J Biomol NMR (2015) 63:315-321
DOI 10.1007/s10858-015-9988-6

@ CrossMark

NMR STRUCTURE NOTE

The C-terminal domain of human Cdc37 studied by solution NMR

Ziming Zhang' + Dimitra Keramisanou' - Amit Dudhat' - Michael Paré' «

Toannis Gelis!

Received: 7 August 2015/ Accepted: 19 September 2015 /Published online: 24 September 2015

© Springer Science+Business Media Dordrecht 2015

Biological context

Cancer cells are characterized by misregulated protein
homeostasis and accumulation of overexpressed, mutated or
otherwise unstable oncogenic proteins. To cope with these
stress conditions, cancer cells harness the protective prop-
erties of protein chaperones. Among them, Hsp90 is unique
in that its clients are implicated in all hallmark steps of the
malignant transformation (Calderwood et al. 2006; White-
sell and Lindquist 2005). Cdc37 is the kinome-specific
cochaperone of Hsp90 (Caplan et al. 2007; Karnitz and Felts
2007; Pearl 2005). Although in yeast it displays independent
chaperone activity, in higher eukaryotes it is considered a
gain-of-specificity cochaperone required to recruit protein
kinases and facilitate their association with Hsp90 (Pearl and
Prodromou 2006). In addition, it is considered an important
mediator of cancer initiation and progression (Schwarze
etal. 2003; Stepanova et al. 2000a, b) and thus it offers a very
attractive alternative to Hsp90 inhibition, which shows
mechanistic (activation of heat shock response) and clinical
(toxicity) limitations (Bagatell et al. 2000; Jhaveri et al.
2012; McCollum et al. 2006; Sreeramulu et al. 2009a).

For protein kinases, the Hsp90-mediated chaperone
cycle occurs at a late stage of folding to elicit fine structural
changes to the kinase catalytic core that promote down-
stream functions or bring thermodynamic stability (Caplan
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et al. 2007). The cycle begins with kinase recognition by
Cdc37. Transfer of the substrate to Hsp90 is facilitated by
the ability of the cochaperone to arrest Hsp90’s ATPase
activity. Cdc37 release, remodeling of the kinase and its
subsequent release from Hsp90 are all steps mediated by
conformational changes that occur to Hsp90 (Pearl and
Prodromou 2006). Progression through the cycle is finely
modulated by phosphorylation and dephosphorylation of
both Cdc37 and Hsp90, the presence of other co-chaper-
ones and the identity of the nucleotide bound to Hsp90
(Rohl et al. 2013).

At a molecular level, the function of Cdc37 has been
characterized at high resolution only with respect to its
interaction with Hsp90 and the mechanism of the ATPase
inhibition. Docking of the middle-domain of Cdc37
(Fig. 1a, M-Cdc37) at the ATP binding domain of Hsp90
positions R167°9“7 into the ATP pocket, which forms a
hydrogen bond with the catalytic E47"P%°, resulting in the
displacement of the bound nucleophilic water (Roe et al.
1999; Sreeramulu et al. 2009b). On the other hand, the
recognition of protein kinases by the cochaperone and the
transfer to Hsp90 are poorly understood steps of the cycle
(Vaughan et al. 2006). Several residues at the N-terminus
of Cdc37 have been identified as critical for the chaper-
oning of protein kinases (Polier et al. 2013; Shao et al.
2003a, b; Xu et al. 2012); however the structure of the
putative substrate binding domain is still not known
(Fig. 1a, N-Cdc37). In higher eukaryotes, the C-terminal
domain (Fig. la, C-Cdc37) has also been implicated in
kinase processing. Mutation of the invariant W342 to a
cysteine impairs signaling by the sevenless receptor tyr-
osine kinase and causes a lethal defect at the pupal stage of
Drosophila (Cutforth and Rubin 1994). In addition, phos-
phorylation of Y298 by YES has a detrimental effect on the
interaction of Cdc37 with a diverse set of client kinases
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Fig. 1 a Schematic diagram of domain organization of Cdc37 based
on published structural (PDB IDs: 1US7) (Roe et al. 2004;
Sreeramulu et al. 2009b) and biochemical information. Residue
numbering for domain boundaries refer to human Cdc37. b Finger-
print "H-""N HSQC spectrum of C-Cdc37 (0.4 mM), acquired at
800 MHz and 30 °C showing the assignment. No signal is observed
for a stretch of 5 residues (P344-A348). ¢ Boundaries of secondary

(Xu et al. 2012). The structure of C-Cdc37 was determined
by X-ray crystallography in the context of a two-domain
fragment encompassing also the middle domain (MC-
Cdc37) in complex with the N-terminal domain of Hsp90
(Supplementary Fig. 1) (Roe et al. 2004). The structure
revealed that C-Cdc37 has an overall helical topology, but
it suffers from very high B-factors (average is 64.3) and no
interpretable electron density for the segments 309-315
and 348-378.

As a first step toward a detailed mechanistic under-
standing of the role of C-Cdc37 in kinase chaperoning we
have characterized its conformational properties using
NMR. In solution, the core of C-Cdc37 folds into a small
V-shaped bundle of four helices with an exposed patch of
highly conserved hydrophobic residues. Compared to the
crystal structure, a distinct helical registry is identified for
one helix and an unresolved helix is refined. Mobility
studies indicate that the C-terminal end of the domain
forms a highly flexible tail, while part of the crystallo-
graphically unresolved regions undergo significant con-
formational fluctuations at a ps—ms timescale.

Methods
Cloning, expression, and purification of C-Cdc37

The N-terminal boundary for C-Cdc37 (residues G288-
V378) was selected on the basis of the available crystal
structure (Roe et al. 1999), where M- and C-Cdc37 are
connected through an unstructured glycine/proline region
(Supplementary Fig. 1). C-Cdc37 was PCR amplified with
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structure elements identified from the available crystal structure (top)
and predicted from NMR chemical shifts using TALOS-N (bottom).
The position of Y298 and W342 that are implicated in kinase
processing are highlighted in red. d Multiple sequence alignment of
the first 58 residues of the C-terminal domain of Cdc37 showing the
high degree of conservation for this region

flanking BamHI and Ndel restriction sites and a stop codon
was included. The PCR product was cloned into a
pDB.His.MBP vector (Seiler et al. 2014) which carries a
Hisg-MBP N-terminal purification tag followed by a TEV
cleavage site. The construct was transformed into
BL21(DE3) and selected by kanamycin. Cells were cul-
tured in M9 minimal media supplemented with 'NH,CI
and U-'3C6 glucose, trace metals and 2 % bioexpress
(CIL), and incubated at 37 °C until ODgyy ~ 0.5. Protein
expression was induced by the addition of IPTG at a final
concentration of 0.5 mM and allowed to proceed for 5 h.
Cells were harvested and lysed by sonication in 50 mM
Tris, pH = 8.0, 400 mM NaCl, 1.5 mM TCEP and 1 mM
PMSEF. The fusion protein was purified over Ni-Sepharose
and digested with TEV overnight. C-Cdc37 was separated
by a second Ni-Sepharose and subsequently run through a
size-exclusion column (Superdex 75) in 50 mM Tris,
pH = 8.0, 150 mM NaCl, 1.5 mM TCEP. Prior to NMR
studies the protein was further purified through an anion
exchange column (HiTrapQ-HP) and buffer exchanged to
50 mM Hepes, pH = 7.5, 100 mM NaCl and 2 mM DTT.
Sample concentration ranged between 0.3 and 0.5 mM.

NMR spectroscopy

NMR experiments were carried out at 30 °C on Varian 600
and 800 MHz NMR spectrometers equipped with 5 mm
triple resonance cryoprobes. Sequence specific assignment
of backbone resonances was performed with information
from a set of standard three-dimensional triple resonance
spectra, including HNCA, HN(CO)CA, HNCACB, CBCA
(CO)NH and HNCO. Side chain resonance assignment was
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performed using sequential information from the three-di-
mensional H(CC)(CO)NH, (H)CC(CO)NH spectra. 94 % of
backbone 'H, '°N and '*C (Fig. 1b) and 91 % of sidechain
resonances of the C-Cdc37 domain have been assigned and
the assignment data have been deposited in the BioMa-
gResBank under the accession number 25740. 'H chemical
shifts were referenced to O ppm methyl resonance of 2,2-
dimthyl-2-silapentane-5-sulfonate (DSS). "H-'°N residual
dipolar couplings (RDCs) were measured in the presence of
two different pf1 concentrations (15 and 20 mg/ml) using the
IPAP "H-""N HSQC pulse sequence (Ottiger et al. 1998) at
25 °C. High frequency motions (ps—ns timescale) were
characterized by measuring {'H}-'N heteronuclear NOEs
(Kay etal. 1989), at 800 MHz, in the presence or absence of a
3 s presaturation period prior to the '°N excitation pulse and
using recycle delays of 2 and 5 s, respectively. The data with
and without NOE were acquired in an fid-interleaved fash-
ion. 'N-R, and '°N-R, relaxation rates were measured at
800 MHz, using standard pulse sequences (Farrow et al.
1994) without a temperature compensation block, and a
recycle delay of 3 s. For R; measurements, the delay periods
in the series were set to 20 (2x), 50, 100 (2 x), 400, 600, 800,
1000, 1200, 1500 and 2000 ms, and for R, measurements to
10(2x),30(2x),50,70,90, 110,210 and 330 ms. The probe
temperature was calibrated using MeOH as a standard. To
determine the relaxation rate constants, peak heights were
fitted to a mono-exponential function in relax (d’Auvergne
and Gooley 2008a, b) and errors in peak intensities were
taken into account by recording duplicates of two experi-
ments for each of the series. Insights into the motion of the
N-H vectors was obtained by the reduced spectral density
mapping approach, using scripts in relax. The NMRpipe
software package (Delaglio et al. 1995) was used to process
all spectra and SPARKY (T. D. Goddard and D. G. Kneller,
SPARKY 3, University of California, San Francisco, CS,
USA) was used for their analysis.

Structure calculations

The solution structure of C-Cdc37 was solved using con-
ventional NMR approaches, consistent with the small size
of the domain. NOE distance restraints were extracted from
three dimensional '"N-edited NOESY-HSQC (100 ms),
3C-edited NOESY-HSQC (aliphatic, 100 ms) and '*C-
edited NOESY-HSQC (aromatic, 100 ms) spectra. Struc-
ture calculations were performed using CYANA 3.97
(Guntert 2004), which combines in an iterative manner
automated assignment of NOE cross-peaks with structure
calculations. Input for CYANA consisted of all available
chemical shift assignments together with the NOESY peak
lists from the three three-dimensional edited NOESY
spectra. A large number of unambiguously (manually)
assigned crosspeaks were included in the original lists and

the final run was made using a total of 943 NOE distance
restraints (517 short, 243 medium and 183 long) (Table 1).
In addition, phi(¢) and psi(\) torsion angle restraints for
protein backbone were predicted using C,, Cg, H,, C* and
HN chemical shifts as input to the neural network program
TALOS-N (Shen and Bax 2013). Only 90 of the torsion
angles were predicted as “good” and were included in the
calculations (Table 1). 44 hydrogen bond restraints were
introduced as a pair of distance restraints (both upper and
lower limits) for selected segments of the domain if the
following three criteria were simultaneously satisfied:
(a) analysis of NOESY spectra revealed a characteristic
NOE pattern for regular secondary structure, (b) regular
secondary structure elements were predicted for these
segments based on backbone chemical shifts and, (c) anal-
ysis of {'"H}-'°N NOEs indicates rigid backbone. The
assigned peak lists from the iterative runs of CYANA were
manually inspected and incorporated together with 58
RDC:s for a final run. A total of 100 were calculated and an
ensemble comprised of 10 structures with the lowest
energy was analyzed and deposited to the RCSB Protein
Data Bank (PDB ID: 2N5X). The structural statistics show
a pairwise root mean square deviation (RMSD) of 0.16 A
for the backbone atoms and 0.69 A for the heavy atoms of
the structured region, which includes residues G288-
Val343. Structure quality within the ensemble was assessed
with PROCHECK (Table 1). In terms of residue geometry

Table 1 NMR structure calculation and statistics for C-Cdc37

NMR constraints C-Cdc37
Distance constraints
Total NOE 943
Short range (i — jl < 1) 517
Medium-range (1 <li — jl <5) 243
Long-range (li — jl > 5) 183
Hydrogen bonds 44
Total dihedral angle restraints
) 45
] 45
Residual dipolar couplings
N-H" 58
Structure statistics
Average pairwise rms deviation® (A)
Backbone 0.16
Heavy 0.69
Ramachandran plot statistics®
Residues in most favorable regions (%) 93.6
Residues in additional favorable regions (%) 43
Residues in generously favorable regions (%) 2.1
Residues in disallowed regions (%) 0

* Refers to the region G288-V343
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93.6 % of residues are in the most favored region, 4.3 % in
the additionally allowed region, and 2.1 % in the gener-
ously allowed region and 0 % in the disallowed regions.

Results and discussion
Solution structure and dynamics of C-Cdc37

The "H-"N HSQC spectrum of C-Cdc37 (Fig. 1b) is of
excellent quality in terms of signal dispersion indicating
that the domain boundaries chosen based on the crystal
structure of MC-Cdc37 result in a well folded isolated
C-Cdc37 domain. Nevertheless no signals can be observed
for the region 345-348, either because of conformational
exchange broadening or because of rapid chemical
exchange with the solvent. Prediction of secondary struc-
ture based on backbone chemical shifts performed using
the neural network program TALOS-N, reveals that
C-Cdc37 contains four regions of regular, helical sec-
ondary structure (Fig. 1c): 294-300 (al), 303-311 (02),
314-322 (a3) and 326-338 (04). Compared to the available
crystal structure (Fig. 1c) the segment 309-315 for which
no interpretable electron density is observed forms a short
helix, while the extreme C-terminal end of the protein
(339-378) is predicted unstructured in solution. In addition,
the helical segments o3 and oy are longer by four and two
residues, respectively.

These data are in excellent agreement with the dynamic
properties of backbone atoms at different timescales. As
shown in Fig. 2, all residues between G290 and V343
exhibit {'H}-'>N NOE values greater than 0.7 (aver-
age = 0.83), suggesting that the segment encompassing
helices o1—0y has a rigid backbone with internal dynamics
faster than the overall domain tumbling being absent. On
the other hand, residues in the segment 345-378 exhibit
low (<0.3) or even negative values suggesting that this is
an inherently flexible region, where ps—ns dynamics are
operative and ample backbone conformational hetero-
geneity is present. When backbone '°N relaxation proper-
ties are considered, the values of longitudinal relaxation
rates, Ry, do not show significant variation and range
between 1.5 and 1.9 s~'. Transverse relaxation rates, R,,
on the other hand show significant differences for the two
ends of the domain. For the 288-343 segment which
includes the predicted structured region o—o (294-338)
transverse relaxation rates have a mean value of 9.9 s™'. In
contrast, for the 35 C-terminal residues that are predicted
disordered and have low {'H}-'°N NOEs, this drops to
2.9 s7'. The reduced spectral density functions obtained
from R;, R, and {lH}—ISN NOEs, provide information
about the conformational properties of C-Cdc37. J(0) is
sensitive to ps—ns motions, while the high frequency
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spectral density J(0.87wy) is sensitive to fast internal
motions on a ps timescale. In addition, anomalously large
values of the apparent J(0) reflect slow timescale motions
(us—ms), such as conformational exchange processes at
specific protein sites, especially when these sites do not
exhibit distinct J(0.87wy) or J(on) spectral densities
(Eliezer et al. 2000; Lefevre et al. 1996; O’Sullivan et al.
2009; Wen et al. 2010). Residues in the N-terminal end of
the domain (288-343) exhibit high J(0) and low J(0.87®y)
values, while the opposite trend is observed for residues in
the C-terminal end of the domain (349-378), where low
J(0) and high J(0.87wy) values are observed. These data
suggest that C-Cdc37 possesses differential dynamic
properties and indicate the absence of internal flexibility
for the o;—o0y segment and the presence of significant
internal mobility for the last 30 residues. Notably, J(0)
values for the structured region are not uniform. Ten
residues including, E299, E303, L305, K307, V314, D329,
S339, W342 and V343 have J(0) > 3 ns/rad, and V311 in
particular exhibits an unusually large J(0) (9.2 ns radfl).
Thus, helix o, and the o,—o3 loop, that encompass the
crystallographically unstructured (301-308) and crystallo-
graphically unresolved (309-315) regions, may participate
in slow segmental motions at a ps—ms timescale.

The final ensemble of C-Cdc37 structures analyzed is
shown in Fig. 3 and Supplementary Fig. 2, and is com-
prised of the 10 structures with the lowest energy. The
structured region consists of a compact globular bundle of
four helices arranged as two pairs of V-shaped hairpins,
formed by helices o,—o, and o3—0y, packed in a parallel
mode against each other. It is noted that besides the 40 N-
terminal residues of Cdc37 which are largely invariant, the
structured core of C-Cdc37 is the next most conserved
region of the cochaperone in higher eukaryotes (Fig. 1d).
The solvent exposed faces of the two hairpins, as well as
the exposed interface, are lined to a large extend by
hydrophobic residues and form a distinct patch on the
surface of the protein (Supplementary Fig. 3). In compar-
ison to the X-ray structure, the solution structure of
C-Cdc37 shows a similar arrangement for the crystallo-
graphically resolved helices o, o3 and oy (a.a. 294-300,
317-321 and 328-338), however a relatively high RMSD
of 2.15 A is observed (Fig. 3c). This is attributed to the
translocation of the helical registry for helix o5 toward the
carboxy terminus by half a turn (Fig. 3d), which results in
the partial burial of hydrophobic sidechains (L317 and
1321) and partial exposure of polar residues (D319 and
S322) in the solution structure with respect to the crystal
structure. The quality of the NMR structure was further
validated by measuring RDCs in the presence of 15 or
20 mg/ml Pfl. Overall, a significant reduction is observed
for the Q values and a better correlation of predicted and
measured RDCs is obtained when the NMR structure is
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Fig. 2 '°N relaxation data and backbone dynamics of C-Cdc37
recorded at 30 °C as function of residue number. a '>N transverse
relaxation rate constant, R, (top), BN longitudinal relaxation rate
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(b)

Fig. 3 a Overlay of the 10 lowest energy structures of C-Cdc37
aligned over the structured region (a.a. 288-343). The flexible
C-terminal segment (a.a. 344-378) is omitted for clarity and the N-
and C-terminal ends are denoted as N and C, respectively. b Same as
(a) but rotated by 90°. ¢ Overlay of the structure of C-Cdc37
determined in this study by solution NMR (blue) and by x-ray

used to predict RDCs at both Pfl concentrations (Supple-
mentary Fig. 4). A structural comparison within the PDB
archive using the PDBeFold server (http://www.ebi.ac.uk/
msd-srv/ssm/) does not yield high similarity to any known
protein fold. This is also the case for M-Cdc37 and implies
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b Reduced spectral density functions of C-Cdc37J(0) (top), J(on)
(middle) and J(0.87wy) (bottom) determined from the 5N relaxation
data shown in (a). Filled circles on the x-axis denote positions of
prolines and circles with an x-symbol denote unassigned residues

crystallography (red). No interpretable electron density is observed
for the region 309-315, while helix o, in the NMR structure appears
disordered in the crystal. d Same as (c) but highlighting Ca atoms of
residues A320 and 1321 from helix o3, which shows a shift in the
helical registry with respect to the crystal structure

that the structure of Cdc37 domains play critical functional
roles that are tailored to the chaperoning of protein kinases.
Nevertheless, the overall arrangement of the helices is
similar to that observed for the PAH domain of Sin 3 (PDB
IDs: 2CZY and 2RMR) and for the N-terminal domain of
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harmonin (PDB IDs: 2KBQ and 2KBR). Notably, these
two domains utilize analogous mechanisms to interact with
short stretches of hydrophobic peptides through an exposed
hydrophobic surface that possesses similar topology to that
identified on C-Cdc37.

Conclusions

The structure of C-Cdc37 was previously determined using
X-ray crystallography, in the context of a two-domain
fragment, in which the middle domain of the protein was
also included (PDB ID: 1US7) (Supplementary Fig. 1)
(Roe et al. 2004). As shown in Fig. 3, the solution structure
presented in here differs from the crystal structure in the
registry of helix o3 as well as in the conformation of the
segment between residues 302 and 316. This segment
includes a crystallographically unresolved stretch of seven
residues as well as an unstructured segment that adopts a
helical conformation in solution. In combination with '°N
relaxation measurements, our NMR studies show that a
core of fifty highly conserved residues of C-Cdc37 forms a
small 4-helical bundle domain, which is connected to a
highly flexible 35 residue-long C-terminal tail.

C-Cdc37 has been implicated in the processing of pro-
tein kinases by the Hsp90 machinery, but the exact
molecular mechanism by which it functions still remains
unknown. Substitution of W342 for cysteine causes a lethal
defect in drosophila (Cutforth and Rubin 1994), while
phosphorylation of Y298 by YES kinase significantly
compromises the interaction of the cochaperone with
kinase substrates (Xu et al. 2012). The high-resolution
NMR structure of C-Cdc37 reported here is essential to
understand the interaction of the cochaperone with protein
kinases and may serve as a template for the rational design
of small molecules that specifically target this region of the
protein.
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