COMPERATIVE VIEW INTO
PROTEASE — INHIBITOR
INTERACTION

Miha Renko



Doctoral Dissertation
Jozef Stefan International Postgraduate School
Ljubljana, Slovenia, July 2010

Evaluation Board:

Prof. Dr. Igor Musevic, Jozef Stefan Institute, Jamova 39, Ljubljana, Slovenija

Prof. Dr. Janko Kos, The Faculty of Pharmacy, University of Ljubljana, AsSkerceva 7,
Ljubljana, Slovenia

Prof. Dr. Peter Hinterdorfer, Institute for Biophysics, Johannes Kepler Universitit Linz,
Altenbergerstrasse 69, A-4040 Linz, Austria



MEDNARODNA PODIPLOMSKA SOLA JOZEFA STEFANA /:
JOZEF STEFAN INTERNATIONAL POSTGRADUATE SCHOOL (4

Miha Renko

COMPERATIVE VIEW INTO
PROTEASE - INHIBITOR
INTERACTION

Doctoral Dissertation

PRIMERJALNI VPOGLED V
INTERAKCIJE PROTEAZ IN NJIHOVIH
INHIVITORJEV

Doktorska disertacija

Supervisor: Prof. Dr. Dusan Turk

Ljubljana, Slovenia, July 2010






Index
Abstract IX
Povzetek X
Abbreviations XI
1 Introduction 1
L1 CYStOINE PrOtCASES ..eeuvvierrreeerierereeieeereeesieeeseeesseessseaseeasseessseessseessseesssessesssseessseessseessseesssesssessssesssseesens 2
1.1.1 Papain-like CYStEINE PrOLEASES ....cveeruriiiieririeiiieetieeriieeieeebeesbeesteeessaeessaeesseessseessseeseeesseesssessssesssnes 2
L1 1T CtREPSINS c.uvvieiiieiiieiiiecteeeit et ettt ette et e e et e e tbeestee e etbeessaeesseessbeesseessaeassseassaeassaessseessseasseesssens 3
1.2 Inhibitors of papain-likKe CYStEINEG PrOtCASES ......eervierrieeirierieeriieeireesieeereeereestreesseesssesasseessseessseessseeses 4
L.2.T CYSTALITIS 1eeevvieeeriiiieeiieiteesteeeteeetteesteeesseestseesaseesseeassseessaesssaesssaessaeassaaassseesseessseesssessssesssassssessssasnsses 4
L2011 SHOTIIS ottt ettt ettt ettt st et et ea e et e et e e bt e bt nt e et e e bt enbeente st enseennean 4
L.2.1.2  CYSTALINS cuveeiuvieiieeteeeteeeteeetrteeeteestbeestteesseessbaeseseesssaeseseassseasseesssaessseesssesasseessseesssesssessssensssesnsses 4
1.2.1.3  KININOZEINS ..uvievvieiiieiiieeteesiteetteesereestteesseessseessseasseesssseassseasseessseessseasssesssesasseeasseessseesssessseesssees 5
1.2.1.4 PRYLOCYSEALINS ...viiiuiiiiiieiieeriesite ettt estteeteeebeestteesteeesseesssseesseeesseassseesseeasseesssesasseesssessssessssessses 5
1.2.2 TIRYTOPINS ...vviiievieiieeiieetteeite e te e ettt esteeesseeesseastseesseessseesseeesseesssaessseassaaassseassaessseesssessssesssassssessssasnsses 5
1.2.3 CRAGASIN ..evviiiiiiiie ettt ettt ettt et e et e eetveeetbeesbe e e abeesbeeesbeessbaesseeessaasssbeessaessseessesssseessaessseesnsaensses 5
1,204 SEIPINS .uvvieerieeiiiiiieetee et e ettt e e b e eetteeteeasbeeetseatseesebeassseassaessseesseesseeassasassseassaessseasssessssesssaesseeassannsss 6
1.2.5 Cysteine protease propeptides and their homolOGUES...........cccvveviiiiiieeiieiiie e 6
1.2.6 STAPNOSTALINS ...vviiiiiiiieeiiieiieeteeiteestteetee ettt eetbeestbeesbeesteeesseesssaessseessseassaesssaessseessseessseessessssesssesssses 7
1.2.7 KUNIZ-EYPE INNTDILOTS 1...vviiiiieiieciiieciieeiie ettt ettt eieeeteeeebeestbeebeeeseseessaeesseessseesaseessseessseessssesssesssesnsns 7
1.2.7.1 Inhibitors of cysteine proteases from POtato .........ceevvvierieeirieiiieeeiieere e esee e ere e ee e eenes 8
1.2.7.2 Protease inhibitor from Proposis jULIfIOFA ............ccoeveeeueeecrieiiiieiieeeieesiee et eveeseve s 8
1.2.7.3 Bauhinia bauhinioides cruzipain iNNIDItOT...........cceiviieviieiiieiiie et seve e 8
1.2.8 MY COCYPINS. 1eeeviitreerrieeereesireetteeetteesteeasseessseassseasssesssseasseeasseasssaessssassaeassaessssessseesssesssesssessssessssesnsses 8
L.2.8.1  CIIEOCYPIN ceeutiiiiieiiietieeteeeiteeeteeetbeestteeabeeesbeeseseestsaeeeseassseesseeassaessseessseessseessseassseasseesssessseansens 8
1.2.8.2  IMACTOCYPIN 1.veeuvvieiiieeniieeiteeeiteeteee sttt etteesseeesbeesseesseeeseseasssessseessseassseasseeasseesssaesssaessseesssessseessses 9
1.3 Inhibition of cathepsing With StEfin A ........c..ccoiiiiiiiiiiiiie et 9
2 Purpose of the work 11
3 Materials and Methods 13
3.1 Plasmid and mutants PrePATAtION ..........c.eecveererieriieerieeeriieeteesveesteeeseessseessreessseessseassssssseessseessseesssennes 13
3.2 Protein expression and 1SOLAtION...........ccuiiiciiiriiiiieeiie e etee et esiteebeesbeeebeessaeestseessaessseessseessseasssennes 13
3.2.1 Theoretical DACKGIOUNAS.......cc.eiiciiiiiiieiieciie ettt ettt e eebe e b e e stbeeteeesbeessbeesebeessseessseenns 13
3.2.1.1  Pichia PAstOris EXPIESSION .....cccvieruveeriieereeireesreeaseesseesseeaseesseessseesssesssssesssssssesssseesssesssesees 13
3.2.1.2 ESCherichia COIl @XPIESSION ....cccvieiuiiiriiieiieiieestieereesireesteeereeseveessseesseessneessaessseessseesssessseesnes 13
3.2.2 PTOTOCOIS 1.ttt ettt ettt ettt st e st e bt e st e s st e bt e e e st e s e ent e bt e bt ente st e bt enbeeneeenteenes 14
3.2.2.1 Cathepsin L and V......coooiiiiiiiiieiie ettt sttt ettt e eve e b e e siveetaeesbaeseseeesbaesssaansseenns 14
3.2.2.2 CathepsSin B ...oooiiiiiiiiiiciiece ettt et b ettt e b e e b e e e baeeabeeetbeetaeenseenens 14
3.2.2.3 SN A oottt ettt et b b et e te st e b e b e beeseeneeteeteeneeneeneens 14
3.2.2.4 Clitocypin, macrocypin and their MULANTS ..........ccceeviierieiiiieiiie e esie e ereesre e eeveeseae e 14
3.3 CrYSEAIIZATION ...eeueiiiiiieceiie ettt ettt e ettt e et e e et abeesbeeetbeestbeessaeesbaassseesssaessseessseassaessseessseesseaanes 15
3.3.1 Theoretical DACKGIOUNG ........cc.eiiiiiiiiiiiiciie ettt et eete e ebeeesbeessbaesebeessnaenes 15
3.3.2 PIOTOCOIS 1.ttt ettt ettt sttt et e at e e st e bt et e st ek e ent e bt et et e ne e bt enbeeneeenteenes 16

3.3.2.1 Complexes of stefin A with cathepsins L, Vand B ...........cccccoeviiviiiiiiiiiiiiecece e, 16



VI Index

3.3.2.2  IMACTOCYPIN 1.uvvieirieiieetieeteeeiteeeteeetseeeeseasteesseessseasssesasseaasseassseasseeasseessseensseessseessseesssesssessssees 16
3.3.2.3 Cathepsin V — ClitOCYPIN COMPIEX .....ccviiriiiiiieiiieiiieriiieereeeiteeteeereeeereeseaeeesreeseneessaeesseeseneas 17
3.3.2.4  CIIEOCYPIN...eietieeiiieiiteeteeeteeetreeteeeeseestbeessaeesseessseasssaeasseeasseassseasseeasseasssessssaessssessseasseessseesssees 17

3.4 Structure deterMINAtION. .....ccuteiteeeiertieieetesieeette st eeteete st et etesteestesbeebeeatesseesbeentesntesbeesseenbeensesneenseenes 17
3.4.1 Theoretical DACZIOUNG .......cc.eevuiiiiiiciiecii ettt et ee et e e be e e b e e stbeeseeesbeesaseeessaessseeseeans 17
3.4.1.1  X-ray diffrACHION ..ecovviiiiiiiiiciiecie ettt ettt e e e e tbeebbeesbeeetbeestseebeeeesseesaeessaeasseas 17
3.4.1.2 Phase deterMINatiOn .......ccueveerieerieeientiestiesteeteettesteeteeetesteesteesteenteeneesteeteensesseesteenseesseensesneens 19
3.4.1.2.1 AD INItO PRASING ...vviiviiiiiiieiiiciie ettt etee ettt e et eebeestbeeebeeebeestaeessaeesseessseessseessseesseans 19
3.4.1.2.2 Molecular replaCCMENT ..........cccviiriiieiieerieeiee et eeteeieeereesteesteeeetreessbeesseessseessseesseeessseens 19
3.4.1.2.3 Multiple iSomOrphous rePlaCemMENt .......ccveevviiriiieiieeiieiiiieeree et esiaeereeereeseaeeesreesveeseeeens 19
3.4.1.2.4 Anomalous X-Tay SCAETING ........ccvierureeerierrearireeireesieeesreesseessseesseeassseesssessseesssesssseessesans 19
3.4.1.3  RETINEIMENL.....iiiiiiieiieie ittt ettt ettt ettt et e st e bt estesaeesbeenteeteentesseesteensesnneseeans 19
342 PIOTOCOIS 1.ttt ettt et sttt ettt et e et e bt et et e st e bt et e enteeate bt enteentenreeeneenee 19
3.4.2.1 Complexes of stefin A With CAthePSINS........cccveiviiiiiiiiiiiie e 19
3.4.2.2  IMACTOCYPIN c.uvvieerieiieeiieeteeeteeeeteeeeseeeaseesseesseessseesssesasseessseassseasssessseessseesseessseessseesssesssessssees 19
3.4.2.3 Cathepsin V — ClitOCYPIN COMPIEX ....occviiriiiiiiieiiieiiiecieeereesieereeereeebeestteeebeeseaeestaeeereeeeneas 20
3.4.2.4  CIIEOCYPIN . .eietieierieiiieetieeteeetteeesteeeebeeetbeesaeesseessseesssaessseassseassseasseessseasssesassaensseessseasseensseesssees 20

3.5 ALOIMIC fOTCE MICTOSCOPY ..viiurieerrieeiriertieereerreeeteeereesereesteeeseessseessseessseassseasssessseessseensseessseesssesssesssses 20
3.5.1 Theoretic DaCKZIOUNA........cc.eiviiiiiiiciiecie ettt ettt et e et e e b e e e ebeestbeesbbeetbeeseseeesbaessseenseeans 20
3.5.1.1 AtOMIC fOICE MICTOSCOPE ..vviiurrierrieririesireetieerteeteeesseeeseessreasseasseesssseasseessseessseessesassessssesssees 20
3.5.1.2  FOICE SPOCITOSCOPY - veeeeurrreererreeeiereeesrreesssreeesseeeassseeasssseessssesessssseesssseesssssessnsseeessssseesssssessnsses 21
3.5.1.3 BeIl’S MO ...ttt ettt sttt ettt ettt saee st e b e saeens 22
3.5.2 PrOTOCOIS 1.ttt sttt ettt et et b e ettt h et eeate bt enteentesreeeneenee 22
3.5.2.1 Cantilever PreParation..........ccveecveervrerieeirieesieesreesreesseesseeesseesssseessessssesssseessssessessssesssssesssees 22
3.5.2.2 Surface iMmMODIIZAtION ........ccviiiiieeiiiesiieeieeeeieeiee et e et e esieeeteeeesaeeteeesbeessbeessseesseeesseessssessseas 22
3.5.2.3 Surface density determMinatioN.........c..cccuieruieeriieiiieeiriieeieeeteesreesseeereeseseesseesseessseesseesseessses 22
3.5.2.4 FOICE MEASUIEIMEIILS. ..u.eiiutiiiutieniteentteeite ettt ette st e sat e ettt e bt e ettt enbeeeabeesabeenbeeenbeeeabeessbaeenseesaneas 23

3.6 KiNELIC MEASUTCINICIILS ....c..eeutieiieeeietieteeiieeteettesteeteeatesteesteeatesteeeneesbeenteentesseebeensesneesnsesseenseensesneenseenes 23
3.6.1 Theoretical DACKZIOUNG .........ccviiiiiiiiiiiiieieecte ettt e e b e stbeetbeesbeestbeeesbeessseesneans 23
I IR o (0] (0ol o) OSSP 24
3.6.2.1 Determination of the inhibition KINETICS .......cceeevviiiiiiiiieie et 24
3.6.2.2 Interactions of stefin B with the hiStones...........ccccccvieriiiriiiiiiiccie e 24

3.7 Surface plasmon TESONANCE . ........eecvieriieerieerieitieeeteesreesteeeseeesseessseeseseessseessseasseessseensseessseesssesssesssses 24
3.7.1 Theoretical DACKZIOUNG .........ccviiiiiiiiiiiiieiec ettt et e b esebeebeeeabeestbeeesbaessseeseeans 24
3.8 PIOLOCOLS ettt ettt ettt et b ettt h et et e te e ate bt e teeateehee bt enteenbeentenaeenee 25
4 Results 27
4.1 Protein expression and ISOIAtION .........ccvieriiiiiieiiieeteeeiee et e e eieeetee et e e sebaessbeestbeeseseesseessseessseessseenens 27
41,1 CathEPSINS...cutiiiutiiieiieiiieieeeteeetee sttt estteebeesbeestseesteaeasseassseassaeasseasseassseessseasssessssessseessseasseesssessnses 27
4.1.2 Stefin A and 1tS MIULANES ....cc.eviiiriiriieieeie sttt ettt et e st et e eatesbeesteentesseesbeeseesseensesseens 28
4.1.3 ClItocypin and itS MULANES ......cccvieruriereieiiieireestieeteesteesteeeseeeeseessresssseessseesseessseessseesssesssseesssesses 29
4.1.4 Macrocypin and itS MULANES.........cccvierieeiieireeeteeeteeeteesteeeseeeebeessreesseessseeseessseessseesssesseessssesssees 29
4.2 CryStAllIZAtION ...c.veiieiieiiieeiieeiee et ee ettt e et e bt eeeb e e e tbeeeabeestbeestaeesssaessaessseessseestseesseenseessbeensseesaeeaens 30
4.3 Data collection and refiNnemMENt STALISTIC........ccuiiriieeiieiirieriee et eeteerite et eeereesibeeteeesbeetreebeessseeseseesees 31
4.4 Kinetics of stefin A inhibition of CYStEINE PrOtEASES ......evvierivieriiieiieeiieeiie e e eiee e eveesereeeeree e 33
4.4.1 Kinetics 0f aCtiVe CAtNEPSINS ...c.viiiiiiiiiiiieiiieeiee ettt et e bt seveete e e ebeesbeeerbaessbeessaeesseesssseenneas 33
4.4.2 Influence of ionic strength to inhibition of cathepsin L with stefin A ............ccooeeeiiiiiiiecieinieenen. 34
4.4.3 Kinetics of INACtiVated ENZYMES .......ccviiiiiiiieeiieiie et eeieeiee et saeeteeebeeestreebeesebeestbeessaessseesaneas 34
4.4.4 Interactions of the stefin B with the hiStOnes ..........cccvieviiieiiiiiiiiiiicce e 35
4.5 Overall structure of complexes of stefin A and Cysteine Proteases ..........cceeevierveerrieeiieeenveerveeneneenens 37
4.5.1 Cathepsin L — Stefin A COMPLEX ..ccviiiuiiiiiiiiieciieeie ettt ettt ste et e eve e etee e beesebeesaaeessaeeeseesaneas 37
4.5.2 Cathepsin V — Stefin A COMPIEX......ocviiiiiiiiiieeiieiie et esie ettt sreeteeebeeestreebeesebeestbeessaessseeseneas 37
4.5.3 Reduced cathepsin V — stefin A COMPIEX....c.eiiviiiiiiiiiieiieeiie ettt sabeeveeeeneas 37
4.5.4 Cathepsin B — Stefin A COMPIEX ....viiiiiiiiiiiiieiiieiie ettt ettt sre et e eeteeebeesebeesaaeessaeeeseeseneas 37
4.54.1 OCCIUAING 100D . .cuviiiiiiiiieeiie it eite ettt et e et e e et eebeeebeeesbeessbeessaeessaessseessseessseassseessaensseas 38
4.5.5 COMPIEX AESCIIPLION ... .iciiiiitieiiieriieetieeiteeteeebee sttt esteeeseeeeseeesseessseessseesseesssaessseesssaessseessseesseenssees 39

4.5.6 B-faCtOr @NalYSIS.....eeviiiiiiieiieiiieitieecieeiee et e et e e steesteeesbeeeteeesbeesabeetseesbaessseesstaeassaessseesbeessaenases 41



Index

4.6 Structural properties of interaction area between stefin A and cathepsins ..........cccceevveevievieeciieennnn.

4.6.1 Structure of the N-terminal trunk ...........ccoceeevvviiiiiereeenn...
4.6.2 Structure of the first 100P.......cocvveviiiiieciieeiieeeee e,
4.6.3 Structure of the second binding 100p ........ccccevvieviiecriennnn.
4.6.4 Distance determination .........c....ccevveeevuveeeeirveeeeeveeeeenreeeeneenn
4.7 AFM MEASUICMENLS ....cccvvvrrieeeeiiirieeeeeeciiieeeeeeeiireeeeeeeerreeeaeeeas

4.7.1 Surface preparation........c...cc.eeeeeeeeveerveenrieeeereesiseeseeeseesnseenes
4.7.2 The enzyme surface density determination ..................c.......
4.7.3 FOrce Measurements ........ccocueerueerieenreeneeensueenneenieessieesineenns
4.7.4 Analysis of the data .......c..ccceeviiiiiiiiiieciceece e,
4.8 Inhibition mechanism of MYCOCYPINS........cocveeevierrieriieeiieeenenns
4.8.1 Structure of MACTOCYPIN ...ccveevvrieiieirieeeieerieeeree e eseee e
4.8.2 Structure of ClitOCYPIN .....eevvviiriiiiiieiieecie e
4.8.3 Description of mycocypins fold...........cceevevieniiieniiiniiennn,
4.8.4 Comparison of mycocypins with other -trefoil proteins.....
4.8.5 Structures of the cathepsin V — clitocypin complex .............
4.8.6 Inhibition Of AEP.......cccccooviiiiiiiiee e
4.8.7 Trypsin iNhibition ........cccveviieriieiiiieiieieiie e esiee e e

5 Discussion

5.1 Cathepsin L and stefin A case study: Insight into intramolecular interactions.............cccceeveevveerneenns

5.2 Inhibition mechanism of stefins: Rigid docking and flexibility of cathepsins.............ccceeevierveenneenns

5.3 Inhibition mechanism of mycocypins: Flexibility of inhibitiors

6 Conclusions

7 Acknowledgements

8 References

Index of Figures

Index of Tables

Appendix

61
61
63
63

67

69

71

79

83

85



VIII Index



IX

Abstract

Interactions between macromolecules are the basic events of life. Their characterization is thus a key to
understanding the physiology and the underlying specificity of these events. Not only understanding of the
final states (where the molecules get closest together), also understanding of the course of approach is
mandatory to gain insight into the dynamical picture of molecular processes in a living organism.

We have made an attempt to gain insight into the distance dependence of interactions by investigating
the tight interaction between proteases and their inhibitors. Their interactions have been studied by the
combined use of X-ray crystallography, protein kinetics (enzyme kinetics and surface plasmon resonance)
and atom force microscopy. Atomic force measurements provided the distance between the potential
minimum and the transition state in the Bell's model. Additional information about the distance dependence
was obtained by the kinetics of inactivated cathepsins. These data combined with the structures and models
of complexes of inactivated cathepsins with stefin A, provided insight in the energetics of the distance
dependence. The interactions between the studied proteases and inhibitors are taking place in the range
below 10 A (8.5 A was the distance measured by the atom force microscopy). In a crude approximation, the
interaction energy appears to be in a linear relationship with the intermolecular distance. These results shed
light also on understanding of the final binding states, the geometry of which are best revealed by X-ray
crystallography. Several determined structures thus provide insight into the mechanism of binding.

3-dimensional structures of complexes of reduced cathepsin V and stefin A, the MMTS-blocked
cathepsins L and V in complex with stefin A, and the complex of the exopeptidase cathepsin B with stefin
A were determined. They have shown that the modification of the active site cysteine residue prevents the
genuine binding of the inhibitor to the protease, however, the complex is still formed. The binding of the N-
terminal trunk and the first loop of the stefin A to cathepsins is well defined and is very similar between
various cathepsins, whereas the second loop in stefin A exhibits large flexibility. We have also shown that
the occluding loop in the cathepsin B is flexible and can adopt different conformations, depending on the
size and shape of the inhibitor bound to the active site cleft. In contrary to the three loops in stefin A,
clitocypin utilizes only two loops, which bind to the active site cleft. The crystal structures of cathepsin V
in the complex with clitocypin enabled us to explain the previously unknown inhibition mechanism in
atomic detail. The most interesting feature of this interaction is the peptide bond flip, which occurs prior to
or concurrently with the inhibitor docking and enhances the inhibition by the formation of an additional
hydrogen bond.
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Povzetek

Interakcije med proteini so klju¢ni dogodki v vseh Zivljenjskih procesih, zato je njihova karakterizacija
kljuna v razumevanju fiziologije in z njo povezanih procesov. Za razumevanja dinamiénih procesov v
celicah ni pomembno samo razumevanje kon¢nih stanj, kjer so molekule vezane v komplekse, ampak tudi
nacin priblizevanje molekul in orientacije pred tvorbo le-tega.

Z raziskovanjem mocnih interakcij med proteazami in njihovimi inhibitorji smo poskusali pridobiti
vpogled v nastanek kompleksov in njihove lastnosti v odvisnosti od medsebojne razdalje. Interakcije v
kompleksih smo proucevali s pomocjo proteinske kristalografije in encimske kinetike, dolo¢ene na klasicen
nacin in s pomocjo povrsinske plazmonske resonance. Z mikroskopijo na atomsko silo smo dolocili
razdaljo med potencialnim minimumom in prehodnim stanjem v Bellovem modelu, ki opisuje disociacijo
dveh molekul. Dodatne informacije o tej razdalji smo pridobili z kinetiko tvorbe kompleksov med
inaktiviranimi katepsini in stefinom A. Kineti¢ni podatki, zdruzeni z dolo¢enimi kristalnimi strukturami in
izraCunanimi modeli so nam omogocili vpogled v energijsko bilanco interakcije v odvisnosti od razdalje.
Interakcije med proucevanimi encimi in njihovimi inhibitorji se pretezno dogajajo, ko je njihova
medsebojna oddaljenost pod 10 A (s pomoéjo mikroskopije na atomsko silo smo dolo¢ili 8.5 A). V grobem
priblizku lahko povzamemo, da je energije tvorbe kompleksa v linearni odvisnosti od razdalje med obema
molekulama. Ti podatki so v pomo¢ tudi pri razumevanju koncnega stanja, o katerem najve¢ pove
proteinska kristalografija. Ve¢ doloCenih kristalnih struktur nam poleg teh podatkov daje tudi vpogled v
mehanizem tvorbe kompleksa.

Dolo¢ili smo tridimenzionalne strukture kompleksov med reduciranim katepsinom V in stefinom A,
med katepsinoma L in V, blokiranima z MMTS, in stefinom A ter strukturo kompleksa med eksopeptidazo
katepsinom B in stefinom A. Te strukture so pokazale, da modifikacija aktivnega cisteina zmotijo nativno
vezavo, ne prepre¢ijo pa nastanek kompleksa. Prav tako lahko opazimo, da je vezava N-terminalnega konca
in prve zanke v stefinu A v aktivno mesto katepsinom dobro definirana, do¢im pa je druga zanka precej
fleksibilna. Prav tako smo pokazali, da lahko izkljucitvena zanka v katepsinu B zavzame razli¢ne
konformacije, ki so odvisne od vrste inhibitorja, ki se veze v aktivno mesto. V nasprotju s stefini, ki za
inhibicijo uporabljajo vezavo z tremi zankami, se klitocipin veze v aktivno mesto s pomocjo le dveh zank.
Kristalna struktura katepsina V v kompleksu s klitocipinom nam je omogocila, da smo na atomarnem
nivoju pojasnili prej Se neznan mehanizem inhibicije cistenskih proteaz s mikocipini. Pri vezavi klitocipina
je najbolj zanimiva sprememba konformacije peptidne vezi med glicinoma, ki nastane pred ali so¢asno z
vezavo inhibitorja v aktivno mesto.
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1 Introduction

Living organisms are an exceptionally complex combination of a variety of molecular processes needed for
their proper functioning. All processes in the living organisms involve proteins. Many proteins are enzymes
that catalyze biochemical reactions and are vital to metabolism. Besides catalysing chemical reactions,
proteins also have structural or mechanical functions, such as actin and myosin in muscle and proteins in
the cytoskeleton which form a system of scaffolds that maintains the cell shape.

Enzymes are one of the most studied groups of proteins. They perform most of the reactions involved in
metabolism. The rate acceleration conferred by enzymatic catalysis is often enormous — as much as 10"-
fold increase in rate compared to the uncatalyzed reaction in the case of orotate decarboxylase (78 million
years without the enzyme, 18 milliseconds with the enzyme) [1]. On the other hand, enzymes are usually
highly specific and accelerate only one or a few chemical reactions.

One of the most interesting and researched representatives among enzymes are proteases. They catalyse
the hydrolysis of peptide bonds in proteins and peptides. Proteases (EC 3.4.), also known as proteinases or
proteolytic enzymes, are involved in digesting long protein chains into short fragments by splitting the
peptide bonds that link the amino acid residues. Some of them can detach the terminal amino acids from the
protein chain (exopeptidases); others cleave internal peptide bonds of a protein (endopeptidases).
Peptidases can either break specific peptide bonds (limited proteolysis), depending on the amino acid
sequence of a protein, or break down a complete peptide to peptides and amino acids (unlimited
proteolysis).

Proteases are divided into six major groups according to the character of their catalytic active site and
conditions of action: serine proteases, cysteine proteases, aspartic proteases, threonine proteases, glutamic
acid proteases and metallo proteases. Attachment of a protease to a certain group depends on the structure
of the catalytic site and the amino acid (as one of the constituents of the catalytic site) essential for its
activity.

Proteases are usually synthesized as precursor proteins called zymogens, such as serine protease
precursors trypsinogen and chymotrypsinogen, and aspartic protease precursor pepsinogen. The proteases
are activated by the removal of an inhibitory segment of protein or by a specific cleavage, followed by
conformational changes. Activation occurs once the protease is delivered to a specific intracellular
compartment (e.g. lysosome) or extracellular environment (e.g. stomach). This system prevents the cell that
produces the protease from being damaged by it.

Proteases occur naturally in all organisms. In the human body, there are approximately 500 known
proteases [2]. The estimated number of proteases is slightly higher, as the initial estimation based on the
human genome sequence suggested there is between 700 and 1100 proteases [2]. Later detailed genomic
analyses have revealed that the human degradome is composed between 561 [3] and 570 [4] protease-
coding genes.

Proteases are involved in a multitude of physiological reactions from simple digestion of food proteins
to highly regulated cascades. For example, pepsin, trypsin, chymotrypsin, elastase, carboxypeptidase A and
B are responsible for the digestion of protein food in human stomach and intestine [5]. Thrombin and
various factors (I, V, IX, X, XI, XII) are key proteases in the blood clothing cascade [6]. Serine proteases
granzymes and cysteine proteases caspases are initiators of apoptosis, a programmed cell-death, which
function is to remove the damaged cell, preventing it from sapping further nutrients from the organism, or
halting further spread of viral infection [7, §].

It is clear from the forgoing that the activities of the proteases need to be strictly regulated in order to
prevent inappropriate proteolysis, which could be harmful or lethal. In addition to controlling endogenous
proteases, an organism should be capable of controlling proteases released by various microorganisms or
inflammatory cells. The proper functioning and regulation of the activity of proteases is a delicate balance
of many factors, one of the most crucial being the protease inhibitors. Protease inhibitors are usually
proteins with domains that enter or block a protease active site to prevent substrate access, therefore
abolishing their activity [9].

Proteases, though indispensable to the maintenance and survival of human organisms, can be potentially
damaging when over or underexpressed, mutated or present in higher concentrations. The mutation in
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serine protease Factor IX causes haemophilia B, a blood clotting disorder caused by a deficiency of Factor
IX [10]. The eficiency of cysteine protease cathepsin C activity secondary to mutations in the cathepsin C
gene can cause Papillon-Lefévre syndrome (PLS), an autosomal recessive disorder characterised by
palmoplantar keratoderma and severe, early onset periodontitis [11]. Proteases are also associated with
cancer progression because of their ability to degrade extracellular matrices, which facilitates invasion and
metastasis [12].

The high number of proteases, their versatile roles, their degradation potential and their potential
harmful action demand that protease interactions with inhibitors are understood in details.

1.1 Cysteine proteases

Cysteine proteases are the third most abundant in MEROPS database [13] with approximately 27 000
sequences. According to MEROPS, there are 72 different families of cysteine proteases, the most important
being C1 (papain-like proteases), C2 (calpains) and C14 (caspases) [14].

The proteolytic activity of all cysteine proteases arises from the presence of the catalytic pair of Cys and
His residues in the enzyme reactive site. The crucial step of the catalytic process involves the formation of
a reactive thiolate/imidazolium ion pair (Cys-S7/His-Im").

The proteases of this group are most commonly exemplified by papain, a well-described plant enzyme
isolated from the latex of Carica papaya fruit. In the case of papain-like cysteine proteases, the catalytic
centre is complemented with Asn that ensures an orientation of the His imidazole ring optimal for the
successive stages of hydrolysis.

1.1.1 Papain-like cysteine proteases

The family of papain-like cysteine proteases is the most abundant among the cysteine proteases. The
papain-like protease family is the only family from the clan CA and one of the few from all other families,
represented in viruses, bacteria, archaea, protozoa, fungi, plants and animals [14].

The family consists of papain and related plant proteases such as chymopapain, caricain, bromelain,
actinidin, ficin and aleurain, and lysosomal cysteine cathepsins. Most of these enzymes are relatively small
proteins with a molecular weight in the range of 20 — 35 kDa, with the exception of cathepsin C, which is a
tetrameric enzyme with a molecular weight of 200 kDa [15].

The papain family contains peptidases with a wide variety of activities, including endopeptidases with
broad specificity (such as papain), endopeptidases with very narrow specificity (such as glycyl
endopeptidases), aminopeptidases, a dipeptidyl-peptidase, and peptidases with both endopeptidase and
exopeptidase activities (such as cathepsins B and H).

The structures of all known papain-like proteases (except cathepsin C) are monomeric, consisting of
two domains (R- and L-domains according to their right and left positions in the standard view). The most
prominent feature of the L-domain is the central helix about 20 residues long located between the active
site and the bottom of the molecule, whereas the R-domain is folded into a f-barrel. The domains fold
together in the form of a closed book. The domains form a V shaped active site cleft with the active site
cysteine and histidine residue at the bottom [15, 16].

Figure 1: Cartoon (A) and surface (B) representation of papain in standard view. L domain is shown in blue, R
domain in red and active site residues in yellow.
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Active site of proteases is subdivided into subsites to which amino acid residues of the peptydic
susbtrate are binding [17]. The subsites are numbered away from the catalytic site in both directions. The
subsites on the C-terminal side of the bound substrate are ,,primed* to differentiate them from the sites on
the N-terminal side. The substrate binding sites S3, S2, and S1 of the clan CA were deduced from the
structures of papain-like enzymes with substrate analogue inhibitors. The S1, S2, and S3 binding sites were
deduced from the structure of papain with chloromethyl ketone inhibitor [15], whereas the S1’ and S2’ sites
were deduced from the structure of cathepsin B with the epoxysuccinyl inhibitor CA030 [18].

Figure 2: Binding sites of papain-like cysteine proteases, shown in cathepsin V [19]. The surface of cathepsin V
is shown in gray, apart from the catalytic cysteine shown in yellow and the S3, S2, S1, S1’ and S2’ binding site,
shown in green and cyan.

1.1.1.1 Cathepsins

Cathepsins are papain-like lysosomal cysteine proteases, optimally active in the slightly acidic, reducing
environment in lysosomes.

Figure 3: Additional features of exopeptidase members of cathepsins. A) View along active site and B) view
perpendicular to the active site cleft. Papain is shown as gray surface, exclusion domain of cathepsin C as blue
ribbons [23], mini loop of cathepsin X in orange [21], mini chain of cathepsin H in green sticks [24] and
occluding loop as red ribbon [25].

There are 11 known members of the cathepsin group in humans. Cathepsins L, V, S, K and F are
endopeptidases, whereas cathepsins B, X, H and C are exopeptidases. Cathepsins O and W still await
characterization. In exopeptidases, additional structural features restrict access to the active site cleft.
Cathepsin B has a short insertion, called the occluding loop, which blocks the binding sites beyond S2’
[20]. Cathepsin X has a mini-loop delimits the enzyme to a monopeptidase [21]. The part of the propeptide,
covalently attached to the cathepsin H body, also called the mini chain, restricts access to nonprime binding
sites [22]. Cathepsin C, the only tetrameric representative in the cathepsin group, posseses an exclusion
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domain, a large insertion in the propeptide region [23].

It was long believed that the primary role of cathepsins is a nonselective protein degradation inside
lysosomes. The results from a single cathepsin deficient mice showed no defects in protein degradation
[26-32], suggesting that cathepsin are redundant. However, gene knockouts and genetic diseases have also
revealed unknown, individual and specific functions. It was shown that cathepsin K is crucial for normal
bone remodelling [33]. Cathepsin K deficient mice also developed similar symptoms as patients with
pycnodysostosis [31]. The specific role of cathepsins S and L in the processing of the MHC class II-
associated invariant chain, which is essential for functioning of the immune system, has also been
confirmed [27, 28, 32]. Cathepsin L is also essential for epidermal homeostasis and regular hair follicle
morphogenesis [30].

Cathepsin C deficient mice were unable to activate a number of serine protease (granzymes A and B,
cathepsin G, neutrophil elastase and cymase) [29].

It was also shown that cathepsins play an important role in cancer. Cathepsin B has been linked to
tumour progression through observations that its activity, secretion or membrane association are increased,
where most malignant tumors, and specifically the cells at the invasive edge of those tumors, express the
highest activity [34-36] and that the tumour progression was suppressed by addition of cathepsin B
antibody or inhibitors [37]. Similar, gene expression profiling of pancreatic islet tumors in a mouse model
of cancer revealed upregulation of cathepsin cysteine proteases [38].

1.2 Inhibitors of papain-like cysteine proteases

Cysteine proteases are involved in a number of important intracellular and extracellular physiological
processes. It is clear from the forgoing that their activities need to be strictly regulated in order to prevent
inappropriate proteolysis which could be harmful or lethal to organism. In addition to controlling
endogenous proteases, an organism should be capable of controlling proteases released by various
microorganisms or inflammatory cells. There are numerous ways to achieve this, one of the most important
being by protease inhibitors [39]. There are several families of cysteine proteases inhibitors, the most
relevant for this work are briefly presented below [39].

1.2.1 Cystatins

Cystatins are family of reversible inhibitors of papain-like cysteine proteases. They belong to 125 MEROPS
family and are further divided to four groups (stefins, cysstatin, kininogens and phytocystatins) on the basis
of the sequence homology [9, 14, 40, 41].

1.2.1.1 Stefins

Stefins (or type 1 cystatins) are proteins with a molecular weight of 11 kDa. They do not contain disulfide
bridges and are not glycosylated. The two members found in humans are stefin A (steA) and stefin B
(steB). Stefin A was found in high concentrations in epithelial cells, polymorphonuclear leukocytes, and
lymphoid tissue, whereas stefin B is evenly distributed among different cells and tissues [42]. Besides
protection of cytosolic and cytoskeleton proteins from the degradation by cysteine proteases accidentally
released from lysosmes, several other functions have been suggested for stefins. Higher levels of stefin A in
tumours have been determined in lung cancer, breast cancer, head and neck cancer and prostate cancer as
well as in murine lymphosarcomas, hepatomas and Lewis lung carcinomas. These higher levels may up to a
certain level, counter-balance the excessive activity of cysteine cathepsins, associated with matrix
remodelling, resulting in the progression of the disease [42, 43].

1.2.1.2 Cystatins

Cystatins (or type 2 cystatins) are approximately 20-40 aminoacids longer than stefins. They are also not
glycosylated, however, they have two disulfide bonds at the C-terminal part. They are mostly found in
extracellular fluids [44].

The best-researched member is cystatin C, being one of the most important extracellular inhibitors of
cysteine proteases. It is used as an important and effective biomarker for kidney functions [45]. Mutations
in the cystatin 3 gene are responsible for the Icelandic type of hereditary cerebral amyloid angiopathy, a
condition predisposing to intracerebral haemorrhage, stroke and dementia [46]. It was also discovered that
certain cystatins (C, E and F) are capable of simultaneous inhibition of papain-like proteases and legumain,
a cysteine protease from the C13 MEROPS family [47].
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1.2.1.3 Kininogens

Kininogens (or type 2 cystatins) are multidomain proteins with a molecular weight in the range of 68 — 170
kDa. They are composed of the heavy and the light chain, connected by a disulfide bond, and the kinin
domain. The heavy chain is usually composed of three cystatin-like domains, however only two of them
have inhibitory activity against papain-like cysteine proteases. They are the major inhibitors of cysteine
proteases in blood circulation and are also involved in inflammation, blood clotting and complement
reactions [44, 48, 49].

1.2.1.4 Phytocystatins

Phytocystatins are protease inhibitors of the cystatin family, found in plants. They have been identified in
rice, maize, soybean, apple fruit, carnation leaves and many other plants. Their expression is usually
limited to specific organs or phases during development, such as germination, early leaf senescence, cold or
salt stress [50].

1.2.2 Thyropins

Thyropins (thyroglobulin type-1 domain protease inhibitors) are inhibitors with a similar structure as the
thyroglobulin type-1 domain [51]. The majority of thyropins inhibit papain-like cysteine proteases,
however, a few members can inhibit aspartic protease cathepsin D [52] and proteases, for whose activity
cations are needed [53].

One or more repeats of thyroglobulin type-1 domains are found in a number of functionally and
structurally unrelated proteins (thyroglobulin, nidogen, testican, insulin-like growth factor-binding proteins,
human pancreatic carcinoma marker protein (GA733-2), major histocompatibility complex class II-
associated p41 invariant chain, saxifilin, cysteine protease inhibitor from salmon roe and equistatin) [51].
The p41 invariant chain, saxifilin, cysteine protease inhibitor from salmon roe and equistatin are reversible
inhibitors of cysteine proteases [48]. These inhibtors belong to the I31 MEROPS family [14].

Crystallographic analyses of the p41 invariant chain bound to cathepsin L provided insight into the
mechanism of interaction between thyropins and their target proteases [19]. The p41 fragment consists of
two subdomains: the first one iscomposed of an a-helix and a B-strand, the second subdomain being a
three-stranded antiparallel B-sheet. Similarly to cystatins, the molecule is wedge-shaped and interacts with
the enzyme through three hairpin loops [19]. When compared to cystatins, the different overall structure
results in additional contacts with the surface of the protease, determining the high specificity of thyropins
and distinguishing them from the relatively non-selective cystatins [19, 54].

A B

Figure 4: Cathepsin L (gray) inhibition by p41 fragment (red). A) View along active site and B) view
perpendicular to the active site cleft. Active site residues are shown in yellow [19].

1.2.3 Chagasin

Chagasin is an inhibitor of cysteine proteases isolated from parasite Trypanosoma cruzi, which causes the
Chagas disease in Central in Southern America. It is representative of the 142 MEROPS family [14]. Its
homologues were also isolated from bacterium, archeas and other parasites (Trypanosoma brucei,
Leshmania species, Plasmodium species), which express a variety of papain-like cysteine proteases [14,
48]. Chagasin plays an important role in the regulation of proteolytic activity of endogenous cysteine
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proteases, essential for parasite differentiation and mammalian cell invasion [48, 55]. Structural studies of
chagasin provide a basis for the development of synthetic drugs against different parasitic diseases (Chagas
disease, malaria, trypanosomiasis, leishmaniasis) [48, 56, 57].

A B

Figure 5: Cathepsin B (gray) inhibition by chagasin (red). A) View along active site and B) view perpendicular
to the active site cleft. Active site residues are shown in yellow [58].

1.2.4 Serpins

Some representatives of serpins (serine protease inhibitors) also inhibit cysteine proteases. One of them is
the squamous cell carcinoma antigen (SCCA-1). It is a member of the [4 MEROPS family [14] and inhibits
trypsin, papain and cathepsins L, S and K [59] with the same inhibition mechanism [60].

1.2.5 Cysteine protease propeptides and their homologues

The majority of cysteine proteases are synthesised as inactive zymogens. Removal of the N-terminal
propeptide is needed for activation of the enzyme. The propeptide can be removed autocatalytically or by
other proteases. It is bound to the active site, but in the reversed orientation of a susbtrate. Its reversed
orientation prevents its cleavage, while its presence prevents the approach of substrates. When enzymes are
activated and the propeptide is removed, propeptide can still act as a reversible inhibitor of the active
enzyme [48, 59].

A

Figure 6: Blocking of active site by propeptide in procathepsin L. A) View along active site and B) view
perpendicular to the active site cleft. Propeptide is shown in red, mature enzyme in gray and active site residues
in yellow [64].

Propeptides are expressed simultaneously with the proteases, however, there are reports about
propeptide homologues which are expressed independently from the proteases. The first described was the
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cytotoxic T-lymphocyte antigen-2f3 in mice, which shows high similarity to cathepsin L propeptide and
competitively inhibits cathepsins L, H and papain [48, 61, 62]. Similar homologues were also discovered in
silkworm Bombyx mori, which inhibits cathepsins L and S, but not papain and cathepsin B. These inhibitors
are classified in the 129 MEROPS family [14, 62, 63].

1.2.6 Staphostatins

Recently, a new mechanistic class of cysteine proteases inhibitors has been identified and classified in the
158 MEROPS family [14]. They were named staphostatins due to their high specificity towards
staphopains, bacterial papain-like cysteine proteases [65]. Staphostatins were found to be B-barrels formed
by a three-stranded mixed B-sheet and a five-stranded anti-parallel -sheet [66].

The crystal structure of staphostatin B in complex with staphopain B revealed that their most crucial
interactions occur in the region defined as the inhibitor-binding loop. The loop spans the protease active
site cleft in a direction analogous to that of substrates [67].

A B

Figure 7: Staphopain (gray) inhibition by staphostatin (red). A) View along active site and B) view
perpendicular to the active site cleft. Active site residues are shown in yellow. [67]

1.2.7 Kunitz-type inhibitors

Kuntz-type inhibitors are members of the I3 MEROPS family [14]. They are primary a serine protease
inhibitors, however, a few members inhibit also proteases of other catalytic types. There are reports about
inhibitors of cysteine proteases from potato [68], protease inhibitor from Proposis juliflora [69] and
Bauhinia bauhinioides cruzipain inhibitor [70], however, their inhibition mechanism remains unknown.

Kunitz-type inhibitors are single-chain proteins with a molecular weight from 16 to 20 kDa. They
inhibit serine proteases in canonical mode; that is binding in substrate-like manner along the active site
with high affinity. At typically used concentrations and neutral pH the hydrolysis of the inhibitor is
extremely slow. The system behaves as if there was a simple equilibrium between the enzyme and the free
inhibitor on the one hand and the complex on the other [71, 72].

The crystal structure of the representative member soybean trypsin inhibitor (STI) in complex with
serine protease trypsin [73, 74] revealed that Kunitz type inhibitors have an unusual fold which was named
B-trefoil fold. The same fold is found in the inhibitor isolated from Erythrina caffra [75], interleukins-1a
and 1P [76] and fibroblast growth factors [77].

The STI structure consists of twelve antiparallel -strands, long loops connecting these strands and a
short helical insertion. Six of the strands (B1, 4, B5, B8, f9 and f12) form a short antiparallel B-barrel,
with one side of the barrel being closed by a lid consisting of the other six strands.
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Figure 8: 4A) Structure of soybean trypsin inhibitor and B) schematic representation of PB-trefoil fold. The barrel-
forming strands are shown in red and lid forming strand in yellow. [74]

1.2.7.1 Inhibitors of cysteine proteases from potato

Inhibitors of cysteine proteases from potato are single-chain proteins with a molecular weight of 22 — 25
kDa, isolated from potato tubers. They inhibit cysteine proteases papain (K;=50-100 nM), cathepsin B
(Ki=90-100 nM), cathepsin H (K; =400 nM) and cathepsin L (K; =0.06 — 1.5 nM) [68]. They were classified
to the Kunitz-type family on the basis of the sequence similarity with other members [78].

1.2.7.2 Protease inhibitor from Proposis juliflora

Protease inhibitor from Proposis juliflora was classified to the Kunitz-type family on the basis of the
sequence similarity. It inhibits trypsin, papain and digestive cysteine proteases from several phytophagous
pests [69]. It was suggested that the same loop is responsible for the inhibition of serine and cysteine
proteases [79].

1.2.7.3 Bauhinia bauhinioides cruzipain inhibitor

Bauhinia bauhinioides cruzipain inhibitor BbCI, a Kunitz-type inhibitor belonging to the 13 MEROPS
family, inhibits papain-like endopeptidases cruzipain and cathepsin L, serine protease trypsin, but not
endopeptidase cathepsin V, and exopeptidases cathepsins B and X. It is also the first Kunitz-type cysteine
protease inhibitor for which the crystal structure was determined, however, the structure of BbCI protease
complexes is lacking, though it was suggested that the same reactive loop is involved in the inhibition of
cysteine and serine proteases [70, 80].

1.2.8 Mycocypins

Mycocypins are a recently discovered group of cysteine protease inhibitors from basidiomycetes. Their
structure and inhibition mechanism has been unknown until this work.

1.2.8.1 Clitocypin

Clitocypin (Clitocybe nebularis cysteine protease inhibitor) is a strong and specific inhibitor of cysteine
proteases, isolated from basidiomycete Clitocybe nebularis [81]. Its exact role in the basidiomycete is still
unknown.

The lack of the sequence homology to other families of protease inhibitors made it the first member of
the 148 MEROPS family [14, 81]. It is extremely resistant to heat, extreme pH values and proteolytic
degradation. Secondary structure studies have shown that it posseses a high content of B-structures [82, 83].

Recombinant clitocypin inhibits papain (Ki=6.2 nM), cathepsins L (K;=0.02 nM) and K (K;=0.03 nM),
legumain (K;=21.5 nM), but not trypsin, pepsin, cathepsin H and caspases 3, 6 and 7. Contrary to cystatins
and thyropins natural clitocypin also inhibits bromelain (K;=160 nM) [81, 84].



1.2.8.2 Macrocypin

Macrocypins (Macrolepiota procera cysteine protease inhibitor) are recently discovered cysteine protease
inhibitors from basidiomycete Macrolepiota procera [85]. Members of macrocypin family are encoded by
a family of genes that are divided into five groups with a more than 90% within-group sequence identity
and 75-86% between-group sequence identity.

Macrocypins exhibit similar basic biochemical characteristics, stability against high temperature and
extremes of pH, and inhibitory profiles similar to those of clitocypin. This suggests that they belong to the
same MEROPS family of cysteine protease inhibitors, named mycocypins.

Natural and recombinant macrocypins 1, 3 and 4 inhibit papain (Ki=0.12 — 5.04 nM), cathepsins L
(K=0.31-3.81 nM), V (K;=0.45 — 12.6 nM), S (K;=5.1 — 47.1 nM), K (K;=4.5 — 170 nM), B (K; > 125 nM)
and H (Ki=24 — 370 nM). Natural and recombinant macrocypins 1 and 3 also inhibit legumain (K;=3.4 —
110 nM). Macrocypin 4 does not inhibit AEP, but in contrast to others it inhibits serine protease trypsin
(Ki=160 nM)[85].

1.3 Inhibition of cathepsins with stefin A

Stefins are tight and reversible inhibitors, capable of strong inhibition of cathepsins. They inhibit
endopeptidases in the picomolar range (K;= 0.05 — 130 pM) and exopeptidases in in the nanomolar range
(K=0.3-100 nM) [24, 86].

Although the crystal structures of papain had been known for a long time [87], the structural basis for
the inhibition was not known until the structural characterization of chicken cystatins C [88].

On the basis of the chicken cystatin C and papain structures it has been suggested that the N-terminal
segment and two cystatin loops bind into the active site cleft.

This hypothesis was later confirmed by the crystal structure of stefin B in complex with
carboxymethylated papain [89], however, this structure has not explained the interactions between
cathepsins and stefins in details.

A B

Figure 9: 4 crystal structure of carboxymethylated papain with stefin B. Papain is shown in gray, stefin B in red
and active site cysteine in histidine in yellow. Stefin B fills the active site cleft in wedge like shape (A). N-
terminal segment binds to the nonprimed binding sites, whereas both loops bind to primed binding sites (B).
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A step further was the determination of the crystal structure of cathepsin H — stefin A complex [24],
which showed that the N-terminal trunk partially displaces the mini-chain. It was also demonstrated that
stefin A binds deeper into the active site cleft in the absence of carboxymethylated cysteine residue.

Extensive work was done on the characterization of important residues in stefin A and B, involved in
inhibition of cathepsins and papain. It was shown that sequential deletion of N-terminal residues in stefin A
reduces the affinity towards cathepsins and papain [90], whereas deletion of N-terminal methionine in
stefin A did not have any effect on the inhibition of papain and cathepsins L and B. Deletion of Met1-1le2
resulted in 900x, 3x and 200x fold reduction in affinities for papain, cathepsins L and B, respectively.
Further deletion of Pro3 resulted in additional decreased affinities (2000x, 20 000x, 400x fold). The
reductions in affinity shown by the latter mutant indicate that the N-terminal region contributes about 40%
of the total free energy of the binding of stefin A to cysteine proteases [90].

The important role of Gly4 was confirmed by the point mutation studies in the native full-length stefin
A, where even the smallest replacement, by Ala, resulted in 1000-, 10- and 6000-fold decreased affinities
for papain, cathepsins L and B, respectively. Further mutation in larger aminoacids additionally reduced the
affinities. The highest reduction (>105x) was observed, when Gly4 was replaced by Arg4 or Glu4 [91].

The mutation analysis of the second loop in stefin A showed that the second binding loop of stefin A
plays a minor role in stabilizing the complexes with proteases by retarding their dissociation. Mutation of
Leu73 decreased the affinity for papain, cathepsins L and B by = 300-fold, >10-fold and =~ 4000-fold,
respectively. Mutation of Pro74 decreased the affinity for cathepsin B by ~ 10-fold, but minimally affected
the affinity for the other two enzymes. Mutation of GIn76 and Asn77 did not alter the affinity of stefin A
towards any of the proteases studied. The decreased affinities were caused exclusively by the increased
dissociation rate constants [92].
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2 Purpose of the work

Interactions between macromolecules are the basic events of life. Their characterization is thus a key to
understanding the physiology with the underlying specificity of these events at the molecular level. 3-
dimensional structures determined by X-ray crystallography, electron microscopy and NMR spectroscopy
reveal how molecules interact with each other at atomic detail. But not only the complexed states, also the
process of approach and underlying principles are essential for understanding physiology of a living cell.
Macromolecules are namely relatively large particles, therefore it is conceivable to assume that their
approach is not completely random, but is a consequence of long term interactions, which orient and guide
approach of the interacting partners. To confirm such hypothesis one should understand the energetics of
approach of two interacting partners, when possible in intermolecular distance dependent manner. Most
methods provide insight into equilibrated (steady) states of such processes, whereas the course of events -
approach and separation - remain largely unexplored.

Besides revealing novel interaction mechanisms, we have made an attempt to gain insight also into the
distance dependence of interactions by exploiting the tight interaction of proteases and their inhibitors.
Their interactions have been studied by a combined use of X-ray crystallography, protein kinetics (enzyme
kinetics and surface plasmon resonance) and atom force microscopy.

X-ray crystallography and atom force microscopy have been used to gain insight into the geometry and
distance dependence of binding, whereas enzyme kinetics, sufrace plasmon resonance and have been used
to gain insight into the energetics of interaction.
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3 Materials and Methods

3.1 Plasmid and mutants preparation

The pPIC9 plasmid containing cDNA sequence of human procathepsin L and V were obtained from dr.
Marko Miheli¢. The PET3a plasmid containing cDNA sequence of procathepsin B was obtained from dr.
Dejan Caglic. The PET3a plasmid containing cDNA sequence of stefin A was obtained from dr. Eva
Zerovnik. The PET3a and PET11a plasmid containing cDNA sequence of clitocypin and macrocypin
isoforms were obtained from dr. Jerica Sabotic.

The mutants of cathepsin L, V and stefin A were produced by site-directed mutagenesis with two
mutagenic primers and two flanking primers [93].

The mutants of clitocypin and macrocypin isoforms were produced by PCR site-directed mutagenesis
using appropriate pET vectors as templates, followed by digestion of templates with Dpnl (Fermentas) and
recovery of the pET vectors containing mutated inserts [94].

The cloning and expression of clitocypin and macrocypin mutants was performed in collaboration with
dr. Jerica Saboti¢ from Department of Biotechnology, Jozef Stefan Institute.

3.2 Protein expression and isolation

Proteins were recognized as a distinct class of biological molecules in the eighteenth century. Since that
time, proteins were isolated from natural sources until a few decades ago recombinant DNA technology
started to evolve. Recombinant DNA technology, followed by the increasing number of known protein
sequences, allowed the production of proteins which could not be isolated from natural sources. Basically,
the DNA sequence of the protein is inserted into the appropriate vectors and then transferred into the
expression cells, where the protein is expressed.

3.2.1 Theoretical backgrounds

3.2.1.1 Pichia pastoris expression

Pichia pastoris is frequently used as an expression system for the production of proteins. A number of
properties make Pichia suited for this task: Pichia has a high growth rate and is able to grow on a simple,
inexpensive medium. Pichia can grow in either shake flasks or a fermenter, and this makes it suitable for
both small and large-scale production.

Pichia pastoris has two alcohol oxidase genes, AOX1 and AOX2, which have a strongly inducible
promoter. These genes allow Pichia to use methanol as a carbon and energy source. The AOX promoters
are induced by methanol and are repressed by e.g. glucose. Usually the gene for the desired protein is
introduced under the control of the AOX1 promoter, which means that protein production can be induced
by addition of methanol [95].

In a used expression vector pPIC9, the desired protein is produced as a fusion product to the secretion
signal of the a-mating factor from Saccharomyces cerevisiae (baker's yeast). This causes the protein to be
secreted into the growth medium which greatly facilitates subsequent protein purification [96-98].

3.2.1.2 Escherichia coli expression

The pET System is the most powerful system ever developed for the cloning and expression of
recombinant proteins in E. coli. Target genes are cloned in pET plasmids under the control of strong
bacteriophage T7 transcription; expression is induced by providing a source of T7 RNA polymerase in the
host cell. T7 RNA polymerase is so selective and active that, when fully induced, almost all of the cell’s
resources are converted to target gene expression; the desired product can comprise more than 50% of the
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total cell protein a few hours after induction. Although this system is extremely powerful, it is also possible
to attenuate the expression level simply by lowering the concentration of inducer. Decreasing the
expression level may enhance the soluble yield of some target proteins. Another important benefit of this
system is its ability to maintain target genes transcriptionally silent in the uninduced state [99-101].

3.2.2 Protocols

3.2.2.1 Cathepsin L and V

The pPIC9 plasmid containing the cDNA sequence of human procathepsin L and V and their mutants were
linearized with Sac/ (NEB) and electroporated in Pichia pastroris GS115 (Invitrogen). The recombinant
yeast cells were inoculated in the BMGY medium (1 % yeast extract, 2 % peptone, 0.1M potassium
phosphate, pH 6.0, 1.34 % yeast nitrogen base, 4x10-5 % biotin and 1 % glycerol). When the culture
reached OD600=2.0, the medium was changed to the BMMY medium (1 % yeast extract, 2 % peptone,
0.1M potassium phosphate, pH 6.0, 1.34 % yeast nitrogen base, 4x10-5 % biotin and 1 % methanol). After
4 days the supernatant was collected, concentrated and applied to Ni-NTA (Invitrogen) affinity
chromatography. The column was washed with 20 mM phosphate, 500 mM NaCl, 10 mM imidasole, pH
7.0 and proteins eluted in 20 mM phosphate, 500 mM NaCl, 500 mM imidasole, pH 7.0. Eluates containing
procathepsins L and V were pooled and dialysed against 10 mM phosphate buffer, pH 7.5. The dialysed
protein samples were applied to Q-sepharose equilibrated with the 10 mM phosphate buffer, pH 7.5.
Proteins were eluted with 10 mM phosphate buffer, pH 7.5. The fractions containing cathepsins L and V
were pooled, pH was lowered to 4.5 and 10 mM DTT was added. After the activation at 37°C had finished,
the mature cathepsins were applied to SP-sepharose, equilibrated with 10 mM acetate buffer, pH 5.5.
Cathepsins L and V, eluted with 10 mM acetate buffer, 500 mM NaCl, pH 5.5 were pooled, dialysed
against 10 mM acetate buffer, pH 5.5 and concentrated to 1.0 mg/mL. The samples were treated with
methyl methanethiosulfonate (MMTS) and frozen at -80°C until use [102].

3.2.2.2 Cathepsin B

PET3a vector containing the cDNA sequence of stefin A was transformed in Escherichia coli BL21(DE3).
The expression was induced with 0.4 mM IPTG when OD600 reached 0.6. After 4 hours of expression,
cells were centrifuged and frozen. The cells were lysed. Inclusion bodies were washed three times with 50
mM TrisHCIL, 2 mM EDTA, 0.1% Triton-x-100, pH 8.0 and 50 mM TrisHCI, 2 M urea, 2 mM EDTA, 0.1%
Triton-x-100, pH 8.0. The insoluble protein was dissolved in 6 M guadinine hydrochloride, 0.3 M Na2SO3,
pH=8.0 and 1 mL of 50 mM Thannhauser reagent was added [103]. Proteins were than precipitated in cold
water by addition of acetic acid. Precipitation after centrifugation was dissolved in 8 M urea and diluted to
0.1 mg/mL. The denatured protein was refolded by slow dialysis against 100 mM Tris-HCI, 5 mM cysteine,
5 mM EDTA. Refolded procathepsin B was activated with the addition of 5 mM DTT. After the activation
had been finished, the mature cathepsin B was applied to SP-sepharose, equilibrated with the 10 mM
acetate buffer, pH 5.5. Cathepsin B, eluted with 10 mM acetate buffer, 500 mM NaCl, pH 5.5 was pooled,
dialysed against 10 mM acetate buffer, pH 5.5 and concentrated to 1.0 mg/mL. Samples were treated with
the methyl methanethiosulfonate (MMTS) and frozen at -80°C until use [104].

3.2.2.3 Stefin A

PET3a vector containing the cDNA sequence of stefin A was transformed in Escherichia coli BL21(DE3)
cells [105, 106]. The expression was induced with 0.4 mM IPTG when OD600 reached 0.6. After 4 hours
of expression, cells were centrifuged and frozen. The soluble fraction after lysis was concentrated and
applied to a size-exclusion column (Superdex 75), equilibrated with the 10 mM phosphate buffer, 200 mM
NaCl, pH 6.5. Eluates containing stefin A were pooled and dialysed against 10 mM phosphate buffer, pH
7.5. The dialysed sample was applied to Q-sepharose, equilibrated with the 10 mM phosphate buffer, pH
7.5. Stefin A was eluted with 10 mM phosphate buffer, 500 mM NaCl, pH 7.5, dialysed against 10 mM
acetate buffer, pH 5.5, concentrated to 1 mg/mL and frozen at -80°C until use.

3.2.2.4 Clitocypin, macrocypin and their mutants

Macrocypin, clitocypin, methionine-containing clitocypin mutant (Clt-L82M, Clt-I89M), and their mutants
(Mcp-172K+N74K, Mcp4-A701+K72N, Mcp-DG25, Mcp- G25A, Mcp4-N74R and Clt-DG24, Clt-G24A,
Clt-N70K) were expressed in Escherichia coli [84, 107]. The expression was induced with 0.4 mM IPTG
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when OD600 reached 0.6. After 4-6 hours of expression, cells were centrifuged and frozen. The cells were
lysed and inclusion bodies were washed three times with 50 mM TrisHCI, 2 mM EDTA, 0.1% Triton-x-
100, pH 8.0. The inclusions bodies were repeatedly washed with increasing concentrations of urea. The
proteins typically dissolved in 1-4 M urea. Fractions with the dissolved proteins were dialysed against 10
mM phosphate, 2 M urea, pH=6.5 and applied to Q-sepharose, equilibrated with the same buffer. Proteins
were eluted with 10 mM phosphate, 2 M urea, 500 mM NaCl, pH=6.5. Fractions containing macrocypin,
clitocypin and their mutants were pooled and dialysed against 10 mM acetate buffer, pH 5.5. Proteins were
concentrated to 1 mg/mL and frozen at -80°C until use.

A selenomethionine mutant was produced using minimum autoinduction media with the addition of
selenomethionine in E. coli BL384 cells [108]. Isolation was performed in the same way as described
above, however 5 mM DTT was added in all buffers used.

3.3 Crystallization

3.3.1 Theoretical background

Crystallization is the process of formation of solid crystals which are needed for structure determination.
The crystallization process consists of two major events, nucleation and crystal growth [109].

Nucleation is the step where the protein molecules dispersed in the buffer start to gather into clusters
that stabilize under the current operating conditions. These stable clusters constitute the nuclei. However
when the clusters are not stable, they redissolve. Therefore, the clusters need to reach a critical size in order
to become stable nuclei. Such critical size is dictated by the operating conditions (temperature,
supersaturation, etc.). It is at the stage of nucleation that the molecules arrange in a defined and periodic
manner which defines the crystal structure.

The crystal growth is the subsequent growth of the nuclei that succeed in achieving the critical cluster
size. Nucleation and growth continue to occur simultaneously while supersaturation exists. Supersaturation
is the driving force of the crystallization; hence the rate of nucleation and growth is driven by the existing
supersaturation in the solution. Depending upon the conditions, either nucleation or growth may be
predominant over the other, and as a result, crystals with different sizes and shapes are obtained. Once the
supersaturation is exhausted, the solid-liquid system reaches equilibrium and the crystallization is
complete, unless the operating conditions are modified from equilibrium so as to supersaturate the solution
again [110]. Figure 10 represents a simplified phase diagram, where only protein and precipitant
concentration are shown. In reality, many other factors (pH, ionic strength, temperature, etc) influence the
crystallization process.
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Figure 10: Simple protein crystallization phase diagram. Nucleation occurs in nucleation zone, but not in
metastable or growing zone. Crystals are growing until protein concentration becomes undersaturated. Black
arrow represents successful crystallization trial.

Two of the most commonly used methods for protein crystallization fall under the category of vapour
diffusion. These are known as the hanging and sitting drop methods [111, 112]. Both entail a droplet
containing purified protein, buffer, and precipitant being allowed to equilibrate with a larger reservoir
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containing similar buffers and precipitants at higher concentrations. A drop composed of a mixture of
sample and precipitant is placed in the vapour equilibration with the liquid reservoir of reagent. Typically
the drop contains a lower reagent concentration than the reservoir. To achieve equilibrium, water vapours
leave the drop and eventually end up in the reservoir. As water leaves the drop, the sample undergoes an
increase in relative supersaturation. Both the sample and reagent increase in concentration as water leaves
the drop for the reservoir. Equilibration is reached when the reagent concentration in the drop is
approximately the same as that in the reservoir [113].

If nucleation zone is reached and stable nuclei are formed, crystals start growing.
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Figure 11: Overview of vapour diffusion crystallization. A drop composed of a mixture of protein and reservoir
solution is placed in vapour equilibration with a liquid reservoir of reagent.

3.3.2 Protocols

All initial small volume crystallization trials were performed using commercial screens from Qiagen by
sitting drop method in 96 well plates. Drops composed from 0.1 uL of protein and 0.1 uL of reservoir
solution were equilibrated against 0.05 - 0.1 mL of reservoir solution. The optimization of initial hits was
performed by sitting drop method with mixing 1 uL of protein and 1 uL of reservoir solution in 24 well
plates and equilibrated against 1 mL of reservoir solution, unless otherwise stated.

3.3.2.1 Complexes of stefin A with cathepsins L, V and B

Unreduced cathepsin V and stefin A were mixed in a molar ratio of 1:1.1 and concentrated to 50 mg/mL in
10mM acetate, pH=5.5. Crystals were grown in 0.1 M Tris-HCI, pH=8.0, 12% PEG3000.

For the complex with reduced cathepsin V, cathepsin V was mixed with 5 mM DTT and incubated on
25°C for 1 hour. After stefin A was added in a molar ratio of 1:1.1, the complex was concentrated to 50
mg/mL in 10mM acetate, pH=>5.5. Crystals were grown in 0.1 M Tris-HCI, pH=8.25, 16% PEG3000.

Unreduced cathepsin L and stefin A were mixed in a molar ratio of 1:1.1 and complex was purified on
Superdex S75 column. Complex was concentrated to 40 mg/mL in 10mM acetate, pH=5.5. Crystals were
grown in 0.1 M Tris-HCI, pH=7.0, 16% PEG3000. The crystals were frozen in liquid nitrogen prior to the
diffraction data collection.

Cathepsin B and stefin A were mixed in a molar ratio of 1:1.1 and concentrated to 30 mg/mL in 10mM
acetate, pH=5.5. Crystals were grown in 0.2 M sodium sulphate, 24% PEG3000. The initial crystals grown
by the sitting drop method were highly mosaic, therefore useless for structure determination. However, by
using the hanging drop method and controlled evaporation crystallization approach [114] we improved the
crystal quality.

The crystals were soaked in mother liquor supplemented with 20-30% glycerol and frozen in liquid
nitrogen prior to the diffraction data collection.

3.3.2.2 Macrocypin

Macrocypin 1 was concentrated to 30 mg/mL in 10 mM acetate buffer, 200 mM NaCl, pH 5.5. Crystals
grew overnight in various conditions (BisTrisPropane buffer, pH 6.5-7.5, 100-500 mM different sodium
salts, 20% PEG 3350 or 0.8-1.6M Na/K phosphate, pH 7.0-8.0). The best diffracting crystals were grown in
BisTrisPropane buffer, pH 7.0, 200 mM Nal, 20% PEG3350 and BisTrisPropane buffer, pH 7.0, 200 mM
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sodium citrate, 20% PEG3350.

3.3.2.3 Cathepsin V — clitocypin complex

The initial screening of clitocypin in a complex with protease was performed with cathepsins L, V, and
papain. The proteins were mixed in a molar ratio of 1:1.1 and concentrated to 50 mg/mL in 10 mM acetate,
100 mM NaCl, pH 5.5. Of the complexes, only cathepsin V and the methionine mutant produced
diffracting crystals. Crystals of dimensions of 0.2x0.4x0.1 mm3 were obtained in 0.4 M Li2S04, 12%
PEGS800, 20% glycerol after 4 months. The selenomethionine mutant of clitocypin in complex with
cathepsin V gave better diffracting crystals in a much shorter time. The crystals were directly frozen in
liquid nitrogen prior to the diffraction data collection.

3.3.2.4 Clitocypin

Our group has recently reported the crystallization conditions and phasing attempts using clitocypin
purified from natural sources [115]. 1 mL drops of 15 mg/ml solution of clitocypin in 15 mM MES buffer,
pH 6.0, gave crystals when mixed with 1 mL of crystallization buffer (50 mM monopotassium dihydrogen
phosphate, 20% (w/v) polyethylene glycol 8000, pH 3.76) using the vapour diffusion method. A number of
data sets with a variety of resolutions were collected. The structure could not be solved due to the high
heterogeneity of the natural clitocypin and unsuccessful derivatisation of the crystals, while the absence of
significant sequence similarity [116] with other proteins with known structures has discouraged molecular
replacement attempts.

In contrast to the natural clitocypin, the recombinant clitocypin, methionine and selenomethionine
containing mutants alone gave no crystals.

3.4 Structure determination

3.4.1 Theoretical bacground

3.4.1.1 X-ray diffraction

Diffraction from a single molecule is too weak to be measured, therefore crystals, an ordered three-
dimensional array of molecules, are used instead to intensify the signal. Once the crystals are obtained, they
are exposed to X-rays. A crystal behaves like a three-dimensional diffraction grating which gives rise to
both constructive and destructive interference effects in the diffraction pattern.

An intuitive understanding of X-ray diffraction can be obtained from the Bragg model of diffraction. In
this model, a given reflection is associated with a set of evenly spaced planes running through the crystal.
The orientation of a particular set of planes is identified by its three Miller indices (h, k, 1), and their
spacing by d [117].
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Figure 12: Representation of Miller indices.

William Lawrence Bragg proposed a model in which the incoming X-rays are scattered mirror-like from
each plane; from that assumption, X-rays scattered from adjacent planes will combine constructively
(constructive interference) when the angle 0 between the plane and the X-ray results in a path-length
difference that is an integer multiple n of the X-ray wavelength A.
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Figure 13: Explanation of X-ray diffraction and Bragg’s law

A diffraction image of a three-dimensional crystal appears as a pattern of series of discrete spots, known
as reflections. Each reflection contains information about all atoms in the crystal structure. Conversely,
each atom contributes to the intensity of each reflection.

From such an image, the crystal symmetry, the unit cell parameters (dimensions, angles), the crystal
orientation and the resolution limits are determined. The data collection strategy should be designed in a
way to maximize both the resolution and the completeness of the data set. After choosing an appropriate
strategy, the whole data set is collected: the crystal is rotated through a small angle, typically by 1 degree,
and images (X-ray diffraction patterns) are recorded. The total rotation angle depends on the crystal
symmetry. The lower the symmetry, more data (larger total angle) are required [117].
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Figure 14: 4 diffraction pattern. The pattern after exposing a protein crystal to X-rays rotating the crystal by 1°
viewed in HKL2000 [118].
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3.4.1.2 Phase determination

Characteristic for X-rays, being an electromagnetic waving, are the amplitude and the phase. In order to
recombine a diffraction pattern, both parameters are required for each reflection. During data acquisition,
only the amplitudes of reflections can be recorded. Unfortunately, for the resulting electron density map the
missing phase angles are more important than the amplitudes. In order to obtain an interpretable electron
density map, both, the amplitude and the phase must be known. There are many different approaches to
solve the phase problem [119].

3.4.1.2.1 Ab initio phasing

Ab initio phasing or direct methods are usually the method of choice for small molecules (<1000 non-
hydrogen atoms), and have been used successfully to solve the phase problems for small proteins. If the
resolution of the data is better than 1.4 A, direct methods can be used to obtain phase information, by
exploiting known phase relationships between certain groups of reflections [120, 121].

3.4.1.2.2 Molecular replacement

If the co-ordinates of a similar protein to the one of interest exist, the structure might be solved by the
molecular replacement method. This method involves rotation and translation of an existing model in order
to match it with the diffraction data of the protein of interest. Hence the name: molecular replacement. The
unknown protein is replaced by a known model in order to solve the phase problem. If the method is
successful, the amplitudes and phases for the electron density map of the new model can be calculated
[119, 122].

3.4.1.2.3 Multiple isomorphous replacement

When electron-dense metal atoms can be introduced into the crystal, their location and subsequently initial
phases can be obtained. Heavy atoms can be introduced either by soaking the crystal in a heavy atom-
containing solution, or by co-crystallization (growing the crystals in the presence of a heavy atom). The
changes in the scatterred amplitudes can be interpreted to yield the phases. Even though this is the original
method by which protein crystal structures were solved, it has largely been largely superseded by MAD and
SAD phasing with selenomethionine [123].

3.4.1.2.4 Anomalous X-ray scattering

Sometimes crystallographers can make use of the anomalous scattering of certain atoms in the lattice at or
near their X-ray absorption edges to gain the phase information. Most of the heavy atoms used in
isomorphous replacement provide anomalous signal. This method, termed also anomalous dispersion, relies
entirely on the anomalous differences produced by one or more anomalously scattering atoms in the crystal.
The list of commonly used atoms includes iodine, sulphur, manganese, iron, etc [124-126].

3.4.1.3 Refinement

Having obtained the initial phases, an initial model can be built. This model can be used to refine the
phases, leading to an improved model, and so on. Refinement is a procedure during which atomic positions
and their respective B-factors (accounting for the thermal motion of the atom) are adjusted to fit the
observed diffraction data, ideally yielding a better set of phases. A new model can then be fitted to the new
electron density map and a further round of refinement is carried out. This continues until the correlation
between the diffraction data and the model is maximized [127].

3.4.2 Protocols

All diffraction data were collected at the XRD1 workstation at Synchrotrone Elletra, Trieste, unless
otherwise stated. All data were processed using the HKL.2000 package [118].
3.4.2.1 Complexes of stefin A with cathepsins

All structures were determined by molecular replacement using Amore [128] with cathepsin V [129],
cathepsin L [19], cathepsin B [25] and stefin A [24] as a search model. The structures were refined using
Refmac [130] and MAIN [131].

3.4.2.2 Macrocypin

The macrocypin structure was solved with SAD phasing from the data collected from the crystal soaked in
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the saturated solution of sodium iodine. The data set was collected to 2.2 A resolution on the in-house
Rigaku rotating anode (RU 200) using Xenox mirrors. 615 images were collected from a single crystal with
linear R-merge of 13% and redundancy of 30. SAD phasing was based on 15 iodine positions with
occupancy ranging from 0.8 to 0.15 using automated SOLVE/RESOLVE scripts incorporated in the
AutoSol module of the PHENIX suite [132]. Automated model building and docking to the macrocypin
sequence gave a solution with approximately 120 out of 159 amino acids. Despite good data quality, we
were unable to refine the structure, presumably due to the multiple conformations of several loop regions
induced by binding iodine ions - quite a few of them with low occupancy at positions inside the protein
core. Therefore another data set was collected with the crystals, grown in sodium citrate. This data set was
phased with the partial structure of macrocypin using molecular replacement program Amore [133]. Cycles
of manual and automated building with ARP/warp [134] and refinement with Refmac [130] and MAIN
[131] were performed until all residues were built in the electron density map. The final structure was
refined using MAIN against 1.64 A resolution data [131].

3.4.2.3 Cathepsin V — clitocypin complex

The crystal structure of cathepsin V — clitocypin complex was determined by the molecular replacement
method with AMoRe, using cathepsin V (PDB code: 1fh0)[129] as the search model. Four molecules of
cathepsin V were positioned into the asymmetric unit. The fourfold electron density averaging in MAIN
[131] produced maps that enabled us to build the substantial parts of the clitocypin structure manually. The
model building was accelerated by using the similarity between the partial model of clitocypin and
macrocypin scaffolds, enabling the manual superimposition of the two models. The positions of the two
SeMet residues in the clitocypin sequence were helpful in the initial sequence assignment. The structure
was refined using MAIN against 2.24 A resolution data.

3.4.2.4 Clitocypin

The diffraction data was collected previously [115].

The structure of clitocypin was determined by molecular replacement using Amore [128] with the
clitocypin structure in complex with cathepsin V as a search model. The structure was refined using
Refmac [130] or MAIN [131].

3.5 Atomic force microscopy

3.5.1 Theoretic background

3.5.1.1 Atomic force microscope

Atomic force microscopy (AFM) or scanning force microscopy (SFM) is a very high-resolution type of
scanning probe microscopy, with demonstrated resolution of fractions of a nanometer, more than 1000
times better than the optical diffraction limit. Binnig, Quate and Gerber invented the first atomic force
microscope (also abbreviated as AFM) in 1986 [135]. The AFM is one of the foremost tools for imaging,
measuring, and manipulating matter at the nanoscale. The information is gathered by "feeling" the surface
with a mechanical probe. Piezoelectric elements that facilitate tiny but accurate and precise movements on
(electronic) command enable the very precise scanning.

The AFM consists of a cantilever with a sharp tip (probe) at its end that is used to scan the specimen
surface. The cantilever is typically silicon or silicon nitride with a tip radius of curvature on the order of
nanometers. When the tip is brought into the proximity of a sample surface, forces between the tip and the
sample lead to a deflection of the cantilever according to the Hooke's law. Depending on the situation,
forces measured by AFM include mechanical contact force, van der Waals forces, capillary forces,
chemical bonding, electrostatic forces, magnetic forces, etc. Typically, the deflection is measured using a
laser spot reflected from the top surface of the cantilever into an array of photodiodes.

If the tip was scanned at a constant height, a risk would exist that the tip collides with the surface,
causing damage. Hence, in most cases a feedback mechanism is employed to adjust the tip-to-sample
distance to maintain a constant force between the tip and the sample. Traditionally, the sample is mounted
on a piezoelectric tube, that can move the sample in the z direction for maintaining a constant force, and the
x and y directions for scanning the sample. Alternatively a 'tripod' configuration of three piezo crystals may
be employed, with each responsible for scanning in the X, y, and z directions. In newer designs, the tip is
mounted on a vertical piezo scanner while the sample is being scanned in X and Y using another piezo
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block. The resulting map of the area s = f(x, y) represents the topography of the sample.
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Figure 15: Schematic representation of atomic force microscope (A), an electron microscope image of the tip
(B) and topography image of bacteria, obtained by AFM (C).

3.5.1.2 Force spectroscopy

Another major application of AFM (besides imaging) is the force spectroscopy, a direct measurement of
tip-sample interaction forces as a function of the gap between the tip and sample (the result of this
measurement is called a force-distance curve). For this method, the AFM tip is extended towards and
retracted from the surface as the deflection of the cantilever is monitored as a function of piezoelectric
displacement. These measurements have been used to measure nanoscale contacts, atomic bonding, Van
der Waals forces, etc. Forces of the order of a few pico-Newtons can now be routinely measured with a
vertical distance resolution of better than 0.1 nanometer [136].
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Figure 16: Force masurements. (0) the tip is far away from the surface, and surface forces do not act. As the tip
approaches (1) to (2), it enters the range of attractive surface forces and is deflected downwards. (2) to (4): the
tip is in contact with the surface and now exerts pressure while it is deflected upwards. At (4) the tip retraction
started, but adhesion forces may keep the tip attached to the surface until the spring force exerted by the
cantilever can overcome adhesion (5). Then the tip snaps back into its initial position and the cycle can start
again (6).
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When the tip and the surface are immobilized with proteins, the interaction forces can be measured.
There are reports about measured forces between a5p1 integrin ligand/GRGDSP peptide receptor [137],
cadherin/cadherin [138], selectin/sialyl Lewis X tetrasaccharide [139], regulatory protein (His)sExpG/DNA
promoter regions [140] and others.

3.5.1.3 Bell’s model

The unbinding kinetics cannot be described with a classical biochemical equation. Commonly accepted
Bell's model, which is used to explain the unbinding process, treats it as an escape of a ligand from the
potential well [141, 142]. The dissociation rate constant ks as a function of force can be presented as:

k., AF) =k0f;0)-exp[Fxﬂ /(kﬁT)] (1)

where ko(0) is the natural thermal off-rate for the dissociation at zero force, kg the Boltzmann's constant, 7
the temperature, F the the applied force, xg is the distance between the potential minimum and the transition
state in the Bell's model.

If we treat the bond dissociation as a random process and we use the constant loading rate v, we can
describe the most probable unbinding force F~ as:

ko (F)=kyT/x,-In [vxﬂ Ik kﬁT] Q)

3.5.2 Protocols

3.5.2.1 Cantilever preparation

Cantilevers (Veeco) were first cleaned three times in chloroform and then dried with argon. Oxidation and
additional cleaning was achieved with the exposure of tips to the ozone atmosphere in a home-build ozone
cleaner. Tips were washed with ethanol, dried and immersed overnight in the ethanolamine solution (3,3 g
in 6 mL DMSO). After formation of an amino terminated surface, the tips were washed with DMSO,
ethanol and dried. Subsequent incubation of tips with maleimidopropionyl-PEG N-hydroxysuccinimide
ester (MAL-PEG-NHS) linker (Polypure) solution in chloroform resulted in the stable binding of the NHS
reactive group to the amine groups. Maleimide reactive group was used for the reaction with the cysteine
residue inserted opposite to the binding site into the SteA-G34C. The reaction took one hour at room
temperature in 100 mM phosphate buffer, pH=7.0. Before reaction, stefin A was reduced with 3 mM
TCEP. The functionalized tips were washed 5 times (4x10 min, 1x overnight) in 10 mL 10 mM phosphate
buffer, 1% Tween 20. Cantilevers were stored in the buffer solution at 4°C until further use.

3.5.2.2 Surface immobilization

Silicon nitride waffers were cut in 0.25 cm2 squares and cleaned in piranha solution (7 ml 96% H,SOy, 3
mL 30% H,0,) for 1 hour. The cleaning, ethanolamine modification and PEG linker binding was done as
described for cantilevers.

Aldehyde at the end of the linker reacted with the amino group of surface lysines [143]. The
functionalized tips were washed 5 times (4x10 min, 1x overnight) in 10 mL 10 mM phosphate buffer, 1%
Tween 20. They were stored in the buffer solution at 4°C until further use.

3.5.2.3 Surface density determination

Surface density of the bound enzymes was determined with the classical biochemical activity test after each
step of washing. Cathepsin L modified chips were immersed into a cuvette with a fluorogenic substrate z-
Phe-Arg-AMC (20 uM) in 100 mM sodium acetate buffer, 3 mM DTT, 3 mM EDTA, pH=5.5. The change
in fluorescence was followed for 1-5 minutes. The rate of reaction was compared with the calibration series
in which known amounts of the soluble enzyme were added to the reaction mixture. After 1-5 minutes, the
chip was removed from the cuvette and measurements continued for an additional minute. The washed
amount of washed and immobilized enzyme was determined using the calibration series.
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3.5.2.4 Force measurements

Measurements were carried out in the 100 mM sodium acetate buffer, containing 3 mM DTT, 3 mM
EDTA, pH=5.5 using the PicoSPM microscope (Molecular Imaging, Tempe, AZ). Unbinding forces
between tip-bound stefin A molecules and surface-bound catepsin L molecules were monitored by force-
distance cycles at amplitudes between 200 and 800 nm and at frequencies between 0.5 and 3 Hz. The used
cantilevers had a nominal spring constant of 0.01, 0.02 and 0,03 N/m. The retrace velocity ranged from 100
nm/s to 2000 nm/s, which resulted in loading rates from 1 nN/s to 50 nN/s.

The force distance cycles were performed at constant lateral position. The measurements were
performed in sets containing 1000 force curves. Each set was recorded at the same loading rate.

The specificity of the unbinding event was verified with a blocking experiment. Cathepsin L was added
into the liquid cell solution to the final concentration of 90 uM. The solution was incubated for 10 minutes,
so the stefin A molecules on the tip were blocked with cathepsin L and the measurements were repeated.

3.6 Kinetic measurements

3.6.1 Theoretical background

Reversible competitive inhibitors are competing with substrates to bind to the enzyme active site, as shown
in Figure 17.

E+S ——=— ES ——™ E+P
+
|
kdiss kaSS
El

Figure 17: Scheme of enzyme inhibition by reversible competitive inhibitors (E — enzyme, S — substrate, P —
product).

kaiss and kg5 are rate constants for inhibitor association and dissociation, respectively.

The equilibrium constant K; is a measure of the strength of the interaction between the enzyme and
inhibitor that come together to form the complex and can be calculated as:

k.,
K. — diss 3
T 3)

ass

When determining the equilibrium constant between enzymes and the slow tight binding inhibitors
without the preequilibration step[144], the product formation is described as:

[P]= v t+(vy=v,) (1-e™)

4
i (4)

where [P] is product concentration, vs is rate of product formation in stationary state, vy initial rate of
product formation and & is pseudo-first-order rate constant describing the presteady state of the reaction.

Pseudo-first-order rate constant k has to be determined for a number of inhibitor concentrations and
kass and kdiss are calculated with linear regression form equation:

k _ kas.s‘ [I] k

= , 5
1 [ S + diss ( )
+ Km
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3.6.2 Protocols

3.6.2.1 Determination of the inhibition kinetics

Inhibition kinetic of cathepsins and all the inhibitors were determined in continuous kinetics assays at
25°C. In all kinetic experiments, cathepins L and V were assayed using 100 mM phosphate buffer, pH 5.5,
containing 3 mM EDTA and 3 mM DTT. The active concentration of the enzymes was determined by the
active site titration using synthetic inhibitor E-64. All inhibition experiments were performed under the
pseudo first-order conditions with inhibitor concentration at least 40-fold higher that of the enzyme
concentration. Less than 10% of the substrate was hydrolyzed during these experiments. Stefin A,
macrocypin, clitocypin, and their mutants were mixed at various concentrations with the substrate solution
in the phosphate buffer in the fluorometric cuvette. The reaction was initiated by addition of the enzyme in
a negligible volume. The progress curves were monitored at excitation and emission wavelengths of 370
and 460 nm, respectively, using a C-61 fluorimeter (Photon Technology International). Typical biphasic
curves were observed and were analyzed by the method described previously [144].

The inhibition kinetic of trypsin and legumain with macrocypin, clitocypin, and their mutants were
determined in the stopped kinetic assays at 25°C and analyzed as described [145].

3.6.2.2 Interactions of stefin B with the histones

Cathepsin L (final concentration 21.5 nM) was incubated for 5 minutes with different concentrations (final
concentration from 10.8 nM to 2.15uM) of histones. When determining the stefin B and histon
interactions, stefin B (final concentration 15 nM) was preincubated with different concentrations (final
concentration from 10.8 nM to 2.15uM) of histones for 5 minut, than cathepsin L was added (final
concentration 21.5 nM). After initial incubation steps substrate z-Phe-Arg-pNA (Bachem) was added to
100 uM final concentration and initial velocity was determined spectrophotometrically at 410 nM.

3.7 Surface plasmon resonance

3.7.1 Theoretical background

At the interface between two transparent media of different refractive index (glass and water), light coming
from the side of higher refractive index is partly reflected and partly refracted. Above a certain critical
angle of incidence, no light is refracted across the interface, and total internal reflection is observed. While
incident light is totally reflected, the electromagnetic field component penetrates a short (tens of
nanometers) distance into a medium of a lower refractive index creating an exponentially detenuating
evanescent wave. When the interface between the media is coated with a thin layer of metal (gold), and
light is monochromatic and p-polarized, the intensity of the reflected light is reduced at a specific incident
angle producing a sharp shadow (called surface plasmon resonance), due to the resonance energy transfer
between the evanescent wave and the surface plasmons.

1 2

ANNNINANS

Figure 18: Surface plasmon resonance. Incoming light (1) deflects at the boundary between air or water (gray)
and metal (yellow), where surface plasmons (3) are formed.
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The resonance conditions are influenced by the material adsorbed onto the thin metal film. Satisfactory
linear relationship is found between the resonance energy and the mass concentration of biochemically
relevant molecules such as proteins, sugars and DNA. The SPR signal which is given in resonance units is
therefore a measure of mass concentration at the chip surface of the senzor. This means that the analyte and
ligand association and dissociation can be observed and ultimately rate as well as equilibrium constants can
be derived.

3.8 Protocols

The surface plasmon resonance (SPR) measurements were performed using the Biacore T100 instrument
(Biacore AB, Sweden) at 25°C temperature. Stefin A was immobilized on the surface of a CMS5 chip to
approximately 50 response units (RU) as recommended by the supplier (Biacore AB, Sweden). The buffer
used was 100 mM Na-acetate, 150 mM NaCl, 3 mM EDTA, 0.005% P20, pH=5.5 and the flow rate was set
to 5 pl/min. The association was followed for 1 min and the dissociation for 5 min. The regeneration of
chips was achieved with trietilamine, pH 10.5 for 60s or 50 mM NaOH for 30 s.
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4 Results

4.1 Protein expression and isolation

4.1.1 Cathepsins

27

Cathepsins L and V were successfully expressed in P. pastoris and cathepsin B in E. coli. 20 mg of
cathepsin V, 10 mg of cathepsin L, and 10 mg of cathepsin B were purified from one liter of expression

medium.

After purification and prior freezing at -80°C,

all cathepsins were blocked with methyl

methanethiosulfonate (MMTS). MMTS reacts with the sulthydryl group of active site cysteine (R-SH +
MMTS — R-S-S-CHj) to prevent oxidation damage to the active site cysteine residue and autodegradation.

catL
catv
catB

catL
catv
catB

catL
catv
catB

catL
catv
catB

catL
catv
catB

Figure 19: Sequence alignment of expressed cathepsins L, V and B. Active site residues are shown in red.
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66.0 kDa

1 2 3

Figure 20: SDS-PAGE of expressed and isolated cathepsins. 1) cathepsin V, 2) cathepsin L and 3) cathepsin B.

4.1.2 Stefin A and its mutants

The native stefin A and its mutant steA-T34C were successfully expressed. More than 50 mg of both
proteins were purified from one liter of expression medium.

SteA-T34C formed dimers due to the free cysteine residues in structures, so we reduced the steA-T34C
with DTT or CTAB before use.

steA
steA-T34C

steA
steA-T34C

Figure 21: Sequence alignment of expressed stefin A and its mutant. Mutated amino acids are highlighted in red.

66.0 kDa

- 45.0 kDa

- 30.0 kDa

’» 20.1 kDa

r 14.4 kDa

1 2 3

Figure 22: SDS-PAGE of expressed and isolated stefins A. 3) steA-T34C without DTT, 2) steA-T34C with DTT
and 1) native stefin A.
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4.1.3 Clitocypin and its mutants

Native clitocypin and its mutants rCIt-L82M,I89M, selenomethionine mutant rClt-L82M,I89M, rCIt-G24A,
rCIt-AG24 and rCIt-N70K were successfully expressed. More than 50 mg of all proteins were purified from

one liter of expression medium.
10 20 30 40 50 60
R P S P T P T P PO PO PUTeY.

rClt MASLEDGTYRLRAVTTSNPDPGVGGEYATVEGARQPVKAEPSTPPFFERQIWQVTRNSDG

rClt-L82M, I89M MASLEDGTYRLRAVTTSNPDPGVGGEYATVEGARQPVKAEPSTPPFFERQIWQVTRNSDG
rClt-G24A MASLEDGTYRLRAVTTSNPDPGVIRAGEYATVEGARQPVKAEPSTPPFFERQIWQVTRNSDG
rClt-A24G MASLEDGTYRLRAVTTSNPDPGVEGEYATVEGARQPVKAEPSTPPFFERQIWQVTRNSDG

rClt-N70K MASLEDGTYRLRAVTTSNPDPGVGGEYATVEGARQPVKAEPSTPPFFERQIWQVTRNSDG

rClt OSTIKYQGLNAPFEYGEFSYDQLEQNAPVIAGDPKEYILQLVPSTTDVYITIRAPIQRVGVD

rClt-L82M, I89M QSTIKYQGLNAPFEYGFSYDQMEQNAPVMAGDPKEYILQLVPSTTDVYI IRAPIQRVGVD
rClt-G24A OSTIKYQGLNAPFEYGFSYDQLEQNAPVIAGDPKEYILQLVPSTTDVYITIRAPIQRVGVD
rClt-A24G OSTIKYQGLNAPFEYGFSYDQLEQNAPVIAGDPKEYILQLVPSTTDVYITIRAPIQRVGVD]
rClt-N70K OSTIKYQGLIMAPFEYGEFSYDQLEQNAPVIAGDPKEYILQLVPSTTDVYITIRAPIQRVGVD

rClt VEVGVQGNNLVYKFFPVDGSGGDRPAWRFTRE

rClt-L82M, I89M VEVGVQGNNLVYKFFPVDGSGGDRPAWRFTRE
rClt-G24A VEVGVQGNNLVYKFFPVDGSGGDRPAWRFTRE
rClt-A24G VEVGVQGNNLVYKFFPVDGSGGDRPAWRFTRE

rClt-N70K VEVGVQGNNLVYKFFPVDGSGGDRPAWRFTRE

Figure 23: Sequence alignment of native and expressed clitocypin mutants. Mutated amino acids are highlighted
in red.
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Figure 24: SDS-PAGE of expressed and isolated clitocypin and its mutants. 1) rClt-L82M,I89M, 2)
selenomethionine mutant rClt-L82M,I89M, 3) rClt-G24A, 4) rClt-AG24, 5) rClt-N70K

4.1.4 Macrocypin and its mutants

Native macrocypins 1 and 4 and mutants rtMcpl1-G25A, rtMcp1-AG25, Mcp4-K72R, Mcpl-172A+N74K
and Mcp4-A701+K72N were successfully expressed. More than 50 mg of all proteins were purified from
one liter of expression medium.

Mcpl MGFEDGFYTILHLAEGQHPNSKIPGGMYASSKDGKDVPVTAEPLGPQSKIRWWIARDPQA
Mcp4 M DGFY TIRHIfE GO PR T PGGMYAS SKDGKDEPVTAEPLGPESK IRWW I AR PHE
Mcpl-A25G MGFEDGFYTILHLAEGQHPNSKIP

Mcpl-G25A MGFEDGFYTILHLAEGQHPNSKIPBGMYASSKDGKDVPVTAEPLGPQSKIRWWIARDPQA
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Mcp4-K72R
Mcpl-I72A+N74K
Mcp4-A70I+K72N

Mcpl

Mcp4

Mcpl-A25G
Mcpl-G25A
Mcp4-K72R
Mcpl-I72A+N74K
Mcp4-A70I+K72N

Mcpl

Mcp4

Mcpl-A25G
Mcpl-G25A
Mcp4-K72R
Mcpl-I72A+N74K
Mcp4-A70I+K72N

Figure 25: Sequence alignment of native and expressed macrocypin mutants.
highlighted in red.
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NHIWEGOHPSER T PGGMYASSKDGKDI#PVTAEPLGPRRISKIRWW I ARVAPIRA
MGFEDGFYTILHLAEGQHPNSKIPGGMYASSKDGKDVPVTAEPLGPQSKIRWWIARDPQA
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Mutated amino acids are

Figure 26: SDS-PAGE of expressed and isolated macrocypin and its mutants. 1) Mcpl, 2) Mcp-AG25, 3) Mcpl-
G25A, 4) Mcp4-K72R 5) Mcpl-172A+N74K, 6) Mcp4-A70I+K72N

4.2 Crystallization

Complexes of unreduced cathepsin V with stefin A (CatV-steA or VA), reduced cathepsin V with stefin A
(r-CatV-steA or rVA), unreduced cathepsin L with stefin A (CatL-steAor LA), unreduced cathepsin B with
stefin A (CatB-steA or BA), unreduced cathepsin V with clitocypin (CatV-clt) and macrocypin 1 alone
(Mcpl) were successfully crystallized. Table 1 summarises the crystallization conditions, growth time, and
the maximal size of crystals.

Table 1: Crystallization conditions, growth time and maximal size of crystals.

Condition Growth time Max. size
0.1 M Tris-HCI, pH=8.0 3
VA 129% PEG3000 2 —10 days 0.4x0.4x0.1 mm
0.1 M Tris-HCI, pH=8.25 3
) - .3x0.3x0.1
rVA 16% PEG3000 5—20 days 0.3x0.3%0.1 mm
0.1 M Tris-HCI, pH=7.0 3
LA 16% PEG3000 10 — 30 days 0.1x0.1x0.1 mm
BA 0.2 gaj/o‘ijl‘;‘g;(‘;é‘(’)hate 520 days 0.4x0.1x0.1 mm’
(V]
CatV-clt M Li2S04, 12% PEG800 3 — 5 months 0.2x0.2x0.1 mm’
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20% glycerol
BisTrisPropane buffer, pH 7.0
Mcpl 200mM sodium citrate 6 — 24 hours 0.5x0.5%0.5 mm’
20% PEG3350

Figure 27: Crystal images. A) VA, B) VA, C) LA A, D) BA, E) cathepsin V — clitocypin, F) macrocypin 1.

4.3 Data collection and refinement statistic

Data collection and refinement statistics are summarized in Table 2 for VA, rVA and LA, in Table 3 for
BA, and in Table 4 for catV-clt, Mcp and Clt structures.

Table 2: Data collection and refinement statistics for complexes of unreduced cathepsin L, reduced and
unreduced cathepsin V with stefin A. Numbers in parentheses are for the highest resolution shell. Only one
crystal was used for each structure. No reflection cutoffs were applied. Structures are deposited in PDB database
and will be freely accessible after publications will be accepted in press.
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Data collection VA rVA LA
PDB ID 3KSE 3A9N 3KFQ
Space group P212121 P212121 Pl
Cell dimensions
a,b,c(A) 59.3,107.3,116.0 60.0, 105.2,110.2 35.3, 83.5,83.9
a, B,y (®) 90, 90, 90 90, 90, 90 118.1, 98.0, 98.0
Resolution (A) 78.76 - 1.99 76.0 - 1.81 71.9-1.70
Rimerge (%) 8.4 (47.7) 5.7 (23.1) 4.0 (27.3)
I/ol 28.7 (3.7) 39.5(5.2) 20.1 (2.7)
Completeness (%) 99.5 (91.5) 98.1 (61.7) 95.2 (62.7)
Redundancy 8.7(7.9) 7.2 (3.4 2.0(1.3)
Refinement
Resolution 78.76 - 1.99 76.0 - 1.81 71.9 -1.70
No. of reflections
(work/free) 48400/2586 60557/3248 80215/4292
Ryork/R free 16.4/21.9 15.8/20.0 14.7/19.5
B factors
Protein 31.2 18.6 16.6
Water 44.0 33.1 28.6
No. of atoms
Protein 4932 6060 7516
Water 722 1057 1146
r.m.s. deviation
Bond lengths (A) 0.018 0.026 0.025
Bond angles (°) 1.58 2.11 2.20

Table 3: Data collection and refinement statistics for complex of cathepsin B with stefin A. Numbers in
parentheses are for the highest resolution shell. Only one crystal was used for the structure. No reflection cutoffs

were applied. Structure is deposited and freely available from the PDB database.

Data collection BA
PDB ID 3KOM
Space group P1
Cell dimesions

a,b,c(A) 62.0,31.0,70.9
a, B,y (%) 90, 104.5, 90
Resolution (A) 68.6 —2.51
Rimerge (%) 8.4 (20.6)
I/ol 9.5 (2.6)
Completeness (%) 92.1 (66.7)
Redundancy 2.6 (2.2)
Refinement

Resolution 40.5-2.61
No. of reflections

(work/free) 24360 /713
Rwork/Rfree 19.8/25.0
B factor (A 2) 42.0
No. of atoms

Protein 5454
Water 127
r.m.s. deviation

Bond lenghts (A) 0.013
Bond angles (°) 1.71
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Table 4: Data collection and refinement statistics for clitocypin, macrocypin and complex of clitocypin with
cathepsin V. Numbers in parentheses are for the highest resolution shell [146]. Only one crystal was used for
each structure. No reflection cutoffs were applied. Structures are deposited and freely available from PDB

database.

Data collection Macrocypin Clitocypin — Clitocypin
cathepsin V

PDB ID 3H6Q 3H6S 3H6R

Space group P3121 P21212 P21

Cell dimensions

a,b,c(A) 77.1,77.1,60.9 98.2,177.8, 60.9 46.5,58.0, 58.3

a, B,y (®) 90, 90, 90 90, 90, 90 90,111.2,90

Resolution (A) 50— 1.64 27.5-2.22 30-1.94

Rimerge (%) 5.0 (14.2) 3.7(19.4) 2.6 (9.8)

I/ol 69.0 (13.1) 43.9 (6.1) 63.1 (16.8)

Completeness (%) 98.6 (86.5) 98.8 (76.8) 97.9 (85.0)

Redundancy 10.3 (8.3) 3.9(1.8) 7.2 (6.9)

Refinement

Resolution 27.7-1.64 27.5-2.22 30 -1.948

No. of reflections

(work/free) 24490/1282 76800/4054 20034/1040

Ryork/R free 16.2/19.3 18.3/23.4 18.6/24.1

B factors

Protein 19.0 26.5 28.7

Water 354 37.3 40.1

No. of atoms

Protein 1424 11500 2388

Water 321 856 278

r.m.s. deviation

Bond lengths (A) 0.019 0.018 0.022

Bond angles (°) 2.00 1.70 2.05

4.4 Kinetics of stefin A inhibition of cysteine proteases

4.4.1 Kinetics of active cathepsins

The active concentration of enzyme was determined by the active site titration using the synthetic inhibitor
E-64. Cathepsins L and V were typically 75-85% active, whereas cathepsin B had lower activity (60%).
Stefin A was usually 50-70% active. The percentage varied from batch to batch and was strongly
influenced by repeating freeze — thaw cycles.

Inhibition kinetic of cathepsins and all inhibitors were determined in continuous kinetics assays at 25°C
[144] and with surface plasmon measurements. Data is summarized in Table 5.

Table 5: Kinetic constants of cathepsin inhibition by stefin A. Data published by others: 1 - [147], 2- [148], 3 -
[86]

kass (10° M's™) kiss (107 s™) K; (nM)
Solution
CatL 43.2+5.0 10.5+2.9 0.24+0.01
CatV 2.4+0.2 2.9+0.7 1.24+0.31
SPR
CatV 21.943.7 1.8+0.8 0.009+0.005
CatL 2.9+0.2 2.1+0.4 0.074+0.015
Published data
CatL' / / 0.05

CatL’ / / 0.21
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CatL’® / / 0.02
CatV' / / 0.11
CatB’ / / 0.91

The inhibition constants for cathepsins L and V inhibition by stefin A are similar to those already
published. There are some differences (0.24 nM vs. 0.02, 0.05 and 0.21 nM for cathepsin L, 2.0 nM vs.
0.11 nM for cathepsin V), but these can be explained by systemic errors and differences between
measurements in different labs:

- proteins used in determination of constants were expressed in different expression systems (bacterial,
yeast and insect)

- some measurements were done in buffers with different ionic strength and at different temperatures

- sometimes different fluorogenic substrate was used.

Surface plasmon resonance determination of kinetic constant for cathepsin L is similar to those
determined in solution (0.24 nM vs. 0.074 nM), however, the inhibition constant is quite different for
cathepsin V (2 nM vs. 0.009 nM). The 220 fold differences between both techniques cannot be explained.
One of the reasons for such a difference can be the tendency of cathepsin V to precipitate, bind to tubes or
sensor chip, as we observed lower SPR signals with identical samples after longer measurements (more
than 6 hours). It was also reported that cathepsin V (but not cathepsin L) has positively charged patches,
which can bind to negatively charged objects like DNA [149].

4.4.2 Influence of ionic strength to inhibition of cathepsin L with stefin A

We have also investigated the influence of different ionic strengths on inhibition. The kinetic data are
summarized in Table 6.

Table 6: Kinetic constants of cathepsin L inhibition by stefin A in different ionic strengths.

[/MNaCl  ku (10°M's™ kaiss (10 57 K; (nM)
0.00 43.245.0 10.542.9 0.24+0.01
0.25 5.4+1.0 4.4+0.6 0.81+0.26
0.50 3.6+1.6 3.2+1.2 0.88+0.30
1.00 6.1+5.1 3.742.0 0.60+0.33
1.50 4.144.0 4.9+0.6 1.20+0.25

The presence of sodium chloride in reaction buffer (100 mM acetate, 3 mM DTT, 3 mM EDTA)
decreased the affinity of cathepsin L for stefin A, indicating that the interactions are partially controlled by
electrostatic interactions which are influenced by the presence of NaCl.

4.4.3 Kinetics of inactivated enzymes

The complex between papain and stefin B is formed even though the active site cysteine residue was
carboxymethylated [89]. The interactions between chicken cystatins C and inactivated papain were also
reported [150]. When papain was blocked with MMTS, the observed strength of interaction (0.7 pM) was
10 fold weaker than with the native papain (0.06 pM). When papain was carboxymethylated, the interaction
(15 pM) was 2000 fold weaker. The decreasing affinity of cystatin for papains inactivated with groups of
increasing size was shown to be consistent with the larger impairment of fit between the binding regions of
the two molecules due to progressively higher dissociation rate constants. [150].

Because interactions between the inactivated cathepsin L and stefin A could not be measured using
fluorogenic substrate, we used the surface plasmon resonance method. Results are summarized in Table 7.
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Figure 28: SPR measurements. A) reduced cathepsin L — stefin A, B) reduced cathepsin V — stefin A, C)
unreduced cathepsin L — stefin A, D) unreduced cathepsin V — stefin A.

Table 7: Kinetic constants of cathepsin inhibition by stefin A (numbers in brackets represents the change from the
native cathepsin).

Side chain of Cys25 Kass (10° M's™) kais (107 ) K, (nM)
Solution
CatV -CH,-SH 2.4+0.2 2.9+0.7 1.24+0.31
CatL -CH,-SH 43.245.0 10.5+2.9 0.24+0.01
SPR
CatV -CH,-SH 21.9+3.7 1.8+0.8 0.009+0.005
MMTS-CatV -CH,-S-CH; 11.0£3.1 (0.5) 5.140.7 (2.8) 0.048+0.008 (5.3)
CatL -CH,-SH 2.940.2 2.120.4 0.074+0.015
MMTS-CatL -CH,-S-CH; 1.0+0.2 (0.3) 14.2+4.6 (6.8) 1.51+0.07 (20.4)
CM-CatL -CH,-S-CH,-COOH 0.056 (0.02) 63.7 (30) 109.5 (1500)

The interactions between MMTS blocked cathepsins L and V and stefin A is 5x and 20x weaker, when
compared to the interactions with the native and reduced enzyme. The interaction of carboxymethylated
cathepsin L is even weaker (110 nM or 1500 fold).

Contrary to the previously published data [150], when lower inhibition constants between chicken
cystatins C and inactivated papains was a consequence of altered dissociation rate and not association rate,
we observed similar effects on dissociation as well as on association rates (changes are shown in brackets
in Table 7). The changed dissociation rate can be explained as before by the larger impairment of fit
between the binding regions of the two molecules, whereas the changed association rate can be attributed to
the repulsive interactions between additional atoms on cysteine residue and stefin A.

4.4.4 Interactions of the stefin B with the histones

Recently, the otherwise endosomal proteinase cathepsin L has been reported to be active in the nucleus. It
cleaves the CUXI transcription factor and as a result accelerates progression into the S phase of the cell
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cycle [151]. In addition, cathepsin L was found to cleave histone H3.2 in the nucleus during mouse
embryonic stem cell differentiation [152].

Interaction of stefin B with the Met-75 truncated form of cathepsin L in the nucleus was confirmed by
fluorescence resonance energy transfer experiments in the living cells, as well as the interactions of stefin B
with the histones H2A.Z, H2B, and H3 by immunoprecipitation with anti-stefin B antibodies [153].

First, we determined conditions under which inhibition of cathepsin L was in the linear range, i.e. up to
70% inhibition. Next, we tested if purified histones inhibit human cathepsin L in vitro and found that

histones did not inhibit cathepsin L activity even at a 100-fold molar excess (2.15 pM histone
concentration) (Figure 29).
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Figure 29: Histones does not influence the cathepsin L activity. Cathepsin L (21.5 nm) was incubated with
increasing molar concentrations of histones. The data represent the mean of at least three independent
experiments.

To further investigate the role of histones in the inhibition of cathepsin L by stefin B, we preincubated
stefin B with increased molar concentrations of histones and measured cathepsin L activity, as described.
We found that histone binding to stefin B did not affect the inhibition of cathepsin L by stefin B at lower
histone concentrations (10.8 =210 nM) (Fig. 6B), whereas at higher histone concentrations (1.05-2.15 uM)
we observed increased inhibition of cathepsin L by stefin B [153] (Figure 30).
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Figure 30: Addition of histones increased the inhibitory activity of stefin B toward cathepsin L. Stefin B (15 nM)
was preincubated with increasing molar concentrations of histones (10.8 nM to 2.15 uM), before the addition of
cathepsin L (21.5 nM). The data represent the mean of at least three independent experiments.
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Interaction with histones represents yet another mechanism. In contrast to spacers which increase the
separation between the bound molecules of cathepsins and their inhibitors and thereby decrease the strength
of interactions histones have the opposite effect. We established that stefin B binds to histones and
potentiate the inhibition of cathepsin L by stefin B, however, the mechanism of this interaction is not
known. The crystal structure yet awats determination.

4.5 Opverall structure of complexes of stefin A and cysteine proteases

As mentioned before, the structural mechanism of inhibition of cathepsins by stefin A was explained by the
crystal structure of stefin B in complex with carboxymethylated papain [89] and the crystal structure of
cathepsin H — stefin A complex [24]. These two structures have a few limitations. Papain is a plant protease
and cathepsin H is an exopeptidase with a mini-chain which alters the genuine binding of stefin. We have
therefore determined the first crystal structures of endopeptidases cathepsins with stefin A to gain insight
into these type of interactions.

4.5.1 Cathepsin L — stefin A complex

The crystals of stefin A and cathepsin L complex contain complete protein sequences. The
catalytic site of cathepsin L was blocked with the methyl methanethiosulfonate, leaving the —S-CHj3 on the
active site cysteine residue. This form of cathepsin L is much more stable and resulted in diffracting
crystals, whereas the reduced form of cathepsin L produced only crystalline precipitation. The crystals have
P1 space group and contain three pairs of molecules per asymmetric unit. The three pairs od structures of
cathepsin L and stefin A are almost identical. They exhibit RMSD over equivalent CA atoms in the ranges
of 0.12 A to 0.15 A and 0.06 A to 0.12 A for cathepsin L and stefin A, respectively. All residues are well
resolved, except Alal in all three cathepsin L molecules, Pro2 in the second cathepsin L and a few side
chains. 36 residues were modelled in alternative conformation, 33 of them in cathepsin L molecules.

4.5.2 Cathepsin V —stefin A complex

The crystals of the complex of stefin A and cathepsin V contain complete protein sequences. The catalytic
site of cathepsin V was blocked with the methyl methanethiosulfonate, leaving the —S-CHj3 on the active
site cysteine residue. This form of cathepsin V is much more stable and resulted in faster growing crystals.
The crystals have P2,2,2; space group and contain two pairs of molecules per asymmetric unit. The two
pairs of structures of cathepsin V and stefin A are closely related. They exhibit RMSD of 0.29 A and 0.56
A for cathepsin V and stefin A, respectively. Most of the protein chain is unambiguously resolved by the
electron density maps. The exceptions are the ends of a few side chains, short stretches Alal76-Asn180 in
the second molecule of cathepsin V and Ala59-Asp61 in the second molecule of stefin A.

4.5.3 Reduced cathepsin V — stefin A complex

The crystals of the complex of stefin A and reduced cathepsin V contain complete protein sequences. The
crystals have P2,2,2; space group and contain two pairs of molecules per asymmetric unit. The two pairs of
structures of cathepsin V and stefin A are closely related. They exhibit RMSD of 0.27 A and 0.42 A for
cathepsin V and stefin A respectively. The electron density map unambiguously reveals the structure of
almost all residues, except for a few residues (Asn177-Ser178 in the first molecule of cathepsin V, Gly60,
Asp61 and Asn77 in the first, and Asn32 in the second molecule of stefin A). 31 residues were modelled in
alternative conformation, 24 of them in cathepsin V molecules.

4.5.4 Cathepsin B — stefin A complex

The crystals of the complex of stefin A and cathepsin B contain complete protein sequences. The
positioning of nearly all residues is clearly revealed by the electron density maps. The exceptions are the
residues Glu95 and the stretch of four occluding loop residues from Vall12 to Serl115 in first molecule of
cathepsin B, Gly75 and GIn76 in molecule A of stefin A, and Metl in Glu78 in molecule B of stefin A.
Additionally, 11 side chains lack adequate electron density. The RMSD distance between all pairs of
superimposed CA atoms of cathepsin B molecules with the occluding loop residues 105 to 125 excluded is
0.34A, whereas the superimposed CA atoms of the pair of stefin A molecules exhibit somewhat larger
RMSD (0.88A). This comparison shows that differences between two molecules of cathepsin B lie in the
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occluding loop region, while the differences between the two stefin A molecules are spread out through the
entire structure with a slightly increased variability in the Ser72 — Asp79 region forming the second binding
loop.

4.5.4.1 Occluding loop

The occluding loop is the structural feature of cathepsin B responsible for its exopeptidase activity. The 22-
residue insertion between Ile105 and Pro126 has no equivalent in other papain-like enzymes, where short
connections bridge the gap. The occluding loop is cross-linked by the disulfide bridge between Cys108 and
Cys119. Two salt bridges, His110 — Asp22 and Argl16 — Asp224 additionally stabilize the attachment of
the loop to the body of the enzyme. To weaken the occluding loop embedding in the active site cleft, the
first interaction has been disrupted in the chagasin cathepsin B complex by the H110A mutant [58] (PDB
code 3CBJ) and in earlier studies [154], whereas in the here presented structure of the stefin A cathepsin B
complex and in the procathepsin B structures [155, 156] the native sequences have been preserved.

The four structures shown in Figure 31 demonstrate that the occluding loop can adopt a variety of
positions - the moving parts are residues between Glul109 and Asp124. The extent of the occluding loop
shift from the position in the native enzyme (PDB code 1HUC) is shown in the series of structures starting
with the proenzyme form (PDB code 3PBH), complex with stefin A, and chagasin [58] (PDB code 3CBJ)
(Figure 4).

Figure 31: Occluding loop (ved) displacement by small synthetic inhibitor (orange), propeptide (blue), stefin A
(green) and chagasin (cyan).
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Figure 32: Position of occluding loop in cathepsin B. Yellow active site cysteine residue is shown. Cathepsin B
core is shown in gray and occluding loop in orange (displaced by synthetic inhibitor), blue (displaced by
propeptide), red (displaced by stefin A) and cyan (displaced by chagasin).

The CA atom positions of Asnl13 are marked in the Figure 32 to indicate the shifted positions are 7 A,
16 A, and 22.5 A away from the position in the native mature enzyme form. The conclusion here is that the
size matters. The larger and the wider features have the ligands for competing with the occluding loop for
the active site binding, further away the occluding loop residues are shifted. These structures thus
demonstrate that the occluding loop residues can adopt a variety of conformations in contrast to the rest of
the structure of cathepsin B, which appears rigid. The comparison of the interaction constants of chagasin
and stefins to cathepsin B indicates that the extent of the shift does not effect the inhibition constants even
though the interaction surface of chagasin with the occluding loop (160 A% is slightly larger than that of
stefin A (100 A%). This indicates that the energy cost is related to the removal of the occluding loop from
the active site cleft, and that the adaption of the loop structure to fit to other ligands likely does not play a
role, inhibitor or substrate — whatever comes across.

4.5.5 Complex description

Stefin A binds with its narrow edge into the V-shaped active site cleft of cathepsins. The wedged shape
structure fills the active site cleft along the whole length.
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Figure 33: Comparison of stefin binding to papain-like cysteine proteases. A) View along the active site cleft
and B) view perpendicular to the active site cleft. Papain is shown as gray surface, stefin B in papain — stefin B
complex in red, stefin A in cathepsin B — stefin A complex in orange, stefin A in cathepsin L — stefin A complex
in magenta, stefin A in reduced cathepsin V — stefin A complex in cyan and stefin A in cathepsin V — stefin A
complex in blue.

The three binding loops are almost perfectly aligned, however, there are small differences in the angle,
at which stefin A molecules binds to different cysteine proteases (Figure 33). To quantify the position of
the adjacent parts of stefin A, we have arbitrary selected the CA atom of Asp61 in stefin A which lies in the
loop positioned at the opposite site from the binding site of cysteine proteases. The maximum distance
between the two equivalent CA atoms in all molecules of stefins in the complexes with papain-like cysteine
proteases is 3.7 A, however, it was observed between two stefins A in asymmetric unit of cathepsin V —
stefin A crystals, therefore the movements of adjacent parts of stefin A are most likely the consequences of
crystal packing rather than differences in binding to different cysteine proteases.

The first loop binds into the non-primed (S3-S1), the second and third into the primed substrate binding
sites (S1°-S3”). They occlude the catalytic cysteine in the middle and thereby prevent the approach of
substrate molecules.
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Figure 34: Binding of N-terminal trunk and two loops of stefin A to cathepsins. Cathepsin V is shown as gray
surface, stefin B in papain — stefin B complex in red, stefin A in cathepsin B — stefin A complex in orange,
stefin A in cathepsin L — stefin A complex in magenta, stefin A in reduced cathepsin V — stefin A complex in
cyan and stefin A in cathepsin V — stefin A complex in blue. Active site cysteine residue is shown in yellow.

4.5.6 B-factor analysis

The analysis of the B factors of the main chain CA atoms shows that the highest values in all cathepsins are
in the short turn (residues 175-180). This is not surprising, as this turn is the place, where native cathepsins
are cleaved in light and heavy chain. The flexible loop is pointing away from the cathepsin core, where
other proteases in lysosomes can cleave it. The highest B factors in stefin A are in the loops 33-39 and 59-
63 exposed to the solvent.
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each molecule.
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4.6 Structural properties of interaction area between stefin A and
cathepsins

4.6.1 Structure of the N-terminal trunk

The N-terminal trunk of stefin A occupies the S3 binding site in cathepsin V with Ile 2 and S2 site with
Pro3 (Ser3 in stefin B). The chain continues through the S1 binding site, which is occupied by Gly4.

The N-terminal trunk of stefin A in the complexes with endopeptidases (cathepsins L and V) shows
little flexibility (Figure 37A), whereas the N-terminal trunk of the stefin A in complex with cathepsin B
shows certain flexibility (Figure 37B). This flexibility of the N-terminal trunk in stefin A — cathepsin B
complex is most likely the consequence of weaker binding of stefin A.

Two hydrogen bonds fasten the N-terminal trunk within the active site cleft. The first is formed between
the amide proton of Gly4 in stefin A and the carbonyl oxygen of Asp162 (Asp162 in cathepsin L, Glu198
in cathepsin B, Asp158 in papain). The second hydrogen bond is formed with the same peptide bond: the
carbonyl oxygen of Pro3 (Ser3 in stefin B) binds to the amide proton of the Gly68 of cathepsin V (Gly68 in
cathepsin L, Gly74 in cathepsin B, Gly66 in papain).

The residues Gly3-Pro4 form antiparallel hydrogen bond arrangements with the Gly68 of cathepsin V
(Gly68 in cathepsin L, Gly74 in cathepsin B, Gly66 in papain) and Asp168 (Asp162 in cathepsin L, Glu198
in cathepsin B, Aspl58 in papain) in a substrate-like manner, firmly anchoring the N-terminal trunk
between the two domains of the proteases (Figure 37C).

Ser3 of stefin B makes an additional hydrogen bond (Figure 37D) between its amide proton and
carbonyl oxygen of Gly66 (Gly68 in cathepsins L and V, Gly74 in cathepsin B), however, Ser3 is replaced
by Pro3 in stefin A. Proline residue lacks the amide proton, therefore the formation of this additional
hydrogen bond is not possible in complexes with stefin A.
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Figure 37: N-terminal trunk of stefin A in complexes with cathepsin L and V (figure A) and cathepsin B (figure
B). Hydrogen bonding of stefin A with cathepsin V (figure C) and stefin B with papain (figure D). Nitrogen
atoms are shown in blue, oxygen in red and hydrogen in white. Figure A and B: orange - stefin A molecules in
cathepsin V — stefin A complex, magenta - stefin A molecules in reduced cathepsin V — stefin A complex,
yellow - stefin A molecules in cathepsin L — stefin A complex and orange - stefin A molecules in cathepsin B —
stefin A complex

Table 8: Overview of the hydrogen bonds between N-terminal trunk and cysteine proteases and their distances
between hydrogen and hydrogen bond acceptor. First atoms are from stefins and second from cysteine proteases.

Hydrogen bond 1 Hydrogen bond 2 Hydrogen bond 3
LA O Pro3 — N Gly68 N Gly4 — O Aspl62 /
2.12+0.02 A 2.11x0.04 A
VA O Pro3 — N Gly68 N Gly4 — O Aspl63 /
2.09x0.01 A 2.060.07 A
VA O Pro3 — N Gly68 N Gly4 — O Aspl63 /
2.05+0.02 A 1.94x0.01 A
BA O Pro3 — N Gly74 N Gly4 — O Glu198 /
225A 2.36+0.40 A
papain O Ser3 — N Gly66 N Gly4 — O Aspl58 N Ser3 — O Gly66
1.99 A 228 A 2.12A

The hydrogen bond length analysis indicates a correlation between the interaction strength and the bond
distance. Hydrogen bonds are shorter in the reduced cathepsin V than in the unreduced, which is in
agreement with the kinetic data.

It was shown that the sequential deletion of N-terminal residues in stefin A reduces the affinity towards
cathepsins and papain [90]. The deletion of the N-terminal methionine in stefin A did not have any effect
on the inhibition of papain and cathepsins L and B. These findings can now be confirmed by the crystal
structures, where it is clearly seen, that the N-terminal methionine residue does not interact directly with
the protease.

The deletion of Metl-Ile2 resulted in 900x, 3x and 200x fold reductions in affinities for papain,
cathepsin L and cathepsin B, respectively. The deletion of Ile2 had the highest effect in endopeptidases
papain in cathepsin L, but not cathepsin B. As seen in the structures, Ile2 fills the S3 pocket of
endopeptidases. The deletion of this residue therefore disturbed the native binding. The small effect in
binding to cathepsin B can be explained by the observed flexibility of the N-terminal trunk of stefin A
when binding to cathepsin B.

The deletion of further residue (Pro3) resulted in additionally decreased affinities (2000x, 20 000x and
400x fold). The deletion of Pro3 removed the possibility of the hydrogen bond formation thereby strongly
affecting the binding affinity.

The important role of Gly4 was confirmed with the point mutation in the native full-length stefin A,
where even the smallest replacement, by Ala, resulted in 1000-, 10- and 6000-fold decreased affinities for
papain, cathepsin L, and cathepsin B, respectively. Further mutations with larger amino acids additionally
reduced the affinities. The highest reduction (>10°x) was observed, when Gly4 was replaced by Arg or Glu
[91]. These results can be explained by the flexibility of glycine residue. Glycine can adopt orientations
which are unavailable to other amino acids. Suboptimal binding of the larger amino acids most likely alters
or disrupts the hydrogen bonding pattern, which then results in the reduced binding affinities.

4.6.2 Structure of the first loop

The first loop with the sequence QVVAG, which is conserved in cystatins [24], docks into the active site
cleft near the active site histidine and cysteine residues and leaves it at S2” site. Val47 lies over the catalytic
residues; Val48 fills the S1° binding site and Ala49 partially occupies the S2” site. There are three hydrogen
bonds which anchor the loop to cathepsins. One is formed between the amide hydrogen of Ala49 in stefin
A and the carbonyl oxygen of Lys20 in cathepsin V (Gly20 in cathepsins L and B, Lys20 in papain) and
attaches the alanine residue in S2’° binding site. The other two hydrogen bonds attach the loop to the L-
domain of cathepsins and are positioned on the upper edge of the active site cleft. They are both formed
between the side chains of stefin A and the main chain of cathepsins. The first hydrogen bond is formed
between the amine hydrogen in Glu46 and the carbonyl oxygen of Cys65 (cathepsins L, V and papain) or
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Cys61 (in cathepsin B), whereas the second one is formed between the amine hydrogen in Asn52 in stefin
A and GIn21 (in cathepsins L, V and papain) or Ser25 (in cathepsin B).

Figure 38: First loop of stefin A in complexes with cathepsin L and V (figure A and C) and cathepsin B (figure B
in D). Nitrogen atoms are shown in blue, oxygen in red and hydrogen in white. Figure A and B: orange - stefin
A molecules in cathepsin V — stefin A complex, magenta - stefin A molecules in reduced cathepsin V — stefin A
complex, yellow - stefin A molecules in cathepsin L — stefin A complex and orange - stefin A molecules in
cathepsin B — stefin A complex. Red arrows in figure C and D show hydrogen bonds (red dashed lines).

Table 9: Overview of the hydrogen bonds between first loop and cysteine proteases and their distances between
hydrogen and hydrogen bond acceptor. First atoms are from stefins and second from cysteine proteases.

Hydrogen bond 1 Hydrogen bond 2 Hydrogen bond 3

LA NE2 GIn46 — O Cys65 N Ala49 — O Gly20 ND2 Asn52 — O GIn21
2.11x0.03 A 2.05+0.03 A 2.16£0.01 A

VA NE2 GIn46 — O Cys65 N Ala49 — O Lys20 ND2 Asn52 — O GIn21
2.08+0.08 A 2.11=0.06 A 2.34+0.42 A

VA NE2 GIn46 — O Cys65 N Ala49 — O Lys20 ND2 Asn52 — O GIn21
2.16+0.15 2.05+0.01 A 2.10£0.02 A

BA NE2 GIn46 — O Cys71 N Ala49 — O Gly20 ND2 Asn52 — O Ser25
2.84+0.28 A 2.40+0.11 A 1.77+0.04 A

papain NE2 GIn46 — O Cys65 N Ala49 — O Lys20 ND2 Asn52 — O GIn21

2.57A 1.83 A 1.99 A

The hydrogen bond length analysis showed no correlation between the interaction strength and the bond
distances for the hydrogen bonds, which attach stefin A to the edge of the active site cleft. The correlation
is more informative for the hydrogen bond between Ala49 and Lys20 in cathepsin V (Gly20 in cathepsins L
and B, Lys20 in papain), This hydrogen bond is the shortest in papain, followed by cathepsin L and the
reduced form of cathepsin V. The bond is again the longest in the cathepsin B — stefin A complex.
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4.6.3 Structure of the second binding loop

The second binding loop of stefins comes down the S2° binding site and partially fills it with Leu73. It
continues through S3° and S4” broad binding areas and leaves the active site cleft.

The N-terminal trunk and the first loop are held in position by hydrogen bonds, whereas in the
stabilisation of the lower part of the second loop hydrogen bonds are not present. Therefore it can adopt
numerous conformations (shown in Figure 33). This flexibility is a consequence of the wider active site
cleft and less defined S3” and S4” binding sites. S2-S2” binding sites lie in a narrower part of the active site
and are cleft, whereas the S3° and S4” binding sites are basically broad binding areas [157].

To evaluate the flexibility of different residues in stefin A, we have calculated the maximal distances
between the equivalent CA atoms of stefin A molecules from all known complexes. The flexible region
starts with Leu73 and Pro74 with the distance of 0.9 A and 1.4 A, respectively. The flexibility is the highest
in the short stretch Gly75-Glu78 with a distance up to 5.0 A for GIn78 (between CA atoms in HA and LA)
and 5.0 A for Gly75 (between CA atoms in HA and BA) and ends with Asp79-Leu80 (distance 1.7 A and
1.1

Figure 39: Second loop of stefins in complexes with cysteine proteases. Nitrogen atoms are shown in blue,
oxygen in red and hydrogen in white. Freen - stefin A molecules in cathepsin V — stefin A complex, magenta -
stefin A molecules in reduced cathepsin V — stefin A complex, cyan - stefin A molecules in cathepsin L — stefin
A complex, orange - stefin A molecules in cathepsin B — stefin A complex, yellow - stefin A molecules in
cathepsin H— stefin A complex and black - stefin B molecules in papain — stefin A complex.

Although the second binding loop is flexible when compared to the N-terminal trunk and the first loop,
there is one hydrogen bond in cathepsin L — stefin A. The long and flexible side chain of Glu76 from stefin
A provides the amine proton to the carboxyl oxygen atom in the flexible side chain of Glu192 in cathepsin
L. This hydrogen bond is present only in two out of three complexes in the asymmetric unit. Their
distances are 2.76 A and 2.07 A, whereas the distance between those two atoms in the third complex is
longer than 4 A,
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Figure 40: Hydrogen bond in second loop in cathepsin L — stefin A complex.

4.6.4 Distance determination

The comparison of stefin A — cathepsin H structure [24] with the structure of stefin B in complex with
papain revealed that stefin A binds 0.7 A deeper into the active site cleft than stefin B does in complex with
carboxymethylated papain [89], because the modified active site cysteine residue prevents the native
binding. Although cathepsin H was not modified, the presence of the mini chain might have interfered with
the binding of stefin A and prevented the tight binding otherwise present in complexes of stefin A and
endopeptidases members of the cathepsin family.

In addition, we have calculated the interatomic distances between all CA atoms in stefin A and the CA
atoms of the active site cysteine and histidine residues of cathepsin moelcules and averaged them. The
average distance between the reduced cathepsin L and stefin A was evaluated on the basis of the
differences between the distances of the reduced and unreduced cathepsin V and stefin A. The complex of
carboxymethylated cathepsin L and stefin A was modelled on the basis of the structure of
carboxymethylated papain in complex with stefin B [89]. The calculated distances are summarized in Table
10.

Table 10: Distances between stefins and cysteine proteases. * Distance between unreduced cathepsin L and
stefin A was evaluated on the basis of differences between distances of reduced and unreduced cathepsin V and
stefin A. ** Complex of carboxymethylated cathepsin L and stefin A (cmLA) was modelled on the basis of the
structure of carboxymethylated papain in complex with stefin B [89].

Distance / A Side chain of Cys25
rLA* 22.9 -CH,-SH
LA 23.17+0.03 -CH,-S-CHj;
cmLA** 24.0 -CH,-S-CH,-COOH
rVA 23.21+0.11 -CH,-SH
VA 23.44+0.20 -CH,-S-CHj;
HA 23.36+0.23 -CH,-SH
BA 23.34+0.15 -CH,-SH
Papain — stefin B 23.93 -CH,-S-CH,-COOH

As expected, the distance analysis showed the correlation between the distances and the inhibition
constant and disrupted binding, when additional features (like occluding loop and mini chain) on the
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surface of the enzymes are present or active site cysteine residue is modified.

The tightest binding was found in cathepsin L and the reduced cathepsin V (23.2 A). The binding was
weaker with the unreduced form of cathepsin V, where stefin A bound 0.2 A shallower, because the
modified active site cysteine residues prevented the tighter binding. Stefin A approaches to cathepsins H
and B at similar distances as to unreduced cathepsin V. The shallowest binding was observed in stefin B —
papain complex [89], where the cysteine residue was modified with the largest fragment.

4.7 AFM measurements

4.7.1 Surface preparation

The used Si3;N4 waffers were assessed by contact-mode AFM measurements, which revealed the surface
roughness of app. 5 nm over hundreds of nanometers. The high roughness of the Si;N4 prevented the use of
AFM to determine the surface density of the bound proteins, which are small compared to the roughness
(stefin A ~2 nm and cathepsin L ~3 nm).

For the covalent attachment of proteins two approaches were used. Stefin A was attached to the surface
using NHS-PEG-malimide linker, whereas NHS-PEG-aldehyde linker was used for cathepsin L. Figure 41
summarizes the immobilization process.
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Figure 41: Immobilization of cathepsin L and stefin A.

4.7.2 The enzyme surface density determination

The surface density measurements were performed with three different chips to which cathepsin L was
covalently attached via a flexible PEG linker.

The surface density of the bound enzymes was determined by the classical biochemical activity test
after each step of washing. Cathepsin L modified chips were immersed into a cuvette with a fluorogenic
substrate z-Phe-Arg-AMC. The change in fluorescence was followed for 5 minutes and the rate of reaction
was compared with the calibration series in which known amounts of enzyme in solution were added to the
reaction mixture. After 5 minutes, the chip was removed from the cuvette and measurements were
continued for an additional minute. The washed amount of washed and immobilized enzyme was
determined using the calibration series.
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As a negative control a blank chip was used, where aldehyde groups were blocked with ethanoleamine
prior to the cathepsin L addition.
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Figure 42: Surface density determination. Covalently attached cathepsin L surface density of the reactive (blue)
and blocked surface (yellow). Before the first step of washing, the surface density was similar for all chips (app.
2000 enzymes per um?). The majority of the unspecific bound enzymes were washed away in the first step. After
4 steps of washing only covalently attached enzymes remained on the surface.

The relatively low surface density of cathepsin L can be partially explained with the pH induced
denaturation of cathepsin L. Pure cathepsin L has a lifetime of a few minutes at pH=7.0. Insteed of the free
enzyme, the complex of cathepsin L and stefin A was used to dimish the pH-induced denaturation.
Cathepsin L in the complex with stefin A has a longer halftime (~ 1 h). The drawback of this approach is
the presence of the additional lysines from stefin A molecules, which can react with the aldehyde linker on
the surface.

4.7.3 Force measurements

A typical force curve recorded during the measurements is shown in Figure 43A. Identical curves were
recorded on the different sites of the sample surface with different tips. The blue retrace curve displays the
characteristic unbinding event. The observed nonlinear behaviour, which was used for a discrimination of a
specific binding from the unspecific adhesion (shown in Figure 43B), is a consequence of a flexible PEG
linker.
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Figure 43: Typical force curve with specific (A) and unspecific (B) binding. Blue horizontal bar represents
unbinding length, whereas the vertical bar represents unbinding force.

The measurements were performed in sets containing 1000 force curves, where each set was recorded at
the same loading rate. The used cantilevers had a nominal spring constant of 0.01, 0.02 and 0,03 N/m. The
retrace velocity ranged from 100 nm/s to 2000 nm/s, what resulted in loading rates from 1 nN/s to 50 nN/s.

The specificity of the unbinding event was verified with the blocking experiment. Cathepsin L was
added in to the liquid cell solution to the final concentration of 90 uM. The solution was incubated for 10
minutes, so the stefin A molecules bound to the tip were blocked with cathepsin L and the measurements
were repeated. Typically, the binding probability dropped from 5 to 10 fold.

Approximately 200 sets were measured and manually analyzed for the presence of specific unbinding
events. Only curves with no or low unspecific adhesion were selected for the statistic. In the case of the
multiple unbinding events only the last one was used. Approximately 40 sets showed binding probability
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higher than 10%, additional 40 sets showed probability between 6 and 10%. The majority of sets showed
no or very low binding, probably due to the presence of the free cathepsin L in liquid cell solution.

The unbinding force and lenght were measured from the pull off jump of the retrace curve. The
statistical distribution of the force and lenght is shown in figure 42.
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Figure 44: Statistical distribution of unbinding forces (A) and length (B) for one set of measurements (1000
curves). A) The most probable unbinding force, estimated from the force distribution, is 38.7 pN with the
standard error of 0.8 pN. Binding probability in this set was 21.2%. B) Statistical distribution of unbinding
lenght for the same set. Experimentally determined unbinding length is 25 nm, what is in agreement with the
experimental setup and previously publish results with similar linkers [143].

4.7.4 Analysis of the data

The unbinding kinetics cannot be described with a classical biochemical equation. Commonly accepted is
the Bell's model which explains the unbinding process. It treats it as an escape of a ligand from a potential
well [141, 142]. When the most probable unbinding force F is plotted as a function of the loading rate v,
one can determine the distance between the potential minimum and the transition state xg and more
important, the natural thermal off-rate for the dissociation at zero force &,e(0).

80 -

70 4

60 -

50 A

40 -

Rupture force (pN)

30 A

20 A

10

0 T —— T ——
1000 10000 100000

Loading rate (pN/s)




Results Sl

Figure 45: Loading rate dependence of the unbinding force. The solid line is the numerical fit of experimental
data to the Bell model. Each experimental point is an average of at least 200 and at most 1000 unbinding events.

When fitted to equation 2, our experimental data show a good agreement with the Bell's model. The
linear increase of the most probable unbinding force over the range of almost two orders or magnitude
confirms the theoretical predictions.

The distance between the potential minimum and the transition state x5 was estimated to 8.5 A. This
value is in the range of previously published data, which ranges from 0.3 to 30 A for biotin [158], 3.0 A for
N-cadherin dimers, 7.7 nm for E-cadherin [159] and 5.9 nm for cadherin — anti-cadherin [138].

The AFM determined natural thermal off-rate for the dissociation at zero force ko(0) is 0.50 s,
compared to the kinetic measurements in unstressed system, where koff is app. 107 5. The difference is a
consequence of measurements in different regimes. Similar results were obtained earlier, where off-rates
for the avidin-biotin complex were 2,9 s in AFM measurements with a similar loading rate range (10-60
nN/s), whereas the classical value is app. 107" [142].

The unbinding force at a loading rate of 10 nN/s is 45 pN for stefin A — cathepsin L complex. As
reported earlier and summarized in table 19, values of other complexes are varying between 20 in 240 pN.

Table 11: Unbinding forces for various complexes, reviewed in [138].

Complex Unbinding force (pN)
a5P1 intergrin ligand/GRGDSP peptide receptor 20+7
Cadherin/cadherin 35£16
Cathepsin L/stefin A 45+10
Selectin/sialyl Lewis X tetrasaccharide 50=15
Lysozyme/anti-lysozyme 52£18
Regulatory protein His6ExpG/DNA promoter regions 75+15
Biotin/avidin 80x15
AZ/C551 95+15
ICAM-1/anti-ICAM-1 10050
P-selectin/ligand 115+40
Anti-Sendai-antibody/Sendai bacteriorhodopsin 126=15
Single-chain ~ Fv  fragment of  fluorescein  binding 160+15
antibody/fluoroscein antigen

HSA/anti-HSA 244+22

4.8 Inhibition mechanism of mycocypins

4.8.1 Structure of macrocypin

Macrocypin 1 crystallized in P3,2; space group with one molecule in the asymmetric unit. Macrocypin
crystals contain complete sequence of 168 residues, numbered from Gly1 to Glul68. Positioning of nearly
all residues is clearly revealed by the electron density maps. The exceptions are the side chains of His114,
Tyr140 and Lys21, which are only partially defined, and the stretch of residues Ser20, Lys21, 11e22, which
is only loosely defined. Nine residues (Gly1, His17, Arg55, Ile75, GIn78, Ser80, Glu100, GIn110, Ile158)
were modelled in alternative conformations [146].

4.8.2 Structure of clitocypin

Clitocypin isolated from a natural source contains a large number of isoforms in unknown ratio [116]. It
crystallized in P2, space group with two molecules in the asymmetric unit. The positioning of nearly all
residues is clearly revealed by the electron density maps. The exceptions are the loop GIn67-Tyr75 in
molecule 1, Gly68-Asn70 and the side chain of GIn115 in molecule 2 and the first two N-terminal residues
in both molecules. As default we have used the sequence of the clitocypin isoform used for the complex
formation. However, when the electron density unambiguously showed disagreement with that sequence,
we built an appropriate amino acid residue from an alternative sequence (H17S, Y62S, L82M, P84Q,
188M, A105T, T139N in both molecules, S46F, Q48R in molecule 1 and Q37K, N42S, A57S in molecule
2).
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The structure of both clitocypin molecules in the asymmetric unit is basically the same (RMSD value of
0.28 A) with one important exception. The peptide bond between Gly24 and Gly25 residues appears in two
different orientations, both in glycine-preferred regions of the Ramachandran plot, which was clearly seen
in the electron density. This suggests that this peptide bond is flexible and can exist in either orientation
[146].
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Figure 46: Orientation of the Gly24-Gly25 peptide bond in both clitocypin molecules in the asymmetric unit.
Electron density is contoured at 1 o. Glycine 24 is shown in green.

4.8.3 Description of mycocypins fold

The macrocypin and clitocypin structures share the same fold. In the projection used in Figure 47 the fold is
a reminiscent of a tree with roots, a short and thick trunk and a crown with branches expanding far from the
centre. The trunk part is an up-and-down f-barrel composed of six antiparallel B-strands (B1, p4, B5, B8,
B9, B12). The strands are laid at an angle of more than 45 degrees to the axis of the barrel. The N- and C-
termini are at the bottom. They form the roots of the tree together with the loops connecting strands 4-p5
and $8-f9. On the top, three long regions between the strands 31-f4, B5-p8 and f9-B12 constitute the tree
crown. Each contains a pair of antiparallel B-strands. In this manner two additional loops are formed
between the strands from the crown and the trunk, adding another layer of loops, which spread away from
the trunk. Hence, the three-fold arrangement of loops and strands is preserved on four layers of the
structure in the roots, trunk and lower and upper crown. The loop region before strand 8 in the lower
crown layer of macrocypin is folded into a short three-turn a-helix, whereas in clitocypin the loop
preceding the strand 4 contains a short helical region. Although macrocypin and clitocypin share the same
fold, the RMSD deviation between 116 equipositioned CA atoms is 1.75 A. The B-barrels are more similar,
yielding RMSD of 0.67 A between 31 equipositioned CA atoms. Macrocypin and clitocypin have pseudo-
threefold symmetry (Figure 47) with the threefold rotational axis running through the six-stranded barrel.
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Figure 47: Structures of clitocypin (A, B) and macrocypin (C, D). Trunk strands are always shown in red and
crown strands in yellow. A. The first layer of loops is shown in green and the second in blue. A) and C) in
orientation of a tree, B) and D) the view along barrel. Binding loops for cathepsins are marked with blue arrows
and the legumain loop with green arrows.

Figure 48: Structural alignment of macrocypin (blue) and clitocypin (red) in two different orientations (A, B).
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4.8.4 Comparison of mycocypins with other f-trefoil proteins

When the macrocypin structure was submitted to the protein structure comparison service SSM [160] at
European Bioinformatics Institute, the fold was identified as p-trefoil fold shared by proteins such as
Kunitz type soybean trypsin inhibitor (STI) [74], inhibitor isolated from Erythrina caffra [75], interleukins-
la and 1P [76] and fibroblast growth factors [77]. The best structural alignment was found with human
acidic fibroblast growth factor (PDB entry 1z4s), where 114 residues were aligned with RMSD of 1.94 A
[161].

Figure 49: Structural alignment of clitocypin (red) with human acidic fibroblast growth factor (PDB entry 1z4s)
[161] in two different orientations (4, B).

Sequence alignment shows low similarity of these proteins, in contrast to structural alignment (Figure
50), which reveals that the secondary structure patterns are quite similar. The number of (-strands in
macrocypin (12 strands) and clitocypin is equal to those in STI, whereas their lengths differ significantly.
STI has only 2 short strands (36 and 7), whereas macrocypin and clitocypin have 4 (32, $3, p6, f7). The
highest structural as well as sequence similarity is in the regions building the beta barrel. Since these are
rather short stretches of sequence this explains why homology searches based on sequence alignment have
failed [146].
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Figure 50: Structural alignment of clitocypin, macrocypin and selected [-trefoil serine protease inhibitors.
Strands are shown with white text on black background, binding loops with white text on gray background and
helixes with black text on gray background. STI — soybean trypsin inhibitor [74], BbCI - Bauhinia bauhinioides
cruzipain inhibitor[80], ECI - inhibitor isolated from Erythrina caffra [75], WBCI-winged bean chymotrypsin
inhibitor [162]. Alignment was done with Protein structure comparison service SSM at European Bioinformatics
Institute [160].

4.8.5 Structures of the cathepsin V — clitocypin complex

Crystals of the complex of clitocypin with cathepsin V contain the complete protein sequences. The
catalytic site of cathepsin V was blocked with a methyl methanethiosulfonate, leaving the —S-CHj3 on the
active site cysteine residue. This form of cathepsin V is much more stable and resulted in better diffracting
crystals. The crystals have P2,2,2 space group and contain four pairs of molecules per asymmetric unit.
The four structures of cathepsin V and clitocypin are closely related. They exhibit RMSD over equivalent
CA atoms in the ranges of 0.18 A to 0.25 A for cathepsin V and 0.33 A to 0.50 A for clitocypin. While the
cathepsin V structures, apart from the ends of a few side chains, are unambiguously resolved by the
electron density maps, three N-terminal residues and two loop regions (GIn67 — Asn70 in molecules 1, 3, 4
and Asp138 - Gly141 in molecules 2, 3, 4) of clitocypin lack adequate electron density or are only loosely
defined [146].

Clitocypin binds into the active site of the target protease in the orientation of a fallen tree with trunk
and roots pointing sideways and up (Figure 51). The wedge shaped structure fills the active site cleft along
the whole length. The binding results in a area of 825 A”. The interaction surface of clitocypin is
constituted basically by two broad loop regions positioned at the lower edge of the crown. The loop
structure and the binding geometry are stabilized by numerous hydrogen bonds. Both loops originate from
the first third of the clitocypin sequence — the first loop connects strands 1 and 2, and the second loop
strands 3 and p4 [146].

A

Figure 51: Structure of the cathepsin V - clitocypin complex. A. View along the active site cleft and B. view
perpendicular to the active site cleft. Cathepsin V is shown in gray and clitocypin in red. The catalytic cysteine
is shown in yellow.

The first loop is a broad lasso like structure cross-connected in the middle with a hydrogen bond
between the Argl2 side chain and Gly22 carbonyl. The second loop region is narrower and contains a short
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helix. The first loop binds into the non-primed and the second into the primed substrate binding sites (Fig.
4). They occlude the catalytic cysteine in the middle and thereby prevent the approach of substrate
molecules. Because the reactive site Cys25 in the structure is modified we cannot exclude that interaction
of the clitocypin with a naked cysteine cathepsin may deviate slightly from the observed one [146].

The first loop chain comes down the S3 binding area (Pro21, Gly22) of cathepsin V, occupies the S2
binding site with Val23 and continues through the S1 binding site upwards (away from the cathepsin V
surface). A hydrogen bond from the side chain amide Asnl18 attaches clitocypin to the GIn63 side chain of
cathepsin V. A water molecule further mediates the contacts in the S3 binding area. Argl2 plays a dual
role; it stabilizes the lasso as well as attaching it to the cathepsin V surface by the Asn66 main chain
carbonyl — filling the interaction surface between S3 binding area and S1 binding site. Positioning of Val23
builds antiparallel hydrogen bond arrangements with the Gly68 of cathepsin V in a substrate like manner.
The peptide bond Val23-Gly24 is additionally fixed by the interaction between its hydrogen and the
carbonyl of Aspl63 from cathepsin V. In the S1 binding site Gly23 of cathepsin V is involved in two
hydrogen bonds formed between its carbonyl and amide hydrogen with the amide Gly25 and carboxylic
oxygen atom of Glu26. The peptide bond between Gly24 and Gly25 is flipped when compared to the
structure of the molecule 2 of clitocypin and macrocypin, in order to form a hydrogen bond with Gly23 of
cathepsin V (Fig. 3). The other carboxylic oxygen atom of Glu26 interacts with the cathepsin V amide of
the Asn66 side chain. However, the possibility that Glu26 is partially neutral and interacts with the
carbonyl oxygen atom of GIn21 cannot be excluded. The binding of the first loop is further stabilized by
the side chain amide group from Asnl8, which forms a hydrogen bond with the peptide bond carbonyl
atom of GIn21 of cathepsin V. It is notable that, of the listed hydrogen bond interactions between the
enzyme and inhibitor, most are contributed by main chain atoms, at least on one side [146].

The second binding loop of clitocypin approaches the S1' and S2' binding sites of cathepsin V from the
top. A single hydrogen bond between the carbonyl of Ser42 and the side chain amide of GInl45 of
cathepsin V fastens the loop to the cathepsin V surface. In the first complex an additional hydrogen bond is
formed between the carboxylic group of Glu48 and cathepsin V Ser142. A layer of solvent molecules
mediates the contacts between the N-terminal bottom of the short helix and cathepsin V.

Figure 52: Binding of clitocypin to cathepsin V. Clitocypin loops are shown in red sticks and Gly24-Gly25 in
orange. Cathepsin V is shown as a gray surface with catalytic cysteine yellow. S3, S2, S1, S1° and S2’ binding
site are shown in green and cyan.

When we modelled the complex between macrocypin and cathepsin V (by superimposing macrocypin
on the clitocypin structure in the complex) it became evident that the binding loops do not fit into the active
site.
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Figure 53: Macrocypin binding to cathepsin V by superimposing macrocypin on the clitocypin structure in the
complex. Macrocypin loops are shown in red sticks and Gly24-Gly25 in orange. Cathepsin V is shown as a gray
surface with catalytic cysteine yellow. S3, S2, S1, S1° and S2’ binding site are shown in green and cyan.

To find out whether the binding loops are the same we have expressed four mutants, where Gly24 in
clitocypin and Gly25 in macrocypin were either replaced by alanine or deleted. By these mutants we have
also tried to assess the relevance of the Gly24-Gly25 peptide flip. We have assumed that the mutation to
alanine as well as deletion of the residue will reduce the flexibility of the main chain.

The resulting clitocypin mutants yielded K; values to cathepsin V that were 20 times higher than that of
the native variant. It is notable that the major source of difference is the slower association, while
dissociation was not significantly affected (Table 12). This suggests a mechanism, which is in agreement
with the peptide bond flip occurring prior to or concurrently with the inhibitor docking. Since macrocypin
mutants exhibit equivalent effects on their K; constants, this confirms that the loops that bind into the active
site of cysteine cathepsin are equivalent in clitocypin and macrocypin. This implies that the binding loops
of macrocypin exhibit substantial conformational flexibility during binding into the active site of their
target enzymes [146].

Table 12: Inhibition constants of cathepsin V by macrocypin, clitocypin and their mutants. Kinetic data for
interaction of macrocypin 1 and cathepsin V was reported previously [85].

107 kyss 10* kogr K,

M's™ s (nM)
Clt 1.26+0.07 1.61+0.65 0.08+0.03
Clt AG24 0.10+0.06 1.8+0.9 1.9+0.9
Clt G24A 0.08+0.01 1.2+0.6 1.6+0.7
Mcpl 1.48+0.01 10.3+0.7 0.69+0.06
Mcpl G25A 0.13+0.02 16.0+5.0 12.5+5.2
Mcpl AG25 0.15+0.02 12.4+2 .4 8.5+2.1

4.8.6 Inhibition of AEP

AEP is inhibited by natural and recombinant clitocypin, natural macrocypin and some isoforms of
expressed macrocypin (macrocypins 1 and 3) in the low nanomolar range (3-10 nM). Interestingly,
macrocypin 4 does not inhibit AEP at all.

Inspection of the aligned sequences of these isoforms in their surface regions has focused attention on
the B5-86 loop (residues 71-76 containing sequence lle-Asp-Asn-Ser-1le). This part of the sequence is
similar to the consensus sequence S/T-N-D/S-M/I found in three inhibitory cystatins C, E and F (Table 4),
which bind to AEP in the nanomolar range [47]. Interestingly, in macrocypin 4 the residue at position 72 is
Lys in contrast to equipositioned Asn in macrocypins 1 and 3.

Table 13: Alignment of loops of macrocypin isoforms, clitocypin, cystatins V, E and F, STI and BbCI involved in
legumain and trypsin inhibition. Residues that bind to the P1 pocket are marked with asterisk. Mutated residues
are shown in red.
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Clt 56-YTIKYQGLNAPFEYG-75

Mcpl 61-TITEFRIDNSIPGOW-80
Mcp3 59-TITEIRDDNCIPGOW-78
Mcp4 59-TITEFRADKSIPGOW-78

CstC 26-MGEYNKASNDMYHSR-45
CstE 23-MASYNMGSNSIYYFR-42
CstF 33-MEKFNNCTNDMFLFK-52

BbCI 50-TVRFETPLAIAIITE-69
STI 50-GTIISSPYRIRFIAE-69

To verify the role of the residues in these regions, the different mutants were prepared. We exchanged
the residues that are different in macrocypins 1 and 4. 1le72 and Asn74 in macrocypin 1 were replaced by
equipositioned residues Ala and Lys in macrocypin 4, respectively, producing mutant Mcp1-172A+N74K.
Ala70 and Lys72 in macrocypin 4 were replaced by equipositioned residues Ile and Asn in macrocypin 1,
respectively, producing mutant Mcp4-A701+K72N. In addition, the corresponding clitocypin mutant Clt-
N69K was also expressed, where equipositioned Lys residue was replaced by Asn.

As expected, the mutant Mcpl-172A+N74K exhibited total loss of inhibition of AEP, whereas the
mutant Mcp4-A70I+K72N became inhibitory (Table 5). Equivalently, Clt-N69K mutant lost its inhibitory
properties against AEP. These studies thus confirm that Asn72 in macrocypins and Asn69 in clitocypins are
the residues that bind into the S1 pocket of AEP [146].

Table 14: Inhibition constants of legumain and cathepsin V by macrocypin, clitocypin and their mutants. Kinetic
data marked with asterisk were reported previously [85].

K (nM) K, (nM)
Legumain Cathepsin V
Mcp 1* 3.38+1.44 0.69+0.06
Mcpl1-172A+N74K n.i. 3.43+0.31
Mcp 4* >1000 1.44+0.11
Mcp4-AT70I+K72N 2.86+0.38 10.2+0.6
Mcp 4 K72R n.i. /
Clt* 21.5+2.81 0.084+0.03
CIt N70K n.i. 0.26+0.09

4.8.7 Trypsin inhibition

The binding geometry of several families of protein inhibitors of serine proteases, including soybean
Kunitz type inhibitor [74], are known to adopt a substrate-like conformation known as the “canonical”
binding mode [72]. All Kunitz type serine protease inhibitors inhibit trypsin with a highly homologous loop
from the root region that mimics the substrate and is positioned between the strands B4-B5. This loop
contains either lysine or arginine, which binds into the S1 pocket of trypsin. From the sequence and
structure alignments it is evident that the classical B4-85 loop is missing in macrocypin and clitocypin.
These proteins show no inhibition of the serine protease trypsin. Surprisingly, macrocypin 4 was found to
exhibit weak inhibition of trypsin, with a Ki value in the micromolar range. The Ki values of the exchange
mutants produced for AEP binding site identification (Table 5) show that the Lys74 residue of macrocypin
4 is mandatory for inhibition of trypsin. The Mcp4 mutant with Lys74 replaced by arginine (Mcp4-K74R)
exhibited equivalent inhibitory properties (Table 5), thereby confirming the involvement of the loop B5-86
positioned within the lower “crown” layer in binding to the trypsin active site. The binding loop of
macrocypins and clitocypins is thus positioned differently from the serine protease-binding loop of known
Kunitz-type inhibitors such as STI [146].

Table 15: Inhibition constants of trypsin and cathepsin V by macrocypin, clitocypin and their mutants. Kinetic
data marked with asterisk were reported previously [85].

Ki (uM) Ki (nM)
Trypsin Cathepsin V
Mcp 1* n.i. 0.69+0.06
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Mcpl-172A+N74K 0.18+0.02 3.4320.31
Mcp 4* 0.16+0.01 1.44+0.11
Mcp4-A701+K72N n.i. 10.2+0.6
Mcp 4 K72R 0.13+0.02 /
ClIt* n.i. 0.084+0.03
CIt N70K n.i. 0.26+0.09

Figure 54: Comparison of trypsin binding loop position in STI and macrocypin. A) STI (blue) with trypsin
binding loop in red sticks, B) macrocypin (red) with trypsin binding loops in blue sticks and C) schematic
representation of B-trefoil fold. Green arrow indicates the position of trypsin binding loop in macrocypin and red
arrow indicates the position of trypsin binding loop in Kunitz-type inhibitors.
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5 Discussion

The crystal structures of complexes between stefin A and the naked cathepsins V and B reveal the
geometry of binding in the state when the interacting molecules are packed together closest. We were not
able to crystallize the complex between the naked cathepsin V and stefin A, while the complex between
stefin A and the naked cathepsin H has been determined previously [24]. To increase the separation
between the pairs of interacting molecules the reactive site cysteine residue was modified with a few small
molecule reagents: methylmethanethiosulfonate (MMTS), which prolongs the side chain cysteine by a thiol
methyl group (-S-CHj3) and iodoacetic acid, which results in carboxymethylation of the cysteine residue
prolonging it with the -CH,-COOH group. The crystal structures of cathepsins L and V blocked with
MMTS reveal the geometry of binding with the slightly increased separation, with 0.1 to 0.2 A longer
separations when compared with the complex with the naked cathepsin V.

We have not succeeded to crystallize complexes between carboxymethylated enzymes and stefin A, so
the only insight into the geometry of binding with the CH3;-COOH spacer is still provided by the papain -
stefin B complex [89].

The structures of all these complexes reveal the same geometric mode of binding of inhibitors into the
active sites of proteases. In the case of endopeptidases the structure of the enzymes remained unaltered
compared to the structures of the free enzymes [129, 163] whereas in the complexes with exopeptidases
inhibitors must displace the occluding loop residues of cathepsin B and the mini-chain residues of cathepsin
H. These bindings are thus associated with structural changes, which obviously also affect the kinetics and
the binding energy. Due to the binding induced structural changes the later systems are thus not useful for
the studies of dependence of the binding energy upon the separation distance. They do, however, provide a
valuable view into the geometry of binding of cysteine protease inhibitors to their targets and are therefore
discussed below. Of similar importance are the structures of the clitocypin alone and in the complex with
cathepsin V, and macrocypin, which provide a view into the binding mechanism and flexibility of the
binding loops on the clitocypin side. Due to the uniqueness of these interactions they are discussed as last.

5.1 Cathepsin L and stefin A case study: Insight into intramolecular
interactions

Atom force microscopy measurements provide direct insight into the separation of two molecules, at
which they stop interacting. The behaviour of protein - protein interaction in single molecule force
spectroscopy is described by the Bell's model which enables determination of the most probable unbinding
force at a given loading rate, the distance between the potential minimum and the transition state xz and the
kinetic off-rates in the system under applied force.

These measurements confirmed the theoretical predictions made by the Bell's model, where the increase
of a most probable unbinding force over the range of almost two orders or magnitude followed the
theoretical predictions. The value for the distance between the potential minimum and the transition state
xB was determined to be 8.5 A. This value is in the range of previously published data, which ranges from
0.3 to 30 A for biotin [158], 3.0 A for N-cadherin dimers, 7.7 A for E-cadherin [159] and 5.9 A for
cadherin - anti-cadherin [138].

Atom force microscopy only provided insight into the two stages of separation, while the distance
dependence of the interaction remains unapproachable. In order to gain insight into other stages the
catalytic cysteine residue of cysteine cathepsins was modified with two functional groups of different sizes.
By introduction of these modifications two additional complexes could be analysed at different separation
distances using methods that rely on measurements of steady (equilibrium) states: crystal structure
determination and binding constants. The cathepsins, blocked with MMTS, exhibited 0.2 A shallower
binding of inhibitors than the naked ones, whereas the distance 0.8 A for the carboxymethylated cathepsins
was estimated from the comparisons of the crystal structure of papain in complex with stefin B and
cathepsin H in complex with stefin A determined previously [24, 89].

We have tried to determine the crystal structures of the carboxymethylated cathepsin V in complex with



62 Discussion

stefin A, but the diffraction of the visually perfect crystals was limited to approximately 6 A (data not
shown), delivering data insufficient for determination of an atomic structure.

Even though we were only able to determine the distance for the MMTS-modified cathepsin L
experimentally from the structure, two additional distances could be determined from the models and
structures of cathepsin L. The distance between the native cathepsin L and stefin A was evaluated on the
basis of the differences between the distances of the reduced and unreduced cathepsin V and stefin A,
whereas the distance between carboxymethylated cathepsin L and stefin A was evaluated on the model
prepared from the crystal structure of the carboxymethylated papain in the complex with stefin A.

Distance between cathepsins and stefin A (A)
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Figure 53: - log Ki as function of the distance between different cathepsins. Left point represents the reduced
cathepsin L and stefin A distance (evaluated on the basis of differences between distances of reduced and
unreduced cathepsin V and stefin A), second point represents the distance in unreduced cathepsin L - stefin A
complex (experimentally determined) and third point is the distance between stefin A and carboxymethylated
cathepsin L (modelled on the basis of structure of carboxymethylated papain in complex with stefin B). The
inhibition constants for native L, MMTS modified and carboxymethylated cathepsin L were determined by
surface plasmon resonance and plotted on the graph, showing the percentage of the complex-bound enzyme, and
the secondary axis showing the corresponding distance was added.

The figure 53 summarizes these data. The equilibrium equation allowed us to calculate the percentage
of the complex bound enzyme as a function of the inhibition constant. We assumed that the concentration
of the enzyme and the inhibitor are the same at the beginning. If the inhibition constant is lower than 107
M, the majority of the enzyme is bound in the complex. The percentage of the complex-bound enzyme
begins to lower when the dissociation constant increases and reaches the separated state, where the constant
is larger than 10 M. It is evident from the graph that almost all cathepsins, modified or not, are bound in the
complex with stefin A.

The graph shows linear dependence of the logarithmic value of the inhibition constant and the
separation distance between the naked and modified cathepsins L and stefin A. The linear dependence in
the range covering the three orders of magnitude for the inhibition constant which encompasses
approximately 1 A separation range between molecules of cathepsin L and stefin A. Upon binding
approximately 25% of interaction energy is released within these range. Assuming the symmetrical shape
and a corresponding linear relationship of the distance dependence of the interaction constant one can
hypothesize that if the spacer had been about 7 A long, then the two molecules would not form a complex
at all. This distance is consistent with the interaction limit 8.5 A of the two molecules obtained by the AFM
measurement. Hence, as a crude approximation the relationship betwene the binding energy and separation
distance is indeed linear. Furthermore, under the conditions of the measurement, the distance range of
interactions between stefins and papain-like cysteine proteases is bellow 10 A (assuming that they are
properly oriented). At ranges beyond this separation, the molecules do not feel each other.
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5.2 Inhibition mechanism of stefins: Rigid docking and flexibility of
cathepsins

The insight into the mechanism of inhibition of cathepsins by stefins has been provided by the crystal
structure of stefin B in complex with carboxymethylated papain [89] and later the crystal structure of
cathepsin H - stefin A complex [24]. These two structures have limitations: papain is a plant protease, the
observation of the genuine interaction with the active site is hindered by cysteine carboxymethylation,
while cathepsin H is an exopeptidase with the mini-chain, which alters the binding of stefin A to the active
site.

Stefin A binds into the active site cleft as expected, with the N-terminal trunk in nonprimed binding
sites and the first and second loop in primed binding sites. The N-terminal trunk fills the S2 binding site
with Pro3 and the S1 site with Gly4. Compared to papain - stefin B complex, the N-terminal trunk is held
in position by only two hydrogen bonds, since Pro3 in stefin is lacking the amide hydrogen. The first loop
with the sequence QVVAG, which is conserved in cystatins [24], approaches the active site cleft near the
active site histidine and cysteine residue and leaves it at the S2 site. Val47 lies over the catalytic residues;
Val48 fills the S1 site, and Ala49 partially occupies the S2 site. There are three hydrogen bonds, which
anchor the loop to cathepsins. Whereas the N-terminal trunk and the first loop are well ordered in all
complexes, the third loop is showing surprising flexibility. The positions of equivalent CA atoms in stefin
A molecules from all known complexes differ for more than 5 A, indicating that the third loop has a low
affect to overall affinity.

The crystal structures are crucial for understanding of the inhibitory mechanism; they do not provide a
direct insight into the interaction strength. Therefore a classical biochemical determination of the inhibition
constant using hydrolysis of the fluorogenic substrate was employed. By combining the two approaches
we tried to find a correlation between the lengths of hydrogen bonds, the overall distance between stefin
and cathepsin atoms and the kinetic parameters.

The hydrogen bond distance analysis showed a moderate correlation with the inhibition constants. It
seems that the major factor in the complex stability are the three hydrogen bonds, which are formed by the
main chain atom in stefin A (Pro3, Gly4, Ala49). These hydrogen bonds were generally shorter in
complexes with the lower inhibition constant. Two additional hydrogen bonds between the long side chains
in stefin A and the residues, forming the edge of the active site cleft in cathepsins, however, showed no
correlation between the complex stability and intramolecular separation.

The comparison has also revealed that the inhibition constants of the native cathepsins V and L with
stefin A determined by surface plasmon resonance are equivalent to the constants determined by the
substrate degradation methods. The inhibition constants for the MMTS blocked cathepsins V and L are
however, 5 and 20 fold higher, respectively. The carboxymethylated cathepsin L has a 1500 fold higher
inhibition constant. Our findings are similar to the previously published data describing the interactions of
inactivated papain with the chicken cystatins, where the modification of the active site cystein residue
increased the inhibition constant 10 fold [150]. As seen from the Table 7, the difference in the interaction
strength is a consequence of the changed on and off rates, whereas the work on inactivated papain
suggested that the lower inhibition is due to the higher dissociation (off) rates.

The occluding loop is specific feature of cathepsin B, responsible for its exopeptidase activity. The 22-
residue insertion between Ile105 and Pro126 has no equivalent in other endopeptidases, where only short a
connection is used instead of occluding loop.

The occluding loop is stabilized by a salt bridge between His110-Asp22 and Argl16-Asp224 and blocks
the active site beyond the S2 binding site [20, 164]. The occluding loop behaves quite independently from
the rest of the structure and can adopt different conformations.

We have shown that the occluding loop can adopt different positions in the complex between cathespin
B and stefin A. It is highly likely that the occluding loop is fully flexible and can move further away in
solution, but its movement in the crystals of cathepsin B — stefin A complexes is limited because of the
extremely tight crystal packing.

5.3 Inhibition mechanism of mycocypins: Flexibility of inhibitiors

Cathepsin V in the crystal structure of the complex with clitocypin is also methylated with MMTS. In
accordance with the complexes of similarly modified cathepsins one must assume that the observed
docking mode is genuine, however, the separation between the molecules may be larger than in the
complex with the naked enzyme. In the absence of the binding constant with the blocked enzyme and
absence of the structure with the naked enzyme this remains a hypothesis. (It must be said that we have
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failed to crystallize the complex with the naked enzyme. Possible explanations are the instability of the
complex during crystallization or unsuitable packing parameters.) Nevertheless, the mode of binding has
been revealed. Together with the enzyme kinetics data we were able to conclude that the binding loops in
clitocypins, macrocypins, and Kunitz type inhibitors are flexible and can adopt their conformation to fit
into the active site cleft of papain-like cysteine proteases.

Like cystatins [24, 89], the p41 fragment [19] and chagasin [57], clitocypin and macrocypin bind to
cysteine proteases along the whole active site cleft. These molecules have different folds yet, for docking to
papain-like cysteine proteases, they utilize a similar architecture by which the activity of the target
proteases is inhibited. Their constructs occlude the reactive site cysteine. On the non-primed substrate-
binding site they utilize a single chain. The first binding region in clitocypin is the loop Asp19-Glu25. Its
position is similar to those of the N-terminal region in stefin A and the first loops of the p41 fragment and
chagasin. This region contains a residue that, in a substrate-like manner, fills the S2 binding pocket. In
contrast, the loops covering the primed binding areas are much less similar. The second binding region in
clitocypin is a single, broad loop (Glu39-11e50) whereas cystatins, the p41 fragment and chagasin use two
loop constructs. The two broad loops of mycocypins are stabilized by multiple hydrogen bonds and are
much more rigid than the N-terminal trunk and two loops in cystatins [146]. This explains why cystatins
are capable of competing for binding with the additional features of exopeptidase such as occluding loop
and mini chain, whereas mycocypins exhibit lower affinity or no binding at all.

The mode of the binding of mycocypins to cysteine cathepsins differs markedly from the binding of
Kunitz type of B-trefoil folded inhibitors to serine proteases. The two binding loops from the crown region
bind into the non-primed and primed substrate binding regions of cysteine proteases and occlude the
catalytic cysteine residue. In contrast, only one binding loop from the root region of Kunitz inhibitors docks
into the active site of a serine protease, in a substrate-like manner. A possible explanation for the
differences in the modes of “canonical” inhibition of cysteine cathepsins and trypsin-like serine proteases
may lie in the features of the active site cleft. Whereas in the trypsin-like proteases the S1 binding site is a
pocket in the protein structure, in cysteine cathepsins the S1 binding site is positioned on the surface on one
side of the active site cleft, shaped so that the P1 residue side chain points away from the protein core [15].
Furthermore, analysis of the structural data has revealed that papain-like cysteine proteases have only three
clearly defined substrate binding sites (S2, S1, S1') and one conditional site (S2'), while the binding into
regions beyond position 2 can only be considered substrate binding areas spread over the surface of the
widening active site cleft [157]. Cysteine cathepsins thus appear to lack the binding surface to which the P1
and neighboring residues could be tightly anchored in a substrate-like manner and therefore can probably
not be inhibited by the single loop construct.

The flexible peptide bond, which can flip on docking to protease, is a unique feature among the cysteine
protease inhibitors [146]. Peptide flipping has already been observed in the mitogen-activated protein
kinase p38a MAPK, where the flip of the Metl09 and Glyl110 peptide bond facilitates the higher
specificity of certain inhibitors [165].

The trefoil fold supports 11 loops coming out of the six-stranded B-barrel. Nine are in the crown region
(six are positioned at the lower level of the crown and three enclosing the top of the crown) and two in the
roots. Therefore it is easier to comprehend that the six loops from the lower crown region can act in pairs,
whereas the two loops from the root region lack that capability and must bind alone. In this respect the
report of the binding site of Bauhinia bauhiniodes cruzipain inhibitor (BbCI) to cysteine cathepsins is
intriguing, since the authors [70] suggest that the same alanine residue positioned within the root region,
which is responsible for binding to neutrophil elastase, is also crucial for the binding to cathepsin L and
cruzipain. (The partial cleavage of the serine protease interacting loop following incubation of BbCI with
cruzipain was the key evidence supporting the hypothesis of the common interaction site.) The binding of
BbCI to trypsin is consistent with current structural knowledge, since the loop in which Ala63 resides folds
very similarly to the loop of STI, including the position and orientation of the Ala63 residue. However, the
single inhibitory loop is not consistent with the canonical inhibition mechanism of cysteine cathepsins
evidenced here. Superimposition of the structure of BbCI on clitocypin in complex with cathepsin V
showed that two broad loops in the BbCI structure are equivalent to the clitocypin binding loops, and that
the BbCI sequence contains two consecutive glycine residues, Gly28-Gly29, homologous to the peptide
bond flip residues Gly24 and Gly25. Hence, these two loops are probably responsible for cathepsin L
inhibition, and not the loop containing the trypsin cleavage site. (It should be noted though that, as in the
case of macrocypin, the tips of the loops require a slight adjustment in order to fit into the active site of a
cysteine cathepsin.) The absence of inhibition of cathepsin V by BbClI, given the similarity of cathepsins L
and V, cannot be explained.

Clitocypins and macrocypins exhibit no sequence similarity to other known proteins, which was the
basis for establishing the 148 and 185 families, supported by the sequence alignment score with an E value
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less than 0.001 (FASTA search with default BLOSUMS0 matrix used in MEROPS). However, their
structure has revealed that the basic element of their fold is the six-stranded B-barrel, the hallmark of the B-
trefoil fold shared by the members of the I3 MEROPS family that includes serine protease inhibitors of the
Kunitz type. The sequence similarity, based on superimposition of the structures, is low even within the 6-
stranded B-barrel part, thus questioning the common origin of these two groups of proteins. This confirms
that mycocypins (families 148 and 185) are indeed distinct from members of 13 family, while the structural
similarity between these families provides support that they belong to the same clan IC.

The B-trefoil fold is armed with potent interacting loops that differ in shape and composition, and are
able to inhibit several classes of proteases including cathepsins, AEP, cruzipain, trypsin, chymotrypsin,
elastase, subtilisin and amylases. Several loops are involved in inhibition, while the same inhibitory loop
can target different proteases. For example, the crown region loops B1-B2 and B3-B4 are used for
inhibiting the papain-like cysteine proteases by mycocypins and, most probably, cruzipain and cathepsin L
by BbCI [70]. The root region loop B4-B5 is involved in inhibiting chymotrypsin (by the winged bean
chymotrypsin inhibitor) [162], trypsin (by STI) [74], and porcine pancreatic elastase and human neutrophil
elastase (by BbCI) [70], whereas the crown region loop B5-B6 is involved in inhibiting AEP and trypsin
(by mycocypins) and the subtilisin savinase (by barley a-amylase/subtilisin inhibitor, BASI) [166]. The
numerous crown region loops, B1-B2, B3-B4, B6-B7, B9-B10 and B11-B12, are responsible for the
interaction of BASI with barley a-amylase [167]. This makes B-trefoil inhibitors, in particular mycocypins,
promising candidates for transgenic trials for the purposes of crop protection, where inhibitors with
selectivity against only one class of proteases have failed due to the compensation of proteolytic activity by
induced expression of other proteases insensitive to the transgenic inhibitor [168-170].
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6 Conclusions

We have provided insight into the distance dependence of energetics of interactions between proteases and
inhibitors using cathepsins and stefins. Using atom force microscopy we have shown that the molecules
start interacting at distances below 10 A. Using enzyme kinetics and surface plasmon resonance we have
shown that at closer separations of molecules energy of interaction depends on their separation. Combining
this with the insights provided by X-ray crystallography, we have observed that the energy of interaction
between the partners depends on of their separation approximately linealy. Extrapolation of this
relationship to zero energy indicates that the molecules stop interacting with each other at separations
below 10 A which is consistent with the atom force microscopy measurements.

The crystal structures have provided also novel insight into the interaction mechanism of cathepsins and
their inihibitors: stefins, macrocypins and clitocypins. The structures have shown that modification of the
active site cysteine residue prevents the genuine binding of the inhibitor to the protease, however, the
complex is still formed. The binding of the N-terminal trunk and the first loop of the stefin A to cathepsins
is well defined and is very similar between different cathepsins, whereas the second loop in stefin A
exhibits large flexibility. We have also shown that the occluding loop in the cathepsin B is flexibile and can
adopt a variety of conformations, depending on the size and shape of the inhibitor.

Contrary to the three loops in stefin A, clitocypin utilizes only two loops, which binds to the active site
cleft. The crystal structures of the complex of clitocypin with cathepsin V, and macrocypin and clitocypin
alone have revealed 3-dimensional structures of these inhibitors and a yet another motif of binding to a
papain like-cysteine protease. The binding is associated with a peptide-bond flip of glycine that occurs
prior to or concurrently with the inhibitor docking. Mycocypins posse a B-trefoil fold, the hallmark of
Kunitz type inhibitors. It is a tree-like structure with 2 loops in the root region, a stem comprising a six-
stranded B-barrel, and two layers of loops (6+3) in the crown region. The two loops that bind to the active
site of cysteine cathepsins belong to the lower layer of the crown loops, while a single loop from the crown
region can inhibit trypsin or asparaginyl endopeptidase, as demonstrated by site directed mutagenesis.
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Mycocypins, clitocypins and macrocypins, are cysteine prote-
ase inhibitors isolated from the mushrooms Clitocybe nebularis
and Macrolepiota procera. Lack of sequence homology to other
families of protease inhibitors suggested that mycocypins
inhibit their target cysteine protease by a unique mechanism
and that a novel fold may be found. The crystal structures of
the complex of clitocypin with the papain-like cysteingrotease
cathepsin V and of macrocypin and clitocypin alone have
revealed yet another motif of binding to papain like-cysteine
proteases, which in a yet unrevealed way occludes the catalytic
residue. The binding is associated with a peptide-bond flip of
glycine that occurs before or concurrently with the inhibitor
docking. Mycocypins possess a [3-trefoil fold, the hallmark of
Kunitz-type inhibitors. It is a tree-like structure with two loops
in the root region, a stem comprising a six-stranded (-barrel,
and two layers of loops (6 + 3) in the crown region. The two
loops that bind to cysteine cathepsins belong to the lower layer
of the crown loops, whereas a single loop from the crown region
can inhibit trypsin or asparaginyl endopeptidase, as demon-
strated by site-directed mutagenesis. These loops present a ver-
satile surface with the potential to bind to additional classes of
proteases. When appropriately engineered, they could provide
the basis for possible exploitation in crop protection.

Inhibition of foreign protease activity is a widespread defense
mechanism in plants against their pests, pathogens, and para-
sites (1). Protein inhibitors of proteases are present in a variety
of plant tissues. They can be deployed alone or together with a
variety of small molecules (2). It has been known for a long time
that the expression of protease inhibitors is increased in injured
plant leaves (3) and that their expression can be induced as a
response to attack by insects or pathogens (2).

Given the negative environmental effects of chemical pesti-
cides used in crop protection, it is important to explore alter-
native approaches, such as the incorporation of genes encoding
protease inhibitors into plants. Transgenic plants expressing
various protease inhibitors have shown enhanced levels of
insect resistance; however, the adaptive capacity of insect diges-

* This work was supported by Slovenian Research Agency Grants P1-0048 (to
D.T.)and P4-0127 (to J. K.), by a Young Researcher fellowship (to M. R.), and
by the European Commission Framework VI Program (CAMP project,
LSHG-2006-018830).

The atomic coordinates and structure factors (codesH6R, 3H6Q, and 3H6S) have

been deposited in the Protein Data Bank, Research Collaboratory for Structural

Bioinformatics, Rutgers University, New Brunswick, NJ (http://www.rcsb.org/).
' Both authors contributed equally to this work.
2To whom correspondence should be addressed. Tel.: 38614773857; Fax:
38614773984; E-mail: dusan.turk@ijs.si.
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tive proteases limits the use of single protease inhibitors (4, 5).
The use of hybrid protease inhibitors with multiple inhibitory
activity could, however, affect the functional properties of the
fused inhibitors (6). Incorporation of genes encoding a range of
protease inhibitors is to run the risk of deleterious modification
of plants, but the use of a single protease inhibitor with versatile
functionality could be the way forward.

With these in mind, we have undertaken structural and
mechanistic studies of the cysteine protease inhibitors clito-
cypin (Clt)® from mushroom Basidiomycetes Clitocybe nebu-
laris and macrocypins (Mcp) from Macrolepiota procera. Based
on the lack of sequence similarity to other protease inhibitors,
they form separate protease inhibitor families, 148 and I85, in
the MEROPS classification (7) and were named mycocypins.
They are ~17-kDa proteins exhibiting high thermal and broad
pH range stability, with completely reversible unfolding (8, 9).
They all inhibit endopeptidases from the papain family, such as
papain, cathepsins L, V, S, and K, in the low nanomolar range,
and exopeptidases with higher inhibition constants. They
exhibit different inhibitory specificities. The cysteine protease
asparaginyl endopeptidase (AEP, legumain) is inhibited in the
low nanomolar range by macrocypin 1 and macrocypin 3,
whereas clitocypin inhibits AEP in the higher nm range. Mac-
rocypin 4 does not inhibit AEP, but in contrast to the others, it
inhibits serine protease trypsin in the micromolar range (8, 9).

In this respect mycocypins are similar to cystatins and thy-
ropins. Cystatins inhibit cysteine papain-like proteases and
AEP. The crystal structures have revealed that cystatins bind to
papain-like proteases with a wedge composed of three regions,
N-terminal trunk and two B-hairpin loops (10, 11), whereas
their binding geometry to AEP is still unknown. Thyropins
inhibit papain-like cysteine and aspartic proteases (12, 13). The
crystal structure of the p41 fragment bound to cathepsin L (14)
has revealed similarity of the three binding loops to those of
cystatins. The three-loop mode of binding is shared also by
chagasin, the parasite inhibitor of papain-like proteases from
Trypanosoma cruzi (15). Common to them all is the fact that
the binding loops bind into the non-primed and primed sub-
strate binding regions and occlude the catalytic cysteine residue
but do not interact directly with it. Bauhinia bauhinioides cruz-
ipain inhibitor BbCI (16), a Kunitz-type inhibitor belonging to
the I3 MEROPS family, inhibits papain-like endopeptidases

3 The abbreviations used are: Clt, clitocypin; Mcp, macrocypin; AEP, aspar-
aginyl endopeptidase; BbCl, B. bauhinioides cruzipain inhibitor; STI,
soybean trypsin inhibitor; WBCI, winged bean chymotrypsin inhibitor; ECI,
inhibitor isolated from E. caffra; Cst, cystatin; Bistris propane, 1,3-bis-
[tris(hydroxymethyl)methylamino]propane; MES, 4-morpholineethane-
sulfonic acid; r.m.s., root mean square.
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cruzipain and cathepsin L and serine protease trypsin but not
endopeptidase cathepsin V or exopeptidases cathepsins B and
X. The structure of BbCI protease complexes is not known,
although it has been suggested that the same reactive loop is
involved in inhibition of cysteine and serine proteases (17).

To gain an insight into the inhibitory mechanism of myco-
cypins, we have determined the crystal structures of the com-
plex of clitocypin with the papain-like cysteine protease cathep-
sin V and of macrocypin 1 and clitocypin alone. The study has
revealed yet another motif for binding to papain-like cysteine
proteases that occludes the catalytic residue. The fold of myco-
cypins is based on a six-stranded B-barrel that composes the
core of the B-trefoil fold, providing a versatile surface capable of
binding to various protease types. We have identified their
binding regions to AEP and trypsin by site-directed mutagene-
sis and shown that the loops binding to papain-like proteases
are different from those binding to AEP and trypsin.

EXPERIMENTAL PROCEDURES

Protein Expression and Isolation—Natural clitocypin was
purified from the fruiting bodies of Basidiomycetes C. nebularis
(9). Macrocypin, clitocypin, methionine-containing clitocypin
mutant (Clt-L82M, Clt-I89M), and their mutants (Mcp-1/4
(Mcp1 with B5-B6 loop of Mcp4), Mcp-4/1 (Mcp4 with B5-B6
loop of Mcpl), Mcp-AG25, Mcp-G25A, Mcp4-N74R, and Clt-
AG24, Clt-G24A, ClIt-N69K) were expressed in Escherichia coli
(8, 18). Mutants were produced by PCR site-directed mutagen-
esis using the appropriate pET vectors as templates followed
by digestion with Dpnl (Fermentas) and recovery of the vec-
tors containing mutated inserts (19). The selenomethionine
mutant was produced using minimum autoinduction media
with the addition of selenomethionine in E. coli BL384 cells
(20). Cathepsin V was expressed in Pichia pastoris (21).

Crystallization—Recently we have reported crystallization
conditions and phasing attempts using clitocypin purified from
natural source (22). 1-ml drops of 15 mg/ml solution of clito-
cypin in 15 mm MES buffer, pH 6.0, gave crystals when mixed
with 1 ml of crystallization buffer (50 mM monopotassium dihy-
drogen phosphate, 20% (w/v) polyethylene glycol 8000, pH
3.76) using the vapor diffusion method. A number of data sets
with a variety of resolutions were collected. The structure could
not be solved because of the high heterogeneity of the natural
clitocypin and unsuccessful derivatization of the crystals,
whereas the absence of significant sequence similarity (23) to
other proteins with known structures discouraged molecular
replacement attempts.

The initial crystallization screening for clitocypin alone and
in complex with the target proteases was performed with the
recombinant double methionine (L82M,I89M) mutant of clito-
cypin, its selenomethionine mutants, and cathepsins L and V.
In contrast to the natural clitocypin, the recombinant clito-
cypin alone gave no crystals. Of the complexes, only cathepsin
V and the methionine mutant produced diffracting crystals.
Cathepsin V and clitocypin were mixed in molar ratio 1:1.1 and
concentrated to 50 mg/ml in 10 mm acetate, 100 mm NaCl, pH
5.5. Crystals of dimensions of 0.2 X 0.4 X 0.1 mm® were
obtained in 0.4 M Li,SO,, 12% polyethylene glycol 800, 20%
glycerol after 4 months. The selenomethionine mutant of clito-
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cypin in complex with cathepsin V gave better diffracting crys-
tals in a much shorter time. The crystals were frozen in liquid
nitrogen before data collection. Diffraction data were collected
at Synchrotrone Elletra, Trieste, from a single crystal using
wavelength 1.0 A.

Macrocypin 1 was concentrated to 30 mg/ml in 10 mm ace-
tate buffer, 200 mm NaCl, pH 5.5, and crystallized by the sitting
drop method at 20 °C using commercial screens from Qiagen.
Crystals grew overnight in various conditions (Bistris propane
buffer, pH 6.5-7.5, 100—500 mm different sodium salts, 20%
polyethylene glycol 3350 or 0.8 —1.6 M sodium/potassium phos-
phate, pH 7.0 - 8.0). The best diffracting crystals were grown in
Bistris propane buffer, pH 7.0, 200 mm Nal, 20% polyethylene
glycol 3350. They were soaked in a saturated solution of Nal in
the same buffer before flash-freezing. Diffraction data were col-
lected on an in-house copper rotating anode Rigaku (RU 200).
Another high resolution data set was collected at Synchrotrone
Elletra, Trieste, Italy, from a crystal grown in Bistris propane
buffer, pH 7.0, 200 mm sodium citrate, 20% polyethylene glycol
3350 and soaked in the saturated solution of sodium citrate in
the same buffer. All crystals were larger than 0.5 mm in all three
dimensions.

Structure Solution and Refinement—All data were processed
using the HKL2000 package (24). The macrocypin structure
was solved with single wavelength anomalous diffraction phas-
ing from the data collected from the crystal soaked in the satu-
rated solution of sodium iodide. The data set was collected to
2.2 A on the in-house Rigaku rotating anode (RU 200) using
Xenox mirrors. 615 images were collected from a single crystal
with the linear R-merge of 13% and redundancy of 30. Single
wavelength anomalous diffraction phasing was based on 15
iodine positions with occupancy ranging from 0.8 to 0.15 using
automated SOLVE/RESOLVE scripts incorporated in the
AutoSol module of the PHENIX suite (25). Automated model
building and docking to the macrocypin sequence gave a solu-
tion with ~120 of 159 amino acids built (data not shown).
Despite the good data quality, we were unable to refine the
structure, presumably due to the multiple conformations of
several loop regions induced by the binding of iodine ions, quite
a few of them with low occupancy positions inside the protein
core. Therefore, another data set was collected with the crys-
tals, grown in sodium citrate. We phased this data set with the
partial structure of macrocypin from the iodine-soaked crystal
using molecular replacement program Amore (26). Cycles of
manual and automated building with ARP/warp (27) and
refinement with Refmac (28) and MAIN (29) were performed
until all residues were built in the electron density. The final
structure was refined using MAIN against 1.64 A resolution
data (29).

The crystal structure of cathepsin V-clitocypin complex
was determined by molecular replacement with Amore
using cathepsin V (PDB code 1fh0) (30) as the search model.
Four molecules of cathepsin V were positioned into the asym-
metric unit. The 4-fold electron density averaging in MAIN
(29) produced maps that enabled us to build manually substan-
tial parts of the clitocypin structure. Fragments of the clitocypin
model enabled manual superimposition of the macrocypin
structure using the similarity between the two models, acceler-
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TABLE 1
Data collection and refinement statistics

Numbers in parentheses are for the highest resolution shell. Data sets from only one
crystal were used for determination of each structure.

Macrocypin  Clitocypin-Cathepsin V Clitocypin
Data collection

PDBID 3H6Q 3H6S 3H6R
Space group P3,21 P2,2,2 P2,
Cell dimensions

a,b,c (A) 77.1,77.1,60.9 98.2,177.8,60.9 46.5, 58.0, 58.3

a, B,y () 90, 90, 90 90, 90, 90 90, 111.2, 90
Resolution (A) 50-1.64 27.5-2.22 30-1.94
Rinerge (%) 5.0 (14.2) 3.7 (19.4) 2.6 (9.8)
1ol 69.0 (13.1) 43.9 (6.1) 63.1 (16.8)
Completeness (%) 98.6 (86.5) 98.8 (76.8) 97.9 (85.0)
Redundancy 10.3 (8.3) 3.9(1.8) 7.2(6.9)

Refinement
Resolution 27.7-1.64 27.5-2.22 30-1.948
No. of reflections 24.490/1.282 76.800/4.054 20.034/1.040
(work/free)

Ryork/ Rivee 16.2/19.3 18.3/23.4 18.6/24.1
B factors

Protein 19.0 26.5 28.7

Water 35.4 37.3 40.1
No. of atoms

Protein 1424 11500 2388

Water 321 856 278
r.m.s. deviation

Bond lengths (A) 0.019 0.018 0.022

Bond angles (°) 2.00 1.70 2.05

ating the model building. The positions of the two selenome-
thionine residues in the clitocypin sequence were helpful in the
initial sequence assignment. The structure was refined using
MAIN against 2.24 A resolution data. Geometric parameters
for S-CH; bound to the active site cysteine residue were
obtained from PURY server (31). Data collection and refine-
ment statistics are summarized in Table 1.”

Kinetic Measurements—Kinetic and equilibrium constants
for the inhibition of cathepsin V were determined under
pseudo-first order conditions in continuous kinetic assays
at 25°C and calculated by nonlinear regression analysis
according to Morrison (32) or Henderson (33) as described
previously (8, 9).

RESULTS

Structures of Macrocypin and Clitocypin—Macrocypin 1
crystallized in P3;21 space group with one molecule in the
asymmetric unit. The macrocypin crystals contain the com-
plete sequence, numbered from Gly-1 to Glu-168. Positioning
of nearly all the residues is clearly revealed by the electron den-
sity maps. The exceptions are the side chains of His-114, Tyr-
140, and Lys-21, which are only partially defined, and the
stretch of residues Ser-20, Lys-21, Ile-22, which is only loosely
defined. Nine residues (Gly-1, His-17, Arg-55, Ile-75, GIn-78,
Ser-80, Glu-100, Gln-110, Ile-158) were modeled in alternative
conformations.

Clitocypin crystallized in the P2, space group with two mol-
ecules in the asymmetric unit. The positioning of nearly all the
residues is clearly revealed by the electron density maps. The
exceptions are the loop GIn-67—Tyr-75 in molecule 1, Gly-
68 —Asn-70 and the side chain of Gln-115 in molecule 2, and
the first two N-terminal residues in both molecules. Because of
the genetic heterogeneity, clitocypin isolated from the natural
source contains a large number of isoforms in unknown ratios
(23). As default we have, therefore, used the sequence of the
clitocypin isoform used for the complex formation. However,
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when the electron density unambiguously showed disagree-
ment with that sequence, we built an appropriate amino acid
residue from an alternative sequence based on amino acid
sequences deduced from clitocypin genetic data (H17S, Y62S,
L82M, P84Q), 188M, A105T, T139N in both molecules, S46F
and Q48R in molecule 1, and Q37K, N42S, and A57S in mole-
cule 2).

The macrocypin and clitocypin structures have the same
fold. In the projection used in Fig. 1A the fold is reminiscent of
a tree with a short, thick trunk, and a crown with branches
expanding far from the center. The trunk part is an up-and-
down B-barrel composed of six antiparallel B-strands (81, 34,
B5, B8, BY, B12). The strands are laid at an angle of less than 45
degrees to the axis of the barrel. The N and C termini are at the
bottom. They form the roots of the tree together with the loops
connecting strands 4-B5 and 38-89. On the top three long
regions between the strands 81-34, 35-8, and 39-12 consti-
tute the tree crown. Each contains a pair of antiparallel
B-strands. In this manner two additional loops are formed
between the strands from the crown and the trunk, adding
another layer of loops that spread away from the trunk. Hence,
the 3-fold arrangement of loops and strands is preserved in four
layers of the structure: in the roots, the trunk, and the lower and
upper layers of crown (Fig. 1, B-D). The loop region before
strand 38 in the lower crown layer of macrocypin is folded into
a short three-turn a-helix, whereas in clitocypin the loop pre-
ceding the strand 34 contains a short helical region. Although
macrocypin and clitocypin have the same fold, the r.m.s. devi-
ation between 116 equipositioned Ca atoms is 1.75 A. The
B-barrels are more similar, yielding r.m.s. deviations of 0.67 A
between 31 equipositioned Ca atoms. Macrocypin and clito-
cypin have a pseudo-3-fold symmetry (Fig. 1B-D), with the
3-fold rotational axis running through the six-stranded barrel.

The structure of both clitocypin molecules in the asymmetric
unit is basically the same (r.m.s. value of 0.28 A), with one
important exception. The peptide bond between Gly-24 and
Gly-25 residues appears in two different orientations that are
clearly seen in the electron density (Fig. 2, A and B), both in
glycine-preferred regions of the Ramachandran plot. This sug-
gests that this peptide bond is flexible and can appear in either
orientation.

When the macrocypin structure was submitted to the pro-
tein structure comparison service SSM (34) at the European
Bioinformatics Institute, the fold was identified as the B-trefoil
fold present in proteins such as Kunitz-type soybean trypsin
inhibitor (STI) (35), inhibitor isolated from Erythrina caffra
(36), interleukins-1a and -1B (37), and fibroblast growth factors
(38). The sequence alignment shows the low similarity of these
proteins, in contrast to the structural alignment (Table 2),
which shows that the secondary structure patterns are quite
similar. The number of B-strands in macrocypin (12 strands)
and clitocypin is the same as in STI, whereas their lengths differ
significantly. STI has only two short strands (86 and (7),
whereas macrocypin and clitocypin have four (82, 83, 86, 7).
The highest structural as well as sequence similarity is in the
regions composing the B-barrel. The fact that these are rather
short stretches of sequence explains why homology searches
based on sequence alignment have failed.
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FIGURE 1. Structures of clitocypin (A and B), macrocypin (C), and schematic representation of trefoil fold (D). The trunk strands are always shown in red,
and the crown strands are in yellow. A, the view from the side is shown. The structure resembles a tree structure, with two loops in the root region, a stem built
of asix-stranded B-barrel, and two layers of loops (6 + 3) in the crown region. The first layer of the crown loops is shown in green, and the second is in blue. Band
C, shown is the view along the barrel. The binding loops for cathepsins are marked with blue arrows, and the AEP loop is marked with green arrows. The two
loops that bind to cysteine cathepsins belong to the lower layer of crown loops, whereas a single loop from the root region can inhibit trypsin or AEP.

Structures of the Cathepsin V-Clitocypin Complex—The
complete protein sequences are seen in the crystal structure of
the complex of clitocypin with cathepsin V. The catalytic site of
cathepsin V was blocked with a methyl methanethiosulfonate,
leaving the S-CH,; group on the active site cysteine residue. This
form of cathepsin V is much more stable and resulted in better
diffracting crystals. The crystals have the P2,2,2 space group
and contain four pairs of molecules per asymmetric unit. The
four structures of cathepsin V and clitocypin are closely related.
The r.m.s. deviations over equivalent Ca atoms range from 0.18
to 0.25 for cathepsin V and 0.33 to 0.50 for clitocypin. Although
the cathepsin V structures, apart from the ends of a few side

ACEEY N
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chains, are unambiguously resolved from the electron density
maps, three N-terminal residues and two loop regions (Gln-
67—Asn-70 in molecules 1, 3, and 4 and Asp-138 —Gly-141 in
molecules 2, 3, and 4) of clitocypin lack adequate electron den-
sity or are only loosely defined.

Clitocypin binds into the active site of the target protease in
the orientation of a fallen tree, with trunk and roots pointing
sideways and up (Fig. 3, A and B). The wedge-shaped structure
fills the active site cleft along its whole length, resulting in a
buried area of 825 A The interaction surface of clitocypin
comprises basically two broad loop regions positioned at the
lower edge of the crown. The loop structure and binding geom-
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etry are stabilized by numerous hydrogen bonds. Both loops
originate from the first third of the clitocypin sequence; the first
loop connects strands B1 and 32, and the second loop strands
B3 and B4. The first loop is a broad, lasso-like structure cross-
connected in the middle with a hydrogen bond between the
Arg-12 side chain and the Gly-22 carbonyl. The second loop
region is narrower and contains a short helix. The first loop
binds into the non-primed substrate, and the second loop binds
into the primed substrate binding site (Fig. 4). They occlude the
catalytic cysteine in the middle and thereby prevent the
approach of substrate molecules. Because the reactive site
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FIGURE 2. Orientation of the Gly-24-Gly-25 peptide bond in the two clito-
cypin molecules. The 2F . — F_, . electron density map is contoured at 1 o.
The bonds of glycine 24 are shown in green, whereas the rest of the chain is
shown in red for oxygen, blue for nitrogen, and orange for carbon. The Gly-
24-Gly-25 peptide bond is flexible and can exist in either orientation.

TABLE 2

Cys-25 in the structure is modified, we cannot exclude the pos-
sibility that the interaction of clitocypin with the naked cysteine
cathepsin may deviate slightly from the observed one.

The chain from the first loop region comes down the S3
binding area (Pro-21, Gly-22) of cathepsin V, occupies the S2
binding site with Val-23, and continues through the S1 binding
site, upwards and away from the cathepsin V surface. A hydro-
gen bond from the side chain amide of Asn-18 attaches clito-
cypin to the GIn-63 side chain of cathepsin V. A water molecule
mediates additional contacts in the S3 binding area. Arg-12
plays a dual role; it stabilizes the lasso as well as attaching it to
the cathepsin V surface by the Asn-66 main chain carbonyl,
filling the interaction surface between the S3 binding area and
the S1 binding site. Positioning of Val-23 builds antiparallel
hydrogen bond arrangements with the Gly-68 of cathepsin V in
a substrate-like manner. The peptide Val-23—-Gly-24 bond is
additionally fixed by the interaction between its hydrogen and
the Asp-163 carbonyl from cathepsin V. In the S1 binding site,
Gly-23 of cathepsin V is involved in hydrogen bonds between
its carbonyl and the Gly-25 amide and between its amide hydro-
gen and the carboxylic oxygen atom of Glu-26. The peptide
bond between Gly-24 and Gly-25 is flipped when compared
with the structure of molecule 2 of clitocypin and macrocypin,
presumably to form a hydrogen bond with Gly-23 of cathepsin
V (Fig. 3). The other carboxylic oxygen atom of Glu-26 interacts
with the amide of the cathepsin V Asn-66 side chain. However,
the possibility that Glu-26 is partially neutral and interacts with
the carbonyl oxygen atom of GIn-21 cannot be excluded. The

Structural alignment of sequences of clitocypin, macrocypin, and selected B-trefoil serine protease inhibitors

Sequences were aligned by the Protein structure comparison service SSM at the European Bioinformatics Institute (33). The parts of the sequence belonging to B-strands
are printed in white on a black background, the binding loops are in white on a gray background, and the helical parts are in black on a gray background.
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the active site cleft. B, shown is the view perpendicular to the active site cleft.
Thefolds of cathepsin V and clitocypin are shown in gray and red. The catalytic
cysteine is shown in yellow. Clitocypin binds into the active site of cathepsin V
in the orientation of a fallen tree with the trunk and roots pointing sideways
and up. The wedge shaped structure fills the active site cleft along its whole
length.

FIGURE 4. Binding loops of clitocypin in its complex with cathepsin V.
Clitocypin loops are shown as sticks. Only main chain atoms, without the
carbonyl oxygen atom and side chains, are shown. Nitrogen atoms are shown
in blue, oxygen is in black, and carbon is in red, with the exception of the
Gly-24-Gly-25 part, shown in orange. The surface of cathepsin V is shown in
gray, apart from the catalytic cysteine shown in yellow and the S3, S2, 51, S1’
and S2' binding site, shown in green and cyan. The chain of the first binding
loop comes down the S3 binding area of cathepsin V, occupies the S2 binding
site, and continues upward through the S1 binding site. The second bind-
ing loop of clitocypin approaches the S1" and S2’ binding sites of cathepsin V
from the top.

binding of the first loop is further stabilized by the side chain
amide group of Asn-18, which forms a hydrogen bond with the
peptide bond carbonyl atom of GIn-21 of cathepsin V. It is
notable that, of the hydrogen bond interactions between the
enzyme and inhibitor, most are contributed by main chain
atoms, at least on one side.

The second binding loop of clitocypin approaches the S1’
and S2' binding sites of cathepsin V from the top. A single
hydrogen bond between the carbonyl of Ser-42 and the side
chain amide of GIn-145 of cathepsin V fastens the loop to the
cathepsin V surface. In the first complex, an additional hydro-
gen bond is formed between the carboxylic group of Glu-48 and
cathepsin V Ser-142. A layer of solvent molecules mediates the
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TABLE 3

Inhibition constants of cathepsin V by macrocypin, clitocypin, and
their mutants

Kinetic data for interaction of macrocypin 1 and cathepsin V were reported previ-
ously (9).

10-°k,, 107K,y K,

M 1! s nm
Clt 1.26 = 0.07 1.61 = 0.65 0.08 = 0.03
Clt AG24 0.10 = 0.06 1.8 £0.9 1.9*£09
Clt G24A 0.08 = 0.01 1.2 *£0.6 1.6 £0.7
Mcpl 1.48 = 0.01 10.3 = 0.7 0.69 = 0.06
Mcpl G25A 0.13 = 0.02 16.0 = 5.0 125 +52
Mcpl AG25 0.15 £ 0.02 124+ 24 85*x21

contacts between the N-terminal bottom of the short helix
and cathepsin V. When we modeled the complex betweemacro-
cypin and cathepsin V by superimposing macrocypin on the
clitocypin structure in the complex, it became evident that the
binding loops do not fit into the active site. To find out whether
the binding loops are the same in clitocypin and macrocypin,
we expressed four mutants in which Gly-24 in the S3 binding
area of clitocypin and Gly-25 in macrocypin were either
replaced by alanine or deleted. We have also used these mutants
to assess the relevance of the Gly-24-Gly-25 peptide flip. We
assumed that the mutation to alanine or its deletion will reduce
the flexibility of the main chain. The resulting clitocypin
mutants yielded K; values to cathepsin V that were 20 times
higher than that of the native variant. Itis notable that the major
source of this difference is the slower association, whereas dis-
sociation was not significantly affected (Table 3). This suggests
a mechanism in which the peptide bond flip occurs before or
concurrently with the inhibitor docking. The macrocypin
mutants exhibit equivalent effects on their K; constants, indi-
cating that the loops that bind into the active site of cysteine
cathepsin are equivalent in clitocypin and macrocypin. This
implies that the binding loops of macrocypin exhibit substantial
conformational flexibility during binding into the active site of
their target enzymes.

Inhibition of AEP—When mammalian asparaginyl endopep-
tidase was characterized, it was named according to its distinc-
tive specificity (39). It suggests that AEP must have an S1 sub-
strate binding site that is highly specific for asparagine. AEP is
inhibited in the low nanomolar range (3—-20 nMm) by natural and
recombinant clitocypin, natural macrocypin, and some iso-
forms of expressed macrocypin (macrocypins 1 and 3), whereas
macrocypin 4 does not inhibit AEP at all. The availability of the
mycocypins three-dimensional structure enabled the search for
potential interacting areas to be narrowed down. Inspection of
the aligned sequences of these isoforms in their surface regions
focused attention on the 85-B6 loop, positioned in the lower
crown region (residues 71-76 containing the sequence Ile-Asp-
Asn-Ser-Ile). This part of the sequence is similar to the consen-
sus sequence (S/T)N(D/S)(M/I) found in three inhibitory cyst-
atins C, E, and F (Table 4) that bind to AEP in the nanomolar
range (40). Interestingly, in macrocypin 4, the residue at posi-
tion 72 is Lys, in contrast to the equipositioned Asn in macro-
cypins 1 and 3. To verify the role of the residues in these regions,
like Alvarez-Fernandez et al. (40) in the case of cystatin C, we
introduced mutations in the inhibitory sequence. The residues
that differ between macrocypins 1 and 4 in the 85-86 loop were
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TABLE 4
Alignment of loops of macrocypin isoforms, clitocypin, cystatins V, E,
and F, STI, and BbCl involved in AEP and trypsin inhibition

Residues that bind to the P1 pocket are marked with an asterisk. Mutated residues
are shown bold. Cst, cystatin.

*

56-YTIKYQGLNAPFEYG-75

Clt

Mcpl
Mcp3
Mcp4
GCETC
CstE
CSLF
BbCI
STI

50-TVRFETPLAIAIITE-69
50-GTIISSPYRIRFIAE-69

TABLE 5

Inhibition constants of AEP, cathepsin V and trypsin by macrocypin,
clitocypin and their mutants

NI, no inhibition.

K, AEP K, Cathepsin V K, Trypsin
nm nm M
Mcp 1 3.38 + 1.44 0.69 £ 0.06 NI
Mcp 1/4 NI 3.43 = 0.31 0.18 + 0.02
Mcp 4 >1000 144 *0.11 0.16 = 0.01
Mcp 4/1 2.86 £ 0.38 10.2 = 0.6 NI
Mcp 4 K72R NI 69 * 1.1 0.13 + 0.02
Clt* 21.5 £ 2.81 0.084 + 0.03 NI
Clt N70K NI 0.26 + 0.09 NI

“ Data reported previously (9).

exchanged. In addition, the corresponding clitocypin mutant
(CIt-N69K) was also expressed. As expected, the mutant Mcp-
1/4 (Mcpl with B5-86 loop of Mcp4) exhibited no inhibition,
whereas the mutant Mcp-4/1 (Mcp4 with 85-86 loop of Mcp1)
increased inhibition against AEP (Table 5). Equivalently, the
Clt-N69K mutant did not inhibit AEP. Thus, Asn-72 in macro-
cypins and Asn-69 in clitocypins are confirmed to be the residues
responsible for the inhibition of AEP. Mycocypins are, in this

respect, similar to cystatin C, which has two different binding sites,

one for papain-like proteases and another for AEP (40).

Trypsin Inhibition—The binding geometry of several families
of protein inhibitors of serine proteases, including the soybean
Kunitz-type inhibitor (35), are known to adopt a substrate-like
conformation known as the “canonical” binding mode (41). All
Kunitz-type serine protease inhibitors inhibit trypsin with a
highly homologous loop from the root region that mimics the
substrate and is positioned between strands 34 and 5. This
loop contains either lysine or arginine, which binds into the S1
pocket of trypsin. From the sequence and structure alignments
it is evident that the classical B4-B5 loop is missing in macro-
cypin and clitocypin, and these proteins do not inhibit trypsin.
Surprisingly, macrocypin 4 was found to inhibit trypsin with a
K;value in the micromolar range. The K; values of the exchange
mutants produced for AEP binding site identification (Table 5)
show that the Lys-74 residue of macrocypin 4 is mandatory for
inhibition of trypsin. The Mcp4 mutant with Lys-74 replaced by
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FIGURE 5. Comparison of the binding modes of inhibitors. The fold of
inhibitors is shown in red (A, clitocypin; B, stefin A; C, p41 fragment; D, chaga-
sin), whereas the endopeptidase cathepsin V is presented as a gray surface.
The surface of the catalytic cysteine is shown in yellow. All inhibitors have
different folds, yet for docking to the active site of papain-like cysteine pro-
teases they utilize loops that fill the active site along its whole length and
occlude the reactive site cysteine residue by two loops.

arginine (Mcp4-K74R) was similarly inhibitory (Table 5),
thereby confirming the involvement of the loop B5-B6 posi-
tioned within the lower crown layer in binding to the trypsin
active site. These mutants have no significant effect on the inhi-
bition of cathepsin V (Table 5). The binding loop of macro-
cypins and clitocypins is, thus, positioned differently from the
serine protease binding loop of known Kunitz-type inhibitors
such as STL

DISCUSSION

Like cystatins (10, 11), the p41 fragment (14) and chagasin
(15), clitocypins, and macrocypins bind to cysteine proteases
along the whole active site cleft (Fig. 5). These molecules
have different folds, yet for docking to papain-like cysteine
proteases, they utilize a similar architecture by which the
activity of the target proteases is inhibited. Their constructs
occlude the reactive site cysteine. On the non-primed sub-
strate binding site they utilize a single chain. The first bind-
ing region in clitocypin is the loop Asp-19 —Glu-25. Its posi-
tion is similar to those of the N-terminal region in stefin A
and the first loops of the p41 fragment and chagasin. This
region contains a residue that, in a substrate-like manner,
fills the S2 binding pocket. In contrast, the loops covering the
primed binding areas are much less similar. The second
binding region in clitocypins is a single, broad loop (Glu-
39 —Ile-50), whereas cystatins, the p41 fragment, and chaga-
sin use two loop constructs. The two broad loops of myco-
cypins are stabilized by multiple hydrogen bonds and are
much more rigid than the N-terminal trunk and two loops in
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cystatins. This explains why cystatins are capable of compet-
ing for binding with the additional features of exopeptidase
such as occluding loop and mini chain, whereas mycocypins
exhibit lower affinity or no binding at all.

The mode of the binding of mycocypins to cysteine cathep-
sins differs markedly from the binding of the Kunitz type of
B-trefoil folded inhibitors to serine proteases. The two binding
loops from the crown region bind into the non-primed and
primed substrate binding regions of cysteine proteases and
occlude the catalytic cysteine residue. In contrast, only one
binding loop from the root region of Kunitz inhibitors docks
into the active site of a serine protease, in a substrate-like man-
ner. A possible explanation for the differences in the modes of
canonical inhibition of cysteine cathepsins and trypsin-like ser-
ine proteases may lie in the features of the active site cleft.
Whereas in the trypsin-like proteases the S1 binding site is a
pocket in the protein structure, in cysteine cathepsins the S1
binding site is positioned on the surface on one side of the active
site cleft, shaped so that the P1 residue side chain points away
from the protein core (42). Furthermore, analysis of the struc-
tural data has revealed that papain-like cysteine proteases have
only three clearly defined substrate binding sites (S2, S1, S1')
and one conditional site (S2"), whereas the binding into regions
beyond position 2 can only be considered substrate binding
areas spread over the surface of the widening active site cleft
(43). Cysteine cathepsins, thus, appear to lack the binding sur-
face to which the P1 and neighboring residues could be tightly
anchored in a substrate-like manner and, therefore, can proba-
bly not be inhibited by the single loop construct.

The flexible peptide bond, which can flip on docking to pro-
tease, is a unique feature among the cysteine protease inhibi-
tors. Peptide flipping has already been observed in the mitogen-
activated protein kinase p38a MAPK, where the flip of the
Met-109 and Gly-110 peptide bond facilitates the higher spec-
ificity of certain inhibitors (44).

The trefoil fold supports 11 loops coming out of the six-
stranded B-barrel. Nine are in the crown region (six are posi-
tioned at the lower level of the crown, and three enclose the top
of the crown), and two are in the roots. Therefore, it is easier to
comprehend that the six loops from the lower crown region can
act in pairs, whereas the two loops from the root region lack
that capability and must bind alone. In this respect the report of
the binding site of B. bauhinioides cruzipain inhibitor (BbCI) to
cysteine cathepsins is intriguing, as the authors (17) suggest
that the same alanine residue positioned within the root region,
which is responsible for binding to neutrophil elastase, is also
crucial for the binding to cathepsin L and cruzipain (the partial
cleavage of the serine protease interacting loop after incubation
of BbCI with cruzipain was the key evidence supporting the
hypothesis of the common interaction site). The binding of
BbClI to trypsin is consistent with current structural knowledge,
as the loop in which Ala-63 resides folds very similarly to the
loop of STT, including the position and orientation of the Ala-63
residue. However, the single inhibitory loop is not consistent
with the canonical inhibition mechanism of cysteine cathepsins
evidenced here. Superimposition of the structure of BbCI on
clitocypin in complex with cathepsin V showed that two broad
loops in the BbCI structure are equivalent to the clitocypin

JANUARY 1, 2010+VOLUME 285+NUMBER 1

Mechanism of Protease Inhibition by Mycocypins

binding loops and that the BbCI sequence contains two consec-
utive glycine residues, Gly-28 —Gly-29, homologous to the
peptide bond flip residues Gly-24 and Gly-25. Hence, these two
loops are probably responsible for cathepsin L inhibition and
not the loop containing the trypsin cleavage site (it should be
noted, however, that as in the case of macrocypin, the tips of the
loops require a slight adjustment to fit into the active site of a
cysteine cathepsin). The absence of inhibition of cathepsin V by
BbCI, given the similarity of cathepsins L and V, cannot, how-
ever, be explained.

Clitocypins and macrocypins exhibit no sequence similarity
to other known proteins, which was the basis for establishing
the 148 and 185 families supported by the sequence alignment
score with an E value less than 0.001 (FASTA search with
default BLOSUMS50 matrix used in MEROPS). However, their
structure has revealed that the basic element of their fold is the
six-stranded B-barrel, the hallmark of the B-trefoil fold shared
by the members of the I3 MEROPS family that includes serine
protease inhibitors of the Kunitz type. The sequence similarity,
based on superimposition of the structures, is low even within
the 6-stranded B-barrel part (Fig. 4), thus, questioning the com-
mon origin of these two groups of proteins. This confirms that
mycocypins (families 148 and 185) are indeed distinct from
members of I3 family, whereas the structural similarity between
these families provides support that they belong to the same
clan IC.

The B-trefoil fold is armed with potent interacting loops that
differ in shape and composition and are able to inhibit several
classes of proteases including cathepsins, AEP, cruzipain, tryp-
sin, chymotrypsin, elastase, subtilisin, and amylases. Several
loops are involved in inhibition, whereas the same inhibitory
loop can target different proteases. For example, the crown
region loops 1-B2 and B3-B4 are used for inhibiting the papa-
in-like cysteine proteases by mycocypins and, most probably,
cruzipain and cathepsin L by BbCI (17). The root region loop
B4-B5 is involved in inhibiting chymotrypsin (by the winged
bean chymotrypsin inhibitor) (45), trypsin (by STI) (35), and
porcine pancreatic elastase and human neutrophil elastase (by
BbCI) (17), whereas the crown region loop 35-86 is involved in
inhibiting AEP and trypsin (by mycocypins) and the subtilisin
savinase (by barley a-amylase/subtilisin inhibitor) (46). The
numerous crown region loops, 31-82, B3-B4, B6-B7, B9-B10
and B11-B12, are responsible for the interaction of barley
a-amylase/subtilisin inhibitor with barley a-amylase (47). This
makes B-trefoil inhibitors, in particular mycocypins, promising
candidates for transgenic trials for the purposes of crop protec-
tion, where inhibitors with selectivity against only one class of
proteases have failed because of the compensation of proteo-
lytic activity by induced expression of other proteases insensi-
tive to the transgenic inhibitor (48 —50).
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Stefin B Interacts with Histones and Cathepsin L in the Nucleus
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Stefin B (cystatin B) is an endogenous inhibitor of cysteine
proteinases localized in the nucleus and the cytosol. Loss-of-
function mutations in the stefin B gene (CSTB) gene were
reported in patients with Unverricht-Lundborg disease (EPM1).
We have identified an interaction between stefin B and nucleo-
somes, specifically with histones H2A.Z, H2B, and H3. In syn-
chronized T98G cells, stefin B co-immunoprecipitated with his-
tone H3, predominantly in the G, phase of the cell cycle. Stefin
B-deficient mouse embryonic fibroblasts entered S phase earlier
than wild type mouse embryonic fibroblasts. In contrast, in-
creased expression of stefin B in the nucleus delayed cell cycle
progression in T98G cells. The delay in cell cycle progression
was associated with the inhibition of cathepsin L in the nucleus,
as judged from the decreased cleavage of the CUX1 transcrip-
tion factor. In vitro, inhibition of cathepsin L by stefin B was
potentiated in the presence of histones, whereas histones alone
did not affect the cathepsin L activity. Interaction of stefin B
with the Met-75 truncated form of cathepsin L in the nucleus
was confirmed by fluorescence resonance energy transfer exper-
iments in the living cells. Stefin B could thus play an important
role in regulating the proteolytic activity of cathepsin L in the
nucleus, protecting substrates such as transcription factors
from its proteolytic processing.

Cysteine cathepsins are involved in protein degradation (1)
and the development and function of the immune system (2).
Cathepsin L is an endopeptidase that is able to perform limited
proteolysis in the endosomes and lysosomes of specific cell
types. Besides its role in hair formation and skin metabolism, it
is involved in T-cell selection and NKT cell development (3). It
participates in processing the major histocompatibility com-
plex II invariant chain in thymic cortex epithelial cells (4),
encephalin in chromaffin granules of neuroendocrine cells (5),
and in the degradation and recycling of growth factors and their
receptors in epidermal keratinocytes (6). Cathepsin L is also
associated with an endosomal processing step during invasion
of cells by Ebola virus (7), severe acute respiratory syndrome
(SARS) coronavirus (8), and murine hepatitis coronavirus (9).
As the result of gene duplication, the human genome encodes
for two cathepsin L-like proteases, namely the human cathep-
sin L and cathepsin V (cathepsin L2), whereas in mouse only
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cathepsin L is present (10). At the protein level, mouse cathep-
sin L displays a higher sequence homology to human cathepsin
V than to human cathepsin L (11). Cathepsin V shares 80%
protein sequence identity with cathepsin L, but in contrast to
the ubiquitously expressed cathepsin L, its expression is re-
stricted to thymus and testis (11, 12).

Recently, the otherwise endosomal proteinase cathepsin L
has been reported to be active in the nucleus. It cleaves the
CUX1 transcription factor and as a result accelerates progres-
sion into the S phase of the cell cycle (13). Cathepsin L defi-
ciency was shown to cause a global rearrangement of chromatin
structure and redistribution of specifically modified histones
(14). In addition, cathepsin L was found to cleave histone H3.2
in the nucleus during mouse embryonic stem cell differentia-
tion (15).

Cathepsin L is inhibited in vitro by a number of proteins as
follows: cystatins (16), thyropins (17), and some of the serpins
(18, 19). Type 1 cystatins, or stefins, are mainly intracellular,
whereas type 2 cystatins are predominantly secreted (20, 21).
Stefin B is localized in the cytosol and nucleus of proliferating
cells (22). Loss-of-function mutations in the cystatin B (CTSB,
stefin B) gene are found in patients with Unverricht-Lundborg
disease (EPM1), but its physiological implication in the patho-
genesis of the disease has yet to be defined (23-26). EPM1 is an
autosomal recessive inherited disease in which patients suf-
fer from myoclonic jerks, tonic-clonic epileptic seizures, and
progressive decline in cognition (26). Histopathological
examination of the brain has shown neural degeneration in
several areas of the central nervous system, with cerebellar
damage and serious alterations of Purkinje cells (27). The
most common mutation in EPM1 patients is a dodecamer
repeat expansion in the stefin B (CSTB) gene promoter
region that leads to reduced mRNA and protein levels (23,
25). In addition, four mutations in the coding region were
reported in EPM1 (23, 28).

Not only cystatins but also some other proteinase inhibitors
are found in the nucleus. A serine proteinase inhibitor (serpin),
the myeloid and erythroid nuclear termination stage-specific
protein, MENT,” was the first described cysteine proteinase
inhibitor that interacts with chromatin and influences hetero-
chromatin distribution (29, 30).

2 The abbreviations used are: MENT, myeloid and erythroid nuclear termina-
tion stage-specific protein; E-64d, L-trans-epoxysuccinyl(OEt)-Leu-3-meth-
ylbutylamide; FRET, fluorescence resonance energy transfer; NFRET, nor-
malized FRET; GFP, green fluorescent protein; MEF, mouse embryonic
fibroblast; NLS, nuclear localization signal; YFP, yellow fluorescent protein;
DMEM, Dulbecco’s modified Eagle’s medium.
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The aim of our study was to identify proteins interacting with
stefin B in the cell nucleus. The fundamental repeating unit of
eukaryotic chromatin is the nucleosome, which is composed of
an octamer of the four core histones H3, H4, H2A, H2B, around
which 147 bp of DNA are wrapped (31). We have shown that
stefin B interacts with the histones H2A.Z, H2B, and H3 and
with cathepsin L in living cells. In contrast to MENT, we found
that nuclear cystatin/stefin B interacted with cathepsin L and
with histones in the nucleus, but it did not bind to DNA. Our
results suggest that stefin B regulates the activity of cathepsin
L in the nucleus and protects the CUX1 transcription factor
and probably other substrates from proteolytic cleavage by
cathepsin L.

EXPERIMENTAL PROCEDURES

Antibodies—Antibodies to stefin B were described previously
(32). Rabbit polyclonal antibody to histone H3 (ab1791), rabbit
polyclonal to trimethyl K4 (H3K4me3) (ab8580), and anti-GFP
antibody (ab290) were from Abcam. Antibodies to CUX1 (861
and 1300) have been described (13).

Mice—Stefin B (cystatin B)-deficient mice were created as
described previously (33). Stefin B-deficient mice were pro-
vided by Dr. R. M. Myers, Stanford University, and bred in our
local colony. All mice were genotyped by PCR as described pre-
viously (33, 34).

Mouse Embryonic Fibroblasts (MEF), Preparation and Cell
Cycle Synchronization—MEFs were prepared from individual
embryos at embryonic day 14.5. The head and internal organs
were removed, and the torso was minced and dispersed in 0.1%
trypsin (45— 60 min at 37 °C). Cells were grown for two popu-
lation doublings (considered as one passage) and then viably
frozen. MEFs were maintained in DMEM containing 10% fetal
bovine serum (Sigma) and subcultured 1:4 on reaching conflu-
ence. For serum starvation experiments, MEFs were plated in
DMEM containing 0.4% fetal bovine serum and incubated at
37 °C for 72 h before stimulation with DMEM containing 10%
fetal bovine serum.

Plasmids and Constructs—The cDNA clone for CTSB was
obtained from Image (IMAGE, 3453675). It was PCR-amplified
and cloned into pcDNA3 vector (Invitrogen) at HindIII and
Xhol restriction sites and into pEF/Myc/Nuc vector (Invitro-
gen), which contains nuclear localization signal and targets the
expressed protein to the nucleus at Xhol and BamHI restriction
sites. DNA sequence was determined using an ABI PRISM 310
Genetic Analyzer (PerkinElmer Life Sciences). The multiple
cloning site of pcDNA3 vector was changed prior to the inser-
tion of T-Sapphire and Venus. This was done in two steps. The
first linker, A, was constructed from two oligonucleotides as
follows: A,5-AAT TCT GCAGGT ATT CTT CACACT GGA
GGC CGA CCG GGC C-3/, and B, 5'-CGG TCG GCC TCC
AGT GTG AAG AAT ACC TGC AG-3' complementary to A.
This was ligated through EcoRI and Apal restriction sites into
pcDNA3 vector. All restriction sites between EcoRI and Apal in
the multiple cloning site of pcDNA3 vector were removed with
linker A, among them the restriction site for Xhol and Xbal.
Vector pcDNA3 with inserted linker A is labeled pcDNA3L/A.
The second linker, B, was constructed from two oligonucleo-
tides as follows: C, 5'-AGC TTC GTC CGC TCG AGA GCG
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CTT CTA GAG GTC TGG GAG GTT CAG GTG GAG GTG
GAG CTG CTG CCG-3’ (Xhol and Xbal sites underlined), and
D, 5'-GAT CCG GCA GCT CCA CCT CCA CCT GAA CCT
CCCAGA CCT CTA GAA GCG CTC TCG AGC GGA CGA-
3', complementary to C. It was ligated through HindIII and
BamHI restriction sites of pcDNA3L/A vector. pcDNA3L/A
vector with inserted linker B is labeled pcDNA3L/AB. The
¢DNAs from Venus YFP (35) and T-Sapphire GFP (36) were
amplified by PCR. The resulting products, after BamHI/EcoRI
digestion, were cloned into pcDNA3L/AB expression vector.
pcDNA3L/AB vector with inserted Venus is labeled
Ven-pcDNA3L/AB and with inserted T-Sapphire as
T-Sap-pcDNA3L/AB. The cDNA clone for CTSB was PCR-
amplified, and the resulting product was cloned into
T-Sapphire-pcDNA3L/AB after Xhol/Xbal digestion.T-Sap-
pcDNA3L/AB construct with inserted stefin B is labeled as Ste-
fin B-GFP. Met-75 cathepsin L was PCR-amplified from proca-
thepsin L ¢cDNA (37), using forward (5'-GCC CGC CTC GAG
ATG GCC ATG AAC GCC TTT GG-3'; Xhol site underlined)
and reverse (5'-GTC CGC TCT AGA CAC AGT GGC GTA
GCT GGC-3'; Xbal site underlined) oligonucleotides. The
resulting product, after Xhol/Xbal digestion, was cloned into
Venus-pcDNA3L/AB. The Venus-pcDNA3L/AB construct
with inserted Met-75 cathepsin L is named M75 cath L-YFP.
Cell Culture—T98G human glioblastoma cell line, ATCC
CRL-1690, was from the American Type Culture Collection
(Manassas, VA). Cells were cultured as described previously
(38). T98G cells were transfected with pEF/Myc/Nuc/stefin B
named NB or empty pEF/Myc/Nuc vector alone named NO,
using Lipofectamine 2000 (Invitrogen), according to the man-
ufacturer’s instructions. Positive clones overexpressing stefin B
in the nucleus were obtained after selection with Geneticin
(G418) (Invitrogen) (500 wg/ml) and confirmed with Western
blots and stefin B-specific enzyme-linked immunosorbent
assay (32). CHO-K1 cells (ATCC CCL-61) were cultured in
DMEM supplemented with 10% fetal calf serum, 5 units/0.5 ml
penicillin, and 5 ug/0.5 ml streptomycin at 37 °C in 5% CO.,,. For
FRET analysis, cells were seeded at a density of 1 X 10° on glass
coverslips and transiently transfected with 1 ug of Stefin B-GFP
and 1 pg of M75 cath L-YFP, using Lipofectamine 2000
(Invitrogen), according to the manufacturer’s recommenda-
tions. The expression of the GFP fusion proteins was deter-
mined by Western blot. MCEF-7 cells (ATCC HTB-22) were
cultured in DMEM supplemented with 10% fetal calf serum,
5 units/0.5 ml of penicillin, and 5 ug/0.5 ml streptomycin at
37 °C in 5% CO,. Cells were grown on 10-cm Petri dishes,
transiently transfected with pEF/Myc/Nuc/stefin B (NB)
or empty pEF/Myc/Nuc vector alone (NO), using Lipo-
fectamine 2000 (Invitrogen), according to the manufactur-
er’s instructions. Cells were lysed 24 h post-transfection and
nuclear cell lysates prepared as described previously (13).
Preparation of Cell Lysates—Cell lysates were prepared as
described previously (34). Nuclear extracts were prepared by
the method of Dignam et al. (39), with minor modifications,
including the use of a protease inhibitor mixture (catalog no.
P8340; Sigma) and the addition of phenylmethylsulfonyl fluo-
ride (Fluka, Basel, Switzerland) (0.5 mM) to the resuspension
and lysis buffers. Nuclear cell lysates from MCE-7 cells were
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prepared as described by Goulet et al. (13). In both cases, the
supernatants were transferred to fresh test tubes and, if not
used immediately, stored at —80 °C. Total protein concen-
tration was determined using the Bradford assay (Bio-Rad).

Co-immunoprecipitation was performed as described previ-
ously (34). 5 ug of anti-stefin B polyclonal or monoclonal anti-
bodies (32) were added to nuclear lysates and allowed to rock at
4.°C for 2 h or overnight. 50 ul of protein A-Sepharose beads
were then added to the lysates, which were allowed to rock for
another hour at 4 °C. Immunoprecipitates were washed three
times in cold phosphate-buffered saline. Samples were resolved
on SDS-PAGE and analyzed by Western blots.

Western blots were performed as described previously (13,
34). Equal amounts of protein were loaded and resolved in 15,
12.5, or 6% SDS-polyacrylamide gels and electrotransferred to
nitrocellulose membranes. Proteins were visualized with ECL
(Amersham Biosciences) according to the manufacturer’s
instructions.

N-terminal Sequencing—Edman sequence analyses of pro-
tein samples were performed on a model 492A Procise Protein
Sequencing System (Applied Biosystems, Foster City, CA).
Proteins were electrotransferred from SDS-polyacrylamide
gels to polyvinylidene difluoride membranes and sequenced
using a pulsed-liquid blot sequencing protocol. Phenylthio-
hydantoin-derivatives were analyzed on line on a microbore
high pressure liquid chromatography system 140C (Applied
Biosystems) using an RP C18 Spheri-5 column (Brownlee).
Any cysteine residues were alkylated before sequencing. All
reagents and solvents were of sequencing grade (Applied
Biosystems).

Cell Cycle Analysis—Cells were trypsinized and pellets fixed
in 70% ethanol overnight at —20 °C. After washing, the cells
were incubated for 30 min at 37 °C in phosphate-buffered saline
containing 40 ug/ml propidium iodide, 100 ng/ml RNase, and
0.05% (w/v) Triton X-100. Finally, cells were washed and resus-
pended in 0.5 ml of phosphate-buffered saline. Samples were
analyzed with a FACSCalibur flow cytometer (BD Biosciences),
and cell cycle profiles were evaluated using CellQuest software
(BD Biosciences), version 3.3.

FRET Microscopy—FRET measurements were made using a
Leica TCS SP5 microscope equipped with a 405-nm laser. The
images were acquired with 405- and 515-nm laser lines. Images
were taken through a 63 X 1.4-numerical aperture oil immer-
sion objective. To explore the interaction of the Met-75 trun-
cated form of cathepsin L with stefin B, we used a fluorescent
protein-protein pair that has excitation and emission proper-
ties favorable for FRET; the emission wavelength of T-Sap-
phire-GFP partially overlaps with the excitation wavelength of
YFEP (40). For FRET experiments, transient transfections were
performed as described above, and expression levels of stefin
B-GFP (donor) and Met-75 cathepsin L-YFP (acceptor) pro-
teins were adjusted to similar levels by Western blot. FRET
between stefin B-GFP and M75 cath L-YFP was measured in
live cells plated on glass-bottomed culture dishes, 18 =24 h after
transfection. Fluorescence was recorded at three different set-
tings: GFP,, 405 nm/GFP,, 515 nm; YFP,_, 515 nm/YFP,_,
523-535 nm; FRET,,, 405 nm/FRET, , 528 -535 nm. Laser
power and detector gain were adjusted in the different chan-
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FIGURE 1. Stefin B in the nucleus co-immunoprecipitates with histones.
A, nuclear lysates were prepared as described under “Experimental Proce-
dures” and immunoprecipitated with anti-stefin B antibodies. After SDS-
PAGE, gels were stained with Coomassie Blue. The three bands interacting
with stefin B were identified as histones by N-terminal amino acid sequenc-
ing. N-terminal sequences of the 17- and 14-kDa bands are shown. Track 1,
nuclear lysates immunoprecipitated with stefin B antibodies; track 2, molec-
ular weight standard; track 3, control, nuclear lysates immunoprecipitated
with antibodies against cathepsin B. B, stefin B co-immunoprecipitates with
the H3K4me3 histone variant. Nuclear lysates from T98G cells transfected
with stefin Bin pEF/Myc/Nuc vector (NB) (track 1) and control T98G cells trans-
fected with an empty vector pEF/Nuk/Myc alone (NO) (track 2) were sepa-
rated by 15% SDS-PAGE, followed by Western blotting with anti-H3K4me3
antibody. Nuclear lysates from T98G cells transfected with stefin B in pEF/
Myc/Nuc vector (NB) (track 3) and nuclear lysates from T98G cells transfected
with control empty vector (NO) (track 4), both immunoprecipitated with ste-
fin Bantibodies, were separated by 15% SDS-PAGE, followed by Western blot-
ting with anti-H3K4me3 antibody.

nels. The image of FRET was generated with the “PixFRET”
plug-in for the Image] software. In all FRET experiments, neg-
ative FRET controls were analyzed after transfection or
co-transfection of GFP/YFP or co-transfection R68X-GFP/
M75 cath L-YFP (negative controls). Bleed through coefficients
were calculated using FRET/donor or FRET/acceptor image
stacks captured from cells expressing only the donor or accep-
tor (41). Coefficients were averaged from at least 80 cells from
40 separate stacks for each experiment.

Cathepsin L Inhibition in Vitro—Cathepsin L was preacti-
vated by incubation in 0.1 mm acetate, 1 mm EDTA, 0.1% (w/v)
Brij-35, 0.02% (w/v) sodium azide, 10 mMm cysteine, pH 5.5,
for at least 10 min at room temperature before use. The active
enzyme concentration was determined with trans-epoxysucci-
nyl-L-leucylamido-(4-guanidino)-butane (E-64) (Peptide Re-
search Institute, Osaka, Japan) titration. Cathepsin L (final
concentration 21.5 nM) was incubated for 5 min with histone
isolated from calf thymus (H 4524, Sigma) at final concentra-
tions from 10.8 nM to 2.15 um. When determining the stefin B
and histone interactions, stefin B (final concentration 15 nm)
was preincubated with final concentrations of histones from
10.8 nM to 2.15 um for 5 min, followed by the addition of
cathepsin L (final concentration 21.5 nm). After the initial
incubation steps, substrate benzyloxycarbonyl-Phe-Arg-p-
nitroanilide (Bachem, AG, Switzerland) was added to 100 um
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FIGURE 2. Overexpression of stefin B into the nucleus delays cell cycle progression. Control T98G cells,
T98G cells transfected with an empty vector pEF/Nuk/Myc alone (NO), and T98G cells transfected with stefin B
in pEF/Myc/Nuc vector (NB) were harvested at the indicated times, and cell cycle distribution was monitored by

flow cytometry analysis after DNA staining with propidium iodide.

final concentration, and initial velocity was determined
spectrophotometrically at 410 nMm.

RESULTS

Stefin B Interacts with Histones H2A.Z, H2B, and H3 in the
Nucleus—With the aim of defining the function of stefin B in
the nucleus, we set out to identify proteins that interact with it.
Nuclear cell lysates were immunoprecipitated with anti-stefin
B antibodies and separated by SDS-PAGE. The 15- and 14-kDa
bands were identified as histones H3, H2B, and H2A.Z by
N-terminal protein sequencing (Fig. 1A4). Histone H4 and stefin
B were both found around 11 kDa. We found it particularly
interesting that stefin B also interacts with the histone
H2A.Z variant. The H2A.Z variant is found associated with
gene regulatory elements in promoter regions (42). A recent
study proposed that H2A.Z is partly co-localized to the same
nucleosome as the H3K4me3 histone variant (43). An immu-
noprecipitation experiment confirmed that the H3K4me3-
modified histone also co-immunoprecipitated with stefin B
in T98G cells (Fig. 1B).

Increased Expression of Stefin B in the Nucleus Delays Cell
Cycle Progression—Incubation of cells with the cysteine prote-
ase inhibitor E-64d was reported to delay the entry of cells into
the S phase of the cell cycle (13, 44). T98G astrocytoma cells
were used for cell cycle experiments, as these cells can be syn-
chronized in G,/G; in the absence of serum (38, 45). The effect
of E-64d on cell cycle progression was confirmed in synchro-
nized T98G cells (data not shown). Next, we examined whether
overexpression of stefin B in the nucleus influences cell cycle
progression. T98G cells were transfected with a pEF/Myc/Nuc
vector expressing stefin B pEF/Myc/Nuc-stefin B (NB), or an
empty vector alone (NO). Expression levels of stefin B in stably
transfected T98G cells were quantified by enzyme-linked
immunosorbent assay, as described previously (32). In whole
cell lysates of cells stably expressing stefin B, the levels of stefin
B were 478 ng/mg (ng of stefin B/mg of total cell protein), and in
control cells transfected with an empty vector the concentra-
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as efficient as for T98G cells (46).
Nevertheless, cell cycle analysis of
synchronized MEFs revealed a small
but reproducible acceleration of cell
cycle progression from the G, to the
S phase at 20 and 22 h after serum addition in stefin B-deficient
MEFs (Fig. 3). The N-terminally truncated cathepsin L isoform
was shown during S phase to localize to the cell nucleus where
it cleaves the CUX1 transcription factor (13). The processed
isoforms of CUX1 accelerate entry into S phase and stimulate
cell proliferation (46). We reasoned that the delay in the cell
cycle progression in cells overexpressing stefin B in the nucleus
could be attributed to the inhibition of cathepsin L by stefin B.

Increased Expression of Stefin B in the Nucleus Protects CUX1
from Cathepsin L Cleavage—Cathepsin L was shown to cleave
CUX1 at multiple sites in vitro and in vivo, thereby generating a
number of processed isoforms collectively called p110 CUX1
(13). Proteolytic processing of CUX1 cannot easily be detected
by Western blot analysis in T98G cells.? In our experiments, we
used MCEF-7 cells, which express large amounts of CUXI.
MCE-7 cells were transiently transfected with the pEF/Myc/
Nuc-stefin B expression vector (NB) or an empty vector (NO),
and CUX1 expression was monitored by Western blot analysis.
We observed diminished cleavage of full-length CUX1 protein
(p200) and diminished p110 fragment formation in cells over-
expressing stefin B or treated with the cysteine protease inhib-
itor E64-d, as compared with cells transfected with an empty
vector (NO) (Fig. 4). The reduction in CUX1 cleavage is con-
sistent with the notion that overexpression of stefin B causes
the inhibition of cathepsin L in the nucleus.

Visualization of Intracellular Met-75 Cathepsin L-Stefin B
Interactions in the Nucleus Using FRET—From structural and
kinetics studies that investigated the mechanism of cystatin
interaction with papain-like cathepsins, we know that the
N-terminal part of cystatins is essential for the interaction with
enzymes (47, 48). Therefore, a spectral variant of the GFP-T-
Sapphire was fused to the C terminus of stefin B. Venus-YFP
was fused to the N- terminal part of the Met-75 human cathep-
sin L variant. The Met-75-truncated variant of cathepsin L was

3 A. Nepveu, unpublished data.
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FIGURE 3. Stefin B deficiency leads to accelerated entry into S phase. Wild type (WT) and stefin B-deficient
(KO) MEFs were incubated for 72 h in the absence of serum (time point 0). Serum-containing medium was
added, and at the indicated time points cell cycle distribution was monitored by flow cytometry analysis after
DNA staining with propidium iodide.
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found localized in the nucleus (13).
In CHO-K1 cells, preferential ex-
pression of the Met-75 cathepsin
L-YFP fusion protein in the nucleus
was observed (Fig. 54). CHO-K1
were chosen for FRET experiments,
because they are efficiently trans-
fected (85%) with pcDNA3 expres-
sion vector. We used two negative
controls as follows: first, a GFP/YFP
pair where the two fluorescent pro-
teins are supposed to interact only
randomly; second, Met-75 cathep-
sin L-YFP and a truncated mutant of
stefin B, R68X (R68Stop), that is
found in EPMI1 patients and does
not inhibit cathepsin L. The bio-
physical properties of the R68X
mutant have been studied in detail
(49). Spectral bleed through for YFP
(acceptor) was 5.2 = 1.25% and for
GFP (donor) was 25.15 = 0.98%.
Images collected in the FRET chan-
nel were corrected for donor and
acceptor spectral bleed through and
normalized for expression levels
(NFRET), as described previously
(41). NFRET values were measured
in the nucleus of 25-30 individual
cells for each combination in two
separate experiments. Fig. 54 pro-
vides representative images show-
ing expression of fusion proteins in
CHO-K1 cells co-transfected with
stefin B-GFP and Met-75 cathepsin
L-YFP and control cells co-trans-
fected with R68X stefin B-GFP.
Normalized FRET (NFRET) values
are represented in a gray scale and
clearly reveal the existence of FRET
in the nuclei of transfected cells but
not in control cells transfected with
the R68X stefin B mutant (Fig. 5B).
To perform the analysis presented
in Fig. 5B, the mean values of
the intensity, constructed from the
NEFRET images recorded over the
nucleus, were presented as a scatter
plot (Fig. 5C). When the FRET
channel was corrected for the spec-
tral donor (GFP) and acceptor (YFP)
bleed through, a NFRET signal in
negative control experiments varied
between 0 and 20 (Fig. 5C). Thus, we
have only considered cells with val-
ues above a threshold of 20 as posi-
tives. In cells transfected with
Met-75 cathepsin L-YFP and stefin
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FIGURE 4. Decreased cleavage of CUX1 transcription factor in MCF-7 cells
with increased expression of stefin B in the nucleus. MCF-7 cells were
transfected with pEF/Myc/Nuc-stefin B vector (NB) (track 1) in comparison
with control cells transfected with pEF/Nuk/Myc alone (NO) (track 2) and
MCF-7 cells treated with 50 um E-64d inhibitor (E-64d) (track 3).

B-GFP, some of the results were below this threshold (Fig. 5C),
indicating the possibility that endogenous cathepsin L and ste-
fin B present in the nucleus interacted with GFP fusion proteins
and interfered with the results.

Histones Potentiate Inhibition of Cathepsin L by Stefin B—We
established that stefin B binds to histones, but the conse-
quences of this interaction are not known. We therefore inves-
tigated whether histones influence stefin B inhibitory activity.
First, we determined conditions under which inhibition of
cathepsin L was in the linear range, i.e. up to 70% inhibition.
Next, we tested if purified histones inhibit human cathepsin L
in vitro and found that histones did not inhibit cathepsin L
activity even at a 100-fold molar excess (2.15 uM histone con-
centration) (Fig. 6A). To further investigate the role of histones
in the inhibition of cathepsin L by stefin B, we preincubated
stefin B with increased molar concentrations of histones and
measured cathepsin L activity, as described. We found that his-
tone binding to stefin B did not affect the inhibition of cathep-
sin L by stefin B at lower histone concentrations (10.8 —210 nm)
(Fig. 6B), whereas at higher histone concentrations (1.05-2.15
uM), as found in the nucleus, we observed increased inhibition
of cathepsin L by stefin B (Fig. 6B).

Stefin B Interacts with Histone H3 in the G, Phase of Cell
Cycle—The above results led us to examine if the stefin B inter-
action with histones is cell cycle-dependent. Control T98G cells
and T98G cells overexpressing stefin B in the nucleus (NB) were
synchronized by serum starvation, as described above. Nuclear
lysates were immunoprecipitated with anti-stefin B antibodies,
and immunoblotting with anti-H3 antibodies showed that most
of the binding of stefin B to histone H3 occurred in the G, phase
of the cell cycle (Fig. 7). In a control experiment, membranes
were immunoblotted with anti-stefin B antibody, confirming
the presence of immunoprecipitated stefin B.

Stefin B Does Not Bind DNA—MENT, the serpin that inhibits
cathepsin L in the nucleus, is known to bind to histones and
DNA, thereby influencing heterochromatin distribution (29,
30). It was demonstrated that the inhibitory activity of MENT
on cathepsin L, rather than DNA binding, is crucial for medi-
ating its effect (29). DNA was reported to accelerate the rate at
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which MENT inhibited cathepsin V, a human ortholog of mam-
malian cathepsin L, up to 50-fold (50). Therefore, the possible
interaction of stefin B with DNA was analyzed by gel shift assay,
as described previously (50). However, stefin B did not bind to
DNA, in contrast to cathepsin V, which was used as a positive
control (Fig. 8). These results therefore suggest that the inter-
action of stefin B with histones is different from the binding of
serpins like MENT, which react with both histones and DNA.

DISCUSSION

Proteolytic activity of cathepsin L in the nucleus has to be
under strict control to prevent degradation of transcription fac-
tors. Among cystatins, stefin B has been observed in the
nucleus, which prompted us to investigate the role of stefin B as
a regulator of proteolytic activity of cathepsin L in the nucleus.
In this study, we describe for the first time an interaction
between a nuclear cystatin, stefin B, and the nucleosomal pro-
teins histone H2A.Z, H2B, and H3 (Fig. 1A). The histone H2A.Z
variant differs from the canonical H2A in its N-terminal tail
sequence and also at key internal residues. This variant has been
implicated in several biological processes, such as gene activa-
tion, chromosome segregation, heterochromatin silencing, and
progression through the cell cycle (51, 52). Histones H2A.Z and
H3K4me3 are found at promoter regions, and it has been sug-
gested that these two histone variants partly co-localize to the
same nucleosomes (42, 53). A co-immunoprecipitation exper-
iment confirmed that the H3K4me3-modified histone also
associates with stefin B in T98G cells (Fig. 1B).

In T98G cells in which stefin B was targeted to the nucleus,
we have observed a delay in cell cycle progression into S phase
(Fig. 2). Increased expression of stefin B into the nucleus
resulted in a delay in cell cycle progression comparable with
treatments with the synthetic cysteine protease inhibitors
E-64d or JPM-OEt (13, 44). Our initial observations were con-
firmed with the reverse experiment using MEFs from stefin
B-deficient mice. Following exit from quiescence, stefin B-de-
ficient MEFs reached the S phase faster than wild type MEFs
(Fig. 3). Goulet et al. (13) has shown that only shorter proca-
thepsin L isoforms (that start at Met-56, Met-75, Met-77, Met-
81, or Met-111) could translocate to the nucleus and stimulate
processing of the CUX1 transcription factor at the G, /S transi-
tion of the cell cycle. The processed p110 CUX1 isoform exhib-
its distinct DNA binding and transcriptional properties: cells
overexpressing p110 CUX1 reached the next S phase faster than
control cells (13, 46). Therefore, we hypothesized that the cell
cycle delay in cells overexpressing stefin B could be attributed
to cathepsin L inhibition in the nucleus. Indeed, the steady-
state level of p110 CUX1 was reduced in cells overexpressing
stefin B, suggesting that cleavage of CUX1 in the nucleus was
partially prevented (Fig. 4). Interaction of stefin B with the
Met-75 truncated form of cathepsin L in the nucleus was shown
by FRET experiments in living cells (Fig. 5, Band C). This inter-
action was not entirely unexpected, as in vitro kinetic studies
have shown that stefin B inhibits cathepsin L with a K; value in
the picomolar range (54, 55). Although increased nuclear local-
ization of procathepsin L in ras-transformed mouse fibroblasts
was reported more than a decade ago (56), the first physiologi-
cally relevant substrates of cathepsin L in the nucleus were
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FIGURE 6. Binding of stefin B to histone increases cathepsin L inhibition
by stefin B. A, cathepsin L is not inhibited by histones. Cathepsin L (21.5 nm)
was incubated with increasing molar concentrations of histones. The data
represent the mean of at least three independent experiments. B, addition of
histones increased the inhibitory activity of stefin B toward cathepsin L. Stefin
B (15 nm) was preincubated with increasing molar concentrations of histones
(10.8 nm to 2.15 um), before the addition of cathepsin L (21.5 nwm). The data
represent the mean of at least three independent experiments.

described only recently (13, 15, 57). Duncan et al. (15) reported
that cathepsin L cleaves histone H3 and proposed that this pro-
teolytic activity plays a role in the development and differenti-
ation of mouse embryonic stem cells. We have examined
whether the binding of histones to stefin B affects cathepsin L
inhibition. In vitro, high histone concentrations increased the
inhibition of cathepsin L by stefin B. Recently, it was shown that
cathepsin L is not the only protease present in the nucleus.

FIGURE 5. Met-75 cathepsin L and stefin B interact in the nucleus of living
cells. In situ analysis of the interaction between stefin B-GFP and Met-75
cathepsin L was measured by FRET. A, visualization of Met-75 cathepsin L YFP
and Arg-68 stefin B-GFP in CHO K1 cells. The plasmid constructs indicated on
top of each column were transfected in CHO K1 cells. B, visualization of FRET
and NFRET in CHO K1 cells pixel-by-pixel analysis of FRET on a cell expressing
Met-75 cathepsin L-YFP + stefin B-GFP, performed with the PixFRET plug-in
forthe ImageJ software. C, NFRET in the nuclei of cells transfected with Met-75
cathepsin L YFP + stefin B compared with NFRET in cells transfected with
expression vectors for Met-75 cathepsin L/Arg-68 stefin B-GFP. NFRET plot
profiles in 25-30 cells were analyzed. Sensitized emission of YFP fusion pro-
teins due to FRET was measured in two separate experiments in the nucleus
of 25 individual CHO K1 cells transfected with the indicated combinations of
vectors expressing YFP and GFP fusion proteins.
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FIGURE 7. Stefin B interacts with histone H3 predominantly in the G,
phase of the cell cycle. T98G cells were synchronized by serum starvation.
Nuclear extracts were prepared from T98G cells (TG) after 8 h (G1),22 h (S),and
26 h (G2/M). Protein extracts from T98G cells transfected with stefin B in pEF/
Myc/Nuc vector (NB) were separated by 15% SDS-PAGE, followed by Western
blotting with anti-H3 antibody. Membranes were stripped and immuno-

blotted with anti-stefin B antibody.
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FIGURE 8. Analysis of stefin B and cathepsin V binding to DNA. Gel mobil-
ity shift analysis of the control protein cathepsin V (track 1) and stefin B (tracks
2-4) was incubated with ds65-mer DNA. DNA was analyzed by 2% agarose
gel electrophoresis. The final concentration (um) of purified protein in each
reaction is indicated at the top of each gel panel.

Although it was proposed by Goulet et al. (13, 57) that a trun-
cated form of cathepsin F could be active in the nucleus, its
nuclear activity was reported only recently. Furthermore,
Maubach et al. (58) reported that the regulation of nuclear

MARCH 26, 2010+VOLUME 285+NUMBER 13

cathepsin F activity by stefin B in hepatic stellate cells was
involved in the transcriptional regulation of two activation
markers. Together, these findings suggest that the regulatory
activity of stefin B in the nucleus may not be limited to its effect
on cathepsin L.

MENT, a serpin that also inhibits cathepsins L and V,
strongly blocks cell proliferation and promotes condensation of
chromatin (29). It was shown that MENT-mediated inactiva-
tion of cathepsin L, like cathepsin L deficiency, causes a global
rearrangement of chromatin structure and redistribution of
specifically modified histones (14,29). MENT was also reported
to interact with DNA (30, 59). Another cysteine protease-inhib-
iting serpin, SCCA-1 (squamous cell carcinoma antigen-1), has
also been shown to localize to the nucleus, but unlike MENT,
SCCA-1 is unable to bind to DNA (50). Similarly, we did not
observe the binding of stefin B to DNA (Fig. 8). It remains to be
tested whether cathepsin inhibitors that do not bind DNA,
SCCA-1 and stefin B, have similar effects on heterochromatin
redistribution as MENT.

Collectively our results show that stefin B interacts with his-
tones and cathepsin L in the nucleus and regulates cell cycle
progression into the S phase. Stefin B was bound to histones
preferentially during the G, phase of the cell cycle. In vitro, high
concentrations of histones increased the inhibitory effect of
stefin B on cathepsin L activity. Interestingly, entry into S phase
is delayed similarly in the presence of the cathepsin L inhibitors
E-64d and JPM-OEt or following overexpression of stefin B
(Fig. 2) (13, 44).

In addition to the role of stefin B in preventing unwanted
cytosolic protease activity resulting from lysosomal leakage,
our results demonstrate that stefin B plays an important role in
the regulation of cathepsin L proteolytic activity in the nucleus.
Stefin B in the nucleus protects cathepsin L substrates from
proteolytic processing and consequently participates in tran-
scriptional regulation. It will be interesting to determine
whether the loss of cathepsin L inhibition by nonfunctional
mutants of stefin B in EPM1 disease is associated with the
excessive cleavage of cathepsin L nuclear substrates.
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SUMMARY

Cathepsin B is one of the most versatile human cysteine cathepsins. It is important for
intracellular protein degradation under normal conditions and is involved in a number
of pathological processes. The occluding loop makes cathepsin B unique among
cysteine cathepsins. This ~20-residue long insertion imbedded into the papain-like
protease scaffold restricts access to the active site cleft and endows cathepsin B with
its carboxydipeptidase activity. Nevertheless, the enzyme also exhibits endopeptidase
activity and is inhibited by stefins and cystatins. To explain the structural properties
of the occluding loop upon binding of stefins, we have determined the crystal
structure of the complex between the wild type human stefin A and the wild type
human cathepsin B, at 2.6 A resolution. The papain-like part of cathepsin B structure
remains unmodified, whereas the occluding loop residues are displaced. The part
enclosed by the disulfide bridge containing histidines 110 and 111, the “lasso” part, is
rotated by approximately 45 degrees away from its original position. A comparison of
the structure of the unliganded cathepsin B with its complexes with chagasin and
stefin A, as well as with the structure of the proenzyme, shows that the magnitude of
the shift of the occluding loop is related to the size of the competing ligand, but with
no impact on the binding constant. Hence, cathepsin B can dock inhibitors and certain

substrates regardless of their size.



INTRODUCTION

Cathepsin B (EC 3.4.22.1), a lysosomal, papain-like cysteine protease is one of the
most extensive studied human cathepsins [1]. This enzyme is abundantly expressed in
a variety of tissues where it takes part in protein degradation and processing. It is
involved in a number of physiological and pathological processes, such as
intracellular protein degradation, immune response, prohormone processing, cancer,
and arthritis [2-9]. Its proteolytic activity is regulated by stefins and cystatins,
endogenous inhibitors of cysteine cathepsins [10]. Cathepsin B differs from other
cathepsins by its dual role, exhibiting exo- as well as endopeptidase activity. The
crystal structure of this human enzyme [11] has revealed that about a 20 residues long
insertion, termed “occluding loop”, occupies the part of the active site cleft on the
primed side and blocks access to the active site cleft beyond the S2' substrate binding
site [11, 12]. The occluding loop is held together by the disulfide bond between C108
and C119. Its attachment to the body of the enzyme is stabilized by two salt bridges,
between H110 and D22, and between R116 and D224. The crystal structure suggested
that two histidines, H110 and H111, positioned within the active site cleft, are
responsible for docking of the C-terminal carboxylic group of peptidyl substrates.
This observation has been later confirmed by the crystal structure of the complex of a
substrate-mimicking inhibitor, CA030, interacting through its C-terminal carboxylic
group with the two histidine residues [13]. The concept of utilizing additional
structural features to block part of the active site cleft in order to restrict the binding
of peptidyl substrates and facilitating binding of the substrate termini is not unique to
cathepsin B [14]. The amino dipeptidase cathepsin C [15, 16] possesses a large
segment of the proregion [17], termed exclusion domain, which remains associated
with the mature enzyme and blocks the active site cleft beyond the S2 site. The amino
peptidase cathepsin H has covalently attached stretch of eight residues originating
from the propeptide, termed the mini chain, which blocks the unprimed binding site
[18]. The mini loop in carboxypeptidase cathepsin X blocks the primed side of the

active site, restricting access to only one residue [19].

While the structures of the mature native form of cathepsin B clearly exposed the
relevance of the occluding loop for the exopeptidase activity [11], they have not
explained the mechanisms of endopeptidase activity nor the inhibition of the enzyme

by their endogenous protein inhibitors cystatins and stefins [20]. A further step in



understanding of these mechanisms was provided by the crystal structures of human
[21] and rat procathepsins B [22]. They have revealed that, in the zymogen form, the
propeptide rather than the occluding loop fills the active site cleft. It was shown that
the single and double mutations D22A, H110A, R116A, and D224A disrupted the salt
bridges between the occluding loop and the body of the enzyme, resulting in
enhanced endopeptidase activity [23]. Furthermore, the deletion mutant lacking 12
central residues of the “lasso” region between the disulfide C109-C118 confirmed that
their absence yields an enzyme with pure endopeptidase activity, completely lacking
exopeptidase activity, and with a 40-fold increase of affinity for cystatins [12]. These
results indicated that loop flexibility must be responsible for the endopeptidase
activity of cathepsin B, as well as that endopeptidase activity should be associated
with the occluding loop displacement from the active site cleft. Recently, crystal
structure of the complex between chagasin, a cysteine protease inhibitor from
Trypanosoma cruzi, and human cathepsin B, a multiple mutant with destabilized
affinity of the occluding loop residues towards the active site cleft, has shown that on
binding to cathepsin B chagasin displaces the occluding loop from the active cleft
[24]. Here we present the crystal structure of the complex between two human
proteins: the wild type stefin A and the wild type human cathepsin B. A structural
comparison suggests that the extent of the movement of the occluding loop residues

necessary for their displacement from the active site cleft is ligand size dependent.
RESULTS AND DISCUSSION

Crystals of the complex of stefin A and cathepsin B contain complete wild type
protein sequences. The positioning of the main chains of nearly all residues is clearly
revealed by the electron density maps, with the exception of E95, a stretch of four
occluding loop residues from V112 to S115 in the first molecule of cathepsin B, G75
and Q76 in the molecule A of stefin A, and M1 and E78 in the molecule B of stefin A.
Additionally, eleven side chains lack adequate electron density. The RMS deviation
between all pairs of superimposed CA atoms of cathepsin B molecules, excluding
residues 105-125 of the occluding loop, is 0.34 A, whereas the RMS deviation
between all pairs of superimposed CA atoms of stefin A molecules exhibits somewhat
larger RMS of 0.88 A. This comparison shows that the differences between the two
molecules of cathepsin B are confined to the occluding loop region, whereas the

differences between the two stefin A molecules are spread out through the entire



structure, with slightly increased variability in the S72-D79 region that forms the

second binding loop.

Cathepsin B has a two-domain, papain-like fold [11]. The N-terminal domain includes
the central helix that contains, on its N terminus, the active site C29. The C-terminal
domain is based on a 4-stranded B-barrel fold, contributing H199, the other active site
residue. The active site cleft is formed at the interface between the two domains, that
are also named L- and R- (left and right), according to the standard view used to

present the papain-like folds.

The structure of stefin A exhibits the cystatin-like fold composed of a five-stranded 3-
sheet embracing an a-helix (Fig. 1). This arrangement creates a wedge-shaped
structure with the N-terminal trunk and two hairpin loops at its narrow edge [25]. This
narrow edge docks into the active site cleft of cathepsin B (Fig. 1). The binding mode
is equivalent to those from the related complexes of stefin B-papain [26] and stefin A-
cathepsin H[27]. A comparison of the average distances between CA atoms of the
active site cysteine and histidine residues in cathepsins B and H and CA atoms of
stefins in the structures of both complexes showed that stefin A binds to cathepsin B
as deep as does stefin B to cathepsin H, with the equivalent average distances 23.36 A
and 23.43 A, respectively (Table 1). This shows that the final position of stefin A
molecules in the complex is not effected by the additional features of exopeptidases,
occluding loop and mini-chain, which occupy parts of the active site cleft (Figure 4).
These additional features hinder binding along the whole interdomain interface, yet

they both get pushed away upon binding of the ligand.

The N-terminal trunk and the first binding loop occlude the active site C29, blocking
the enzymatic activity. The N-terminal trunk binds into the non-primed substrate
binding sites, whereas the two loops bind into the primed sites. They occlude the
catalytic C29 (surface colored in yellow) in the middle and thereby prevent the
approach of substrate molecules. The same approach is utilized by the p41 fragment, a

representative of thyropins [28], chagasin [29, 30], and mycocypins [31].

The N-terminal trunk comes down the S1 binding area of cathepsin B, occupies the
S2 binding site with proline residue P3 and continues through the S2 binding site
upwards (away from the cathepsin B surface). Two hydrogen bonds between the

stefin A amide hydrogen (G4) and carbonyl (P3) with cathepsin B carbonyl atom



(G198) and amide hydrogen (G74) attach the first loop to the active site cleft.

The first binding loop of stefin A (V47 to Q51) fills the S1’ site with V48. Besides
this hydrophobic interaction, the loop is fastened to the cathepsin B surface by the
hydrogen bond between the stefin A A49 amide and cathepsin B G24 carbonyl. The
binding of this loop is further stabilized by a hydrogen bond between the stefin A N52
side chain amide and the cathepsin B S25 carbonyl group.

The second binding loop (L73 to D79) comes down to the area beyond the S2’ site
and displaces the occluding loop residues of cathepsin B. It is firmly anchored by the
B-sheet hydrogen bonding pattern formed between the three loops in stefin A and an
additional hydrogen bond formed between the amide hydrogen of L73 and the side
chain carbonyl of E109. A layer of solvent molecules mediates the contacts between

the C-terminal part of the second binding loop and cathepsin B.

The occluding loop differs from the native structure (PDB code 1HUC) [11] in the
region from S104 and D124 (Figs. 2, 3). The lasso structure between the C108 - C119
disulfide is rotated by approximately 45° and pushed aside. This movement
dramatically changes the position of the two occluding loop histidines, H110 and
HI111. Instead of a parallel positioning within the active site cleft, these two side
chains now point into different, almost opposite directions. The side chain of H110
points away from the active site cleft to the back of the molecule, while the side chain
of H111 points upwards and away from the surface. In the complex, two stefin A
residues, A49 from the tip of the first binding loop and L73 from the second binding
loop, fill the places that the two histidines occupy in the native structure. Besides the
lasso, the inhibitor also pushes away the chain from C119 to the D124. The position
of CA atom of E122 is changed by almost 7 A from the position it occupies in the
native cathepsin B structure. In this respect, stefin interactions with exopeptidases are
not unique. The N-terminal trunk of stefin A can displace the mini chain which blocks

part of the binding cleft in cathepsin H [27].

Two salt bridges, H110 — D22 and R116 — D224, which additionally stabilize the
attachment of the loop to the body of the enzyme, are disrupted in the complex. R116
and D224, however, compensate for the loss of the salt bridge interaction by finding
electrostatically favorable partners in K184 of cathepsin B and E78 of stefin A,

respectively. The structure presented here shows that weakening of embedding of the



occluding loop into the active site cleft is not mandatory for formation of the crystals
of the complex, even though it is associated in a drop of K from 0.93 to 0.35 nM, as
shown by the chagasin — cathepsin B study. The stefin A - cathepsin B complex
contains the wild type sequences and physiologically occurring interactions, as
opposed to the crystal structure of chagasin, a parasite inhibitor from Tripanosoma
cruzi, and cathepsin B complex [24](PDB code 3CBJ). In that complex the first salt
bridge interaction has been disrupted by the H1 10A mutant and the enzyme’s reactive
site turned off by the C29A mutant. (We assume here that the cathepsin B mutations
have not affected the geometry of binding of chagasin.) The wild type sequences have

also been preserved in the related structural studies of procathepsin B [21].

These three structures, as well as the structure of native cathepsin B (Figs. 2, 3)
demonstrate that the occluding loop can adopt a variety of positions, with the moving
part consisting of residues between E109 and D124. The extent of the occluding loop
shift from the position in the native enzyme (PDB code 1HUC) is shown in a series of
structures starting with the proenzyme form (PDB code 3PBH), complex with stefin
A, and chagasin [24] (PDB code 3CBJ) (Figs. 2, 3). The CA atom position of N113 is
marked in Fig. 3 to indicate the shifted positions which are 7 A, 16 A, and 22.5 A (14
A) away from the position that this atom occupies in the native form. Our conclusion
is that the size matters. The larger and the wider are the features of the ligands that
compete with the occluding loop for binding to the active site, the farther away the
occluding loop residues are shifted. Hence, these structures demonstrate that the
occluding loop residues can adopt a variety of conformations, whereas the rest of the
structure of cathepsin B appears to be rigid. A comparison of the interaction constants
of binding of chagasin (K;=0.93nM [24]) and stefins (1.7 and 2 nM [32, 33], 0.91 nM
[34]) to cathepsin B indicate that the extent of the shift does not affect the inhibition
constants, even though the interaction surface of chagasin with the occluding loop
(160 A%) is slightly larger than that of stefin A (100 A®). This observation suggests
that the energy cost of ligand binding associated with the occluding loop removal is
not related to the magnitude of the occluding loop shift from the active site cleft.
Cathepsin B can bind certain ligands along the whole interdomain interface. During
docking their size alone likely does not play a role. Cathepsin B will accept inhibitors

or substrates — whatever comes across.

MATERIALS AND METHODS



Cathepsin B and stefin A were expressed as previously reported [35, 36], mixed in a
molar ratio 1:1.1, and concentrated to 30 mg/mL in 10 mM sodium acetate, pH=5.5.
Crystals were grown in 0.2 M sodium sulfate, 24% PEG3000. The initial crystals
grown by the sitting drop method were highly mosaic, thereby useless for structure
determination. Therefore, the hanging drop method was used in combination with the
controlled evaporation approach [37], which greatly improved crystal quality. The
crystals, which grew in the form of thin plates, were soaked in mother liquor
supplemented with 20-30% glycerol and frozen in liquid nitrogen prior to data

collection.

Diffraction data were collected at the XRD1 workstation at Synchrotron Elletra,
Trieste, and processed using the HKL.2000 package [38]. Determination of the space
group was non-trivial. The data were first processed in the P2, space group due to the
higher symmetry, with an acceptable Ruyerge 0f 0.132 and data completeness of 96.7%.
The structure was determined by molecular replacement using Amore [39] with
cathepsin B [13] and stefin A [27] as search models. The crystals are extremely dense,
having only 28% of solvent, resulting in Matthews coefficient (V) of 1.70 [40]. It
was surprising that so tightly packed crystals diffracted only to 2.6 A. The protein
database analysis took into account 10,471 crystal forms of proteins, deposited in
PDB in 2002 [41]. It showed that more tightly packed crystals (lower Vy) tend to

diffract to higher resolutions.

Since we were unable to position the occluding loop residues consistently within the
electron density maps, we decided to reprocess the diffraction data in the lower
symmetry space group, P1. These data had a lower Rmerge 0f 0.084 and slightly lower
completeness (92.4%). The lower completeness of the P1 data set is a consequence of
highly anisotropic diffraction, which forced us to discard part of the collected data to
maintain reasonable merging statistics. The anisotropy was a consequence of the
shape of the crystals, which were thin plates diffracting poorly in the direction
perpendicular to the beam. The P1 space group data resulted in an improved electron
density map for the occluding loop residues and were used for further refinement and

model building. The structure was refined using Refmac [42] and MAIN [43].

Data collection and refinement statitistics are summarized in Table 2. The coordinates

and structure factors were deposited in the PDB (ID 3K9M).



Distance d (table 1) between stefin A and different enzymes is the average distance
between all CA atoms in stefin A and CA atoms of reactive site cysteine and histidine

residues.
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TABLES
Table 1: Average distances between CA atoms of the stefins and catalytic
residues of cysteine proteases.

d(Ad)
Papain — stefin B 23.93
Cathepsin H — stefin A 23.36+0.23
Cathepsin B — stefin A 23.34+0.15

Table 2: Data collection and refinement statistics for the complex of cathepsin B
with stefin A. Numbers in parentheses are for the highest resolution shell. No
intensity cutoffs were applied.

Data collection

PDB ID 3K9M
Space group P1
Cell dimesions

a, b, c(A) 62.0,31.0,70.9
a, B,y (°) 90.0, 104.5, 90.0
Resolution (A) 68.6 —2.51
Rmerge (%) 8.4 (206)
I/ol 9.5(2.6)
Completeness (%) 92.1 (66.7)
Redundancy 2.6 (2.2)
Refinement

Resolution 40.5-2.61
No. of reflections

(work/free) 24360/ 713
Rwork/Rfree 198 / 250
B factor (A 2) 42.0
No. of atoms

Protein 5454
Water 127
r.m.s. deviation

Bond lenghts (A) 0.013

Bond angles (°) 1.71




FIGURE LEGENDS

Figure 1: Structure of the cathepsin B — stefin A complex. A) A view along the
active site cleft. B) A view perpendicular to the active site cleft. Cathepsin B is
shown in gray and stefin A in green. The catalytic cysteine is shown in yellow. The
wedge-shaped structure of stefin A fills the active site cleft along the whole length

and displaces the occluding loop (the “lasso” is shown in red).

Figure 2: The extent of the occluding loop displacement in the unliganded and
liganded structures. The occluding loop (red) is shown in on the surface of the
papain-like part of the structure (gray). A) Unliganded cathepsin B (PDB code 1HUC)
[11]. B) propeptide in dark blue (PDB code 3PBH) [21]. C) A complex with stefin A,
with stefin A in green. D) A complex with chagasin (shown in cyan) (PDB code
3CBJ) [24].

Figure 3: The extent of the occluding loop displacement — superimposed. The
papain-like part of cathepsin B is shown as a gray surface with the catalytic cysteine
part shown in yellow, while the S1, S1° and S2’ binding sites are shown in green and
cyan. The occluding loops from various cathepsin B structures (proenzyme, complex
with stefin A, complex with chagasin) are shown in dark blue, red, and cyan,
respectively. The occluding loop residues, H110 and H111, from the naked cathepsin
B, are shown in orange. Spheres represent the position of CA atom of N113, to

indicate the extent of movement of the occluding loop.

Figure 4: Flexibility of stefin structures. Papain surface (PDB code 1STF) [26] is
shown in gray with the part of the reactive cysteine residue shown in yellow. Four
structures of stefin A from the complex with cathepsin H are shown in cyan (PDB
code INB3) [27]. The two structures of stefin A from the complex with cathepsin B
are shown in red. The stefin B structure from the complex with papain is shown in
green. Six stefin A molecules were moved onto the scaffold of papain using
transformation parameters obtained from the superimpositions of their enzymatic

partners on the papain structure.
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