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ABSTRACT: Folding and maturation of most protein kinases require chaperone
assistance. In higher eukaryotes, CDC37 is the predominant cochaperone that
facilitates the transfer of kinase clients to HSP90. Kinase recognition is thought to
occur through the N-terminal domain, which has, thus far, eluded structure
determination. Client processing also requires the phosphorylation of the N-
terminal tail at Serl3 by protein kinase CK2 (casein kinase 2). How
phosphorylation alters the molecular properties of CDC37 is not understood.
We show that the phosphorylation at Ser13 induces a large shift toward a more
compact structure, based on ANS fluorescence, while modestly increasing
secondary structure. Moreover, this transition requires interactions of the N-
terminal domain and the remainder of CDC37. The stabilizing property of the
phosphorylation event can be recreated in trans by a (phospho-Ser13) peptide
derived from the N-terminal tail. However, the phosphorylation-induced
transition is not dependent on the transferred phosphate group but rather the
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loss of serine-like properties at position 13. The complete absence of the N-terminal tail results in reduced secondary structure
and unresponsiveness to subsequent addition of peptides. The N-terminal tail may therefore serve as an intramolecular
chaperone that ensures that CDC37 assumes one of two readily interconvertible states in a manner that impacts the interaction
of the client binding N-domain and the MC-domains, involved in dimerization and HSP90 binding.

F or many cellular proteins, initial folding and the
subsequent maturation require complex cellular machinery.
This machinery, consisting of an array of chaperones and
cochaperones, engages its substrates, also referred to as clients,
in a sequential manner. Chaperones that act in early client
folding (e.g., HSP70) are distinct from those that assist at later
stages of maturation. These later stages may involve broad
specificity chaperones, such as HSP90, as well as protein class
specific cochaperones, and transitions occur by client handover
in large chaperone complexes (reviewed in ref 1). In the case of
the majority of kinases or select ATP binding domains, the
critical cochaperone is CDC37 (cell division cycle protein 37).
Since CDC37—client interaction involves the select recognition
of the client class, this interaction may be regarded not only as
folding or maturation assistance but also as an early stage in
quality control. Failure of a client to successfully pass through
the successive rearrangements of the various client—chaperone
complexes may result in its degradation. As demonstrated for
mutations in CFTR (cystic fibrosis transmembrane conduc-
tance regulator), severe functional deficiencies may arise due to
relatively minor alterations in client structure and highly
stringent quality control.”

Functionally, CDC37 is thought to act as an adaptor or
scaffold molecule facilitating the interaction of clients with
HSP90.* Since its first identification in 1980, the library of
CDC37 clients has quickly expanded to cover over 350 proteins
that involve almost exclusively ATP binding folds (mainly, but
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not exclusively, kinases). S At least for a subset of kinase clients,
CDC37 is capable of facilitating client processing independent
of HSP90.%” Its kinase binding domain is sufficient to carry out
this task, but this interaction has been proposed to reflect a less
supervised mode of client maturation that is physiologically
superseded by HSP90-dependent processing due to the low
concentrations of CDC37 and abundance of HSP90.° CDC37
does interact with select targets outside the kinase family, such
as androgen receptor,8 reverse transcriptase,9 or the guanine
nucleotide exchange factor Vav3. However, at least for the
latter, the functional region of CDC37 is distinct from its kinase
binding domain.'® Many oncogenic kinases heavily rely on
CDC37 activity. Silencing of CDC37 expression by siRNA or
shRNA depletes clients such as ERBB2, cRAF, CDK4, CDKS,
and AKT in human colon, breast, and prostate cancer
lines."' ™" Overexpression of CDC37 occurs in various cancers
but at relatively modest levels,"* possibly reflecting its transitory
involvement with a small intermittent pool for most of its
clients. Targeting the interactions between CDC37 and its
kinase clients is, therefore, a potential entry point for
therapeutics aimed at individual overactive kinases or kinase
pathways. However, the molecular events underlying molecular
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recognition of such a broad range of clients as well as the
assembly and disassembly of HSP90 complexes remain poorly
understood.

In-solution studies identified an inherently weak ability of
CDC37 to dimerize with a micromolar dissociation constant.'®
Current models of CDC37 action (reviewed in ref 16) involve
the recognition of its client by a CDC37 dimer, binding of
dimeric HSP90, and the subsequent dissociation of one CDC37
molecule to generate a relatively stable 1:1:2 complex of client,
CDC37, and the HSP90 dimer.'”'® Of the three major
domains of CDC37 (Figure 1), the N-terminal domain engages
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Figure 1. Domain organization of CDC37. (A) Only the middle
domain (M) and part of the C-terminal domain (C) are structurally
resolved by X-ray crystallography and depicted as solid blocks. The N-
domain is responsible for kinase client recognition but is not
structurally resolved. The N-terminal peptide contains an acidic
substrate sequence for CK2 and the phosphorylation site at serine 13.
(B) Model of CDC37/CDC37* dimer bound to HSP90 dimer and
client. The representation is a simplified version of a model proposed
by Vaughan et al.'” Modeled components are shown as spheres
structured around the crystallographically confirmed backbone of the
M and partial C-domain. Each M-domain interacts with an N-terminal
ATP binding domain of HSP90.

kinase clients'”*° and the central M-domain is responsible for
the recruitment of HSP90 and homodimerization of
CDC37.2'7** CDC37 function is regulated through phosphor-
ylation at Serl3 by protein kinase CK2 (casein kinase 2). In
studies of yeast CDC37, mutations of the CK2 target site result
in severe growth deficiency and depletion of CDC37
clients.***> This suggests that CDC37 function as a class-
specific cochaperone is largely not redundant. Available
structural data on the M-domain and part of the C-terminal
segment”*® provide insight into the nature of the CDC37—
HSP90 complex, but the N-domain is not resolved in this
structure. Figure 1 shows a simplified version of the model that
has been derived from several pieces of crystallographic data.”'
It features a symmetric complex containing two molecules of
CDC37. This model is complemented by an EM reconstruction
of a 1:1:2 complex.17 However, the latter also failed to assign
the location and mode of interaction of the N-domain relative
to client. Biochemical data suggest that the dephosphorylation
of the N-terminus of CDC37 is important for the maturation
complex to proceed. This dephosphorylation within the HSP90
multiprotein complex is highly context-dependent and requires
PP5 phosphatase.'® However, the mechanism by which
phosphorylation achieves this objective is not understood,
and it is not clear how CDC37 is capable of recognizing or
identifying such a broad array of clients while rejecting some
closely related kinases as clients.
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The ability of CDC37 to establish defined interactions with
its clients, yet retain a high degree of structural flexibility,
represents a feature also found in intrinsically disordered
proteins (IDP) or protein domains. For the most part, IDPs
maintain mainly random coil or molten globule structure and
manifest extraordinary structural flexibility and plasticity by
samplin; a variety of conformations that are in equili-
brium.>’ = Alternatively, the ensembles represented in IDPs
may also involve various alternative structured states that are in
rapid equilibrium unless a specific state is selected out through
modifications or interactions.>® Computational methods predict
that over 30% of proteins in higher eukaryotes are IDPs or
harbor long, intrinsically disordered segments defined as more
than 50 consecutive residues.’*” IDPs have been identified in
key cellular processes such as transcription,” >® signaling
transduction,>”*° cell cycle control,*! and programmed cell
death.*” There are already multiple cases in which either
chaperone molecules function through their ID segment or
IDPs are found to possess chaperone activity.**~*

Computational assessments indicate a strong correlation
between intrinsic disorder and the occurrence of post-
translational modifications, including phosphorylation, acetyla-
tion, and O—glycosylation.A'é_49 Post-translational modifications
can induce transitions between order and disorder and thus
regulate protein or domain interactions.*”**~>* In the before-
mentioned example of CFTR, channel gating is regulated by its
normally structured R-domain, which competes against the
heterodimerization of two nucleotide binding domains, NBD1
and NBD2. The structural compactness of the R-domain is lost
upon phosphorylation, thus favoring NBD heterodimerization
and altering the state of the channel.’® The tasks being
performed by CDC37, the proposed structural properties of the
N-domain, and the mode of regulation by CK2 are consistent
with those of a regulated IDP. In this study, we provide
experimental evidence that phosphorylation causes significant
changes in the level of compactness of CDC37, that this
transition involves the tail region and the combined N and MC-
domains, and that the resulting state is characterized by a high
degree of stability. The transition depends on the loss of serine-
like side chain properties, not phosphorylation itself. The ability
of the phosphorylated N-terminal tail to induce structural
changes can be recapitulated qualitatively in trans, using an
exogenous phosphopeptide derived from its N-terminus.
However, the overall change in secondary structure is very
small, indicating a rearrangement of pre-existing structural
elements rather than a transition from a largely disordered to a
globular state.

B MATERIALS AND METHODS

Constructs and Proteins. The human ERBB2 and ERBB3
cDNA were expressed in a pFlag-myc-CMV-19 vector together
with a C-terminal biotinylation acceptor peptide sequence
(GLNDIFEAQKIEWHE). The Escherichia coli biotinyl trans-
ferase BirA was cloned into the pLXSN vector for
cotransfection with biotinylation tagged constructs. The
mammalian expression construct of HA-tagged CDC37 in the
pKH3 vector was generously provided by Dr. Kerry Burnstein
(University of Miami). From this construct, full length (1—
378), A1—-19 (20—378), N-terminal domain (1—148), and
MC-domains (149—378) were derived and cloned into the
bacterial expression vector pQE40. Point mutants including
S13A, S13D, S13E, and S13C were created in pQE40 using the
Agilent Technologies QuikChange mutagenesis system. A CK2
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construct for bacterial expression was directly purchased from
Addgene (plasmid 27083: pDB1 (CK2alpha)). For all in vitro
studies, both CDC37 and CK2 constructs were expressed in the
DHI2S strain of E. coli (Invitrogen) and purified by FPLC
(Biorad) on a Ni-NTA column (CDC37) or glutathione
affinity column (CK2), respectively. Proteins were finally
dialyzed and stored in PBS. The isolated N-domain of
CDC37 shows a high tendency to aggregate during dialysis
and storage. To overcome this issue, the N-domain was eluted
from the Ni-NTA column with PBS containing 2 mM EDTA
and processed immediately for CD spectroscopy and ANS
assays by spin column desalting (Princeton Separations, CS-
900).

In Vitro Phosphorylation/Dephosphorylation. In vitro
phosphorylation of CDC37 by CK2 was carried out at 37 °C or
room temperature for the indicated time periods. Reactions
were close to complete after 3 h. The in vitro phosphorylation
buffer contained 50 mM Tris-HCI, 10 mM MgCl,, 0.1 mM
EDTA, 0.1 mM DTT, and 2.5 mM ATP. CDC37
concentrations were 1—6.5 yM with a 10:1 molar ratio of
CDC37 to CK2. For studies on dephosphorylation efliciency,
phosphorylation by CK2 was carried out for 3 h and blocked by
the addition of 4,5,6,7-tetrabromobenzotriazole (TBB). For
samples that were denatured prior to dephosphorylation, the
indicated detergents were added and samples were boiled for 5
min. All samples were diluted 50-fold into phosphate buffer
containing a high concentration of calf intestine alkaline
phosphatase (0.1 U/uL final concentration). Samples were
incubated for 1 h at the indicated temperatures.

Immunodepletion and Immunoprecipitation. To
estimate the phosphorylation efliciency in vitro and in cell
culture, three sequential immunodepletions of a phosphor-
ylation reaction or cell lysate, respectively, were carried out.
CDC37-containing solutions were diluted into 500 uL of PBS
and incubated with 4 uL of CDC37 pS13 antibody (Epitomics,
3600-1) and 15 uL of protein A/G agarose beads (Santa Cruz,
sc-2003). After incubation on a rotator for 30 min and
centrifugation, the supernatant was subjected to a second and
third round of immunodepletion. Detection of the remaining
soluble CDC37 was done by CDC37 antibody (Santa Cruz, sc-
13129) on western blots.

For the study of cellular interactions of recombinant CDC37
with ERBB clients in cell lysate, S X 10° BT474 cells were lysed
in 500 uL of mild lysis buffer (20 mM Tris, 137 mM NaCl, 1%
Triton X-100, 10% glycerol, S mM EDTA) containing 1 mM
sodium orthovanadate and 1 mM PMSF and underwent
predepletion with anti-His antibody. The cleared lysate was
incubated with 15 pmol of in vitro phosphorylated recombinant
CDC37, S uL of anti-His antibody (Genscript, A00186), and
20 pL of protein A/G beads. After 1 h of incubation, the beads
were subjected to three washes with mild lysis buffer and
analyzed by western blot using ERBB2 (Abcam, ab8054),
ERBB3 (Santa Cruz, sc-285), or HSP90 (Stressgen, SPA-840)
antibodies.

For coimmunoprecipitation experiments that were selective
for cell surface receptors, N-terminally Flag epitope-tagged
ERBB2 and ERBB3 were transiently expressed in the MCF7
breast cancer cell line in 6—well plates. Anti-Flag antibody
(Sigma, F1804) was added to the culture medium and
incubated on ice for 30 min to prevent internalization. Free
antibody was removed by three washes with cold PBS, and cells
were lysed in mild lysis buffer. The lysate was incubated with
protein A/G beads for 1 h on a slow speed rotor. Beads were
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washed three times with lysis buffer, and associated proteins
were analyzed by SDS-PAGE and western blots.

For the coimmunoprecipitation using biotinylation tags,
MCF?7 cells were transfected with ERBB2-bio or ERBB3-bio,
BirA, and, when indicated, HA-CDC37. The biotag at the C-
terminus of ERBBs encodes a biotinylation substrate peptide
(GLNDIFEAQKIEWHE) for the BirA biotinyl transferase. The
lysates were incubated with neutravidin agarose beads (Pierce,
29202) for 1 h. Were indicated, in vitro phosphorylated, E. coli
expressed CDC37 was added to the incubation system. After
the incubation, beads were washed three times with lysis buffer,
and associated proteins were analyzed by western blots.

CD Spectrum. CD spectra were collected either directly,
using the phosphorylation reaction, or following removal of
CK2. For CK2 removal, in vitro phosphorylation mixtures
containing both CDC37 and CK2 or CK2 alone were
incubated with glutathione agarose resin, and the supernatant
was loaded onto gel filtration spin columns for rebuffering just
prior to CD analysis. The reconstitution buffer for CD analysis
contained only 10 mM potassium phosphate (pH 7.5) with or
without 1 M urea. The spectra were collected on a Jasco CD
spectrometer (model J-815). The spectra obtained this way
matched those obtained by measurements after desalting alone
followed by subtraction of the CK2 control spectrum. Due to
the substantially lower loss during handling, the latter approach
was adopted for routine measurements of point mutants.
Peptides representing the 19 N-terminal residues of CDC37,
including regular or phosphorylated serine in position 13, were
synthesized by Biomatik. The peptide sequences were
MVDYSVWDHIEVSDDEDETC or MVDYSVWDHIEVpSD-
DEDETC, including an additional cysteine in position 20 for
optional immobilization. For CD measurements, the peptides
were reconstituted in 10 mM potassium phosphate buffer (pH
7.5) at a concentration of 300 ug/mL. For the N-terminal
domain, the protein was eluted from the Ni-NTA column in
PBS with 2 mM EDTA and subjected to spin column buffer
exchange into the respective buffers for CD spectroscopy or
ANS assays.

ANS Assay. The fluorescent spectrum of l-anilinonaph-
thalene-8-sulfonic acid (ANS) was determined in PBS in a Jasco
fluorometer (model J-6500). As a reference, 10 uM ANS was
incubated with 6 M BSA, yielding maximal emission with an
excitation wavelength of 380 nm. For CDC37 measurements,
20 uM ANS was incubated with 1 yM CDC37 in either
phosphorylation buffer or PBS. For temperature control studies
with DHFR, 0.64 yM DHFR and 4.62 yuM CDC37 were
incubated with and without a 10-fold molar excess of
methotrexate. Synthetic peptides derived from the N-terminus
of CDC37 were added at the ratio of 1:1 to the indicated
CDC37 constructs.

Secondary Structure and Disorder Predictions. The
secondary structure prediction for CDC37 was obtained using
the PSIPRED algorithm53 using default settings at the Protein
Sequence Analysis Workbench server.>* The propensity of
segments of CDC37 for structural disorder was predicted using
the PONDR suite of algorithms® using default settings. The
analysis presented included four algorithms: VL3,*® VSL2, VL-
XT,>’ 7> and XL1-XT.

B RESULTS

Assessment of E. coli Expressed CDC37. For most of our
studies, we relied on human CDC37, expressed as recombinant
protein in E. coli. Bacterial expressed CDC37 has been used in
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Figure 2. Evaluation of E. coli expressed CDC37. (A) (Left) In vitro phosphorylation of E. coli expressed His-CDC37/Serl3 probed by
phosphorylation-site-specific antibody (IB: pSer). The control reaction with heat-deactivated CK2 is marked (*). (Right) Estimate of
phosphorylation efficiency for in vitro phosphorylated E. coli expressed CDC37. pSerl3/CDC37 was removed by three consecutive
immunoprecipitations using immobilized pSerl3 antibody or resin control. Approximately 85% of CDC37 was removed from the supernatant,
and the remainder was detected by CDC37 antibody. (B) Estimate of phosphorylation efficiency of endogenous CDC37 in MCF7 cells. Two
sequential immunoprecipitations with pSer13/CDC37 antibody remove approximately 70% from cell lysate. (C) Client binding preference of
endogenous mammalian and in vitro phosphorylated, E. coli expressed CDC37. Recombinant, in vivo biotin tagged ERBB2 and ERBB3 receptors
were analyzed for coimmunoprecipitated endogenous CDC37 (left). Cotransfected HA-tagged CDC37 and smaller size endogenous CDC37
(center) or E. coli expressed and in vitro phosphorylated CDC37 (right). E. coli expressed and endogenous CDC37 show the same client binding
preferences. Note that ERBB2/3 levels in cotransfection experiments (*) are differentially impacted by the addition of endogenous CDC37. (D)
Despite low binding in pull-down studies, the dependence of ERBB3 on CDC37 during early maturation is reflected in its sensitivity to CDC37

knockdown by siRNA.

prior studies.’”®" However, we wanted to ascertain that the

recombinant protein we generated was a reasonable substitute
for mammalian expressed CDC37 for our objectives. We
therefore evaluated the ability of CDC37 to be phosphorylated
by protein kinase CK2 (casein kinase 2) at Ser13 and the ability
of recombinant CDC37 to recognize mammalian clients with a
selectivity profile that matches that of endogenous mammalian
CDC37. The ability of CK2 to recognize and selectively
phosphorylate Serl3 of CDC37 in vitro was confirmed by
western blot analysis using a CDC37/pSer13-specific antibody
for detection (Figure 2A). In different studies using either 3- or
2-fold sequential immunodepletions, we found 78% (£ 7) of
endogenous CDC37 to be constitutively phosphorylated in
mammalian cells (Figure 2B). For recombinant human CDC37,
expressed in MCF7 cells, approximately 90% of CDC37 is
phosphorylated or resides in complexes carrying at least one
phosphorylated Ser13 (Figure S1). Phosphorylation by CK2 is,
therefore, reproducible in vitro and recreates a state that is
representative of most of the CDC37 in a cellular setting.

As an additional functional test we evaluated the ability of
recombinant CDC37 to bind HSP90 and client. For HSP90,
clients fall into two categories: those requiring HSP90 only
during maturation and those associating with it also in the
mature state. We previously showed that ERBB3 (HER3), a
receptor tyrosine kinase of the EGFR family, falls into the first
category, with only a very small portion of ERBB3 at any time
being transiently associated with HSP90 during maturation.®>
By contrast, the closely related ERBB2 (HER2) receptor is a
well-established representative of proteins requiring HSP90
throughout their life cycle.”> Before we could utilize this
knowledge as a functional test for recombinant CDC37, we
needed to establish whether this HSP90-derived interaction
pattern also extended to CDC37. To this end, we expressed
recombinant, biotinylation tagged ERBB2 or ERBB3 in MCF7
cells and measured the recovery of CDC37 or HSP90 that
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bound to neutraavidin resin purified receptors from cell lysate
(Figure 2C). Endogenous CDC37 was recovered at signifi-
cantly higher yield bound to ERBB2 than that to ERBB3,
suggesting that the previously established binding preference of
HSP90 carries over to CDC37. This preference is also evident
for recombinant HA-tagged CDC37 expressed in MCF7 cells.
In this case, the quantitative analysis is limited by the strong
differential impact of overexpressed CDC37 on the levels of
cotransfected ERBB receptors. We validated this binding
preference for the binding of E. coli expressed and in vitro
phosphorylated CDC37 to biotin tagged receptors in cellular
lysate. Therefore, E. coli derived CDC37 demonstrated a
binding preference that matches that of endogenous CDC37.
The same results were obtained when we compared
recombinant CDC37 expressed in mammalian cells and its
selective interaction with cell surface, and hence mature,
receptors (Figure S2) with the interaction of phosphorylated E.
coli derived CDC37 and endogenous ERBB receptors in BT474
cells®*® overexpressing both receptors in response to ERBB2
gene amplification (Figure S3). The failure of ERBB3 and
CDC37 to coimmunoprecipitate reflects a CDC37 dependence
that is limited to transient interactions in the nascent state. This
dependency is, however, apparent in ERBB3 levels when
CDC37 is knocked down by siRNA (Figure 2D). We therefore
concluded that E. coli generated CDC37 is a suitable substitute
for mammalian expressed CDC37 in our studies based on its
own phosphorylation and differential client binding properties.

Phosphorylation at Serine 13 Increases Structural
Compactness of the N-Terminus. The high yield of in vitro
phosphorylation by CK2 facilitates the analysis of its impact on
the structural dynamics of CDC37. An analysis of CDC37 by
circular dichroism spectroscopy indicates a high prevalence of &
helices (Figure 3A). This finding fits secondary structure
predictions and partial structural information available for
CDC37.”" On the basis of a deconvolution of the spectrum
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Figure 3. Phosphorylation on Ser13 monitored by CD spectroscopy.
(A) CDC37 is largely composed of a-helices (black). After overnight
phosphorylation by CK2 at room temperature, @-helical content of
CDC37 increases (red). Deletion of the first 19 amino acids causes a
significant loss of a-helical content (blue). Spectra were obtained after
CK2 removal on GSH columns and desalting. (B) The CD spectrum
after overnight phosphorylation, desalting, and subtraction of CK2
spectrum gives matching results but higher recovery. Upon
phosphorylation the a-helical content of CDC37 increases by 2 to
3%. (data representative of duplicate studies and triplicate spectral
measurements). The gain in a-helical content but not the remaining
secondary structure is destabilized when 1 M urea is added after
overnight phosphorylation. For experiments involving urea, data below
205 nm are not suitable for analysis and were omitted.

using the CDpro package of algorithms®® and a reference data
set of soluble proteins, a helices constitute approximately 80%
of CDC37, with the remainder representing coiled coil
segments. CK2-mediated phosphorylation of CDC37 induced
modest increases in helical content. For Figure 3A, samples had
been depleted of CK2 by glutathione agarose prior to desalting

and CD analysis. However, we observed the same shift when
the contribution of CK2 was removed by subtraction of its CD
spectrum (used for Figure 3B). While small in magnitude, the
increases in helical content were highly reproducible between
studies at 2.1 + 0.3% (calculated from triplicate spectra of
duplicate experimental sets). This increase occurred at the
expense of random coil segments and translates into an
estimated helix formation by approximately 10 additional
amino acids. Interestingly, the increase is reversed when
challenged with 1 M urea while the initially observed a-helical
content remains intact (Figure 3B). This would suggest that
phosphorylation induces structural changes that involve a well-
defined region and is readily reversible without compromising
the remainder of the protein structure. By contrast, CDC37
lacking the extreme N-terminal tail (CDC37 A1—19) shows a
loss in helical content (Figure 3A) despite high stability and
solubility of the purified protein.

To further explore the phosphorylation-induced transition in
CDC37, we applied the fluorescent dye, 1-anilinonaphthalene-
8-sulfonic acid (ANS). This amphiphilic dye shows a strong
increase in fluorescence when it obtains access to hydrophobic
pockets of a protein. It is, therefore, widely used to obtain a
measure of protein compactness. However, the intensity of the
ANS signal depends on at least two major parameters. The first
is the access to interior binding sites for ANS, which is being
utilized for measurements of compactness. However, in order
to bind, ANS does need structural elements with which to
interact, and an all-out loss in secondary structure can,
therefore, also result in reduced signal. Prior studies on the
molten globule state of several proteins, including recombinant
human growth hormone,®” show maximum fluorescence in the
molten globule state and minimal fluorescent in the fully folded
native and unfolded states.

The fluorescence of full-length CDC37 (NMC, representing
its individual domains) drops significantly following phosphor-
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Figure 4. On the basis of ANS fluorescence, CDC37 becomes more compact upon phosphorylation. Legend is arranged in order of spectral height.
(A) Overnight phosphorylation markedly decreases the ANS fluorescence of full-length CDC37 (NMC 14h), whereas isolated N and MC-domains
show a low and phosphorylation-insensitive fluorescence. The sum of N and MC-domains fluorescence is added for comparison and molar
equivalent but is reduced in intensity. Low ANS fluorescence was observed for CDC37 lacking the first 19 amino acids (A1—19). Data are
normalized to the fluorescence of untreated NMC. For all ANS assays, excitation occurred at 380 nm and CDC37 concentrations were normalized
based on the OD,g, estimated protein concentration. (B) The N-domain in isolation is prone to rapid aggregation in PBS. N and NMC constructs
were compared by high-speed centrifugation and western blot analysis for their solubility after dialysis and comparable storage. (C) Comparative
characterization of the purified N-domain by CD. The concentration-corrected spectrum was obtained immediately after purification and spin

column desalting.

1497

DOI: 10.1021/bi501129g
Biochemistry 2015, 54, 1493—1504


http://dx.doi.org/10.1021/bi501129g

Biochemistry

ylation by CK2 (NMC, t = 14 h). Most of the decrease occurs
within 3 h and is complete after 14 h at room temperature. The
CDC37 A1-19 truncation mutant displays a fluorescence
similar to that of phosphorylated full-length CDC37, whereas
the middle and C-terminal segments of CDC37 (MC) show
very low ANS fluorescence. Together with the very favorable
protein properties during synthesis and storage, this suggests a
stable and compact structure for MC and would suggest that
the large variation in ANS signal is derived from phosphor-
ylation-induced changes of the N-terminal domain (N).
However, in isolation, the N-terminal segment does not display
a high ANS signal. For direct comparison, Figure 4A also shows
the calculated sum of both signals, which is comparable in
concentration and composition to that for wild-type protein.
The sum of the N and MC segments amounts to approximately
65% of the signal obtained from phosphorylated CDC37, or
less than 30% of the unphosphorylated reference. Yet, in sharp
contrast to the MC-domains, the N-domain exhibits a high
tendency to aggregate postpurification (Figure 4B). In fact, all
N-domain-related studies were carried out immediately after
purification with spin column desalting replacing dialysis in
order to obtain reproducible results. To address this apparent
contradiction between the obtained ANS signal and protein
properties, we determined the CD spectrum of the N-domain.
Consistent with the low ANS signal, this indicated a-helical
structure (Figure 4C). The intensity of the concentration-
adjusted CD spectrum is proportional to the size of the N-
domain compared to full-length CDC37, suggesting that the
freshly isolated N-domain does not display a lack of secondary
structure.

The Chemical Characteristics of Serine Are Needed To
Retain CDC37 in Its Less Compact State. Phosphorylation
at serine or threonine can, in many cases, be mimicked by
substitutions with glutamic or aspartic acid. We therefore
investigated the impact of these substitutions on the ANS signal
(Figure S). Indeed, both aspartic and glutamic acid
substitutions result in ANS binding that resembles the
phosphorylated state. However, the same is true for
substitution with alanine. These data suggest that the observed
transition is not driven by the introduction of the phosphate
group but by the loss of serine.
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Figure S. Increase in compactness requires the removal of Ser-like
properties. The ANS assay shows a marked decrease in fluorescence
that is comparable to the phosphorylation of wild-type CDC37 (WT
(14 h)) when serine 13 is mutated to alanine, aspartic acid, or glutamic
acid. The biochemically more conserved mutant S13C retains the
fluorescence pattern of wild-type CDC37.
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By comparison, the substitution of serine with cysteine
creates a wild-type-like signal. The same data were obtained for
substitution with threonine (Figure S4). However, the
substitution by threonine is less straightforward in its
interpretation. Its properties resemble those of the unphos-
phorylated state, but the potential presence of phosphorylation
by CK2 cannot be ruled out definitively with the tools available.
Overall, substitutions studies indicate that the loss of the side
chain properties of Serl3, not the introduction of a phosphate
group, causes the observed transitions in the structure of
CDC37.

The N-Terminal Segment of CDC37 May Be Structur-
ally Adaptable. The above studies show substantial structural
rearrangements upon phosphorylation, resulting in a more
compact end state. Furthermore, this appears to involve
relatively small net changes in actual secondary structure
components. Similar phosphorylation-driven transitions be-
tween states of increased compactness have been described for
intrinsically disordered proteins (IDP).>**°7>> We therefore
analyzed the CDC37 primary sequence with the PONDR suite
of algorithms (Predictor of Naturally Disordered Regions).>
Figure 6A shows the superimposition of the four individual
algorithms that were combined in this analysis. The consensus
of the four predictions assigns a high probability of disorder to
two regions of CDC37: the M to C domain transition
(approximately residues 250—325) and most of the N-domain
(approximately residues 25—170). Yet, both regions are
assigned a high a-helical content in secondary structure
prediction (Figure 6B). The secondary structure prediction
matches available crystallographic data, where available,
including the exceptionally long @ helix found in the M
section.”’ With the exception of the VL3 algorithm (which
evaluates a 30 amino acid window), the remaining algorithms
show a high agreement in predicting a tightly defined area of
disorder at the extreme N-terminus. This small segment of
predicted disorder is centered on Serl3.

A Phosphopeptide Derived from the N-Terminal Tail
of CDC37 Induces the Structural Changes Observed
after Phosphorylation. Since the phosphorylation of the N-
terminus correlates with the observed decreases in ANS binding
and since this segment is set apart as a distinct entity in the
prediction of intrinsic disorder, we generated two peptides that
represent residues 1—19 of the N-terminus. The peptides
differed by carrying either serine or phosphoserine at position
13. At 25 °C, the addition of both peptides induces a moderate
decrease in the ANS signal (Figure 7A, panel II). Although this
decrease appeared to be more pronounced for the (phospho-
Ser13) peptide, differences were not large enough to be
conclusive. We therefore tested whether the addition of
peptides in trans influences the compactness of CDC37
under thermal stress. To this end, we measured ANS
fluorescence at an elevated temperature of 50 °C. As a proof
of principle for this assay, we first used dihydrofolate reductase
(DHFR) and its stabilization by methotrexate (MTX) (Figure
7A, panel I). The binding of methotrexate to DHFR is well-
known to exert a strong stabilizing force, strong enough to
block the unfolding of DHEFR fusion constructs in the context
of post-translational mitochondrial import.”® In the absence of
a destabilizing temperature challenge, DHFR receives a
measurable, but relatively small, additional stabilization from
MTX. The stabilizing effect of MTX is significantly enhanced at
50 °C. While by itself nonphysiological, this stabilization at
elevated temperature provides a much better representation of
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Figure 6. N-domain of CDC37 is predicted to have properties of intrinsically disordered proteins and a high a-helical content. (A) Prediction of
disorder using the PONDR suite of algorithms. The disorder (PONDR) score is shown for four different algorithms. Note that VL3 uses a larger
sequence window for its prediction. (B) Despite the predicted disorder, the N-domain is also predicted to contain large segments of a-helical
structure based on a PSI-pred prediction of secondary structure elements. (C) For structurally resolved segments of CDC37, the predicted secondary

structure correlates well with experimental observations (1US7.pdb).

the strong barrier to unfolding that methotrexate binding
introduces under physiological conditions. CDC37-derived
peptide in isolation or when added to DHFR did not alter
the ANS signal. When the same temperature challenge is
applied to CDC37, a stabilization by the phophopeptide
becomes readily apparent, whereas the stabilization by the
unphosphorylated peptide remains small. These observations
suggest that the impact of phosphorylation at Serl3 induces
interactions of the peptide with the remainder of the protein
that convey a more compact structure that is more resistant to
structural changes which expose ANS binding sites. This
stabilization is readily evident in the phosphorylated species of
CDC37 (Figure 7A, panel III), which is effectively undisturbed
by the increase in temperature. The deletion of the N-terminal
tail (Figure 7A, panel IV) does generate an intermittent state
that is only partially responsive to peptide addition. More
importantly, it does not discriminate with regard to the nature
of the peptide.

A remarkable feature of the phosphorylation at Serl3 is the
physiological requirement for a specific phosphatase to carry
out dephosphorylation in the context of the client and HSP90
containing complex. Outside of this structural context, in vitro
dephosphorylation of pCDC37 can be achieved with aggressive
alkaline phosphatase treatment. We therefore wanted to
evaluate whether the structural transitions that we observed
alter the ability of a generic phosphatase to gain access to Ser13
(Figure 7B). A time course of phosphorylation by CK2 shows
that close to the maximum attainable phosphorylation can be
achieved within 3 h at room temperature. Following inhibition
with 4,5,6,7-tetrabromobenzotriazole (TBB, a CK2-specific
inhibitor), treatment with a high concentration of alkaline
phosphatase (CIP) ensures that enzyme levels are not a limiting
factor. Under those aggressive dephosphorylation conditions,
phosphorylation at Ser13 can be reversed, but it exhibits a very
pronounced temperature dependence. At low temperatures,
dephosphorylation remains partial despite large phosphatase
access. Dephosphorylation efficiency increases rapidly above
room temperature. Enzyme levels or the enzyme’s temperature
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dependence are not the limiting factors at and below room
temperature, as CDC37 that was subjected to structure-
disrupting treatments prior to dilution into dephosphorylation
buffer is efficiently dephosphorylated, even at room temper-
ature.

B DISCUSSION

As a cochaperone that delivers a broad range of kinase clients to
HSP90, CDC37 is postulated to undergo a complex series of
transitions in protein interactions. Phosphorylation at the N-
terminal tail by CK2 is critical in the overall function of CDC37
and its interaction with the HSP90 machinery, but it is not clear
what the structure of the N-terminal tail, and indeed the entire
N-terminal domain, is and how phosphorylation alters function.
In this study, we show that upon phosphorylation CDC37
shows a small but reproducible increase in secondary structure
that is accompanied by a much more pronounced change in
ANS binding. This suggests a more compact end state that is
experimentally characterized by a remarkably high resistance to
opening up at elevated temperatures. Indeed, on the basis of
this readout, the stabilization that occurs as a result of
phosphorylation is comparable to the stabilization that DHFR
receives from binding methotrexate. For CDC37 molecules that
initially folded with an intact N-terminal tail, this two-state
transition can be induced in trans by a synthetic (phospho-
Ser13) peptide representing the first 19 amino acids. The ability
of the phospho- and nonphosphopeptide to compete in trans
against existing N-terminal tails in the opposite phosphor-
ylation state suggests a hierarchy in interactions. The higher
stability of the phosphorylated state is evident from the ability
of the (phospho-Ser13) peptide to achieve thermal stabilization
of CDC37 in trans, even in the presence of a competing
unphosphorylated tail in cis. The opposite scenario of the
addition of unphosphorylated peptide to phosphorylated
CDC37 is quantitatively too small to be statistically significant.
However, it is qualitatively the only instance in our studies in
which the addition of peptide ever increased the ANS signal.
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Figure 7. Phosphorylation at Serl3 or the addition of a (phospho-
Ser13) peptide in trans stabilizes CDC37. (A) Panel I: Validation of
ANS assay at elevated temperatures using DHFR and its stabilization
by methotrexate at room temperature and 50 °C. Methotrexate, but
not the pSerl3 peptide (pSer), stabilizes DHFR upon temperature
elevation. Panel II: ANS binding to unphosphorylated CDC37 rises at
elevated temperature. A clearly discernible stabilization by the
(phospho-Ser13) peptide (pSer) occurs at SO °C. All peptides were
added at a 1:1 molar ratio. Panel III: Compared to that of
unphosphorylated CDC37, phosphorylated CDC37 has greatly
reduced ANS binding at room temperature and is resistant to
temperature increases. Quantitatively, the impact of the unphosphory-
lated peptide is small, but it is the only scenario in which peptide
addition caused an increase in ANS fluorescence. Panel IV: The Al—
19 truncation construct shows comparable starting fluorescence to that
of pCDC37 but lacks its thermal stability. Modest stabilization occurs
for both peptides, regardless of their phosphorylation state. (B)
Phosphorylated serine 13 is partially shielded from phosphatases in a
temperature-dependent manner. (Left) Phosphorylation at Ser13 by
CK2 is close to maximal after 3 h. (Right) The access of pSer13 to a
high concentration (0.1 U/uL) of alkaline phosphatase for 1 h is
incomplete despite a large access of phosphatase. Dephosphorylation
efficiency increases sharply above room temperature. Room-temper-
ature dephosphorylation is complete when CDC37 is heat-denatured
by SDS or Triton X-100 (TX), at the indicated concentrations, prior
to a 10-fold dilution into phosphatase reaction buffer.

Figure 8 presents a conceptual model for the different
interconvertible states of CDC37 in terms of the energy
landscape and rationale for the observed changes in ANS signal
and secondary structure. The more compact mode observed for
the phosphorylated state is also the default for the isolated N
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Figure 8. Visual presentation of the hypothesis for CDC37 structural
transitions, derived from current data. The model is not intended to
describe specific structural features but, instead, to provide a
conceptual framework that best reconciles the current data. Detailed
discussion is provided in the text. Note that current data cannot
distinguish between a direct tail interaction in the N—MC interface
(depicted here) and potential allosteric regulation across domains.
Gray areas represent amphiphilic to hydrophobic segments in the
interface and tail sequence as well as their packing and degree of
secondary structure. To maintain a state in which secondary structure
elements remain accessible to ANS requires stabilizing interactions,
specifically interactions that rely on the biochemical properties of
serine 13. The loss of these properties by phosphorylation (or
biochemically divergent mutation) allows for additional, strong
interactions of the tail peptide that are accompanied by ANS
(green) exclusion and increase in secondary structure. This
equilibrium is reflected in the relative competition strength of the
respective peptides in trans (indicated by arrows). Complete absence
of the tail during folding (yellow dashed energy landscape) results in
irreversible and incorrect interactions when the N and MC-domains
are held in close proximity. The presence of the tail segment (purple
landscape) steers the folding process away from this trapped and
largely irreversible state. Maximal ANS binding (green) occurs in state
B when binding-suitable secondary structure elements are both present
(absent in A) and accessible (reduced in C). The peptide coloring
scheme (amplified below) reflects the very pronounced separation into
an amphiphilic to hydrophobic N-terminus followed by an exception-
ally acidic segment.

and MC-domains, and the generation of a more ANS accessible
ground state requires both the interaction of the N and MC-
domains as well as the regulating presence of the
unphosphorylated N-terminal tail. This model of interaction
between the N-terminal tail and the MC domain is also
consistent with reports that tyrosine phosphorylation at
positions 4 and 298 disrupts the interaction between CDC37
and client.”” The incorporation of the tail segment in Figure 8
reflects this concept of a dependency on N—MC interactions,
but the specific placement of the tail interaction site is arbitrary,
and the tail could alternatively influence the N—MC interaction
allosterically.

The properties of the N-terminal deletion construct (CDC37
A1-19) suggest that it has assumed a state that is outside of
the framework of controlled transitions that we see for
phosphorylated and unphosphorylated CDC37. On the basis
of ANS assays, it appears very compact, and the overall protein
properties are consistent with this assumption. However, this
stands in contrast to the loss in secondary structure
components based on CD measurements and its inability to
discriminate between the addition of phosphorylated and
unphosphorylated tail peptides added in trans (Figure 7, panel
IV). The apparently contradictory ANS signal may reflect the
fact that reduced ANS binding, in most cases, reflects an
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increase in compactness but can also be the consequence of a
loss of secondary structure elements that serve as binding
pockets. In the case of CDC37 A1-19, both may apply. This
would suggest an additional function for the N-terminal tail,
besides that of a reversible switch for CDC37 conformations.
The more open state represented by the unphosphorylated
state may be prone to collapse in a way that involves
inappropriate N—MC interactions, unless this is actively
being blocked by the tail segment. This assumption is
consistent with our observation that both the phosphorylated
and unphosphorylated states form distinct interactions with the
remainder of the protein. The state that is obtained when
CDC37 folds in the complete absence of the N-terminus
would, therefore, represent a soluble and stable, but never-
theless unproductive, dead end in the folding landscape of
CDC37. In this context, the N-terminal tail may serve as an
intramolecular chaperone.

The observed changes in ANS binding are far more extensive
than those seen by CD spectroscopy. The latter only involve
the transition of a few amino acids (estimated 10) from a
random-coil to an a-helical conformation. Furthermore, a PSI-
pred secondary structure prediction is in good agreement with
experimental data for the M and C-domains as well as CD data
for the isolated N-domain in predicting a large proportion of a-
helical content, including for most of the N-domain. The above
observations can be reconciled with the assumption that the
observed structural transitions involve significant changes in the
packing behavior of already formed a helices. Several predictors
of disorder assign a high aggregate probability of IDP properties
to portions of the MC-domains. Moreover, except for the
extreme N-terminal tail, the entire N-domain receives high
scores that are either contiguous or interrupted by short
segments of predicted order, depending on the algorithm. With
respect to alternative concepts on IDPs, our data for CDC37
are, therefore, more in line with preformed structural elements
whose interactions are in a state of flux. This would also explain
why the N-terminal domain shows a high degree of a-helical
content yet is far more prone than any other CDC37 segment
or mutant to aggregate in solution over a short period of time.
Such a property to readily reorganize structural elements may
contribute to the ability of CDC37, and specifically it is N-
domain, to recognize a broad range of kinase clients. The N-
terminal tail, in either phosphorylation state, would serve to
maintain two interaction capable and interconvertible states
instead of the state observed for CDC37 A1—19. This model is
consistent with earlier studies that assigned functional
contributions to the tail region in client binding and
maturation.”

Protein phosphorylation has been observed before as a
functional switch in IDPs.***°~>> Furthermore, a preponder-
ance of acidic residues has been identified as favoring a
disordered state.”® However, studies on the impact of further
phosphorylation, especially at the N-terminus of proteins, have
come to divergent conclusions.”””> A striking feature of the
mechanism by which the N-terminal tail segment regulates
CDC37 is that the introduction of the phosphate group is not
causal for the observed transitions. Transitions occur due to the
loss of serine-like properties at position 13. Cysteine, and most
likely threonine, are functionally neutral replacements that
retain the ability to keep CDC37 in the more open state. At the
same time, the phosphorylated state is not characterized solely
by the loss of serine-dependent interactions but establishes a
different set of interactions. Figure 8 incorporates these
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observations by assigning serine-dependent interactions a
lower degree of stability, whereas phosphorylation, or other
non-serine-like replacements, remove this barrier and allow
segments of the tail region, especially its very amphiphilic to
hydrophobic first 10 amino acids, to engage the remainder of
the protein. The number of amino acids involved and the
experimental CD data would fit a model in which this extreme
N-terminus assumes a-helical character. However, if the most
N-terminal amino acids are, in fact, induced to form an a helix,
then it would be strictly dependent on stabilizing interactions
with its immediate surroundings. Neither peptide in isolation
(even with considerable addition of stabilizers) forms an « helix
in solution (Figure S5).

In most cases, phosphorylation is a trigger that in some form
or another results in the transmission of a signal, with few but
very prominent exceptions in metabolic regulation. Even in the
case of IDP-based regulation, phosphorylation is generally
regarded as being the causal modification. The resulting view of
molecular processes is effectively kinase- and phosphorylation-
centric. Although considered to be critical, phosphatases are
regarded as a means to turn off a signal initiated by
phosphorylation, even if this signal involves altering the
structural state of an IDP-like domain. A hallmark of most of
the above reactions is the involvement of highly specific kinases
and phosphorylation events that can be reversed by either
generic phosphatases, or more often, class specific phosphatases
with a range of clients. In addition, the phosphorylated state
usually comprises a small portion of the total protein substrate
pool. For CDC37, the inverse is true in all cases.
Dephosphorylation occurs in the CDC37—HSP90 complex
and selectively requires PPS phosphatase to join the complex.
In the context of the HSP90 complex, pSerl3 is not sensitive to
the attack of generic phosphatases.'® By contrast, phosphor-
ylation occurs by a protein kinase with broad substrate
specificity and constitutively high activity,”* and the phosphory-
lated species comprises most of the cellular CDC37. Hence,
phosphoserine serves as a structural building block in the
ground state of wild-type CDC37, and selective dephosphor-
ylation provides a stability switch that is based on the specific
introduction of a nonphosphorylated side-chain with serine-like
properties.

What are the possible implications of this stability switch? An
estimate of the relative abundance of the phosphorylated state
of endogenous CDC37 in MCEF7 cells revealed that it is
effectively the default state, with a minimum of 70—80% of
CDC37 or CDC37 complexes being phosphorylated at Ser13.
This may, in part, reflect the high activity of CK2. Assuming a
dimeric state, the approach taken would potentially over-
estimate the degree of phosphorylation if a semiphosphorylated
state is abundant. However, such an asymmetric state would
also have significant functional consequences and, based on the
micromolar estimates for dimer stability, is unlikely to be
recovered at high yield under stringent immunoprecipitation
conditions, let alone 3-fold sequential immunodepletion.
Whether phosphorylation does modulate dimerization is not
clear from existing and current data, although earlier studies
have implicated dephosphorylation in the dissociation of
CDC37 from the client HSP90 complex, which is preceded
by the dissociation of the CDC37 dimer.'”'® Although our
current data cannot distinguish direct interactions of the tail
segment with the N—MC interface from allosteric interactions,
the consequences of tail phosphorylation on the packing of
CDC37 require the interaction of the N and MC-domains. This
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would couple changes in the client-binding N-domain to the
dimerization and HSP90 binding MC-domains. Our observa-
tion that the exact nature by which Serl3 is altered is not
relevant for the internal transitions of CDC37 may no longer
apply at later stages of complex formation. Instead, interactions
outside the CDC37 monomer may make direct use of the
properties of the phosphate group. The phosphorylation state
of CDC37 as it is released from these complexes may well
impact its stability. Together with the abundance of CK2, this
may contribute to the low abundance of the unphosphorylated
state in a cellular setting. Previous studies had already
highlighted the fact that potential phosphomimetics and
noncharged replacements of serine alike generate similar
phenotypes, both of which are deficient compared to the
actual phosphorylation of Ser13.'®”* In a cellular setting with
low CDC37 levels and high levels of HSP90, isolated CDC37—
client complexes are very short-lived compared to the more
stable ternary complex involving HSP90. It is, therefore,
difficult to differentiate deficiencies in the processing of the
ternary complex from a reduced ability of CDC37 to initially
engage client. This may explain some of the divergent data on
the impact of mutations in the N-terminal tail of CDC37 on its
function. The specific contributions of the phosphorylated tail
segment of CDC37 are likely to change as the nature of protein
complexes is being rearranged during client maturation. While
the current data are clearly limited in their ability to outline the
nature of specific complexes, they provide new insight into
dynamic transitions within the CDC37 cochaperone as it
positions itself to engage client, and it provides an expanded
and testable hypothesis of its mode of operation.
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Figure S1 shows an estimate of the relative percent of Serl3
phosphorylated protein for recombinant CDC37 expressed in
MCEF?7 cells. Figure S2 further evaluates client specificity of
recombinant CDC37 (ERBB2 versus ERBB3 client) shown in
Figure 2c. However, in this case, receptor immunoprecipitation
was limited to cell surface localized and therefore mature
receptor. Figure S3 further validates the client specificity of
recombinant CDC37 but in reverse. In vitro phosphorylated,
recombinant CDC37 was used as bait for binding studies using
lysate of the naturally ERBB2 overexpressing BT474 breast
cancer cell line. Figure S4 shows that both S13C and S13T
mutations display ANS binding and fluorescence that mirrors
that of wild-type CDC37 (complementing Figure S). Figure SS
shows the CD spectrum of peptide representing residues 1—19
of CDC37 in isolation. Both the phosphorylated and
unphosphorylated peptide display a CD spectrum characteristic
of a random coil. This material is available free of charge via the
Internet at http://pubs.acs.org.
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