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ABSTRACT: Hsp90 is a molecular chaperone that acts in concert with Hsp70 to mediate the folding of
many important regulatory proteins (e.g., protein kinases) into functional conformations. The chaperone
activity of Hsp90 is primarily regulated by its cochaperones. For example, the Hsp90 cochaperone Cdc37
recruits Hsp90 to protein kinases as well as inhibiting its ATPase activity to promote the binding of
Hsp90 to protein kinases. Harc is a structurally related Hsp90 cochaperone with a three-domain structure
in which the middle domain binds Hsp90. In contrast to Cdc37 though, Harc also binds to Hsp70 and
Hop (Hsp70/Hsp90 organizing protein). Here we demonstrate that deletion of the C-terminal domain of
Harc abolished the binding of Hsp70 and Hop and reduced the affinity of Hsp90 binding to Harc.
Significantly, the C-terminal domain of Harc bound Hsp70, but it did not bind Hop or Hsp90. Size exclusion
chromatography of cell lysates revealed that Hop only formed a complex with Harc in the presence of
Hsp90 and Hsp70, consistent with a model in which the interaction of Hop with Harc is mediated via the
binding of Hop to Harc-bound Hsp90 and Hsp70. Notably, heat shock resulted in a marked decrease in
the solubility of Harc, a response that was further augmented by the deletion of the C-terminal domain of
Harc. This latter finding is especially interesting given that bioinformatics analysis indicated that cells
may express splice variants of Harc that encode C-terminally truncated Harc isoforms. Together, these
findings indicate that the C-terminal domain of Harc is a key determinant of its cochaperone functions.

The heat shock response is an evolutionarily conserved Hsp90 and Hsp70 are abundant and highly conserved
mechanism that exists to protect cells from a diverse rangemolecular chaperones that act in concert with other chaper-
of environmental stress factors, including elevated temper- ones (e.g., Hsp40) and cochaperones (e.g., Cdc37) to mediate
ature, oxidative agents (e.g., reactive oxygen metabolites),the folding of client proteins into functional conformations.
heavy metals, and toxind{4). Several pathological condi- Detailed mechanistic studies of the folding of steroid
tions (e.g., ischemia, infection, and inflammation) are also receptors into functional conformations have yielded a
known to induce a heat shock response in mammalian cellsgeneralized paradigm for protein folding by Hsp90 and
(5). The heat shock response is characterized by the increase#isp70 (1). In this model, a so-called “early” protein folding
expression of a group of proteins collectively termed heat complex is formed by the binding of Hsp70 and Hsp40 to
shock proteins (Hsp’s).Some heat shock proteins (e.g., the client protein 12, 13). The Hsp70/Hsp90 organizing
Hsp90, Hsp70, and Hsp60) function as molecular chaperonesprotein (Hop) then stabilizes the interaction of Hsp90 with
and protect cells from stress by limiting the extent of protein Hsp70 and the client protein, resulting in the formation of
damage. More specifically, they limit incorrect protein an “intermediate complex”1—14). Further maturation of
folding and aggregation as well as facilitate the refolding of the complex is accompanied by the loss of Hsp70 and Hop
proteins. Heat shock proteins are also involved in the from the complex and the interaction of other Hsp90
ubiquitination and proteasomal degradation of unfolded or cochaperones (e.g., p23) and immunophilins, such as the

incorrectly folded proteins&-9). Significantly though, many  FK506-binding protein FKBP52, with Hsp90 and its client
heat shock proteins are constitutively expressed under normalyotein (L5—18).

growth conditions and play important roles in maintaining

normal cellular homeostasi&, (10). The majority of the proteins that are dependent on Hsp90

for their folding into functional conformations are either
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protein. example, the recognition of some protein kinases (e.g., Src-
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family kinases) by Hsp90 is dictated by Cdc3®, 20). was digested witlEcoRl and Apal followed by subcloning
Cdc37 has a three-domain structure in which the N-terminal into pEGFP-N2 (Clontech). A vector encoding FLAG-tagged
domain binds client protein kinases, while the middle domain Harc domain 3 fused to the N-terminus of GFP (i.e., FLAG
binds Hsp90Z1—25). These features of Cdc37 enable it to HarcD3—-GFP) was made similarly by PCR with the primer
recruit Hsp90 to client protein kinases. Further studies have pair 5-GAA TTC CCA CCA TGG CGC GCC AGG ACT
established that the binding of Cdc37 to the N-terminal ACA AGG AC-3 (forward) and 5GGG CCC TAC AGT
domain of Hsp90 inhibits the ATPase activity of Hsp90 and GTC CAT CAT TTT GGG TTC ATC ATC-3 (reverse).
consequently may lock Hsp90 in a conformation that favors The vector pGEX-Harc, which encodes a GSarc fusion
the binding of protein kinase26, 27). protein, was created by PCR using the primer p&iGBA
Harc is an Hsp90 cochaperone that is structurally related TTC GAA CAA CCG TGG CCG CCT CCG GGA-3
to Cdc37 but whose precise function is currently unknown (forward) and 5GCG GCC GCT TAT ACA GTG TCC
(22). However, the structural similarity between Harc and ATC ATT TTG-3' (reverse). The PCR product generated
Cdc37 suggests that Harc may function to regulate the Was digested witfecoRl andNotl followed by subcloning
binding of a specific class of proteins by Hsp90. Whereas into pPGEX-4T-1. A vector encoding Lys-267 to Val-337 of
Cdc37 bound Src-family kinases and Raf-1 in transfected Harc fused to the C-terminus of GST (i.e., GSfarcD3)
cells, Harc did not bind these protein kinases but did form was made similarly by PCR with the primer pairGAA
a complex with Hsp90, Hsp70, and Hop2. We recently =~ TTC AAG TCA AGA GTA AGA CTT TAT TCT CAA-3'
reported that Harc formed homodimers when expressed in(forward) and 5§GCG GCC GCT TAT ACA GTG TCC
cells; furthermore, heterodimerization of Harc with Cdc37 ATC ATT TTG-3' (reverse).
was observed when both proteins were Coexpresgé)j ( Cell Culture and TransfectionsHEK293T cells were
Here, we have further dissected the regulation of Harc; in maintained in Dulbecco’s modified Eagle’s medium supple-
particular, we have focused on the role of the C-terminal mented with 10% FCS, 100 units of penicillin/mL, 109
domain of Harc in regulating the binding of Hsp90, Hsp70, Of streptomycin/mL, and 2 mM GlutaMax-1 and grown at
and Hop to Harc, as well as in regulating the response of 37 °C in a humidified atmosphere of 5% GOCells were

Harc to heat shock. transfected using FUGENE 6 reagent according to the
manufacturer’s instructions and lysed-248 h post-trans-
EXPERIMENTAL PROCEDURES fection 22, 23).

Cell Lysis, Immunoprecipitation, and Western Blotting

ReagentsCell culture medium and supplements, fetal calf Cells were washed twice with ice-cold phosphate-buffered
serum (FCS), and precast SBBAGE gels were from  saline (PBS) and then incubated in 20 mM Hepes (pH 7.4),
Invitrogen. The HRP-conjugated and agarose-conjugated mm EGTA, 0.05% Nonidet P-40 (NP-40), and Complete
anti-FLAG monoclonal (M2) antibodies were obtained from protease inhibitors for 15 min on ice. The cells were scraped
Sigma. The rabbit polyclonal anti-Hsp90 antibody (PA3-013) from the tissue culture dishes and subjected to homogeniza-
was from Affinity BioReagents, Inc., while the mouse tion using a tight-fitting dounce homogenizer. The cell lysates
monoclonal anti-Hsp90 and anti-Hop antibodies were pur- were centrifuged at 130@0for 10 min at 4 °C, the
chased from BD Biosciences. The mouse monoclonal anti- sypernatants retained, and then the protein concentrations
Hsp70 antibody (BB70) was a generous gift from Dr. David measured using a Bio-Rad protein assay kit. The concentra-
Toft (Mayo Clinic, Rochester). Complete protease inhibitors tions of NP-40 and NaCl in the cleared cell lysates were
and FUGENE 6 transfection reagent were from Roche, andadjusted to the levels required (as indicated in the figure
si_ze exclusion chromatography standards were obtained fromcaptions) prior to immunoprecipitation. FLAG-tagged pro-
Bio-Rad. teins were immunoprecipitated from cell lysates by incubat-

Expression VectorsMammalian expression vectors en- ing 250-1000 ug of protein from each cell lysate with
coding N-terminal FLAG-tagged versions of human Harc, agarose-conjugated anti-FLAG antibodiesd (heat shock
HarcD12, Cdc37, Cdarc, and Hac37 were as previously experiments) or 34 h (all other experiments) at4 with

described 22—24). The vector pEF-HA-Harc, which ex- continual mixing. The immunoprecipitates were washed four
presses an N-terminal HA-tagged version of Harc, was times with the buffers indicated in the figure captions. Cell
created by excising the cDNA insert from pEF-FLAGarc lysates and immunoprecipitates were subjected to electro-

with Mlul and subcloning the fragment into the correspond- phoresis on 10% SDSPAGE gels. The proteins were then
ing site in the vector pEF-HA. An expression vector encoding transferred to Immobilon-P membranes followed by Western
FLAG—HarcD3 (Lys-267 to Val-337) was generated by PCR blotting.

using the following primer pair: '5SACG CGT AAG TCA Trypsin Sensitity Assay FLAG—Harc and FLAG-
AGA GTA AGA CTT TAT TCT CAA-3' (forward) and & HarcD12 were immunoprecipitated from cell lysates using
ACG CGT TTA TAC AGT GTC CAT CAT TTT GGG anti-FLAG beads. After being washed four times with lysis
TTC-3 (reverse). The PCR product generated was digestedbuffer containing 0.5% NP-40 and either 100 mM NaCl or
with Mlul and subcloned into pEF-FLAG. The vector 1 M NaCl, the immunoprecipitates were washed once with
PEGFP-FLAG-Harc, which expresses FLAG-tagged Harc 20 mM Hepes (pH 7.4). The immunoprecipitates were then
fused to the N-terminus of enhanced green fluorescent proteinresuspended in 40 mM ammonium bicarbonate £p18.5)
(i.e., FLAG—Harc—GFP), was generated by PCR using the containing the concentrations of trypsin indicated in the
following primer pair: 5GAA TTC CCACCATGG CGC figure caption and incubated for 30 min at 3Z. Digestion
GCC AGG ACT ACA AGG ACG AC-3 (forward) and & was stopped by the addition ofx5Laemmli SDS-PAGE
GGG CCC TAC AGT GTC CAT CAT TTT GGG TTC  sample buffer and heating for 10 min at 95, after which
ATC ATC TTC-3 (reverse). The PCR product generated time the samples were subjected to SBFAGE on 14%
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gels. The gels were then stained using a SilverQuest kit
(Invitrogen).

GST-Harc Fusion Proteins: Expression, Purification, and
Binding AssaysThe vectors pGEX-4T-1, pGEX-Harc, and
pGEX-HarcD3 were introduced into competent BLES-
cherichia colibacteria, and the expression of the GST fusion
proteins was induced by the addition of isopropythio-
galactopyranoside. The fusion proteins were then purified
by standard procedures with glutathierf@epharose beads
(28). Binding assays were conducted by incubatingu20
of glutathione-Sepharose beads containirg ug of bound
GST fusion protein with aliquots of cell lysate containing 1
mg of protein fa 4 h at 4°C with continual mixing. The
beads were washed four times with lysis buffer containing
100 mM NaCl and either 0.05% or 0.5% NP-40, after which
they were subjected to Western blotting.

Size Exclusion Chromatographyransfected HEK293T
cells were lysed in buffer containing 0.1% NP-40. Following
clarification by centrifugation and filtration through a 0.2
um syringe filter, 0.25 mL aliquots of the cell lysates were
applied to a Superose-6 column (HR 10/30, GE Healthcare)
fitted to an Agilent 1100 series HPLC system that had been
equilibrated with 20 mM Hepes (pH 7.4), 100 mM NacCl, 2
mM EGTA, and 10% glycerol. Elution was performed at a
flow rate of 0.2 mL/min, and fractions were collected each
minute. The column was calibrated with thyroglobulin (670
kDa), boviney-globulin (158 kDa), chicken ovalbumin (44
kDa), and equine myoglobin (17 kDa). For immunoprecipi-
tation assays, 0.15 mL of the indicated column fractions was
subjected to immunoprecipitation with anti-FLAG beads as
described above.

Heat Shock Treatmentissue culture dishes were sealed
with Parafilm and placed in a 43C water bath for the
required length of time. The cells were then gently washed
with ice-cold PBS and lysed for 5 min with 20 mM Hepes
(pH 7.4), 2 mM EGTA, 100 mM NacCl, 0.1% NP-40, 10%
glycerol, and Complete protease inhibitors. The cell lysates
were centrifuged at 130@0for 10 min at 4°C and the

supernatants retained. Aliquots of the NP40-soluble super-

natants, which contained equal amounts of protein, were
diluted with 1/5 volume of % Laemmli SDS-PAGE sample
buffer and heated for 5 min at 9&. The NP40-insoluble
cell pellets were solubilized inx Laemmli sample buffer
(volume of the sample buffer 125% volume of the NP-40
lysis buffer) for 10 min at 98C. Equal volumes of the NP40-
soluble and NP40-insoluble fractions were analyzed by
Western blotting.

RESULTS

The C-Terminal Domain of Harc Is Important for Complex
Formation with Hop and Hsp7Marc is an Hsp90 cochap-
erone that, while structurally related to Cdc37, is likely to
serve a unique but still undefined role in Hsp90-mediated
protein folding. We had previously shown that Harc formed
a complex with Hsp90, Hsp70, and Hop when expressed in
HEK29T cells @2). Bioinformatics and biochemical ap-
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Ficure 1: Analysis of Hop and Hsp70 binding to Harc. (A)
Schematic representation of FLAG-tagged full-length Harc and the
C-terminal Harc truncation mutant HarcD12. (B) HEK293T cells
expressing FLAG Harc (lanes 2, 5, 8, and 11) or FLAGlarcD12
(lanes 3, 6, 9, and 12), or empty vector transfected cells (lanes 1,
4, 7, and 10), were lysed in the presence of 0.05% NP-40. The
lysates were adjusted to 0.05%, 0.1%, or 0.5% Nonidet P-40 (NP-
40) and either 100 or 500 mM NacCl prior to the immunoprecipi-
tation of FLAG—Harc and FLAG-HarcD12 with anti-FLAG
antibodies. The immunoprecipitates were then Western blotted with
the indicated antibodies. The positions of the molecular mass
markers (kDa) are shown on the right.

expressed in HEK29T cells and its capacity to bind Hop,
Hsp70, and Hsp90 was examined via immunoprecipitation
assays under different detergent and salt concentrations. As
shown in Figure 1B, deletion of the C-terminal domain of
Harc abolished its ability to bind Hop as well as markedly
reduced its binding of Hsp70 (Figure 1B). Hsp90 binding
was not significantly reduced in the presence of 100 mM
NacCl; however, increasing the concentration of NaCl from
100 to 500 mM during the immunoprecipitation assays
abolished the binding of Hsp90 to FLAGHarcD12, while
Hsp90 binding to FLAG-Harc was partially reduced (Figure
1B). Notably, the binding of Hop to full-length FLAGHarc
was abolished in the presence of 500 mM NacCl (Figure 1B).
Together these findings suggest that in addition to being a
key determinant of the binding of Hop and Hsp70 to Harc,
the C-terminal domain may also influence the affinity of
Hsp90 binding.

Deletion of the C-Terminal Domain Does Not Induce the
Gross Destabilization of HardDue to the profound effect
of deleting the C-terminal domain of Harc on its ability to
bind Hop and Hsp70, we assessed the conformational state
of FLAG—HarcD12 by subjecting it to in vitro digestion with
trypsin. Because the differential binding of Hop, Hsp70, and/
or Hsp90 to FLAG-HarcD12 and FLAG-Harc could
influence their susceptibility to trypsin digestion, immuno-
precipitates of FLAG-HarcD12 and FLAG-Harc were also
“salt-stripped” withh 1 M NaCl to remove/reduce bound Hop,

proaches have suggested that Harc has a three-domaiidsp70, and/or Hsp90. Little proteolysis of FLAGHarcD12

structure (Figure 1A) in which the middle domain (residues
152—-271) mediates Hsp90 bindingZ). To ascribe possible
functions to the C-terminal domain of Harc, a C-terminal
truncation mutant of Harc (i.e., FLAGHarcD12) was

was observed at trypsin concentrations of-300 ng/mL
(Figure 2A). However, significant proteolysis of FLAG
HarcD12 occurred at a trypsin concentration of 200 ng/mL,
and it was completely digested when incubated with-500
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FiGUrRe 2: Sensitivity of HarcD12 and Harc to in vitro proteolytic
digestion by trypsin. (A) FLAG-HarcD12 and (B) FLAG-Harc
were immunoprecipitated from lysates of transfected HEK293T
cells in the presence of 0.5% NP-40 and 100 mM NacCl (“non-
stripped”) and 0.5% NP-40 dnl M NaCl (“salt-stripped”). The
immunoprecipitates were then incubated with the following con-
centrations of trypsin for 30 min at 3, 50 ng/mL (lanes 2 and
8), 100 ng/mL (lanes 3 and 9), 200 ng/mL (lanes 4 and 10), 500
ng/mL (lanes 5 and 11), and 1000 ng/mL (lanes 6 and 12), or with
buffer alone (lanes 1 and 7). Aliquots of the digestion reactions
were subsequently subjected to SEFAGE and the proteins
visualized by silver staining. The positions of Hsp90, the heavy
and light chains of the anti-FLAG antibodies (IgG HC and IgG
LC, respectively), FLAG-HarcD12, and FLAG-Harc are indicated

on the left, while the positions of molecular mass markers (kDa)
are shown on the right.

1000 ng/mL trypsin (Figure 2A). As shown in Figure 2B,
the susceptibility of FLAG-Harc to trypsin digestion was
comparable to that of FLAGHarcD12. The stripping of
Hop, Hsp70, and/or Hsp90 from FLAGHarcD12 and
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Ficure 3: Analysis of Hop and Hsp70 binding to the C-terminal
domain of Harc. (A) Schematic representation of FLAGarc—
GFP, FLAG-HarcD3-GFP, and FLAG-Harc. (B) HEK293T cells
expressing FLAGHarc—GFP (lanes 1, 4, and 7), FLAG
HarcD3-GFP (lanes 2, 5, and 8), or FLAGHarc (lanes 3, 6, and

9) were lysed and the lysates adjusted to 0.05% or 0.5% NP-40
and either 100 or 500 mM NacCl, respectively. The FLAG-tagged
proteins were then immunoprecipitated from the cell lysates with
anti-FLAG antibodies followed by Western blotting with the
indicated antibodies. The positions of molecular mass markers (kDa)
are shown on the right.

the binding of Hsp70 to FLAGHarcD3-GFP was detected
(Figure 3B). The ability of bacterially expressed GST fusion
proteins of Harc, namely, GSTHarc and GS¥HarcD3,

to bind Hop, Hsp70, and/or Hsp90 in lysates of nontrans-
fected HEK293T cells was also tested. However, neither
fusion protein was capable of binding Hop, Hsp70, or Hsp90
(data not shown).

The above findings suggested that the C-terminal domain
of Harc binds to Hsp70 but that it does not bind to Hop.
However, it is possible that the middle Hsp90-binding
domain of Harc may positively regulate the ability of the
C-terminal domain to bind Hop. To test this proposal, we
made use of chimeric proteins of Harc and the structurally

FLAG—Harc appeared to have only modestly increased their related Hsp90 cochaperone Cdc37 (Figure 4A). Cdarc

susceptibility to in vitro proteolysis by trypsin (Figure 2).
The digestion patterns of Hsp90 that was bound to FEAG
HarcD12 and FLAG-Harc appeared comparable (Figure 2).
The C-Terminal Domain of Harc Does Not Bind Hop, but
It Can Bind Hsp70 To establish whether the C-terminal

domain of Harc represented a bone fide Hop- and/or Hsp70-

binding domain, an expression vector encoding a FLAG-
tagged form of the C-terminal domain of Harc (i.e., FLAG

HarcD3) was transfected into HEK293T cells. However,
FLAG—HarcD3 could not be detected in the lysates of

consists of the N-terminal domain of Cdc37 and the middle
and C-terminal domains of Harc, while Hac37 is composed
of the N-terminal domain of Harc and the middle and
C-terminal domains of Cdc37. Notably, FLAGdarc did
not bind Hop even though the C-terminal domain of Harc
was juxtaposed to the middle Hsp90-binding domain of Harc
in this chimeric protein (Figure 4B). Conversely, the binding
of Hsp70 to FLAG-Cdarc was comparable to that observed
for FLAG—Harc (Figure 4B). FLAG-Hac37, which contains
the N-terminal domain of Harc and binds Hsp90, did not

transfected cells (data not shown), the reasons for which arebind Hop or significant levels of Hsp70 (Figure 4B).
unclear at this stage. Consequently, the C-terminal domain Hop Only Forms a Complex with Harc in the Presence of
of Harc was expressed as a fusion protein with green Hsp9Q To further define the nature of the interaction of Hop

fluorescent protein (i.e., FLAGHarcD3-GFP; see Figure
3A) in HEK293T cells. Although the binding of Hop, Hsp70,
and Hsp90 to FLAGHarc—-GFP was comparable to that
observed for FLAG-Harc (Figure 3B), FLAG-HarcD3—
GFP bound neither Hop nor Hsp90 (Figure 3B). In contrast,

with Harc, lysates of HEK293T cells expressing FLAG
Harc and FLAG-HarcD12 were subjected to size exclusion
chromatography. FLAGHarc primarily eluted in fractions
61—67, which corresponded to a molecular mass-800—
700 kDa (Figure 5A). Notably, the elution profile of FLAG
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Ficure 4: Analysis of Hop and Hsp70 binding to Har€dc37
chimeras. (A) Schematic representation of FLABarc, FLAG—

Cdc37, FLAG-Cdarc, and FLAG-Hac37. (B) HEK293T cells
expressing FLAG-Harc (lanes 1, 5, and 9), FLAGCdc37 (lanes
2, 6, and 10), FLAG-Cdarc (lanes 3, 7, and 11), or FLAGac37

(lanes 4, 8, and 12) were lysed in the presence of 0.05% NP-40.
The lysates were adjusted to 0.05% or 0.5% NP-40 and either 100

or 500 mM NacCl prior to the immunoprecipitation of FLAGarc,
FLAG—Cdc37, FLAG-Cdarc, and FLAG-Hac37 with anti-FLAG
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FIGURe 5: Analysis of Harc complexes by size exclusion chroma-
tography. Lysates of HEK293T cells expressing (A) FLABarc

antibodies. The immunoprecipitates were then Western blotted with or (B) FLAG—HarcD12 were subjected to size exclusion chroma-
the indicated antibodies. The positions of molecular mass markerstography on a Superose-6 column. Aliquots of the column fractions

(kDa) are shown on the right.

HarcD12 was comparable to that of full-length FLABarc
(Figure 5B). A significant degree of overlap was observed
between the elution profiles of Hop and FLAGlarc, with

the peak fractions of Hop (fractions 647) coinciding with
the fractions that contained the highest levels of FLLAG
Harc (Figure 5A). Although the elution profile of Hop also
partially overlapped with that of FLAGHarcD12, the
fractions that contained the highest levels of Hop (fractions
67—70) did not coincide with the peak fractions of FLAG
HarcD12 (Figure 5B). Hsp70 primarily eluted in latter
fractions, in particular fractions 7679, irrespective of
whether the cells expressed FLAGIarc or FLAG-
HarcD12 (Figure 5). Hsp90 largely eluted in the same
fractions as those that contained FLABarc and FLAG-
HarcD12 (Figure 5).

The coimmunoprecipitation of Hop with FLAGHarc was
essentially only detected in pooled fractions-@&5 (Figure
6A) despite the fact that high levels of Hop and FLAG
Harc were also present in pooled fractions-&8 (Figure
5A). Significantly though, the levels of Hsp90 in pooled
fractions 63-65 were higher than those in fractions-6&3
(Figure 5A), suggesting that the interaction of Hop with
FLAG—Harc is dependent on the presence of Hsp90.
Coimmunoprecipitation of Hsp70 with FLAGHarc oc-
curred in fractions 6662 and 63-65 (Figure 6A). However,
the levels of Hsp70 coimmunoprecipitated did not correlate
with the FLAG—Harc levels; the relative ratio of Hsp70 to
FLAG—Harc was greater in fractions 662 than in fractions

shown were Western blotted with the indicated antibodies. The
elution positions of column calibration standards (kDa) are shown
at the top.

63—65 (Figure 6A). This suggests that a greater proportion
of FLAG—Harc in fractions 66-62 is in complex with
Hsp70. Although Hsp70 was detected in fractions-68
(Figure 5A), it did not coimmunoprecipitate with FLAG
Harc (Figure 6A). As expected, Hsp90 coimmunoprecipitated
with FLAG—Harc in pooled fractions 6662, 63-65, and
66—68, with the relative levels of Hsp90 correlating with
the amount of FLAGHarc in each immunoprecipitate
(Figure 6A). Reciprocal immunoprecipitation assays with
anti-Hsp90 antibodies were performed to further establish
the composition of the complexes in the column fractions.
Hop coimmunoprecipitated with Hsp90 in pooled fractions
60—62, 63-65, 66-68, and 69-71 (Figure 6B), although

it did not coimmunoprecipitate with FLAGHarc in pooled
fractions 66-62 and 66-68 (Figure 6A). Thus, FLAGHarc
forms a range of distinct complexes when expressed in
HEK?293T cells including Hare Hsp90-Hsp70-Hop and
Harc—Hsp90 complexes.

Dimerization of the C-Terminal Domain of Harc Is
Necessary for the Binding of Hojphe binding of Hsp90 to
Harc is dependent on the dimerization of Ha2d)( To test
whether the same was true for Hop and Hsp70 binding,
FLAG—HarcD12 was coexpressed with HA-tagged full-
length Harc. As shown in Figure 7, HAHarc coimmuno-
precipitated with FLAG-HarcD12 in anti-FLAG immuno-
precipitates, indicating that FLAGHarcD12 had hetero-
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FicurRe 6: Analysis of size exclusion chromatography-fractionated
Harc complexes. The indicated column fractions from Figure 5A
were pooled and subjected to immunoprecipitation with (A) anti-
FLAG and (B) anti-Hsp90 antibodies. The immunoprecipitates were
then Western blotted with the indicated antibodies.
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Ficure 7: Dimerization requirements for the binding of Hop and
Hsp70 to Harc. HEK293T cells expressing HAarc alone (lane

2) or together with FLAG-Harc (lane 3) and FLAGHarcD12
(lane 4), or empty vector transfected cells (lane 1), were lysed and
FLAG—Harc and FLAG-HarcD12 immunoprecipitated with anti-
FLAG antibodies. The immunoprecipitates were then Western
blotted with the indicated antibodies. The cell lysates were blotted
with an anti-HA antibody to demonstrate the equal expression of
HA—Harc under the different conditions.

dimerized with full-length HA-Harc. However, the coex-
pression of FLAG-HarcD12 with HA—Harc did not result

in the coimmunoprecipitation of Hop with FLAGHarcD12
(Figure 7). By contrast, the coimmunoprecipitation of Hsp70
with FLAG—HarcD12 was observed when FLAGlarcD12
was coexpressed with HAHarc (Figure 7). Western blotting
of the cell lysates confirmed that HAHarc was expressed
at comparable levels when coexpressed with FEA{&rc
and FLAG—HarcD12 (Figure 7). Similarly, the expression
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the expression of FLAGHarc and FLAG-HarcD12 (data
not shown). Thus, dimerization of the C-terminal domain of
Harc is required for complex formation between Hop and
Harc but it is not a prerequisite for the binding of Hsp70 to
Harc.

Bioinformatics-Based Identification of Alternaéi mRNA
Transcripts Encoding C-Terminally Truncated Forms of
Harc. The importance of the C-terminal domain for Harc to
form a complex with Hop and Hsp70 prompted us to
investigate whether isoforms of Harc that lacked this domain
may be expressed under some circumstances. Indeed,
searches of the UniProtKB/TrEMBL database identified two
potential, alternative human Harc transcripts (accession
numbers Q5JVJ2 and A6NFT3) in which exon 7 was
replaced with an alternative, but different, exon (Figure 8).
Rather than encoding 33 amino acids, each of the alternative
exons encode 4 amino acids: Ala-Pro-Arg-Phe and lle-Pro-
Asp-Phe, respectively (Figure 8). The UniProtKB/TrEMBL
database also contains two entries for an alternative mouse
Harc transcript (accession numbers Q8BP15 and Q3TNC?7)
in which exon 7 encodes the sequence Ala-Pro-Arg-Phe. On
the basis of the data presented above, these shorter isoforms
of Harc would be predicted to bind to Hsp90 but not to either
Hsp70 or Hop.

Deletion of the C-Terminal Domain Augments the Heat-
Shock-Induced Insolubilization of HarBecause of its ability
to form complexes with Hsp90, Hsp70, and Hop, Harc is
likely to act in concert with these proteins to protect cells
from the deleterious effects of various stress stimuli (e.g.,
heat stress). However, the markedly different binding proper-
ties of the C-terminally truncated Harc mutant suggested that
the shorter Harc isoforms identified in the UniProtKB/
TrEMBL database may exhibit a different response to stress
stimuli than does full-length Harc. Consequently, we first
sought to define the response of FLAGlarc to heat shock,
which was then compared to that of Hsp90, Hsp70, Hop,
and FLAG-HarcD12. As shown in Figure 9A, FLAGHarc
was detected exclusively in the NP40-soluble fractions of
non-heat-shocked HEK293T cells. However, the level of
FLAG—Harc in the NP40-soluble fraction was reduced by
~30—40% after the cells had been subjected to a 90 min
heat shock at 43C (Figure 9A). Concomitant with the
decreased levels of FLA&Harc in the NP40-soluble fraction
of heat-shocked cells was a corresponding increase in
FLAG—Harc levels in the NP40-insoluble fraction of the
same cells (Figure 9A). To establish whether this was unique
to FLAG—Harc, the effect of heat shock on FLAGdc37
was likewise assessed. In contrast to FLA&arc, however,
heat shock did not result in a notable reduction in the
detergent solubility of FLAGCdc37 (Figure 9B). The
reduction in FLAG-Harc solubility following heat shock
was neither augmented nor ameliorated by the prior exposure
of the cells to the Hsp90 inhibitor geldanamycin (data not
shown). Only low levels of Hop, Hsp70, and Hsp90 were
detected in the NP40-insoluble fraction of non-heat-shocked
cells (Figure 9C). However, the levels of Hop and Hsp70 in
the NP40-insoluble fractions of cells expressing FL-A&arc
(or FLAG—Cdc37) increased significantly in response to heat
shock (Figure 9C and data not shown). In the case of Hop,
~25% of the total Hop was present in the NP40-insoluble
fraction after a 90 min heat shock (Figure 9C). Similarly,

levels of endogenous Hop and Hsp70 were not affected bythe level of Hsp70 in the same NP40-insoluble fraction
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Harc Q9H577 MEQPWPPPGPWSLPRAEGEAEEESDFDVFPSSPRCPQLPGGGAQMYSHGIELACQKQKEFVKSSVACKWNLAEAQQOKLGSLALHNSESLDQEHAKAQTAV 100
Harc Q5JVJ2 MEQPWPPPGPWSLPRAEGEAEEESDFDVFPSSPRCPQLPGGGAQMYSHGIELACQKQKEFVKSSVACKWNLAEAQQKLGSLALHNSESLDQEHAKAQTAV 100
Harc AGNFT3 MEQPWPPPGPWSLPRAEGEAEEESDFDVFPSSPRCPQLPGGGAQMYSHGIELACQKQKEFVKSSVACKWNLAEAQQOKLGSLALHNSESLDQEHAKAQTAV 100

Harc Q9H577 SELRQREEEWRQKEEALVQREKMCLWSTDAISKDVFNESFINQDKRKDTEDEDKSESFMQKYEQKIRHFGMLSRWDDSQRFLSDHPYLVCEETAKYLILW 200
Harc Q5JVJ2 SELRQREEEWRQKEEALVOREKMCLWSTDAISKDVFNKSFINQDKRKDTEDEDKSESFMQEKYEQKIRHFGMLSRWDDSQRFLSDHPYLVCEETAKYLILW 200
Harc A6NFT3 SELRQREEEWRQKEEALVQREKMCLWSTDAISKDVFNESFINQDKRKDTEDEDKSESFMQKYEQKIRHFGMLSRWDDSQRFLSDHPYLVCEETAKYLILW 200

Harc Q9H577 CFHLEAEKKGALMEQIAHQAVVMOFIMEMAKNCNVDPRGCFRLFFQKAKAREEGYFEAFKNELEAFKSRVALYSQSQSFQPMTVONHVPHSGVGSIGLLE| 300
Harc Q5JVJ2 CFHLEAEKKGALMEQIAHQAVVMOFIMEMAKNCNVDPRGCFRLFFQKAKAEEEGYFEAFKNELEAFKSRVALYSQSQSFQPMTVONHVPHSGVGSIGLLE| 300
Harc AGNFT3 CFHLEAEKKGALMEQIAHQAVVMOFIMEMAKNCNVDPRGCFRLFFQKAKAFREEGYFEAFKNELEAFKSRVALYSQSQSFQPMTVONHVPHSGVGSIGLLE| 300

Harc_Q9H577 |SLPQNPDYLQYSISTALCSLNSVVHKEDDEPKMMDTV| 337
Harc_Q5JVJ2 |SLPQAPRF-------===-====-—==—————————u 308
Harc_A6NFT3 |SLEQIPDE------—--===—=========—=————== 308

Ficure 8: Sequence alignment of putative alternative isoforms of Harc. Amino acid sequences of human Harc from the UniProtKB/
TrEMBL database, with the indicated accession numbers, were aligned using the ClustalW program. The C-terminal domain of Harc is
boxed, while the amino acids encoded by the last exon oHwe gene are shaded.

markedly potentiated its heat-shock-induced insolubilization;
more than 80% of FLAGHarcD12 was present in the
NP40-insoluble fraction of HEK293T cells that had been
subjected to a 60 min heat shock at43(Figure 9D). The
B G Ee effect of heat shock on the binding of Hsp90, Hsp70, and
Heat shock (min):| 0 15306090 | 0 15 30 60 90 ! E']O? to Harc was als‘? iv?ll:jate('jt.h-rgi,&%jfced ]!evelshOf TSng
at coimmunoprecipitated wi arc from heat-
i |-—-| | Lkt | shocked cells correlated with the reduced levels of FEAG
Harc in the same immunoprecipitates (Figure 9E). However,
the levels of Hop and Hsp70 that coimmunoprecipitated with
FLAG—Harc from the same heat-shocked cells were not

A Soluble Insoluble
Heat shock (min): I 0 15 306090 ! | 0 15 30 60 90!

a-FLAG-Harc blot |“| ‘ -..I‘

C Soluble Insoluble
Heat shock (min): | 0 15 306090 ! | 0 15 3060 90 |

a-Hop blot |-——-—v| ‘ ---..—‘

o-Hsp70 blot | w-| | - ——— - |

reduced (Figure 9E), suggesting that heat shock increased
the interaction of Hop and Hsp70 with Harc.

its binding to Hsp90 22, 24). In the present study, we
investigated the importance of the C-terminal domain of Harc
for its interaction with Hsp90, Hsp70, and Hop as well as

of Harc. HEK293T cells expressing (A) FLA&arc and (B) determined Wheth_er the t_)lndlng of Hsp70 and pr was
FLAG—Cdc37 were subjected to heat shock af@Zor the times regulated by the dimerization state of Harc. In addition, the

shown and then lysed. Equal volumes of the NP40-soluble and response of Harc to cellular stress, namely, to heat shock,
NP40-insoluble fractions were Western blotted with an anti-FLAG was ascertained.

antibody. (C) The NP40-soluble and NP40-insoluble fractions from The C-terminal domain of Harc, which represents the

(A) were also Western blotted with anti-Hop, anti-Hsp70, and anti- . .

Hsp90 antibodies. (D) HEK293T cells expressing FLAGarc region of greatest sequence divergence between Harc and
(lanes 1, 2, 5, and 6) or FLAGHarcD12 (lanes 3, 4, 7, and 8) Cdc37, is a key determinant of the interaction of Hop and
were subjected to heat shock at 43 for 60 min (lanes 2, 4, 6,  Hsp70 with Harc. The loss of Hop binding, and the dramatic

lﬁlndg) O(ijept Gllt 37|7C (|anef3t&, ?\]lfz'lgndl7)bl-rheg?\lllgd\,l(\ge're ﬂ;egl reduction in the binding of Hsp70, which occurs upon the
ysed and equal volumes of the -soluble an -insoluble ; ) ; . ;
fractions Western blotted with an anti-FLAG antibody. (E) HEK293T gﬁf?gr;or;;?gr%htggglenﬁ! Sr?em(?\llr;rlaslllu:tlrlﬁig rt(; ihne't\elgrﬁseor;

cells expressing FLAGHarc were subjected to heat shock at 43 e THL

°C for 60 min or kept at 37C. The cells were lysed, and FLAG Harc because Hsp90 binding was not significantly reduced.
Harc was immunoprecipitated from the NP40-soluble fractions with Furthermore, the sensitivity of the Harc C-terminal truncation
anti-FLAG antibodies. The immunoprecipitates were then Western mytant to in vitro digestion by trypsin was comparable to
blotted with the indicated antibodies. that of full-length Harc. Interestingly, the “stripping” of
represented-30—40% of the total Hsp70 (Figure 9C). Heat Hsp90, Hsp70, and/or Hop from Harc tvit M NaCl slightly
shock resulted in only a relatively small increase2{-3- increased the sensitivity of Harc to digestion by trypsin. This
fold) in the levels of Hsp90 in the NP40-insoluble fractions suggests that Harc may undergo only a relatively minor
of the cells, irrespective of whether the cells expressed conformational change upon the binding of Hsp90.
FLAG—Harc or FLAG-Cdc37, and this only accounted for Our data suggest that the interaction of Hsp70 with Harc
a minor fraction of the total Hsp90 (Figure 9C and data not is directly mediated by the C-terminal domain of Harc,
shown). Notably, deletion of the C-terminal domain of Harc although other regions of Harc might also contribute to

a-FLAG blot

a-Hspo0 blot l---‘ I ————— | DISCUSSION
Harc is an Hsp90 cochaperone that is structurally related
D Soluble soliible bestesea to Cdc37 but whose role in Hsp90-mediated protein folding
123 4l ls56 7 8l has not been define@®?). We have previously shown that
ke aboak{ il RS SR b'OtEI Harc can form a complex with Hsp90, Hsp70, and Hop in
- - i ||| k7o blmEl HEK293T cells. Further, we identified the middle domain
a-FLAG blot p—— - of Harc as being a bone fide Hsp90-binding domain and
- a-Hspg0 blot El established that dimerization of Harc was a prerequisite for

Ficure 9: Analysis of the effects of heat shock on the solubility
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Hsp70 binding. This conclusion is based on the finding that concentrated in punctuate structures, including in the nuclei
when fused to a heterologous protein, namely, to green of the cells, following heat shock. The biological relevance
fluorescent protein, the C-terminal domain of Harc bound of the heat shock response of Harc is yet to be established;
Hsp70. The C-terminal domain of Harc also bound Hsp70 however, Cdc37 did not exhibit the same response. Thus,
when in the context of a chimeric protein consisting of the the observed effects of heat shock on Harc are unlikely to
N-terminal domain of Cdc37 and the middle and C-terminal be a consequence of its ectopic expression but rather reflect
domains of Harc. Thus, the structural organization of Harc its normal response to such a stress stimulus. The fact that
is such that it can directly bind Hsp90 and Hsp70 via separateCdc37 did not undergo the same heat-shock-induced deter-
domains. gent insolubilization is also interesting given its central role

We have shown previously that dimerization of Harc was
necessary for Hsp90 binding4). It is not entirely clear at
this stage whether the binding of Hsp70 to Harc is likewise
dependent on the dimerization of Harc. If the C-terminal
domain of Harc is the primary region involved in the binding
of Hsp70, then the coimmunoprecipitation of Hsp70 with
FLAG—HarcD12 that was complexed with full-length HA
Harc implies that Hsp70 can bind to monomeric full-length
Harc. However, size exclusion chromatography of cell lysates
revealed that Hsp70-containing FLAGlarc complexes
were on the order of 466500 kDa in size. Moreover, the

in regulating the Hsp90-mediated folding of protein kinases
(e.g., Cdk4, Raf-1, Akt, and Src kinases) into functional
conformations 19, 20, 23, 25, 34). The ability of Cdc37 to
remain in a detergent-soluble form in the cytoplasm of heat-
shocked cells may allow protein kinases, which regulate cell
survival and proliferation, to be protected from heat-induced
denaturation.

Bioinformatics analysis indicated that cells may express
splice variants of Harc that encode C-terminally truncated
isoforms of Harc. These Harc isoforms would lack0%
of the C-terminal domain of full-length Harc and hence be

complexes also contained Hsp90, while some contained bothpredicted to fail to bind Hsp70 and Hop but still be capable
Hsp90 and Hop. These findings are therefore more consistentof binding Hsp90. However, depending on the relative
with Hsp70 forming a complex with dimerized Harc, which expression levels of the shorter Harc isoforms and full-length
may also be bound to Hsp90. It is not known whether the Harc, they may be capable of heterodimerizing with full-
binding of Hsp90 and Hsp70 to Harc occurs in a sequential length Harc and thereby forming complexes with Hsp90 and
fashion and if so the order of binding. But given that Harc Hsp70 but not with Hop. The responses of these shorter Harc

formed a stable complex with Hsp90 in the absence of
Hsp70, but not vice versa, it seems likely that the binding
of Hsp90 to Harc precedes that by Hsp70.

In contrast to Hsp70, Hop failed to bind to either the
HarcD3-GFP fusion protein or Cdarc; it also failed to bind
to the N-terminal or middle domain of Harc (data not shown)
or to the chimeric protein Hac37. Fractionation of cell lysates
by size exclusion chromatography revealed that Hop only
formed a complex with Harc in the presence of Hsp90 and
Hsp70. Thus, rather than binding directly to Harc, the
interaction of Hop with Harc is likely to be mediated via its
binding to both Hsp90 and Hsp70. This would also poten-
tially explain why deletion of the C-terminal domain reduced
the affinity of Harc for Hsp90; in the absence of the
C-terminal domain, Hsp70 and Hop cannot bind to, and
thereby stabilize, HareHsp90 complexes. Binding experi-
ments with purified proteins will be necessary to more clearly
define the nature of the interaction of Hop with Harc.

In addition to being important for the assembly of Harc
heat shock protein complexes, the C-terminal domain of Harc

also appears to be a key determinant of the response of Harc

to heat shock. Deletion of the C-terminal domain resulted
in the majority ¢80%) of Harc rapidly appearing in the

detergent-insoluble fraction of heat-shocked cells. Heat shock

also resulted in a significant decrease in the detergent
solubility of full-length Harc, although not to the same extent
as that observed for FLAGHarcD12. The exposure of cells

to heat shock has previously been shown to result in a
transient increase in the expression of heat shock genes an
in some cases to also trigger a decrease in the solubility of
heat shock protein®2@—33). Furthermore, the subcellular
localization of heat shock proteins (e.g., Hsp70) has been
found to be altered following heat shock, including the
redistribution of significant proportions of the heat shock
proteins to the nuclei of cells. Preliminary studies with GFP-

tagged Harc have suggested that Harc had become more

isoforms to heat shock is also likely to be significantly
different from that of the longer Harc isoform. Although the
biochemical and biological consequences of the expression
of splice variants of Harc is to be established, it potentially
introduces another level of complexity and regulation to the
process of Hsp90-mediated protein folding. Our current
efforts are directed toward establishing under which condi-
tions these Harc splice variants are expressed and defining
their interactions with Hsp90, Hsp70, and Hop.
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