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INTRODUCTION



Molecular chaperons
Proteins that assist the conformational 

folding and the assembly of other 
macromolecular structures. Functions: 

- Folding of de novo synthesized 

proteins.

- Folding of proteins after 

denaturation.

- Cell transport.

+ ATP



Molecular chaperons

Main types of chaperons

Nucleoplasmins

Hsp60 or chaperonins

Hsp70 chaperons

Hsp90 chaperons 



Cryo-EM                                              

Near-atomic cryo-EM imaging of a small 

protein displayed on a designed 

scaffolding system. Liu Y, Gonen S, Gonen 

T, Yeates TO.

Additional information

http://www.youtube.com/watch?v=hnnUD9-hD8A


Classification: Nucleoplasmin

Human nucleophosmin-core in complex with cytochrome c
Adapted from: Molecular chaperones: assisting assembly in addition 
to folding. Ellis RJ. Trends Biochem Sci.



Classification: Hsp60 (chaperonins)

GroEL side view GroEL top view 



Classification: Hsp70

Two domains: 

N-terminal domain or nucleotide binding 
domain. 

C-terminal domain or substrate binding 
domain .

ATP

Substrate



INTRODUCTION 
to HSP90



HSP90: ISOFORMS

TRAP1GRP94 HtpG



HSP90: ISOFORMS

HtpG
N-terminal Hsp90𝜶 

and Hsp90𝜷

RMSD: 0.31



HSP90: CO-CHAPERONS AND CLIENTS

Clients:

- Receptors.

- Transcription factors.

- Kinases.

- Other unrelated proteins



Hsp90: Cancer

Geldanamycin

ATP



STRUCTURAL 
ANALYSIS



Class Alpha and Beta proteins (𝛼+𝛽)

Fold
ATPase domain of Hsp90 

chaperone / DNA topoisomerase 
II / histidine kinase 

Ribosomal S5 domain 2-like Hsp90 C-terminal domain

Superfamily
ATPase domain of Hsp90 

chaperone / DNA topoisomerase 
II / histidine kinase 

Ribosomal S5 domain 2-like Hsp90 C-terminal domain

Family
Heat shock protein 90, Hsp90, 

N-terminal domain 
HSp90 middle domain Hsp90 C-terminal domain



N-TERMINAL 
DOMAIN

α-ß sandwich: Eight stranded ß sheet 

(strands S2–S9) flanked by eight α 

helices (H1–H8)

S1 S2 S3 S4 S5 S6 S7 S8H1 H2 H4

H3 H5

H8H6

H7



Three subdomains:

- α-ß-α  sandwich

- Spiral of three helices

- α-ß-α  sandwich

MIDDLE 
DOMAIN



H1 H2 H4H3S2S1 S4S3 S4’

TOP α-ß-α  sandwich

S1 S2 S3 S4 S4’H1 H2 H3

BOTTOM α-ß-α  sandwich

MIDDLE 
DOMAIN



C-TERMINAL 
DOMAIN

Unique mixed α-ß fold

Responsible of dimerization

Homodimer: Four helix bundle

H1 H2 H3 H4S1S2 S3



NTD-MD: 7 residues

MD-CTD: Highly mobile 

tether

Accomodation for client 

proteins

DOMAIN
LINKERS



RELEVANT 
REGIONS



N-TERMINAL 
DOMAIN
ACTIVE SITE LID

Two helices and an intervening loop
Adjacent to ATP binding site

Helices are parallel to NTD ß sheet
Conserved motif: IGQFGVG



Function: link between ATP binding 

/ hydrolysis and client-protein 

binding / release

N-TERMINAL 
DOMAIN
ACTIVE SITE LID
AND ATP BINDING



N-TERMINAL DOMAIN
ATP BINDING AND HYDROLYSIS

Main elements: GLU, 

ARG, GLN, PHE

MD (ARG) + dimerization 

are required for full 

activity

Pre-existing equilibrium 

of states
Bank R. RCSB PDB: Homepage [Internet]. Rcsb.org. 2020 [cited 29 
February 2020]. Available from: https://www.rcsb.org/



N-TERMINAL DOMAIN
ATP BINDING

3.290Ä

2.948Ä



N-TERMINAL DOMAIN
ATP BINDING

3.179Ä
3.227Ä

3.188Ä

3.414Ä 2.872Ä

3.403Ä

2.944Ä

2.903Ä

2.948Ä

3.290Ä



Bank R. RCSB PDB: Homepage [Internet]. Rcsb.org. 2020 [cited 
29 February 2020]. Available from: https://www.rcsb.org/

N-TERMINAL DOMAIN
ATP BINDING

3.179Ä

3.227Ä

2.801Ä

2.422Ä

2.944Ä



N-TERMINAL 
DOMAIN
ATP HYDROLYSIS

1. ARG forms salt bridge with 
carboxyl group of GLU

2. GLU gets polarized
3. Nucleophilic attack between 

GLU and H
2

O
4. H

2
O becomes negatively 

charged
5. H

2
O attacks P atom of 

γ-phosphate
6. Covalent bond between γ and 

β phosphate is broken
7. Products: hydrogen phosphate 

and ADP

2.761Ä



N-TERMINAL 
DOMAIN

ATP HYDROLYSIS

Salt bridge between ARG-MD and 
nucleotide gets broken

Breaking of this interaction + 
Release of γ-phosphate after 
hydrolysis → Release of the client 
protein

2.858Ä

ARG 380B



C-TERMINAL 
DOMAIN
DIMERIZATION

Four helix bundle (not purely)

Surface: Predominantly hydrophobic 
with few charged residues

Intermonomeric hydrogen bonds: 

ASN-GLN



C-TERMINAL 
DOMAIN
DIMERIZATION

Long hydrophobic groove with 

conserved hydrophobicity

Conserved motif: MEEVD for 

co-chaperone binding

H21: conserved hydrophobic residues 

→ role in client - protein interaction
HYDROPHOBIC HYDROPHILIC



CENTRAL CLEFT
CLIENT 
BINDING

NTD V13, L17, M20, I21 solvent 
exposed and hydrophobic

Cluster with F9, L24

Hydrophobic patch: Protein / protein 
interaction



CENTRAL CLEFT
CLIENT 
BINDING
MD src loop

Region with poor sequence 

conservation but similar 

hydrophobic and hydrophilic 

residues

Conservation suggests client - 

protein interaction region



CENTRAL CLEFT
CLIENT 
BINDING
CTD H21

Each monomer presents three 

hydrophobic elements intro the 

inner concave surface

Central cleft: Ideal location for 

client - protein binding



VERTICAL 
ANALYSIS



Well-conserved N-terminal in general 

Active site lid presents  shares little sequence homology 
beyond a well conserved IGQFGVG motif

Hydrophobic residues involved in client binding site 
conserved

N-terminal Domain 



Well-conserved N-terminal in general 

Active site lid presents  shares little sequence homology 
beyond a well conserved IGQFGVG motif

Hydrophobic residues involved in client binding site 
conserved

N-terminal Domain 



Well-conserved N-terminal in general 

Active site lid presents  shares little sequence homology 
beyond a well conserved IGQFGVG motif

Hydrophobic residues involved in client binding site 
conserved

N-terminal Domain 



RMSD: 1.40

N-terminal Domain 



Middle Domain 

Well-conserved middle domain

Conserved Arginine (ArgMD) with significant role in ATP 
hydrolysis



Well-conserved middle domain

Conserved Arginine (ArgMD) with significant role in 
ATP hydrolysis

Middle Domain 



RMSD: 1.60

Middle Domain 



Well-conserved C domain

Conserved hydrophobic (Leu/Ile, Pro, Phe/His) 
and hydrophilic residues (Asn/Tyr/His and 
Gln/Thr) involved in dimerization.

Conserved MEEVD for cochaperones binding 
(absent in E. coli since Htpg doesn’t use 
cochaperones)

C-terminal Domain 



Well-conserved C domain

Conserved hydrophobic (Leu/Ile, Pro, Phe/His) 
and hydrophilic residues (Asn/Tyr/His and 
Gln/Thr) involved in dimerization

Conserved MEEVD for cochaperones binding 
(absent in E. coli since Htpg doesn’t use 
cochaperones)

C-terminal Domain 



C-terminal Domain 
Well-conserved C domain

Conserved hydrophobic (Leu/Ile, Pro, Phe/His) 
and hydrophilic residues (Asn/Tyr/His and 
Gln/Thr) involved in dimerization

Conserved MEEVD for cochaperones binding 
(absent in E. coli since Htpg doesn’t use 
cochaperones)



C-terminal Domain 

HtpG E.coli



C-terminal Domain 

RMSD: 0.659

E.coli HtpG + human Hsp90  model

Phenilalanine

Histidine



HSP90 
CYCLE



ATP/ADP.Pi

HSP90 cycle. Adapted from Shiau et al.

APO (open)

ATP Client proteins binding

ADP

Client proteins released

Clie
nt proteins lo

aded

4

1 3
Lid 

state 

2

Absence of 
nucleotide

Clie
nt proteins remodelin

g



1. APO (open) STATE

Absence of 
nucleotide

Lid state 1

Hydrophobic central 
cleft

Client proteins 
loading



Large central cleft lined by 
hydrophobic elements from each 
of the three domains: 

Client-protein binding
- active-site lid 
- helix H1 

Minimal MD/CTD interface:
- MD src loop 
- CTD helix 21

1. APO STATE: central cleft Client proteins 
loading-binding

side view



1. APO STATE: central cleft

Large central cleft lined by 
hydrophobic elements from each 
of the three domains: 

Client-protein binding
- active-site lid 
- helix H1 

Minimal MD/CTD interface:
- MD src loop 
- CTD helix 21

Client proteins 
loading-binding

top view



active-site lid 

MD src loop

active-site lid 

MD src loop
CTD helix 21

CTD helix 21

1. APO STATE: central cleft

HYDROPHOBIC HYDROPHILIC



MD src loop

active-site lid 

CTD helix 21

helix H1

MD src loop

active-site lid 

1. APO STATE: central cleft

HYDROPHOBIC HYDROPHILIC



active-site lid 
helix H1
MD src loop
CTD helix 21 



Active -site lid
ATP binding pocket

Active-site lid is disordered and not 
visible

It hides the ATP binding pocket

1. APO STATE: active lid

Residues 121–124  from the 
lid cross the region occupied 
by the a and ß phosphates of 
the nucleotide



Active -site lid
ATP binding pocket

Client binding

Lid disordering 
NTD/MD reorientation

Nucleotide binding

1. APO STATE: active lid
Active-site lid is disordered and not 

visible

It hides the ATP binding pocket



ATP binding

2. ATP STATE

Lid state 2

Lid rearrangement

Adapted from Shiau et al. 2006 

Client proteins 
binding



2. ATP STATE: lid rearrangement

Inactive “lid-up” or 
disordered conformation

aniram al ne etatsila

Active “lid-down”

Client binding

Client binding

Lid disordering 
NTD/MD reorientation

Nucleotide binding



2. ATP STATE: lid rearrangement
Lid-up →  Lid-down

Apo full length              NTD isolated with ATP Lid



2. ATP STATE: lid rearrangement
Lid-up →  Lid-down

Apo full length              NTD isolated with ATP Lid



2. ATP STATE: lid rearrangement

Apo full length (with client binding)                    NTD isolated with ATP

1. Helix H1 pivots at Tyr25 by 35º →  lie along one face of the lid

Active -site lid
H1

Tyr25



2. ATP STATE: lid rearrangement

Apo full length 

 NTD isolated with ATP

 35º

Morphological changes modelled with Chimera

 35º

1. Helix H1 pivots at Tyr25 by 35º →  lie along one face of the lid

Active -site lid
H1

Tyr25



2. ATP STATE: lid rearrangement
2. Helix H1 rotates 
along its axis by 180º

Apo full length (with client binding)                    NTD isolated with ATP

180º 
rotation



2. ATP STATE: lid rearrangement
3. Residues 1-14 (1-32 in H. sapiens) are disordered

1-14 1-32

Apo full length (with client binding)                    NTD isolated with ATP

Active -site lid
H1

Tyr25



2. ATP STATE: 
ATP binding 

2.948Ä

3.290Ä
2.903Ä

2.944Ä

3.179Ä
3.227Ä

3.414Ä2.872Ä

3.188Ä

3.403Ä



Stabilization of the 
ordered lid 

conformation

Incompatible with 
NTD/MD relationship 

in the apo structure

NTD/MD 
rearrangement

ATP binding ATP hydrolysis

ADP/P·

ADP binding

2. ATP STATE: ATP binding 



Lid state 3

3. ATP/ADP·P
i
 STATE

ATP hydrolysis and
ADP binding

NTD dimerization

Client protein 
remodeling



3. ATP/ADP·P
i
 STATE

The lid covers the bound nucleotide



3. ATP/ADP·P
i
 STATE: NTD dimer 

Exposition of the 
hydrophobic face of the lid 

Stabilization of the NTD 
dimerization by N-ter 

residues

HYDROPHOBIC HYDROPHILIC

ATP-mediated interprotomer closing →  well drive client-protein remodeling



3. ATP/ADP·P
i
 STATE: ATP hydrolysis

Before and after ATP hydrolysis

2.658Ä

ARG 380B



3. ATP/ADP·P
i
 STATE: 

Rearrangement 
Hydrolysis occurs and ArgMD interaction 
is broken

Based on superimposition:

- CTD is unaffected
- MD pivotes 15º away
- NTD rotates 127º →  nucleotide 

binding pocket exposition

NTD and MD of each monomer are closer 
to each other



3. ATP/ADP·P
i
 STATE: 

Rearrangement
Hydrolysis occurs and ArgMD interaction 
is broken

Based on superimposition:

- CTD is unaffected
- MD pivotes 15º away
- NTD rotates 127º →  nucleotide 

binding pocket exposition

NTD and MD of each monomer are closer 
to each other



3. ATP/ADP·P
i
 STATE: 

Rearrangement
Hydrolysis occurs and ArgMD interaction 
is broken

Based on superimposition:

- CTD is unaffected
- MD pivotes 15º away
- NTD rotates 127º →  nucleotide 

binding pocket exposition

NTD and MD of each monomer are closer 
to each other



127º 
rotation

3. ATP/ADP·P
i
 

STATE: 
RearrangementHydrolysis occurs and ArgMD interaction 
is broken

Based on superimposition:

- CTD is unaffected
- MD pivotes 15º away
- NTD rotates 127º →  nucleotide 

binding pocket exposition

NTD and MD of each monomer are closer 
to each other



3. ATP/ADP·P
i
 STATE: 

Rearrangement Nucleotide binding pocket

Apo

ADP
Hydrolysis occurs and ArgMD interaction 
is broken

Based on superimposition:

- CTD is unaffected
- MD pivotes 15º away
- NTD rotates 127º →  nucleotide 

binding pocket exposition

NTD and MD of each monomer are closer 
to each other



Bank R. RCSB PDB: Homepage [Internet]. Rcsb.org. 2020 [cited 29 
February 2020]. Available from: https://www.rcsb.org/

3. ATP/ADP·P
i
 STATE: ADP binding

HN

N

N

N

N

N

N N

N

HH

H

H

H



3. ATP/ADP·P
i
 STATE: ADP binding

2.984Ä

2.460Ä

2.578Ä

2.910Ä



4. ADP STATE

Lid rearrangement

Adapted from Shiau et al. 2006 

Lid state 4

Client proteins 
release



4. ADP STATE: lid rearrangement

Adapted from Shiau et al. 2006 

Lid state 4:

- “Gasket”  to help seal the NTD against 

the MD, stabilizing the very compact 

configuration

- Collapsed hydrophobic core, formed by 

the interdigitation of the lid, the src 

loop and the CTD H21, mutually 

masking their otherwise exposed 

hydrophobic surfaces

Client proteins 
release



4. ADP STATE

The client proteins released from hsp90

Adapted from Shiau et al. 2006 

The nucleotides dissociate 

Cleft open → new round of client-protein binding



 Conformational Changes in Hsp90

Shiau et al. 2006 

https://docs.google.com/file/d/1T16JvxsiCD9ViWJKhVfKQhcSY_Qt8kmK/preview


DIMER OF 
DIMERS



DIMER OF DIMERS

Two inverted interlocking dimers

Stabilized: Interaction of NTDs from one 
dimer with MDs and CTDs of the other



NTD cradled against the 1st subdomain of 
MD and lies on top of the CTD of the other 
protomer

DIMER OF DIMERS



The NTD lids lie at the heart of the 
rearrangement

Each of the lids is inserted into a channel 
bound by the MD src loops, the last domain 
of the MD and the N-ter end of H21 of the 
other dimer

The hydrophobic surfaces come together to 
form a well-packed hydrophobic core

DIMER OF DIMERS



The NTD lids lie at the heart of the 
rearrangement

Each of the lids is inserted into a channel 
bound by the MD src loops, the last domain 
of the MD and the N-ter end of H21 of the 
other dimer

The hydrophobic surfaces come together 
to form a well-packed hydrophobic core

DIMER OF DIMERS

HYDROPHOBIC HYDROPHILIC



CLIENT BINDING 
AND FOLDING



CLIENT BINDING

Coexpression in Sf9 cells of HSP90 + 
CDC37 + CDK4

Symmetrical closed conformation



CLIENT BINDING



HSP90 - Tubular Domain

HSP90 interacts with the 
tubular domain of Cdk4 
preventing the folding of 
the protein

CLIENT BINDING
INTERACTIONS



Salt bridge: 
GLU (CDK4) - ARG (HSP90)
Hydrogen bond: 
GLU (CDK4) - TRP (HSP90)

CLIENT BINDING
INTERACTIONS

 

1.788Å

1.788Å



Salt bridge: 
LYS (CDK4) - GLU (HSP90)

CLIENT BINDING
INTERACTIONS



Hydrogen bond: 
ARG (CDK4) - GLU (HSP90)
ARG (CDK4) - GLU (HSP90)

CLIENT BINDING
INTERACTIONS

 
   

2.136Å

 1.839Å

3.146Å



Salt Bridge: 
ASP (CDK4) -  
ARG (HSP90)

CLIENT BINDING
INTERACTIONS

 
   

 2.828Å



Hydrophobic interactions 
that stabilize the complex

CLIENT BINDING
INTERACTIONS



CLIENT BINDING
INTERACTIONS



NTD - NTD 
Interactions

CDK4 interacts with the 
co-chaperone through 
extensive hydrophobic 
and hydrogen bonding 
interactions

Mimicking of the N-C 
interaction

CLIENT BINDING
INTERACTIONS



Hydrogen bonds:
- GLN (CDK4) - ASN (CDC37)
- ARG (CDK4) - ASN (CDC37)

LEU (CDK4) - ASN (CDC37)

CLIENT BINDING
INTERACTIONS

1.991Ä 



Hydrogen bonds:
- ASP (CDK4) - SER (CDC37)

CLIENT BINDING
INTERACTIONS

2.142Ä 



Stabilizing 
hydrophobic 
interactions

CLIENT BINDING
INTERACTIONS



CTD - CTD 
Interaction

Helps covering the 
other side of the 
CDK NTD - CTD 
interaction

CLIENT BINDING
INTERACTIONS

1.795Ä 

1.665Ä 

1.810Ä 



CLIENT BINDING
INTERACTIONS

Hydrogen bonds:
- LYS (CDK4) - ARG (CDC37)

1.795Å



CLIENT BINDING
INTERACTIONS

Hydrogen bonds:
- THR (CDK4) - LYS (CDC37)
- SER (CDK4) - ASP (CDC37)

 1.810Å

 1.665Å



CLIENT BINDING
INTERACTIONS



BULLET POINTS
● Hsp90 is a highly conserved chaperon among all its representatives. Even though sequence 

homology is not always observed in HSP90, the structure is highly conserved through species 
following similar hydrophobic and hydrophilic patterns.

● It works in an ATP dependent manner. This nucleotide helps to switch between different 
equilibrium states that compose the HSP90 cycle. The key factor of the Hsp90 function lies in its 
cycle of conformational changes. 

● HSP90 is a constitutive dimer. Nonetheless, it is usually found as a dimer of dimers to maintain its 
stability by hiding the hydrophobic exposed residues. 

● Each domain has conserved hydrophobic regions responsible for the client-protein interactions. 
Overall, this pattern is known as the central cleft and it’s composed by: the hydrophobic stripe of 
the NTD, the src loop of the MD, and the H21 helix of CTD.
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THANK YOU 
FOR YOUR 
ATTENTION!

ANY 
QUESTION?



PEM

1. Which are the  main types of chaperones?
a. Nucleoplasmins.
b. Chaperonins. 
c. Both  are correct.. 
d. Hsp70 and Hsp90. 
e. All of the above.

2. Hsp90 is responsible for: 
a. The folding of de novo synthesised proteins.
b. The folding of unfolded proteins after a denaturation process. 
c. Glycosylation of proteins. 
d. Cargo export. 
e. DNA folding. 

3. How many domains does the HSP90 have?
a. Only one.
b. Two: the NTD and the CTD
c. Three: NTD, MD, CTD
d. It depends on the species.
e. None of the above are true.



PEM

4. Which is the region responsible for the ATP binding?
a. Only the NTD.
b. Only the MD
c. The NTD together with an ARG from the MD.
d. The CTD.
e. HSP90 does not bind to ATP.

5. In which species is the MEEVD motif not conserved? 
a. Homo sapiens. 
b. Mus musculus. 
c. Bos taurus. 
d. E. coli. 
e. S. cerevisiae.

6.  About the cycle of the HSP90:
1. The cycle consists of multiple states of equilibrium directionally determined by ATP binding and hydrolysis.
2.  It regulates the protein binding and release.
3. Client proteins are loaded during the apo state.
4. There is only one equilibrium state (when the client protein is bound).

a) 1, 2 and 3
b) 1 and 3
c) 2 and 4
d) 4
e) 1, 2, 3 and 4



PEM

7.  About the cycle of the HSP90:
1. The lid remains with the same conformation during all the cycle
2. The hydrophobic central cleft is exposed at the end of the cycle
3. The client binding needs a previous ATP binding
4. The ATP binding needs a previous client binding

a) 1, 2 and 3
b) 1 and 3
c) 2 and 4
d) 4
e) 1, 2, 3 and 4

8. In which state does the hydrophobic core collapse to allow the release of the client proteins?
a) Apo state
b) ATP state
c) ATP/ADP state
d) ADP state
e) The hydrophobic core never collapses because the client proteins don’t release from the Hsp90



PEM

9.  What kind of bonds are involved in the Hsp90 - Cdk4 interaction?
1. Hydrogen Bonds
2. Salt Bridges
3. Hydrophobic interactions
4. Disulphide bonds

a. 1, 2 and 3
b. 1 and 3
c. 2 and 4
d. 4
e. 1, 2, 3 and 4

10. About the Hsp90 - Cdc37 - Cdk4 interactions (choose the right one):
a. Three Hsp90 are present in the complex
b. Only one of the Hsp90s is interacting with the client protein
c. Cdc37 is the client protein
d. Cdk4 is the cochaperone
e. Cdc37 NTD domain interacts with Cdk4  NTD


