and Cdc37-

CRL were cotransfected into
HEK293 cells, the complementation
of the fragments was enhanced by
170-, 220-, and 35-fold, compared
with the transfection of NRL �
CRL, NRL-Hsp90 � CRL, and
Cdc37-CRL � NRL, respectively.
These data suggest that the interac-
tion of full-length Hsp90 and Cdc37
was able to complement split lucif-
erase fragments, and the SRL-PFAC
method is sensitive and specific to
monitor the interaction of full-
length human Hsp90 and Cdc37.
MD Simulation and Selection

of Hsp90 and Cdc37 Residues for
Mutation—To study in detail the
interaction of Hsp90/Cdc37 and to
identify the residues at the interface
of Hsp90/Cdc37, we performed a

3-ns MD simulation of the Hsp90-Cdc37 complex and calcu-
lated the B-factors of residues in the hydrophobic core and the
polar network (Fig. 3). The residues with low B-factors suggest
less fluctuation during the course of simulation, which suggest
that these residues are either structurally restricted or are in-
volved in stable interactions at the interface (Table 1). The res-
idues of one protein within 5 Å of the other were examined
more closely to select residues that are at the interface and are
involved in complex formation. A larger number of Hsp90 res-
idues were found to be within this cutoff indicating the nature
of the complex where Hsp90 clamps over the Cdc37 protein.
However, this also means that the Hsp90 residues at the inter-
face weremore labile than those of Cdc37with larger B-factors.
Further evaluation of the residues at the interface was per-

formed by the calculations of the change in the enthalpic com-
ponent of the free energy of binding of the two proteins by
mutating each residue individually to Ala (Gly for Ala residues
at the interface) and utilizing the MM/GBSA method to calcu-
late the interaction energy. In general, residues found to impact
the interaction energy significantly by this analysis also had
lower B-factors as obtained from the simulation.
Several polar and hydrophobic residues were then selected

from each protein for mutation analysis, based on their B-fac-
tor, impact on interaction energy, and potential interactions
with residues of the other protein. Hsp90 residues selected for
mutation included Arg-46, Glu-47, Ser-50, Ser-113, Ala-121,
Gln-133, and Phe-134, whereas those selected from Cdc37
included Met-164, Leu-165, Arg-166, Arg-167, Ala-204, Leu-
205, and Gln-208. Several of these residues were involved in
interactions with each other such as Hsp90 Glu-47 with Cdc37
Arg-167 among the polar interactions, andHsp90 Phe-134with
Cdc37 Met-164, Ala-204, and Leu-205 in the hydrophobic
patch as described below.
SRL-PFAC Confirmed Hsp90 Critical Amino Acid Residues

for Hsp90/Cdc37 Interactions—To validate the results from the
MD simulation, we selected seven residues with low B-factor
scores (Table 1) inHsp90 formutagenesis on constructedNRL-
Hsp90. Three residues inHsp90 hydrophobic interaction patch

FIGURE 1. A, schematic diagram for the plasmid constructs. The two interacting proteins Hsp90 and Cdc37 are
fused to the NRL (amino acids 1–229) and CRL (amino acids 230 –311) portion of the RL through an (G4S)2
peptide linker. B, schematic diagram for monitoring Hsp90/Cdc37 interaction using SRL-PFAC system. The
interactions between Hsp90 and Cdc37 bring NRL and CRL in close proximity and lead to complementation of
RL enzyme activity and photon production in the presence of the substrate coelenterazine.
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were mutated as follows: S113A, A121N, and F134A. Two res-
idues inHsp90 polar interaction patchweremutated as follows:
E47A and Q133A. In addition, two residues unlikely to disrupt
the interaction were also mutated for negative controls in
Hsp90 as follow: R46A and S50A. Two Cys residues (Cys-481
and Cys-598), which are located in the middle and C-terminal
domain of Hsp90 and distal from the interaction patch, were
also chosen as controls. These mutants in NRL-Hsp90 were
used for SRL-PFAC activity to confirm their importance for
Hsp90/Cdc37 interaction.
As shown in Fig. 4, in the hydrophobic interaction region of

Hsp90, Phe-134 in the �-helix of Hsp90 is found to be accom-
modated in a shallow hydrophobic pocket. The relatively
smaller and shorter Ala substituent is unlikely to be able to
reach the pocket and fill it, leaving a gap in the interaction
surface and making it unfavorable for complex formation, and

the computational analysis of themutant predicted a significant
decrease in affinity. Indeed, SRL-PFAC showed that mutation
of F134A in NRL-Hsp90 reduced Hsp90/Cdc37 interaction by
75% because cotransfection of NRL-Hsp90 (F134A) and Cdc37-
CRL only showed 25% restored luciferase activity throughHsp90-
Cdc37-assisted complementation, compared with wild type of
NRL-Hsp90 and Cdc37-CRL cotransfection. Another critical
residue Ser-113 is located at the terminus of an �-helix in
Hsp90 and interacts with Cdc37 Ala-204. Mutation of this res-
idue was predicted to have a smaller impact compared with the
F134A mutation, and SRL-PFAC showed that mutation of
S113A in Hsp90 only reduced Hsp90/Cdc37 interaction by
50%. In comparison, Ala-121 is located in the pocket formed by
several surrounding hydrophobic residues of Hsp90. Although
it does not show direct interaction with Cdc37, it is located at a
hydrophobic region of the interface. Thus, the mutation Ala-
121 to a polar glutamine residue (Asn) causes 70% disruption of
Hsp90/Cdc37 interaction. SRL-PFAC showed that NRL-Hsp90
(A121N) and Cdc37-CRL only restored 30% luciferase activity
compared with wild type of NRL-Hsp90 and Cdc37-CRL
cotransfection.
In the polar interaction region of Hsp90, Hsp90 Glu-47

forms a salt bridge with Arg-167 in Cdc37. This interaction is
quite stable during the course of MD simulation, suggesting a
significant contribution to Hsp90-Cdc37 complex formation,
and was also calculated to contribute the most to the interac-
tion energy. However, mutation of E47A only reduced Hsp90/
Cdc37 interaction by 50%, because SRL-PFAC showed that
NRL-Hsp90 (E47A) and Cdc37-CRL restored 50% luciferase
activity through Hsp90-Cdc37-assisted complementation,
compared with wild type of NRL-Hsp90 and Cdc37-CRL
cotransfection. Although Glu-47 in Hsp90 is a critical residue
that interactswithArg-167 ofCdc37,Cdc37Arg-167 also inter-
acts with Gln-133 in Hsp90. Therefore, mutation of Glu-47 is
expected to only partially disrupt Hsp90/Cdc37 interaction,
and thus the SRL-PFAC restored 50% luciferase activity in the
cotransfection of this mutant (NRL-Hsp90 E47A) and Cdc37-
CRL. In comparison, MD simulation showed that Gln-133 in

FIGURE 2. SRL-PFAC system is sensitive and specific for monitoring
Hsp90/Cdc37 interactions. A, Western blotting shows specific band of NRL-
Hsp90 and Cdc37-CRL expression using monoclonal antibody against Hsp90
and Cdc37, respectively. HEK293 cells were transiently transfected with NRL-
Hsp90, Cdc37-CRL, and NRL-Hsp90 � Cdc37-CRL, respectively. HEK293 cells
without transfection were used as control (Ctrl) (1st lane). B, NRL-Hsp90 and
Cdc37-CRL forms complex in cells. HEK293 cells were transiently cotrans-
fected with NRL-Hsp90 and Cdc37-CRL. Cell lysate was immunoprecipitated
with Hsp90 antibody. Western blot was performed for detection of Hsp90,
Cdc37, NRL-Hsp90, and Cdc37-CRL. Cell lysate without immunoprecipitation
was used as control to mark the band position (1st lane). C, SPL-PFAC system
shows highly complemented RL activity and low background. HEK293 cells
were transiently transfected with NRL, CRL, NRL-Hsp90, Cdc37-CRL, NRL �
CRL, NRL-Hsp90 � CRL, Cdc37-CRL � NRL, and NRL-Hsp90 � Cdc37-CRL, FL
was used to normalize the transfection efficiency. Luciferase assay was per-
formed as described under “Experimental Procedures.” Data are presented as
mean � S.D. (n � 3).

FIGURE 3. Interface residues of Hsp90-Cdc37 complex. Hsp90 is shown in
magenta with Cdc37 in yellow. Mutated residues are shown in stick represen-
tation, and others are shown with lines.
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Hsp90 interacts with multiple residues (Arg-166, Arg-167, and
Asn-170) in Cdc37 forming an important set of polar interac-
tions. The side chain carbonyl of Gln-133 in Hsp90 formed an
H-bond with the backbone NH2 of Arg-166 and Arg-167 in
Cdc37. In addition, the side chainNH2 ofGln-133was placed in
a location to form hydrogen bonds with Asp-170 of Cdc37. The
multiple interactions of Gln-133 in Hsp90 with multiple resi-
dues in Cdc37 by MD simulation, and the large change in
energy predicted bymutating this residue suggest that Gln-133
may play a critical role in the Hsp90-Cdc37 complex. To con-
firm its importance, we mutated Q133A in NRL-Hsp90 and
transfected itwithCdc37-CRL. Indeed, SRL-PFAC showed that
mutation Q133A in Hsp90 reduced Hsp90/Cdc37 interaction
by 80%, because cotransfection of NRL-Hsp90 (Q133A) and
Cdc37-CRL only restored 20% luciferase activity compared
with wild type of NRL-Hsp90 and Cdc37-CRL cotransfection.
These studies showed the contributions of these critical resi-
dues for Hsp90/Cdc37 interactions are ranked as follows: Gln-
133 � Phe-134 � Ser-113 � Glu-47.

To validate if SRL-PFAC is specific to identify critical resi-
dues for Hsp90/Cdc37 interaction, we made four negative
control mutants in two sets. The first set includes Ser-50 and
Arg-46, both within proximity to the interaction patch.
Ser-50 is located in an �-helix in Hsp90 with the possibility of
forming an intramolecular hydrogen bond with the backbone
carbonyl of Arg-46 in Hsp90. In addition, Arg-46 of Hsp90 is
located at the interface close to Asp-170 in Cdc37. However, it
does not show any direct interaction with the residues in
Cdc37. Therefore, these two residues were not expected to
influence Hsp90/Cdc37 interaction as much as other residues
located on the interaction patch. We thus made two mutants
(R46A and S50A) in NRL-Hsp90. As expected, SRL-PFAC
showed that cotransfection of NRL-Hsp90 (R46A or S50A) and

Cdc37-CRL restored 100% luciferase activity compared with
wild type of NRL-Hsp90 and Cdc37-CRL cotransfection. The
other set includes Cys-481 and Cys-598, which are distal from
the interaction patch and thus not expected to affect theHsp90/
Cdc37 interaction.Wemutated them toAla inNRL-Hsp90 and
found no disruption in Hsp90/Cdc37 interaction by either
C481A or C598A, because the cotransfection with Cdc37-CRL
restored 100% luciferase activity compared with the wild types.
Hsp90 has been reported to form a dimer through its C

terminus. Therefore, NRL-Hsp90 may form a homodimer
(Hsp90-Hsp90) or a heterodimer (NRL-Hsp90-Hsp90). To
test whether the constructed NRL-Hsp90 would form a dimer
with the endogenous Hsp90, thus leading to the interference to
the RL complementation, we constructed an NRL-Hsp90N
fragment, which cannot form a dimer because of the absence of
the C-terminal dimerization domain, to complement Cdc37-
CRL. In addition, we also performed mutagenesis on NRL-
Hsp90N fragments. As shown in Fig. 4C, SRL-PFAC showed
NRL-Hsp90N and Cdc37-CRL restored luciferase activity,
which is slightly lower (25%) than that of NRL-Hsp90 and
Cdc37-CRL complementation. Mutation of R46A or S113A in
NRL-Hsp90N reduced Hsp90/Cdc37 interaction by 30 and
80%, respectively, compared with the wild type of NRL-
Hsp90N and Cdc37-CRL cotransfection. The other two muta-
tions NRL-Hsp90N(Q133A) and NRL-Hsp90N(F134A) com-
pletely disrupted the complementation with Cdc37-CRL.
These reductions of luciferase complementation by these
mutations were much more significant compared with the
same mutations in NRL-Hsp90 (full length). The most signifi-
cant reduction of complementation by mutation (Q133A) in
NRL-Hsp90 with Cdc37-CRL still showed 20% residual
complementation. These data suggest that the Hsp90 het-
erodimermay contribute the complementation to Cdc37-CRL.

TABLE 1
B-factors for Hsp90 residues within 5 Å of Cdc37 and Cdc37 residues within 5 Å of Hsp90, calculated from 3 ns of MD simulations of a complex
of Hsp90/Cdc37
Differences in the calculated interaction energy (enthalpic component) on mutating the residues to Ala or Gly (in italics) were obtained using the MM/GBSA method in
Amber. Residues selected for mutation are shown in boldface. HIE is a histidine residue with a proton at the N� position.

Hsp90 Cdc37

Residue Residue no. Residue B-factor
fromMD

(MM/GBSA)
Ala/Gly mutation Residue Residue no. Residue B-factor

fromMD
(MM/GBSA)

Ala/Gly mutation

Arg 46 18 �1.28 His 161 59 �1.81
Glu 47 20 �9.26 Met 164 23 �4.76
Ser 50 12 �0.36 Leu 165 13 �1.77
Arg 60 97 �2.39 Arg 166 21 �0.99
Tyr 61 101 �1.80 Arg 167 14 �10.97
Leu 64 115 �1.62 Asp 169 23 �0.46
Ser 113 84 0.03 Asp 170 20 �3.96
Gly 114 23 Lys 173 63 �0.35
Lys 116 61 �0.10 Trp 193 23 �0.84
Ala 117 24 �0.99 Leu 197 29 �0.21
Glu 120 42 �2.67 Lys 202 47 �2.11
Ala 121 22 �1.00 Ala 204 30 �1.28
Ala 124 35 �1.01 Leu 205 23 �3.73
Gly 125 25 Gln 208 24 �4.31
Ala 126 18 �0.53 Lys 242 51 �0.5
Met 130 38 �3.27 Thr 243 93 �0.12
Gly 132 14 Ala 244 123 �1.21
Gln 133 13 �7.74 Asp 245 122 0.03
Phe 134 22 �5.00 Arg 246 86 �0.79
Gly 137 11
Lys 209 90 0.21
His 210 34 �0.20
Gln 212 32 �0.09
Phe 213 31 �2.53
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To further test whether Cdc37-CRL may form complemen-
tation with the trans-subunit of heterodimer Hsp90 (NRL-
Hsp90-Hsp90), we also constructed the NRL-Hsp90MC frag-
ment, which has the C-terminal dimerization domain but lacks
the N-terminal interaction domain with Cdc37. SRL-PFAC
showed that cotransfection ofNRL-Hsp90MCandCdc37-CRL
still showed �25% restored luciferase activity compared with
full-length NRL-Hsp90. Taken together, these data clearly
show that the SRL-PFAC system can specifically identify criti-
cal residues and evaluate their contributions for Hsp90/Cdc37
interactions.
SRL-PFAC Confirmed the Cdc37 Critical Amino Acid Resi-

dues for Hsp90/Cdc37 Interactions—Based on the MD simula-
tions and interaction energy analysis, we mutated Arg-166,

Arg-167, and Gln-208 of Cdc37 in the polar interaction region,
and we mutated Met-164, Leu-165, Ala-204, and Leu-205 of
Cdc37 in the hydrophobic interaction region in Cdc37-CRL for
SRL-PFAC study to validate its importance and evaluate their
contributions for Hsp90/Cdc37 interaction.
As shown in Fig. 5, Cdc37 Arg-167 is involved in the most

significant polar interactions among theHsp90/Cdc37 residues
at the interface. It interacts with multiple residues in Hsp90.
The backbone carbonyl of the Arg-167 residue forms a hydro-
gen bond with the side chain of Gln-133 of Hsp90, whereas the
guanidinium moiety is involved in salt bridge formation with
the acidic side chain of Glu-47 of Hsp90 (Fig. 4A). The
MM/GBSA analysis also indicated that this residue had the
largest contribution to the interaction of the two proteins.

FIGURE 4. Computational modeling and effect of mutagenesis on Hsp90 residues. A, interface residues of Hsp90-Cdc37 complex. Hsp90 is shown as
schematic in pink with Cdc37 in surface representation. Hsp90 residues selected for mutation and polar Cdc37 residues that interact directly are shown in stick
representation. B, luciferase assay for NRL-Hsp90 mutations. C, luciferase assay for NRL-Hsp90N mutations. FL was used to normalize the transfection efficiency.
Luciferase assay was performed as described under “Experimental Procedures.” Data are presented as mean � S.D. (n � 3).
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Indeed, mutation of Arg-167 of Cdc3 reduced Hsp90/Cdc37
interaction by 90%, and SRL-PFAC showed that cotransfection
of Cdc37-CRL(R167A) and NRL-Hsp90 only restored 10%
luciferase activity when compared with cotransfection of two
wide types Cdc37-CRL and NRL-Hsp90 (Fig. 4B).
Cdc37 Arg-166 is reported to form a polar interaction with

Hsp90 Gln-133 together with Cdc37 Arg-167. MD simulation
showed that the backbone NH of Arg-166 of Cdc37 may be
involved in hydrogen bondingwithGln-133 ofHsp90, but there
is no direct interaction involving the side chain. Indeed, SRL-
PFAC showed that mutation of Arg-166 of Cdc37 to Ala only
reduced Hsp90/Cdc37 interaction by about 50%, compared
with cotransfection of two wild types. We also made a double
mutant R166A/R167A of Cdc37 to test if twomutations further
decrease binding to Hsp90 as compared with single mutation
R167A. SRL-PFAC showed that double mutant Cdc37-CRL
(R166A/R167A) reduced Hsp90/Cdc37 interaction by 95%.
The amide in Gln-208 forms a hydrogen bond with the back-

bone carbonyl of Hsp90 Gln-133 and was predicted to have a
significant contribution to the Hsp90-Cdc37 complex forma-
tion. As expected, the Q208A mutant had an 85% decrease of
RL complementation.
In the hydrophobic interaction region of Cdc37, Met-164 is

located at the central part of hydrophobic patch in Cdc37 at the
interface formedwithHsp90. SRL-PFAC showed thatmutation
ofMet-164 to a hydrophobic residue Ala or hydrophilic residue
Lys reduced Hsp90/Cdc37 interaction by 90 and 95%, respec-
tively, compared with wide type Cdc37-CRL and NRL-Hsp90.
These data indicate that the hydrophobic interactions between
Hsp90 and Cdc37 are critical, and even a single amino acid
alteration is able to disrupt this interaction.
In comparison, Leu-165 is adjacent toMet-164butnot involved

in significant direct interactionswithHsp90, although it is part of
a general hydrophobic region. Mutation of this residue was
predicted to impact the complex formation to a smaller
extent, and the Ala mutation resulted in a 60% decrease in RL

activity. Mutation of Cdc37 L165H was also tried and found to
reduce Hsp90/Cdc37 interaction by 35% in RL activity.
Ala-204 of Cdc37 interacts with the hydrophobic regions

of Ser-113 and Ala-117 of Hsp90. SRL-PFAC showed that
mutation of Cdc37 (A204E) reduced Hsp90/Cdc37 by 60%.
The adjacent Leu-205 was predicted to be more important for
complex formation; mutating this residue to Ala resulted in the
interaction decreasing by about 90%, significantly more than
predicted. The double mutant A204E/L205D in Cdc37 almost
abolished Hsp90/Cdc37 interaction by 97% as measured by the
restored luciferase activity.
SRL-PFAC Showed That Cysteines at N Terminus of Cdc37

Do Not Directly Contribute to Hsp90-Cdc37 Complex Forma-
tion—N terminus of Cdc37was reported to function as a kinase
binding domain that interacts with a subset of client protein
kinases and loads them to Hsp90 (31, 32). In a recent study,
three Cys residues (Cys-54, Cys-57, and Cys-64) in N terminus
of Cdc37 were reported to react with small molecules, which
caused oxidation and oligomerization of Cdc37/ and thus dis-
rupted Hsp90/Cdc37 interaction (33). To test whether direct
mutations of these cysteine residues in theN terminus of Cdc37
could interfere with Hsp90 interaction, wemutated these three
cysteine residues in Cdc37-CRL individually (C54S, C57S, and
C64S), in pairs (C54S/C57S and C57S/C64S), and together
(C54S/C57S/C64S). These mutants were cotransfected with
NRL-Hsp90 in HEK293 cells. SRL-PFAC showed that these
cysteine mutants did not impact the Hsp90/Cdc37 interaction,
and they still complemented NRL-Hsp90 to restore 100% lucif-
erase activity, which is similar to cotransfection of wild type
Cdc37-CRL andNRL-Hsp90 (Fig. 6). These data suggested that
these cystines at the N terminus of Cdc37 are not directly
involved in the interaction with Hsp90. The small molecules
that interact with these cysteines to disrupt Hsp90/Cdc37
interaction may be through its oxidation, oligomerization, or
conformational change of Cdc37. Furthermore, these small

FIGURE 5. Computational modeling and effect of mutagenesis on Cdc37 residues. A, interface residues of Hsp90-Cdc37 complex. Cdc37 is shown as
schematic in yellow with Hsp90 in surface representation. Cdc37 residues selected for mutation and polar Hsp90 residues that interact directly are shown in
stick representation. B, luciferase assay for Cdc37-CRL mutations. FL was used to normalize the transfection efficiency. Luciferase assay was performed as
described under “Experimental Procedures.” Data are presented as means � S.D. (n � 3).
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moleculesmay also interact withHsp90 in addition to Cdc37 to
disrupt Hsp90/Cdc37 interactions.
Immunoprecipitation Confirmed SRL-PFAC Results for

Hsp90/Cdc37 Interaction and Critical Residues for Hsp90-
Cdc37 Complex—To further confirm the SRL-PFAC results
that mutations of critical residues in either NRL-Hsp90 or
Cdc37-CRL can disrupt the complementation of NRL-Hsp90
and Cdc37-CRL, we performed immunoprecipitation assay in
the HEK293 cells with transfection of various vectors. When
the HEK293 cells were cotransfected with wild type NRL-
Hsp90 and Cdc37-CRL, the antibody against Hsp90 was able to
immunoprecipitate native Hsp90 or expressed fusion proteins
(NRL-Hsp90). Therefore, Western blotting detected both
native Hsp90 and NRL-Hsp90 fusion protein (using Hsp90
antibody) in the precipitated complex. In this case, either
Hsp90 or NRL-Hsp90 was able to pull down native Cdc37 and
Cdc37-CRL fusion protein in the precipitated complex as
detected by Western blotting using Cdc37 antibody (Fig. 7).
In comparison, when the HEK293 cells were cotransfected

with wild type NRL-Hsp90 and different mutants of Cdc37-
CRL, antibody against Hsp90 was able to immunoprecipitate
Hsp90 and fusion NRL-Hsp90. In such cases, both Hsp90 and

NRL-Hsp90 interacted with native
Cdc37. Depending on the contribu-
tions of mutations in Cdc37-CRL
for the RL complementation, dif-
ferent levels of the Cdc37-CRL
mutants were pulled down by
Hsp90 and NRL-Hsp90. As shown
in Fig. 7, the L165H mutation
showed almost the same pulldown
level in the IP Hsp90 complex com-
pared with the wide type Cdc37-
CRL. The pulldown levels of mu-
tants (L165A, R166A, and A204E)
was significantly attenuated in IP
Hsp90 complex. In contrast, the
pulldown band of mutants (M164K,
M164A, R167A, L205A, andQ208A
and two double mutations) could
hardly be detected in the IP Hsp90
complex byCdc37 antibody indicat-
ing the disruption of the Hsp90-
Cdc37 complex. All these IP results
are consistent with the complemen-
tation of luciferase as described
above (Fig. 7).
Interestingly, when the HEK293

cells were cotransfected with mu-
tant NRL-Hsp90 (Q133A) and wild
type Cdc37-CRL, Hsp90 antibody
still immunoprecipitated both na-
tive Hsp90 and fusion NRL-Hsp90
(Q133A). In suchcases, althoughNRL-
Hsp90 (Q133A) does not interact
with either native Cdc37 or Cdc37-
CRL, native Hsp90 was still able to
interact with both native Cdc37

FIGURE 6. Effect of mutagenesis on Cdc37 N-terminal Cys residues.
HEK293 cells were transfected with NRL-Hsp90 with Cdc37 (C54S, C57S,
C64S, C54S/C57S, C57S/C64S, and C54S/C57S/C64S)-CRL. FL was used to
normalize the transfection efficiency. Luciferase assay was performed as
described under “Experimental Procedures.” Data are presented as
mean � S.D. (n � 3).

FIGURE 7. Immunoprecipitation of NRL-Hsp90(Q133A) and Cdc37-CRL different mutations. HEK293
cells were cotransfected with NRL-Hsp90 � Cdc37-CRL, NRL-Hsp90(Q133A) � Cdc37-CRL, and NRL-Hsp90
� Cdc37-CRL mutations. Cell lysate was immunoprecipitated with Hsp90 antibody. Western blotting was
performed for detection of Hsp90, Cdc37, NRL-Hsp90, Cdc37-CRL, NRL-Hsp90(Q133A), and Cdc37-CRL
mutations.
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and Cdc37-CRL. Therefore, Western blotting using Cdc37 anti-
body still detected both Cdc37 and Cdc37-CRL in the precipi-
tated complex (Fig. 7). The immunoprecipitation results clearly
confirmed the SRL-PFAC data for Hsp90/Cdc37 interaction
and critical residues involved in Hsp90-Cdc37 complex for-
mation. Furthermore, these data also demonstrate that immu-
noprecipitation is rather qualitative and cannot accurately
quantify the contribution of these residues in protein/protein
interaction. SRL-PFAC is also superior to immunoprecipita-
tion to study protein/protein interactions and to identify criti-
cal residues in the complex to avoid the interference of native
protein/protein interactions.
Bioluminescence Imaging to Visualize Hsp90/Cdc37 Inter-

action and Disruption of Hsp90-Cdc37 Complex by Muta-
genesis in Living Cells—The SRL-PFAC and immunoprecipi-
tation confirmed the Hsp90/Cdc37 interactions and identified
the critical residues for formation of the complex. To visualize
the interaction of Hsp90/Cdc37 and disruption of the complex
by mutagenesis in living cells, we used bioluminescence imag-
ing to monitor the process. Human HEK293 cells were trans-
fected with different combinations of the constructed plasmids
for 48 h. EnduRen live cell substrate was directly added to the
cell culture medium. Bioluminescence images were taken with
an acquisition time of 1 min. As shown in Fig. 8, the HEK293
cells without transfection or transfected with control plasmids
(NRL alone, CRL alone, NRL-Hsp90 alone, and Cdc37-CRL

alone) showed no visual bioluminescence, whereas cotransfec-
tion of NRL and CRL showed minimal background of biolumi-
nescence. Cells transfected with NRL-Hsp90 and Cdc37-CRL
showed extremely high luminescence. These data demonstrate
the interaction ofHsp90 andCdc37 for the complementation of
the two fragments of Renilla luciferase restoring activity.
In themutagenesis study, cotransfection of wild type Cdc37-

CRLwithmutants of NRL-Hsp90 (A121N,Q133A, and F134A)
showed significantly decreased bioluminescence, whereas NRL-
Hsp90 (E47A and S113A) showed medium level reduction of
bioluminescence, comparedwith cotransfection of the twowild
types NRL-Hsp90 and Cdc37-CRL. In comparison, two nega-
tive control mutants of NRL-Hsp90 (R46A and S50A) did not
change the interaction with Cdc37-CRL and thus did not sig-
nificantly change the bioluminescence intensity.
Similarly, cotransfection of wild type NRL-Hsp90 with vari-

ous mutants of Cdc37-CRL (M164K, R167A, R166A/R167A,
and A204E/L205D) showed significant decrease, whereas Cdc37-
CRL (L165H, A204E) exhibited medium level reduction of
bioluminescence, compared with cotransfection of two wild
types NRL-Hsp90 and Cdc37-CRL. The bioluminescence im-
aging in living cells is consistent with the luciferase activity
using cell lysates. These data demonstrate that SRL-PFAC live
cell imaging is able to also visualize protein/protein interaction
in living cells, and the imaging is able to identify critical amino
acid residues for protein/protein interactions.

FIGURE 8. Molecule imaging in living cells. Human HEK293 cells were transfected with different combinations of the constructed plasmids for 48 h. EnduRen
live cell substrate was directly added to the cell culture medium. Bioluminescence images were taken with an acquisition time of 1 min.
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DISCUSSION

The inhibition of molecular chaperone Hsp90 has become
an attractive therapeutic target for cancer therapeutics. Cur-
rently, most Hsp90 inhibition strategies are to block the
Hsp90 N-terminal ATP-binding site. The function of Hsp90
chaperoning activity requires cochaperones to form the super-
chaperone complex. The binding and release of cochaperones
at various stages of Hsp90 superchaperone complexes regulate
the folding, assembly, and maturation of Hsp90 client proteins
in cancer cells (9). Therefore, investigating protein/protein
interactions in Hsp90 superchaperone complex may offer a
new strategy to inhibit Hsp90 activity.
Our preliminary data and recent literature demonstrate that

Cdc37 plays a central role in loading kinase client proteins in
the intermediate Hsp90 superchaperone complex (21, 34). A
client protein first binds the Hsp70-Hsp40 chaperone complex
and then interacts with Cdc37. Cdc37 helps load the client pro-
teins to the Hsp90 complex. The N terminus of Cdc37 binds to
the client protein, whereas the C-terminal side chain of Cdc37
inserts into the N-terminal ATP binding pocket of Hsp90. This
holds Hsp90 in an “open” conformation in the Hsp90 interme-
diate complex (21). UponATPbinding and hydrolysis, Cdc37 is
ejected from the Hsp90 intermediate complex (21), and other
cochaperones, including p23 and immunophilins, subsequently
bind toHsp90 to form themature complex to regulate themat-
uration of client proteins (9).
In addition, Cdc37 is up-regulated in cancer cells and highly

expressed in all prostate tumors and is absent from normal
prostate epithelium. Transgenic mice expressing Cdc37 in the
prostate epithelium have displayed dramatic proliferative dis-
orders in the prostate, including epithelial hyperplasia and dys-
plasia (35, 36). Hepatocellular carcinomas also overexpress
Cdc37 and Hsp90 compared with normal and surrounding tis-
sues (37). Therefore, protein/protein interactions of theHsp90-
CDc37 complexmay play a critical role in tumorigenesis. Study
of the mechanisms and critical residues of Hsp90/Cdc37 inter-
actionmay offer a new strategy to develop a new class of Hsp90
inhibitors for cancer therapeutics.
However, themethods to study protein/protein interactions,

such as immunoprecipitation, NMR, and crystallography, are
rather tedious to purify various proteins. These methods can
only qualitatively describe the amino acid residues in the inter-
action. In this study, we adapted an SRL-PFAC system to study
full-length human Hsp90/human Cdc37 interaction in living
cells.We also applied bioluminescence imaging to identify crit-
ical amino acid residues for the formation of full-length human
Hsp90-Cdc37 complex in living cells. Finally, we evaluated the
contribution of the critical amino acid residues in the interac-
tion of Hsp90/Cdc37 in the living cells.
SRL-PFAC was first developed by Paulmurugan and Gamb-

hir (27). It is achieved through a complementation of two frag-
ments of split Renilla luciferase driven by two interacting pro-
teins. The 36-kDa Renilla luciferase is a monomeric protein
whose activity is independent of ATP or post-translational
modification (38), making it an ideal reporter in mammalian
cells. The N- and C-terminal fragments of Renilla luciferase,
which is split between amino acids 229 and 230, was shown to

have the most efficient complementation of luciferase activity
(27). The SRL-PFAC system is advantageous in studying pro-
tein/protein interaction as follows. (a) Renilla luciferase has
lowmolecular weight compared with other reporter genes, and
it is easily expressed in mammalian cells. (b) The Renilla lucif-
erase activity does not depend on ATP. (c) There is no cross-
reaction between Renilla luciferase substrate coelenterazine
and FL substrate D-luciferin (39), and thus two reporter genes
can be cotransfected for normalization of transfection effi-
ciency. (í) The small N- or C-terminal fragment ofRenilla lucif-
erase itself is inactive, which means the SRL-PFAC has low
background andhigh sensitivity. (e) SRL-PFACcan also be used
to study the kinetics of protein/protein interaction (40), thus
providing a real time monitoring of Hsp90/Cdc37 interaction
in living cells.
SRL-PFAC imaging has been validated to monitor protein/

protein interactions, including the heterodimerization between
MyoD/Id (27), the interacting location of Tyr-941/Src homol-
ogy 2 domain (41), the interaction of each Hsp90 isoform (�/�)
with p23 (29), homodimeric formation of herpes simplex virus
type 1-thymidine kinase (42), and dimerization of ERK2 (43).
Here, we optimized the SRL-PFAC system to study full-length
human Hsp90/human Cdc37 interaction, and we applied this
system to identify critical residues for human Hsp90/Cdc37
interactions in living cells. The contribution of mutated amino
acids in human Hsp90 and Cdc37 was evaluated by the resto-
ration of luciferase activity through Hsp90-Cdc37-assisted
complementation of two luciferase fragments. The restored
luciferase activities through Hsp90/Cdc37 interaction were
also confirmed by immunoprecipitation.
Hsp90 and Cdc37 form a complex as dimers with 1:1 molar

stoichiometry. The Hsp90 dimer has a shape like a “molecular
clamp” with the Cdc37 dimer inside (21, 44). Therefore, this
Hsp90-Cdc37 complex is distinct from other interacting pro-
teins that were used for complementation of luciferase frag-
ments as described above. The dimer “clamp”-like structure has
the risk of blocking the complementation of two luciferase
fragments. However, our results showed that the interaction of
full-length of Hsp90 and Cdc37 still helped the complementa-
tion of the N terminus of Renilla luciferase and C terminus of
Renilla luciferase with 170-, 220-, and 35-fold higher than the
transfection of NRL � CRL, NRL-Hsp90 � CRL, and Cdc37-
CRL � NRL, respectively (Fig. 2). The imaging results from
living cells are consistent with the cell lysate results (Fig. 8).
These data suggest that the SRL-PFAC system is sensitive and
specific for monitoring the full-length human Hsp90 and
Cdc37 interaction in living cells.
Once we established the SRL-PFAC imaging system, we

applied this method to identify the critical residues in full-
length humanHsp90/Cdc37 interactions. The crystal structure
of yeast Hsp90 N terminus and human Cdc37 C terminus (res-
idues 138–378) revealed a large interaction patch between the
two proteins, consisting of the lid segment of Hsp90 nucleotide
binding pocket and the large helix domain of Cdc37. In these
interactions, two regions are present as follows: (a) the hydro-
phobic interaction patch formed by the C terminus of human
Cdc37 (Met-164, Leu-165, Ala-204, and Leu-205) and the N
terminus of yeast Hsp90 (Ala-103, Ala-107, Ala-110, Gly-111,
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Ala-112,Met-116, and Phe-120); (b) the polar/polar interaction
patch formed by the main chain of yeast Hsp90 Gln-119 with
the side chain of humanCdc37Gln-208, whereas the side chain
of Hsp90 Gln-119 forms hydrogen bonds with Asp-120, Arg-
166, and Arg-167 of Cdc37. The yeast Hsp90 Glu-33, which
may be involved in Hsp90 ATPase activity, also interacts with
human Cdc37 Arg-167 through a hydrogen bond (21).
A few differences were observed by NMR mapping using N

terminus of human Hsp90 and a fragment of Cdc37. The NMR
showed that Hsp90 Glu-120 (corresponding to yeast Hsp90
Glu-106) forms a hydrogen bond with human Cdc37 Lys-202.
Human Hsp90 Glu-47 (corresponding to yeast Glu-33) forms a
hydrogen bond with Cdc37 Arg-167. However, the NMR study
did not detect that human Hsp90 Gln-133 (corresponding
to yeast Gln-119) interacts with human Cdc37 Gln-208, but
Hsp90 Gln-133 may form an intramolecular hydrogen bond
with Hsp90 Ser-113 (corresponding to yeast Hsp90 Ser-99)
(23).
Our molecular dynamic simulation results showed, in the

polar interaction patch, that Hsp90 Glu-47 (corresponding to
yeast Hsp90 Glu-33) forms a salt bridge with Cdc37 Arg-167
(Figs. 4A and 5A), and this interaction is quite stable during the
course of the simulation. The salt bridge between these two
charged residues may or may not be critical in Hsp90/Cdc37
interaction. When human Hsp90 E47A was mutated, it only
decreased 50% of Hsp90 (E47A)/Cdc37 interaction as mea-
sured by its contribution to complement two fragments of lucif-
erase. In comparison, our MD simulation showed that Hsp90
Gln-133 formed a set of hydrogen bonds with Cdc37 Arg-166,
Arg-167, andAsp-170 simultaneously. These interactions seem
to be more critical in the Hsp90-Cdc37 complex. Indeed,
mutating Hsp90 Q133A significantly reduced the Hsp90
(Q133A)/Cdc37 interaction by 80% as measured by restored
luciferase activity through Hsp90/Cdc37-assisted complemen-
tation of two fragments of luciferase and diminished biolumi-
nescence signal in living cells.
In contrast, MD simulation showed that even though Arg-46

is close to CDC37 Asp-170, there may not be any persistent
interaction between these two residues. Arg-46 forms an in-
tramolecular hydrogen bond with the backbone carbonyl of
Ser-50 (Fig. 4A). Therefore, the side chains of Hsp90 Arg-46
and Ser-50 may not contribute significantly to the interaction
with Cdc37, which can serve as negative controls. The SRL-PFAC
showed that mutation of Hsp90 R46A or S50A did not change
Hsp90/Cdc37 interactions and did not alter the Hsp90/Cdc37-
assisted complementation of the two luciferase fragments leading
to no reduction of bioluminescence in living cells.
Hsp90 Phe-134 is in the hydrophobic interaction patch of

Hsp90 and makes hydrophobic contacts with Met-164, Ala-
204, and Leu-205 residues of Cdc37 (Fig. 4A). Therefore, muta-
tions of F134A diminished Hsp90/Cdc37 interaction by 75%
as measured by restored luciferase activity through Hsp90/
Cdc37-assisted complementation of two luciferase fragments
in cell lysates and living cells (Fig. 4B and Fig. 8B). Hsp90 Phe-
134 and Gln-133 are adjacent but involved in different type of
interactions in the Hsp90-Cdc37 complex; Phe-134 serves as
the hydrophobic core and Gln-133 forms the polar networks.
Mutations of either of these residues led to a sharp decrease of

Hsp90/Cdc37 interaction and diminished SRL-PFAC biolumi-
nescence signal in living cells.
In comparison, the Hsp90 Ser-113 in the hydrophobic inter-

action patch is located near Cdc37 Glu-207 and Glu-208, but it
has no direct interactions with either of these two residues; on
the other hand, we observed that it has hydrophobic interac-
tions with Ala-204 in Cdc37 (Fig. 4A and Fig. 5A). Mutation of
Hsp90 S113A decreased Hsp90 (S113A)/Cdc37 interaction by
only 50% (Fig. 4B).
It was reported that Hsp90 Ala-121 is located in the hydro-

phobic interaction patch and interacts with Cdc37 Leu-205
(23). A previous study also showed that the A121N mutation
activates the inherent Hsp90 ATPase activity probably by
favoring lid closure and helping ATP binding to theN terminus
of Hsp90, thus blocking Cdc37 interaction with Hsp90 (21, 44).
OurMD simulation showed that Hsp90 Ala-121 was located in
a pocket formed by several surrounding hydrophobic residues
(Fig. 4A), whichmay ormay not be critical. However, themuta-
tion of Hsp90 A121N significantly decreased Hsp90 (A121N)/
Cdc37 interaction by 70% as measured by SRL-PFAC (Fig. 4B).
Different explanations are possible for this effect as follows. (a)
A121N may help ATP binding and activate Hsp90 inherent
ATPase activity as reported previously and thus block Cdc37
interaction because Cdc37 only binds to ADP-bound form of
Hsp90. (b) The mutation of the small hydrophobic Ala to a
polar Glu residue may cause significant Hsp90 conformational
change and thus block Cdc37 interaction.
Very interestingly, even though Gln-133 and Phe-134 of

Hsp90 are shown to be important from our MD simulation and
MM/GBSA analysis in the Hsp90-Cdc37 complex formation, the
mutations Q133A and F134A still restored about 20–25% com-
plemented luciferaseactivity.Wespeculated thatCdc37-CRLmay
still form complementation with the unique heterodimer (NRL-
Hsp90-Hsp90), because the NRL-Hsp90 mutations may still
form heterodimers with endogenous Hsp90 through the C-ter-
minal dimerization domain and lead to a complementation
with Cdc37-CRL binding to the endogenous Hsp90. We thus
performed selective mutations (Ser-113 and Phe-134 in the
hydrophobic patch, Gln-133 in the polar patch, and Arg-46 for
negative control) on N-terminal Hsp90 fragments lacking the
C-terminal dimerization domain (NRL-Hsp90N). The R46A
and S113A mutations in NRL-Hsp90N further decrease lucif-
erase complementation by 30% (Fig. 4C) compared with the
same mutations (R46A and S113A) in full-length Hsp90. In
addition, SRL-PFAC also showed decreased complementation
in luciferase activity by both NRL-Hsp90N(Q133A) and NRL-
Hsp90N(F134A) mutation compared with the same mutations
in full-length of NRL-Hsp90. Furthermore, we fused NRL with
a middle and C-terminal domain Hsp90 fragment (NRL-
Hsp90MC). Although NRL-Hsp90MC does not directly inter-
act with Cdc37-CRL, it restored 25% luciferase activity when
cotransfected with Cdc37-CRL compared with the cotransfec-
tion ofCdc37-CRL and full-lengthNRL-Hsp90 (Fig. 4C). Taken
together, these data suggest that Cdc37-CRL may be able to
complement with the trans-subunit NRL-Hsp90 of het-
erodimer (NRL-Hsp90-Hsp90).
Similarly two interaction regions (polar interaction and hy-

drophobic interaction) are also observed on Cdc37. Cdc37 Met-
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164 is located in the center of the hydrophobic interaction region
ofCdc37,which interactswithGly-125andAla-126ofHsp90.The
mutationof this residue to a polar residue in the center of hydro-
phobic interaction region can block Hsp90/Cdc37 interaction.
Therefore, mutation of Cdc37 M164K reduced its interaction
withHsp90 bymore than 95% asmeasured by SRL-PFAC (Fig.
5B) and diminished bioluminescence signal in living cells
(Fig. 8). The adjacent residue, Leu-165, is reported to be
located in the hydrophobic interaction patch and form a hydro-
gen bond to Hsp90 Gln-133. However, we did not observe this
interaction in ourMD simulation (Fig. 5A); SRL-PFAC showed
that mutation of Cdc37 L165A and L165H reduces Hsp90/
Cdc37 interaction by 60 and 35% as measured by Hsp90-
Cdc37-assisted complementation of two luciferase fragments
(Fig. 5B), which suggests that Leu-165 may not contribute as
significantly to Hsp90/Cdc37 interaction. In addition, Ala-204
is also involved in the hydrophobic interaction region of Cdc37.
MD simulation revealed that it interacts with Hsp90 Ser-113
(Figs. 4A and 5A). The mutation of Cdc37, A204E, decreased
Hsp90/Cdc37 interaction by 60% as measured by SRL-PFAC
(Fig. 5B), which is similar to the reduction of Hsp90/Cdc37
interaction bymutation of Hsp90 S113A (50% reduction), indi-
cating that the interaction in this area is less important in the
Hsp90-Cdc37 complex formation. The L205Amutation on the
other hand affects the hydrophobic interaction surface of
the proteins and thus causes a significant decrease in complex
formation by 90%.
Cdc37 Arg-167 is the main interaction residue of Cdc37 for

the polar interaction with Hsp90. This residue was also pre-
dicted to have the most significant contribution to the interac-
tion for these proteins by MM/GBSA calculations. Cdc37 Arg-
167 inserts into the ATP-binding pocket to interact withHsp90
Glu-47. On the other hand, Cdc37 Arg-167 backbone carbonyl
forms hydrogen bonds with Hsp90 Gln-133 on the lid segment
of the pocket of Hsp90. Therefore, mutation R167A in Cdc37
reducedHsp90/Cdc37 interaction by 90% asmeasured by SRL-
PFAC in the cell lysate (Fig. 5B) and diminished biolumines-
cence signal in living cells (Fig. 8). Similarly, Gln-208 in CDC37
is involved in forming a hydrogen bond with Gln-133 of Hsp90,
and thus mutation of this residue resulted in a significant
decrease in luciferase activity by 85%. Overall interaction
between Hsp90 and Cdc37 is seen to be mediated by the resi-
dues at the interface that form a network of interactions where
the one residue from the first protein interacts with a residue of
the second that is in turn involved in interactions with other
residues of the first. Thus, disrupting a single interaction could
result in a significant decrease in complex formation as the
effect is propagated along the network of interactions at the
interface.
The N terminus of human Cdc37 is known as a kinase

client binding domain (31, 32). Recently, three Cdc37 N-ter-
minal Cys residues (Cys-54, Cys-57, and Cys-64) have been
reported to be the binding sites for low molecular weight
compounds, through which the small molecules bind and dis-
rupt Hsp90/Cdc37 interaction (33). However, single (C54S,
C57S, C64S), double (C54S/C57S and C57S/C64S), and triple
mutations (C54S/C57S/C64S) did not reduce Hsp90/Cdc37
interaction as measured by SRL-PFAC, indicating that the

N-terminal Cdc37 may not directly contribute to complex for-
mation (Fig. 6). The molecules, which bind to the cysteines to
disrupt Hsp90/Cdc37 interactions, may cause other conforma-
tional changes of Cdc37 to block Hsp90/Cdc37 interactions. It
is also possible that the small molecules also interact with
Hsp90 to disrupt the complex.
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