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Hsp90 cooperates with its co-chaperone Cdc37 to pro-
vide obligatory support to numerous protein kinases
involved in the regulation of cellular signal transduc-
tion pathways. In this report, the crystal structure of the
Src family tyrosine kinase Lck was used to guide the
creation of kinase constructs to determine features rec-
ognized by Hsp90 and its “kinase-specific” co-chaperone
Cdc37. Two parameters were assayed: the ability and
extent to which the constructs bound to Hsp90 and
Cdc37, and the ability of the constructs to trigger salt-
resistant high affinity complexes with Hsp90 and Cdc37
independent of the presence of molybdate. Although
Hsp90 interacted with both the N-terminal and C-termi-
nal lobes (NL and CL, respectively) of the catalytic do-
mains of the kinases, the lobes themselves were not suf-
ficient to trigger the high affinity binding of Hsp90. Only
constructs containing a complete N- or C-terminal lobe
and part of the adjacent lobe bound to Hsp90 and Cdc37
in salt-stable complexes independent of molybdate. The
two minimum constructs that bound Hsp90 and Cdc37
contained the �-C-helix and the �4- and �5-strands of the
NL through to end of the CL and the NL through to the
�-E-helix and the amino acids that cap the helix. Cdc37
interacted with only the NL and minimally required the
�-C-helix and �4- and �5-strands of this lobe of Lck. The
results indicate that the high affinity binding activity of
Hsp90 is triggered through its interaction with adjacent
subdomain structures of kinase catalytic domains. Fur-
thermore, the �-C-helix and part of its adjoining loop
connection to the �4-strand appear to be the primary
determinants recognized by Cdc37.

In vivo, Hsp901 function is essential for the biogenesis and
support of numerous cellular proteins that regulate signal
transduction, including transcription factors, protein kinases,
and a wide variety of proteins, such as nitric-oxide synthase
and telomerase (reviewed in Refs. 1–4). Despite over a decade
of intense study, the basis for the recognition by Hsp90 of its

diverse clients remains one of the primary mysteries in the
field. Studies using site-directed and deletion mutagenesis (5–
11) have identified potential sites within steroid hormone re-
ceptors and protein kinases that may be recognized by Hsp90.
However, although a recent study has indicted that point mu-
tations generated in the Cdk4 kinase (12) affect its interaction
with Hsp90, no common primary, secondary, and/or tertiary
structural motifs have been defined that may be responsible for
Hsp90 client recognition.

Hsp90 functions in conjunction with a coterie of non-client
co-chaperone partners (reviewed in Refs. 1–4). Current models
suggest that co-chaperones may confer specificity to Hsp90
facilitated protein folding by also interacting with client targets
(5, 13, 14). Cdc37 is one such Hsp90 co-chaperone that interacts
with immature forms of Hsp90-dependent kinases (reviewed in
Ref. 15). The biochemical activity of Cdc37 is essential for
Hsp90-mediated support of kinase function (16–20).

In vitro, Cdc37 exhibits a “passive” chaperone activity simi-
lar to that of Hsp90. Cdc37 has been shown to prevent the
aggregation of denatured protein while also being able to main-
tain the protein in a state that is competent to refold with no
requirement for input of energy from ATP hydrolysis (16).
Furthermore, the domain structure of Cdc37 has been deter-
mined, and its kinase binding and Hsp90 binding activities
have been mapped to its N-terminal and middle domains, re-
spectively (20–22), and we have demonstrated that phospho-
rylation of Cdc37 at Ser13 by casein kinase II is require for the
ability of Cdc37 to bind protein kinase (23). However, although
the specific basis for the recognition of protein kinases by
Cdc37 is unknown, recent studies have mapped the recognition
motif to the N-terminal lobe of the catalytic domain of protein
kinases (12, 24, 25).

Hsp90 inhibitors have aided studies into the mechanisms
underlying the function of Hsp90 and its co-chaperones (re-
viewed in Refs. 1–4). The N-terminal nucleotide binding do-
main of Hsp90 is the site of action for the Hsp90 inhibitor
geldanamycin (26–28), whereas its C-terminal domain con-
tains a binding site for novobiocin, which also inhibits Hsp90
function (29–32). Analyses with these compounds, with nucle-
otides and nucleotide analogs, and with site direct mutants
that alter Hsp90 ATP binding and/or ATPase activity have
revealed that Hsp90 function is regulated via the binding and
hydrolysis of ATP, which modulates the switching of Hsp90
between at least three alternative conformations (1–4, 32). In
the presence of geldanamycin, Hsp90 binds weakly to client
kinases in a salt-labile fashion (20, 24, 33). These aberrant
Hsp90 heterocomplexes indicate that nucleotide modulation of
conformational switching is required to generate high affinity
interactions of Hsp90 and Cdc37 with protein kinases (20, 24,
33). Like geldanamycin, the anion molybdate inhibits Hsp90
function. However, in contrast to geldanamycin, this inhibition
reflects the ability of molybdate to “lock” or freeze Hsp90 ki-
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nase complexes in high affinity salt-stable complexes (20, 24,
33). Thus, molybdate causes the accumulation of Hsp90 com-
plexes containing the Hsp90 co-chaperones p23, Cdc37, and an
assortment of other “late” complex components, such as tetra-
tricopeptide repeat motif-containing immunophilins (20, 24,
33–39). However, although molybdate stabilizes the normally
labile interaction of Hsp90 with steroid receptor clients (24, 33,
34), the interactions of Hsp90 with kinase clients are stable to
high salt concentrations independent of molybdate freezing
(20, 24, 33, 34). Thus, we have utilized the ability of kinase
constructs to trigger molybdate-independent, high affinity,
salt-stable interactions with Hsp90 and Cdc37 to define motifs
recognized by these chaperones (24).

In this report, we have systematically deleted secondary
structural elements from the catalytic domain of the Hsp90-de-
pendent Src family protein tyrosine kinase Lck to increase the
resolution of motifs recognized by Hsp90 and Cdc37. The data
confirm that Cdc37 recognizes structures or sequences present
in the N-terminal lobe of the catalytic domain of the kinase.
Furthermore, the motifs within the N-terminal and C-terminal
lobes of the catalytic domain that are required to trigger nu-
cleotide-dependent conformational switching of Hsp90 and mo-
lybdate-independent high affinity binding of Hsp90 and Cdc37
to kinase constructs overlap at the junction of the two
subdomains.

EXPERIMENTAL PROCEDURES

Plasmids—The coding sequences for protein domains and subdo-
mains were cloned by PCR into a modified pSP64T plasmid (40) as
previously described (24, 41–43). N-terminally His-tagged versions of
each domain were constructed. Sequences represented: the Lck NT-
terminal domains (NT-SH2-SH3; residues 1–243); catalytic domain
(Cat; residues 228–498); the N-terminal lobe (NL) of the catalytic
domain of Lck plus the linker region between the lobes (NL-linker;
residues 228–336); the NL of the catalytic domain (NL; residues 228–
316); the C-terminal lobe (CL) of the catalytic domain of Lck plus the
linker between the two lobes (linker-CL; residues 317–498); the C-
terminal lobe of the catalytic domain containing motifs (44) VIa-XI (CL;
residues 336–498); the NL through conserved kinase motifs VIII (NL-
APE; residues 228–410); the NL through conserved kinase motifs VII

(NL-�7/8; residues 228–384); the NL through conserved kinase motifs
VIb (NL-�7; residues 228–375); the NL through conserved kinase mo-
tifs VIa and the �6 sheet region (NL-�E-Cap; residues 228–361); the NL
through conserved kinase motifs VIa (NL-�E; residues 228–355); the
regions of the catalytic domain of Lck encompassing kinase motif II
through the CL (�3-CL; residues 261–498); the regions of catalytic
domain of Lck encompassing kinase motif III through the CL (�C-CL;
residues 276–498); the regions of the catalytic domain of Lck encom-
passing kinase motif IV through the CL (�4-CL; residues 294–498); and
the regions of the catalytic domain of Lck encompassing kinase motifs
IV–VIb (�C-�7; residues 276–375). These dissections are represented
graphically in Fig. 1.

Co-immunoprecipitations of Chaperones with His-tagged Kinase Con-
structs—Lck constructs were cloned via NcoI/EcoRI into a modified
pSP64T plasmid that coded for an N-terminal His6 tag. Using a no DNA
blank as control for nonspecific binding, each construct was synthesized
and radiolabeled with [35S]Met by coupled transcription/translation in
60 �l of nuclease-treated rabbit reticulocyte lysate (TNT; Promega) for
24 min at 30 °C. Each sample was then split into two (30 �l) aliquots,
supplemented with either 0.5 �l of 1 M sodium molybdate (final concen-
tration, 17 mM) or deionized water, and then incubated for another 1
min. All of the samples were then immediately placed on ice, clarified,
and immunoabsorbed with 25 �l of anti-His5 antibody (Qiagen) bound
to anti-mouse IgG resin for 1 h at 4 °C (24). Immunoresins were then
washed once with P50T (10 mM Pipes, pH 7.2, 50 mM NaCl, and 0.5%
Tween 20), three times with P500T (same as P50T except with 500 mM

NaCl), and again with P50T. No NaMoO4 was present in the wash
buffers. Finally, the samples were boiled in SDS sample buffer, sepa-
rated on SDS-PAGE, transferred to polyvinylidene difluoride mem-
brane, and blotted for both endogenous Hsp90 and Cdc37 (24).

To load approximately equal molar amounts of each translation
product, a portion of each TNT reaction was spotted on a piece of filter
paper and precipitated with 10% trichloroacetic acid. After boiling the
filters in 5% trichloroacetic acid, the filters were washed sequentially
with ethanol and acetone and then dried. The filters were subsequently
bleached with 15% hydrogen peroxide, dried, and counted in a scintil-
lation counter. Equivalent molar amounts of samples were loaded from
SDS elution of resins based on the amount of [35S]Met incorporated into
protein construct in each TNT reaction and the number of methionine
residues present in each construct. The samples were separated by
SDS-PAGE and transferred to polyvinylidene difluoride membrane for
Western blotting and autoradiography. The membranes were stained
lightly with Coomassie Blue to visualize protein patterns and the mo-
lecular weight markers, dried and exposed to film to determine pres-

FIG. 1. Summary of protein kinase constructs used for analysis of Hsp90 and Cdc37 binding to Lck constructs. The domain
architecture of the Lck kinase is indicate at the top of the diagram. The numbers above the lines indicate the amino acids residues that flank: the
unique N-terminal domain of Lck (NT), SH2 and SH3 domains, the NL of Lck, the linker region between the NL and CL of Lck, the CL of Lck, and
the C-terminal tail of Lck. The Roman numerals below the line indicate the locations of conserved kinase motifs I–XI (as proposed by Hanks and
Hunter (43)). The lower lines indicate the amino acid residues present in each of the domain and subdomain constructs studied in this report and
where the constructs begin and terminate with the abbreviation used to refer to each construct indicated to the right of each line. The chart to the
right summarizes the binding of Hsp90 and Cdc37 to the constructs in the absence (no additions) or presence of molybdate (�molybdate): ��,
binding equivalent or nearly equivalent to the catalytic domain; �, binding reduced by �50% relative to the catalytic domain; �/�, binding less
than 10% of that of the catalytic domain; �, no detectable binding.
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ence and pattern of radioactively labeled protein bands, and then cut
according to molecular weight markers for probing with the appropriate
anti-chaperone antibodies. Immunoadsorption of each target kinase
construct was confirmed by autoradiography (not shown in the figures).

RESULTS

Characterization of the Interactions of the Subdomains of Lck
with Hsp90 and Cdc37—Although Hsp90 and Cdc37 recognize
and interact with the catalytic domain of protein kinases (9, 10,
18, 20, 45–48), we have recently reported that Hsp90 also
interacts with the N-terminal heme-binding domain of the
heme-regulated �-subunit of eukaryotic initiation factor 2 ki-
nase (24). Although the kinase domains of Src family kinases
retain the ability to bind Hsp90, the possibility that Hsp90 may
have additional interactions with the N-terminal domains of
this kinase family (i.e. the unique N-terminal, SH3, and SH2
domains) has not been investigated. Therefore, N-terminally
His-tagged full-length Lck, the N-terminal domains of Lck
(NT-SH3-SH2), the Lck kinase catalytic domain (Cat), and the
NL and C-terminal lobe of the catalytic domain that contained
the sequences that links the two lobes (linker-CL) were cloned
and expressed by coupled transcriptional/translation in nucle-
ase-treated reticulocyte lysate. The domains were then immu-
noadsorbed with anti-His tag antibodies and analyzed by SDS-
PAGE and Western blotting for co-adsorbing chaperones.
Consistent with previous findings (24), full-length Lck and the
catalytic domain of Lck formed salt-stable complexes with
Hsp90 and Cdc37 independent of the presence of molybdate
(Fig. 2). Hsp90 and Cdc37 also co-adsorbed with the NL con-
struct of Lck, but molybdate was required to stabilize their
interactions. Hsp90, but not Cdc37, interacted with the CL-
linker construct of Lck, and molybdate was also required to
stabilize this interaction to washing with high salt buffer. No
Hsp90 or Cdc37 was found to co-adsorb with the NT-domains of
Lck (NT-SH3-SH2) in the presence or absence of molybdate.
Thus, the interaction of Hsp90 and Cdc37 with Lck was con-
fined to its catalytic domain, and, as we have previously ob-
served, the interaction of Cdc37 was localized to the NL of Lck
(24).

Definition of the Minimal Motifs within the CL of the Cata-
lytic Domain of Lck Required for Molybdate-independent High
Affinity Binding of Hsp90 and Cdc37—To further delineate the
kinase segments that interacted with Hsp90 and Cdc37, we
utilized the crystal structure of the kinase domain of Lck as a
guide to express constructs from which conserved kinase se-
quence motifs were deleted from the C-terminal lobe of the
kinase (Fig. 3). The Lck constructs containing the NL and
deletions that terminated the catalytic domain just after the
“APE box” (motif VIII, N-APE), the conserved DFG residues
(motif VII, NL-�7/8), and the conserved HRDL(K/R)XXN resi-

dues (motif VIb, NL-�7) formed complexes with Hsp90 and
Cdc37 that were stable in high salt in the absence of molybdate,
and the binding occurred at levels that were nearly equivalent
to the binding of the catalytic domain (Fig. 3A). The Lck con-
struct that contained the NL and sequences from the linker
region terminating with the �-D-helix that connects the two
kinase lobes (motif V, NL-linker) showed a very weak salt
stable interaction with Hsp90 and Cdc37, which was markedly
enhance in the presence of molybdate. Although again as
shown in Fig. 2, Hsp90 and Cdc37 co-adsorbed with the NL but
only in the presence of molybdate.

To more finely characterize sequences within the C-terminal
kinase lobe of Lck that were required to trigger the high affin-
ity binding of Hsp90 and Cdc37, two more constructs contain-
ing the NL and a portion of the CL were constructed: an NL
with a deletion terminating prior to the catalytic Asp residue
contained in motif VIb (NL-�E-Cap) and an NL with a deletion
terminating at the end of the �E-helix that lacks the three

FIG. 2. Interaction of Hsp90 and Cdc37 with domain and subdomain constructs of Lck. 35S-Labeled His-tagged Lck constructs
(full-length (fl) Lck, the N-terminal domains of Lck (NT-SH3-SH2), the Lck kinase catalytic domain (Cat), and the NL and CL-linker constructs)
were synthesized in reticulocyte lysate for 25 min at 30 °C, followed by immunoadsorption to anti-His tag antibody resin in the presence (� MoO4)
or absence of 17 mM molybdate. Lysate containing no template (NS, control) was immunoadsorbed as a control for nonspecific binding of proteins
to the immunoresin. The samples were washed and analyzed by Western blotting for the co-adsorption of Hsp90 and Cdc37 as described under
“Experimental Procedures.” Top panel, Western blotted with anti-Hsp90; bottom panel, Western blotted with anti-Cdc37 antibodies.

FIG. 3. Interaction of Hsp90 and Cdc37 with domain and sub-
domain constructs of Lck catalytic domain containing deletions
of CL kinase motifs. A, 35S-labeled His-tagged Lck constructs (Lck
catalytic domain (Cat), NL-APE, NL-�7/8, NL-�7, and NL-linker) were
synthesized in reticulocyte lysate for 25 min at 30 °C, followed by
immunoadsorption to anti-His tag antibody resin in the presence (�
MoO4) or absence of 17 mM molybdate. B, 35S-labeled His-tagged Lck
constructs (Lck catalytic domain (Cat), NL-�7, NL-�E-Cap, and NL-�E)
were synthesized in reticulocyte lysate for 25 min at 30 °C, followed by
immunoadsorption to anti-His tag antibody resin in the presence (�
MoO4) or absence of 17 mM molybdate. Lysate containing no template
(NS, control) was immunoadsorbed as a control for nonspecific binding
of proteins to the immunoresin. The samples were washed and analyzed
by Western blotting for the co-adsorption of Hsp90 and Cdc37 as de-
scribed under “Experimental Procedures. ” Top panels, Western blotted
with anti-Hsp90; bottom panels, Western blotted with anti-Cdc37
antibodies.
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amino acids that cap the C-terminal end of this helix (equiva-
lent to the �-6 sheet in the nomenclature for the cAMP-acti-
vated protein kinase (44)) and likely stabilizes its structure
(NL-�E). The NL-�E-Cap construct showed molybdate-inde-
pendent salt-stabile interactions with Hsp90 and Cdc37 that
were reduced by �50% compared with the Lck catalytic domain
and the NL-�7 construct (Fig. 3B). However, in the presence of
molybdate, the binding of Hsp90 and Cdc37 to the NL-�E-Cap
construct was nearly equivalent to the binding of the proteins
to the NL-�7 construct. In contrast, the interaction of Hsp90
and Cdc37 with the NL-�E construct was scarcely detectable in
the absence of molybdate and was markedly decreased even in
the presence of molybdate when compared with the NL-�E-Cap
construct. Thus, it seems that the six amino acid residues just
past the end of the �-E-helix in the C-terminal lobe of the
catalytic domain of Lck appear to be required to trigger Hsp90
to adopt its high affinity binding conformation.

Definition of the Minimal Motifs within the NL of the Cata-
lytic Domain of Lck Required for Molybdate-independent High
Affinity Binding of Hsp90 and Cdc37—Similarly, to more
clearly characterize sequences within the N-terminal kinase
lobe of Lck that were required to trigger the high affinity
binding of Hsp90 and Cdc37, we prepared constructs of the
catalytic domain of Lck that contained the complete CL from
which conserved kinase sequence motifs were deleted from the
N-terminal lobe. Constructs of the catalytic domain were made
from which the �1 and �2 sheets (motif I) were deleted (�3-CL);
the �1, �2, and �3 three sheets (motifs I-II) were deleted
(�C-CL); the region from the �1 sheet through the �-C-helix
was deleted (motifs I-III, �4-CL); the region from the �1 sheet
through the �5 sheet was deleted (motifs I- IV, linker-CL); and
the region from the �1 sheet through the connecting strand
including the �-D-helix was deleted (motifs I–V, CL). Of these
constructs, the �3-CL and the �C-CL constructs showed mo-
lybdate-independent salt-stabile interactions with Hsp90 and
Cdc37 that were reduced by �50% compared with the Lck
catalytic domain (Fig. 4A). The �4-CL, linker-CL, and the CL

constructs showed no interaction with Hsp90 or Cdc37 in the
absence of molybdate. In the presence of molybdate the �4-CL
and the linker-CL constructs were found to have a very weak
interaction with Hsp90 but no interaction with Cdc37. The CL
construct showed no interaction with either Hsp90 or Cdc37 in
the presence of molybdate. Thus, the presence of the �-C-helix
within in the NL of the Lck kinase was required for the binding
of Cdc37. In addition the region of Lck that connects the NL
and CL of the catalytic domain is required for minimal recog-
nition by Hsp90, and the presence of molybdate is required to
stabilize this interaction.

Determination of the Effect of the Region That Links the N-
and C-terminal Kinase Lobes on Hsp90/Cdc37 Binding—To
test the hypothesis that the borders required for Hsp90 and
Cdc37 that were identified in the experiments shown in Figs. 3
and 4A defined the minimal Hsp90/Cdc37-interacting motif, a
construct of Lck was made that contained the region between
the �-C-helix and �7 sheets (motifs III–VIb, �C-�7). Although
the �C-CL and the NL-�7 constructs demonstrated molybdate-
independent salt-stable binding to Hsp90 and Cdc37, albeit at
a somewhat reduced level, no interaction of the �C-�7 con-
struct was observed with Hsp90 and Cdc37, even in the pres-
ence of molybdate (Fig. 4B).

DISCUSSION

The work presented here further defines the motifs or struc-
tures that are required for recognition of kinases by Hsp90 and
Cdc37, as defined by molybdate-stabilized binding of Hsp90
and Cdc37 to kinase constructs and for triggering conforma-
tional switching of Hsp90, as defined by salt-stable binding of
Hsp90 and Cdc37 to kinase constructs that occurs independent
of the presence of molybdate. The data presented here indicate
that the Hsp90-Cdc37 heterocomplex binds to kinase molecules
primarily via the specific recognition of kinase motifs or struc-
tures present in both the N-terminal and C-terminal lobes of
the kinase catalytic domain of Lck. This is consistent with our
previous work demonstrating that multiple kinase motifs pres-
ent within both lobes of kinases are required to trigger molyb-
date-independent high affinity binding of Hsp90 and Cdc37 to
protein kinases (24).

The linker region that connects the N- and C-terminal lobes
of the Lck kinase appears to play a critical role for Hsp90
binding. The NL-linker and the linker-CL both interacted with
Hsp90 albeit with reduced affinity. Stabilization of this inter-
action of Hsp90 with these constructs by the addition of mo-
lybdate markedly increased the level of Hsp90 binding, indi-
cating that the minimal constructs were deficient in triggering
Hsp90 conformational switching. The NL and CL constructs
that lacked the linker region failed to bind Hsp90 in the ab-
sence of molybdate and only the NL exhibited any detectable
interaction with Hsp90 (�5% compared with the catalytic do-
main control) in the presence of molybdate.

The results presented here together with previously pub-
lished data (12, 24) localize the Cdc37 recognition motif to the
�-C-helix and the �C-�4 loop motif in the NL of the catalytic
domain of protein kinases. Cdc37 did not interact with the
linker-CL Lck construct, whereas Hsp90 bound the construct.
Lck constructs of the CL containing deletions of the �1, �2, and
�3 sheets within the NL stably bound Cdc37 and Hsp90 in an
molybdate-independent manner, although the level was re-
duced by �50% compare with the intact catalytic lobe. Deletion
of the �-C-helix negated the interaction of Cdc37, but not
Hsp90 with Lck constructs containing the complete CL. Previ-
ous work investigating the interaction of Cdc37 with Cdk4
constructs fused to the C terminus of glutathione S-transferase
indicated that GST-Cdk4 constructs containing the NL of Cdk4
through the �-C-helix and residues within the loop between the

FIG. 4. Interaction of Hsp90 and Cdc37 with domain and sub-
domain constructs of Lck catalytic domain containing deletions
of NL and CL kinase motifs. A, 35S-labeled His-tagged Lck constructs
(Lck catalytic domain (Cat), �3-CL, �C-CL, �4-CL, linker-CL, and CL)
were synthesized in reticulocyte lysate for 25 min at 30 °C, followed by
immunoadsorption to anti-His tag antibody resin in the presence (�
MoO4) or absence of 20 mM molybdate. B, 35S-labeled His-tagged Lck
constructs (Lck catalytic domain (Cat), �C-CL, NL-�7, and �C-�7) were
synthesized in reticulocyte lysate for 25 min at 30 °C, followed by
immunoadsorption to anti-His tag antibody resin in the presence (�
MoO4) or absence of 17 mM molybdate. Lysate containing no template
(NS, control) was immunoadsorbed as a control for nonspecific binding
of proteins to the immunoresin. The samples were washed and analyzed
by Western blotting for the co-adsorption of Hsp90 and Cdc37 as de-
scribed under “Experimental Procedures.” Top panel, Western blotted
with anti-Hsp90; bottom panel, Western blotted with anti-Cdc37
antibodies.
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�-C-helix and �4 sheet bound Hsp90 and Cdc37 (12). Deletion
of residues in the loop caused a marked reduction in Hsp90/
Cdc37 binding. Thus, the results of the two studies intersect at
the region of the �-C-helix-�4 loop.

The presence of a �-sheet structure appears be necessary for
recognition of the NL of kinase catalytic domains by Hsp90
and/or Cdc37. However, our results differ from those obtained
in the studies utilizing the Cdk4 kinase (12). Single layered
�-sheet structures are not stable, because the hydrophobic face
of the sheet in solution would be exposed to water. Thus,
�-sheet structures must interact with an additional “layer” for
their structure to be stabilized. The crystal structure of Cdk2
(the protein kinase with the greatest sequence similarity to
Cdk4 that has been crystallized (49)) suggests that there is no
interaction between the hydrophobic face of the first three
strands of �-sheet in the kinase NL and the hydrophobic face of
the �-C-helix. However, the crystal structures of the inactive
conformations of c-Src and Hck indicate that their �-4/5 sheets
may be stabilized through interactions with conserved hydro-
phobic residues in the linker region that connects the SH2
domain to the catalytic domain (50–53). Thus, Hsp90 and/or
Cdc37 may also act to stabilize the �-sheet structure within the
NL during folding in the absence of other interactions that
stabilize the domain in the mature structure.

Thus, the results obtained in this study utilizing the Lck
kinase catalytic domain compared with the results obtained
with Cdk4 kinase suggest that there are subtle differences
between protein kinase families relative to how their five-
stranded �-sheet layers are stabilized during kinase folding, in
addition to how they are packed onto and influence the orien-
tation of the �-C-helix. Subtleties in the topology of NL �-sheet
layers likely account for the observation that mutation of Gly15

in the P-loop in the Cdk4 kinase or deletion of the first two
strands of the �-sheet markedly decreases the binding of
Cdc37, whereas deletion of the entire P-loop structure of the
Lck catalytic domain has no effect on the binding of Hsp90 and
Cdc37 to the �3-CL Lck construct. Because Cdc37 functions to
foster the active conformation of protein kinases, the interac-
tions of Hsp90/Cdc37 with components of the NL may function
to stabilize the �-sheet structure in a manner that facilitates
Cdc37-induced rotation of the �-C-helix. The crystal structures
of the inactive conformations of Cdk2, Src, and Hck indicate
that the catalytic Glu in the �-C-helix lies on the outer surface
of the proteins and that the helix must be rotated to properly
position of the Glu within the catalytic pocket (49–53). How-
ever, the crystal structures suggest that interactions between
residues within the �-C-helix and �4-loop with residues pres-
ent in the CL would sterically impede or prevent such a rota-
tion from occurring spontaneously.

Our data indicate that the minimal kinase structure that is
required to trigger molybdate-independent high affinity bind-
ing of Hsp90/Cdc37 is one complete lobe of the catalytic domain
of the protein kinase, the connecting linker, and a portion of the
second lobe. For the constructs containing the complete CL of
Lck, the minimum NL structure consists of the �-C-helix and
the �-4/5 sheets, whereas for the complete NL the minimum CL
structure consists of the �-E-helix and the residues that cap its
structure at its C terminus (equivalent in kinase nomenclature
to the �6 strand of the cAMP-activated protein kinase (44)).
Although it is noteworthy that inclusion of catalytic residues
that follow the �-7 sheet in the CL restore nearly wild-type
binding of Hsp90 and Cdc37 to construct of the NL of Lck.
However, the combination of these minimum structures, the
construct containing the �-C-helix through the �-E-helix-cap
(�C-�7), does not bind Hsp90 or Cdc37. This finding is consist-
ent with observation that substantial or partial folding of client

proteins appears to occur prior to recruitment of Hsp90 to the
client. Thus, we have further defined the minimum motifs
within protein kinase clients that are recognized and “trigger”
the Hsp90 chaperone machine to undergo its nucleotide-medi-
ated conformational switching. Furthermore, the results indi-
cate that the presence of the minimal Cdc37 recognition motif
is not sufficient to stabilize the binding of Cdc37 to the con-
struct in the absence of a stabile interaction of the construct
with Hsp90.

The localization of this “switching motif/conformational trig-
ger” is also noteworthy as the minimal structures within the
two domains intersect at the region that makes up the “hinge”
between the two lobes of the kinase (54). With the exception of
the “activation loop,” comparison of crystal structures of inac-
tive and active conformations of protein kinases indicate that
the position of residues contained within the C-terminal lobe of
protein kinases are nearly superimposable. Additionally, this
analysis of kinase structures indicates that the �C-helix-�4
loop and the peptide strand connecting the N-terminal and
C-terminal catalytic lobes act as a key region for global changes
in kinase conformation that regulate the activation and activity
of protein kinases (54). Our data suggest that these kinase
motifs are critical for the binding of Hsp90 and Cdc37 to ki-
nases. Furthermore, the superimposition of kinase structures
indicate that the �-C-helix of the NL is rather randomly dis-
posed but with structural elements meeting at the point of the
hinge (54). This region is located where the �-E helix intersects
with the loop between the �-C-helix and the �4-strand of the
NL and the linker region between the two kinase lobes. At this
point the �7/8 strands, which contain the catalytic kinase res-
idues present in the CL, loop over the �-E-helix and pass
between the loop connecting the �-C-helix and �4-strand and
the strand that connects the two kinase lobes (Fig. 5A). Pre-
mature packing of the �-C-helix-�4 loop and the peptide strand
connecting the two catalytic lobes onto the �-E-helix would
preclude the proper positioning of the �7/8 strands. Thus, the
Hsp90 chaperone complex may function to allow the independ-
ent folding of the two catalytic subdomains of protein kinase
prior to their subsequent packing into an active or activable
structure. This hypothesis would be consistent with the appar-
ent requirement for at least one full kinase subdomain and
additional sequences within the second subdomain and that
the minimal motifs required for triggering high affinity binding
of Hsp90 intersect at the point at which the two subdomains
interact.

Comparisons of crystal structures indicate that twisting mo-
tions about the hinge affect the relative position of the N-
terminal kinase lobe and the �-C-helix. This motion affects the
position of the conserve catalytic Lys and Glu residues relative
to the catalytic residues present in the C-terminal lobe (54),
such that small perturbations of these structural elements
have significant effects on kinase conformation and kinase
activity (54). Furthermore, in the absence of bound nucleotide,
the hydrophobic pocket that is occupied by the adenine ring
may collapse upon exposure of the ATP-binding pocket to wa-
ter. Thus, the Hsp90 chaperone machinery may function to
correct structural perturbations that render the catalytic do-
main inactive by physically separating the two subdomains of
the catalytic lobe of a kinase, allowing them to refold independ-
ently. Concurrently, Cdc37 might function to stabilize the ori-
entation of the catalytic Glu residue in the �-C-helix relative to
the position of the catalytic Lys. Subsequently, the kinase
subdomains would then be released from the Hsp90�Cdc37
complex and allowed to interact (repack) into an active or
activable conformation that is capable of binding ATP.

What mechanisms then govern the recognition by Hsp90 of
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protein structures and its switching from low affinity to high
affinity binding? The data of Pratt and co-workers (6) suggest a
model of the ligand-binding domain (LBD) of the glucocorticoid
receptor acting as a “hinged pocket.” They propose that Hsp90
recognizes �-helical structures that interact at the interface
between the two subdomains of the LBD and that sequences
present in a �-sheet structure function as a hinge between the
two subdomains. This interaction of Hsp90 with the LBD is
proposed to break the hydrophobic clasp formed by the inter-
action between the two subdomains, allowing hormone to ac-
cess its ligand-binding site. The trypsin sensitivity of the LBD
near the �-stranded region suggests that its flexibility would
allow separation of the two subdomains (6). Similar to the
findings reported here, deletion analysis of the LBD (14) indi-
cates that a construct containing the complete N-terminal sub-
domain of the LBD and the �-stranded hinge through the first
�-helix of the C-terminal portion of the ligand-binding subdo-
main is the minimal construct of the glucocorticoid receptor
that binds Hsp90 (Fig. 5B).

Of further interest is the observation that the two strands of
�-sheet that make up this proposed hinge are a single layer
motif with the sequence 620LLCFAPDLII629. The side of the
sheet facing the ligand-binding pocket is composed exclusively
of hydrophobic amino acids, with the surface of the sheet also
having considerable hydrophobic character. The “hole” repre-
senting the ligand-binding pocket results in both sides of the
�-sheet being exposed to solvent. Thermodynamics might favor
the collapse of the �-sheet structure into the interior of the
protein in the absence of hormone occupying its binding pocket,
considering that this region has been reported to be conforma-
tionally mobile (6). Thus, an additional consequence of Hsp90
separating the two subdomains of the LBD would be to reposi-
tion the �-strands and allow refolding of the hormone-binding
pocket.

The findings of Pratt and co-workers, together with the data
presented here suggest a common theme for Hsp90 function.
Hsp90 and its associated co-chaperones may function to facili-
tate protein folding by breaking interactions between subdo-

FIG. 5. Diagrams of the Lck kinase catalytic (A) and the glucocorticoid receptor ligand-binding domain (B) highlighting structural
motifs that have been implicated in their interactions with Hsp90. The diagrams were constructed using RasMac2.6-UCB and the Protein
Data Bank entries 1QPC (Lck catalytic domain) and 1NHC (glucocorticoid receptor-LBD). A, left and center panels, residues 231–275 (the first
three �-strands of the Lck catalytic domain) are colored gray; residues 276–317 (the �-C-helix and �-strands 4/5) are colored green; residues
318–329 (the random coil and �-D-helix) are colored cyan; residues 330–336 (the �-helical insert between the �-D and �-E-helix) are colored yellow;
residues 337–361 (the a-E-helix and its C-cap) are colored red; residues 362–375 (motif VIB containing the �-7 sheet) are colored black; the
backbone of residues 376–384 (motif VII containing the �-8 sheet) are colored dark blue; and the remainder of the molecule is shown in wire frame
mode and colored by structure (magenta, �-helix; white, random coil). B, left and center panels, residues 530–537 (the �-1-helix) and residues
582–587 (a short �-helix between helix 3 and 4 of the glucocorticoid receptor-LBD that are proposed to be part of the “hydrophobic clamp”) are
colored green; residue 538–581 (the end of the �-1helix through the �-3-helix) are colored gray); residues 588–619 (the �-4 and �-5 helices) are
colored cyan; residues 620–630 (the two strands of �-sheet in the linker region) are colored black; residues 631–638 (the �-6 helix in the hinge
region containing Arg633 shown in stick format) are colored yellow; residues 639–659 (the �7-helix) are colored red; the remainder of the C-terminal
subdomain is shown in wire frame format and colored by structure (magenta, �-helix; yellow, �-sheet; white, random coil). A and B, right panels,
cartoon diagram of the proposed hinge regions of the kinase domain of Lck and the LBD of the glucocorticoid receptor followed by the minimal part
of the C-terminal subdomain of each molecule that is required for Hsp90 binding colored by structure, with hydrophobic residues colored green. A,
left and center panels, open arrows, positions of �7 and �8 strands that must past between the junction of the N- and C-terminal kinase subdomains.
A and B, left panel, closed arrow, and center panel, open sided box, positions of linker regions between the two subdomains of each protein; curved
arrows, indicate proposed movement of the subdomains that would be required to reposition the �-sheet structures at the interface between the
two subdomains of each protein. B, open arrow, position of the ligand-binding pocket behind the two strands of �-sheet.
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mains within the structure of a protein. Inspection of the crys-
tal structures of the kinase domain of Lck and the LBD of the
glucocorticoid receptor indicate that the structures of the flex-
ible linker regions between the N- and C-terminal subdomains
of each of these proteins and the �-helical region that follows
are strikingly similar (Fig. 5, right panels). The separation of
the subdomains of steroid hormone receptors or protein kinases
may function to displace protein structures that impede the
ability of critical amino acid residues to be properly positioned
or to reposition critical amino acids, which would subsequently
allow the protein to attain its active or activable (regulatable)
conformation and attain a structure capable of binding ATP or
hormone, respectively. For the de novo folding of protein ki-
nases, Hsp90 may be required to reorient a two-stranded
�-sheet structure, subsequently allowing the structure to oc-
cupy a hole formed at the junction between the two catalytic
subdomains and for the ATP-binding pocket to be properly
folded. Although for steroid hormone receptors, Hsp90 would
function to reorient a two-stranded �-sheet structure, removing
the structure from a hole that exists because of the absence of
hormone occupying its LBD, subsequently allowing the unoc-
cupied steroid hormone binding pocket to reform. These dis-
tinct variations between protein kinases and steroid hormone
receptors may then account for the differences in the charac-
teristics of their interactions with Hsp90. Whereas the cata-
lytic domains of protein kinases can form high affinity salt-
stabile complexes with Hsp90 in the absence of molybdate (24,
33), the LBD of steroid hormone receptors require molybdate to
stabilize Hsp90 binding (55). Additionally, although Cdc37 is
required for Hsp90 to form high affinity complexes with protein
kinases and for their productive folding, Hsp90 has not been
documented to require such a cohort when restoring steroid
hormone receptor function (1).
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