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SUMMARY

Despite the essential functions of Hsp90, little is known about the mechanism that controls
substrate entry into its chaperone cycle. We show that the role of Cdc37 cochaperone reaches
beyond that of an adaptor protein and find that it participates in the selective recruitment of only
client kinases. Cdc37 recognizes kinase specificity determinants in both clients and nonclients and
acts as a general kinase scanning factor. Kinase sorting within the client-to-nonclient continuum
relies on the ability of Cdc37 to challenge the conformational stability of clients by locally
unfolding them. This metastable conformational state has high affinity for Cdc37 and forms stable
complexes through a multidomain cochaperone interface. The interaction with nonclients is not
accompanied by conformational changes of the substrate and results in substrate dissociation.
Collectively, Cdc37 performs a quality control of protein kinases, where induced conformational
instability acts as a “flag” for Hsp90 dependence and stable cochaperone association.
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INTRODUCTION

Selective entry into the Hsp90 chaperone cycle is a critical step in proteostasis and
regulation of signaling pathways. The process is challenged by the lack of sequence and
structural homology between the substrates, termed clients (Taipale et al., 2010), and thus,
Hsp90 has acquired recruiter cochaperones to gain the essential specificity elements (R6hl et
al., 2013). Cdc37 is the ubiquitous cochaperone of the machinery controlling the entry of a
large and diverse gamut of protein kinases (Caplan et al., 2007; Karnitz and Felts, 2007;
Taipale et al., 2012). As with other recruiter cochaperones, the mechanisms of substrate
recognition and sorting within the client-nonclient continuum remain elusive.

There is the consensus that the first 40 residues of Cdc37, which exhibit the highest
sequence homology, contain residues critical for conferring kinase specificity. A construct
lacking the first 30 residues (A30-Cdc37) does not associate with bRaf and cannot compete
with ATP for kinase binding (Polier et al., 2013), while deletion of residues 26-38 results in
impaired signaling by the sevenless receptor (Cutforth and Rubin, 1994). Association with
HRI is abolished by either of the Y4A or W7A mutations, and is significantly affected by the
V2A and D3A mutations (Shao et al., 2003a). Y4 phosphorylation abolishes association
with a certain class of kinases (Xu et al., 2012), while S13 phosphorylation promotes
formation of stable Hsp90-Cdc37-kinase ternary complexes, without affecting the stability
of binary Cdc37-kinase complexes (Miyata and Nishida, 2004; Polier et al., 2013; Shao et
al., 2003b; Vaughan et al., 2008). However, two regions outside the N-terminal domain (N-
Cdc37) were identified to regulate kinase binding, making the kinase recognition site a
matter of controversy. A 20 amino acid stretch (181-200) in the middle domain (M-Cdc37)
was proposed to comprise the recognition site for cRaf (Terasawa and Minami, 2005), and
either Y298 phosphorylation (Xu et al., 2012) or the W342C mutation (Cutforth and Rubin,
1994) has a detrimental effect on kinase binding, implicating the previously uncharacterized
C-terminal domain (C-Cdc37) in kinase binding. In this respect, it was also shown that C-
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terminal constructs interact with bRaf in the presence of the full-length protein (Eckl et al.,
2015).

On the kinase side, the catalytic domain is unambiguously implicated in the interaction with
the Hsp90 machinery (Vaughan et al., 2006). Although kinase primary sequence elements
and surface characteristics have been proposed as Hsp90-client-specificity determinants
(Citri et al., 2006; Prince and Matts, 2004; Scroggins et al., 2003; Xu et al., 2005), these
features cannot account for the striking selectivity between highly homologous kinases such
as v-Src and c-Src (Xu and Lindquist, 1993; Xu et al., 1999). Moreover, the sequence and
structural diversity of Hsp90-dependent proteins suggests that such “motifs” do not exist.
Instead, the current paradigm suggests that the machinery sorts kinases within the strong-to-
nonclient continuum by sensing their thermal stability (Boczek et al., 2015; Taipale et al.,
2012, 2013), and specificity determinants on the kinase are recognized by Cdc37, which
recruits the substrate to Hsp90. These Cdc37 recognition sites reside at the conserved
glycine-rich motif and the loop connecting the aC-helix to the p4-strand (Prince and Matts,
2004; Zhao et al., 2004). The observed Cdc37 inhibition of nucleotide binding to the kinase
domain reinforces the notion that Cdc37 recognizes sequence or structural features in the
vicinity of the ATP-binding cleft (Polier et al., 2013).

Currently, the molecular mechanism of kinase recognition and the role of Cdc37 in sensing
the thermal stability of a kinase domain remain unknown. Here we show that Cdc37
recognizes kinases through a staged process that affords kinase specificity and client
selectivity to the Hsp90 chaperone machinery. N-Cdc37 acts as a kinase scanning factor with
broad kinase specificity, recognizing both clients and nonclients. Client selectivity resides in
the ability of N-Cdc37 to induce local unfolding only to client kinases and promote stable
association through C-Cdc37. Interaction with nonclients does not alter their conformational
properties, and the substrate dissociates. Thus, Cdc37 senses the thermal stability of kinase
domains by subjecting them to a controlled stress test of conformational stability.

Conformational Properties of N-Cdc37

To understand the role of N-Cdc37 in recruiting protein kinases to Hsp90, we first
characterized its structural and dynamic properties using NMR spectroscopy. The 1H-15N
HSQC spectrum of N-Cdc37 exhibits a large dynamic range of signal intensities and limited
signal dispersion (Sreeramulu et al., 2009a, 2009b) (Figure 1A). Secondary structure
prediction, using backbone chemical shifts, indicates that one-third of N-Cdc37 acquires a
coil conformation, including the highly conserved 25 N-terminal amino acids and the
extreme 16 C-terminal amino acids (Figure 1B). The rest of the domain forms two helices
(a1 and ay) connected through a loop (aa 73-77) (Figure 1B). Phosphorylation of N-Cdc37
at S13 does not affect the boundaries of the predicted secondary structure elements (Figures
S1A-S1C, available online). In addition, {*H}-1°N heteronuclear NOEs (hNOES) provide
direct evidence that N-Cdc37 exhibits differential flexibility (Figure 1C). Residues in the
predicted helices a; and a, exhibit ANOEs near 0.8, indicating that internal dynamics faster
than the overall domain tumbling are not present. In contrast, the terminal regions (aa 1-25
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and 115-126) exhibit low (<0.3) or even negative hNOEs, suggesting that ps-ns dynamics
are operative and ample backbone conformational heterogeneity is present for these regions.

Although the TH-1°N HSQC for N-Cdc37 is 93% complete, assignment of sidechain proton
signals for most residues in a; and a, was hindered by extensive signal overlap,
conformational exchange, and/or a fully anisotropic motion. To obtain structural
information, we adopted an alternative approach and relied on CH3-derived long-range
NOEs. An adequate number of inter-helical CH3-CH3 long-range NOEs, as well as many
medium- and short-range CH3-CH3, HN-CH3, and HN-HN NOEs, allowed us to define the
fold of the domain at a resolution suitable for functional studies (Figures S1D and S1E;
Supplemental Information). The central region, comprised of helices a4 and a,, forms a U-
shaped, antiparallel two-helix bundle, while the absence of any long-range NOE for the N-
and C-tails suggests that these regions are indeed flexible (Figure 1D). The interface of the
bundle is lined with clusters of highly conserved hydrophaobic residues, but the lack of a
regular coiled-coil repeat pitch results in a loosely packed structure (Figure 1E). Comparison
of the IH-1°N HSQC spectra of N-Cdc37 and Cdc37 confirms that the fold is the same in the
context of the full-length protein, as previously suggested (Sreeramulu et al., 2009b) (Figure
S1F).

In summary, N-Cdc37 forms an independently folded domain that adopts a two-helix bundle
conformation and displays differential dynamics containing long N- and C-terminal flexible
tails.

Interaction of Cdc37 with the Client Kinase bRaf

As a model kinase domain, we used an engineered form of bRaf with significantly weak
self-association properties and increased solubility (Thevakumaran et al., 2015; Tsai et al.,
2008). bRaf is a well-characterized Hsp90 client (da Rocha Dias et al., 2005; Grbovic et al.,
2006; Taipale et al., 2012; Vaughan et al., 2006), and this variant accurately recapitulates
binary Cdc37-bRaf and ternary Hsp90-Cdc37-bRaf complexes formed by the wild-type bRaf
kinase domain in vivo (Polier et al., 2013). To assess the oligomeric state and the
stoichiometry of in vitro-assembled binary complexes, we characterized the hydrodynamic
properties of Cdc37, bRaf, and Cdc37-bRaf at different molar ratios (Figure 2A). For all
three species, the molar mass distribution determined by analytical size-exclusion
chromatography coupled to multiangle light scattering detection (SEC-MALS) is in
agreement with a model where Cdc37 and bRaf are monomeric in their free state and form a
complex with a 1:1 stoichiometry (Sreeramulu et al., 2009b).

To obtain site-specific information on Cdc37 elements mediating stable association with
client kinases, we used the methyl-TROSY approach (Figure 3) and followed changes in

the 1H-13C HMQC spectra of Cdc37 as a function of increasing amounts of unlabeled bRaf.
Addition of bRaf at a molar ratio of 1:1 affects the position and linewidth of Cdc37 signals
from different domains in two distinct ways (Figures 2B and S2A). Signals from N- and C-
Cdc37 disappear and a new set of signals appears at different positions, without any
significant change in linewidths, suggesting that complex formation occurs at a slow
exchange regime (kex < <|Av]), as expected for a complex with a Ky of 0.2 uM (Polier et al.,
2013). However, signals from M-Cdc37 show extreme broadening and disappear or split into
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two broad signals of almost equal intensity, one for each of the free and bRaf-bound states
(Figure S2B).

Analysis of chemical shift perturbations (CSPs) reveals that the most prominent changes
(greater than one SD from the mean, i.e., AS > 0.13 ppm) occur at C-Cdc37 (Figure 2C) and
include L301, L317, 1321, M333, and 1337. With the exception of L301 (located at the aj-ay
linker), L317, 1321, M333, and M337 belong to helices a3 and a4 of C-Cdc37. Other signals
that become affected include those of V314 (broadened beyond detection), as well as those
of L297, V311, M316, A329, and V343 (CSP greater than the mean, i.e., A > 0.028 ppm).
When this subset of residues is mapped on the structure of C-Cdc37, a discrete and highly
conserved hydrophobic patch is formed, suggesting that kinase binding to this domain is
localized at this region (Figures 2D and S2C). The N-Cdc37 signals that experience
significant CSP include V6, 110, A26, L28, A35, V37, M40, M105, and M112, while the
signal of 123 broadens beyond detection. This observation provides direct evidence that N-
Cdc37 residues beyond the N terminus are involved in kinase binding (Figure 2E). On the
other hand, the effect of bRaf addition on M-Cdc37 signals cannot be accounted for by a
direct interaction. The observed 1:1 stoichiometry (Figure 2A) (Polier et al., 2013) and the
pattern of signal intensity changes during the course of the titration (Figure S2D) suggest
that the source of M-Cdc37 signal splitting is not formation of an asymmetric complex
between dimeric Cdc37 and monomeric bRaf. Furthermore, under this set of experimental
conditions the observed signal broadening, which results in an ~70% signal attenuation,
cannot be due to chemical exchange caused by bRaf binding or transient self-association of
the Cdc37-bRaf complex to form a symmetric 2:2 complex (Figure S2E). Therefore, the
interaction of N- and C-Cdc37 with bRaf affects the conformational properties of M-Cdc37
by inducing exchange to an alternate conformational state (changes in chemical shift) at an
intermediate/slow timescale (severe line broadening). Significant CSP is observed in the
vicinity of the Hsp90 binding site, including the signals of M164 and L205, which are
critical for stabilizing the Cdc37-Hsp90 complex (Figure S2F) (Roe et al., 2004; Smith et
al., 2015; Sreeramulu et al., 2009b). Thus, kinase binding to N- and C-Cdc37 is transmitted
to M-Cdc37, in a manner that may modulate the Cdc37-Hsp90 interaction and allow for the
coordinated binding and release of the cochaperone during the Hsp90 chaperone cycle.

We also examined whether S13 phosphorylation alters the mode of Cdc37-bRaf recognition.
Addition of bRaf to phosphorylated or nonphosphorylated Cdc37 produces identical changes
to the 1H-13C-HMQC maps, with C-Cdc37 signals exhibiting the largest CSP and signals
from N-Cdc37 showing exactly the same pattern. In addition, the two forms produce
identical thermodynamic signatures of binding and have the same affinity for bRaf (Figure
S3). Therefore, S13 phosphorylation does not impact the mode of recognition or affinity for
protein kinases. This is in agreement with the hypothesis that CK2 phosphorylation regulates
the chaperone cycle at a stage later than Cdc37 recognition and is required for stabilizing
ternary Hsp90-Cdc37-kinase complexes (Polier et al., 2013; Vaughan et al., 2008).

In summary, Cdc37 associates with a client kinase to form a stable complex of 1:1
stoichiometry. The methyl-TROSY approach provides direct evidence for an unprecedented
synergy between N- and C-Cdc37 and reveals that residues beyond the extreme N terminus
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of N-Cdc37, together with a conserved hydrophobic patch on C-Cdc37, participate in
binding.

Mutations in C-Cdc37 Compromise the Interaction of Cdc37 with Clients

To further characterize the C-Cdc37 client binding site, we investigated the impact of helix
ag mutants on complexes of Cdc37 with bRaf (wild-type or V60OE, bRafY600E) and the
receptor tyrosine kinase ErbB2 in human MCF7 cells. M316, L317, and 1321 were altered to
produce two double mutants, M316A/L317A and M316A/L317E (denoted AA and AE), and
two triple mutants, M316A/L317A/1321A and M316A/L317E/1321E (denoted AAA and
AEE). At comparable coexpression of biotin-tagged bRaf, the ratio of biotinylated bRaf to
recovered Cdc37 drops by >90% for all four mutants (Figure 4A) (>80% adjusted for
biotinylation yield). Compared to bRaf, the effect of Cdc37 mutations is more profound on
the synthesis yield of the membrane-localized ErbB2 receptor, reflecting the more complex
maturation path and additional levels of quality control (Figure 4B). For equivalent amounts
of biotinylated ErbB2, the recovery of associated Cdc37 drops sharply for all four mutants.
Hence, both clients reveal a similar and very pronounced sensitivity in their client-Cdc37
complex recovery, despite large differences in their mode of processing and sensitivity of
production rates toward Cdc37 defects.

Because the AEE mutant shows consistent impaired interaction for both clients, it was
further evaluated for its impact on the interaction with wild-type and bRafY890E (Figure 4C).
Consistent with published reports, the interaction of Cdc37 with bRafV6%0E js significantly
stronger (da Rocha Dias et al., 2005; Grbovic et al., 2006). The S13A mutation in Cdc37
(Cdc37513A) is known to impact client interaction and maturation, likely at later stages of
stable ternary complexes involving Hsp90, while its impact on the formation of the unstable
binary complex is low. This allows complex recovery when the overexpression of both client
and Cdc37 increases the population of binary complex intermediates (Liu and Landgraf,
2015). However, while the impairment in Cdc37 complex recovery is far more pronounced
for the AEE mutant, the mutant still discriminates between wild-type and bRafV600E, The
decrease in AEE mutant recovery is proportional to the difference seen for the interaction of
wild-type Cdc37 with bRaf versus bRafV600E, Together with the comparable expression
levels of wild-type and mutant Cdc37, this suggests that the ability to discern both forms of
bRaf is retained and C-Cdc37 mutations do not achieve their disruptive impact through
global destabilization and structure perturbation.

N-Cdc37 Is a Bona Fide Kinase Recognition Module

Despite the synergy between N- and C-Cdc37 in stabilizing binary Cdc37-client complexes,
isolated C-Cdc37, or a two-domain construct comprised of M- and C-Cdc37 (MC-Cdc37) or
NA30-Cdc37, does not interact with bRaf (Figure S5A). This is consistent with a model in
which interaction of clients with C-Cdc37 is controlled by N-Cdc37 and suggests that
Cdc37-kinase complexes are formed through a staged process where N-Cdc37 recognizes a
client kinase and facilitates stable association with C-Cdc37. To test this hypothesis, we first
investigated the interaction of N-Cdc37 with bRaf. In yeast, this is the minimal functional
domain of the cochaperone (Lee et al., 2002; Turnbull et al., 2005), while in human cancer
cells it is able to promote client association to Hsp90 (Smith et al., 2015). The
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thermodynamic signature of binding is comparable to that of the full-length Cdc37,
resulting, however, in a marginally higher affinity (0.09 uM versus 0.2 uM; Figures S5B and
S5C), presumably due to the presence of an autoinhibitory element in the full-length Cdc37.
Since NA30-Cdc37 is devoid of kinase binding, we also examined the interaction of bRaf
with a peptide spanning the first 32 residues of Cdc37 (N32). Intriguingly, the
thermodynamic signature of N32 binding to bRaf is distinct from that of N-Cdc37 or Cdc37
and is characterized by small favorable enthalpic and entropic contributions, which
nevertheless result in one order magnitude lower affinity for the kinase (Figures S5B and
S5C). Thus, although N32 encompasses the minimal kinase specificity determinants of
Cdc37, it functions synergistically with other regions of N-Cdc37 to increase the affinity of
the interaction by ~14-fold.

The low stability of bRaf in the presence of N-Cdc37 prevented us from revealing this
complete set of kinase-binding determinants by NMR. However, the high specificity of
Cdc37 for protein kinases (Taipale et al., 2012) suggests that N-Cdc37 comprises a general
kinase-recognition domain, and we hypothesized that it recognizes clients and nonclients
through a common mechanism. Thus, we followed the interaction of phosphorylated N-
Cdc37 (pN-Cdc37) with a nonclient state of bRaf, represented by bRaf in complex with
vemurafenib (verm-bRaf) (Polier et al., 2013; Taipale et al., 2012). We also used p38a as a
protein kinase that does not exhibit Hsp90 dependency in its mature form (Taipale et al.,
2012). Both kinases affect the 1H-15N HSQC of pN-Cdc37 in exactly the same way,
producing small (ASynax ~0.04 ppm) and gradual CSPs, in a kinase-concentration-dependent
manner (Figures 5A, 5B, and S5D). This result suggests that complex formation occurs at
the fast exchange regime of the NMR timescale (kex >> |Av]) and is reminiscent of a low-
affinity, transient interaction. Nevertheless, the mode of nonclient kinase recognition by pN-
Cdc37 is specific, as two unrelated kinases perturb the signals of the same subset of
residues. These colocalize into two clusters, spanning the 40 N-terminal residues (W7, H9,
pS13, D14, D15, T19, H20, N22, 123, D24, S27, L28, F29, W31, R39, and E41) and a
smaller segment at the C-terminal end of the domain (M112 and W114). Comparison of
signal intensities in the presence and absence of vem-bRaf reveals a similar differential
effect. Kinase addition causes a uniform decrease in the intensity of all signals (~30%), but
residues in the segments 1-44 and 110-116 exhibit significant signal attenuation with
minima at W7, F29, and W114 (Figure 5C). Signal attenuation is a result of increased
linewidth, as expected when a highly dynamic segment forms a complex with a 27 kDa
protonated protein. When this set of residues is mapped on the structure of N-Cdc37, it is
evident that the beginning of helix a; and the end of helix a; are regions of the two-helix
bundle that are also involved in the interaction with kinases and thus may account for the
significant increase in affinity when going from N32 to N-Cdc37 (Figures 5C and 5D). The
role of the 42-109 region of the two-helix bundle is purely structural, that is, to bring the
two kinase-interacting regions of N-Cdc37 in close proximity. The N-Cdc37-interacting
segments identified for clients (Figure 2E) and nonclients (Figures 5D and S5E) are in
excellent agreement, suggesting that recognition and specificity toward kinases occurs
through a common mechanism for both classes. As for the interaction of the full-length
protein with the client state of bRaf, S13 phosphorylation has no impact on the interaction
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with nonclient kinases, and addition of p38 to nonphosphorylated N-Cdc37 results in
identical CSPs and line broadening, as for the phosphorylated form (Figure 5B).

Combined with the information obtained for the Cdc37-bRaf interaction using methyl-
TROSY, these data suggest that N-Cdc37 acts as a scanning factor of Cdc37 sampling for
protein kinase catalytic domains through a mechanism that allows for the recognition of both
Hsp90 clients and nonclients.

Cdc37 Selectively Alters the Conformational Properties of Client Kinases

Based on the differential mode of kinase recognition exhibited by Cdc37, where nonclients
form transient complexes through only N-Cdc37, while clients form stable complexes
through an interface that involves C-Cdc37, we hypothesized that Cdc37 does not function
simply as a kinase specificity cochaperone, but it sorts kinases within the client-nonclient
continuum. To test this hypothesis, we first examined the conformational properties of the
two states of bRaf. Analysis of the fingerprint 1H-1°N HSQC spectrum of bRaf is very
informative about its structural and dynamic properties, even in the absence of assignment
(Figure S6A). The observed signal dispersion and narrow linewidths suggest that prior to its
interaction with the chaperone machinery, it represents a well-folded and monomeric kinase
domain. However, the thermal stability of free bRaf is very low. Unfolding begins at 28°C
and displays a sharp transition with a T, of only 33.2°C (Figure S6B). It is noted that 205
signals out of the 265 expected appear in the spectrum, suggesting that despite being well
folded, bRaf contains regions that undergo conformational exchange at a millisecond
timescale. Exchange broadening is common in kinase NMR spectra and correlates to the
intrinsic plasticity of regions that sample alternate conformations during kinase activation
and catalysis, and particularly of the activation segment and hinge region. However, the large
number of exchange-broadened signals observed indicates that bRaf contains extended
dynamic regions that result in an overall low thermal stability. Comparison with the
spectrum of vem-bRaf reveals chemical shift changes over the entire spectrum and the
appearance of a large number of signals (251 in total) (Figure S6A). This marked effect
indicates that ligand binding induces global changes in the structural and dynamic properties
of bRaf, which is reflected in a large increase in Ty, (~20°C) (Figure S6B). Thus, Cdc37
utilizes distinct modes of kinase recognition for the two bRaf states by sensing the enhanced
conformational heterogeneity of the client over the nonclient state.

Since a common functional output of the Hsp90 chaperone cycle is to increase substrate
stability, we hypothesized that Cdc37 binding to bRaf would quench its dynamic properties,
especially if binding occurs at the regions that experience exchange broadening. However,
comparison of the 1H-13C HMQC maps of free and Cdc37-bound bRaf reveals that upon
addition of Cdc37 signals fall within any of the four classes: remain unaffected, broaden
beyond detection, shift without a change in linewidth, or shift to the center of the spectrum
with a very narrow linewidth (Figures 6A and S6C). This intriguing observation suggests
that cochaperone binding enhances, rather than suppresses, the dynamics of the client
kinase. Specifically, it induces local unfolding at some segments (as evident by the
appearance of sharp signals at the “unfolded” region), while other segments form a
heterogeneous ensemble of conformations that interconvert at a millisecond timescale (as
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evident by the extreme broadening of other signals). Cdc37-induced unfolding is also
observed for bRafV6%0E (Figure S6C), which exhibits the same T, as the wild-type kinase
domain (Figure S6B) and, again, cannot interact with MC-Cdc37 in the absence of N-Cdc37
(Figure S6D).

In order to identify regions of the kinase domain that undergo unfolding transitions, we
subjected bRaf, Cdc37, and Cdc37-bRaf to limited proteolysis using Lys-C and
chymotrypsin. We then identified “conformotypic peptides” (Feng et al., 2014) using mass
spectrometry. As expected based on our observations by NMR, in the presence of Cdc37 the
proteolytic efficiency of both enzymes is markedly enhanced for some sites, while
additional, unique cleavage sites are also identified (Figures S6E and S6F; Supplemental
Information). Notably, enhanced proteolytic susceptibility, and thus conformational
flexibility, is not limited in and around the ATP-binding cleft of the kinase domain but spans
conserved features of the C-lobe and includes residues with limited solvent exposure
(Figures 6B and 6C).

The functional role of the cochaperone-induced conformational destabilization becomes
evident when the Hsp90-bRaf interaction is considered in the absence of Cdc37. Hsp90
addition to VLIMA-labeled bRaf causes only small shifts and broadening for a small group
of signals in the 1H-13C HMQC spectrum (Figure S6G). This is consistent with a dynamic,
transient interaction and is in agreement with previous observations showing that Hsp90 and
bRaf do not coelute in the absence of Cdc37, despite the fact that stable Hsp90-Cdc37-bRaf
complexes are formed (Polier et al., 2013). Notably, the set of methyl signals affected by
Hsp90 belongs to the set of signals that either broaden or shift to the unfolded region upon
Cdc37 addition. Thus, the Hsp90 binding sites on the catalytic core of a client kinase are
only partly exposed, and stable association requires cochaperone-induced local unfolding.

In contrast to bRaf, the interaction of Cdc37 with verm+bRaf is dynamic and does not alter
the conformational properties of the substrate. Addition of deuterated Cdc37 to VLIMA-
labeled verm-bRaf has a negligible effect on either the linewidths or the positions of 1H-13C
HMQC signals (Figure S6H), while the addition of unlabeled Cdc37 to 1°N-labeled vem-
bRaf induces only minor chemical shift changes and broadening of few signals, which is
consistent with a local and transient mode of interaction that is not accompanied by
conformational change (Figure S61).

In summary, although the specificity determinants of the substrate recognized by Cdc37 as a
kinase fold are exposed in both the client and nonclient states of bRaf (Figures 2 and 5), the
cochaperone senses the underlying differential dynamics and thermal stability of the two
states by selectively altering the conformational manifold of only client kinase states. This
altered conformational state, which encompasses partially unfolded regions from both kinase
lobes, promotes interaction with the cochaperone through an interface that includes C-
Cdc37, and presumably is poised for high affinity interaction with Hsp90.

N- and C-Cdc37 Have Compensatory Effects on Client's Conformational Stability

To further characterize the conformational properties of Cdc37-associated bRaf, we
monitored changes in the fluorescence spectrum of 1-anilinonaphthalene-8-sulfonic acid
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(ANS). Cdc37 or N-Cdc37 produces only small changes to the spectrum of ANS (Figure
6D), indicating that all three domains possess a compact tertiary structure without exposed
hydrophaobic cavities. However, bRaf does alter the spectroscopic properties of ANS,
producing a large increase in intensity and a blue shift of the emission maximum. This result
indicates that the client state of bRaf contains accessible hydrophobic pockets that bind ANS
(Betzi et al., 2011) and possibly inherently unstable regions (Figure 6D). However, in the
presence of the binary Cdc37-bRaf complex, the emission intensity of ANS is significantly
higher than it is in the presence of either of the two free proteins or the sum of their emission
spectra (Figure S7A). Notably, the effect becomes more pronounced in the presence of the
N-Cdc37-bRaf binary complex, producing higher emission intensity and a significant blue
shift. On the other hand, the increase in emission intensity is very small for the Cdc37-venr
bRaf mixture and is comparable to the sum of intensities of the free proteins, indicating that
the nonclient state does not undergo local unfolding (Figure S7B).

These data suggest that N-Cdc37 comprises the region of the cochaperone that induces a
metastable conformation to the kinase, which is partly stabilized by the interface presented
by C-Cdc37 when the full-length protein is considered.

DISCUSSION

The sequential interaction of cochaperones with Hsp90 fine-tunes the progression of the
chaperone cycle (Rohl et al., 2013). Here we demonstrate that the function of Cdc37 as a
substrate recruiter cochaperone is not strictly that of an adaptor protein, but instead is to
actively participate in making triage decisions as to which substrates require stable
association with Hsp90 (Figure 7). The functionally indispensable N-Cdc37 has a dual role:
first, it acts as a kinase-scanning factor with broad kinase specificity, and second, it exhibits
client-sorting activity by selectively locally unfolding only client kinases. This transition
triggers stable client association through a cochaperone interface provided by C-Cdc37.
Thus, Cdc37 performs a quality control of protein kinases, where a cochaperone-induced
metastable conformational state acts as a “flag” for stable cochaperone association and thus
Hsp90 dependence.

Specificity of Cdc37 to Protein Kinases

N-Cdc37 plays critical roles in kinase recognition (Eckl et al., 2015; Polier et al., 2013; Shao
et al., 2003a; Vaughan et al., 2006; Xu et al., 2012) and regulation of Hsp90's
conformational switching (Shao et al., 2003b). We show that it forms an independently
folded helical domain that contains long dynamic segments at the N- and C-terminal ends
(Figure 1). A peptide that spans the first 32 residues recognizes client kinases but exhibits
moderate affinity as compared to N-Cdc37 or Cdc37 (Figure S5). The conformational
plasticity of N32 is expected to be important for the recognition of the conserved, but
nevertheless diverse, group of client kinases. Using model client and nonclient kinases, we
reveal that the complete kinase recognition elements within N-Cdc37 reach beyond the
flexible N terminus and include short segments at the beginning of helix a4 and the end of
helix a, (Figures 2E and 5). Although N-Cdc37 recognizes client and nonclient kinases
through the same set of elements, client kinases are engaged in stable Cdc37 complexes
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through additional contacts provided by a newly identified conserved hydrophobic surface
on C-Cdc37. Access to the C-Cdc37 binding site is, however, under the control of N-Cdc37,
as constructs that lack N32 are devoid of kinase binding. Compromising the overall
hydrophobicity of C-Cdc37's site impacts the chaperone function of Cdc37 (Figure 4). This
is consistent with previous studies performed with Drosophila Cdc37, where the W342C
mutation, which contributes to the overall hydrophobicity of the binding site, had a
detrimental effect on kinase-mediated signaling (Cutforth and Rubin, 1994). In contrast,
Y298 is not located in this surface, and thus, the regulatory role of this phosphorylation
switch is probably indirect. The hydroxyl group of Y298 is in the vicinity of D310 (Zhang et
al., 2015), and phosphorylation would result in structural destabilization by electrostatic
repulsion. In addition, C-Cdc37 is expected to face away from the main body of an Hsp90-
Cdc37-kinase complex (Vaughan et al., 2006), and M-Cdc37 binding to N-Hsp90 (N-
terminal domain of Hsp90) may trigger transfer of the substrate from C-Cdc37 to Hsp90.
Indeed, our data suggest that the state of bRaf binding to N- and C-Cdc37 is transmitted to
M-Cdc37.

Cdc37-Mediated Sorting Activity

Protein kinases do not fall into a binary client-nonclient classification, but rather are sorted
within a continuum that spans the two extremes. Recent findings suggest that the Hsp90
machinery sorts substrates by “sensing” their thermal stability (Boczek et al., 2015; Taipale
etal., 2012, 2013), and thermally unstable kinase domains exhibit strong Hsp90 dependence,
while thermally stable kinase domains show only weak functional dependence. The apparent
correlation between Cdc37 and Hsp90 association suggests that Cdc37 may play a direct
role in this process. Our in vitro studies using bRaf show that Cdc37 comprises the subunit
of the Hsp90 machinery that “senses” kinase stability and implicate the cochaperone directly
in the process of kinase sorting. The soluble bRaf variant we used as a model represents a
mature form of a kinase domain that has been processed by early bacterial chaperone
complexes (Chapman et al., 2006) (Calloni et al., 2012). Although it populates a near-native
conformation, it contains conformationally labile regions that result in a marginal thermal
stability (Figures 6 and S6). Cdc37 acts as a stability sensor by altering its conformational
landscape and shifting the population from the native state toward an ensemble of nonnative
conformations (Figures 6 and S6). An extended interface presented by C-Cdc37 holds the
metastable client and thus prevents nonnative intermolecular contacts and aggregation. On
the other hand, Cdc37 is not effective in modifying the conformational landscape of the
nonclient state of bRaf. Despite the fact that this state is recognized as a kinase domain by
N-Cdc37, its significantly higher thermal stability makes it insensitive to the destabilizing
effect of the cochaperone. Thus, Cdc37 subjects kinase catalytic domains to a controlled
conformational stress as a mechanism of sorting client kinases.

Consequences for Hsp90 Kinase Loading

Two cryoelectron microscopy (cryo-EM) structures (Vaughan et al., 2006; Verba et al.,
2016) have shown that kinase domains interact with Hsp90 in an extended conformation,
indicating that they undergo a large-scale structural rearrangement when in complex with
Hsp90. However, Hsp90 does not form stable complexes with either bRaf or Cdk4 (Polier et
al., 2013; Vaughan et al., 2006), despite the fact that the corresponding stable ternary Hsp90-
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Cdc37-kinase complexes can be formed. This is consistent with our NMR data showing that
in contrast to Cdc37, Hsp90 interacts with bRaf in a dynamic fashion, without altering its
conformational properties (Figure S6G). Hence, beyond its role as an adaptor protein, Cdc37
can be involved in lowering the acti vation barrier for the structural rearrangement of the
kinase that leads to stable association with Hsp90. Indeed, most protein kinases exhibit
similar dissociation rates from Hsp90 upon inhibition, implying that kinase-binding on rates
determine the level of association with the chaperone (Taipale et al., 2012). The
conformationally labile state of Cdc37-bound bRaf may represent a preselected open
structure of the kinase, where the two lobes are separated and thus are presented to Hsp90
with an optimal relative orientation. Alternatively, the regions of bRaf that sample nonnative
conformations in the presence of Cdc37 may enhance the interaction with Hsp90, which
subsequently performs the structural reorganization of the substrate. Although these models
are not mutually exclusive, our observation that the regions of the native kinase state
recognized by Hsp90 are in part common to those sampling nonnative conformations when
bound to Cdc37 (Figure S6G) suggest that local unfolding may simply increase the affinity
of these sites for Hsp90. It is plausible to assume that stable association of Cdk4 with Hsp90
occurs through a similar Cdc37-mediated conformational rearrangement of the kinase
domain that involves partial unfolding. In this respect, the latest high-resolution cryo-EM
structure of Hsp90-Cdc37-Cdk4 shows that the B4-f5 strands and aC-B4 loop of Cdk4 are
completely unfolded, allowing the two kinase lobes to become separated (Verba et al.,
2016). Notably, these structural elements partially overlap with the bRaf regions that expose
unique proteolytic sites in complex with Cdc37 (Figures 4B and 4C; Supplemental
Information) and, particularly, the aC-B4 loop and the beginning of 4 strand. The proposed
model of local unfolding for efficient kinase transfer to Hsp90 is also consistent to the mode
of steroid hormone receptor transfer to Hsp90 (Kirschke et al., 2014). In this case, the
Hsp70/Hsp40 system partially unfolds the ligand binding domain of the receptor in the
vicinity of the ligand binding site, prior to transfer to Hsp90.

Finally, our findings reconcile previous observations regarding kinase transfer to Hsp90
when a direct Cdc37-Hsp90 interaction is restricted (Smith et al., 2015). We show that N-
Cdc37 acts as an allosteric effector on the kinase by altering its conformational properties
and providing an indirect route for a productive association with Hsp90- (Lee et al., 2002;
Scholz et al., 2000; Smith et al., 2015; Turnbull et al., 2005) or C-Cdc37-containing
constructs (Eckl et al., 2015).

EXPERIMENTAL PROCEDURES

Sample Preparations and Isotope Labeling

Cdc37, N-Cdc37, MC-Cdc37, and C-Cdc37 constructs were expressed and purified as
described previously (Zhang et al., 2015). Labeled or unlabeled bRaf, NM-Cdc37, p38, and
Hsp90aB1 were obtained as described in the Supplemental Information. Point mutants were
generated using the QuikChange 11 XL Site-Directed Mutagenesis Kit (Agilent). Cdc37 and
N-Cdc37 phosphorylation at position S13 was performed using CKII holoenzyme (NEB) as
described in the Supplemental Information. A peptide corresponding to the 32
aminoterminal residues of human Cdc37 was obtained synthetically with His33 substituted
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for a Cys. All experiments were carried out in 20 mM Tris (pH 7.5), 100 mM NaCl, 0.5 mM
EDTA, and 2.5 mM DTT, unless otherwise stated in the Supplemental Information.

NMR Spectroscopy and N-Cdc37 Model

NMR experiments were performed on Varian direct drive 600 and 800 MHz spectrometers
equipped with a cryoprobe. Assignment of backbone atoms for N-Cdc37 was obtained by
standard triple-resonance pulse sequences, aided by selective amino acid labeling/unlabeling
and a 3D HNN experiment (Panchal et al., 2001). Sidechain and methyl group assignment
was accomplished with TOCSY-based experiments, in combination with side-directed
mutagenesis. Methyl group assignment transfer from isolated domains to full-length Cdc37
was assisted by a 3D HMQC-NOESY-HMQC spectrum acquired in D,0O and further aided
by a series of mutants at linker regions. All spectra were processed with NMRpipe (Delaglio
et al., 1995) and analyzed using sparky (T.D. Goddard and D.G. Kneller, SPARKY 3,
University of California, San Francisco). NOE restraints were derived from a 3D 1°N-edited
NOESY-HSQC and a 3D HMQC-NOESY-HMQC. Pairs of unambiguously assigned NOEs,
TALOS-derived dihedral angles (Shen and Bax, 2013), and a set of hydrogen bonds were
incorporated as restraints in CYANA 2.1 (Glintert et al., 1997).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
Differential recognition of client and nonclient kinases
Selective client association with C-Cdc37
Cdc37 as a sensor of kinase thermal stability

Induced kinase unfolding as a mechanism of client sorting
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Figure 1. Structural and Dynamic Properties of N-Cdc37 in Solution
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(A) The *H-15N-HSQC spectrum of N-Cdc37 exhibits limited signal dispersion (the Trp

indole region is omitted).

(B) N-Cdc37 secondary structure: straight and zigzag lines illustrate unstructured and helical

regions, respectively.

(C) hNOE values as function of primary sequence. Missing values are due to prolines,
missing assignment, or extreme overlap that precludes accurate quantitation.
(D) Ribbon diagram of the lowest energy structure of N-Cdc37 showing helices a1 and a,

and the terminal tails.

(E) Clusters of stabilizing nonpolar interactions between a4 and ay identified by NMR and

utilized for building a structural model (see also Figure S1).
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N-Cdc37

M-Cdc37

(A) SEC-MALS traces, displayed from top to bottom for Cdc37 (49 uM), bRaf (34 uM),

Cdc37 + bRaf (both at 80 uM), and Cdc37 + bRaf (at 80 uM and 40 uM, respectively).

(B) Selected regions of 1H-13C HMQC correlation maps of labeled Cdc37 in the absence
(blue) or presence of 1.2 equivalents of unlabeled bRaf (pink). The signal for M333 shows

the largest CSP and shifts near the “lle” region.

(C) Magnitude of CSPs (AJ) as a function of Cdc37 primary sequence. CSPs for methyl
groups of N- and C-Cdc37 (aa 1-126 and 287-378, respectively) are shown in cyan. CSPs

for M-Cdc37 methyl groups are displayed for those signals that split in the bound state

(gray).

(D and E) Ribbon representation of C-Cdc37 (shown in D) and N-Cd37 (shown in E),
highlighting residues that experience A8 > 0.13 ppm (red) and 0.028 > AS > 0.13 ppm

(orange) (see also Figures S2 and S3).
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Figure 3. Methyl-TROSY NMR of Cdc37
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(A) 1H-13C HMQC spectra of Cdc37 U-[2H,12C]-11e81-[13CH3] (blue), U-[2H,12C]-Val/Leu-
[*3CH3] (red), and U-[2H,12C]-Met-Ala-[13CHs] (green-orange).
(B) The Ca atoms of Cdc37 methyl-bearing amino acids used as probes to monitor
interactions with bRaf are displayed as spheres on a pseudomodel of full-length Cdc37. The

C terminus of the protein (342-378) is omitted. The color code is the same as in (A).

(C) Overlay of H-13C HMQC spectra, from the two-domain fragment comprised of N- and
M-Cdc37 (1-276, red) and N-Cdc37 (yellow) onto the spectrum of full-length Cdc37 (blue).
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Figure 4. Mutations at C-Cdc37 Compromise the Formation of Binary Cdc37-Client Complexes
in MCF7 When His-Tagged Cdc37 Is Transiently Coexpressed with Biotin-Tagged bRaf Client
and BirA

(A) C-Cdc37 mutants show an all but complete loss of recovery in a pull-down analysis of
bRaf with neutravidin beads. bRaf and Cdc37 were detected by their His and HA tags, as
indicated. The control in all panels is equivalent to wild-type (WT) but uses biotin-saturated
neutravidin beads. The relative efficiency of BirA-mediated biotinylation of bRaf is impaired
for cotransfections with mutant Cdc37, and the ratio of biotinylated bRaf to recovered
Cdc37 is shown for each mutant.

(B) All C-Cdc37 mutants reduce ErbB2-Cdc37 interactions. Compared to bRaf, synthesis of
the slow maturing ErbB2 receptor is more impaired for all Cdc37 mutants while
biotinylation efficiencies are more uniform.

(C) While bRafV6%0E shows a substantially elevated Cdc37 association, the relative
sensitivity of this complex to the AEE mutation is comparable to wild-type bRaf. The
bRafV600E recovery is shown at lower exposure setting to facilitate comparison of relative
changes with wild-type bRaf. Consistent with the thermodynamic signature of Cdc37513A-
bRaf binding (Figure S5B), the mutant has a reduced impact on an initial Cdc37-client
binary complex, and it was added as a reference point (see also Figure S4).

Input

Mol Cell. Author manuscript; available in PMC 2017 April 21.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Keramisanou et al. Page 22
A vem-bRaf p38 B C D
=] | vem-bRaf  p38 p38* -
p— g 10 I F29 10 | 5‘ "
——===FF120 — 118A8|° WA 20 l‘ -
_— ﬁ 30 = b e 30 ‘1
H 10 | 810 810 810 a
TE W31t . 40 = “
s 50 129.4 B | 50 —
60 A c — 60 E— ; s
E 5 -
=} 70 1016 1016 __10.16 E
- [ M112 ;g = w3 Ly
Epes 2l @| (@] {@® o &
= e W11 s
100 witarl2 732 7.32 100 = ‘ L, £
BE = iV =1 ) 110 i i h
120 i 148]-@P| | D| | D> 120 L @FZQ
007 002 0.02_ 0.04 682 1 682 68 030 090
normalised A8 (ppm) H (ppm) .

Figure 5. Interaction of N-Cdc37 with Nonclient Kinases
(A) CSP pattern for the interaction of pN-Cdc37 with verm-bRaf and p38. CSPs greater than

the mean or one SD above the mean are marked by red and yellow lines, respectively.

(B) Representative set of HSQC signals affected by verm-bRaf or p38. The right panel
(marked p38%*) illustrates the same signals for the titration of N-Cdc37 with p38.

(C) Signal intensity ratio for free over vem-bRaf-bound pN-Cdc37. The average drop in
intensity is marked by a yellow line.

(D) Residues for which significant signal attenuation is observed upon addition of vem-bRaf
are highlighted on the structure of N-Cdc37. The Ca atoms of W7, F29, and W114, which
experience the most prominent attenuation, are shown as spheres. In (A) and (C), signals of
Trp 1H-15N¢#1 pairs are shown in green bars (W7, W31, W85, and W114, top to bottom) (see
also Figure S5).
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Figure 6. Cdc37 Alters the Conformational Properties of Client Kinases
(A) The *H-13C HMQC spectrum of Val/Leu-labeled bRaf in the absence (black) or

presence of 1.2 equivalents [U-2H]-pCdc37 (yellow). Signals that shift to the unfolded
region with narrow linewidths (red), show a shift (blue), or do not shift (green) are
highlighted. For methyl groups showing a change in chemical shift, the signal for the free
state disappears completely, in agreement with a 1:1 stoichiometry.

(B) Sidechain-solvent-accessible surface area (Fraczkiewicz and Braun, 1998) (green bars)
and secondary structure (black symbols, PDB: 30G7) of solubilized bRaf as a function of
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primary sequence. Proteolytic fragments uniquely identified in Cdc37-bound bRaf, or
fragments that show enhanced abundance in the presence of Cdc37, after limited proteolysis
with Lys-C (red bars) or chymotrypsin (blue bars) are indicated.

(C) Segments of bRaf for which unique proteolytic peptides are identified in complex with
Cdc37 are mapped in green on bRaf structure.

(D) Emission spectrum of ANS, in buffer (black) and in the presence of N-Cdc37 (red),
Cdc37 (green), bRaf (pink), Cdc37-bRaf (cyan), and N-Cdc37-bRaf (blue).

Colored marks on the x axis correspond to the emission maximum of each spectrum (see
also Figures S6 and S7).
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Figure 7. Cdc37-Mediated Kinase Recognition and Sorting
(A) Nonclients acquire a native conformation without assistance from Hsp90 and exhibit

high thermodynamic stability (cyan bilobal structure). Clients exhibit a near-native
conformation and low thermodynamic stability (rough bilobal structure shown in green), but
do not associate with Hsp90. Cdc37 is shown in black outlines, the flexible N-terminal tail
and the beginning of helix a; (N32) in red, and the Hsp90 dimer in blue/green.

(B) N-Cdc37, and particularly N32, recognizes both clients and nonclients, providing broad
kinase family specificity. Binding of N-Cdc37 does not affect the conformational properties
of nonclients but destabilizes the structure of clients. In vivo studies show that N-Cdc37
promotes kinase loading to Hsp90, but only inefficiently.

(C) Nonclients dissociate from Cdc37, while clients stably associate also with C-Cdc37, in a
metastable conformation that is poised for efficient recruitment to Hsp90.
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