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Abstract
Using bioinformatic tools to model the conformational and thermodynamic properties of proteins we address the hypothesis launched by Susan Lindquist et al. in 2012 in the work 
““Quantitative Analysis of HSP90-Client Interactions Reveal Principles of Substrate Recognition”, suggesting that the destabilization of the kinase domain in a subset of protein kinases 
makes them substrates of HSP90 protein in a reaction mediated by de CDC37 cochaperone.

-- ¿Do thermodynamic parameters determine HSP90-cient binding within the kinase superfamily? --

Results
- Stability prediction of minimized structures 
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Materials and Methods
• HSP90:Kinase interaction score

Figure 1. LUMIER with BACON Assay Reveals the Quantitative Nature of HSP90::Client Interactions
(A) Principle of the assay. 3 3 FLAG-tagged bait constructs (putative HSP90 clients) are transfected into a 293T cell line stably expressing Renilla luciferase-

tagged HSP90 (prey). Cell lysates are incubated in 384-well plates coated with anti-FLAG antibody. After washing off nonspecific proteins, luminescence is

measured. Interaction of HSP90 with the bait can be detected as luminescence. In the second step, the amount of bait is measured with anti-FLAG ELISA. The

log2 ratio between bait and prey concentration is the interaction score.

(B) Distribution of luminescence in HSP90 interaction assays with 420 kinase clones (red), 498 E3 ligase clones (green), and 1,093 transcription factor clones

(blue). As a control, 176 kinase clones were tested against a cell line expressing Renilla luciferase only (black). Gaussian curve was fitted to each data set to

establish a cutoff for true interactions (dashed black line).

(C) Quantitative interaction score was calculated for all 193 kinases that interacted with HSP90. Scatter plot shows the interaction scores from two biological

replicates.

See also Figure S1 and Table S1.

Cell 150, 987–1001, August 31, 2012 ª2012 Elsevier Inc. 989

0

200

400

600

800

FY
N

TN
K2 IT
K

NT
RK

1
AB

L1
TB

K1
ER

BB
2

BT
K

CA
M

K2
G

DY
RK

2
IL

K
G

RK
6

LI
M

K1 AL
K

RP
S6

KB
1 

un
fo

sf
o

BR
AF FE

S
RP

S6
KA

3 
nt

er
m

CA
M

K1
G

IG
F1

R
PA

SK
PT

K2
B

AK
T2

CA
M

K2
A

CL
K2 SL

K
ST

K3
2A

AC
VR

L1
M

AR
K3

AU
RK

A
DA

PK
1

CS
NK

1E
CS

NK
1D

CS
NK

2A
2

PR
KA

CA
PI

M
1

CD
K5

PA
K7

PA
K1

ST
K2

4
SY

K
M

AP
2K

6
DA

PK
2

• Bioinformatic Stability estimation
- Selection of 84 kinase structures determined without 
gaps. Source: protein data bank (pdb). 
- KobaMIN energy minimization (figure 4)
- FoldX stability determination

Figure 3: LUMIER with BACON assay scheme. Used in 
HSP90:client interaction determination1

ΔG

Kinase

Figure 4:  The energetic of pretrated (blue) and minimized (red) structures are 
shown in absolute !G values. Trated ones have a more homogeneous 
thermodynamic stability, 

Figure 5: HSP90 interaction score (blue area) against kinase domain stability (black bars), both are shown in relative !G values.

Discussion and Conclusions
According to our analysis, the global kinase domain stability in protein kinases does not seem to 
account for the recognition and binding to the HSP90 chaperone, since the correlation between 
interaction strenght and predicted stability is not significant with a r2=0,04.
It is clear that kinases should comprise determinants in their structure responsible for their 
differential binding ability to HSP90, but it is not obvious that this propery is directly linked to 
thermodynamic stability. It is likely that instead, specific sequence stretches, which differ among 
clients, would comprise the binding sites to the chaperone. This process would imply at least 
partial desestructuration and the exposition of hydrophobic residues to solvent.
  

and uncover global principles that could not be established with
studies of individual clients, nor with previous high-throughput
approaches. First, theCDC37 cochaperone serves as an adaptor
andprovides specificity for protein kinases at the family level. Our
assay should allow the identification of adaptors for other typesof
fold, such as leucine-rich repeat proteins (Kadota et al., 2010) and
the b-propeller WD40 and Kelch domains (reported here).

Second, within the kinase family, Hsp90 clients are ultimately
distinguished from nonclients on the basis of their intrinsic
stability. Agents that stabilize a client kinase in either its active
or inactive conformation reduce HSP90 association, demon-
strating that HSP90 does not bind the kinase in either of its folded
states. We suggest that client kinases are unstable in their fully
folded forms, with a higher tendency to adopt a conformation
that HSP90 and CDC37 can recognize. Associations with
HSP90, then, would be determined by the equilibrium
between the fully folded and chaperone-susceptible conforma-
tions of each client. This conformational model can explain
why kinase::HSP90 interactions fall into a continuum spanning
over a 100-fold range, in contrast to the binary model of clients
and nonclients. In keeping with this interpretation of our high-
throughput analysis, in an electron microscopic analysis of a
particular client complex, HSP90/CDC37/CDK4, both lobes of
the CDK4 kinase are visible, clearly indicating that this client is
not in its tightly packed closed conformation (Vaughan et al.,
2006). As HSP90 client kinases undergo repeated rounds of
binding and release, inhibition of HSP90’s ATPase activity
prevents reloading of clients onto the chaperone (Krukenberg
et al., 2011). This redirects the clients to one of two alternative
fates: degradation or aggregation (Figure 7).

The client protein dissociation rates we observed in vivo
(T1/2 = 2–6 min) upon HSP90 inhibition were surprisingly close
to the ATP hydrolysis rate of HSP90 in vitro (Richter et al.,
2008). Moreover, although the strength of Hsp90’s associations
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Figure 7. Model for HSP90::Kinase Interac-
tions
Kinase domains are in equilibrium between the

fully folded and HSP90-binding competent con-

formations. CDC37 cochaperone recognizes the

kinase fold and recruits kinases to HSP90. HSP90

binds the alternative kinase conformation and

assists the kinase in adopting the fully folded

conformation. Client kinases thus undergo re-

peated rounds of chaperoning, whereas nonclient

kinases are stable when fully folded. Binding of an

inhibitor to its target kinase increases the stability

of the kinase fold and thus decreases HSP90

interaction. HSP90 inhibitors block the loading of

the client to the chaperone, which leads to

aggregation of the partially unfolded kinase or

degradation by the ubiquitin-proteasome system.

with strong versus weak clients varied
over a 100-fold range, most clients dis-
sociated from HSP90 with very similar
kinetics. These observations imply that
the dominant determinants of HSP90
association are client-binding on-rates.

How can our model be reconciled with the existing aC-b4
recognition loop model (Citri et al., 2006; Xu et al., 2005)? The
aC-b4 loop is located immediately adjacent to the kinase hinge
region that in many kinases is involved inmaintaining the inactive
conformation (Chen et al., 2007). In fact, the backbone atoms of
the aC-b4 loop in several kinases form hydrogen bonds with crit-
ical residues in the hinge. Loss of these hydrogen bonds leads
to ligand-independent kinase activation (Chen et al., 2007).
This network of stabilizing hydrogen bonds is conserved in
several tyrosine kinases, and mutations in the aC-b4 loop in
ERBB2 lead to activation of the kinase (Fan et al., 2008). Thus,
it is likely that mutations introduced in the loop increase the
flexibility of the hinge and lead to increased HSP90 interaction
due to structural destabilization, not through the introduction of
a new binding motif.
Our model accounts for a number of previous findings. First,

some kinases, such as c-Src and EGFR, associate transiently
with HSP90 during maturation, but the fully folded proteins do
not bind HSP90 (Xu et al., 1999, 2005). Second, some mutations
can decrease a kinase’s steady state association with HSP90
without having an effect on the transient association during
maturation. It has been suggested that the motif HSP90 recog-
nizes during posttranslational folding of kinases is distinct from
that recognized in mature proteins (Xu et al., 2005). Amore parsi-
monious explanation is that HSP90 binds on-pathway conforma-
tions. Kinases such as c-Src and EGFR access this conformation
during initial folding, but they are stable after reaching their
mature states. But strong client kinases repeatedly access the
Hsp90-susceptible conformation after their initial folding.

Parallels between Kinase and Steroid Hormone
Chaperoning
For 30 years, steroid hormone receptors have been the most
thoroughly studied class of HSP90 clients, and our current
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Here it is suggested that hydrophobic 
solvent-exposed residues could be 
implicated in the recognition process. 
Conformational fluctuations may uncover 
them or be permenently exposed.

To extend this work, the studies should 
focus on these regions using molecular 
dynamics and prediction of exposed 
aggregation propensity. In addition, the 
involvement of other structural and 
regulatory domains in the binding to the 
chaperone should be explored. Figure 6: Involucration of HSP90 in correct structure-function of  partially 

folded proteins. Modified scheme of S. Lindquist et al. 2012. 

¿¿Global stability determines 
interaction strength??

AbstractAbstract

Background
After their syntesis at the ribosomes, proteins need to fold into specific 
threedimensional structures in order to exert their correct cell fuction. 
Therefore folding tends to be a highly regulated pathway. The primary 
sequence encodes both the structure and folding reaction1.

Accordingly, cell has evolved a molecular machinery in order to give the 
missfolded species a second opportunity to get the native fold. Sometimes 
proteins escape the correct folding way, so cell has many molecules in order to 
give them a second opportunity to fold monitoring it.
The best characterized proteins are named molecular chaperones, and have a 
critical role in proper function of proteins and as an anti-aggregation agent5.

downhill routes, towards the native structure (Fig. 1). Chain collapse 
and the progressive increase in the number of native interactions 
rapidly restrict the conformational space that needs to be searched en 
route to the native state. However, the free-energy surface that must be 
navigated is often rugged, which means that the molecules must cross 
substantial kinetic barriers during folding. As a consequence, partially 
folded states may become transiently populated as kinetically trapped 
species. Such folding intermediates are the rule for proteins larger than 
100 amino acids (~90% of all proteins in a cell), which have a strong 
tendency to undergo rapid hydrophobic collapse into compact globular 
conformations2. The collapse may lead either to disorganized globules 
lacking specific contacts and retaining large configurational entropy 
or to intermediates that may be stabilized by non-native interactions 
(misfolded states). In the former case, the search for crucial native 
contacts within the globule will limit folding speed, whereas in the 
latter, the breakage of non-native contacts may be rate-limiting1 
(Fig. 1). The propensity of proteins to populate globular intermediates 
with a high degree of flexibility may increase with larger, topologically 
more complex domain folds that are stabilized by many long-range 
interactions (such as α/β domain architectures). Such proteins are often 
highly chaperone dependent14. 

Partially folded or misfolded states are problematic because they tend 
to aggregate in a concentration-dependent manner (Fig. 1). This is due 
to the fact that these forms typically expose hydrophobic amino-acid 
residues and regions of unstructured polypeptide backbone to the solvent 
— features that become buried in the native state15. Like intramolecular 
folding, aggregation is largely driven by hydrophobic forces and primarily 
results in amorphous structures (Fig. 1). Alternatively, fibrillar aggregates 
called amyloid may form, defined by β-strands that run perpendicular 
to the long fibril axis (cross-β structure). Although many proteins can 
adopt these highly ordered, thermodynamically stable structures under 
conditions in vitro16, the formation of these aggregates in vivo is strongly 
restricted by the chaperone machinery, suggesting that they may become 
more widespread under stress or when protein quality control fails. 
Importantly, the formation of fibrillar aggregates is often accompanied by 
the formation of soluble oligomeric states, which are thought to have key 
roles in diseases of aberrant folding16 (Fig. 1). The toxicity of these less 
ordered and rather heterogeneous forms has been suggested to correlate 
with the exposure of sticky, hydrophobic surfaces and accessible peptide-
backbone structure that is not yet integrated into a stable cross-β core17. 
The soluble oligomers must undergo considerable rearrangement to 
form fibrils, the thermodynamic end state of the aggregation process, 
and may thus be comparable to the kinetically trapped intermediates in 
folding (Fig. 1). Notably, some common structural epitopes have been 
detected on the prefibrillar oligomers of different polypeptides18, but 
how these features are linked with toxicity is not yet understood. Such 
information is urgently needed to develop treatments for the numerous 
pathological states associated with protein aggregation. 

Major chaperone classes 
We define a molecular chaperone as any protein that interacts with, 
stabilizes or helps another protein to acquire its functionally active 
conformation, without being present in its final structure7,19. Several 
different classes of structurally unrelated chaperones exist in cells, 
forming cooperative pathways and networks. Members of these protein 
families are often known as stress proteins or heat-shock proteins 
(HSPs), as they are upregulated under conditions of stress in which the 
concentrations of aggregation-prone folding intermediates increase. 
Chaperones are usually classified according to their molecular weight 
(HSP40, HSP60, HSP70, HSP90, HSP100 and the small HSPs). They are 
involved in a multitude of proteome-maintenance functions, including 
de novo folding, refolding of stress-denatured proteins, oligomeric 
assembly, protein trafficking and assistance in proteolytic degradation. 
The chaperones that participate broadly in de novo protein folding and 
refolding, such as the HSP70s, HSP90s and the chaperonins (HSP60s), 
are multicomponent molecular machines that promote folding through 

ATP- and cofactor-regulated binding and release cycles. They typically 
recognize hydrophobic amino-acid side chains exposed by non-native 
proteins and may functionally cooperate with ATP-independent 
chaperones, such as the small HSPs, which function as ‘holdases’, 
buffering aggregation. 

In the ATP-dependent mechanism of chaperone action, de novo 
folding and protein refolding is promoted through kinetic partitioning 
(Fig. 2). Chaperone binding (or rebinding) to hydrophobic regions of 
a non-native protein transiently blocks aggregation; ATP-triggered 
release allows folding to proceed. Importantly, although the HSP70s 
and the chaperonins both operate by this basic mechanism, they 
differ fundamentally in that the former (like all other ATP-dependent 
chaperones) release the substrate protein for folding into bulk solution, 
whereas the cylindrical chaperonins allow the folding of single protein 
molecules enclosed in a cage. The two systems act sequentially, 
whereby HSP70 interacts upstream with nascent and newly synthesized 
polypeptides and the chaperonins function downstream in the final 
folding of those proteins that fail to reach native state by cycling on 
HSP70 alone20,21 (Figs 2 and 3). In the following sections, we will 
use the HSP70, chaperonin and HSP90 models to illustrate the basic 
mechanisms of the major cytosolic protein-folding machines. Client-
specific chaperones that function downstream of folding in mediating 
the assembly of oligomeric complexes are not discussed (see, for 
example, refs 22 and 23).

The HSP70 system
The constitutively expressed (HSC70, also known as HSPA8) and 
stress-inducible forms of HSP70 are central players in protein folding 
and proteostasis control. Increasing HSP70 levels has also proven 
effective in preventing toxic protein aggregation in disease models24. 
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Figure 1 | Competing reactions of protein folding and aggregation. Scheme 
of the funnel-shaped free-energy surface that proteins explore as they move 
towards the native state (green) by forming intramolecular contacts (modified 
from refs 19 and 95). The ruggedness of the free-energy landscape results in 
the accumulation of kinetically trapped conformations that need to traverse 
free-energy barriers to reach a favourable downhill path. In vivo, these 
steps may be accelerated by chaperones39,41,42. When several molecules fold 
simultaneously in the same compartment, the free-energy surface of folding 
may overlap with that of intermolecular aggregation, resulting in the formation 
of amorphous aggregates, toxic oligomers or ordered amyloid fibrils (red). 
Fibrillar aggregation typically occurs by nucleation-dependent polymerization. 
It may initiate from intermediates populated during de novo folding or after 
destabilization of the native state (partially folded states) and is normally 
prevented by molecular chaperones.

2 1  J U L Y  2 0 1 1  |  V O L  4 7 5 |  N A T U R E  |  3 2 5

REVIEW INSIGHT

© 2011 Macmillan Publishers Limited. All rights reserved

If polypeptide chains should 
fold in a random way, the 
stablishment of native 
interactions would take an 
astronomic lapse of time 2. Thus 
the formation of energetically 
favorable contacts shapes the 
folding reaction towards the 
attainement of the native 
conformation. They accelerate 
the pathway by decreasing the 
energetic barrier of folding. 
Protein missfolding has a huge 
impact in cell healthness. Figure 1: Energy states of protein structures during folding3

Background

HSP90
The HSP90 chaperone performs its function as a dimer consisting of two 
subunits ensembled by their C-terminal domains. The N-terminal domain 
(ND) binds and hydrolyses ATP and it is connected to the C-terminal domain 
(CD)  through a middle domain3.
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When ATP and client 
proteins join HSP90, the 
two ND domains interact 
with each other promoting 
a conformational tortion of 
the complex.  This change 
is transmited to the peptide 
giving it a new chance to 
fold. At ATP hidrolisis the 
two  ND domains split up. 

Figure 2: HSP90 machinery function3
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