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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
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Structure

only ~ 2% of known 3D structures

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




HYBRID APPROACHES TO OBTAIN 3D STRUCTURE
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Bioinformatics analysis, structural prediction,
molecular modeling

It is possible to get
3D structure a reliable 3D structural model
without X-ray, NMR data and the known

structures of homologous proteins!

Incomplete experimental structural data
(EM, CD, etc)

(9



Prédiction et modélisation de protéines a séquences répétitives

Leucine-rich repeat proteins

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

o-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

Rpnl and Rpn2 subunits of eukaryotic
proteasome

Kajava (2002) J.Biol.Chem. 277, 49791
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Model Crystal structure
(Kajava et al., 2001) (Clintin et al., 2004

RMS deviation of C atoms is 1.1 A




IS APROTEIN WITH REPEATS

STRUCTURED OR UNSTRUCTURED?
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Structured 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.



Proteins with tandem repeats

v Identification of protein repeats

Experimental tests
Evolution of proteins with repeats

Applications in medicine, material science and nanotechnologies



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://lwww.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/

£ .:: BiSMM - Structural Bioinformatics and Molecular Modeling - Mozilla Firefox

Fichier  Edition Affichage  Historiqgue  Marque-pages  Outils 72

@ - far ULkt Abigingo, montp.cnrs. fr e =t-reks v - g~

[8] Les plus visites (50 A laune | ] .:: BISMM - Bioinforma... (& PubMed Home

[ 7] .:: BiSMM - Structural Bioinform...

Structural Bioinformatics and Molecular Modeling
CRBM-CNRS Montpellier

1l zE

Home Research Publications Tools People

T-Reks '{f

Tandem Repeats Explorer based on K-means algorithm in Sequences

Search in a file : | " Farcoutir.. Sequence type : ® protein © DNA
or Paste your sequences | Parcentage of similarity: 10,70 v|
Filter the overlapping repeats:

Protein Repeat DataBase (PRDB)
Research of repeats is requested: http://bioinfo.montp.cnrs.fr /?r=repeatDB

Fprotein

Length: 3 residues - nb: 3 from 7 to 21 - Psim:0.8 reg Jorda and Kajava (2009)
pex Bioinformatics 25:2632.
DEL
LEL

DDL JOBIM, see Poster 73: Jorda et al.
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New HEAT-like repeat motifs in proteins regulating proteasome structure and function

Nuclear proteasome activator BIm10 (PA200)

¢ -PA

B

PA-1
PA-2
PA-3
PA-4
PA-5'
PA-5'
PA-6
PA-7
PA-8
PA-9
PA-10
PA-11
PA-12
PA-13
PA-14
PA-15
PA-16
PA-17
PA-18’

1
626

T T
735 1049

T U
1275 1394

O - ARM-like M - HEAT-like 1 @ - HEAT-like 2

inside helix

QGFARLLINLLKKKEL|
NSIENVLKTLVKSCRP)
VTMQKAISYFEIEFLPT]
GQLVNLEFARLATDNIG

GRWLNKLMKLLQRI.PI
TGSLEAAQALQNLAL
HQLTATLNCVIGVARS]

SLVELGLSSTESTILT]
RAAGRMVADMCRAA

EVIASVIRKLLSHILD|
QHIRALLIDRVMLQHE]
NKAQQTFFAALGAYN
QQFKGALYCLLGNHS

PSIVRLEDDLAEKTIH!

LSRDDL--===~ ELP
S PADS
SLPP-ELHHKGFKLW
¥I--——-—-- DWDPY

VCLANLHDWDCIVQT
QYETI

outside helix

WRPLYDLVERILYS
TAEMLEEWRPLMCP
EFDELIGLWVSVQNL
VPKIFTRILRSLNL
AGLENSITSEYHPS

VPPVLERTYPALET
MPPLLMRALPGVDP
LVPLVDCSSVLQER
CEFGLIESSTLEQTR
FMVALQKVENESVS
VPHCCGVITQLTMN
KLQCCGDGELEMSR
LVPSMVSLEETKLY
TKSLELIIKIIGDL
HQDMIRDLLRLSTS
IIPLVLEFLRPDRK
WPALVSSGLSQAMS

0 t
1532 1754
KTEHLRLNS
FD

PQWE

PVGSSQV1259-284
NN

LTEP

NDLTEIE
EETETEKMTHLE
HIFET
DDVLNE627-734
DDILQSL
TGLEHDLSRENYR
LHFQ#65-893
SYSQVR

DVTQ

LEK

wWoJdouUds WNKE

Ecm29

T 0 0
129 362 488

inside helix

IDCRDQLERVELRLGHA
EGVRKKVMELLVHLNKR
FVINFTIIYVKMGYPRL
SKLRTLSLQFVHHICIT
KEDPKLLSMAYSAVGKL
PETRLAIQEALSMMVGA
EEMRELAALFYSVVVST
PEIQHGSLLALGETVGR|
PLLAIAACTALGEIGRN
NKVMKERAIQTLGYEFPVG
FTIGEAITSAAIGTSSV
PHVRQAACIWLLSLVRK
DELSQDVASKGLGLVYE
EVSGETVVFQGGALGKT
WNSRKGAAFGENVIATR
LGIRQAMTSIWNALVTD
WRVRESSCLALNDLLRG
ESVRKAAELATKTLSKV
TEVRALSINTLVKISKS
LGTKGGCASVIVSLTTQ
SVIQKSCAFAMGHLVRT
PIYKTSCALTIHATIGRY
EKSEKEECNLWTEVWQE
WKMKAQGATAMASTAKQ
WAGKEELLKATACVVTA
VKYKIVAISCAADILKA
KELQLEYLLGAFESLGK
WKVQLGVLQSMNAFFQG
SSVRTEALSVIELLLKK

3 78 1011 14

':ﬂrﬂll'li'ﬂ"‘

soe-ve (1T ]

HEaT-A2A ([OR- X000 g --------------

Ecm?29

T

700 1304 1366

outside helix

—-YLAKKKMRMSEQQDLER-
-----GPLPIPSEGSGEFT--

AARDAWQMTEEEYTPPAGAK|
--LSTHKEVKSH----
--LGNEQDQQEL---~
-----PDGQGLSTYKE----

ISKFLPPVLLKL
IQLPVETLLVQY
APTLLTAMEGKP
GPMLLNGLTKLI
DIALVQQLFEAL
QRTLMEALVASY
LKSMIEQLIKTT
NADTLPDQEELI
KLHLVESLLSRI
QKLLLQGLMDSV
VNDVVPWVLDVI
LKEIQSAFVSVL
VSTLVETLMTGK
LCSLASDLSQPD
LPQLVPRLYRYQ
LKEILQDLVKNL
LPEIWETLFRVQ
IAALLPCLLDKG
APKLIPALLESL
SGKLMSALLSGL
TEKLLQKLNGWY
AKEVLPLAFLGM
LQELITITQKAL
LGMILTALLQGL
TNEILQAVLKEC
FSNIVIPLIKKN
RQELCKLVMCERL
PEALAEILLETC
RVLLIESLATME

1822

SSTQ
QDPAAVS
opog 129362
NEY
CKEE
LIKPE
KDNHS
QSATETIGSFLDSTS
PSSKET

EAKQIELQ
LNKHIISPN

SEN

RVKH
LVYKFMNLANHHAM
FDPN
TSNM
DDIK
MMSTV
SVLEP
TDRN
MEKEE
HEIADE
0sQs
AGRT
SKEN
SLESSGVRTTKNEEENEKE
KLST

KSITYSLENKTY

PDSR

488-700

1304-1366

( e -l
.u.mp.n.b

Kajava, A.V., Gorbea, C., Ortega, J., Rechsteiner M.
and A. C. Steven (2004) J. Struct. Biol. 146,425



Twisted and
Curved

A

BIm10-20 S Proteasome _
lwanczyk, Sadre-Bazzaz, Ferrell, PA200 activator- 20S proteasome

Kondrashkina, Formosa, Hill and Ortega Ortega, Heymann, Kajava, Ustrell, Rechsteiner &
J. Mol. Biol. (2006) 363, 648-659 Steven (2005). J. Mol. Biol. 346, 1221-1227.



Structure of a BIm10 Complex Reveals
Common Mechanisms for Proteasome
Binding and Gate Opening

Kianoush Sadre-Bazzaz," Frank G. Whitby," Howard Robinson, Tim Formosa,! and Christopher P. Hill%.”
Dapartmeant of Biochamistry, Univarsity of Utah Schoo! of Madicina, Salt Laks City, UT B4112-5650, USA

2Biglagy Departmant, Brookhavan National Laboratory, Upten, NY 11973-5000, USA

"Comaspondanca: chris@fbiocham.utah.adu

DOI 10.1016/.madcel.2010.02.002 March, 2010
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Proteins with tandem repeats

Analysis and Classification of the
known 3D protein structures

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

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

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

Repeat length (amino acid residue)

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

Solenoid proteins
LRR proteins
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Distinguishing between structural and functional residue conservations

protein human VKVSAHGALSIDSMTALGAIGVQAGGSVSAKDMRSRGAVTVSG.GAVN
protein_rat VHLNAHGALTIKTMYSGNHISVQAGSHVSAREMHQSAFVTVHCAGSVN
protein_yeast VKVSFQSSLSIDSMTALGAIGVVSSGSVDAKDMRSRGAVWVSG.GAVK

LGDVQSDGQ . VRATSAGAMTVRDVAAADPDGNKKPLALQAGDALQAGFLKSAGAGPPPDQM...

LGDVQSWGQFVHASDGFCMTVRDVSYRDGDPNRYTLGLQAGHALQAYYLRSSSAA. .NDQM...
LAAVNNDGQ . VRATSAGAMCVWDVAAQDPDGNKKPLALSSGDGLKAGFLKSAGAGPPPDLM...

protein human




Pertactin from Bordetella pertussis

GILLENPAAELQOFRNGSVTSSGQLSDDGIRRFLG
TVTVKAGKLVADHATLANVGDTWDDDGI
ALYVAGEQAQASIADSTLQGAG 43____—————
GVQIERGANVTVQRSATIVDG
GLHIGALQSLOPEDLPPSRVVLRDTNVTAVPASGAPA
AVSVLGASELTLDGGHITGGRAA
GVAAMQGAVVHLQORATIRRGDAPAGGAVPGGAVPGGAVPGGFGPGGFGPVLDGWY
GVDVSGSSVELAQSIVEAPELGA
AIRVGRGARVTVSGGSLSAPHGN
VIETGGARRFAPQAAPLSITLOQAGAHAQGKA
LLYRVLPEPVKLTLTGGADAQG
DIVATELPSIPGTSIGPLDVALASQARWTG




Distinguishing between
structural and functional
residue conservations

VKVSAHGALSIDSMTALGA
IGVOAGGSVSAKDMRSRGA
VTVSG-GAVNLGDVQSDGQ
VRATSAGAMTVRDVAAAADPDGNKKP
LALQAGDALQAGFLKSAGAGPPPDQ
MTVNG-DAVRLDGAHAGGQ
LRVSSDGQAALGSLAAKGE
LTVSAARAATVAELKSLDN
ISVTGGERVSVQSVNSASR

One sequence repeat

v Indirect experimental
structural evidence

One unit of repetitive
structure

CD spectroscopy
(conformation)

Electron—-microscopy
(shape,
oligomeric state)

3D

structural
model



IS APROTEIN WITH REPEATS

STRUCTURED OR UNSTRUCTURED?

/

Structured



Pertactin from Bordetella pertussis

ab cde fgqg

AN JIdd Ll

GILLENP-————————~- AAELQFRN-GSVTS-SGOLSDDGIRRFLG

TVTVRA-——————————— GKLVADH-ATLAN-VGDTWDDDGI

ALYVAGEQ---——-———— AQASIAD-STLQG-AG v
GVQIERG-—————————~— ANVTVQR-SAIV-DG ]
GLHIGALQSLOPEDLPP-SRVVLRD-TNVTA-VPASGAPA PSP N\
AVSVLGA-=—————————— SELTLDG-GHITG-GRAA TP
GVAAMQG-—————————~— AVVHLQR-ATIR-RGDAPAGGAVPGGAVPGGAVPGCFGPCCFGPVLDGWY - -
GVDVSG-————m—————— SSVELAQ-SIVEA-PELGA

AIRVGRG-=—————————— ARVTVSG-GSLSA-PHGN

VIETGGARRFAPQAAP--LSITLOAGAHA-QGKA

LLYRVLPEP————————~— VKLTLTGGADA-QG

DIVATELPSIPGTSIGP-LDVALASQARW-TG

DOXOXXX——————————— OXOXOXX—OXO—XX

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



Cargo recognition complex

a b c
1 MPTTQQSP
9 QDEQEKLLDEAIQAVKVQSF-====mmuaux QOMKRCLDKNKLMDALKHA
47 SNMLGELRTSMLSPKSYYELYMAISDE------ LHYLEVYLTDEFAkgrkV
82 ADLYELVOYAGNIIPRLYL--======eeua=x LITVGVVYVKSFPOSR
127 KDILKDLVEMCRGVQHPLR-—-===========m GLFLENYLLOCTRNILpdegeptdeettgdISDS
180 MDFVLLNFAEMNKLWVEMahgghsrdrekrerergELRILVGTNLVRLSEQLegvn
235 VERYKQIVLTGILEQVVNC-=========m=== RDALAQEYLMECIIQVFP
272 DEFHLOTLNPFLRACAELHQ-========= NVNVKNIIIALIDRLALFAhredgpgIPA
321 DIKLFDIFSQQVATVIQSRODMP======= SEDVVSLOVSLINLAMKCYPDRVDY
369 VDKVLETTVEIFNKLNLEHIA-=====ceca-a LsSAVSKELTRLLKIPVDTYNNIL
414 TVLEKLKHFHPLFEYFDYeS--———-————===—=—— rkSMSCYVLSNVLDYNTEIVsqdQ
457 VDSIMNLVSTLIQDOPdgpvedpdpe---DFADEQSLVGRFIHLLRSEDPDQ
506 QYLILNTARKHFGAGGNQR--—=-=—========= IRFTLPPLVFAAYQLAFRYKENSKVDDKWEKK
557 CQKIFSFAHQTISALIKAEL=======m====== RARELPLRLFLOGALAAGEIGFENH
600 ETVAYEFMSQAFSLYEDEISD---—--—=-=— SKAQLAAITLIIGTFERMKCFS
643 EENHEPLRTQCALAASKLLK == = = = m m w w o KPDQGRAVSTCAHLEFWSGRNTDKNGEELHG
693 GKRVMECLKKALKIANQCMD-—======== PSLQVQLFIEILNRY IYFYEKENDAVT
740 IQVLNQLIQKIREDLPNLES=====m==== SEETEQINKHFHNTLEHLR! RRE
783 SPESEGPIYEGLIL
{2@m T@ - (= =@ -

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

£ ¢
: ’
23

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)

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

The a-solenoid fold extends the full length of Vps35 and Vps26 is bound at the opposite end from Vps29.
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ITLENPSS------- ELQFRN-GSVTNSGQLSDGI
TITLKATSS-—-—--—---- KLVADH-ASVANVGQTWDGI



/GENERAL_SPEC: ALPHABET='ACDEFGHIKLMNPQRSTVWY';
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TEXT='ZScore';

0.208;

R5=

1.001;

/NORMALIZATION: MODE

0.7386; R4

R3=

MA
MA
MA

MA
MA

SVANVGQTWDGI

KLVADH-

TITLKATSS-—-—--—----

=LINEAR; R1=0.0; R2=0.1;

FUNCTION

=2;

TEXT='OrigScore';

/CUT_OFF: LEVEL

=1;

=7.0; MODE

N_SCORE

SCORE=90;

0;

/DEFAULT: MI=-26;

-3; IM=0; MD=-26; D=-3; DM=0;

I

2,-3,-3,-4,2,-3,-2,1,-2,0,-1,-2,-3,-3,-4,-2,-1,0,-5,2;

-1,-5,-2,-3,-2,-3,0,1,1,-1,1,-1,-2,-1,1,-1,0,1,-4,-4;
2,-3,1,0,-5,2,-2,-1,-1,-3,-2,1,1,0,-2,2,2,0,-8,-5;

SY="F';
SY="'1';

/M

/M:
/M:
/M:
/M:
/M:
/M:
/M:
/M:
/M:

MA
MA

SY='A"';

MA
MA
MA
MA
MA
MA
MA
MA
MA
MA
MA
MA
MA
MA
MA
MA
MA
MA
MA
MA
MA
MA
MA

MA

-3,-8,-5,-4,2,-6,-2,2,-4,6,4,-3,-3,-2,-3,-3,-2,1,-3,0;

Sy='y';M=-4,-2,-6,-6,9,-7,0,-1,-5,-1,-3,-3,-6,-5,-6,-4,-4,-4,-1,11;

SY="L"; M

i,-6,3,3,-7,0,0,-2,-1,-4,-3,2,0,1,-2,0,0,-2,-9,-6;

SY='D';M=

sy='Y"';

-5,-3,-6,-6,10,-7,-1,-1,-2,-1,-2,-3,-6,-5,-5,-4,-4,-4,-1,11;

-1,-6,1,1,-4,-2,0,-2,2,-3,-1,1,-1,1,1,0,0,-3,-7,-6;

i,-4,1,0,-5,1,-1,-1,0,-3,-1,1,0,0,0,1,1,-1,-7,-6;

SY="K';

SY="A';M=
SY="R';M

/1

0,-5,0,0,-5,-1,0,-1,1,-3,-1,1,0,1,1,0,0,-2,-5,-5;

D=-2;

M=0;

SY="X";

/M:

0,-5,1,1,-6,0,1,-2,1,-4,-2,1,0,1,2,1,0,-2,-5,-5;

=0;

MD:

I=-2;

=0;

MI

SY='R';M
SY='F';M
SY='Q';M

SY="K';

/M:
/M:
/M:
/M:
/M:
/M:
/M:
/M:
/M:
/M:
/M:
/M:
/M:
/M:

3,-7,-6,-6,6,-5,-3,3,-2,5,3,-4,-5,-4,-5,-4,-3,1,-3,3;
1,-6,0,0,-3,-2,1,-1,1,-2,0,0,-1,1,1,-1,0,-1,-6,-4;
=-1,-8,0,1,-3,-2,0,-2,3,-3,0,1,0,2,2,0,0,-3,-6,-6;

2,-5,1,0,-7,7,-3,-4,-2,-6,-4,1,-1,-2,-4,2,0,-2,-10,-8;
1,-7,5,4,-8,1,1,-3,0,-5,-3,2,-1,2,-2,0,0,-4,-10,-6;

0,-5,-1,-2,-2,-2,-1,2,0,0,1,-1,-2,0,0,-1,0,1,-6,-5;
=-2,-6,-5,-5,3,-5,-3,4,-3,6,4,-4,-4,-3,-4,-3,-2,3,-5,0;

SY="G'; M

o
I
>
0

=
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1%}

,-5-1,-1,-3,-2,0,0,0,-2,-1,0,-1,0,0,-1,0,-1,-6,-3;

0,-4,-3,-4,-1,-3,-3,5,-3,3,3,-2,-2,-2,-3,-2,0,5,-8,-4;

sy='L';M=-1,-6,-3,-3,-1,-3,-2,2,-3,3,2,-2,-2,-2,-3,-2,-1,2,-5,-3;

(e}
Il
>
0

0,-6,3,3,-6,0,1,-3,2,-5,-2,2,-1,2,1,0,0,-4,-7,-5;

SY='D';M=

SY="K';

-1,-6,0,0,-2,-1,0,-3,3,-4,-1,1,-1,0,1,0,0,-3,-6,-4;

1,-4,1,1,-5,0,0,-2,0,-3,-2,1,1,0,-1,1,1,-1,-7,-5;

SY="N'; M

=0; D=-1;

/M: SY="X"'; M
i,-5,0,0,-5,1,-2,-1,-2,-3,-2,0,0,-1,-2,0,0,-1,-8,-6;

:O;

MD

9,-12,-9,-11,1,-11,-4,-8,-5,-3,-6,-6,-8,-7,3,-4,-8,-9,26,0;
=-7,-9,-9,-9,0,-9,-4,-5,-5,-1,-4,-6,-7,-6,2,-3,-6,-6,18,-1;

i,-6,3,3,-7,3,0,-4,-1,-5,-4,2,-1,1,-2,1,0,-3,-10,-6;

SY="'G'; M
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/M
/M:
/M

MA
MA
MA

2,-3,0,-1,-6,3,-3,-2,-3,-4,-3,0,0,-2,-3,1,0,0,-10,-6;

-1,-7,0,0,-3,-2,0,-2,2,-3,-1,1,-1,1,2,0,-1,-3,-5,-5;
-2,-6,0,0,-3,-3,1,-2,0,-2,-1,0,-2,1,1,-1,-1,-3,-5,-3;
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/M
/M
/M:
/M

MA
MA
MA
MA

o,-4,-1,-1,-4,0,-2,0,-1,-2,0,0,-1,-1,-1,0,1,0,-7,-5;
6,-5,00,-3,-1,-1,-1,1,-3,-1,1,-1,0,0,1,1,-1,-6,-4;

/M: SY
/M: SY='T"';
/M:

MA
MA

0,-5,0,-1,-5,3,-2,-3,-1,-5,-3,0,-1,-1,-1,1,0,-2,-7,-6;

SY="'G'; M

MA



/GENERAL_SPEC: ALPHABET='ACDEFGHIKLMNPQRSTVWY';
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2,-3,1,0,-5,2,-2,-1,-1,-3,-2,1,1,60,-2,2,2,0,-8,-5;

-3,-8,-5,-4,2,-6,-2,2,-4,6,4,-3,-3,-2,-3,-3,-2,1,-3,0;

sy='y';M=-4,-2,-6,-6,9,-7,0,-1,-5,-1,-3,-3,-6,-5,-6,-4,-4,-4,-1,11;
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i,-6,3,3,-7,0,0,-2,-1,-4,-3,2,0,1,-2,0,0,-2,-9,-6;

SY='D'; M

/M:

MA

PHGN

RVTVSG-GSLS

VIETGGARRFAPQAAP-LSITLOAGAHAQGK
LLYRVLPEP----—----VKLTLTGGADAQG

IRVGRG-—————————

-5,-3,-6,-6,10,-7,-1,-1,-2,-1,-2,-3,-6,-5,-5,-4,-4,-4,-1,11;

SY='K';™M=-1,-6,1,1,-4,-2,0,-2,2,-3,-1,1,-1,1,1,0,0,-3,-7,-6;

D=-2;

M=0;

SY="X";

/M:
0,-5,1,1,-6,0,1,-2,1,-4,-2,1,0,1,2,1,0,-2,-5,-5;

0,-5,0,0,-5,-1,0,-1,1,-3,-1,1,0,1,1,0,0,-2,-5,-5;
sy='r';M=-3,-7,-6,-6,6,-5,-3,3,-2,5,3,-4,-5,-4,-5,-4,-3,1,-3,3;

i,-4,1,0,-5,1,-1,-1,0,-3,-1,1,0,0,0,1,1,-1,-7,-6;
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2,-5,1,0,-7,7,-3,-4,-2,-6,-4,1,-1,-2,-4,2,0,-2,-10,-8;
1,-7,5,4,-8,1,1,-3,0,-5,-3,2,-1,2,-2,0,0,-4,-10,-6;
0,-5,-1,-2,-2,-2,-1,2,0,0,1,-1,-2,0,0,-1,0,1,-6,-5;

sy='L';M=-2,-6,-5,-5,3,-5,-3,4,-3,6,4,-4,-4,-3,-4,-3,-2,3,-5,0;
0,-4,-3,-4,-1,-3,-3,5,-3,3,3,-2,-2,-2,-3,-2,0,5,-8,-4;

sy='L';M=-1,-6,-3,-3,-1,-3,-2,2,-3,3,2,-2,-2,-2,-3,-2,-1,2,-5,-3;
0,-6,3,3,-6,0,1,-3,2,-5,-2,2,-1,2,1,0,0,-4,-7,-5;
1,-4,1,1,-5,0,0,-2,0,-3,-2,1,1,0,-1,1,1,-1,-7,-5;

sy='K';™M=-1,-6,0,0,-2,-1,0,-3,3,-4,-1,1,-1,0,1,0,0,-3,-6,-4;

sy='Q';M=-1,-5,-1,-1,-3,-2,0,0,0,-2,-1,0,-1,0,0,-1,0,-1,-6,-3;

sy='9Q';™M=-1,-6,0,0,-3,-2,1,-1,1,-2,0,0,-1,1,1,-1,0,-1,-6,-4;
sy='K';™M=-1,-8,0,1,-3,-2,0,-2,3,-3,0,1,0,2,2,0,0,-3,-6,-6;

SY="R';M
SY="G';M
SY="D';M
SY="I';M
SY="V';M
SY='D';M
SY="N"';M

/1:

/M:
/M:
/M:
/M:
/M:
/M:
/M:
/M:
/M:
/M:
/M:
/M:
/M:
/M:

MA
MA
MA
MA
MA
MA
MA
MA
MA
MA
MA
MA
MA
MA
MA
MA
MA
MA
MA
MA

MA

D=-1;

:O;

/M: SY="X'; M
i,-5,0,0,-5,1,-2,-1,-2,-3,-2,0,0,-1,-2,0,0,-1,-8,-6;

MD=0;

I=-1;

1,-6,3,3,-7,3,0,-4,-1,-5,-4,2,-1,1,-2,1,0,-3,-10,-6;
0,-5,0,-1,-5,3,-2,-3,-1,-5,-3,0,-1,-1,-1,1,0,-2,-7,-6;

sy='W';M=-9,-12,-9,-11,1,-11,-4,-8,-5,-3,-6,-6,-8,-7,3,-4,-8,-9,26,0;
sy='w';M=-7,-9,-9,-9,0,-9,-4,-5,-5,-1,-4,-6,-7,-6,2,-3,-6,-6,18,-1;

sy='K';™=-1,-7,0,0,-3,-2,0,-2,2,-3,-1,1,-1,1,2,0,-1,-3,-5,-5;
2,-3,0,-1,-6,3,-3,-2,-3,-4,-3,0,0,-2,-3,1,0,0,-10,-6;

sy='Q';M=-2,-6,0,0,-3,-3,1,-2,0,-2,-1,0,-2,1,1,-1,-1,-3,-5,-3;
o,-4,-1,-1,-4,0,-2,0,-1,-2,0,0,-1,-1,-1,0,1,0,-7,-5;

6,-5,00,-3,-1,-1,-1,1,-3,-1,1,-1,0,0,1,1,-1,-6,-4;

SY="'G'; M
SY="G'; M
SY="G'; M
SY="T"'; M
SY="T"'; M
SY="'G'; M

/M:
/M:
/M:
/M:
/M:
/M:
/M:
/M:
/M:
/M:

MA
MA
MA

MA

Sequence profile search

/[hits.isb-sib.ch/cqgi-bin/PESCAN;

Prosite and Pfam collections of motifs http

fo.montp.cnrs.fr

://bioin

http

CRBM collection of protein repeats


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
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A repetitive sequence in
subunits of the 268
proteasome and 208
cyclosome (anaphase-
promoting complex)

The 263 proteasome is a large
ATT-dependent proteolytic complex of
eukaryotes, which represents the central
profease of the ubiguitin-dependent
pathway uf protein degradation’, 1t
congists of Lwo asymmetrie 198 caps
Hanking a barrel-shaped 20% core. The
caps arc thought 1o recognize proteins
targeted for degradation, unfold them and
thread them into the 208 core, where they
are degraded to peptides?

The caps consist of approximately
20 different subnmits between 25 wuil
110 kD=, ''he two largest snbunits arc 51
{also called pl12 in manunals and Send in
veast) and 52 {p?7 in mammals, Nasl in
veast). Their functions are unclear, as is
the casc for most of the subunits of the
195 complex. 5en3, the S1 subunit of
veasl, was idenlified as a factor required
tar the degradation of Senl, a protein
invoheed in tRINA splicing®. TRAP-2
(55.11%, the 52 subunit of humans, was
identifled by twio-hybrid screening as a
factor interacting with the intracellular
domain of the tumor necrosis factor
recepior™’, Recently, disruption of Nas1,
the 52 subunit of yrast, was found b
result in Uhe accumulation of
patyubiquitinated proteins®. Although $1
and 52 sequences have diverged
significantly {30-43% sequence identity),
human pI7 can suppress the phenclype
of Nas1 imutants®, indicating that the
hunman 52 subunit can be incorporated
into the yeast 265 complex,

BLAST searches reveal a low level of
similatity between 51 and 52 subunits® and
an aligument using MACAW? shows them
to be related in a region of ahout 400

{

PROTEIN SEQUENCE MOTIFS

G Gaa

Consensus [ N e e e
Pred. sac. sir. BBERBR CLOR 00 DLge4E (Eax
Proteasoma S1 aubunits
Ce_p132 1 [418] wawRSLe TG U8 LK ®mP PEREVIGFAFERG

2 VAT AT AR KTARNEIVRH

3 . VSN, EX RE .QRDTZAVAGE

4 SASTAMGLIMRGHLN. . .0E. N7 kg TVDTQIDKTIR

5 GIRTGLACAAPGLLG, .. .2 ElY KE GAFKSNDMLRSTGIL [

3] YATIGIGIVLSKDPS. .. . T 5 &AM TEAFEGIVRY

7 GAAMALGTACNGTGE . . .ME .2 EF SDKEGFVEE

g GALLSALIMCOOTDYTOPE NG BED: KEIGEKNEDSVET

] GAT 1 AQULLOTGGON & 1 ONSCAGT M SV MY [222]
Sc SENI 1 [365] TATASSGUVIHFGNLL. .. BOKE DAE  [NGEHASHHFLEG

2 ALy GoGLITAMBFGRDITDY 2N | YENSGTSGDEDVDY LU

3 GRELZICLAMMISAN. . | IE YE. . FE . vNDEATSCE

1 AARLCMUGLCMEGIGH . . (PR LB 21 SO, CHON LW

5 GLAVGIALINYGRGE. . . L DD TE. :

5 GOAFTIALAYAGICH . . N5A KM H'. !

€ ARVTALCFVILROYT . .. . . TWPR .10 - SESHNAHVRD

7 GTAFALCTACNGKCL .. .03 .ID  DF. TEDBFVIFVRD

) AMMT AL SMILIQOTEHLNPG AT MKW SYTTHREQGO AKF |

9 GROVROC ITMMAGORN . VTZC EN -OTGT DTESYVCLY [211]
Proteasome 82 subunits
Hs_p87 1 [408] SARAGIAMILIMNDVL....OC

2 QAL ATGTVHSGVRN _ECDR B

a GLELAYRGSNE ., .. ID . GDSKSEMEVAG

4 COMIANGSCN. . . ERSETELEDTYER

5 LGLNALGEGE . ., . EVVEEPFLGSANTL [57]

6 VAVLOIALTAMBEEI . GASM  RT GX ! REYGREPTLIERE

7 AVPLALAZLIYSKRR . . .IN " COT 5K SIDADPEVEY

8 NSIFRMGHMVCEGTHN . - aR A5 R0 ~QYHAREDERNLE

9 MVRLAQCLTHLGEST . LTLC? HGDRY: - SCVAVACLL [1113
5¢_Nast 1 [416] SAVARSIGSIYUWNLD.....G UQ DX ° YVDEPEVEA

2 GALLGIGISAC@AIDGEVER. L 0D TKPDTEISS |

3 AATLCLGLAFAGEKN . . 1K 13 L' - ASTOLPIETAA

4 MASLALAEY=VGTCN . .GDITTS DN . FRTAIELKTDWVR

5 L RLALGILYMGIGE . ., 0 BD BT SAlEAPMISALEVL [13s] |

B TAVLGLALTADGED . CHERS

7 EVOLAMG IVEVSDLO . . L ME

] KSIFIMCLCOAGBTNN . AR .0 b3 i

9 ITELAQGLDHLAK . (MIMO FNIMAH  NEVTL [111] |I
Pred. sec. sir. ARRRRAPRA FEAEAR D0 L CE O |
Cyclosome subunits
En_BimE 1 [1381]GFLLATCLNGHLES. . . ... AEWVAFEYLIPRETRELIS L |

2 CUTLY PRLLEYHY TEML MG AR M [7]

3 EMZEVN_SRIENADQ=ESSA [13]

4 AMGPA] ROMH ['VER1LAVAY KNV [11]

5 GATTALATIFMETND RV DTPOTTVRETYVRET, [55]

] GLCFALGLRFAGSED. . . . PI¥EIILLSYLDYZIRISELE e

7 VVALSHAAMVHAGTGD . . | [ALTSRLEALAGRYDEDTEYGESHM

3 AARMAIGMLEFLGGSES . . YTLOTSNLAVASLICELYPIFP  [313)
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Molecular modelling of Rpnl and Rpn2 subunits of eukaryotic proteasome
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|dentification of new Rpnl and Rpn2 repeats

PC-re peat XOxxGAXLALGLOXXGxX - XxXXO0xxX00xXxxX00XX XXX

H 945

RPN2_YEAST

H 993

RPN2_YEAST




100 A

Alpha-helix from CD spectroscopy Effantin G, Rosenzweig R, Glickman MH, Steven AC.
J Mol Biol. 2009 Mar 13;386(5):1204.



|dentification of new Rpnl and Rpn2 repeats

~ TTAAPLLALLRENQDSV--KTYALESINNVVDQLWSEIS
NELPDIEALYDDDTFSD--REMAALIASKVYYNLGE
YESAVKYALAAKDRFDI---DEKSQFVETIVSKSIEM
New Rpn2 repeats < YVQEASKQYTKDEQFYT--KDIIDPKLTSIFERMIEK
CLKASELKLALGIALEGYRLDIIESALKSKLDQDSTS
ENVKIINYLLTLAITTVTNSKFRSSILRKSFDFLMNMPN
\- CDYLTLNKVVVNLNDAG- - --LALQLFKKLKEENDEG

PC-re peat XOxxXGAXLALGLOXXGx - -xxXxX0xx00xx00XXXXX

RPN2_YEAST | 945

RPN2_YEAST |\ 993




o
£}

&

Nickell S et al., Proc Natl Acad Sci U S A.
2009 106:11943

H 945

RPN2_YEAST

993

RPN2_YEAST |\




Structural models of Rpnl and Rpn2 subunits of eukaryotic proteasome

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




FHA is a member of a large family of autotransporter proteins

(Over 1000 proteins)

Virulence proteins

adhesins
cytolysins
enzymes

Pathogenic Gram-negative bacteria
Neisseria meningitidis
Yersinia pestis
Pseudomonas aeruginosa
Haemophilis influenzae
Bordetella pertussis
Escherichia coli




Table 1 Table I (continuation)

Ne | Representative| Repeat| Consensus sequence of repeat Coil of Ne | Representative| Repeat| Consensus sequence of repeat Coil of
protein length B-solenoid protein length B-solenoid
LSPAI
Scrum resistance B3 p T8 | Haemophilus 20-21 re
@ protein brkA 22-26 19 @X @xx~ax @ X @XXTX XX~ XXXX ducreyi
(\B. pertussis) B 2z B3 T
|
SIr1753 protein
2 TAXXXX axx~ ”
k2 (Symechocystis sp )| 23-28 res x@xt Cx@x@x @ x@xx XadA protein
[ pz p3 01 Xidella fastidiosa 13-14 re
L3 AGRL 3085 protcin
T | tAgrobacterium 25-27 redt
tumefaciens ) ,,
p1
FHA protcin B
@ B. pertussis 18-19 ref . y 23 g
UspA2H protein ) Z\ i
02 | Moraxella 15 res| > @
EHA , catarrahalis s
A protein ﬁa ";
T2 B. pertussis 19-20 req T
p1

@ HBP protein
E coli 18-20 red

TibA protein
T4 E. cali 18-19 rfs

Beta-solenoids are found in about 500 of 1000
AT and TPS proteins

) YapA protein
T5 Y. pestis 18-19 rek

Hap protein
T6| Haemophilus 19-20 rek
influenzae

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

Hemagg.-hemolysin
T7 [related protein 20-22 res
E coli




Tandem repeat regions in proteins:

the more perfect the less structured

P, =0.7-0.8 | P, =0.8-0.9 Pm =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
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Makhov, Hannah, Brennan, Trus, Kocsis, Conway, Wingfield, Simon, Steven J.Mol.Biol. (1994) 241, 110



Filamentous Haemagglutinin adhesin (FHA) of Bordetella pertussis

19-residue repeats

2165 residues sequence
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accordingto circular dichroism spectroscopy mesurements

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



WHAT CAN REPEAT LENGTH TELL US ABOUT ITS STRUCTURE?

1 \
1 \\
| SN
I IT | class Il S casIV
1 N

-

2 30 40 60

Repeat length (amino acid residue)

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



The known structures of 3-solenoid proteins

EA~
spike
endorhamnosidase
cell division

inhibitor

Glutamate synthase

PrtC protease C

%),

Stabilizer of iron transporter SufD

Antifreeze protein
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Classification of beta-solenoids
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Benchmark of T-REKS, INTREP, TRED and XSTREAM programs
executed on two databanks of protein sequences

TRIPS (893 sequences with tandem SWISSPROT (342391 sequences)

repeats)
S equgr)cei Execution time Sequences identified* Execution time
identified
T-REKS? 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 3.00 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*,,= 0.65

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

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



