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PROTEIN SEQUENCE – STRUCTURE - FUNCTION

Principal activities:

Bioinformatics analysis of protein sequences and structures

Structural prediction and molecular modelling

Molecular design
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Proteins with tandem repeats

Proteins with internal duplications represent a large portion of genomes

E. coli (7%), S. cerevisiae (17%),Human (27%)
All SwissProt (14%)

Pellegrini et al. (1999) Proteins 35:440

only ~ 2% of known 3D structures

Difficulties of experimental (X-ray and NMR) determination of the 3D structure

Sequence

Structure
< 50 res



HYBRID APPROACHES TO OBTAIN 3D STRUCTURE

Bioinformatics analysis, structural prediction,
molecular modeling

Incomplete experimental structural data
(EM, CD, etc)  

3D structure
It is possible to get 

a reliable 3D structural model
based on sequence analysis!



Leucine-rich repeat proteins 

Kajava et al., (1995) Structure, 3, 863
Kajava (1998) J.Mol.Biol. 277,519

α-Helical Coiled coil pentamer of COMP

Kajava (1996) Proteins, .24, 218

Filamentous Hemagglutinin Adhesin
of Bordetella pertussis (56 nm  long)

Kajava et al. (2001) Mol. Microbiology, 42, 279

Prédiction et modélisation de protéines à séquences répétitives

Kajava et al. (2001) Mol. Microbiology, 42, 279

Human involucrin  (46 nm long)

Kajava (2000) FEBS Lett. 473, 127

Rpn1 and Rpn2 subunits of eukaryotic 
proteasome 

Kajava (2002) J.Biol.Chem. 277, 49791



Structural-Functional Annotation of Genomes

Proteins with
tandem repeats

Proteins with aperiodic 
sequences and globular 
domains

☺☺☺☺ Bioinformatcs tools

Ab initio structural prediction���� ☺☺☺☺

����
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Pertactin from Bordetella pertussis

 G ILL ENPAAELQFRNGSVTSSGQLSDDGI RRFLG 
    T VTVKAGKLVADHATLANVGDTWDDDGI  
      A LYVAGEQAQASI ADSTLQGAG 
       G VQI ERGANVTVQRSAIV DG 
GLHI GALQSLQPEDLPPSRVVLRDTNVTAVPASGAPA 
     A VSVLGASELTLDGGHI TGGRAA 
GVAAMQGAVVHLQRATI RRGDAPAGGAVPGGAVPGGAVPGGFGPGGFGPVLDGWY 
    G VDVSGSSVELAQSIV EAPELGA 
    A I RVGRGARVTVSGGSLSAPHGN 
VI ETGGARRFAPQAAPLSI TLQAGAHAQGKA 
      LLY RVLPEPVKLTLTGGADAQG 
   D IV ATELPSI PGTSI GPLDVALASQARWTG 
 



Pertactin from Bordetella pertussis

a
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a b               c d e   f g
↓↓↓↓ ↓↓↓↓ ↓↓↓↓ ↓↓↓↓ ↓↓↓↓ ↓↓↓↓ ↓↓↓↓
GILL ENP---------- AAELQFRN-GSVTS-SGQLSDDGI RRFLG 
TVTVKA------------ GKLVADH-ATLAN- VGDTWDDDGI  
ALYVAGEQ---------- AQASI AD-STLQG- AG 
GVQI ERG----------- ANVTVQR-SAIV -D G 
GLHI GALQSLQPEDLPP- SRVVLRD-TNVTA- VPASGAPA 
AVSVLGA-----------SE LTLDG- GHI TG- GRAA 
GVAAMQG----------- AVVHLQR-ATI R-RGDAPAGGAVPGGAVPGGAVPGGFGPGGFGPVLDGWY 
GVDVSG------------SS VELAQ-SIV EA- PELGA 
AI RVGRG----------- ARVTVSG- GSLSA- PHGN 
VI ETGGARRFAPQAAP-- LSI TLQAGAHA-QGKA 
LLYRVLPEP--------- VKLTLTGGADA-QG 
DIV ATELPSI PGTSI GP- LDVALASQARW-T G 
●●x●xxx----------- ●x●x●xx- ●x●-xx 

↓↓↓↓ ↓↓↓↓ ↓↓↓↓ ↓↓↓↓ ↓↓↓↓ ↓↓↓↓ ↓↓↓↓

Generalized sequence profiles implemented in pftools (Bucher et al., 1996, Comput. Chem. 20, 3-23)



Methods for detection of tandem repeats in proteins

Type of method
ab initio / a priori Properties of repeats Rapidity

Fourier Transform analysis

REPPER (Gruber et al., 2005)
ab initio

Long arrays without indels +

Short string extension algorithms

XSTREAM (Newman and Cooper, 2007) 
T-REKS (Jorda and Kajava, 2009)

ab initio With indels and less than 
15-20 residues

+

Sequence-sequence alignment -Sequence-sequence alignment

RADAR ((Heger and Holm, 2000)
TRUST (Szklarczyk and Heringa, 2004)

ab initio More than 15 residues. 
With indels. 

-

Hidden Markov Models (HHMs) or sequence 
profiles 

PFAM(Sonnhammer et al., 1998)
SMART ((Schultz et al., 1998)

BISMM library (Kajava and Steven, 2006)

requires a priori 
information

Long and strongly 
imperfect  repeats

-

HMM-HMM or profile-profile comparisons

HHREPID (Biegert and Soding, 2008) 

ab initio
Long and strongly 
imperfect  repeats

-

Kajava, (2011) J. Struct. Biol. 





Protein Repeat DataBase (PRDB)
http://bioinfo.montp.cnrs.fr /?r=repeatDB

PRDB web page



Methods for detection of tandem repeats in proteins

Type of method
ab initio / a priori Properties of repeats Rapidity
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ab initio More than 15 residues. 
With indels. 
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requires a priori 
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-
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Kajava, (2011) J. Struct. Biol. 



Cargo recognition complex

a- Helical solenoid fold prediction for the N-terminal 
part of vps35 (orange in (d))

b- 2D class averages from negative stain electron 
microscopy

c- 2D projections of the full cargo recognition complex 
model (d) for comparison with the EM class averages 
in (b)

Bar: 100Å(Hierro et al., Nature, 2007)

The α-solenoid fold extends the full length of Vps35 and Vps26 is bound at the opposite end from Vps29. 



 ***   **        * *      ** * *   *** 
GI TLENPSS------- AAELQFRN-GSVTNSGQLSDGI  
TI TLKATSS-------- AKLVADH-ASVANVGQTWDGI 
 



 ***   **        * *      ** * *   *** 
GI TLENPSS------- AAELQFRN-GSVTNSGQLSDGI  
TI TLKATSS-------- AKLVADH-ASVANVGQTWDGI 
 

MA   /GENERAL_SPEC: ALPHABET=' ACDEFGHIKLMNPQRSTVWY'; 
MA   /DISJOINT: DEFINITION=PROTECT; N1=1; N2=43; 
MA   /NORMALIZATION: MODE=1; FUNCTION=GLE_ZSCORE; R 1=44.55; R2=-0.0035; 
MA      R3=0.7386; R4=1.001; R5=0.208; TEXT='ZScore '; 
MA   /NORMALIZATION: MODE=2; FUNCTION=LINEAR; R1=0. 0; R2=0.1; 
MA      TEXT='OrigScore'; 
MA   /CUT_OFF: LEVEL=0; SCORE=90; N_SCORE=7.0; MODE =1; 
MA   /DEFAULT: MI=-26; I=-3; IM=0; MD=-26; D=-3; DM =0; 
MA   /M: SY=' F';M= -2,-3,-3,-4,2,-3,-2,1,-2,0,-1,-2,-3,-3,-4,-2,-1,0,- 5,2;  
MA   /M: SY=' I ';M=-1,-5,-2,-3,-2,-3,0,1,1,-1,1,-1,-2,-1,1,-1,0,1, -4,-4; 
MA   /M: SY=' A';M=2,-3,1,0,-5,2,-2,-1,-1,-3,-2,1,1,0,-2,2,2,0,-8, -5; 
MA   /M: SY=' L';M=-3,-8,-5,-4,2,-6,-2,2,-4,6,4,-3,-3,-2,-3,-3,-2, 1,-3,0; 
MA   /M: SY=' Y';M=-4,-2,-6,-6,9,-7,0,-1,-5,-1,-3,-3,-6,-5,-6,-4,- 4,-4,-1,11; 
MA   /M: SY=' D';M=1,-6,3,3,-7,0,0,-2,-1,-4,-3,2,0,1,-2,0,0,-2,-9, -6; 
MA   /M: SY=' Y';M=-5,-3,-6,-6,10,-7,-1,-1,-2,-1,-2,-3,-6,-5,-5,-4 ,-4,-4,-1,11; 
MA   /M: SY=' K';M=-1,-6,1,1,-4,-2,0,-2,2,-3,-1,1,-1,1,1,0,0,-3,-7 ,-6; 
MA   /M: SY=' A' ;M=1, - 4,1,0, - 5,1, - 1, - 1,0, - 3, - 1,1,0,0,0,1,1, - 1, - 7, - 6;  MA   /M: SY=' A' ;M=1, - 4,1,0, - 5,1, - 1, - 1,0, - 3, - 1,1,0,0,0,1,1, - 1, - 7, - 6;  
MA   /M: SY=' R';M=0,-5,0,0,-5,-1,0,-1,1,-3,-1,1,0,1,1,0,0,-2,-5,- 5; 
MA      /I: MI=0; I=-2; MD=0; /M: SY='X'; M=0; D=-2 ; 
MA   /M: SY=' R';M=0,-5,1,1,-6,0,1,-2,1,-4,-2,1,0,1,2,1,0,-2,-5,-5 ; 
MA   /M: SY=' F';M=-3,-7,-6,-6,6,-5,-3,3,-2,5,3,-4,-5,-4,-5,-4,-3, 1,-3,3; 
MA   /M: SY=' Q';M=-1,-6,0,0,-3,-2,1,-1,1,-2,0,0,-1,1,1,-1,0,-1,-6 ,-4; 
MA   /M: SY=' K';M=-1,-8,0,1,-3,-2,0,-2,3,-3,0,1,0,2,2,0,0,-3,-6,- 6; 
MA   /M: SY=' G';M=2,-5,1,0,-7,7,-3,-4,-2,-6,-4,1,-1,-2,-4,2,0,-2, -10,-8; 
MA   /M: SY=' D';M=1,-7,5,4,-8,1,1,-3,0,-5,-3,2,-1,2,-2,0,0,-4,-10 ,-6; 
MA   /M: SY=' I ';M=0,-5,-1,-2,-2,-2,-1,2,0,0,1,-1,-2,0,0,-1,0,1,-6 ,-5; 
MA   /M: SY=' L';M=-2,-6,-5,-5,3,-5,-3,4,-3,6,4,-4,-4,-3,-4,-3,-2, 3,-5,0; 
MA   /M: SY=' Q';M=-1,-5,-1,-1,-3,-2,0,0,0,-2,-1,0,-1,0,0,-1,0,-1, -6,-3; 
MA   /M: SY=' V';M=0,-4,-3,-4,-1,-3,-3,5,-3,3,3,-2,-2,-2,-3,-2,0,5 ,-8,-4; 
MA   /M: SY=' L';M=-1,-6,-3,-3,-1,-3,-2,2,-3,3,2,-2,-2,-2,-3,-2,-1 ,2,-5,-3; 
MA   /M: SY=' D';M=0,-6,3,3,-6,0,1,-3,2,-5,-2,2,-1,2,1,0,0,-4,-7,- 5; 
MA   /M: SY=' K';M=-1,-6,0,0,-2,-1,0,-3,3,-4,-1,1,-1,0,1,0,0,-3,-6 ,-4; 
MA   /M: SY=' N';M=1,-4,1,1,-5,0,0,-2,0,-3,-2,1,1,0,-1,1,1,-1,-7,- 5; 
MA      /I: MI=0; I=-1; MD=0; /M: SY='X'; M=0; D=-1 ; 
MA   /M: SY='G';M=1,-5,0,0,-5,1,-2,-1,-2,-3,-2,0,0, -1,-2,0,0,-1,-8,-6; 
MA   /M: SY='G';M=1,-6,3,3,-7,3,0,-4,-1,-5,-4,2,-1, 1,-2,1,0,-3,-10,-6; 
MA   /M: SY=' W';M=-9,-12,-9,-11,1,-11,-4,-8,-5,-3,-6,-6,-8,-7,3,- 4,-8,-9,26,0; 
MA   /M: SY=' W';M=-7,-9,-9,-9,0,-9,-4,-5,-5,-1,-4,-6,-7,-6,2,-3,- 6,-6,18,-1; 
MA   /M: SY=' K';M=-1,-7,0,0,-3,-2,0,-2,2,-3,-1,1,-1,1,2,0,-1,-3,- 5,-5; 
MA   /M: SY=' G';M=2,-3,0,-1,-6,3,-3,-2,-3,-4,-3,0,0,-2,-3,1,0,0,- 10,-6; 
MA   /M: SY=' Q';M=-2,-6,0,0,-3,-3,1,-2,0,-2,-1,0,-2,1,1,-1,-1,-3, -5,-3; 
MA   /M: SY=' T';M=0,-4,-1,-1,-4,0,-2,0,-1,-2,0,0,-1,-1,-1,0,1,0,- 7,-5; 
MA   /M: SY=' T';M=0,-5,0,0,-3,-1,-1,-1,1,-3,-1,1,-1,0,0,1,1,-1,-6 ,-4; 
MA   /M: SY=' G';M=0,-5,0,-1,-5,3,-2,-3,-1,-5,-3,0,-1,-1,-1,1,0,-2 ,-7,-6; 
 



 ***   **        * *      ** * *   *** 
GI TLENPSS------- AAELQFRN-GSVTNSGQLSDGI  
TI TLKATSS-------- AKLVADH-ASVANVGQTWDGI 
ALYVAGEQ--------- AQASI AD-STLQGAG 
GVQI ERG---------- ANVTVQR-SAIV DG 
GLHI GALQSLQPEDLPPSRVVLRD-TNVTAVPASGAPA 
AVSVLGA----------SE LTLDG- GHI TGGRAA 
GVAAMQG---------- AVVHLQR-ATI RRGDAPAGG 
GVDVSG-----------SS VELAQ-SIV EAPELGA 
AI RVGRG---------- ARVTVSG- GSLSAPHGN 
VI ETGGARRFAPQAAP- LSI TLQAGAHAQGKA 
LLYRVLPEP-------- VKLTLTGGADAQG 

MA   /GENERAL_SPEC: ALPHABET=' ACDEFGHIKLMNPQRSTVWY'; 
MA   /DISJOINT: DEFINITION=PROTECT; N1=1; N2=43; 
MA   /NORMALIZATION: MODE=1; FUNCTION=GLE_ZSCORE; R 1=44.55; R2=-0.0035; 
MA      R3=0.7386; R4=1.001; R5=0.208; TEXT='ZScore '; 
MA   /NORMALIZATION: MODE=2; FUNCTION=LINEAR; R1=0. 0; R2=0.1; 
MA      TEXT='OrigScore'; 
MA   /CUT_OFF: LEVEL=0; SCORE=90; N_SCORE=7.0; MODE =1; 
MA   /DEFAULT: MI=-26; I=-3; IM=0; MD=-26; D=-3; DM =0; 
MA   /M: SY=' F';M= -2,-3,-3,-4,2,-3,-2,1,-2,0,-1,-2,-3,-3,-4,-2,-1,0,- 5,2;  
MA   /M: SY=' I ';M=-1,-5,-2,-3,-2,-3,0,1,1,-1,1,-1,-2,-1,1,-1,0,1, -4,-4; 
MA   /M: SY=' A';M=2,-3,1,0,-5,2,-2,-1,-1,-3,-2,1,1,0,-2,2,2,0,-8, -5; 
MA   /M: SY=' L';M=-3,-8,-5,-4,2,-6,-2,2,-4,6,4,-3,-3,-2,-3,-3,-2, 1,-3,0; 
MA   /M: SY=' Y';M=-4,-2,-6,-6,9,-7,0,-1,-5,-1,-3,-3,-6,-5,-6,-4,- 4,-4,-1,11; 
MA   /M: SY=' D';M=1,-6,3,3,-7,0,0,-2,-1,-4,-3,2,0,1,-2,0,0,-2,-9, -6; 
MA   /M: SY=' Y';M=-5,-3,-6,-6,10,-7,-1,-1,-2,-1,-2,-3,-6,-5,-5,-4 ,-4,-4,-1,11; 
MA   /M: SY=' K';M=-1,-6,1,1,-4,-2,0,-2,2,-3,-1,1,-1,1,1,0,0,-3,-7 ,-6; 
MA   /M: SY=' A' ;M=1, - 4,1,0, - 5,1, - 1, - 1,0, - 3, - 1,1,0,0,0,1,1, - 1, - 7, - 6;  LLYRVLPEP-------- VKLTLTGGADAQG 

DIV ATELPSI PGTSI GPLDVALASQARWTG 
 

MA   /M: SY=' A' ;M=1, - 4,1,0, - 5,1, - 1, - 1,0, - 3, - 1,1,0,0,0,1,1, - 1, - 7, - 6;  
MA   /M: SY=' R';M=0,-5,0,0,-5,-1,0,-1,1,-3,-1,1,0,1,1,0,0,-2,-5,- 5; 
MA      /I: MI=0; I=-2; MD=0; /M: SY='X'; M=0; D=-2 ; 
MA   /M: SY=' R';M=0,-5,1,1,-6,0,1,-2,1,-4,-2,1,0,1,2,1,0,-2,-5,-5 ; 
MA   /M: SY=' F';M=-3,-7,-6,-6,6,-5,-3,3,-2,5,3,-4,-5,-4,-5,-4,-3, 1,-3,3; 
MA   /M: SY=' Q';M=-1,-6,0,0,-3,-2,1,-1,1,-2,0,0,-1,1,1,-1,0,-1,-6 ,-4; 
MA   /M: SY=' K';M=-1,-8,0,1,-3,-2,0,-2,3,-3,0,1,0,2,2,0,0,-3,-6,- 6; 
MA   /M: SY=' G';M=2,-5,1,0,-7,7,-3,-4,-2,-6,-4,1,-1,-2,-4,2,0,-2, -10,-8; 
MA   /M: SY=' D';M=1,-7,5,4,-8,1,1,-3,0,-5,-3,2,-1,2,-2,0,0,-4,-10 ,-6; 
MA   /M: SY=' I ';M=0,-5,-1,-2,-2,-2,-1,2,0,0,1,-1,-2,0,0,-1,0,1,-6 ,-5; 
MA   /M: SY=' L';M=-2,-6,-5,-5,3,-5,-3,4,-3,6,4,-4,-4,-3,-4,-3,-2, 3,-5,0; 
MA   /M: SY=' Q';M=-1,-5,-1,-1,-3,-2,0,0,0,-2,-1,0,-1,0,0,-1,0,-1, -6,-3; 
MA   /M: SY=' V';M=0,-4,-3,-4,-1,-3,-3,5,-3,3,3,-2,-2,-2,-3,-2,0,5 ,-8,-4; 
MA   /M: SY=' L';M=-1,-6,-3,-3,-1,-3,-2,2,-3,3,2,-2,-2,-2,-3,-2,-1 ,2,-5,-3; 
MA   /M: SY=' D';M=0,-6,3,3,-6,0,1,-3,2,-5,-2,2,-1,2,1,0,0,-4,-7,- 5; 
MA   /M: SY=' K';M=-1,-6,0,0,-2,-1,0,-3,3,-4,-1,1,-1,0,1,0,0,-3,-6 ,-4; 
MA   /M: SY=' N';M=1,-4,1,1,-5,0,0,-2,0,-3,-2,1,1,0,-1,1,1,-1,-7,- 5; 
MA      /I: MI=0; I=-1; MD=0; /M: SY='X'; M=0; D=-1 ; 
MA   /M: SY='G';M=1,-5,0,0,-5,1,-2,-1,-2,-3,-2,0,0, -1,-2,0,0,-1,-8,-6; 
MA   /M: SY='G';M=1,-6,3,3,-7,3,0,-4,-1,-5,-4,2,-1, 1,-2,1,0,-3,-10,-6; 
MA   /M: SY=' W';M=-9,-12,-9,-11,1,-11,-4,-8,-5,-3,-6,-6,-8,-7,3,- 4,-8,-9,26,0; 
MA   /M: SY=' W';M=-7,-9,-9,-9,0,-9,-4,-5,-5,-1,-4,-6,-7,-6,2,-3,- 6,-6,18,-1; 
MA   /M: SY=' K';M=-1,-7,0,0,-3,-2,0,-2,2,-3,-1,1,-1,1,2,0,-1,-3,- 5,-5; 
MA   /M: SY=' G';M=2,-3,0,-1,-6,3,-3,-2,-3,-4,-3,0,0,-2,-3,1,0,0,- 10,-6; 
MA   /M: SY=' Q';M=-2,-6,0,0,-3,-3,1,-2,0,-2,-1,0,-2,1,1,-1,-1,-3, -5,-3; 
MA   /M: SY=' T';M=0,-4,-1,-1,-4,0,-2,0,-1,-2,0,0,-1,-1,-1,0,1,0,- 7,-5; 
MA   /M: SY=' T';M=0,-5,0,0,-3,-1,-1,-1,1,-3,-1,1,-1,0,0,1,1,-1,-6 ,-4; 
MA   /M: SY=' G';M=0,-5,0,-1,-5,3,-2,-3,-1,-5,-3,0,-1,-1,-1,1,0,-2 ,-7,-6; 
 Sequence profile search

Prosite and Pfam collections of motifs http://hits.isb-sib.ch/cgi-bin/PFSCAN;
CRBM collection of protein repeats: http://bioinfo.montp.cnrs.fr



 

A 
 
 ������������                  ������������                ����������������������������������������������������    ����������������������������������������  
 ↑          ↑                  ↑          ↑                 ↑                                                      ↑   ↑                                          ↑ 
 4       129             362     488           700                                          1304 1366                             1822  
 

B           
         inside helix                                                           outside helix 
 
  1    I DCRDQLERVFLRLGHA ------ETDEQ LQNI ----- I SKFLPPVLLKL SSTQ 
  2   EG VRKKVMELLVHLNKR --------- I KSRPK----- I QLPVETLLVQY QDPAAVS 
  3   FVTNFTII YVKMGYPRL --------P VEKQCEL----  APTLLTAMEGKP QPQQ  129-362  
  4   SK LRTLSLQFVHHI CI T ------CPE I KI KPL-----  GPMLLNGLTKLI  NEY 
  5   KEDPK LLSMAYSAVGKL ------SSR MPHLFTK---- D IALV QQLFEAL CKEE 
  6   PETR LAI QEALSMMVGA ------YST LEGA-------  QRTLMEALVASY LI KPE  488-700  
  7   EE MRELAALFYSVVVST --------- VSGNE------ LKSMIEQLI KTT KDNHS 
  8   PE I QHGSLLALGFTVGR –-Y LAKKKMRMSEQQDLER- N ADTLPDQEELI  QSATETI GSFLDSTS 
  9   P LLAIAA CTALGEI GRN -----GP LPI PSEGSGFT-- K LHLVESLLSRI  PSSKET 
 10   NK MKERAI QTLGYFPVG --------DGD FPH------ QK LLLQGLMDSV EAKQI ELQ 
 11   FTI GEAI TSAAI GTSSV AARDAWQMTEEEYTPPAGAK VNDVVPWVLDVI  LNKHII SPN 
 12   PH VRQAACIWLLSLVRK ------ LSTHKEVKSH---- LKEI QSAFVSVL SEN 
 13   DE LSQDVASKGLGLVYE ------ LGNEQDQQEL----  VSTLVETLMTGK RVKH 
 14   E VSGETVVFQGGALGKT -----PDGQG LSTYKE---- LCSLASDLSQPD LVYKFMNLANHHAM 
 15   WNSRKGAAFGFNVIA TR –------ AGEQLAPF-----  LPQLVPRLYRYQ FDPN 
 16   LGI RQAMTSIWNALVTD ------- KSMVDKY------  LKEIL QDLVKNL TSNM 

New HEAT-like repeat motifs in proteins regulating proteasome structure and function 

Nuclear proteasome activator Blm10 (PA200)                                       Ecm29

A 
 
��������������������������������������������������������  ������������  ����������������           ����������������        ��������������������    
↑                                                              ↑           ↑                                   ↑                   ↑           ↑            ↑                     ↑ 
77                                                    626       735                         1049           1275     1394     1532             1754 
 

���� - PA         ���� - ARM-like    ���� - HEAT-like 1  ���� - HEAT-like 2 
 

B               inside helix                                                        outside helix 
    
PA-1   QG FARLLI NLLKKKEL LSRDDL------E LP WRPLYDLVERIL YS KTEHLRLNS 
PA-2   NS I ENVLKTLVKSCRP YF---------P ADS TAEMLEEWRPLMCP FD 
PA-3   VTMQKAI SYFEIFL PT S LPP-ELHHKGFKLW FDELI GLWVSVQNL PQWE 
PA-4   GQ LVNLFARLATDNI G YI --------D WDPY VPKIF TRIL RSLNL PVGSSQVLV259-284  
PA-5’                            LVQKHL AGLFNSI TSFYHPS NN 
PA-5’  GR WLNKLMKLLQRLPN SVV326-371  
PA-6   TGS LEAAQALQNLALM RPEL---------- V VPPVLERTYPALET LTEP 
PA-7   HQ LTATLNCVI GVARS LVSR-SKWFPEGLTH MPPLLMRALPGVDP 
PA-8   ND FSKCMITFQFI GTF ST------------- LVPLVDCSSVLQER NDLTEI E 
PA-9   KE LCSATAGFEDFVLQ FM-----------DR C FGLI ESSTLEQTR EETETEKMTHLE 
PA-10  S LVELGLSSTFSTIL T QCSKD--------- I  FMVALQKVFNFSVS H IF ET 
PA- 11  RAAGRMVADMCRAAVK CCPEES----- LKLF VPHCCGVI TQLTMN DDVLNE627-734  

 16   LGI RQAMTSIWNALVTD ------- KSMVDKY------  LKEIL QDLVKNL TSNM 
 17   WRVRESSCLALNDLLRG ------RP LDDII DK----- LPEIWETLFRVQ DDI K 
 18   ES VRKAAELALKTLSKV ---C VKMCDPAKGAAGQRT- IAALL PCLLDKG MMSTV 
 19   TE VRALSI NTLVKI SKS –----- AGAMLKPH------ APKLI PALLESL SVLEP  1304-1366  
 20   LGTKGGCASVIV SLTTQ ------CPQD LTPY------ SGK LMSALLSGL TDRN 
 21   S VI QKSCAFAMGHLVRT --------SRDSS------- TEK LLQKLNGWY MEKEE 
 22   P I YKTSCALTI HAI GRY -------SPD VLKNH----- AKEVLPLAFLGM HEIA DE 
 23   EKSEKEECN LWTEVWQE –----N VPGSFGGI RLY--- LQELI TI TQKAL QSQS 
 24   WKMKAQGAIAMASIA KQ -------TSS LVPPY----- LGMILTALLQGL AGRT 
 25   WAGKEELLKAIA CVVTA –----CS AELEKSVPNQPS- TNEIL QAVLKEC SKEN 
 26   VKYKIVAI SCAADIL KA -------TKEDR FQE----- FSNIVI PLI KKN SLESSGVRTTKNEEENEKE 
 27   KE LQLEYLLGAFESLGK ------ AWPRNAETQRCY—- RQELCKLMCERL KLST 
 28   WKVQLGVLQSMNAFFQG ------ LMLLEEEHAD---- PE ALAEILL ETC KSI TYSLENKTY 
 29   SS VRTEALSVI ELLLKK –--- LEESKQWECLTSEC-- R VLLI ESLATME PDSR  
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and A. C. Steven (2004) J. Struct. Biol. 146,425

PA- 11  RAAGRMVADMCRAAVK CCPEES----- LKLF VPHCCGVI TQLTMN DDVLNE  
PA-12  EE VSFAFYLLDSFLQP ELI ------------ K LQCCGDGELEMSR DDIL QSL 
PA-13  T IV HSCLI GSGNLLPP LKG-------E AVTN LVPSMVSLEETKLY TGLEHDLSRENYR 
PA-14  E VIA SVI RKLLSHIL D NSE----------DD TKS LFLII KII GDL LHFQ865-893  
PA-15  QH I RALLI DRVMLQHE LRTL-T VEGCEYKKI  HQDMIRDLLRLSTS SYSQVR 
PA-16  NK AQQTFFAALGAYNF CC-----------RD II PLVLEFLRPDRK DVTQ 
PA-17  QQ FKGALYCLLGNHSG VCLANLHDWDCIV QT WPALVSSGLSQAMS LEK 
PA-18’ PS IV RLFDDLAEKI HR QYETI   
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Visualisation des résultats du module pfscan



From sequence to 3D structureFrom sequence to 3D structure



IS A PROTEIN WITH REPEATS 
STRUCTURED OR UNSTRUCTURED?

Structured Unstructured



Protein tandem repeats: 

the more perfect the less structured

Psim =0.7-0.8 Psim =0.8-0.9 Psim =0.9-1

ID Ratio – VSL2 80.4% 88.6% 88.9%ID Ratio – VSL2 80.4% 88.6% 88.9%

ID Ratio – IUpred 56.0% 62.7% 67.2%

ID Ratio – FoldIndex 62.4% 68.6% 70.3%

ID Ratio – TopIDP 85.6% 88.8% 91.1%

Jorda et al. FEBS Journal 2010. 



Polypeptide 
with tandem repeats

IS A PROTEIN WITH REPEATS STRUCTURED OR UNSTRUCTURED?

Unstructured

3D structure ?



protein_human VKVSAHGALSI DSMTALGAI GVQAGGSVSAKDMRSRGAVTVSG.GAVN 
protein_rat  VHLNAHGALTI KTMYSGNHI SVQAGSHVSAREMHQSAFVTVHCAGSVN 
protein_yeast  VKVSFQSSLSI DSMTALGAI GVVSSGSVDAKDMRSRGAVWVSG.GAVK 
 
LGDVQSDGQ.VRATSAGAMTVRDVAAADPDGNKKPLALQAGDALQAGFLKSAGAGPPPDQM… 
LGDVQSWGQFVHASDGFCMTVRDVSYRDGDPNRYTLGLQAGHALQAYYLRSSSAA..N DQM… 
LAAVNNDGQ.VRATSAGAMCVWDVAAQDPDGNKKPLALSSGDGLKAGFLKSAGAGPPPDLM… 
 
 

Distinguishing between structural and functional residue conservations

protein_human



Analysis and Classification

of the known 3D protein

structures



Analysis and Classification

of the known 3D protein
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Filamentous Haemagglutinin adhesin

major virulance factor of Bordatella pertussis,

etiological agent of whooping cough

Makhov, Hannah, Brennan, Trus, Kocsis, Conway, Wingfield, Simon, Steven  J.Mol.Biol. (1994) 241, 110

Rod-like shape
50 x 4 nm

EM
negatively stained



N-domain                        Repeats                                 C-domain

19-residue repeats

4 nm

~50 nm

Filamentous Haemagglutinin adhesin (FHA) of Bordetella pertussis

2165 residues sequence

Makhov, Hannah, Brennan, Trus, Kocsis, Conway, Wingfield, Simon, Steven  J.Mol.Biol. (1994) 241, 110

4 nm

Rod-like shape according to EM

β-structural protein
according to circular dichroism spectroscopy mesurements



WHAT CAN REPEAT LENGTH TELL US ABOUT ITS STRUCTURE? 
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A.V. Kajava  (2001) J. Struct. Biology, 134:132-144

 
 

       
  
  

 
 
  

 
 

  

   
 

A.V. Kajava (2001) J. Struct. Biol. 134:132



Pectate lyase C

P.69 pertactin

Stabilizer of iron transporter SufD
Cyclase-associated protein

MfpA inhibitor of DNA gyrase

The known structures of β-solenoid proteins

1HM9

Tailspike 
endorhamnosidaseMinC 

cell division 
inhibitor

Glutamate synthasePrtC protease C
N-acetyl-glucosamine

1-phosphate uridyltransferase

Antifreeze protein MfpA inhibitor of DNA gyrase

YadA adhesin

Antifreeze protein

Kajava and Steven (2006) Advances in Protein Chemistry, 73, 55-96



O-type T-type

Classification of beta-solenoids

Cross-sectional shapes

O-type

R-type                                B-type                                  L-type

T-type

Kajava and Steven (2006) Advances in Protein Chemistry, 73, 55-96



Repeat 1  V N V A G G G A V K I  A S A S S V G -  N 
Repeat 2 L A V Q A G G K V Q A T L L N A G G - T  

Repeat 3 L L V S A R Q S V Q L G A L S A R Q - A  

Repeat 4 
 

L S V N A G G A L K A D K L S A T G S R  

consensus 
 

L x V x A G G x V x L x x L x A x G - x 
 

 

positions 1   3   5   7   9  11  13  15  17    19  

 
 
 
 
 
 

 
 
 
 

 
 
 
 
 

2D plot

 
 

 3D structure



Kajava A, Cheng N,  Kessel M, Simon M, Willery E, Jacob-Dubuisson,  F, 
Locht C, Steven AC. Mol Microbiol. 2001; 42(2):279



Clantin, Hodak, Willery, 
Locht, Jocob-Dubuisson and 
Villeret PNAS 2004; 101: 
6194

Kajava A, Cheng N,  Kessel M, Simon M, Willery E, Jacob-Dubuisson,  F, 
Locht C, Steven AC. Mol Microbiol. 2001; 42(2):279



Model
(Kajava et al., 2001)

Crystal structure
(Clintin et al., 2004

318367
443

397

RMS deviation of Cαatoms is 1.1 Å
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 ������������                  ������������                ����������������������������������������������������    ����������������������������������������  
 ↑          ↑                  ↑          ↑                 ↑                                                      ↑   ↑                                          ↑ 
 4       129             362     488           700                                          1304 1366                             1822  
 

B           
         inside helix                                                           outside helix 
 
  1    I DCRDQLERVFLRLGHA ------ETDEQ LQNI ----- I SKFLPPVLLKL SSTQ 
  2   EG VRKKVMELLVHLNKR --------- I KSRPK----- I QLPVETLLVQY QDPAAVS 
  3   FVTNFTII YVKMGYPRL --------P VEKQCEL----  APTLLTAMEGKP QPQQ  129-362  
  4   SK LRTLSLQFVHHI CI T ------CPE I KI KPL-----  GPMLLNGLTKLI  NEY 
  5   KEDPK LLSMAYSAVGKL ------SSR MPHLFTK---- D IALV QQLFEAL CKEE 
  6   PETR LAI QEALSMMVGA ------YST LEGA-------  QRTLMEALVASY LI KPE  488-700  
  7   EE MRELAALFYSVVVST --------- VSGNE------ LKSMIEQLI KTT KDNHS 
  8   PE I QHGSLLALGFTVGR –-Y LAKKKMRMSEQQDLER- N ADTLPDQEELI  QSATETI GSFLDSTS 
  9   P LLAIAA CTALGEI GRN -----GP LPI PSEGSGFT-- K LHLVESLLSRI  PSSKET 
 10   NK MKERAI QTLGYFPVG --------DGD FPH------ QK LLLQGLMDSV EAKQI ELQ 
 11   FTI GEAI TSAAI GTSSV AARDAWQMTEEEYTPPAGAK VNDVVPWVLDVI  LNKHII SPN 
 12   PH VRQAACIWLLSLVRK ------ LSTHKEVKSH---- LKEI QSAFVSVL SEN 
 13   DE LSQDVASKGLGLVYE ------ LGNEQDQQEL----  VSTLVETLMTGK RVKH 
 14   E VSGETVVFQGGALGKT -----PDGQG LSTYKE---- LCSLASDLSQPD LVYKFMNLANHHAM 
 15   WNSRKGAAFGFNVIA TR –------ AGEQLAPF-----  LPQLVPRLYRYQ FDPN 
 16   LGI RQAMTSIWNALVTD ------- KSMVDKY------  LKEIL QDLVKNL TSNM 

New HEAT-like repeat motifs in proteins regulating proteasome structure and function 

Nuclear proteasome activator Blm10 (PA200)                                       Ecm29

A 
 
��������������������������������������������������������  ������������  ����������������           ����������������        ��������������������    
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B               inside helix                                                        outside helix 
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PA-2   NS I ENVLKTLVKSCRP YF---------P ADS TAEMLEEWRPLMCP FD 
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PA-4   GQ LVNLFARLATDNI G YI --------D WDPY VPKIF TRIL RSLNL PVGSSQVLV259-284  
PA-5’                            LVQKHL AGLFNSI TSFYHPS NN 
PA-5’  GR WLNKLMKLLQRLPN SVV326-371  
PA-6   TGS LEAAQALQNLALM RPEL---------- V VPPVLERTYPALET LTEP 
PA-7   HQ LTATLNCVI GVARS LVSR-SKWFPEGLTH MPPLLMRALPGVDP 
PA-8   ND FSKCMITFQFI GTF ST------------- LVPLVDCSSVLQER NDLTEI E 
PA-9   KE LCSATAGFEDFVLQ FM-----------DR C FGLI ESSTLEQTR EETETEKMTHLE 
PA-10  S LVELGLSSTFSTIL T QCSKD--------- I  FMVALQKVFNFSVS H IF ET 
PA- 11  RAAGRMVADMCRAAVK CCPEES----- LKLF VPHCCGVI TQLTMN DDVLNE627-734  

 16   LGI RQAMTSIWNALVTD ------- KSMVDKY------  LKEIL QDLVKNL TSNM 
 17   WRVRESSCLALNDLLRG ------RP LDDII DK----- LPEIWETLFRVQ DDI K 
 18   ES VRKAAELALKTLSKV ---C VKMCDPAKGAAGQRT- IAALL PCLLDKG MMSTV 
 19   TE VRALSI NTLVKI SKS –----- AGAMLKPH------ APKLI PALLESL SVLEP  1304-1366  
 20   LGTKGGCASVIV SLTTQ ------CPQD LTPY------ SGK LMSALLSGL TDRN 
 21   S VI QKSCAFAMGHLVRT --------SRDSS------- TEK LLQKLNGWY MEKEE 
 22   P I YKTSCALTI HAI GRY -------SPD VLKNH----- AKEVLPLAFLGM HEIA DE 
 23   EKSEKEECN LWTEVWQE –----N VPGSFGGI RLY--- LQELI TI TQKAL QSQS 
 24   WKMKAQGAIAMASIA KQ -------TSS LVPPY----- LGMILTALLQGL AGRT 
 25   WAGKEELLKAIA CVVTA –----CS AELEKSVPNQPS- TNEIL QAVLKEC SKEN 
 26   VKYKIVAI SCAADIL KA -------TKEDR FQE----- FSNIVI PLI KKN SLESSGVRTTKNEEENEKE 
 27   KE LQLEYLLGAFESLGK ------ AWPRNAETQRCY—- RQELCKLMCERL KLST 
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Kajava, A.V., Gorbea, C., Ortega, J., Rechsteiner M. 
and A. C. Steven (2004) J. Struct. Biol. 146,425

PA- 11  RAAGRMVADMCRAAVK CCPEES----- LKLF VPHCCGVI TQLTMN DDVLNE  
PA-12  EE VSFAFYLLDSFLQP ELI ------------ K LQCCGDGELEMSR DDIL QSL 
PA-13  T IV HSCLI GSGNLLPP LKG-------E AVTN LVPSMVSLEETKLY TGLEHDLSRENYR 
PA-14  E VIA SVI RKLLSHIL D NSE----------DD TKS LFLII KII GDL LHFQ865-893  
PA-15  QH I RALLI DRVMLQHE LRTL-T VEGCEYKKI  HQDMIRDLLRLSTS SYSQVR 
PA-16  NK AQQTFFAALGAYNF CC-----------RD II PLVLEFLRPDRK DVTQ 
PA-17  QQ FKGALYCLLGNHSG VCLANLHDWDCIV QT WPALVSSGLSQAMS LEK 
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Twisted and curved Curved                               Twisted



Twisted and 
Curved

Blm10–20 S Proteasome
Iwanczyk, Sadre-Bazzaz, Ferrell, 
Kondrashkina, Formosa, Hill and Ortega
J. Mol. Biol. (2006) 363, 648–659

PA200 activator- 20S proteasome
Ortega, Heymann, Kajava, Ustrell, Rechsteiner & 
Steven (2005). J. Mol. Biol. 346, 1221–1227.
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HYBRID APPROACHES TO OBTAIN 3D STRUCTURE

Bioinformatics analysis, structural prediction,
molecular modeling

Incomplete experimental structural data
(EM, CD, etc)  

3D structure
It is possible to get 

a reliable 3D structural model
based on sequence analysis!



Functions
of proteins with repeatsof proteins with repeats



Protein-protein interactions

Rab geranylgeranyl transferase (LRR)

Anaphase-promoting complex (TPR)

Cleavage Stimulatory Factor  (HAT repeats)

Large dimension 
and surface 



Building blocks for open-work lattices

Clathrin 
Involucrin 

Structural proteins (silk, collagen, etc)

Adopted from Nature Reviews Molecular Cell Biology
1; 187-198 (2000)

Involucrin 
(cell envelope)



Multivalent binding

Karyopherin alpha
and nuclear localization signal
(Conti et al., Cell, Vol 94, 193-204)

Bacterial outer surface
proteins (pertactin, FHA)



Adaptive immune system: the variable 
lymphocyte receptors of jawless vertebrates.
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