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Proteins with tandem repeats

only ~ 2% of known 3D structures

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

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
without X-ray, NMR data and the known

structures of homologous proteins!



Leucine-rich repeat proteins 

Kajava et al., (1995) Structure, 3, 863

Kajava (1998) J.Mol.Biol. 277,519

-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

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

Prédiction et modélisation de protéines à séquences répétitives



Model

(Kajava et al., 2001)

Crystal structure

(Clintin et al., 2004

318367
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397

RMS deviation of C atoms is 1.1 Å



Structured Unstructured

3D structure 

IS A PROTEIN WITH REPEATS

STRUCTURED OR UNSTRUCTURED?



Tandem repeat regions in proteins: 

the more perfect the less structured

Jorda  Xue, Uversky and  Kajava (2010)   FEBS J 277:2673–2682

JOBIM, see Poster 73:  Jorda et al.
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Repeat detection in protein sequences 

Self-alignment algorithms

REPRO 
George RA. and Heringa J. (2000) Trends Biochem. Sci. 25, 515 

http://mathbio.nimr.mrc.ac.uk/~rgeorge/repro/

RADAR
Heger A, Holm L. (2000) Proteins 2000 Nov 1;41(2):224-237 

http://www.ebi.ac.uk/Radar/

Internal Repeat Finder 
Marcotte EM, Pellegrini M, Yeates TO, Eisenberg D. (1999) J Mol Biol 293, 151

http://www.doe-mbi.ucla.edu/Services/Repeats/

Short string extension algorithm

XSTREAM
Newman and Cooper, 2007

Estimation of edit distance between strings

TRED 
Sokol et al. 2007 

http://mathbio.nimr.mrc.ac.uk/~rgeorge/repro/
http://www.ebi.ac.uk/Radar/
http://www.doe-mbi.ucla.edu/Services/Repeats/
http://www.doe-mbi.ucla.edu/Services/Repeats/
http://www.doe-mbi.ucla.edu/Services/Repeats/


Protein Repeat DataBase (PRDB)

http://bioinfo.montp.cnrs.fr /?r=repeatDB

Jorda and  Kajava (2009) 

Bioinformatics 25:2632.

JOBIM, see Poster 73:  Jorda et al.



Generalized sequence profiles

HMMs.



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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 4       129             362     488           700                                          1304 1366                             1822  
 

B           
         inside helix                                                           outside helix 
 

  1   IDCRDQLERVFLRLGHA ------ETDEQLQNI----- ISKFLPPVLLKL SSTQ 

  2   EGVRKKVMELLVHLNKR ---------IKSRPK----- IQLPVETLLVQY QDPAAVS 

  3   FVTNFTIIYVKMGYPRL --------PVEKQCEL---- APTLLTAMEGKP QPQQ  
129-362

 

  4   SKLRTLSLQFVHHICIT ------CPEIKIKPL----- GPMLLNGLTKLI NEY 

  5   KEDPKLLSMAYSAVGKL ------SSRMPHLFTK---- DIALVQQLFEAL CKEE 

  6   PETRLAIQEALSMMVGA ------YSTLEGA------- QRTLMEALVASY LIKPE  
488-700

 

  7   EEMRELAALFYSVVVST ---------VSGNE------ LKSMIEQLIKTT KDNHS 

  8   PEIQHGSLLALGFTVGR –-YLAKKKMRMSEQQDLER- NADTLPDQEELI QSATETIGSFLDSTS 

  9   PLLAIAACTALGEIGRN -----GPLPIPSEGSGFT-- KLHLVESLLSRI PSSKET 

 10   NKMKERAIQTLGYFPVG --------DGDFPH------ QKLLLQGLMDSV EAKQIELQ 

 11   FTIGEAITSAAIGTSSV AARDAWQMTEEEYTPPAGAK VNDVVPWVLDVI LNKHIISPN 

 12   PHVRQAACIWLLSLVRK ------LSTHKEVKSH---- LKEIQSAFVSVL SEN 

 13   DELSQDVASKGLGLVYE ------LGNEQDQQEL---- VSTLVETLMTGK RVKH 

 14   EVSGETVVFQGGALGKT -----PDGQGLSTYKE---- LCSLASDLSQPD LVYKFMNLANHHAM 

 15   WNSRKGAAFGFNVIATR –------AGEQLAPF----- LPQLVPRLYRYQ FDPN 

 16   LGIRQAMTSIWNALVTD -------KSMVDKY------ LKEILQDLVKNL TSNM 

 17   WRVRESSCLALNDLLRG ------RPLDDIIDK----- LPEIWETLFRVQ DDIK 

 18   ESVRKAAELALKTLSKV ---CVKMCDPAKGAAGQRT- IAALLPCLLDKG MMSTV 

 19   TEVRALSINTLVKISKS –-----AGAMLKPH------ APKLIPALLESL SVLEP  
1304-1366

 

 20   LGTKGGCASVIVSLTTQ ------CPQDLTPY------ SGKLMSALLSGL TDRN 

 21   SVIQKSCAFAMGHLVRT --------SRDSS------- TEKLLQKLNGWY MEKEE 

 22   PIYKTSCALTIHAIGRY -------SPDVLKNH----- AKEVLPLAFLGM HEIADE 

 23   EKSEKEECNLWTEVWQE –----NVPGSFGGIRLY--- LQELITITQKAL QSQS 

 24   WKMKAQGAIAMASIAKQ -------TSSLVPPY----- LGMILTALLQGL AGRT 

 25   WAGKEELLKAIACVVTA –----CSAELEKSVPNQPS- TNEILQAVLKEC SKEN 

 26   VKYKIVAISCAADILKA -------TKEDRFQE----- FSNIVIPLIKKN SLESSGVRTTKNEEENEKE 

 27   KELQLEYLLGAFESLGK ------AWPRNAETQRCY—- RQELCKLMCERL KLST 

 28   WKVQLGVLQSMNAFFQG ------LMLLEEEHAD---- PEALAEILLETC KSITYSLENKTY 

 29   SSVRTEALSVIELLLKK –---LEESKQWECLTSEC-- RVLLIESLATME PDSR  
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New HEAT-like repeat motifs in proteins regulating proteasome structure and function 

Nuclear proteasome activator Blm10 (PA200)                                       Ecm29

Kajava, A.V., Gorbea, C., Ortega, J., Rechsteiner M. 

and A. C. Steven (2004) J. Struct. Biol. 146,425
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77                                                    626       735                         1049           1275     1394     1532             1754 
 

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

B               inside helix                                                        outside helix 
    

PA-1   QGFARLLINLLKKKEL LSRDDL------ELP WRPLYDLVERILYS KTEHLRLNS 

PA-2   NSIENVLKTLVKSCRP YF---------PADS TAEMLEEWRPLMCP FD 

PA-3   VTMQKAISYFEIFLPT SLPP-ELHHKGFKLW FDELIGLWVSVQNL PQWE 

PA-4   GQLVNLFARLATDNIG YI--------DWDPY VPKIFTRILRSLNL PVGSSQVLV259-284 

PA-5’                            LVQKHL AGLFNSITSFYHPS NN 

PA-5’  GRWLNKLMKLLQRLPN SVV326-371 

PA-6   TGSLEAAQALQNLALM RPEL----------V VPPVLERTYPALET LTEP 

PA-7   HQLTATLNCVIGVARS LVSR-SKWFPEGLTH MPPLLMRALPGVDP 

PA-8   NDFSKCMITFQFIGTF ST------------- LVPLVDCSSVLQER NDLTEIE 

PA-9   KELCSATAGFEDFVLQ FM-----------DR CFGLIESSTLEQTR EETETEKMTHLE 

PA-10  SLVELGLSSTFSTILT QCSKD---------I FMVALQKVFNFSVS HIFET 

PA-11  RAAGRMVADMCRAAVK CCPEES-----LKLF VPHCCGVITQLTMN DDVLNE627-734 

PA-12  EEVSFAFYLLDSFLQP ELI------------ KLQCCGDGELEMSR DDILQSL 

PA-13  TIVHSCLIGSGNLLPP LKG-------EAVTN LVPSMVSLEETKLY TGLEHDLSRENYR 

PA-14  EVIASVIRKLLSHILD NSE----------DD TKSLFLIIKIIGDL LHFQ865-893 

PA-15  QHIRALLIDRVMLQHE LRTL-TVEGCEYKKI HQDMIRDLLRLSTS SYSQVR 

PA-16  NKAQQTFFAALGAYNF CC-----------RD IIPLVLEFLRPDRK DVTQ 

PA-17  QQFKGALYCLLGNHSG VCLANLHDWDCIVQT WPALVSSGLSQAMS LEK 

PA-18’ PSIVRLFDDLAEKIHR QYETI  
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PA     ●●●·●●●·●●·●·●·· --------------- ●·●●●·●●·●●·●●  

 
HEAT   ·●●R··●●●●●●·●·●·-●------------- ·●·●●●●●●p·●·●●●●D  

 
ARM    ·●●●●··●·●●●●●· --------------●··●·●●···gg●●·●●●●●●    

 

C                     inside helix 

        
               outside helix 

D 

 
 



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.

Twisted and 

Curved



March, 2010



COLLABORATORS

Julien JORDA, CRBM, Montpellier

Jerome Hennetin, CRBM, Montpellier

Berangere Jullian CRBM, Montpellier

Bostjan Kobe, University of Queensland Brisbane,  Australia

John M. Squire, Imperial College London, UK

David  Parry, Massey University, New Zealand

G. Corradin University of Lausanne, Switzerland

S. Potekhin, Institute of Protein Research, Russia

Alasdair Steven NIAMS, NIH, USA 

James Hurley, NIDDK, NIH, USA 

Aitor Hierro CIC bioGUNE, Bilbao, Spain 



Proteins with tandem repeats

Structural prediction

Analysis and Classification of the
known 3D protein structures

Identification of protein repeats

Experimental tests

Evolution of proteins with repeats

Applications in medicine, material science and nanotechnologies



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

 

 

 

 

     
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

       
  

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 
 

 

  

   
 

Solenoid proteins Kobe and  Kajava  (2000) Trends Biochem. Sci. 25:509.

LRR proteins Kobe and Kajava (2001) Current Opinion in Structural Biology 11:725.

Beta-solenoid proteins Kajava and Steven (2006) Advances in Protein Chemistry 73:55.
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protein_human VKVSAHGALSIDSMTALGAIGVQAGGSVSAKDMRSRGAVTVSG.GAVN 

protein_rat VHLNAHGALTIKTMYSGNHISVQAGSHVSAREMHQSAFVTVHCAGSVN 

protein_yeast VKVSFQSSLSIDSMTALGAIGVVSSGSVDAKDMRSRGAVWVSG.GAVK 

 

LGDVQSDGQ.VRATSAGAMTVRDVAAADPDGNKKPLALQAGDALQAGFLKSAGAGPPPDQM… 

LGDVQSWGQFVHASDGFCMTVRDVSYRDGDPNRYTLGLQAGHALQAYYLRSSSAA..NDQM… 

LAAVNNDGQ.VRATSAGAMCVWDVAAQDPDGNKKPLALSSGDGLKAGFLKSAGAGPPPDLM… 

 

 

protein_human

Distinguishing between structural and functional residue conservations



 GILLENPAAELQFRNGSVTSSGQLSDDGIRRFLG 

    TVTVKAGKLVADHATLANVGDTWDDDGI 

      ALYVAGEQAQASIADSTLQGAG 

       GVQIERGANVTVQRSAIVDG 

GLHIGALQSLQPEDLPPSRVVLRDTNVTAVPASGAPA 

     AVSVLGASELTLDGGHITGGRAA 

GVAAMQGAVVHLQRATIRRGDAPAGGAVPGGAVPGGAVPGGFGPGGFGPVLDGWY 

    GVDVSGSSVELAQSIVEAPELGA 

    AIRVGRGARVTVSGGSLSAPHGN 

VIETGGARRFAPQAAPLSITLQAGAHAQGKA 

      LLYRVLPEPVKLTLTGGADAQG 

   DIVATELPSIPGTSIGPLDVALASQARWTG 

 

Pertactin from Bordetella pertussis





Structured Unstructured

3D structure ?

IS A PROTEIN WITH REPEATS

STRUCTURED OR UNSTRUCTURED?



GILLENP----------AAELQFRN-GSVTS-SGQLSDDGIRRFLG 

TVTVKA------------GKLVADH-ATLAN-VGDTWDDDGI 

ALYVAGEQ----------AQASIAD-STLQG-AG 

GVQIERG-----------ANVTVQR-SAIV-DG 

GLHIGALQSLQPEDLPP-SRVVLRD-TNVTA-VPASGAPA 

AVSVLGA-----------SELTLDG-GHITG-GRAA 

GVAAMQG-----------AVVHLQR-ATIR-RGDAPAGGAVPGGAVPGGAVPGGFGPGGFGPVLDGWY 

GVDVSG------------SSVELAQ-SIVEA-PELGA 

AIRVGRG-----------ARVTVSG-GSLSA-PHGN 

VIETGGARRFAPQAAP--LSITLQAGAHA-QGKA 

LLYRVLPEP---------VKLTLTGGADA-QG 

DIVATELPSIPGTSIGP-LDVALASQARW-TG 

●●x●xxx-----------●x●x●xx-●x●-xx 

Pertactin from Bordetella pertussis

a

b

c

d

e
f

g

a b               c d e   f g

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



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



 ***   **        * *      ** * *   *** 

GITLENPSS-------AAELQFRN-GSVTNSGQLSDGI 

TITLKATSS--------AKLVADH-ASVANVGQTWDGI 

 



 ***   **        * *      ** * *   *** 

GITLENPSS-------AAELQFRN-GSVTNSGQLSDGI 

TITLKATSS--------AKLVADH-ASVANVGQTWDGI 

 

MA   /GENERAL_SPEC: ALPHABET='ACDEFGHIKLMNPQRSTVWY'; 

MA   /DISJOINT: DEFINITION=PROTECT; N1=1; N2=43; 

MA   /NORMALIZATION: MODE=1; FUNCTION=GLE_ZSCORE; R1=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='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; 

 



 ***   **        * *      ** * *   *** 

GITLENPSS-------AAELQFRN-GSVTNSGQLSDGI 

TITLKATSS--------AKLVADH-ASVANVGQTWDGI 

ALYVAGEQ---------AQASIAD-STLQGAG 

GVQIERG----------ANVTVQR-SAIVDG 

GLHIGALQSLQPEDLPPSRVVLRD-TNVTAVPASGAPA 

AVSVLGA----------SELTLDG-GHITGGRAA 

GVAAMQG----------AVVHLQR-ATIRRGDAPAGG 

GVDVSG-----------SSVELAQ-SIVEAPELGA 

AIRVGRG----------ARVTVSG-GSLSAPHGN 

VIETGGARRFAPQAAP-LSITLQAGAHAQGKA 

LLYRVLPEP--------VKLTLTGGADAQG 

DIVATELPSIPGTSIGPLDVALASQARWTG 

 

MA   /GENERAL_SPEC: ALPHABET='ACDEFGHIKLMNPQRSTVWY'; 

MA   /DISJOINT: DEFINITION=PROTECT; N1=1; N2=43; 

MA   /NORMALIZATION: MODE=1; FUNCTION=GLE_ZSCORE; R1=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='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

http://hits.isb-sib.ch/cgi-bin/PFSCAN
http://hits.isb-sib.ch/cgi-bin/PFSCAN
http://hits.isb-sib.ch/cgi-bin/PFSCAN
http://hits.isb-sib.ch/cgi-bin/PFSCAN
http://hits.isb-sib.ch/cgi-bin/PFSCAN


Twisted and curved Curved                               Twisted

?



Large subunits of 

19S activator of proteasome





 

 

 

 

 

 

 

 

 

 

 

 

 

  
 

 

 

 

 

 

             

 

 
 

 

 
 

RPN2_YEAST (residues 309-712) 
 

                         IDIGLLNKSKSSLDGK 

1* FSLFHTAVSVANGFMHAGTTDNSFIKANLPWLGKA 

2* QNWAKFTATASLGVIHKGN-- 

                        LLEGKKVMAPYLPGSRAS 

1  SRFIKGGSLYGLGLIYAGF--GRDTTDYLKNIIVENSGTSGDED 

2  VDVLLHGASLGIGLAAMGSA-NIEVYEALKEVLYND 

3  SATSGEAAALGMGLCMLGTGKPEAIHDMFTYSQETQ 

4  HGNITRGLAVGLALINYGR--QELADDLITKMLASD 

5  ESLLRYGGAFTIALAYAGTGNNSAVKRLLHVAVSDS 

6  NDDVRRAAVIALGFVLLRD--YTTVPRIVQLLSKSH 

7  NAHVRCGTAFALGIACAGKG-LQSAIDVLDPLTKDP 

8  VDFVRQAAMIALSMILIQQ--TEKLNPQVADINKNFLSVITNKHQ 

9  EGLAKFGACVAQGIMNAGGRN 

                                                                   

 

 

 

 

 

 

Molecular modelling of Rpn1 and Rpn2 subunits of eukaryotic proteasome



TTAAPLLALLRENQDSV--KTYALESINNVVDQLWSEIS 

NELPDIEALYDDDTFSD--REMAALIASKVYYNLGE 

YESAVKYALAAKDRFDI---DEKSQFVETIVSKSIEM 

YVQEASKQYTKDEQFYT--KDIIDPKLTSIFERMIEK 

CLKASELKLALGIALEGYRLDIIESALKSKLDQDSTS 

ENVKIINYLLTLAITTVTNSKFRSSILRKSFDFLMNMPN 

CDYLTLNKVVVNLNDAG----LALQLFKKLKEENDEG 

 

xOxxGAxLALGLOxxGx--xxxOxxOOxxOOxxxxx 

 

 

PC-repeat

RPN2_YEAST
945

RPN2_YEAST
993

Identification of new Rpn1 and Rpn2 repeats



Effantin G, Rosenzweig R, Glickman MH, Steven AC.

J Mol Biol. 2009 Mar 13;386(5):1204.
Alpha-helix from CD spectroscopy



TTAAPLLALLRENQDSV--KTYALESINNVVDQLWSEIS 

NELPDIEALYDDDTFSD--REMAALIASKVYYNLGE 

YESAVKYALAAKDRFDI---DEKSQFVETIVSKSIEM 

YVQEASKQYTKDEQFYT--KDIIDPKLTSIFERMIEK 

CLKASELKLALGIALEGYRLDIIESALKSKLDQDSTS 

ENVKIINYLLTLAITTVTNSKFRSSILRKSFDFLMNMPN 

CDYLTLNKVVVNLNDAG----LALQLFKKLKEENDEG 

 

xOxxGAxLALGLOxxGx--xxxOxxOOxxOOxxxxx 

 

 

PC-repeat

New Rpn2 repeats

RPN2_YEAST
945

RPN2_YEAST
993

Identification of new Rpn1 and Rpn2 repeats



Nickell S et al., Proc Natl Acad Sci U S A.

2009 106:11943

RPN2_YEAST
945

RPN2_YEAST
993



 

 

 

 

 

 

 

     

 

 

 

 

 

 

 

 

                                

 

Structural models of Rpn1 and Rpn2 subunits of eukaryotic proteasome  

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

Glickman et al., (1998) Cell, 94, 615 



Virulence proteins
adhesins

cytolysins

enzymes

Pathogenic Gram-negative bacteria
Neisseria meningitidis

Yersinia pestis
Pseudomonas aeruginosa
Haemophilis influenzae

Bordetella pertussis
Escherichia coli

FHA is a member of a large family of autotransporter proteins

(Over 1000 proteins)



Beta-solenoids are found in about 500 of 1000 

AT and TPS proteins

Kajava and Steven (2006)  J.Struct.Biol. 155,306. 



Tandem repeat regions in proteins: 

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 – 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 (in press). 



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



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

N-domain                        Repeats                                 C-domain

19-residue repeats

4 nm

~50 nm

Filamentous Haemagglutinin adhesin (FHA) of Bordetella pertussis

2165 residues sequence

Rod-like shape according to EM

-structural protein

according to circular dichroism spectroscopy mesurements



WHAT CAN REPEAT LENGTH TELL US ABOUT ITS STRUCTURE? 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 
 

            2      5                                                                     30                        40                                                    60 

                                                         Repeat length (amino acid residue) 
 

A.V. Kajava  (2001) J. Struct. Biology, 134:132-144 

 

 

 

 

     
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

       
  

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 
 

 

  

   
 

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



1HM9

Pectate lyase C

P.69 pertactin

Tailspike 

endorhamnosidaseMinC 

cell division 

inhibitor

Glutamate synthasePrtC protease C

N-acetyl-glucosamine

1-phosphate uridyltransferase

Stabilizer of iron transporter SufD
Cyclase-associated protein

Antifreeze protein MfpA inhibitor of DNA gyrase

YadA adhesin

Antifreeze protein

The known structures of -solenoid proteins

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



O-type

R-type                                B-type                                  L-type

T-type

Classification of beta-solenoids

Cross-sectional shapes

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 C atoms is 1.1 Å



Benchmark of T-REKS, INTREP, TRED and XSTREAM programs

executed on two databanks of protein sequences

TRIPS (893 sequences with tandem 

repeats)
SWISSPROT (342391 sequences)

Sequences 

identified*
Execution time Sequences identified* Execution time

T-REKS 1 889 2m 21324 5h50

INTREP 2 863 25m 19405** 22h20

TRED 3 866 4m 14499 16h10

XSTREAM 4 818 40s 19040 10m

Benchmark has been performed with a Personal Computer  Pentium 4  3.OO GHz and 2Gb of  RAM.

*Sometimes, the number of identified tandem repeats exceeds  the number of sequences due to ability of  programs

to find several  tandem repeats in the same sequence.

** INTREP results include both tandem and interspersed repeats.

1 T-REKS parameters K=10; P*sim= 0.65

2 Marcotte et al., 1999; 3 Sokol and Benson, 2007; 4 Newman and Cooper, 2007 

Jorda J and Kajava A.V. (2009) Bioinformatics. 25(20):2632-8.


