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Introduction > Protein folding

How is tertiary structure determined in a protein?
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Introduction

Introduction > Molecular chaperones

Chaperone: protein that interacts, stabilizes or helps non-native proteins
to acquire their native conformation.

Not present in the final functional structure.

Functions:
* De novo folding.
 Refolding of denatured species.

* Disruption of unspecific aggregations.

Figl. GroEL/GroES chaperone complex (1AON)
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Introduction > Protein aggregation
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Fig2. Energy landscape scheme of protein folding and aggregation
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Molecular chaperones > General features

* Recognition of exposed hydrophobic groups. $

» ATP-regulated cycle.

+ GrpE (NEF),
omer 4 }ATP

* Unrelated, heterogeneous proteins. mapemnes

~20%
. . GroEL .. + &
* Network organization. ‘ :

¢GmES

~10%
Fig3. Protein folding in the bacterial cytosol, extracted from:

Hartl FU, Hayer-Hartl M. Converging concepts of protein
folding in vitro and in vivo. Nat Struct Mol Biol. 2009; 16(6):
574-81.
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Chaperone groups > Trigger factor

/- Prokaryotic \

e Ribosome-associated
* Not ATP binding

e Channel-shaped

\ / Figa. Trigger factor of V. Cholerae (1T11)




Molecular chaperones

Chaperone groups > Hsp70

Fig5. DnaK of E. Coli (2KHO)

4 R

* Prokaryotes and eukaryotes
e ATP-driven cycle

e Central organizer of the
chaperone network

\_ /




Molecular chaperones

Chaperone groups > Hsp90

* Eukaryotes and bacteria
e ATP-driven cycle

e Homodimer with 3 domains
per subunit

K Fig6. Hsp90 of S. cerevisiae (2CG9)




Molecular chaperones

Chaperone groups > Chaperonins
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Chaperone groups > Chaperonins

GroEL apical domain-like superfamily GroEL-intermediate domain like superfamily

SCOP dassification SCOP dassification
Root: SCOP hierarchy in SUPERFAMILY [SCG# 0] (11) Root: SCOP hierarchy in SUPERFAMILY [S€0# 0] (11)
Class: Alpha and beta proteins (a/b) [S€0# 51349] (147) Class: Alpha and beta proteins (a+b) [S€0F 53931] (376)
Fold: The "swivelling" beta/beta/alpha domain [$€©#_52008] (10) Fold: GroEL-intermediate domain like [$€0¢_54848]

Superfamily: GroEL apical domain-like [$¢9% 52029] (2)

Group 1I chaperonin (CCT, TRIC), apical domain [$€OFf 52034]

Superfamily:
Families: GroEL-like chaperone, apical domain [$€%# 52030] Families:

GroEL -intermediate domain like [5C0Ff 54849] (2)

GroEL-like chaperone, intermediate domain [$¢©#_54850]
Group 1I chaperonin (CCT, TRIC), intermediate domain [$€%# 54853]

GroEL equatorial domain-like superfamily

SCOP dassification
Root: SCOP hierarchy in SUPERFAMILY [$€0# 0] (11)
Class: All alpha proteins [$E€0# 46456] (284)
Fold: GroEL equatorial domain-like [$&0# 48591]
Superfamily: GroEl equatorial domain-like [3COF 48592] (2)
Families: GroEL chaperone, ATPase domain [S€%# 48593]
Group 11 chaperonin (CCT, TRIC), ATPase domain [$&9? 48596]

GroES-like superfamily

SCOP dassification
Root: SCOP hierarchy in SUPERFAMILY [S€&# 0] (11)
Class: All beta proteins [SEGF 48724] (174)
Fold: GroES-like [$€0# 50128] (2)
Superfamily: GroES-like [$€0% 50129] (2)
Families: GroES [$€0f 50130] (2)
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Chaperone groups > Chaperonins

Themosomns_ FA-545 1ThMTE -QWPILYWLKESTOQREQGKNBORMNMNIE A8 KA | AR T KGMD KB DS | DI 1T ITSHESATILEKEMDWE - - - - HP TEJKM | W a2
Caor-is R -S43 1TMsQ2 - - - -PEYWLPENMERYMGERDEOQRMMN I LAGCRI | ETMRES SO EMEWD D LS WYY THEBEEWT | LREMSWE - - - - HPABREKRML | 21
Chapemmindl_ THS-L-592 TMAQLSGQPWY I ILPEGTRQRYWVWERDEOQRLNILAARIL | ETMRET EEMD EMEWD S LED | WY THEBECATILDK IDLQ - - - - HP AR KR i)
SmEL, EGH-525 1 AAK- - - - - DWRKF - - - - - - - - S M DG L RGO MWL B D A KERNVYEBDKSFEARPTITHKEBEGWYSWARE | ELEDKF EMMGEQ MW I TG
Corn &l Fir-543 I T ITLWF - - = - - = - - DEABRRALERGYW N A0 MN AR LW RERMNYWWVWIEBEKKFESPFTITHESWYTYAKEWVELEDHLEMN I SEOLL K TG
Themosomna_ FAN-545 85 S KAQDT AW VR SGELLKOQAETLLDQGWYHRETY I SHNEYRLEVYHERREK | IDEIAEK- - STEDATLRKIALTALSEGKNTELENDFL 171
Cor-is iE -S43 22 AKTQEKEW VR AGELLRKAEELLDQNWYHET | VWY KEYQARAQKEOELLKT I ACEVYEAQRKE ILTKIAMTES | TEGKEAEKAKERKL 170
Chapemminll TH5-479-542 S5 AKTODKEA W I AGELLRKAEELLDON ITHES | I I KEYALBMAEKEROEILDEIAIRVYDPDBEETLLE I AATS I TEGKNAESHKELL 174
GmEl, EGH-525 TrFASKHANDAA TRLAQA I | TEGLKEKAVAAGMNBMDL KR IDEEsYTYEAWVEEL KALSWYWE - -CSBES KA AQWET ISA - - - - - - NSDETWISY
Cor&0 TTA-54%2 TTASKTHMHDWA TELAQA | WYREZLKHNWVAAGANEBLALKE |lEKEBVYEABWVEKIKALAIFPF - - VEBRKAITEEWVAT IEA- - - - - - HDF - EWASG
Themosomns_ FA-545 172 ADLWYWWVEHEEVHNAMAEVREDSKT | WD TANBRKYD KKNGESWHDTOF | S (IR KEKWHSKMPDWWVHKHNAKI ARIDSALEIKKTEI EAKYWOLSDEP S 260
Caor-is R -S43 171 AE |l I vVERVYS AMYVD - DESK - - VWDKDLIBEK IEKKSEAS IDDTEL | KEVLWYWEBKERYS AQMPKKWVTDAKIARLNCAIEIKETETDAE IR TDP A 256
Chapemnind THE-379-842 175 AKLAVERWY KOQBAEKKDEKYWWDLDHNIBKFEKKAGECYEESELWREWW | KEVYWYHFRMFKRERYENAK I AERIMNEALEVKKTETDAKINITESFRDZG2
GmEl, EGH-525 192 KL | AEBMD KBE - - KES- - - - - - - YINTWEDTE - LOQDELDWVESMOFBRGYLSPYF INKPFETCAVERBESFF ILLADK - - - - - - KIS M I R 230
Coansl FiA-5493 157 GHEL | ADBEME KBG - - KEE- - - - - - - | TWEESKS - LETELKFVEEYRQFBEKY I SPYFYTHPETMEAVWIEEDAF ILIWVWERK - - - - - - KWSHNWR 229
Themosomna_ FAN-545 261 KIQDFLHMQETHNTFEQMVEK | KKEEANWVWWLCQKE |IDDWVWEDHYEAK - - - E | vAMERE- - - - - - - - KKESDME KL AKIWTDE - - - - - L 222
Cor-is E-543 257 KLMEF |EQEEKMLKDMYAE | KASEANYWLFCOQKS |IDDLEWOHYEARK - - - E IvasREREE - - - - - - - KIS DME KL T I 329
Chapemminll FHS-49-548 2694 OLMSFLEQEEKMLEDMYDH I AQTEANVVEFVORKEG IDDLAEOHYEAK - - -wiEIMAVREREM- - - - - - - - KIS DME KL A I WTH- - - - - pupcic=]
GmEl, EGH-525 221 EMLP - - - - - - - - - - - WLEAVAKAGSKFPFLLI I AEDVYWEGERLATEVYHNTMERE IvEMAAREAPGEFGDRRERAMLOD | FTWISEE | GMEL 302
Cor&0 TTA-54%2 2z0 ELLF - - - - - - - - - - - ILEQVWAQTEKFLL I | AEDVYEGERBLATEYYNKLRETLSWAAMKAFPGCGFGDRREEML KD | FTWISEELGF KL 207
Themosomns_ FA-545 23234 DD LTF S ERETMEERK I ZDDRMTFWYWMGEC KNP RKAWS - - - - - - - v 0 0 0o h v e hhh s h m e e e e e e e e e e e I'L I REEIND HWY SIEWE R A 357
Caor-is R -S43 30 AaAsalsAaRD DEGLMEERKISGDSMIFYEECKHPREAWT - - - - - - - - - - - - - 0 0 0o o 0o oo oo o e e e - ML | RETEREHY | EEW AR A 333
Chapemnindl THEZ-1-642 227 KDLTFED TEEVWVMEERKLAGEMM I FMEGC KNP RKAWT - - - - - - - - - - - - - - - - oo oo IL I REEFEHY | EWYERA 00
GmEl, EGH-525 09 EKATLED O KR - - -YWINKDTTTI IDEWEEEAAIQGRYAQIROQ IEEATSDYDREKLOQERW A KL AGGWAW L KWEAARE W EMEE K K AR 2094
Cansd FIA-543 202 ENATL S REERS- - -RITHDETT IMGGEHKGKKED IEARING IKKELETTDSEYAREKLOQERLAKLAGGEWAVWIIRWEGAAIETEL KEKKHR 3932
Themosomna_ FAN-545 B2 LN | Rwwa | TKEDEKF LWE AVEAELAMRLAKYANSWVEGREQLAIEAFAKEBLEI IFRTLAENAS IDFINTLIKLKADDEK - R | SWE 475
Cor-is E-543 i R o] WEWAWECT I EDER | WSE STEVELSMKILREYAES: | SGREQLAVREAFADBRLEY IPRETLAENAGLDA I EILWVKEVYRAAHASHNGNKCAGITE
Chapemmindl THS-479-59483 391 LE WHEWWEDWMEDE AW L P A AFPEIELAIRLDPEYARKQWVGEKIEALATENFADELKI IPEKTLAENASLD TWYEMLWVEY | SEHKHN- RGLG | 478
GmEl, EGH-525 295 vE LHATRAAWVEER - WWAG WAL IRVWASKLADLREGQ - NEDQHYG I KWYWALRBMEAPLEQ | WLNCEEEPSWWYWANTWKGED - - - - - G NV ATE
Cor&0 TTA-54%2 =04 FE LMHATRAAWVEEE- | WFPE YTLLRAISAVEEL | KKLESGDEATCAKIVRERELEEFARQ | AENAEYECSW I WAQ I LAETKN- - - FRYEATS
Themosows_ FAM-595 GG VDLDHNGWGDMKAKEWVYDRIBRLEMEKETHERELESAVYEYVATMILREIDDY | ASKKST - -PPSGRGGREQAGEMPS - - GGMFP - E™Y S5
Caor-is R -S43 GF2 LHVFTEAVEDMCENG YWY ERLERIK TR IS AESTEMLLRE IDDY | AAEKLREGAPDMGD - - -MGGMEPG - MGG MP G bl 54932
Chapemninl_ THE-19-842 470 | DWYWFEGKPADRMLE S | | EFLREME KO | KEWSEAAIMILEIDDW | AAKATK - -FPEGGER - - - GEEMPEG G MEGMMD MG 5492
GmEl, EGH-525 GFF THAATEEYGHN IDMEE | LD THBMTRESELOYEASWASLMI TTECMWTD - - - - - - - & - 0 0 o 0 o mhm e e e e e e e e 525
Coansl FiA-5493 49 FHAATGEFVWDMVEASR | YDEBAKBMTRESELONEAS ICALILTTEAMVYVAEKFEK - -KES - - - - - - - - TEREASAGAGDMDF 54932

Fig8. Sequence alighment between members of both group | and Il of chaperonins
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Chaperone groups > Chaperonins

Figl0. Chaperonin apical domain structural alignment

Fig9. Chaperonin RMSD 2.58

whole-subunit
structural alignment

Sc 6.88
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GROUP | CHAPERONINS



Chaperonins group |

Chaperonins group | > Main characteristics

e Eubateria, mitochondria and

chloroplasts

e Cochaperonin-dependent

e GroEL-GroES from E. coli

Figll. GroEL complex with the cochaperonin
GroES of E. coli (1AON)
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Chaperonins group | > Sequence conservation
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Figl2. Sequence alignment between members of the group | chaperonins
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GroEL/GroES > General structure

GroEL Trans ring
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Figl3. GroEL/GroES surface (1AON) Figl4. GroEL/GroES internal cavity (LAON)
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GroEL/GroES > General structure

GroES = 7 subunits
GroEL Cis ring = 7 subunit

GroEL Trans ring = 7 subunit

119,553 atoms

Figl5. GroEL/GroES subunit
reconstruction (1AON)
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GroEL/GroES> General structure GroEL

Volume: 175,000 A3

Trans ring
Volume: 85,000 A3

Figl6. GroEL cis and trans rings (1AON)
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GroEL/GroES> General structure GroEL

( The cis ring has the internal \
cavity polar to promote
producting folding

The trans ring has the internal

\ cavity /

Figl7. GroEL/GroES internal cavity (LAON)



Introduction Molecular chaperones Chaperonins group | Chaperonins group Il

GroEL/GroES> General structure GroEL

Subunits of 548 aa

Figl8. GroEL cis ring subunits (1AON)

Domains: apical
intermediate

eq uatorial Figl9. GroEL chain A sequence (1AON)
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GroEL/GroES> Subunit structure

Fig20. GroEL chain A domains (LAON) Fig21. GroEL chain A domains (1AON)
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GroEL/GroES> Inter-ring interactions

LEFT SITE: interaction between
adjacent subunits

o, \

Fig23. GroEL equatorial domains chain
Fig22. GroEL chain A and H (1AON) A and H (1AON)
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GroEL/GroES> Inter-ring interactions

LEFT SITE

Fig24. Inter-ring interaction residues, surface
(1AON)

Fig25. Inter-ring interaction residues, salt bridge (1AON)
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GroEL/GroES> Inter-ring interactions

RIGHT SITE: interaction between one cis subunit
and the left subunit from the trans ring

Fig27. GroEL chains B and H, equatorial domains (1AON)
Fig26. GroEL chains A-B (cis) and H-I (trans)
(1AON)
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GroEL/GroES> Inter-ring interactions

RIGHT SITE

Fig28. Inter-ring interaction residues, surface (1AON)
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GroEL/GroES> Intra-ring interactions

X 7
Z

Fig30. GroEL chain A and B (2C7C)
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GroEL/GroES> Intra-ring interactions

Hydrophobic interactions between apical domains

Fig31. GroEL chain A and B, hydrophobic apical Fig32. GroEL chain A and B, surface hydrophobic apical interactions
interactions (2C7C) (2C7C)
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GroEL/GroES> Intra-ring interactions

B-sheet inner contacts and hydrogen
Helix M { bonds between intermediate and
4 B D equatorial domains

Chain B

Fig33. GroEL chain A and B, intermediate and
equatorial interactions (2C7C)

Fig34. B-sheet inner contacts (2C7C)
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GroEL/GroES> Intra-ring interactions

Fig35. Intra-ring interactions, Hbonds (2C7C)
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GroEL/GroES> General structure GroES

Subunits of 97 aa

ey ™ N~ —S—n—2
FOEMN | RPLHDRY I VKRKEVETKSAGG I VLTGS AAAKSTRGEVLAVGNGRILENGEVKPLDVK
FoB 10 20 30 40 S0 50
psspM— Mo Y s

FoEVGDIVIFNDGYGVKSEK IDNEEVL IMSESDILAIVEA

Folgy T0 50 20 97

Fig36. GroES chain O sequence (1AON)

Fig37. GroES subunits, lateral view (1AON) Fig38. GroES subunits, internal view(1AON)
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GroEL/GroES> General structure GroES

One domain; B-barrel in the core
and 2 B-hairpins loops

Fig39. GroES chain O (1AON)
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GroEL/GroES> General structure GroES

One domain; B-barrel in the core
and 2 B-hairpins loops

GroES structure free and bound
to GroEL is very similar. Only

changes de mobile loop residues
(16-32)

Figd0. GroES mobile loop (1AON)
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GroEL/GroES> GroEL - polypeptide interaction

Helix |
Helix H

Loop
between
sheets 6-7

Figd2. GroEL chain A and peptide,
hydrophobic residues (1DKD)

Figdl. GroEL chain A and peptide (1DKD)




Chaperonins group |

GroEL/GroES> GroEL - polypeptide interaction

Hydrophobic interactions Hydrogen bonds

Figd4. GroEL - polypeptide interface, H bonds (1DKD)

Figd3. GroEL - polypeptide interface, hydrophobic pocket (1DKD)
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GroEL/GroES> GroEL - polypeptide interaction

Figd5. GroEL — polypeptide interface, hydrophobic residues (1DKD)
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GroEL/GroES> GroEL — GroES interaction

Figd6. GroEL-GroES surface (1AON) Figd7. GroEL-GroES structure (1AON)
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GroEL/GroES> GroEL — GroES interaction

Fig48. GroEL-GroES chain A and O, interface zoom (1AON)
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GroEL/GroES> GroEL — GroES interaction

Hydrophobic interactions

- leu234  Leu237  Val 264
- Val26 lle25 Leu 27

£ Leu27
.-.:.I_

Val264

Figd9. GroEL-GroES interface, hydrophobic
residues surface (1AON)

Fig50. GroEL-GroES interface, hydrophobic residues (1AON)
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GroEL/GroES> GroEL - nucleotide interaction

Cisring

Trans ring

Fig51. GroEL rings and ADP
bound to the cis ring (1AON)
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GroEL/GroES> GroEL - nucleotide interaction

NUCLEOTIDE BINDING SITE:
equatorial domain, but

intermediate domain acts as a lid

Fig52. GroEL chain A and ADP (1AON)
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GroEL/GroES> GroEL - nucleotide interaction

NUCLEOTIDE BINDING SITE:
equatorial domain, but

intermediate domain acts as a lid

HelixD . 4 HelixC

Fig53. Helixes of the nucleotide binding site (1AON)
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GroEL/GroES> GroEL - nucleotide interaction

4 )
Phosphate binding loop

(DGTTT) conserved in all

chaperonin

/

1TMsSQ22- - - - PEYWLPEMNMEKERYMGERDEOQRMHMN
1MAQLSGQPVVILPEGTQRYVGRD QRELHM
1T AAK- - - - - DWEF - - - - S M DGO b
1T MAK- - - -§- ILVF ----- DEABREASL
SSKAQDT LSGELLKQAET
ZAKTQEK AELLRKAEE
SAKTODKEA ASELLREKAEE
IASKAND LAaQAl I TEGL K
rASKTND IAQAIVREGLK

2 A DLW K HAagEs EVRD TIWDTARNMRY
1AEI1 I VWE [ e -WDEDLEREK |
S AKLAWVE VKQ AEKKD sl D NERKF
3 GKL I AERMD KM - - KES- - - - - - - RN T W
TeKLIIADEBME KMG - - KEE- - - - - - -

1 KIQDFLMNQETHNTF KQRMWE K | KK SEANWW
T KLMEF |EQEEKML KDMWAE | KASEARNWL

1T RACE )l EAECIFRALl LS RATER U A TR A R

Fig54. Sequence alignment between Fig55. Zoom nucleotide binding site (LAON)
members of both group | and Il of

chaperonins, conserved region.



Chaperonins group |

GroEL/GroES> GroEL - nucleotide interaction

PHOSPHATE BINDING LOOP

Fig56. Phosphate binding loop and ADP (1AON) Fig57. Phosphate binding loop and ADP interactions (1AON)
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GroEL/GroES> GroEL - nucleotide interaction

[ Asn479
Ala480 |
Hydrogen bonds
yarog Ala481 NHz
1 Alad80
Magnesium coordinations Pro33 N "
lle493 <;4 N,) ) .
van der Waals contacts lle150 1 Glya1s
OH \ J
lle454 © w
OH--{  Asp495
Val31 \ J
O
- D‘_P_O--{ Gly32 ]
[ Asp87 } g o
Mg o]
-  o—p—o0_.
o

Fig58. Interactions between ADP, Mg?* and
GroEL residues (ChemSketch)



Chaperonins group |

GroEL/GroES> GroEL - nucleotide interaction

Fig59. Interactions between ADP, Mg?* and GroEL
residues (1AON)

Fig60. Van der Waals interactions between GroEL
and ADP (1AON)




Chaperonins group |

GroEL/GroES> GroEL - nucleotide interaction

Figbl. Interactions between ADP and GroEL residues, Fig62. Interactions between Mg2* and GroEL residues,
Hbonds (1AON) magnesium coordinations (1AON)
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GroEL/GroES> GroEL - nucleotide interaction

Fig63. Interactions between ATP and GroEL residues
(1SX3)

Figb4. Interactions between ATP and GroEL residues
(1SX3).




Chaperonins group |

GroEL — nucleotide interaction

GroEL-ATP

ProSA GroEL with ATP and GroEL with ADP




GroEL/GroES> Folding cycle overview

‘.

his reaction cycle can be divided into four phases:

|.  Polypeptide Binding
ll. Nucleotide and GroES Binding
lll. Polypeptide Release and Folding

IV. Protein Folding and Release of Ligands

N /




Chaperonins group |

GroEL/GroES> Folding cycle overview

+GroES
[

L
UERAS
"t

GroEL + polypeptide

-ADP
-Protein
- GroES

| G ATP ’_
f= +GroES e TATP

e ey
oghn gt . +Peptide
GroEL-ATP, GroES GroES-ADP, GroEL-ATP

Fig55. GroEL-GroES cycle overview (1MNF, 1SX3, 1SVT, 15X4, 1GRU)
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GroEL/GroES> Folding cycle > Phase |

Polypeptide Binding

Polypeptide

Figb7. Polypeptide binding (1MNF)
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GroEL/GroES> Folding cycle > Phase ||

Nucleotide and GroES Binding

Figb8. GroEL (1SS8), chain A Fig69. GroEL ATP, (1SX3), chain A
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GroEL/GroES> Folding cycle > Phase ||

Nucleotide and GroES Binding

Fig70. GroEL ATP, (1SX3), chain A

Fig71. GroEL-ATP, -GroES (1SVT), chain A
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GroEL/GroES> Folding cycle > Phase ||

Nucleotide and GroES Binding

GroEL-ATP,_GroES,
chain A

GroEL ATP,,
chain A

RMSD 1.12
Sc 3.91

Fig72. STAMP GroEL ATP, (1SX3), chain A vs GroEL-ATP, -GroES (1SVT), chain A
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GroEL/GroES> Folding cycle > Phase ||

Nucleotide and GroES Binding

Fig73. STAMP GroEL ATP, (1SX3), GroEL-ATP, -GroES (1SVT).
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GroEL/GroES> Folding cycle > Phase ||

Nucleotide and GroES Binding

GroEL ATP, GroEL-ATP, -GroES

Fig 74. Twist of th apical domains (1SS8, 1SX3, 1SVT)
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GroEL/GroES> Folding cycle > Phase ||

Nucleotide and GroES Binding

+ GroES

—

Helix F

GroEL ATP, (1SX3), chain A GroEL-ATP, -GroES (1SVT), chain A

Fig75. Closing the nucleotide binding site
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GroEL/GroES> Folding cycle > Phase ||

Nucleotide and GroES Binding

Fig76. GroEL (15X3)

Fig77. GroEL-GroES (1SVT)
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GroEL/GroES> Folding cycle > Phase ||

Nucleotide and GroES Binding

Helix |

Helix H

Fig79. GroEL-GroES chain A and O, interface zoom (1AON)

Fig78. STAMP GroEL ATP, (15X3), GroEL-ATP, -GroES (1SVT).
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GroEL/GroES> Folding cycle > Phase ||

Nucleotide and GroES Binding

Fig80. GroEL ATP, (1SX3)

Fig81. GroEL-ATP, -GroES (1SVT)
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GroEL/GroES> Folding cycle > Phase ||

Nucleotide and GroES Binding

STAMP
VS
GroEL-ATP, -GroES (1SVT)

RMSD 3.03
Sc1.21

Fig82. STAMP GroEL ATP, (1SX3) vs GroEL-ATP, -GroES (1SVT)
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GroEL/GroES> Folding cycle > Phase I

Polypeptide Release and Folding

Hydrophobic residues

Fig83. GroEL cavities (LMNF)

Fig84. GroEL-GroES cavities (1AON)
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GroEL/GroES> Folding cycle > Phase IV

Protein Folding and Release of Ligands

Fig85.GroEL-ATP, -GroES (1SVT)
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GroEL/GroES> Folding cycle > Phase IV

Protein Folding and Release of Ligands

Fig86. GroEL-ATP, -GroES (1SVT) Fig87. GroEL-ADP, -GroES (15X4)
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GroEL/GroES> Folding cycle > Phase IV

Protein Folding and Release of Ligands

-ADP
-Protein
-GroES

+ATP
+Peptide

/ADP; _ 2 i

ATP +GroES

e

GroEL-ADP,GroES GroES-ADP, GroEL-ATP GroEL—ATE7 GroES

Fig88. Release of Ligands (1SX4, 1GRU, 1SVT)
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GROUP || CHAPERONINS



Chaperonins group Il

Group Il > Main characteristics

Archaea (Thermosome) and Eukaryotes (TRiC/CCT)
Two hetero or homo rings with 8 to 9 subunits

Major structural difference: “Build-in lid”

Fig90. Lids closing the chamber (3LOS)

Fig91. Single subunit of MmCpn (3LOS)
Fig89. TRiC/CCT, eukaryote chaperonin (4A00)
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Molecular chaperones

Group Il > Sequence alignment

Chaperonins group |

Chaperonins group |l

MinCon/1-543 TMSQQAPG- - - - VLPENMKRYM Q R MESN L ETW WVAKT LDANVHBT | VVKEY0ARAQ K] OELIKT\ACE----VGAQDKE\ TK 152
KS-1_alphal1-548 TMAQLSGAPYYILPEGTQRYV QR L NS L ETV WAKT LDANI SIEIKGYALMAEK®OE ILDEIAIR- - - -WDPDDEETELK 156
Themosome_alphal1-545 1 -MMTEQVPILVLKEGTQREQ QR NNE DAY WEKA LDQGVHERTYISNGYRLAWVNESRKI IDEIAEK- - --5--TRDATERK 153
Themosome_beta/1-543 1-MIAGQ-PIFILKEGTKRES I 1 E NSl E SNEV WEKT CGL INQNVERTYIISEEYRMASEERKRY IDEISTK- - - - IGADEKALELK 154
GCT_gamma/1-515 L L ESBRKVQSGNIN Dl SMIEISRT EHFLEQQM T\F\I‘ISA RKBLDDMISTLKKISIF-- . .WDTSNRDTMLN 142
CCT_delta/i-518 L DEPAQ IRF SIS MAKAVADA | RMLWELSKA SESFOK LEKGIEILTDMSR- -P- -WELSDRETELN 144
CCT_epsilon/1-515 1-- LW LEILKSH MEAKAVANTMKTS LMWELSKS IR AD ARIMIEHLDKISDSVL - - WDMKNTEPEIQ 145
GCT_alphar1-529 1. --VFGDRSTEEA IRSONMVMBAASITAN I VKS S WLCELADL VEKQKI TS\l‘IS CKEMVRY ISENLIIN--TDELG-RDCHEIN 144
CCT_beta/1-513 1-- --JNGADEEHJ\ETIHLSSF\G IAIGDLVKST WVLMDMERY IAKKI TKA ROAILNSAVDHG-SDEVKFROD MN 142
CCT_eta/1-515 T KEGTDSSQ IPOLYVSHMRSECOVIIAEAVRTT TLMD | AKS KQ\:’KF‘Y\FEEGL IHAFRT TOLWVNKIKEIAVTVKKEDKVEQRKLEBEK 142
GCT_zeta/1-517 T LI F‘KJ\E\I‘AFIAOJ\ LAV RGLODVLRTN SLIAKVATAGED | T DLYISEGL F LOFIEQVK\FSK ----- EMDRETHEID 142
CCT_theta/1-512 L EGAKHFSGLEE VYR 0 CKELIOTT AY M M A S HMIBIE & EL EEILRLGLSVSEVIE HEILPDLVECCS- - AKNLRDVDEVSS 146
M Cony/1-543 153 TAMMS | TGRGAEKAKEKLAE | IMERMSAVYDD - EGK. - VDKDL | K- | ERKS ASIDITEIIK VLWVD- - - KERVSAQMP KK LLNCAIEIKETE- TDAEIRITDPAKLMEF |EQEEKMLKDMWAE 282
K5-1_alpha/1-548 157 | ARSI TGCENAESHKELLAKLAVERMKQVAEKKDGEKYVVDLDN K- FERKABEGVEESELVREVY ID- - - KEVVHPRMPKR LINEALEVKKTE- TDAKINITSPDQLMSFLEQEEKMLKDMWDH 200
Themosome_alpha/1-545 154 |WLIMALSGENTGLSNDFLADLVMKEMNAVAEVRDGKT INDTAN K- VDRKNEGSVNDTOF | S@IWID- - - KEKVHS KMP DV LIDSALEIKKTE- |EAKVQISDPSKIQDFLNQETNTFKQMWE K 208
Themosome_beta/1-543 155 MEBOMSLNSESASVAKDKLAE | SYERMKSVAELRDGKYYVDFDNIQ - VVEKQEG A | D TOIIN 1 1VD- - - KEKVHPGMPD Y LLDAP IKKPE-FDTNLRIEDPSMIQKFLAQEENMLREMMD K| 207
CCT_gammalt-515 143 | INSSITTEYV I SRWSSLACN IALDAMKTVOFEENGRKE ID I KKYARVERIP@G | [ERSCVLREVMIN- - - KDVTHPRMRRY IKNPRIBVLLDSSLEYKKGE - SQTDIEITREEDFTRILQMEEEY IQQLCED 286
CCT_della/1-518 145 SRAMSLNSKEYYSOYSSLLEPMEMDAMIMKY | DP - ATATSVDLRD | K- | VEKLEGT IDRCE LWLT---QKVANSGITR- EK GLIQFCLSAFKTD-MDNQIVVSDYVAMDRVLRE EJ\YILNLIKO 200
GCT_epsilon/1-515 145 TRKMTLGSKEYYNSCHROMAE | AMNAML TVAD - - MQRRDVDFEL I K-VEGKVEGRLEDTKL | K&V IVD- - - KDF SHFQ KO ED ILTCPFEPPKPK. TKHKLDYTSVEDF KALQKYEKEKFEEMIRQ 286
CCT_alphal1-529 145 ABKIRSMSSEY | G INGDFFANLYVVDEMLAIKYTD IRGQPRYPVNS INVLEAHBRSAMESM YALN- - - CVVGSQGMPKR VN CLOFSLOKTEME - L6VQWVITDPEKLDO IRQRESDE I TKERIQK 288
CCT_beta/1-513 140 TRGMTLESKELL THHKDHF TKLAMERM L RLKGSGN LEATHW IEKL GELAIEY FLLD- - -KKIGYN-QFKRIEN LIANTGMDTDKIKIFGSRVRVDSTAKVAE IEHA KEKMKEKIEE YN 285
CCT_eta/1-515 142 CAMBALSS LISQQI‘(.»\FFIKI‘«'I\III DEMMMLDDLLG - - -LEMIG I KEVOBGALEESD VAFKKTFSYAGFEMOQRKKYHNPMIBAL LNVELELKAEK- DNAEIRVHTYVEDYQA I VDABWN ILYDKLEK GIZSB
CCT_zeta/1-517 143 VIBRMSLRTRVHAELADVLTEAVMDS | LAIKKQDEP - --IDLFM\FEIMEMKHKSETITS LWLD- - - HGARHPD KKR EDBYIL TCNV S YEITE-VNSGFFYKSAEEREKL\FKA EKFIEDHIKK IELKKK\FCGDSDKGF VINQKI -[LDP 201
GCT_theta/1-512 147 LLHMSVMS OYG-NEVFLIKLU\OIC\I’SIFF‘DSGHFN----VDNIRVGIILISGVHSES\FLH MWF K- - e KETEGDVTS VYSCPFDGMITE- TKGTVLIKSAEELMNF SKGEENLMD AQM KA WVTGGR VAD 283
MinCon/1-543 203 L AKEG KKEBMEKL ANVITHNIKDLS- - - - - - D-AGL! RKISGD- -SMIFVEE - KAVTML | TTEHV I EEVARAVDBAVGUVGCT I E W RAFED RT
KS-1_alphal1-548 300 L AKYG KKSBMEKL AKIVTNVKDLT . -« - v - AEY RKLAGE- -NMIFVEG -KAVTIL! GTEHV I DEVERALEBAVKMYKDYVME | ENF&D KT
Themosome_aloha/1-545 207 W AKEG KKSDMEKL AKIVTDLDDLT- - - - - - E-AET RKIGDD - -RMTFVMG -KAVEIL I GTOHVVEEVERALN VAITKE | EAFBK RT
Themosome_beta/1-543 208 M SRAG KKEDBMD KL ASIVSTIDEIS. - - - - - T-AERMEQWVKVGED - - YMTFVTG -KAVSILVRGETEHVVDEMERS | T WVASALE D RA
GCT_gamma/1-515 287 L MR AN RKTBNNR | ARIVSRF‘EEIH ------ TGAGLLEIKKIGDE- -YFTFITE -KACTILLRGASKE ILSEVERNLQ HA TEKSKAMT Q RT
CCT_delia/i-518 201 L NEMK MVVKDIEHE IEF ICKTI TKPVAHVDQFT- - - --- S-AELAEEVELNGS-GKLIKITEEASPCKTVTIVVRESNKLY | EEAERS | H TEISRTLS D ST
CCT_epsilon/1-515 287 EANHLLLQNDLP GGF‘E\ELI GRIVF‘RFSEIT ------ F - AGLMIK ISFITTKDKML\HEQ NS - RAVTLF | GNKMI |EEAKRSLH \RNLIRINHV I&C LAVSQEADKCPTL D A
GCT_alphar1-529 288 MCLKYFVEAGAM LKH LKRI ATVLSTLANLEGEETFEASMEGC - AEEMVOERICDD - -ELILIKNTKAR- TSASY I LRGANDFMEDEMERSLH WKRVLESKSV AALS\Y EN ATSMGSR R NT
CCT_beta/1-513 288 YPEQLFGAAGYM IEHADF\I’GVERL LVT GEIASTFDHP------ S-CKLI WMIGED- - KLIHFSGVALG - EACTIVLRGATOD I LDEAERSLH LAQT\IKISHT MLM HAVTQLASRTP K TI1 437
CCT_eta/1-515 280 VIT:iADEDMFCAG F‘EEILKRTMM GSIQTSVNAI ------ R-COVFEETQIGGE- -RYNFFTGEPKA-KTC | LRGGAEQFMEETERSLH IMIVRRATKNDSW MELSKYIHD SRTIP K| RQ
GCT_zeta/1-517 202 FSLDALAKEGI | AKRRNMERLTL G IALNSLDD -HAGMYEYTLBEE--KFTF IEKENNP-RSWTLL IKBFNKHTLTQIKDAIR GLRAVKNAIDIGGV \I’AMI VKN KPS K D K|
CCT_theta/1-812 284MIL ANK\"N MLV LNSK\I‘LILRRLGKTV ATALPRLNPPV - - - - - - YLSEVEDT- -QWVVVFKHEKEDGA I STIVL STDNLMDDI.)\VD GWNTFKVLTRBKRL IELAKQ I TEMGETCPEL E
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Fig92. Sequence alighment between members of the group Il chaperonins
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Chaperonins group Il

Group Il > Structural alignment

The structure is much
more conserved that the
sequence

Sc §,17
RMSD 1,56

Fig93. Structural alignment between members of the group Il chaperonins



Chaperonins group Il

MmCpn > General structure

Archaea: Methanococcus maripaludis

Homo- octameric ring

Fig94. Lateral view of MmCpn in open conformation (31YF) Fig96. Subunit architecture (3KFB)
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MmCpn > Cycle overview

ATP-dependent protein folding cycle

binding Py

Fig97. Cycle overview (31YF, 31ZH, 3LOS)
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MmCpn > Open state

Fig98. MmCpn in open conformation (31YF)
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MmCpn > Open state > Inter-ring interactions

Fig100. Hydrophobic interactions between
rings (31YF)

Fig99. Inter-ring contacts in open conformation (3IYF) Figl01. Salt brldge contact between rings (3IYF)
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MmCpn > Open state > Intra-ring interactions

Figl03. B-sheet inner contact (31YF)

Figl02. Intra-ring contacts in open conformation (31YF)
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MmCpn > Open state > Substrate binding site

Hydrophobic patch in
the apical domain

Interface between
helices H10 and H11

Fig105. Top view of the hydrophobic
patch (31YF)

Figl04. Hydrophobic patch
between H10 and H11 (3IYF)
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MmCpn > Open state > Nucleotide binding site

Figl09. Rear view of the Nucleotide binding site (31YF)
Figl108. Important residues in the Nucleotide binding site (31YF)



Chaperonins group Il

MmCpn > Prehydrolysis state

ATP binds to the nucelotide
binding site.

Fig110. MmCpn in Prehydrolysis conformation (31ZH)
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MmCpn > Prehydrolysis state > General movement

Apical and intermediate domains tilt toward the equatorial domain

Figl11. Single subunit in open conformation (31YF) Figl12. Single subunit in Prehydrolysis conformation (31ZH)
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MmCpn > Prehydrolysis state > Apical movement

Counter-clockwise rotation of the apical domains

Figl13. Apical domains in open conformation (31YF) Figl14. Apical domains in Prehydrolysis conformation (31ZH)
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MmCpn > Prehydrolysis state > Intermediate movement

Figl15. NSL and Asp386 in open state (31YF) Figl16. NSL and Asp386 in Prehydrolysis state (3RUV)



Chaperonins group Il

MmCpn > Prehydrolysis state > Nucelotide binding site
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Figll7. Interactions with ATP in Prehydrolysis state (3RUV)
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MmCpn > Prehydrolysis state > Nucelotide binding site
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Figl18. Interactions with ATP in Prehydrolysis state (3RUV)
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MmCpn > Prehydrolysis state > Nucelotide binding site

Figl19. Lateral view of the nucleotide binding pocket (3RUV) Figl120. Rear view of the nucleotide binding pocket (3RUV)



Chaperonins group Il

MmCpn > Closed state

ATP is hydrolyzed in the
nucleotide binding site

Figl21. MmCpn in Closed confomation (3LOS)



Chaperonins group Il

MmCpn > Closed state

Equatorial domains suffers a significant outward and lateral rotation

Fig122. Single subunit in Prehydrolysis conformation (31ZH) Fig123. Single subunit in Closed confomration (3LOS)
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MmCpn > Closed state > Closing the chamber

Chamber closure

ATP hydrolysis has a dual function: Substrate release

Figl24. Apical domains in Prehydrolysis conformation (31ZH) Figl25. Apical domains in Closed conformation (3LOS)



Chaperonins group Il

MmCpn > Closed state > Closing the chamber

Figl26. Central B-barrel structure created by the lid (3RUQ)




Chaperonins group Il

MmCpn > Closed state > Closing the chamber

Hydrophilic residues exposed
inside the closed chamber

Positively charged

Figl27. Polar residues inside the closed chamber (3RUQ) Fig128. Hydrophilic inner surface of the closed chamber (3RUQ)



Chaperonins group Il

MmCpn > Closed state > Intra-ring interactions

. |
Fig130. B-sheet
inner contact
(3RUQ)
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Figl31. Hydrophobic contacts between intermediate
Figl29. Equatorial and intermediate inter subunit contacts (3RUQ) and equatorial domains (3RUQ)




Chaperonins group Il

MmCpn > Closed state > Inter-ring
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Figl33. Salt brldges between in the interface ring- ring (3LOS)

Figl32. Inter-ring contacts in Closed state (3LOS)
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MmCpn > Closed state > Nucleotide binding site

Fig134. NSL and Asp386 in Prehydrolysis state (3RUV) Fig135. NSL and Asp386 in Closed state (3RUQ)




Chaperonins group Il

MmCpn > Closed state > Nucleotide binding site

Fig136. Interactions with ADP in the Closed state (3RUQ)




Chaperonins group Il

MmCpn > Closed state > Nucleotide binding site

PREHYDROLYSIS STATE CLOSED STATE

Figl37. P-loop interaction with the gamma and beta Figl38. P-loop interaction with the beta phosphate in
phosphate in Prehydrolysis state (3RUV) Closed state (3RUQ)



Chaperonins group Il

MmCpn > Closed state > Nucleotide binding site

PREHYDROLYSIS STATE CLOSED STATE

Figl39. Asn474 interaction with the adenine base of Figl40. Asn474 disposition in Closed state (3RUQ)
ATP (3RUV)



Chaperonins group Il

MmCpn > Closed state > Nucleotide binding site

2L Ala163

Phe4d76

Figl41l. Rear view of the nucleotide binding pocket in
Prehydrolysis state (3RUV) Closed state (3RUQ)

Figl42. Rear view of the nucleotide binding pocket in
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