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Abstrakt
Hmot nost n? spektrometri e ( MS) ] e rychl
variabil n2 meWsopdlac h ekmcegriso®ud)RBltzpevod eomi ¢k ch

pSi identifikaci a Segem¥ oprsitm8@imm sterckts
proteinpr ot ei no v IZahv e thetwe?r ankitk?k.T ch i oni zal n2ch
mi nul ®ho stol et 2 nem8 dgragmentacdo oi pgvak ®beakr o
jako jsou proteiny, oligosacharidy nebo nukle ® kysel i ny, a tak ne

hmot nostn2 s pepkoteomikynet ri e na pol i
C2lem t®to pr8ce bylo pougit2 soulasnl
Segen? nhNkolika proteomicklich ot&8zek.n2Pryv

struktury a proteispr ot ei nov Il ch i nterakc? pomoc?2 K
Tz

zes?2tNDn? S MS anal ou ve t Sech model o0
regul alnzho33pr ot2) nsyslt4®MB3z sprreogtuelianlun 2 1 4d o n
tyrosinhydroxyasy, a (3) syst @mw u membr 8novlich prot ei
biotransformace xenobiotik cytochromu P450 2B4 a cytochromy Bentomet odi ¢ k 1
pS2stupppoteupey e vodnich roztoc2ch za f
tak jejichnat i vrud. strukt

Ve druh® | 8sti pr8ce byly pomoc? MS s
sp-r k Asmemgillus a Pseudallescheria Byl y meé ptdipch@gyv @&/ nov
di agnost, ckiPegz@wnlke ym@g#m® v| asnou det ekci [
zpTsoblvtamrhict o pl 2 s nNmi

TSet2 | §st pr8ce pSedstavuje MS pS2stu
proteomicklich a Ilipidomicklch projektT. I
dvoj n® mod ztkyulv8ch peptidT nebalergenypg ge[ni (MO
mouce, (3) spedbeamuzmNDagkivch | eukemickTlct

1433 proteinu) po pods8s§n? | ®iva indukuj2c?]|



Abstract

Mass spectrontey (MS) is a rapid, specific and wesensitiveanalytical method
with a broad spectrum oproteomic applications such as protein identification and
sequening, 3D protein structurecharacterizatioror study ofproteinprotein interaction
The introductionof wo 1 oni zati on techni qaionigethelargd at e
biomolecules such as proteins, oligosaccharides or nucleics agith no or low
fragmentation has started the rapidly expanding field offdSed proteomics.

Thepresented thesis was aimed at the application of npassrametric approaches
to answer several proteomic questioR#stly we have employed the chemical cross
linking in combination with MS analysis to solve the 3D structure and prptetein
interactionsof three model systems: (1) homodimeric human regulatory proteBi3z4
(2) model of 143-3z and regulatory domain of tyrosine hydroxylase, and (3) system of
two membrane proteins, cytochrome P450 2B4 and cytochrgrnrevblved in xenobiotics
biotransformation. This approaciworks in aqueous solutionsinder physiological
condifonsand thugpreservesative structuref the investigated proteins

The £cond part of ththesiswas focused on MS identification pfoteins/peptides
in fungal spores oAspergillusand Pseudallescheriastraing namely on discovery and
characteriation of new biomarkers for early stage detection of serious invasive mycoses
caused by these molds.

The last part was devoted to the elucidation of particular problepr®teomic and
lipidomic projects such as (19calization ofdouble bond in peptides tipids by MS, (2)
identification of new wheat flour allergerand (3)determinatiorof proteome changes
leukemic cellsduring apoptosisinduced bymedical treatment (including changes in the

expressiorof 14-3-3 proteing.
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1. Pvod a me

1. D v oadnetody

Proteomika s e zabl vsg studi em ecoemtu®h (©s obuubnolX|un
prot ediunRfckewnk r ®t n2m | ase a za danlch podms?
funkce jednoBluinWpoompeowvei m[. dynamickIl sy
fyziologickdvlsitvarwd ni®urRakigm.ISe @ é1n e spojevitmiTagp S .
zmDnNnNDnou expres? konkr®tn2ch proteinT, p
vsubcel ul §rpnr2otled®&blédeapmot eomlno bunDk zdr a
popul ace mT gidentifik@isdti amap$St i WIE@®o owadrhdoaun Nn 2
vi vimijochemi ckT ch ndueeatekanémoéip rnoa | velzaesn 2 %l i nn®
postupuHmMot nost n2 sjpaekka rroyncehtIr§,e ci t |l i vy®ulaa sp®@
dobN vyug2vsg&na praktickpeberseld2003ech takovTlct

Vgechny Dbiochemkif &®®2phriaoyc®e sjiysickec e zcel a z
nast ruktur n2cchh pwloasetimolstae J ejgche kempn&p VI
kat al ylziomami®t n 2 reakce, odpovhdDN buRky na
funkce Bl kovin jako pSena@g&tTukt stm¥d¥ sfensmBdmi
i dentifikovat pvrgoetceninnyo vprccht ekionnyplvexech neb
l okal i zaci a charadretiz ovalBavesgélg|btadempr ot
prod or ov® struktury v getcrhu Kntinfonmmatikae Kemtb obere z a
zahrnuje ¢dra k met ody umogRuj 2c? zkoumat struk
zpracovsgn?2 z2skanlch dat a jejich pSevede
Poznaty z2skan® vySegen2tne rpciii8tsnrésriar@urisitékruyn d@mr
se zn8&mimi f unkcemyu(drkiptyoeud i bkTcti  Yasupnikgecre n e z n
za pSedpokl adu, ¢ge jejich pri nStman2008.ek v enc

Mezib D@met ody poug2van® pro urlovs8§n2 struktu
T pro ur | ovsgn? pri m8rn? struktury: Ed ma
enzymagti DO &n?2 vepeppojdeoewd ms mapovgn2m pom
spektrometrie nebo s tandtmofou hmotnost n?
T pro wurl ovgn? s ekpuenkdt8rr onsAdtanyp ({AD uspekitoskgpie,
Ramanova spektroskopie aj.)



1. Pvod a me

f pro urlovgn? terci 8rn? struktury: ren
mikroskopieeh mot nost n2 s/penkitaci® me h e imie ¢ Kikaceini nebo d i

si zot op o vdeuu tveordizkvou ( H/ D) vIimBRDnou

T pro ur |l ovsgn? kvahéeéem®r oR® smodkt uk gce é
spektrometrie, pol 2talov® model ov8n? na z8kl adlh

komponent \komplexu.

l1lHmMot nostn?2 spektrometri e

Hmot nost n? g anglkvass Gpaaromeirye MS) j e anal yti
kter8 umogRuje charakterizovat (nejen) bi
mol ekul owal dhr aigentem® Tri ck®m nebo magneti ck®
rychlo u , ef ekti vn?2 naezlaod td g n2omngho kgkar BM i ni c k ®
bi ochemidi a mol ekul 8rn? bi ol ogii. Zej m®n
hmotnostn2?2 spektrometrie Sad? metaboloniick,a v n 2
lipidomice i proteomiceVel kou experiment8ln2z varijebil.i
hmot nostn2 spektrometr zeDnmmpdt e isncohvdBnm dpkrvoyf|
vdTs!l edku pTsoben? r T201d] ch arladkitievr i f Kuge!l
diagnos i ck ® homélwTl ch i nf eRGuelkc | @GeBop@psa ipdlohwz ) [
dvojnich vazeb v SethRDzc2ch miavhdchvhkgdmr
experimentyn ap S. ou# o Do p & webathemickous 2 So v a2p o dua Km
na proteipexecHsc hnsgksdmdnou M$2 akat Tzrau® | né
terci §rn2 stpoekp uSteipm oy e dpmTb|@itkdar caek cl2.c h7

Soul SsyRd b nko t n losspektfometru je: i ont ov I zdroj , a
iont T a, dlkedy kmioninm8 ldnvil) p orselneodv an ® Vv y8ssotki®m s
vakuu zajigSuj2c?2m Olyrs®MWesm1lpSe¥Vhes upeidSan
hmot nost n? spektrum, kter® zn§zotrlRiuj@hor
analyzovan®ho niaonjtel@tipwgrisoguiiu(pr ot i rel at |
pS2s| u@mi)drad( e zp Ts o vaorkuir orzil Z agavgae nee§ k | a d n 2
i ont ov I oplo uzyd npmiad®icev MALDI a ESI (viz kap.1.1.1a kap.1.1.2
Obr §Bedtr.11) , | ej i chg0 .z alveetdecnkr mimo@ghn®h o <atpdli
hmot nost n?2 s p e kbtomotekalky {ped i d yt,a k ®r ontaei ny, nuk
oligosacharidy) bez jMgizichz ilkelgdmuucydy ag

1C



1. Pvod a me

kter® jsou schopny dDI it ionty studovan®
dopadem na detektor (TOFaiz@pl1BORI 81CO KT i ama o
past, kvadrup-1lovl anal yz &atF6ICR (Vimakag.1elj4i c h  k
Obr §81Ck k

Vdal g2m textu budou det ayizl&ntiojriy paS etdescthan
bylypougi ty pr o expetroiunteon tdyi sseorutvail sne?j 2pcr2za cs? .
techniky MALDI-TOFTOF MS, NALDI-TOF MS a LCESHFT-ICR MS.

A. Hmotnostni spektrometr

[
@— iontovy zdroj = analyzator §— detektor
l vysoke vakuum
B. lonizace
MALDI pulzni laser ESI

tercik sprejovaci jehla

extrakéni miizka vstupni Stérbina

C. Analyzatory iontu
TOF/TOF FT-ICR

kolizni cela reflektor kvadrupol

IIEV\HIMM |J|:|\:|
T —

i

TOF1 TOF2

Obr 8§42ekHmotnosn?2 spektpomeeoyi phlUgAvapPp®h ®ma2kcmotno
spektrometru. Bh tecishik MAR.BIgz angbMueirixzAsdisted Laser Desorption/lonizatjon

a ESI (z anglElectroSpray lonization. C. aScahl®&mza8t or u TTodeof Fligh)) a FTACRa n g | .
(z angl.Fourier Transform- lon Cyclotron ResonangdJpraveno podi¢Aebersold 2003].
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1. Pvod a me

1.1.1. lonizace MALDI

l oni zal n2 t ec hn Marx-Assisield Daser Desorpaon/igriizatjon
pat S2 (o#nizage eléktrospaejem, ES)) mezitewDk k ® i oni zal heet @
j sou schoppSeyv §pddttvrznpo e Br W pl ynn® f §ehe, an
neg8douc? fragmenthygla WALDHULtiao B0a fetamttee d s t
mi nul ®h ;n edt dlvddtnta ks kupi nami v Nddane c KK a raa sT aa
a spol. Viaponsky kt er T  ¥race rOD2Nabelosulceru) [Karas 1988; Tanaka
1988] aznamenala rohgro$emst pougiptek$ir ome urdii e
charakterizaci biomolekul

Techni ka MALDI vyug2vs§ pro gep$h®ompseyt
nzzkomol ekul 8r n2 ar omat, c k ®meadb§tks &si L00§:], t zv
pTsob2 jako rozpougthDdl o efekti Vbl 8Bk kseb
str.11). Matrice r ove R absorbuje vDRDtginu energie p
matrice, t a knjeeg Seodic @ h §fzrzaglment aci vzor ku.
p Se dnd wékkuly analytuz a j e h o pretoracé|ais nd®eaper ot 8 mg Vv z n i
pSev8§gni DS} ekdner®a tZBSP® i onty mMdatkiude veou Guv
MALDI ionizaci mus?2t ®&rpilaRo vnauts 2n §ns?ld ® daubjesjodyrAp? k
vVinov®ed@Pougit®ho | aseru, krsynaatdanloi zsoev arh? ssi |
schopny anal ywysvaakndu v¥loirnerkosst 2 pr ot onovat
mNSitelnich mol ekul owollcbho ui ovnhtold n[@ ansast r 2 0cOe?

nedoclg z 2 Kk nechtDn® fragmentaci vzorku a :
zachovg8vaj? pTsobivou jednoduchost i nterp
n8boj odpokp $8mg efimethnosti i ofabtulkal rfaAtelBer s o |

shrnuj Bj hepbagt v abn & | noagtikaceld@ss 2p0d.o
Viznamnou vihodou MALDI jdokirnade jEeadmr
interpretace himontds tnrezscohfdsog & ®tj eardgno st an

vzorky obsahuj2c2 pS2mDsi s ol thkoneebt@& §.H nT c |
Proto je vney Tl2jng 2 c h proteomMAkKkDEh MBr @jre kmSe mR \
i denti fikaci proteinT naovi &kl apdrio f mdghT o v(§MI

PeptideMass Fingerprintingkap.1.2.1, str.177 [ Kugel ovg 2010] .

12



1. Pvod a me

Tabulka 1. Nej |l ast nDji poug2van® matrice pro MALDI MS.
MALDI Matrice RozpougtnDdl olPougit2z pro
DHB ACN, methanol, voda,

25di hydroxybenzoovs§ chloroform, aceton oligosacharidy, peptidy, proteiny

5-hydroxy-2-metho x y benz oov § |ACN,voda lipidy
HABA . -
ACN, methanol, voda proteiny, lipidy
2[4-hydroxyfe ny |l azo] benzo
CCA
.. ACN, voda, ethanol, peptidy, lipidy, nukleotidy
a-kyano-4-hydr oxys k oSi cov|aceton
SA ACN, voda, aceton, lipidy, peptidy, proteiny
3,5-dimethoxy-4-h y dr o xy s k o $i (¢chloroform ’ '
FA
. ACN, propanol, voda roteiny, glykoprotein
4-hydroxy-3-met hoxyskoSi co prop P Y, GKop y
DHAP . . .
) ACN, voda proteiny, oligonukleotidy
2,6-dihydroxyacetofenon
PA . . .
ethanol nukleotidy, oligonukleotidy

pyridin-2-k ar boxyl ov8 kys.

Pro anallTzu n2zkomol ekul §rn2cdi fli§ktoevka nl
technika | aserov® i oni z a deshnika eNALDIp (3 2angb mn o s
NanostructureAssisted Laser Desorption/lonizatjon Z a tMRAAIDDE expenwmentu je
vel mi oétekowat | F§WOWDgvdMesn @gdkoned nt amroftenr® n ¢
matrice, NALDI povrcly dos ah®tjo? ovbl-lars@ii g ga2gc hi10det ek | n.
[ Daniels 2008] . Komer | nD dostupn® nosi | e
strukturou hyanmnovlobkeén oa gani ck &t euw§osjeRwg u
nn§gen2 whxpmikcTh vpufrech a vodnlTch roatoc?oc
| ze pomoc?2 NALDI %%spBDgnhD analyzovat i cel
napS. | ipidov® profily rTznTch tk&n2 [ Vidc

1.1.2. lonizace ESI

Techniky ionizacez a at mosf ®r i c kandgl. Atmdspherik Bresgue P |
lonization) , me z i k t eion®aces ebektrSsprejem (ESlazar®|. ElectraSpray
lonization pastdSt| asn® dobnkjmasit jibneéezpEeobrzor |
vstupem do amaltmostTak ®ov I voj t ®t o technik
hmot nost n?2 spektrometrie pr mcel200dp Nabgovau k ® ¢

13



1. Pvod a me

cenoulFenn1989] Na rozd?| od MALDI tepeawnn®m, skae
ESlionizacev y ¢ h §aztdkuanalyty kter T jevybs3svSn®ok&umi
oblastisv ysokT m napRht2m, kalje2 kealpeé K tyipoakSlo Vi mj
zmengov §nreap XK.a ppeoknfocc22ho i nertn2heSpkwh6ndo
dr g2 c 2 ciontyk appokhur osmadhD a vzni k|l ® ionty |jsou
anal y@©dtr iBiestk 11).

Kvalitu ESI i oni zace ovlivRuje chemictk
rozpougthDdiarkwr a3t eplomocnTch plkxoT2 (sapp®j
kapil 8ry), typ kapil 8ry i napiDt?2 na jej?2
citl nwvBDjigétotu analyzovanich v,zodkTdragem$
organi ckl chhmwfp 2 p avdyns®n i kgounj t2a nd intalciev ses t an
vzorkemt v orSé ¢ § d o u ¢ 2 ovhitdktsy o gh mavtyngo st n2 ho spel
interpretace j e ppS@kp awdll nainad Htzzygn§.stll ch v :
hmotnostet¥chobsp@htSizpadhne MANDI spekter, p
vel kT ch bi (pdno | ekmli kaj 2 v2cen8sobnhD nabit
di st r i bruoozvs§anhau vr Tz mizc hkzbylhp bR & s8€2 n§boj ov ®mu
2+, 3+ a 4H{Dass 2003]. | pSes vgechna uveden§ wWskal 2,
Yal i nnMS aexvwperi mentech | astoejpoTgiAaljainzl8ch Obs
hmotnostnhD spektrometrickTIch experimentT
anal yz 8t okvadryf sl dWIFm @nal yz8§torem, trojitln
I FT-ICR celou).

Vel kou vihodou ESInaincanilzzaec eprvoe e 5 h T u kat
makromol ekul je mognolap gleijrdhwo yp S& MmBhma tsmpg
vodnTch deloshpdogt 8 mi pH bl2zkTmi fyziologi
vproteinovlichpdrompdrexekbv&l entn2ch vazeb
i nt e[Harawéz 2001Spoj enM&v LiCi k§ velmi citlivl a
anal Tzu pridtTedilnogeat Tpeelptbi ol ogi ckTch smRs2c¢c

1.1.3.Anal y 2 tnoOF

Pr Tl et ov ITOR (anglJimeédtFogh mN8dbu | et ont om®Fo
zdroje kdetektorua bT v 8§ nej | aMADpPI spaj ov Petektm dr o]
zaznamen§8vs livitaditez i g $ie 58 &y §j m/zdbbon®mmat nost n
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Dobaletuj e ¥mDr n 8 h mppbdie ezahui I ontu
m/z = 2eU(t/L?) 1)
kdem je hmotnost iontuzj e | e hej en 8bloegfme nWij8e ndr WwElblog vy ac?

Lie d®l ka 8t whiuce Pamdloyz Vg & mpanotnotvI@&h oj ez ¢
udiNl ehursy @l limpuiseac 2e |l ement §r n?2 n8boj i d®I ke
ionty konstrmowAdi,ceypPl) pvS§eodddndringt iwamjoeé n o
Tedy iontysn i dgotnostd opadnou na nedt et g2 d §Basse n o s t
2007).

Hl avn2 vihody pro poug2vg8n2 TOF analy:z

hmotnostn?2 rozsah (mNRS2 se doba letu iont°-
spektra (40*s). Vt ®t o souvi sl ost i je | asto pwywsnRyv §
ioni zac? MALDI , pr onapS*. bIXhee mp klasyTd ®h as ezr |

zaznamenat n ebk @ eRass200B)o s t
Vyggrdol a gpBesnosTOGFamaPp$§ent T | ze dos8§hn
urychl ovac 2zhpoo gndapnfibeub oe xpt Fiack&rm2 m i ont ov®ho :
dol et ov ® Ob r 8 ICiskr.d1). Reflektor je schopen fokusovat iontysot em/n ®
ale rozd2I n® kinetick® energi. (kters8 vz
distibuéur ychl ovac2ho naphDt?2) vigg2 mabgs aa®md eit
Odezvouvh mot nostn2m spektru jsoum/paak diyg el k2
Vvygg2 mokkpgenpSesnost

1.14.An al y 2 DNETFICR

l ont ov8 <cykl ot r on o vPurieroeystamsfmrmace (FIER, vy u g
zangl. Fourier Transform- lon Cyclotron Resonanfe pags &3] assn® dobD
aml yzBobosh&j ymggnogni m rozli ge€Rmdaspabepeaop
mNSen2 nigg2 nedg 1 ppm, kter8§& umogRuje
makromolekulj a kT mi j sou pr ot eMazyi as dweljascrml nkio mpn
anal yz8§tory i-IORneyyg 26 e 4, fitiviesti arFoTz |.i g e n 2

Al kol iv byl CRhrZmgmopjoivng n\) mi nul ®ho st ol
Marshalla a M. Comisarowa % 0O . |l et ech 20j.e hot ov IBtt ¢2 mwe drl
[Comisarow 1974]FT-l CR anal yz 8a ewryspkioms rpafime ng & € 2
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1. Pvod a me

frekvenci proudusgiehej &Ra @ e . i dmrtgyevaprolt me?

ve dvou d2l]2ch kroc2ch pSeveden pomoc? F
na klasi ck® hmoQbnro§8s2)enk? Ps pe kvt2rpguacipudfEFHCR I | T
doporludsskoiuhrnnlT |1 8nek [Boh8] 2005].

Zuveden®ho principu-lCRr meRnogp sk ved mdf e
jako i orntypv & epastt r ukt ipvon 2phrov na2nna | nylx $et no2r umoa

VI CR cele vyugity pro dalo@ghk moetxnpoesrtinmeing p/e K(
MS/MS) [Dass 2008].

indukovany stidawy
: proud
dtekin
elektrody \_\“’
FT ‘ ‘ ‘ MC ‘
t I ‘l | ‘|
[ @ [ miz

kanvaluované dekonvoluované hmatnostni spekirum
frekwendni spektrum frekvendni spektrum

ratujicd iortavy oblak

v
"

zachyoovac
elektrody

smir excitaini elektrody
magnetického
pole, B

excitace RF napétim — kaZdd rekvence
excituje ionty o jiném miz

Obr 8§2e k Sch®mati ck® -l £LRE zlomontDm&s t BT h ovznik rsa IgynABFSuo rw a
experimentu. RTzn® | 6Rtyelve jsou excitovan® rTznl mi freky
a detek| n?2 el ektrody po obvodu cely zaznamenS8vaj 2
ng§slednhN pSevedena Fourdékenwohovan®t faekfenmaeg2 spEK) r «

hmotnostn? kalibrace (MC) pSevedemenaai ki @bsrz §cakd®k h
bylpSevzat ze souhrnn®ho || 8nku [Boh8|] 2005]
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1.2.Met ody pro url ovsgn? prothenonow®t s
spektrometrie

Hmotnostn?2 spekpromedmi ee @G YFrmifikatia p Se
aurl ovgn?2 pri m8rn?2 struktury proteinovlic
posttransl al n2ch mo dp & p tkiaccd V) ® hpa nanad @ onmoi/3e? s |
hmot nostn? s p eWkyt ur goi kpesbimegti eMS sechnikamic he mi ¢ k ®h o
zesz2atiRm2 opovou H/ DTgRM@M®e»peri mentu z2skat
tak® o terci 8§rminserakcesd proreteTnavich

121.Pepti chapw®a8B8mt2andemovs8 hmotnostn?2 spek

Techni ka pept i ¢(zoangpP ReptidemdapsoRmgenptintingPMP
identifiku j e proteiny na z8kladhD uni k8tn2ch hmo
pro kagdl protein jakpmsitudni WM&r aglahi meAgpt
kr ok, nej |l astnDji el ektroforetick® dnDIl en2
gt Dpen2 vybranlTch prkehzi 8DbvgehupspegkTi ok
[Kocher 2007] ZmRNSen§ pgpetiploorvderofageai s k1 ntii dnfa p a
vgech pdatad®8T1 vl edek je pSi Sazedbrns® exs k|l
[Dass2007].

Sekvence neznamého proteinu:

ltrypsin (RIK-)

39318 | 73041 | || st642 || 1047,39 | 1548,71 || 07,52

6000 \ 1548,71
1047,39

730,41 907,52|
2000 A 816,42

A
700 0

80 900 1000 1 1200 1300 1400 1500 1600 m/z
/ \ ] l databaze

[LAEQAER | YDDMAACMK || SVTEQGAELSNEER || NLLSVAYK |

lvysledek
1433Z_HUMAN

MDKNELVQKAKLAEQAERYDDMAACMKSVTEQGAELSNEERNLLSVAYKN...

Relat.intenzita
S
(=]
o
o

Obr §B8ekSch®ma pepti dov®ho maposvt§nmr2 s(pPeMkR )raolprgezhar @ &en. Th
protein je nejprve rozgtRDpen specifickou proteasou
hmot nostn?2 s pektmizeemezt2rsikea. n ®H npoet pntoisdtoi v e onia @iynagartsilo m

po
vgech Tpdvat @b ®zi (napS$S. SwissProt) a visledek je pS$
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1. Pvod a me

Pepti dov ® komlgnact $tna2n dve movou hmotnogtn? S
Y“l'inn8 metoda pro urlov8n2 prim8rn2 struk
(napS. abpdmbamgd 8y &8ns3chopna charakterizovat
Lasto se poug2v8§ pro potvrzen? sekvence
prot enierkfovval ent n2nebop rka mprl leexre2c hz mDn pr ot ei nc
| ® i viyRDmivdh vbuniD| nT &h 2]0i1®Mi 2ch [Kugel ov

Tandemov§ hmot nost n? sjpee k as p g nh Ni e o (1 W
i denti fi kiaproade oovoot eomGaoe ei n o v 1 rcehz ns8enkl veehn c\2z o
rozligen?2 \Zdeée n@®r cstkevirm¥p Stigpa2 @ egehlliedanT p
zahrmut wr ohl|l ed8vandsuka? stabdg[Giot KovskPSi20M$/ MS
anal T pe viné expekientv y br 8n studovanT pir eskiugrz®lr
mizvhmot nostn2zm spektru) a vgeZwhmgend st atkn 3
energied oc higezx®ci t aci i ont Jejichproegpadua ornia a h &r ak
fragment y zmlkSeeard® u jhMSoemperimentuMS/MS spektramo hoa b T
mNDSema kagd®m hmotnostmPmolbpaktj®mat res,p ol
anal yz§tory @QT@macSQQnler/ TmGFd,estruktivn2 typ
schopen uchovsg8§vat i1 onty (I CR, iontov8§8 past

VpS2padha ppp fragrdefitace p $domnosti mol ekul ir
(tzv. CID z angl. Collision Induced Dissociationd o ¢ hp§oz 2z v 1 g e n 2 akti ve
pSedndstanglineknt aci n,a lpempid dadm®@kwkddnP | e me n't
a b i o n(moenklatura vizOb r §4).ekla § &sTi g n § i - ioptu ve spektru nese
i nf ormaci o zcthra§rtalk tjeerd ns®,i ckv®o u ,- neboS\konaet d . a
peptiduuPodl e rozd2| T mezi-ndbwfimaa gimgesdteydul] 2 € 2 m
p $2ntna®@ni nokyseliny a opakov&§n2m tohavweni post
peptidu [Aebersold 203Vn Nkt er T ¢ h p S rpTakdideatifi@csprotweint? Kk

A Yo Y3 % X2 Y2 B X Y+ % C-konec | B NELVQK MH" = 730.4
R1'0 © ‘R2'0° -R3O:° ‘R4 b-ionty: y-ionty:
[ | I | R R | I 115.0 [N TR ELVQK 616.4
HzN—€|=—.C—.lil—.—?—_—c—_—lr—.rlzfc-.—lil—.—fli—COOH 244 1 NE......... LVQK 4873
e A A 357.2 NEL......... VQK 3742
H__: o H__EH__; H H H H 456.2 NELV.......... QK 2572
N-konec a, b, ¢, a, b, ¢, a, b, ¢, 584.3 NELVQ.......... K 147 1

Obr §4&kSch®ma fragmentace péphigdnao vl Beknark ypaabt Tr a
iontovlich s®ri? peptidwm/zi8o.bht einu 1433Z_HUMAN o
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ode|lRPsagment aln2ho spektra pouze s®nal kalk
(angl.tag, na z8Klzadm@oktl erd@t mogn® kandi d8§ty.

Tabulka 2. PSehl ed dost up ndMSHS (upravend adleDasp 2006). P M F
Dat ab 82 Typ I nternetov8 adresa Instituce ®
EMBL nukl eot i g www.embl-heidelberg.de/services/index.html EMBL
NCBI ; ;J g lt 2 io :1 io s www.ncbi.nlm.nih.gov NCBI
Swiss-Prot protei no\v www.ebiac.uk/swissprot/ EBI
TrEMBL protei no\ www.expasy.org

OWL prot ei noyv www.leeds.ac.uk/bmb/owl/owl.html

dbEST s ek venl| n? www.nchinim.nih.gov/dbEST/index.html NCBI

*EMBL, European Molecular Biotechnology Laboratory; NCBI, National Center for Biotechnology Information;
EBI, European Bioinformatics Institute.

1.22.S2Sovac?2 reakce

Chemi ck® s2 Sov aresslinkingp jgdu ov kombireaci gplmot nost nr
spektrometrickou anaurl|zoovu§snt2i Spprvo®o s d & iva\&m 3 a i
proteinT a proteinovlIch k o mp | Eraufig 2p00]g od
Vsoul|l asnosti je tato technika na vzestupu
spektrowmesaklous pSesnost 2 a exDpTenpcrio ssonf;
vyhodnocovg§n2 z2skanlch MS dat. VIibRr ne
s2Sovac?2 reakce ulehluje girok8 nab2dka s?:
pSetplosdk g b uh publika@[Back 2003; Sinz 20086].

Vgboa posgSPowaanegd b avharjgv® jsadruk eadei 8in 2
funk| n2 skupiny, kt er ® j sour Tszcnhionpin ®n evbyot vs§

reak]| n2 mi skupi nami postzransd olst $etnfz cTh ean
li ni dl a. NovDhD vznikk®j 2vapbhPpu ecdsngyD gaddk ov al
komplexecha umogRuj 2 tak jejich dalg2 studi um.

dostateln® prostorov® pSibl2gen? Spoj oval
s 2 S o v aidld[Heamanson 2005]

Vsoul asnosvahi | axnsteyperi ment§ln2 pS2stu
reakce a n§slkeodmd eMS nddprguinidPaliy a o T ptd.2Aept up |
dowi, kterT mRS2 pS2mo celv@® kkoovnaplleenxtyn, N bsepz
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1. Pvod a me

pSedcepariacse zes2Sovanich kompl @exPbeh&d PISE
vhmotnostn2m analyz8toru). M2ra zes?2tiDn?
i oni zovan® molekuly komplexd NoV7&&k] T@n0&i s o
pS2dzeppug2t pouze prbomelngey preobtei pov@PSe
proteollTze komplexuumagRdgl2g2j edepuysdayleT man

rozl i gel®R) [Binz(2606] LastNji poug?2vanlads§ re2xmejré
tzv. Abottomupfii p S2 st um2 skaersipoj en? me z i proteiny
zkompl exn2z smhDsi pepti dT po nagtBhDpen2 zes?

protessou (Ob r § 3) gkhazi 2003] Nev T hod mu ptSétlsdtupu j e nuf
zes2Sovanilch produkt U nag Sne 4mDe adyehkatdriaufdoerne
MSdat prob2h8 na z8kladhD porovn8&8n2 hmotno:
bez pS2tomnosti s2Sovac2BosPiSoivadakcaha keni
rozd2ly odpov2daj?2 zes2Sovanlim peptidTm,
identifikov8ny na z8kladhD specifity pougi
znal osti protén new® peXKive ercaaznmi h okjyescerd d chu gvul
MS daty zmPSekbmi pSesnost?2 (pod 3 ppm) a I

PSir| ovg8n2 prostorovlich s tprouskktyechnikypr ot e
chemi ck®hvelmizesh®Nyi plr od G gpeoteipyrvac zj ok wz a z a
tak studium mol ekul za fyziologicklch podi

rentgenov® krystalografie nebktuentudkl2ze 8gtnrzu

; = r—‘u‘—\ MALDI TOF LC FT-ICR Identifikace
? SDS-PAGE t ¥ —
X + —> |k [ —> | nEwvakak
—-—-—-—-—>d. — d E 1

+ Enzymové Peptid s novou kovalentni vazbou J,
T \ Stépeni vytvofrenou sitovacim &inidlem (4)

v gelu Pocitacové modelovani
+EDC ;g

+
d AL

Kontroly: Negativni Peptid modifikovany
kontrola hydrolyzovanym
sitovacim ¢inidlem 4

Obr § 5.ekSch®ma s 2 8dimeaucld-3-3rsea Rbottem-upi MS anal T zou inter a
aminokyselin. Po p Si d §n? s2Sovac2ho |inidla (-8ED@)znidbaijr2
kovalentnhD v8zan® dimery (lerven8 hvhDzda), kter® |j
(modr 8) holdzdda e PAGEmMamergjio8 wel u vy S2znuty, nagt NDpeny
mapy jsou porovn8ny s kontroln2mi. Ami nokyselinov!
z8kl adhn parametrT specifity, molNIMS@iperimentuSovac2ho |
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proteinf var t ef i ci el n2 c Binz 2®7z fimgh galPd ®Ploealat Ky z2s
techni kou c¢hemispkl@the mz edo?ptl IR 2s a upSesRuj
pr 8v D teclihikemt fopu b | i kac]e. |Ch ebiodifad kA ce j sou nap
zachytit nekovapreontteni2Znoiv ht br akkocrep | e x e ¢ h n ¢
flexibiln2ch oblast? ptou&itmbPe krgs®ahema
2007; Leitner 2010].
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13Model ov® syst ®my

Tatopodkapitolaseznamujeb | a v n 2 mi model ovimir $msit ®m)

prezentovan® disertaln?2 pr8ce.

PSedsStechmilamh e mi c k ®h MSz as attvilm®2ush| aviyl | §st

pouajpirto map ov SaBP struktutyweer ackvecc?u vy br anltc@mencode |
1) v dimeru | i dsk®R&8z,regul aln2ho protei
2) v dimerick®m komplexu mezi membr §no\v

a cytochromemd

Pomoc2 hmotnostn28|epeskturdoomestnryi enoldyell yo vd® sy
roduAspergillusa Pseudallescheriac 2 | emtifikovat @ charakterizovat jejich 8 st up c e
m.zkl inickTch izol 8tT. Konkr®tnhD se jednal
3) proteomu sp-avzolriki[i zlkel chb ?iAskedll@SICF hu
4) cyklicklTch pephogdnmnzaPspuwalesahbrim sp - r [
boydii.

1.3.1. Dimer proteinu 14-3-3

Protein 143-3 pat S2 me z i dTl egit® regul al n?
interagovat  r ot ei ny, kter® se Yl astn2 dTlegitlec
pSi regul aciu,buwnd| nt@®haon sckyrkilpci , transport
DNA replikaci a malignantn2 transformaci

doby byl o pops8no nRkoli k s33vpkotmoilrek.ul
koncentrace 18-3 bylynalge eny tak® u neurodegenerativn
Alzheimerova choroba, Creutzfelhkobova choroba nebo Parkinsonova nemoc [Wilker
2004; Mackie 2005]Role 14-3-3 proteinuvb u Rice v el mi avpbzma mmo& h o)
jehofunkcevor gani s muzr &t kdetlaoiviend j eho prostoro
Li dskTl p¥3o0tjed ndilMer i ck8 mol ekul a, j ej 2

sl ogdev 2zt i antiparal el n2chs nhyehikiag € n tsrp8djner
vazebnTm kan§lem. PSi | elkrudm madheediu kpRiske
(Ob r § 8, estk. 23) . U |l oBBkaxpei siedd®in vTznlch i s

(b, g, @&2z),kh,ers® agsme nbk§g3el i novou usspdcifitanc 2 ,
| et nost 2r vamslkeyht ut v§n2ch [ Woodcock 2003]. )
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invivohomodi mery i heterodi meryvyezmkopesnool o
kter§&8 tvoS2 pouze homodi mery), | ¢tmlgi vd & h
substr &enbhouvkStzeart@-3 ad ilMetra ka rbelggul ov §ny

Nej vikacrezervovan® ami nm&zis eV geamiv® izdbykkm
obecsned nach8zej? ve avzabefhn®m EKlkalna§deudn §n ad
aminokyseliny  Pr 8§/l kd &b oj vapSed®houjm2 sjako
substrg8ty zBploekdIlmy nEdoj em. Jako model ov®
vazbu na 18-3 proteiny byly identifikov8ny dva
RXY/FXpS X P, kde pS zsnear|li2n uf o[sRiotrtyilnagceir 1999] .
jegtn dal g2 f osf or y tkone gpmteinu 14B-2 ECbbiitd 2006joa i v |

objevily se tak® pr8§ce popisuj2c? vazbu r
Byl o dok 8§ zkBnmc,ov@e aj6d adfT | ehgi t ou rol i aut
vhepS2tomnost.i Ssubstr8tu navsg§zs§gn do vaze

nespr8§vnich substr §t TautPoSinGk obhi € onsdBistupufes & s
a Wl astn2?2 se intem&tkc?TIlkiooao eBB@iBGNRIOEF.chl s ub4
Funkce proteinu 18-3 Ysz ce s ouwwiosn’t §8asnjmhaeeskupovsgn?
PSestoge j e kagdl monomer schopernehov 8§z af
nejdTlegithRjg2ch katalytjekmh®h intastakost 2n
rTznTmi mol ekul ami ®B3@v § zDaanl Tgmi  pnoap sdin®e rf u<
v8zan®ho substrgtu p3$eéd otsleiaskememdktverriTtalo
vybranTch mol ekul (napS. BAD, prCidre®r5n) N dloo kca
[Muslin 2000].

Dimerickl st-a% jpeoudngw&d adhD elaktro
hydrofibhecBHBkel mvn8l n2ohoaoabpadijedhotek. Pr

Obr §6.E)imerpr0teinu14~§-32pépiohl edu A. zpKadp@&dhj 8dn atdlod ase s
helixT GAojenlch os mN-k&n g elkyBrbhk asgndy® kpeondij.ednot ky s
nekoval entn2ch (pdnld4dy akc2ch di meru

k
e
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(A1, B1) jednoho monomeru inerguf Ses2m a | tvrtTim helixe
(C2, D2). Fosforylacén vivon a t o mt onawserirub8sd mtuwyyRce jako r e
krok kr ozv®d |l nddnmer u a pSerugen? zprost Sedko
Ssubstrs8ty. Ni cm®ady | imembhmoeg nogacimohekul S a
substr8ty [Woodcock 2003].

Vnag?2 prs8ci jsmeéudieumam®dSi Vn2 natruktul
1433z.Jej ? struktura byla objasnDna rnl@9 z §Kk |
[Liu1995] abry n8&sl edoval yarak® modsulstsr 8§ty [ F
2001.Publ i kovan® krystalografi cKkI®k onvo’l ed & k vzee
proteinu 143-3z, vlietnhD interakc? podjednotek na
N-koncovg8 obpasnzhkal 8ekixu A, kter8 je pr
fl exabhaht? prornaoezbdhendaeWasdiefdrkayk cti®t o di s
det applopRisrutj@r ak ce -tperr8nviln §tl,@t2lot @\ I®a shpydl uyg i z 2 gnk
kombinace technik h e mi ¢ k ® ascéadd Da ov2lamdanyot nost n2a s pek
ukazuj 2 na ineehaRismddinieezgceBB® spr ot ei nT

1.3.2. Cytochrom P450 2B4 a cytochrom §

Cytochromy P450 pat$2 mezi kl 2] ov® enz)
prokaryd . Jsou k-dov&ny mpogd@v®m2 odknikhobt
hemopr odceliingnosu strukturou i Substr 8§t ovou
|l idskich forem cytod¢lBeEoamah P480 Ysha ptSrezv §9n
degraldadnadak sterol T, mastnich ki¥Msabhetse| §s v
aepS2mold2 na biotransformaln2ch 1 ea&loc?jcshouc
| ®|1liivachemi c k ®Prdvarl doiun osgpern8yv n ®h oj ¢ ®d Ebae®hbd ®
mechanismyp SemNny podan®ho | ® iva a pravdRpodc
zorganismu vz 8vi sl osti TznT p s ofbeernehpymutso thloit n T m
zastoupgagdmMho pacienta [Stiborovs§g 1999].

Na r ozrdé4 p uosgtr mTkealr yot i ckT ch ifckr®e nt yjt o r
P450i nkor porovs8§nyendopmammagmnyg k®ho retikul a
1987], kde jsou soul 8st?2 v2cesl|l ogkoangdho s
Mixed Function Oxidases MFQO). Cytochrom P450 jenonooxygenasachom§ oxidovat
hydrofsulbs{Ob8t87Z stk2§ d2 k y p § p NADPHIcytochrom P450
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reduktasy( CP R) , kter§8 poskytuje -wmejdbévekikoa?c
biat omi ck® mol ek ul wkorgoyas je&?nkouh oa apg otm® Kysl| 2 ku
substr8tu [Port¥enilRPl; pCoduktl9pe] po&a&rnhn
pomoc?2 dal g2ch konjugal n2ch orregaaknci2s maT ¢eSth
2004] . KromRD NADRH:dcuyktt cacshyr hofmT gRe4e5H0t oxidaci pot S
Substr8tu cytochr omu P450 Vepevk vt osadt tnak

faktorech (substr§gt, isoforma P450) pak m
aktivovat[Zhang 2007] i nhi bovat n ezbroi kzanj IZnci 2t[S hki vpaol bi dt uui
2006}

Cytochromy P450 se podle rTzn®ho stupn
podrodi n, kter ® | sou Nelsom200goGyt§chrgm PAKOr284 k o u
(CYP2B4) je pTvodem kr8lil| 2 ygYP@B6ei kt ero§ t ¢
Y| a snetabdlismn Dkt erTch |1 ® iv (napS. cyklofosfa
nNDkterTch karcinoamniodhrfysagam)xi hStBilbor6 v §
Rychlost a smRr pSemRDny tNRchvé&nb&8§tak®pTaob
cytochromem § kterl mT §g e i n h ikdtabytckot aktivite IC6P2Bd k t i v |
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Abstract

The H/D exchange or chemical cross-linking by soluble carbodiimide (EDC) has
been employed in combination with the high resolution mass spectrometry (MS) to
characterize contact surface regions involved in the transient interaction between two
molecules of human 14-3-3( regulatory protein.

The hydrogen/deuterium (H/D) exchange experiment disclosed low resolution
mapping of interaction in homodimeric 14-3-3( complex. The protection of two

sequential segments has been determined, the N-terminal sequence (the first 28
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residues) from one subunit interacts with region a.C" and aD’-helices (residues 45-103)
of the other molecule across the dimer interface. To identify interacting aminoacid
residues within studied complex, the chemical cross-linking reaction was accomplished
to produce the covalent homodimer detected on SDS-PAGE. The MS analysis (after in
gel digestion with trypsin) using both high resolution and tandem mass spectrometry
determined cross-linked aminoacid residues. The salt bridge between Lys9 and Glu81
has been found to participate in the 14-3-3C isotype homodimerization. Also the
identified interactions of N-terminal amino group with Glu70 or Glu81 have never been
reported mainly due to lack of this N-terminal part in any published 14-3-3 X-ray
diffraction crystal structure.

Based on our findings, the combination of used experimental approaches is
suitable to map interaction between two proteins in the environment preserving their
native structures and also allows description of regions with uncharacterized structure in

studied protein complexes.

Key words: protein-protein interaction, chemical cross-linking, H/D exchange, mass

spectrometry, 14-3-3 homodimer

Introduction

The 14-3-3 proteins represent a broad class of highly conserved regulatory
proteins found in all eukaryotic cells. Their main overall function depends on self-
assembling into dimers in vivo and in vitro [1]. The dimerization is mediated by
electrostatic interactions between the N-terminal regions of two 14-3-3 subunits and can
be regulated by site-specific phosphorylation in vivo and in vitro [2]. It has previously
been described that three salt bridges involving Argl8-Glu89, GluS-Lys74, and Asp21-
Lys85, as well as several buried polar and hydrophobic residues (Leul2, Alal6, Ser58,
Val62, 1le65, and Tyr82) are involved in maintaining the homodimer interface in the 14-
3-3¢ isoform [3]. Computer modeling studies along with experiments showed that both,
Ser58 phosporylation or also mutation to Asp58 at this site, would compromise 14-3-3
ability to dimerize [4]. However, the monomerization does not affect the binding of the
substrate alone [5], but is able to disrupt the 14-3-3 homodimer mediated interaction

between two ligands of 14-3-3 protein involved in different cellular pathways

3Visledky

33



Hydrogen/deuterium (H/D) exchange experiments provide information on the
local stability of proteins. Their coupling with nuclear magnetic resonance (NMR) or
mass spectrometry analysis (MS) has been particularly valuable in characterization of
the protein structure during folding process, or protein interaction with membranes, or
protein-protein interactions, or elucidation of structurally disordered proteins [6].
Principally, this method detects the change in isotopic composition due to the exchange
of main-chain amide hydrogens for deuterium atoms in samples exposed to D,O in time.
The level of deuterium incorporation reflects faithfully the degree of protein folding or
connection of selected regions in protein-protein interactions. Compared to NMR, MS
provides information of lower resolution, but has fewer constraints concerning the
quality, size and the state of the protein. However, the low resolution of this approach
can be improved significantly using several different proteases for protein digestion, or
if the combination with other bio-conjugation techniques, e.g. chemical cross-linking is
applied.

The chemical cross-linking in combination with MS analysis is becoming a
valuable tool for the structure determination of protein complexes in their native states
in a reasonable time-scale using small quantities of protein [for references see review 7].
One of these experimental approaches is to incubate a cross-linker with two purified
proteins of known aminoacid sequence to produce a mixture of covalently cross-linked
heterodimers. The abundance of diverse protein orientations in mixture statistically
depends on presence of each species in reaction. The next steps are separation of
monomers and heterodimers (e.g. SDS-PAGE), digestion of cross-linked species to
peptides, and analysis of resulting peptide mixture employing MS technique. The high
accuracy MS data allow to determine the unique combination of two cross-linked
peptide sequences that also fit to protease specificity (e.g. trypsin generates peptides
with C-terminal arginine or lysine). The deduction which two aminoacid residues
participate in the covalent coupling of two cross-linked peptides is performed based on
acquisition of the tandem mass spectrometry (MS/MS), providing a structural
information of analyzed specie, and reaction specificity of used chemical cross-linker.
In our experiments used zero-length cross-linking reagent 1-ethyl-3-[3-
dimethyl(aminopropyl)]carbodiimide hydrochloride (EDC) reacts with a carboxyl group

on the first protein, forming an amine-reactive O-acylisourea intermediate that may
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condensate with an amine on the second protein yielding a conjugate of the two
molecules joined by a stable amide bond corresponding to salt bridge interaction. This
knowledge of cross-linking reaction mechanism provides usually enough information to
deduce approximately constrained distance between two cross-linked aminoacid
residues to map interacting interface in the studied protein complex (e.g. EDC is able to
connect amine and carboxylic acid groups within distances of under 5 A [8]).

We present a successful application of H/D exchange and chemical cross-linking
experiments in combination with MS analysis for characterization of regulatory 14-3-3¢
protein homodimer assembling and determination of the aminoacid residues

participating in this homodimer interface domain.

Material and methods
2.1. Chemicals

Bovine serum albumin, dithiothreitol (DTT), formic acid, pepsin and thrombin were
purchased from Sigma Chemical Co. (St. Louis, USA). l-ethyl-3-[3-
dimethyl(aminopropyl)]carbodiimide hydrochloride (EDC), Coomassie Brilliant Blue
R-250, ethylenediaminetetraacetic acid (EDTA), formic acid, iodoacetamide,
trifluoroacetic acid (TFA), Tris(2-carboxymethyl) phospine hydrochloride (TCEP) and
pyridine were from Fluka Chemical Co. (St. Louis, USA). Ni-NTA Sepharose and
MonoQ Sepharose Fast Flow were purchased from GE Healthcare (Uppsala, Sweden),
bicinchoninic acid from Pierce (Rockford, USA), trypsin from Promega (Madison,
USA), acetonitrile (MeCN) and water of LiChrosolv quality from Merck (Darmstadt,

Germany). The other chemicals were obtained from Lachema (Brno, Czech Republic).

2.2. Expression and purification of 14-3-3¢ proteins and their characterization

All human 14-3-3C proteins, wild type (WT), UniProtKB database sequence
P63104, and its mutant version containing mutations Ser58Asp, denoted as S58D, were
prepared as described previously [9]. Recombinant proteins with N-terminal His-tag
(NHis-14-3-3CWT and NHis-14-3-3(S58D) were purified from E.coli BL-21 lysate
using Ni-NTA Sepharose and MonoQ ion-exchange chromatography (GE Healthcare).
From the His-tag region consisting 19 residues before the first methionine, marked (-19)

to (-1), a 16 residues long peptide was cleaved using thrombin (Sigma) and separated
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from protein on Ni-NTA Sepharose column yielding the 14-3-3(WT and 14-3-3(S58D
proteins with three N-terminal aminoacid residues remaining from His-tag, (-3)GSH(-
1). The electrophoresis (SDS-PAGE [10]) was used to prove protein homogeneity and
purity. Each protein band was analyzed by mass spectrometry after trypsin digestion to
confirm sequences of all pure proteins [11]. Protein concentrations were assessed using

bicinchoninic acid and bovine serum albumin as a standard [12].

2.3. H/D exchange experiment

Experiments were initiated by 10-fold dilution of the protein in deuterated
20 mM TrisCl buffer (pD=7.5), 150 mM NaCl, | mM EDTA and 1 mM DTT. In
selected time points (1 min, 10 min, 1 hr, 5 hrs and 24 hrs) were taken samples aliquots
and H/D exchange was quenched by lowering both pH value and temperature (addition
of cold HCI; vigorous mixing; flash-freezing with following storage in liquid nitrogene).
The protein digestion was carried out using equimolar concentration of pepsin solution
for 2 min on ice, formed peptide mixture was analyzed using LC-FTICR MS (LC
Packings, Amsterdam, The Netherlands coupled with 9.4 T, Bruker Daltonics, Billerica,
MA, USA) and deuteration levels were extracted from obtained positive ion mass

spectra as described previously [6].

2.4. Preparation, separation and proteolysis of cross-linking products

The cross-linking reaction using different EDC concentrations (4, 10, or
40 pg/mL) was carried out with 2 uM 14-3-3C protein in system containing 50 mM
pyridine:HCI buffer (pH 6.0) and 150mM NaCl at room temperature for 2 hours. The
cross-linking reaction was quenched by 2-mercaptoethanol present in electrophoretic
sample buffer prior separation on 12% SDS-PAGE. The protein bands were visualized
using 0.25% (w/v) Coomassie Brilliant Blue R-250. The excised protein spots from
SDS-PAGE gel were de-stained, all cysteine residues in proteins were modified using
TCEP and iodoacetamide, and processed for MALDI-TOF mass spectrometry by in-gel
digestion with trypsin as described previously [11]. The mixture of extracted peptides
was applied on a peptide micro-trap microcolumn (Michrom Bioresources, Auburn, CA,

USA) to remove any salt and buffer components prior to LC-MS analysis.
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2.5. LC-FTICR MS analysis

The peptides eluted from the micro-trap were dried on rotation vacuum
concentrator (SPEED-VAC, Savant, USA) and dissolved in 5% aqueous MeCN
containing 0.1% formic acid under sonication. A portion (5 uL) was loaded onto a
reverse-phase column (Magic C18, 0.3 mm diameter, 150 mm long, 5 um particle size,
200 A pore size, Michrom Bioresources, Auburn, CA, USA) and eluted using gradient
mobile phase: solvent A, 0.1% formic acid in 5% aqueous MeCN; solvent B, 0.08%
formic acid in 90% aqueous MeCN; gradient (in % B buffer), 0% for 1 min, 0-15% in
4 min, 15-60% in 30 min, 60-100% in 5 min; flow rate, 3 uL/min. All chromatographic
separations were performed at 20 °C using an Ultimate 1000 capillary HPLC system
(LC Packings, Amsterdam, The Netherlands). The column effluent was directly
interfaced to an APEX Qe FTICR mass spectrometer equipped with a 94T
superconducting magnet (Bruker Daltonics, Billerica, MA, USA). Positive ion MS
spectra were acquired in a broad m/z range (300-2000). Every received monoisotopic
mass was automatically matched to a theoretical library of cross-linked, modified and/or
unmodified proteolytic products using protein sequences from UniProtKB database
(P63104) with additional three N-terminal residues (-3)GSH(-1).

2.6. Off-line LC-MS/MS analysis

The portion (5 pL) of peptides dissolved in 5% aqueous MeCN containing 0.1%
formic acid was loaded also onto a reverse-phase column (Magic C18, 0.3 mm
diameter, 150 mm long, 5 pm particle size, 200 A pore size, Michrom Bioresources,
Auburn, CA, USA) and separated using gradient system conditions as follows: solvent
A, 0.1% trifluoroacetic acid in 1% aqueous MeCN; solvent B, 0.08% trifluoroacetic
acid in 90% aqueous MeCN; gradient (in % B buffer), 0-40% in 24 min, flow rate,
2 pL/min. All chromatographic separations were performed at 20 °C using an Ultimate
1000 capillary HPLC system (LC Packings, Amsterdam, The Netherlands). The column
effluent was directly spotted onto PAC96 target (Bruker Daltonics, Bremen, Germany)
using a Proteineer FC spotting device (Bruker Daltonics). Automatic MALDI MS
analyses were performed on a Ultraflex III TOF/TOF spectrometer (Bruker Daltonics)
under the control of Compass 1.2 and WarpLC 1.2 software. MS/MS spectra of the

cross-linked peptides were acquired and interpreted manually.
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Results and Discussion

The H/D exchange and chemical cross-linking in combination with mass
spectrometry were used for the mapping of protein interface between two subunits in
14-3-3C homodimer. To accomplish our goal, the highly purified and well characterized
recombinant proteins (14-3-3CWT and 14-3-3(S58D) were prepared from E.coli lysate
up to the electrophoretical homogeneity employing techniques preserved a native
structure of these proteins. The MALDI-TOF mass spectrometry analysis of trypsinized
proteins using mass fingerprinting approach confirmed the identity of all proteins (for
individual values of protein concentration and sequence coverage see Table 1) and
confirmed N-terminal sequence of every construct. High number of matched peptides
from all searched m/z signals received in results of manual interpretation indicated high
purity of all analyzed protein preparations.

<Table 1 here>

The chemical cross-linking reaction using zero-length cross-linker EDC
successfully forms a covalent homodimeric product of both 14-3-3CWT and N-His14-3-
3CWT proteins in all used EDC concentrations (labeled by arrow in the Figure 1A). In
agreement with literature, the 14-3-3(S58D mutant significantly reduced the
homodimer production in all EDC concentrations. The mutation S58D introduced the
negative charge on this site to mimic the Ser58 phosphorylation by PKA and
PKB/AKTI1 that regulate 14-3-3 homodimer assembling in organism [2,13].
Unfortunately, the EDC forms homodimeric product also for N-His14-3-3(S58D
protein, probably due to unspecific N-His region interactions. These results suggested
that presence of full-length His-tag sequence can probably produce artificial protein-
protein interaction. The introduction of three N-terminal residues (-3)GSH(-1) of 14-3-
3£S58D construct did not performed unspecific protein-protein interaction. Therefore,
any following experiments, chemical cross-linking or H/D exchange, were performed
only with 14-3-3C proteins with removed His-tag sequence (14-3-3(WT and 14-3-
3£S58D).

<Figure 1 here>
The two sequence segments of homodimeric 14-3-3(WT and monomeric 14-3-

3£S58D demonstrated different H/D exchange behavior. These H/D exchange results,
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presented in Figure 2, revealed the H/D exchange protection of homodimeric 14-3-
3CWT N-terminal sequence, covered residues (-3)-25 corresponding to the first oA
helix, and residues 45-103, formed region aC" and aD’-helices, in comparison to
monomeric 14-3-3(S58D molecule. The presented data are in a good agreement with
results previously described in literature. It was postulated, that two sequential segments
are responsible for 14-3-3 dimerization, the first oA helix (residues 5-21) from one
subunit interact with region aC" and oD -helices (residues 58-89) of the other molecule
across the dimer interface [14]. Our H/D exchange experimental data revealed not only
low resolution structural data of 14-3-3 homodimer assembling, but also indicate
different kinetics of both identified regions through the dimerization process. Protection
14-3-3CWT is detected in all times acquired for the region of aC” and aD’-helices and
probably this region is deeply buried and its assembling is very fast. On the other hand,
the N-terminal region corresponding to the first aA helix, revealed no or very low
protection in the beginning of H/D experiment (I min) indicating the partial re-
arrangement and relaxation of this region after dilution in D,0. Because of the next time
values of H/D back-exchange (10 min or higher) correspond to protection of this region
indicating its comeback and participation on 14-3-3(WT homodimer assembling.
<Figure 2 here>

To locate the cross-linked regions and the residues involved in 14-3-3CWT
homodimeric complex, the LC-MS with nano-electrospray ionization and high
resolution FTICR detection was used. Obtained dataset of experimental m/z values was
automatically reduced to produce output files of monoisotopic masses that were
searched against a database of theoretical monoisotopic masses of cross-linked
products: mass of any 14-3-3CWT trypsinised peptide plus mass of any 14-3-3CWT
trypsinised peptide minus mass of water eliminated during EDC cross-linking reaction.
Table 2 presents (in each row) the experimentally observed and corresponding
calculated m/z values, mass error of calculated and experimental m/z values (maximally
3 ppm) and sequence of the covalently cross-linked peptides (in the first and the second
molecule of 14-3-3CWT homodimer). The theoretically deduced covalently cross-linked

aminoacid residues are underlined.
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Only one experimental monoisotopic [M+H]" mass value m/z 1377.7478
permitted to deduce the unique combination of covalent cross-link (14-3-3CWT peptides
NELVQKAK and EYR with an mass error value 0.8 ppm). These peptides, generated
using trypsin in the step of proteolytic digestion, contain C-terminal lysine and arginine,
respectively. Only gama carboxy group of glutamic acid (Glu81) within peptide EYR
allows the EDC cross-linking reaction with any amino group of NELVQKAK peptide
(EDC couples carboxyl groups of side chain residues as well as protein C-termini to
primary amine of either lysine or protein N-termini). Epsilon amino group of C-terminal
lysine in peptide NELVQKAK can not be used for EDC cross-linking reaction, because
it was distinguished and cleaved by trypsin. There remains only one epsilon amino
group (Lys9) within NELVQKAK peptide for EDC cross-link. Therefore, in this case
we could deduce both unique aminoacid residues in covalently fixed interaction in 14-3-
3CWT homodimer. Unfortunately similar approach could not be applied to deduce all
other aminoacid residues involved in protein-protein interface, because more than one
possibility was present (Table 2). Therefore, only MS/MS experiment of all other
species can provide structural information.

<Table 2 here>

The off-line LC-MS/MS analysis using MALDI-TOF/TOF was employed to
acquire the MS/MS data from m/z signals presented in Table 2 identify aminoacid
residues fixed within interaction after EDC cross-linking reaction. There are generally
three groups of identified cross-links with overlapping sequences formed by protease
miscleavage activity in Table 2. The first group containing the already identified
member with value m/z 1377.7478 reported the contact of Lys9 residue with Glu81. The
recorded MS/MS spectra and their manual interpretation confirmed deduced covalent
bond formed by EDC and involving Lys9 and Glu81 residues (Figure 2A). Surprisingly,
the signal m/z 2033.0209 and its oxidized variant m/z 2049.0186, belongs to the same
group of aminoacids in contact, epsilon amino group of Lys9 and gamma carboxy group
of Glu81 (Figure 2B with incorporated fragmentation schema). Almost the whole
identified y-series from fragment with value m/z 795 and higher assigned the
modification of Lys9 with peptide Glu81-Agr83. Similarly, whole b-fragment series,
complementary to y-fragments, from N-termini of peptide (-3)-11 until the value m/z

1255 determined no modification of this peptide until residue GIn8. In parallel with this
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b-series, the series with lost of the methanesulfenic acid (-64Da) from oxidized
methionine Metl [15] was identified. The second group of covalent cross-link found by
MS was Glu81 with N-terminal amino group of 14-3-3CWT protein, residue Gly(-3),
was represent by MS/MS of signal m/z 1833.884 and its oxidized variant at m/z
1849.8816 shown in Figure 3C. There are possible two variants of Glu81 residue
contact with Lys3 or N-terminal amino group of Gly(-3). The identified y-fragmentation
series till value m/z 1344 excluded any modification of peptide (-3)-9 sequence from C-
terminus till Ser(-2) (e.g. the fragment with value m/z 858 exclusively determined the
unoccupied epsilon amino group of Lys3). The last identified group of cross-links, have
belonged to suggested contact of 14-3-3 protein N-terminal amino group with residue
Glu70 and is represented by MS/MS of signal m/z 2000.9668 and its oxidized form with
signal m/z 2016.9625 displayed in Figure 3D.
<Figure 3 here>

We have identified three novel salt bridges (Lys9-Glu81, N-terminal amino
group in contact with Glu70 or Glu81) situated within two regions of 14-3-3CWT
sequence that also demonstrated involvement in 14-3-3 homodimerization by H/D
exchange. Our presented data are also in agreement with previously postulated results
[1,14]. Although we did not identified any of three previously described salt bridges
involving Argl8-Glu89, Glu5-Lys74, and Asp21-Lys85 [3], we present solid
experimental evidence, that previously predicted salt bridge involving Lys9 and Glu83
of the 14-3-3c isotype homodimerization [16], has alternatively been also mimicked by
detected Lys9-Glu81 in 14-3-3CWT homodimer interaction using EDC cross-linker.
The structure based sequence alignment of human 14-3-3 isoforms revealed highly
conserved positive charge in position of Lys9 (14-3-3CWT numbering) in all analyzed
14-3-3 isoforms, and negatively charged aminoacid residues in position of Glu81 (14-3-
3CWT numbering) is presented in 14-3-3 isoform zeta, beta, sigma, tau/theta, and
epsilon [3]. This finding supports an alternative existence such as salt bridge in these
14-3-3 human isoforms. The identified N-terminal amino group interaction with Glu70
and Glu81, experimentally covered for the first time by our data, has never been
reported or discussed mainly because the structure of this N-terminal region has never

been presented in any X-ray crystal structure. Therefore, our data extend the 14-3-
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3CWT homodimer assembling site and describe existence of three novel salt bridges
within this contact site.

The role of identified N-terminal amino group in 14-3-3 homodimerization
process has never been discussed in literature due to lack of this structure in published
structures. The acetylation of this N-terminal amino group has been reported in most
human brain isoforms using specific antibody [17]. In mammalian isoforms, acetylation
is thought to increase isoforms half-life protecting the N-terminus from degradation and
does not have a known effect on 14-3-3 protein function [18]. Except the regulation of
protein stability by acetylation, the affecting of DNA binding and also regulation of
protein-protein interaction are suggested for acetylation [19]. Based on our experimental
evidence that unmodified N-terminal amino group is involved in 14-3-3 homodimer
interface, we can proposed a potential regulatory and/or modulatory role of the N-
terminal amino group acetylation for the 14-3-3 protein dimerization process in

organism.

Conclusions

Our presented results demonstrate successful combination of H/D exchange and
bio-conjugation techniques with mass spectrometry to map the protein-protein
interaction of human 14-3-3¢ homodimer. Both, the chemical cross-linking and H/D
exchange results were in good agreement with previously described 14-3-3C protein
regions involved in homodimerization process (oA helix from one subunit interact with
region aC" and aD’-helices of the other molecule). Moreover, our data revealed the
three novel salt bridges within 14-3-3 homodimer interface (Lys9-Glu81, N-terminal

amino group interaction with Glu70 or Glu81) to extend area of 14-3-3( contact site.
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Table 1 Characterization of purified recombinant human 14-3-3 proteins.

Quantity [Unit] Additional N-terminal aminoacid residues Protein Sequence Matched/
before starting methionine (1)M concentration coverage Searched
Purified protein [mg/mL] [%] peptides
NHis-14-3-3(WT (-19)GSSHHHHHHSSGLVPRGSH-(1)M 6.52+0.32 81 23/24
NHis14-3-3CS58D (-19YGSSHHHHHHSSGLVPRGSH-(1)M 4.3740.25 82 22/23
14-3-3CWT (-3)GSH-(1)M 8.15+0.37 77 38/40
14-3-3¢S58D (-3)GSH-(1)M 2.45+0.2 73 38/39

Legend: Numbers in the table are averages+S.D. of three parallel experiments. Assay
conditions are described in Section 2. MALDI-TOF peak lists were searched manually
against a protein sequences with peptide mass tolerance £ 50 ppm.

Table 2 Identified EDC cross-linked products in 14-3-3C homodimer by LC-
FTICR mass spectrometry.

[M+H]" [M+H]" Error
experimental calculated [ppm] molecule (1) molecule (2)
1 4-11 81-83
1377.74780 1377.74890 0.8 NELVQKAK EYR
(-3)-11 81-83
2033.02090 2033.02370 1.4 GSHMDKNELVQKAK EYR
(-3)-11+ox-M 81-83
2049.01429  2049.01860 2.1 GSHMDKNELVQKAK EYR
2 (-3)-9 81-83
1833.88845 1833.88669 1.0 GSHMDKNELVQK EYR
(-3)-9+ox-M 81-83
1849.88160 1849.88660 2.9 GSHMDKNELVQK EYR
3 (-3)-9 69-74
2000.96680 2000.97110 2.1 GSHMDKNELVQK TEGAEK
(-3)-9+ox-M 69-74
2016.96250 2016.96590 L7 GSHMDKNELVQK TEGAEK

Legend: underlined aminoacids in peptide sequences label a deduced EDC reactive
residues and ox-M marks an oxidized methionine.
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Figures

Figure 1 Monitoring of 14-3-3 homodimer formation using increasing concentration of EDC

(A) 14-3-3(WT and NHis-14-3-3(WT, (B)14-3-3(S58D and NHis-14-3-3S58D, on 12% SDS-PAGE (Coomassie Brilliant
Blue R-250 staining, Sigma wide-range molecular weight standards). Arrow labels the homodimeric product and asterisk marks

monomer.

14-3-3CWT NHis-14-3-3tWT 14-3-3;S58D  NHis-14-3-3:S58D
Coclng/mL] 0.0 40 10 40 0.0 4.0 40 0.0 40 10 40 0.0 4.0 40 Cyug/mL]
116kDa- 3 -116kDa
84kDa- - 84kDa
66kDa- - 66kDa
B -33Ba
36kDa- - 36kDa
29kDa- -29%Da
20kDa- - 20kDa
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Figure 2 Kinetics for H/D back h

3CS58D by pepsin proteolysis.

for

pep generated from dimeric 14-3-3(WT and monomeric 14-3-

Kinetics is shown for times between 1min and 24hr of back-exchange (x-axis correspond logarithmic scale of time in seconds).

The y-axis represents percentage of H/D back-exchange (average value of two parallel experiments). The numbers for the first

and last aminoacids of the peptide are shown on the top left corner of each graph. Symbols in the graphs: (blue square)

3(S58D; (red circle) 14-3-3CWT.
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Figure 3 Acquired MS/MS spectra after trypsin digestion of 14-3-3 homodimer band
and corresponding covalently cross-linked structures using EDC with detected
fragments ions.

The structures of covalently cross-linked (Al) Lys9-Glu8l1, (B1) Lys9-Glu81, (C1) N-
terminal amino group-Glu81, or (D1) N-terminal amino group-Glu70, determined from
MS/MS daughter ion spectra of detected peak at m/z 1377.7 (A2), m/z 2048.85 (B2), m/z
1833.88 (C2) or m/z 2016.93 (D2). Masses of fragments that lost the methanesulfenic acid
(-64 Da) from oxidized methionine are given in parentheses [15]. The residue numbering
corresponds that of the full-length sequence of the 14-3-3 (UniProtKB database accession

number P63104). Intens., intensity.
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Abstract
The chemical cross-linking by soluble carbodiimide (EDC) in combination with
the high resolution mass spectrometry has been employed to characterize contact

surface regions involved in the transient interaction between two membrane proteins,

cytochrome P-450 2B4 (P450 2B4) and cytochrome bs. This reaction was accomplished

in equimolar catalytic complex of P450 2B4:cytochrome bs that revealed stimulatory
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effect on P450 2B4 O-depentylation activity of 7-pentoxy resorufine in reconstituted
system with NADPH:P450 reductase. The covalent P450-cytochrome bs hetero-dimers
detected on SDS-PAGE were analyzed (after in gel digestion with trypsin) using LC-
FTICR mass spectrometry to identify crosslinked amino-acid residues.

Four P450 2B4 amino-acid residues, Asp134, Lys139, Glu424 and Glu439,
located on P450 2B4 proximal surface have been found to participate in the interaction
with cytochrome bs. Moreover, our data extend the cytochrome bs site towards the
region previously predicted exclusively for NADPH:P450 reductase and support the
idea of overlapping P450 2B4 binding sites for both these proteins. The computed in
silico models of P450 2B4:cytochrome bs complex using amino-acids detected in cross-
links suggest two different types of cytochrome bs orientations: the first allowing
potential cytochrome bs electron donation to P450, the second one only cytochrome bs
induced modulation of P450 structural changes.

Based on our findings, the used experimental approach is a suitable to map
interaction between two membrane proteins in the lipid environment preserving their

native structures.

Key words: protein-protein interaction, chemical cross-linking, mass spectrometry,

cytochrome bs, cytochrome P-450 2B4

Introduction

In the history of the investigation of protein—protein interactions, the first
mention of cytochrome bs was in case of interaction with cytochrome c. The first
structural model of this complex was published in 1976 using crystalografic structures
of both individual components [1]. From that time, the structural characterization of this
complex has been vigorously attempted by many experimental techniques and all results
clearly point out that the interaction is driven mainly by electrostatic interactions under
a physiological pH. Cytochrome bs has two negative patches capable of interaction with
a single positive surface area of cytochrome c [2].

On the other hand, the detailed mechanism and functional consequences of
cytochrome bs and cytochrome P-450 (P450) interaction remain to be solved. Both

these membrane hemoproteins compose together with flavoprotein NADPH:P450
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reductase a mixed function oxidase (MFO) system localized in the endoplasmic
reticulum [3]. The crucial function of this MFO system consist in the monooxygenation
of mainly hydrophobic compounds resulting in detoxification of xenobiotics and/or
metabolism of endogenous substrates. Unfortunately the detoxification of some
xenobiotics is sometimes reversed to produce compounds more toxic/carcinogenic that
are able to modify biomolecules such as DNA, RNA and proteins with negative
consequences for organism [4]. Thus, P450s are known to be involved in the activation
of some chemical carcinogens.

The knowledge of the interaction between P450 and its redox partners
(NADPH:P450 reductase and cytochrome bs) is fundamental to understand not only
reaction mechanism of P450 and electron transport from its redox partner but also to
increase the knowledge about metabolism of xenobiotic with all positive or negative
aspects for organism. The cytochrome bs has been shown to stimulate, inhibit or have
no effect on activity of P450s depending on the P450 isoform, the substrate, and
experimental conditions [for references see review 5]. In general, cytochrome bs has
been suggested to act either as a mediator of electron flow to oxyferrous P450 [6] or as
an allosteric modifier of the P450 system [7] infleuncing the P450 reaction rate or even
the pattern of P450 produced metabolites [8,9]. The potential roles of cytochrome bs in
P450 2B4 mediated catalysis have been recently well reviewed in literature [10,11]. The
studied rabbit P450 2B4 isoform, is an orthologue to human P450 2B6, involved in
oxidation of a number of structurally different carcinogens (e.g. nicotine, aflatoxin B1,
styrene, and aminochrysene) and the drugs (e.g. diazepam, cyclophosphamide,
iphosphamide, tamoxifen, antipyrine, and lidocaine) [for references see 12].

The chemical cross-linking is becoming a valuable tool for the low resolution
structure determination of protein complexes in their native states. In combination with
mass spectrometry analysis of the cross-linked products it is possible to determine
cross-linked residues in a binary complex of proteins in a reasonable time-scale using
small quantities of protein. Literature data prove this approach to be useful in solving
the protein—protein interactions [for references see review 13]. One of these
experimental approaches is to incubate cross-linker with two purified proteins of known
amino-acid sequence to produce a mixture of covalently cross-linked heterodimers with

several different amino-acid residues participating in novel covalent junction between
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