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Zusammenfassung

Photol yasen und Cryptochrome bilden eine S

Proteinen, die in allen Ber eircehpeanr ideerse nL elb\k

i nduzi e-L® si dMNeén , namli ch-Pymit edhner e CY CEP®h ut

oder Py @iy rdii iH hdootnopr ot uRP.e, Di(&6 Cryptochror
o

gr°Ctenteil-RepiahmaeurdDNAkti onal i t?at verl or ¢
Signal pdiog everschi edene Dbiologische Reakt:
Photol yasen und Cryptochrome haben enge eV«
eine gemeinsame Topologie, einschlieClich
Ant eiCodmkt oheernd Wer Photoaktivierung kan
El ektronen einfangen wund in vier me° gl i che
( FADox) , ani oniFAcRhaedi| kSaef)nj(cPﬁIAa[mmrkalisch hall
(Semi chi n<:§)n, unfdADH ol | st 2 nyddrgochienagi erEADH
Bl aul i c htfaghsrotr @rzautaen El ekzummarktn aranf eFADO X
Chromophmukkur z| ebr'$@rzfFAhBrt, ein Zwinschenpr

| angihebogeiriA®Htue tiasBtidnweriEdt @ kt r o nkeinlt & emtn sd er
vollstandig photoakaudeer teRee padsattaunrd ,v oFnA DG
ode#) B® hakdetnal ysi ert, imaregrendd/gD'RELRKkdIren v
DNAL2sion injiziert wird.

Diwvor |l ieedgsarmuddi e konzentrienNvWerd&8ndbraogemni i ts
zeitaufgel°ster sRe°rnitegl e nekrr i e RStIFAXY gk Leupthe rru (-
beschreiben, wie Cryptochr omentd een 2&ingl niaclhéeb
Cryptochrom acél dmy d &mag ma€ gGRY )n hdaurdahi fi ¢ h
CrGRY i st ni cht nur ein Caiyip@Phlont @myasend
Funkdi &on, i st zurd )RBphtd8omRY ofnungi eren w?2hr

des ersten | ichtgest emnestiuenrd 2y kil ulsyradrsein Tr
El ekhnroaesferkette, wobei Y373 das El ektr
kurzlebige Radf/xaPgaarercRRgeRADdas sich z
FADNW3?2R8Pdurch Pr csttariidribase rRydiolsall | °st e

Struktur2nderung in der ®&eTyroeRsayddiwk atchéen?de
und dteer mMCd2alelna xs, z warss ¢ hln EBrCtefnalded s+ n §

Ter mi nus Weafthgherntd Phabdror edukti on vVon CraCRY
SchnappschudagtcrhiBKFKRTrdral t en, di e zeigten
Signaltransduktion i nmndsb e is-Bene eesrcfhoil egdteen:e (PLh)
Stabil desBADiuNMg Byard isk als), (2) SFaADgbéesi erun:
Protonen®s anis f e3t)e rumidn 139 Entfaltung (ms zu
zei egtrsnanaiesn detaillierten molekul aren Mec
Photoaktivi e-d ) ARe.p akgeatl tladsdge n ( B vioam-@ysssa | |



Cr yTor a p p ivnogn -Plolst meAhvaits omenpr odukt en vor |l
charakterisieren. W r waren in der Lage, d
atomarer Aufl°sung zu bestimmen: (1) Basentr

(2) Basenr¢gcké&ehung ®@NRawhtehodr g( 3dr eDiNsAet zung
aus deenn akéntvr vilRPhodénl Zoisre wei t eren Unters
PhotoredukMubanweesenel evanten Akteurs i m
spektroskopisch al s autcehr i &irseedvitua laétDoigema p h i <
beeini duBSsglkedung des SvioglnuadicZeu s Rahdse, ei nze
Aminos2uren Cw@GR¥Yeododelsl us wah.axeagketnew?irstii egr t
I st der Repar gt udmec IRerpidy rlNAL # syiootmeen  n
ukl ar. ZUukSFEX p@grei nMTeRMi @ wWer d ddege geesiamt en
Reparatur mechah) ®Rpar atur dezei gén.



Summary

Phot ol yases and cryptochr omedi rfeocrtne da psruopteeri
found 1 n alPhotolgases eegair duhduckd DINA lesions, namely either
cyclobutanepyrimidine dimers (CPD) or pyrimidings-4)-pyrimidone photoproducts,

(6-4)PP. The cryptochromes have mostly lost DNA repair functionality and act as

signaling proteinsoupling various biological responses to light inftitotolyases and
cryptochromes have close evolutionary relationships sharing both a common topology,
including the same photoactive regions (FAD, antenna cofactors). During
photoactivation, FAb an capture one or two electrons ¢
states: ox}i,di areido n(iFCADs e mi qui;‘mone aBADal adea
reduced (semﬁqtainmlorieu,l | yADH ducdd Whydr dd wien
l i ght absorption drives fiodoxstreeluddtirnagn itnr al
livedwRAPh is int<¢imedi ptrotmhBt eny FRADMr e,
second el ecatdrsont ot rtahnes ffeurl Ilye g,h owtloiach i ovaatt &ldy
DNA repai r(6-4PPb YCPiDnjogcting an el'exrntroont Hag om

DNA | e s i study. focusdsioms the structural changestvie-me s ol ved ser i @
femt oseacaoyndc riphtya-E HRprtao descri be how crypt
signal transducti en kme cchraympitsonc hirm ma nif malm t

Chl amydomon aGrGReifo wa Ceé@®RY i s not only a cry
but algd past 6 yeesaeg i tppriPdRtpiladwm@RY, during fir
| i ght ven cycle, three tryptophans and one |
chain, with Y373 donating t hlei vedde crta dinc alo |
(RP) A/IFBB3 which thel|lviewmegdt¥BAMBH. The tyrosy
radi cal is triggering a structural change
tyrosyl radiecarllxzmetdi xhea@dnal unfolding af
the phot oCeG@RiYt ilo9nt sosfa psicd ur es wer e obtai ne
that signal transduction occurgteabiilni z atriecer
off AbDand?AfTgdi cals (ns) FAOR) astpalbitloinz dtriamrs f @
ms ) , act e r M8 nal gnt ol dci)ng T(hmse results dem
mol ecul ar mechanism for Fkary-pX Blelpracteme phot
succettadegpreli minariliy a«hacrsayatiadprgiizneg vafa po:
il lumination intermediates, Wemmeeiatablef D
determine three stages of complex dissoci at
within the active site,d (RYyblblaseanmcktu3d)n DNMA
from #ddpdo{6l yaseFaorctfiwrt hsedrt ei.nvestigati on
mut aamift each rel evangnaalcitnogr sithatthewer e c ha
spectroscopically asdiut asysnealaleaqg rt shpeh ifcoarlnayt
of the signaling state char-actdsi diumg nghe
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CrGRY photocycl e. For -4r) dpgeapi ariirn gmeDlcNhAa nliessm oins,
clear. -SBEXuerp@&Ri ments wil]l shoéwr4)iP whol e
repair.



l.1lntroducti on
11The cryptochrome/ photolyase family

Light is a very i mporctoanstr mehmwi rcoen rnheun taal rfeas
organliosmss.e | ioglytane sessgearceilayl opnhot oacti ve en
phot oreceptors such as rhodopsi n, mel anop

cryptochromes to absorbl éngthih s adcnedl il fud gaur leantt
proc¥stshes crypt oc hrfoams/l pyh ommeontbyearsse can be ca
two main groups based lanyphe o lCrR¥m®& i o ghiec a |
CRY wasenti fied as a bl Aeabii gdg s.i pshTditdoa leic a1
char act eHydzeantd .o nh hoafl ti seasitai wa | HHydedodleat CRY
and responsi mife hfyprocion lyil b ietl iomiglalt i minn autnidcen
Afterwards, many studies of CRYs were discc
in plant growt.landaddevebapmemRtYs have bee
photoreceptors for t heDroisropdadil an) m@ldaanlo gaan
through confobyatgihona@lspaksamee sognaling pat
the resetting J%¥Hdadvhev emo,l etchud alri ocll cogcikc al f ur
(PHR$ mainly to absor b \ilnudeu cleidg hD N Ae el eersgiyo nt:
DNA | esions havse ¢ wol onbaytoarnet ypyer i mi di ne d
pyrinmpyi ne(@t@prmet opr sddurcP)F i u6b e

0 O (0} (0]
Ng)“js/ I 43N uv N3 4 2 74 sN
OAZ\T;@;TKO ” T\@)J/go
T-T T<>T T[6-4]T

FigumdedmmdW nduced DNAAdaepstRedgnsOn omTwo maj o
types of compounds resultpywgi mMrdmn®&NAy dhmh
di mers (CPDs)-pwanidmipddngh@® o@D dluedison 1 s t
product of -addi2t+i2dn, cdy\eRBr @ s f (06 med by an
intermedi at e



As CPF is widely and diverse protein f ami
cryptochr ome and phot ol yase aReecealt daysi fie
phyl ogénetei of o0%enuéMatse sgamtadlyzed by2 MEGA7

(FigyreaniZe tot al seqguence data wéremincl uc«
GenBank a(nNICBtlhhe groups not dfaPhyyzleodg einretprce
anal ysis separated the sequences into 10 s

PHRs-4) ( HRSs ; SSDNA PHRs -D(ApSrHe)v;i opul salnyt cCaRYlse d
1, TPRypaend4 TCR¥s; and spproensgeen tGRYgs 14ahhiemal CRY
Class || PHR were found moBddlyiaind Chiacsel Il Ul :
were found i n both unicellDila@agso)@miglsamul il ce
PHR only found thlngemestiubglcyeritde singl
photol yRdBR) @pseVviously mi-BASHMs §ICriypd oalsr o
Drosophila, Arabidopsi $s dbghzatchiro®lyasstsi s Hu
PHRs because they are CPD PHRtsr dud®e®d ePMA T

Curr ,&L£mRtYlsy are classified as plant CRY and e
Type 4). Plpahnytl o@gRYWstarcal | y marse wxilghi lassr t
4)HRar e veryamsiimall’aGhResd i fference of Type 1

are their bisolTagpi€Rarls fawrn st iasn a photorecept
circadit%mn @y e c&Rarrse i nivno|ltvlreed %?d me adldod k on,
function of plant CRYs are i nhiebxiptanosni oonf, st
and control of p'Blont omplear tosd,i ct HAroemetrd mme i g an
Arabi €Rydi and CRY2 play a essenti al rol e i
cl 6ck®Mor dyveri,ght AGPYABORY2 iins degraded b
proteasome system and?% alsn nooCnRYriacsk s n aod a

degraded following |ight exposure and has &
| i QAnot her gr ocQRY of-0yYCR&Y),, Iwhi ch-sfemsd tnigon a
role in the prilmssdisaporyesl oftibeRNe assi s
allows |light signals intokall eatsen?fdmel p oired evs

proposed that photon si%®nals are converted



Gallus gallus Cry2

Mus musculus Cry2
Xenopus laevis Cry2
Danio rerio Cry3
Gallus gallus Cry1

Mus musculus CRY1
Homo sapiens CRY1
Apis meliifera Cry
Tribolium castaneum CRY
Antheraea pernyi Cry2
Danaus plexippus Cry2

Danio rerio CRY4 L (6'4) PHR &

Xenopus tropicalis CRY4 (6_4) PHR_re|ated
Chelonia mydas CRY-1 Type-4 CRY
Gallus gallus CRY4
Drosophila melanogaster 6-4
Xenopus laevis 6-4

) Danio rerio 6-4

— Arabidopsis thaliana 6-4

5 L— Gloeobacter violaceus 6-4
Daphnia pulex CRY-D

Anopheles gambiae Cryl T
- e-1 CRY
Drosophila melanogaster Cry YpP ]
Danaus plexippus Cry1
Spodoptera exigua CRY 3

Type-2 CRY

(6-4) PHR

Eye
Type-0 (I-CRY) CRY

Arnphlmedon queenslandica CRY2
Subenles domuncula CRY

Amphimedon queenslandica CRY1
Crateromorpha meyeri CRY ‘

o Drosophila melanogaster CPD
00 Xenopus laevis CPD
Arabidopsis thaliana CPD
0 Cucumis sativus CPD

Anacystis nidulans CPD

Gloeobacter violaceus CPD | Class | PHR
Escherichia coli CPD
Arabidopsis thaliana CRY2
Solanum lycopersicum CRY2
Arabidopsis thaliana CRY1
Solanum lycopersicum CRY1
Rhodobacter sphaeroides CPD
Xanthomonas axonopodis CPD
Caulobacter crescentus CPD Class Ill PHR
Mesorhizobium loti CPD

Agrobacterium fabrum CPD

Vibrio cholerae Cry1

Arabidopsis thaliana DASH

Gloeobacter violaceus DASH

Danio rerio DASH Class 0 PHR (ssDNA PHR)

Xenopus laevis DASH

FiguPéayPogenetic clfars®®m tfi2kkha p toend off r.oOWw FRe f .
TheottBHR and CRY sequénpcasiwgr &l arsit gt @\ haenrd
anal yeesevolutionary history was concluded
met hod and based on tHhKe Mmememajpodr Leublgrdo u
identified and classified to 3 maj-6r group
CRYs-CRrYsl) from sponges.

Class Il PHR

Plant CRY CPD PHR &
"CPD PHR-related

12Struesdfurer ypsarcdrmhest ol yase

The Protein Data Bank (-®PiDBgnsisomaldastabactu

| arge biol ogical mol ecul es. Nowadays, Seve

cryptochrome proteins are available. The f

obtainEscheoimcmi Ba@®nlaicystiisn ni%l@iladmcsk

of the respectCompd®NAscnmubsef rodt ¥sPtFa | t shteryu chta

shown very si milTahretshrrmi mtauw rballédbis s aihorcehs .

i's a typichindimmagandatf oteisdhed i amwdx i | i ary chr omo
glar vest i.nTh eCd retr enflrha | )i dcoantai i no mp oosnellalyy

sevéehal andasrstdmeai n chr ® megphandiéenmeuc!| eoti de (F

cof gc ttaeasts eindlii agle pfeoncdaetnat( Fisg sriere .3 AGE DI



phot ohgtisbhnthe/t heeyr ahy MimelHosl actbes e@ veldefitn t h
bet ween the two domai ntshéumaian schAibl mmd@lso Ir e,

hel d smamed) conformation by interachtion wit
A B
E-coli CPDI E-coli CPDI

AH6-4) Loy

“« '

I
UTewop [edlay-n

!

urewop ¢,o

FigumBd 3.t rouctaurryept ochrome/ photolyase f amidl
photolyase (1DNP) has shown two antenna ch
shaped conformation. ( B) Struct urdal al i gi
pbt ol yase GSBIFYH)sshorevt yral simil a

Besi des, t he s econhdasanrtepiouat cetdhbor onaddmima rneg
absorption in the?/viSoblfear speetvrealal r &g ina

chromophores have), iideatiydireg y@ e idgD#feé a4 A n (
5,-m@t henyl tetr ahygdfrlafvadlnatno n(oMTHea neBo-t7i de ( FI
di me8rhiybi tyl l urmhzineéeer( &wdifnog loybyusiant slec daidi
FAD molecule was also fodfnhdThesé¢ehaeabadteoms
absorptipectirmlarange between 380 and 420 n
Despite theeoVephbltosymasesumand cryptochrom
di fference between themdids tCitleantanli cnrayl p teoxct hernosr
(CTE) trrewéirdinresgal Ydi CRYer @ r(oFu pgsuy’e. P4BY i ous
stuttaee demonst it &trend Abtha @RV ameldi ate Dbl ue
signals oOpwiitmt ePEEPr dtne i atddE rtoisoong RiY| a
(DNCRY) transmits btyhei nbtleureadtiigry® v irntgm Ml dW e r
t hah@Gt erurm @NCRY s i nti mat eplhyotiodv @ideser al
stubdaes shDhMERYt mati ates the re8pamiseotacibds



of -t €r minal were requir-BldMfiomt é mad #®%i8an oinn off |
HoweveXenoipnusandagenvmasiICIR¥l1 andtICKRYZTE 1 s not
necessary for circadi atnhCe e owsk anth sdei & tfaeare,ntb ut
nucl ear | ocal P%2%FR urotnhemenom &ni sprii dep hOTEH | at i

regsmat ®e CRY1 scdratbiilbutyesantdo the Pgtoper ci
4 2

q a/B domain a-helical domain C-terminal domain
ool w0, A, [ ] T Il |
OH

Photolyase | [wrwe | [Fao [ |

Hie )\(o
Ij%r CRY-DASH | [wve [ [rao | ]

BT oy
i e I i ) . Insect CRY | |MTHF | | FAD ] |

Vertebrate CRY | [mrve | | Fap | |
on TN
m:(["" e K&/&m Plant CRY | [wrvr [ | Fap |
904
8-HDF o

Figuf&d)40Overview of the different antenna
within the photolyasSehemadi cr g@PEchfer omesns
AdaptemffrdqmoO0¢ording to different types of
range from 500s.t ol n7 0a0d dainti incorA ,a@ crmodsnta | C ReYkst ehnasvi

from o30300 anManon aacnitdesnnna chromophores of e
associ atheelD wf A btthtdhebf cal domai n.

l13Photoactivati osamd Ehogtpdloyeahs e me
Photoactivation is a reaction c¢ommdrvihg cCI
el ectrof Efajnan sfflearvi hnrgedmometabn. fl avins wusu
oxi di zed scoavteel.ennfthley niooomund FAD of fl avoprot
the three straerts kinndfsi vef dfi éf @S« tthe f ul |
semiquinone state?”as aeuoniat “amditctad FADHy
reduced hydroqui'maoneFADMHFti guEAD BAPHuUCt i on i
accompl i sheddrviiwarm,won olsiegdhatrgd e el ectron tr e
which reduce FAD frod) iFthOHloxi phaseaddb mhpme e |
FADH S then capabldi eaduocedaOdyrzaebp byt s

and CGRY2pt ohlhwvemdssen the mostaractehnhsi gebynad
state OACRNADAGRIEY 2 appears tpelbeBABREEéfully o
Under anaer obi ¢ cchonodmotpih@mRdedep et crAdduced t
the semiquinone state wigtrleeml Uda glhit pkto ared c
fully reddteredadtateotypest cdiypsd oohrome fro
i ncl udi ngDrforsudipthifllai )®8é | (am g ad Sowiryv i BE "rdosr i (n
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and mafmaslugggest ed t hat thloexriestziedp s tadteg o
for the mon®rcipl kuxtiwhe ncih hi eedss p( bFsAqtf iorf 8 d

Flavosemiquinone, semireduced

J@L

FAD*~ FADH’

I i

\II

I\I)El‘ l-.\nll. ;

Flavoqumone, oxidized Flavohydroquinone, fully reduced
Fi guFevbB. possible riedotxhd opmet & tiddalipes eidn s
froeni. T(hded)t.wo di fferent forms of s”é)mi gui nol
and neruatdrlaclalb) ( FADMH t wo f or ms of reduced
hydroqui nzy)nandFAIIHoni ¢ h)y daroeg RS nmwtielc e tFA ® H
ADR i bityl MmAif ¢ ey @fosdoRtp Babstofacks an el ec
f ortrheemi qui nbnassﬁADanFAeD’iHBy f ur t-chreirven ght
el ectron ftulalnys freefd A ildhch ns thaet & or me d .
Upon | ight excit gqtFiAdnab stthrea cet xsc iatare eealifdbcg vrionn

(proxtirnyaplt)opiham i s mariyt com stem(@Feilg Wiep 5B A)i ad
2f or allowing furthera cshharweed sphagair @adfi on t
semi qui non ¢her accaitd somti ecp H a nAIF rafitiTchaels e(cRA D n
transfer thaad oé&n Tbp found i1 n altnoest al |
Escheri DNAaphbhottoley aeslee,ct r on tilse aprdaxpiamdled |
W3820 t hteo FIA®Irmi ttihael r adiToagdH Tais of ypADPhH:
radisafurther stabiltiakas bayn déelpe otifeodinad 1i roonm ¢
W35080 form the second¥WfnfPofil tadbsalk apaisr ao
fmnrtdwies'lTraM/BO,efter,WlaedEla&padair(tmleeidsmced by an
exogenous electPdd Id oot bEeBiequrt e atiB)f er eve
t hpei cosecoh®@°Be medutes s f rad qipe itadsy ,dle e m
folbBROAf ourth t(roypttojpdsariand )yamiomald ¢mypt ochr c
ani mad)plf®t ol yases afBnaggurlee 6« i mportance
magnet oerepeptpierti es of sdédme of these crypt
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5
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84A¢ e
H 19 ps, < -
5 W306 (E.C 24" Wa16
3 2t
A W356 (A.t.) -
/ - o g
i Ade™
834.....) W409 v
P --'. “‘ -
H . i P
H 277 PRk
L 4 ; o Mo
b’ oy e o 69A s 150 ps
[, .‘n d pdll L 1 ~100 ns
<
> w432 g™
«® ! o ‘N
gy " ¢ W306'
£ X5
FAD A
C Trp Trp,Trp. Trp.
EcCPD 295 HRPFIAWTDR Vi ISN-PAH LQAWQEGKTG YPIVDAAMRQ LNSTGWMHNR LRMITASFLV K-DLLI E GERYFMSQLI DGDLAANNGG [QWAASTGTD 392
At64 317 KMKGNRICKQ I [ED-HAM LAAWRDGKTG YPWIDAIMVQ LLKWGWMHHL ARHCVACFLT RGDLFI Q GRDVFERLLI DSDWAINNGN IWLSCSSFF 415
Dm64 318 RMLGNVYCMQ I EH-PDH LEAWTHGRTG YPFIDAIMRQ LRQEGWIHHL ARHAVACFLT RGD! SEEE GQRVFEQLLL DQDWALNAGN SASAFF 416
X164 307 KMEGNPVCVQ NN-KEH LEAWSEGRTG YPFIDAIMTQ LRTEGWIHHL ARHAVACFLT RGD! E GOKVFEELLL DADWSLNAGN MWLSASAFF 405

AtCRY1 312 ERPLLGHLKF F VD-ENY FKAWRQGRTG YPLVDAGMRE LWATGWLHDR IRVVVSSFFV K-VLQL
AtCRY2 307 EQSLLSHLRF F! IAD-VDK FKAWRQGRTG YPLVDAGMRE LWATGWMHNR IRVIVSSFAV K-FLLLP|
X1CRYD 312 FFLRGLQDKD I RD-PKL FDAWKEGRTG VPFVDANMRE LAMTGFMSNR GRQNVASFLT K-DLGI
OtCPF1 339 FHLDGTAGRR A RD-EKI LKAWKTGTTG YPLIDANMRE LAATGFMSNR GRQNVASWLA L-DAGI
PtCPF1l 339 KMIDNPIARQ I IDD-PDL LLAWKMSKTG YPYIDAIMTQ LRETGWIHHL ARHSVACFLT RGDI
DmCRY1 330 RMEGNDICLS I PNENL LQSWRLGQTG FPLIDGAMRQ LLAEGWLHHT LRNTVATFLT RG
DrCRYla 308 KMEGNPICVQ I IKN-PEA LAKWAEGRTG FPWIDAIMTQ LRQEGWIHHL ARHAVACFLT RGD!
X1CRY1 307 HMVGNPICLQ I KN-EEQ LQKWREGKTG FPWIDAIMAQ LHEEGWIHHL ARHAVACFLT RGD!
X1CRY2 312 QMEGNPICVQ I IKN-PKA LAKWTEGKTG FPWIDAIMTQ LRQEGWIHHL ARHAVACFLT RGDI

W GMKYFWDTLL DADLESDALG PYITGTLPD 409
W GMKYFWDTLL DADLECDILG YISGSIPD 406

GAEWFEYLLV DYDVCSNYGN YSAGIGND 409
H GADWFEHHLL DYDTASNWGN EMAGHTGG 436
D GATVFEEYLI DADWSINNFN WLSCTAHF 437
H GLOHFLKYLL DADWSVCAGN 429
E GMKVFEELLL DADWSVNAGS 406
E GMKVFEELLL DADYSINAGN 405
'C GVKVFDELLL DADFSVNAGS 410
E GMKVFEELLL DADWSVNAGS 406
E GMKVFEELLL DADWSVNAGS 406
E GMKVFEELLL DADWSINAGS 406
S GVRVFDELLL DADFSVNAGS
E GMKVFEELLL DADWSINAGS
S GVRVFDELLL DADFSVNAGS

ErCRYla 308 KMEGNPICVQ I KN-PEA LAKWAEGRTG FPWIDAIMTQ LRQEGWIHHL ARHAVACFLT RGDI
ErCRY1lb 308 KMEGNPICVQ I KN-PEA LAKWAEGRTG FPWIDAIMTQ LRQEGWIHHL ARHAVACFLT RGD
MmCRY 1 308 KMEGNPICVQ I KN-PEA LAKWAEGRTG FPWIDAIMTQ LRQEGWIHHL ARHAVACFLT RGD!
MmCRY2 326 RMEGNPICIQ I RN-PEA LAKWAEGKTG FPWIDAIMTQ LROEGWIHHL ARHAVACFLT RGDI
HSCRY1 308 KMEGNPICVQ I KN-PEA LAKWAEGRTG FPWIDAIMTQ LRQEGWIHHL ARHAVACFLT RGD!
HsCRY2 348 RMEGNPICIQ I RN-PEA LAKWAEGKTG FPWIDAIMTQ LRQEGWIHHL ARHAVACFLT RGD!

424
406
446

Il gur eStér.uc(tAyr al compari soncofypebebtomest al
hot od’pdapsemff righ?e7 )conserved tryptophan tr
ol i DNA photol yase, (®j)pdod mHiylass eme laanmdo gAarsat
haliana cry3 aretsapaefiempas esd .acreEnesecrtarrten st
ent efri.me(sB)al esrohadtakeedtpon tr@adaptedeact
r oenf . T(h6edr)e. are 12 electron transfer react
he cjge@ ti ng photoexcited. 2>3 represents t
>8 and 7>8 pepmrexadantf|tolwe2t>r tmeea nac ttihwee ed iet
ransfer &etawmed NW3FAD. 5>6 shows the electr
nd W382. 3>1, 4>1, 5>1 rebor9amdndetli®oct r oap
ran(s@lerPartial a@riogemant edfiedaepteadai f rCoPnr
6@heonserved Wirphghnhadlheed ourth tryptopha
n red.

l4lsoal l oxazine geometry of FAD

In the past 30 years, theshdsavbeeaemnr eadxtxe ncshie
char act esreivzeerplelovtiraoscopi ¢ af”d hHeéblweevteirc,al s
spectroscopic characterizatifolnavprnovg aelemse tvre
i ncluding electrfodmve nt spresi eisomandor!| elcer on
ot her hand, fl avisnar e adiodoa Ivehlonrtieomr medo mv en t
crystalllmgtrearpmgyDof sbhg¢é omeatzd heer etf cahdstudy
di ffesomal | ogatk o mAéhtaingresst | saaahdébeudt t er f | y
bendirmadefiibntelde @ bbpelteveen the nor mal vector
ring planes "dANcciogad@dnkmd xtaosi, neapproaching to
repr easoexnitdsi zed f L&V Baneduaed hwdroquinoid st
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flavopgtf ODRederst Isy udspeviet hanosarcl aas mhkeiDNA
phot oMgGaPslel I() as fl avwaszpimé etiasogatlrlacxkalztihnee
moi ety thangBbgltii kilmngl € nt wetdhuec eddi hesdr al an
jcand,whitctdgeaadrerdi scri minate between | ongi't
along the | ong axis crossing the A, B and

t he shNolrOt aNk5i s )’CFm gadei¢tdfvAdrn hen they,correspg
S uggetshtlaiurt g ke rf dhiyanpgplem sc oinficigna s ta, itswiisntalfi cat ed

t he isoalIoD<uarziinngatEm\dﬁpeﬂayns;&\talomes change fr
10ns, reachi n@dseme amawi vmbukenu east f ol | ow t he s ame
with milder c¢hang(efi,gusPudgfgfedsss i Iny5Sha twbst dat
t ak e sDuorviemrg”t A FAtDHea nyddi hedr al angles incre
wi th triemeechana maxj mumdiat aBDOg,nbauntd errefol xyi doaetni
foll ows .afterwards

A R
L \N 10a /|1\| O Dihedral involved atoms
8 0B Aﬁ?

pc C4-N5-N10-C9
NFENT ANy N1-N10-N5-Ce

FADH" t0 FADH™ (E prjas 10 Euorrrnons)
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Fi gu¢A)s7o.al |l oxazine ring tshter pdtetuedebr wi t And ek
jc(orange(grabid&dppt erd f f rj¢i @)mp 0 s e-N 5NolyC 9C 4

anjdi sompose-N1-BSCO6NIEVB)Y utgd(dn uagl( raendd) di hedr a
angl es owarc ht itmenfsarti on ,streppefctpvetd greduc

15Mechani sm of DNA repair

Thel tr avdamdeaertentsunl i ght can cause damages
formation of a cyclobut aheefspsyergiuraind i- pe rd immeal
pyri m(i@omheot op(r®@RR)ctwhi ch are repaired by d
familie®peawiiftihc repaiTo meplamni $rhehfeddingge of
reduced <dSiatecHmisBeidthe only redox state c
el ectron transf eThetsoe tnheec hhdesshdrsintmet .h e
foll owing.
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1. Merthanio$ CPD repair

| hnhpeashree decades, DNA repair by photol yas
investigat®d “EgcPBnphoe bV vy besnezfyimestsystem whi
was mapped out tegin i realc att iaingdufnent dgnami esol u
|l nAnacystiphoidpby&@A®mMd the reapaidéeark€@B@DDbLY

electron tudnoei epgi paBhl)igxkyrel ementary react
catalytic repair were completely <characte
determined viecsofemtiosdgedhdosomplyete photoc
CPD riepadeipri cRiegWpeon8 B hotoexcitation, the

forward electron transfer 'OFETo titmomORhe ¢
average ti menef #2APUMmaettfecadi c@t. "fTahier second
reactioi€®endheplCbtting dynamtberFmD”Hhin a f
andT™ ' The next re£® ooma $p+oiqphsei i fi tarnnd FADH

T+Mor altkRraonlktelvetyBavWi)itim a2s.sdwernt holthte r epai r
| atrteearct i on, thecallrsot700 petaffweardi digmdro rtd|
restoration of the second int'dFtADdlimde and
T+TDhhe repaired DNA is ret®aaasad fbhbemppbobobl
ready to bind and r eplahea wvanoolten eprh oCtPoDr eDoNaA rl
of phostepgade on bhlheeehiegtyppivegmmdtiite el ect r c
trarbeftevre € h avrhdaUtMth@maged CPD.

Fi gureC8asg AYi ew of relative positions in t
photol yase bet wewwn hCRheard ekADH’Adaphaed!l i ng
froed . ((B7)5)prtoitrocycl e of CPD>Ardeapaiere fdy oprh ot
(75U1.trafast ti mef acld | es| eanmeanft ey wme i epgsl ar
mechani sm.

Al t hough the crystasfosmrdcfaereesndf sphbamil
similarities, sevéeamd ONAfeerengastionn,FA®MHEe
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pat hway and different reaction rattlés cause
The repair quantphotydley adsse so fv adfilyf fFerreoenctiOa 32
IEL (O0.RRL) @®md88) hrae ogtutreendt uinmy hye sedl adss s

1, 111 andcosnBNAaodadbapyawé! yiel ds
However,js sthiol@PDnotpal eashy pbhatbdokgdsen its
det.aiRescemtelsye,ar@irhcacss &ad rstt ir wmo t-duer fail neyd wedd e |

systeomm prevt ousaebsavbeedri me sol ved seri-al f emt
ray crystallography to visualize the full
resolMaesotnr ¢ etunaler, rews tswmdy®w dMetthheanosar ci na
ma zceliass | I DNA phatoaripysaisneg OfaiDt shi edgsi DeNMA as a t
andncovered order ed bG ebaoknidnsg, oofp etnhien gc oovfa I tehn
ring, iIsftemmgdicareepaerienglpeémalmctthe active

anmaiinigi t h their cofmldeme jrteavriys iloans es

5'-ATCGGC T<>T°CGCGCA-3'
3-TAGCCGA A GCGCGT-5'
A 3 \ B 250 ps 450 ps

T8 i3

100 ps; ET intermediate Enlargement of cyclobutane ring C5-C5' bond broken C6-C6' bond broken
R256 in action; CPD still intact

C FAD % - :y i:\‘(ﬁ
........ 9 pag2ld
o \ b3 7

CPD

R256

200 ps; DNA is still bound,

500 ns; product complex 500 ns; product complex 200 ps; thymines returned but is highly dynamic
Active site recovered thymines still unmoved to pair with dA7'/dA8' and ready to dissociate
FiguiSel @ctive intermediates at different s

under Yev(A)oimhe 100 ps structure where t|
FADH o CPD takes place. The active site R25¢
CPD. (B) Four intermediates in the ring op
CsCPandC®bonds4f3@50s), f-OCbslpdwetd ibnyg G5 50 ps)
CeC@splittinAt (3009, (ICéd R256, oifveacwaitveer ¢
site return to their resting state conform
out ats, 5@t start to retumeaadcm drmthpgnaicmr owiet
adenine compl ement afy) bRaretsi alt rRd@®dnneal ed
to the enzymeobeitntihet ® NAace i s highly dyna
have shown ©positive maps in cyaBaamd neg
I nteedimat e structure is overlaid with the st
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1. MeZ hani s4n) Folef p g i6r

Li keCRDhephot ddyctedl,oprd goan rE AR coafrm €iutl 3 vy
redwdeaetioave mensquadt usnfyipdlod oA ¢ PpPRwasof o(6bd
to be 4400umndmes | owéP3Tthreat]f B@PDairre pneeicrhani sn
stinder ®®8’Abeaatreldy) P(BGpai r mechjmo s mt hasst 6
propiospdr esovisfaor mati on of anioxéehanacitnwver
Cataly is bgreéwdricoaser veE@H3NS 4s4d)(i Hiiinse HB&S8i d |
( H) sXennopud @l)aepvhiost o l-iynadswec. e dP heolteoct r on tr ansf
t ohoex etmone tgluirke for thewiCtPD phhlbpds ®odqyearstescl| e
t he -dinmvaamalrsd roet @xieess el ectdEHmwetvoe rt, h et hfilsa
mechani sm was ddrsys boavbesno pbhyi It eh éMeclpdmd pd ytaesre
with)H@®PCVIU as there was no oxetané imter me
2017, one review has summawhizcehd arher esei ndp Iféf
transf earr,amsfestroead OHattwphos bar meEih@auii 8 n

I n simple OH teahsbedaom rpahnostiwaerxdt tep € J PPADH
fostmhee® ase r adfnctaelr merii @an ecr ema) nsanada Hhe ni
protonation state t odH® elTphdlt hGed outpa bsihleinz amd v
spontaneous!| §f dirloooweCdh hHy Lplont aiCdooasdcl eave
and eIectronze?’rehperrortotaaﬁssthe!le@nﬂterdamﬁfer mechani
Faretj.ddalscussed aewe rdeelv edlogpadi®B& oempsacrbeedme s

t hei mpl e OH transifwas naescshuatmeds m, o Hbes pr ot on
di fefnféeor ward el sctemeawmeitorsdm®fme p h o'ted etkhoeirt ed F/
t hbebase anion radical of the(loepbntdheo( I I b) ¢
t he %% sAfotoeronp (tirlalnts)YiHe rgQ4oup woul d be transf
togCd4ahbbdowed by cfl-Edvean €6 tFh en agredqytbombli s

and the excess® eHewevem, tion FADiHse nneercghyani s n
bar oifGeH tfrearnsi s aboutFu2@ hkcalt hesohtehtsi ¢ al st
activat icaameb aror ilvéarl kueedsd rorfl8d™eehi rd mechani s
i mpl i es a rtewpuiprheomaeavmiscf es of photoexcitati
reacsttieopns ar e v epryorsriamwss faeerr ¢ @ OiHett g ad sbd e r .
O4H grwaipgnrgan sedlier etchi@®dyut dnosan bond 6whi he C4
keepitngnd wi téx C&ls s clthrednuamege dan oxetane inte
is formed with fuldnd rteldas cperdo tidprmanti etdh EHAIRYdE ¢ o
photon excitation, é)n iox eft kespece rdt,aachiecoauls | ayn is
i C8OBbond anudndemdidedesyak age ofThded ehil glse Dtnh b ar
the second photoreactiton would be about 9 |
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Simple OH transfer

FADH™ FADH® FADH® FADH
H H ey g Hy Yy
| | I & 1
a a a N_F a N
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o] 4 r i) ..'1.r A<l H ]';_r & A<l »-N'L'iv'
ol all® — gty N0 3 P gyt N0 e ] L0
A wn_ FET e BCABF I [ I BC&ER [
| Il Va V,

Proton-transfer-steered OH transfer

FADH® FADH" FADH-
“'.r.z " e ]
N 2 A 4 L & N
425 ] =20 i A0 I‘-..- .
=0 BT » ot ,I.. PL BCABF * g T‘ .
4 ;

Two-photon mechanism

FADH® " FADH- FADH" FADH' FADH-
N vy T e o H s -'ﬂ;“1 il I"“‘ sl 'ﬁu i
@ B oM HE [0 M W a a o
(52 LY L iy roa i e ﬁ_l o A
L i L L W aw Ay WO a8 Mg
W0 e g, Mo —— LR o —— gt e —— 0 —— g N0
L h praer 1 F T mrapTaER " 1 [T FET v [\ BcsPT I [ L BCSPTSER | .

I Il I, Ox ox WY v,

Fi gur®hrlede t heoreti cal) PRe alegphi s mibgf ofiby
Adapt erdf f rT6hBe8 )rreacti on of -turpgpresf ero)w i(si
Domratché¥%a®3@healOH group transfemondir
protonat eflcheHins ddHe arrssiieedrpedt OH tr ansf e
Far aj P°> ®%° thilss. protonated and forward electr

ad6e
pnpd @®
ect |
r) i

excited fllesviom toon.tticneughi Bhsc bHadseanl i s
following prodAf o eat itthre ©OfHt N8 opumpottara nrisdteur, ns
Hiieand el ectron return are occurred. The | o

proposed by 8 hdegheabheginaing steps, after
of first p hat ofdexedi taat wadther Hmel ecul ar suppo
adicali:prfrot maat ed, AhtdeMHi proton ¢t
he

anionic r

return, t ground state of oxetane i nte
photoexcitation, themedeamatdeabadi aal saai pmnc
The repaired has EbMhmpkett od waftderwards.on t
el ectron rredtuom;t rPansf era;g; B@F= =b donodh dc |f eoar vme
HBR = hydrogen bonkdarrreioerg ainn zkaadlonmo |

16Ti me resol vedbyr ywst algl Xgeapkeyectrol
ThXr ay -eflreecet r on h alsecd e ( XIFdgrheisgohl ut i on str uc
anal ysi-sayspotasdsarvwiet mumbers mdar tp Pdd roantsi on
The S®rAmgstr om-&€loenptarcan fl Asmseran( XAELA) ocat ¢
Har iJrepbhm March 2012, SACLAatsheartiedstuseo mm:
XFEL fad8abEKEFELyof SAOGCbDmatiisan]| mftear, elraan @ r

undul aapaptliieneer s t o generate el ectromagnet
intensity °andhleriegrtcneosnns are produced by
byl anear electron accelerator to amplify t
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injected inThetheduhdubratios. composwldi bly mar

can maBADEB@mpl i fied spontaneous®’emihesi on)
SASE prostelss icmatusresi ty of the radiation to
saturation. Because ofe tehecpemninodiea mmaame th

i nto-rary XYulse with an wultrashort wavelengt
uppvdrtth st abl e XFEL!Zp motlpoems Ingemaamdihdadlort
ur ati onf eoretl oA clShdsr i si ngl y, wi ton ualntdr asho
ery high energies, diff bact iBsknmmangssahndtar ns ¢ :
random ofremtaticomcrystals bef @oepuher cr y:c
si mul atNieawrnes egaylo.posed t hat XPFXrLasy chhvphalgever
f emt oseacagyndawtdses t or adye tebcnmiag®egés moPecul es

To study high resolution of dysiaarie astt rruoca no
t emper atrueaseo !l vteidmeser i al f e mt €&9¥eXqg o nhda sc rbyeset na
performed and cofiB%?Tied olwti arihens XtFiEkeael dat a,

mi crocrystals oromntamecif et abwd aslkeow pump pu
tri ggéoeptnigcalclrysadtiiseeamg crystal pwyulskre XFE
after-dalaay mé&Ei glr Vi th) diddleatyesitt he iccamy st al s
under go td ipfefraroedmst f or conformaumpn@aul s od ud
provi deant hoeprpeconytatt m@iht ¥y heostructur al changes

< O n

Nanocrystals

1
£
@
. Figure -LédsolTvend pump
: probe experi ment wi t
o femtosecond Wtystallc
Adapterdffromh@ 8% p
can be used to St
Ay phot osyasntdeml Il ( PSI an
"‘;% Damagefree PSIl), photoactive ye
£ X-ray bulse (PYP)ct erbhar hodopsin (
— myogl obintdq Maxtiovat e
caged substrates.

During datteae ncsololfe dthioaurs,ands of diffraction
orientations arne ar esqturiuwcetdurteo adbtaa resol uti
Therefore, mbdasnmeahadrofer mi xed with mic
devel opad ctomtge@tuous od&crmdy shsad Bl.ngeodbilao v h a s

advantage of viedooae wsammpsligpmpaiidgmndi suchibas
phase 'YL gPeaatsrean s el i ne (pe%r ¢tlloeveme | gl Isp)Mme



18

medi a produrcay sg cvehinitgesimciraga s ke g r o uThod rneodi uscee.
background scattering from the carrier m e
background scatbhecérmtngdd’indFeadch $ hsyomeas,ampl e
mat esubff egr éla®deeadc essuc h -saesn soiitli vtehweat-etr ei ns,
based hyal urpmnocd ndeald ematyaditixatit® carri er

2.0bjective of the thesis
The yiodl dg ght sensing is mediat asggmablyl phot
photosensitive molecul esndaklkeddsthucmoaphobr
he chromophore are detected by the prote
ransdwaignmpalt teowar ds «&cowmtsa ¢ leraweileld d ®ce or s .
| add a6 pmendent @ahnod ocroencfeeprt omany biiol ogi cal
l ant s, mi cr e eae , haiwvgdhrlayatibehremih usriurcyv all v g/ d
n si3iBEbiveagere, mol ecul ar mechanism of <chr
i gnal transducftoironmoisst sotfi |tlihterhashri icphtleoacrh r o me
ryptochrome f r@hm yalisnneo ngarse ern€ i GRNYpa dptrieivi ous
stutda@®monstrated t hatatytobimreeesidu¢ W37yt ophans a
el ectron t whae¥?® 2a@msarhwusoally stable radical state after
photoreductiot®!!L In addition, a model was proposed thaY 3 #r3adi cal af f ec:
t he2l2el i x conformation and suggleystexisdiraed u
to the hydroquinone %s'rotrbe basedasiansnhe HDX
of my PhDtwohe stiieel wnaesc hcahnriosnmo pohfor e sensi ng @
t r ans dsutcrtui coinndr&aRNy by usriensgo |l wiethe seri al fen
crystalToogolmtpahiggn i nf or mat i o,whadrmentv otl vee dr @ i ¢
phot oreductdiaos e Cir@B¥ ofdutadmt & hted rcuocmipuarrees an
spectirosgropee wteieems t haenidr sexmi djiuzencdbne st at e,
pi ct three soyfs tte m.
S
n
0
t
S

- 5 o ~ ~

o u

Besi @e@@RY i s not only a exerptt@)caplmaoteq | ybauste
functlito@d¥ renthgmmdahani stmP®ft i (16 iasmsTu®pen

pr ova dst rbuacsteudsever t hjas < eogpdmd o f my tbhesi s
establ i sdf o@rdGaRdAD NA acmoyss,t awhi ch faoreS¥RL.i t abl e

al so pernf oormpesdyabpping method to character
structur-ielsl dmirn aptoisatn TRINeX epx@rric mermatlysa tfarte eX

el ectron | asers wil!/l ftuirdmeal ley use-dialtiendg ht
standi ng c o-4 phrootvoe rysays eo fmo(dée of acti on.
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3. Mat egainadl Mest hod

31CIl amagnd tdka rected mutagenesi s

ThErGRWT pl asmiadcedhe pET28a vectorlllas prev
CrGRY mutants weasrtda geotetedt mdtbhgenesi s (QuiKk
Si-Dierected MutagenFesrisst Ket foAwal dntp)r.i mer

containing théAdpenared imtys acomml ement ary s
rever sdher Whepl as ma dtnev@lnagt ewi t h t hadr eact i
mut ated nucl eotides werdei xalngplei flo®®pthbe t he

restriction enzyme was added directly to e
3AC for 5 min to digest tlklke oBpbthreteadt esduper
DNAverte ansformedicompetehée DEHSbEI s .

32Transformati on

DHBcompetent cel lt® wéraev amlet flsa@sinb@ng) was
added i.ndlTocelell $ swer e Op Imdadne fthonlo In o wselto d ke dh 4 a t
for 45 sekOmedBd the 4@dlalodn wecree fQoug 2l miLB.
medi um was added to I|AeCt ftolre 1dhel. | Aftecovercs
were spreadwhincdinB apdmaanmgysci n and i ncubated
37AC.

33Protein expression and purification
Escheri cBhl 2al ( ®O&I31) wa s t ran?&masmed ovminsht rac
cont ai €r@RY tdgearEec.otAm | oy pwa k gd awp 5t0oml LB
mediwint h kanamyci n bsf ousilrog h&dQMhmla t5f0I Bar snkl
2YT medium (Appenditxh35 mlasofi ncwdranieghtw cel
2000 nslat fASEEPlendorf, New BnluwpswOR&kofl nnova
O.hempewasul @vieSk@dd t hevagultwnot esloeo D6 .

Fi gle sopbaptyni ogal ac{opPyGandsiMdsest ock) was ac
concentr agMi oanndofi nt@wbated 2M0C.t oThx4 chedUdrss w
centridua@edBmmk man QopolBt. &0 miAxCCehdepeldl et s
wermrea uspendoeadbiurind eat | prsgplat al a oDNAg@mpdi |l i zed
|l ysozyme crystals wEr.e2PdMB8&edas!| gi addi di pact
starting .Celel ceildr v pytsiien was performed with
(Emul s-CB| e Av e At iseegcmotnrdi f ugati on step cleared
deblry susd0h@0 rpm (BeckAbds Chmihtohert he super na
being | oadedcéaetdnldiNesig RO cchoel)uvhn ch was pr e
equi | iwh i dotaedd n.GAf b @frf eprr ot @ ihre c BNeMATha th,iIgi X
column volumes (CV) of | oading buffer and
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unbound proteins. After elution via additic
aft erawmaerpdasfifmni t yaglhyWomaap gb mIGEHdHpar it h ctaR ,e)
stw@sar r iteod roeuntocvoen tDaNm yn abnutdgitceor e¢Aleu tpes ot ei n

by budatieghBsalt FKiomaglelot,eiabhi monodi spersity v
size exclusion chromatography USugelr dex 2(
filtration buffer as running buffer. Al
described in Appendix 4.

34Cr@GRY and igB omumnawctr ystallizati on

The yst al |IGrza®Yi bal b o wegdo npdriletliihcBu&GRY pr ot ei n
was concentr(@Amidc ddd® K8mgf/iinllteer ed bef ore crys
Theogein concentration Beasmhee bhddia)dwas bas

usi ng95 hem abBBOPtspeactrophot omet er, Beckme
CrGRY prot eiant ewas niimghub in the dark at 4AC.
enviraoremasafeadt y | i ghti ntdaucprde Ce@RYBlaio@to f

on hmne cswedi ngHamp hown )RoaetaBREr gyst al s were grow
M - Nnor pholinonecthacesull MES() w/PyEYs 3.00 0Oarmd 35
A o obrnrywsias Uist &b S& Xf cerx pTeBnierhe nctrsy.st al s see
tuwaprepared Finr&atdglabceyst al sampl e was pi
solution,andadedto9 90 €l of crystallization mix (1: 1
solution). Afterwards, the crystals have to be crashed by vortex for 3 to 5 minutes and

stopping for 30 second every 30 secdridally, the vial wasvr pewli t h  al umi num
foil et 8h Lesappdare. cryst &Fr@RYz amu toann tosf
foll owed t het BWaIme omefturadhearsmor e, di fferent
types ofpr PHEMD cfefaenr ent si a edese socfr icbreyds tianl sA pgpored

3564 DNgNnt hesis and hybridization

The ssitnrgal ned e d pho4 od®MAgedvi t B sGequence
AGCGGT<>TGCARAEWKBASES synt-hesseeldy i Rr of . Dr. Jung
(Osaka univer si-phygt odddagnaange d TDNA nsothdand wi t
CACGGCA<>ACGH®®»Rasrdered in | arge quantities
Tai pei ,BoTtah wsatnrrands were solubilized in gel
an equal mol ar ratio (0.4 mM final concent
t her moBomeltera 3DYWDr st heating the solution t
decreasing the temper ahouwrres to 25 AC over a
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36CrGRYDODNA a@rystallization

Pr epasodthCertGrtRYr @t ei n ang e D&NAatwed eas.Thescr i ber
fi CsGARDNA -croyst al wabBr podtl.i 8lme ® 0y8 *¥!PDB: 6F
Howevieeaeriybt atondiatdiomftioceuplrtaddiec o utshue |

I nterlovek hahgsNfAdwp Beheeween each symmetry
(AppeMdAxc cbr dalntgdiNésde quences (Appendix 7) w
and sdryeecr yst alilgBhaéeénbr, rAbot Robibt inas!l ot r
crystal di wlereach i ®eant edat ian Tai wan +Photon 5
crystallography beamline ( Nati onal Synchr
Hs i n,avihu dher as o lodutpi otno( Alp.p8eindi YYn6 B)ttlmem at el vy,
CrGRDNA -croyst atseso wkrg and f&S&WFXtexperf e mt S
(Appendi x 8A).

I n order to geéneripdicadhdidyy sthambhseak seedi ng me
was cartDedi mgtcrystallizati omeguiorced uster, i
safety | i hd) PPNMA prréepiee@R YHer e, a Clr@aRYhg/ ml
solowmt iwasi mi aed: 10 .r2a tOQwM r ¥t a tDGQNTA im$ X twiarse

i ncubated with cryst alH i6z @t0i% n wh wfjf eBrE G80.010
1:1 gattimat the $afnapr ctosmicendandtDNA were 2.
OMrespectively. Twenty OL aliquot®4o0f the
wel |l -clletbroat t om miHkamnmptRars e)a.r Af t aswar&ak,
seiemdg f i ber walsh rqouui gchiglrag wwei audryy s ted lhsr oaurgch dr a
new droasnicog fresh cFysat@dilchiompaaitoem appledt i
with aluminum foil for Aa@nticlasssatpephercthere t o f
(Appendi x 8B) .

37 St emsdywte UV/Vis spectroscopy and photoredc
Absorption Cog@RXtrvaariodnt s wer e r-&c®dr ded

spectropheodlomaupt efBe protein solutions we
containing 20 mM Tris pH 8.5, 200 mM NacCl

cofactor, al | epdrnodt eeidnvse nwedrag kanleisgsu dtor at | e
before first skharent ryahtovamsr erdeuccotridoend,. spectr a
after 5 minketesa Ky 3WHDi mg ca oscope | ight sou

(450 nm, Cree) atndaCdistance of 10 cm

38Degassi nlgpgt aamd ng ful |l y CnGRXocgstsalas eumder
anaerobic conditions

In order to prevent rexidation, all required buffers were degassed and put into

anaerobic chamb¢€QOY) to incubate at least 24 hours. The crystals aliquo¥andg


https://www.rcsb.org/search?q=citation.rcsb_authors:Franz,%20S.
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of aliquoted powdered DTT were first degassed for at least one hour by loading them
into the airlock of the anaerobic chamber in an open contalieeravoid sample
overheating, both samples wekept at all times in prehilled LabArmor beads
(ThermoFisher Scientific). Water ice was never used to avoid oxygen contamination
derived from melting. Afterwardsubjectednto airlock forseven cycles of evacuation

and nitrogen flushing, followed by storage at 68riar for one hour. Finally, the
airlock was evacuated and flushed with working gas mix (96%94% Hb) twice, after

which both samples were loaded into the anaerobic cha@bes.inside the anaerobic
chamber, the crystals were transferred into aAahbor beadfilled dry bath at 4 °C.

To get fully reduced o€raCRY, first, the aliquoted powdered DTT was mixed with 1

mL of gel filtration buffer to produce a fresh 0.5 M DTT s@at Then 2.7 ml crystals
were taken to mix with 300 ¢l DTT soluti on,
50 mM. Afterwards, laid down the crystals and DTT mixture as flat as possible on the
Lab-Armor beadfilled dry bath at 4 °C. Finally, the ligigource and a royal blue LED
were adjusted so as to cover the entirety of tube, which was then illuminated for 30
minutes to induce fully reduce state.

39CrGRYr gsstal tration and crashing

For-SFX experi mensons$, chegreasidesoddhadnpdr ehgaa r e

f ew weaedkvsanicne. During the period of storage
t o Dbil omjcdncotzezrl e or der to oeftl 9dvmo G RYF X nj ect |
exper icmemftelltsr at i on and pcrroabsl heimm ga sc af no | sl ool wi en
crysmeales @mee ntOrXadlmgdt r | EppaenMonif aBi60)0 g

for 5 ,mifnoultleoswed oyy dwaigdemmicthher tfiinder
(plur) Sked ebt gger crystals stuck on the fi

pieg tsiunpger omat ahée membrane gently. Afterward:
g for 5 minutesndol®btadmcdntirtatagddcr yst al ¢
1.5 mTot@wbent | osing samples, one crashing

was ebBiOnal | y, hombgenizerinsertek into the bottom of tube and push

the button of the homogenizer firmly to crash crystals for 40 seconds twice. To avoid
heatingthe sispension waputintop r-cehi | |-Admamabbeads for 40 se
t feit rst crashing staesph.owhh A pgpreansdh exd 9cr yst al s

3.10Cr@GRY crsgmbatddndginjector building

The crashbedsospensi on was haatr v6@@dg byyorce
mi nutes until crystals had been compacted
di scarded as much as possible and crystal
hydrophobic grease matri x%asBra&9d mgirbeeads ei n
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matri x was mi gledofwictrhy sattbdolaiwsIlBuObryy a ti p of s
to the bottom of tube and rotated until the
embedded cryst aslploiomet chmatugeirasshd d mbesdneal| |

again. Aédmkeedivdrmadtser i al wagdmimc amé$ rédged btyo f

spat utltee athaf | oni cydrithnedlleromnwatshe top of <cartr

spin cartridgesvere spurat 3000g (6600 rpm) for 5 minutesith the Teflon cylinder

pointing downwards to ease the sample was compacted at the bottom. Firthiy,

injector was assembled with cartridgerQO ng and 75 em nozzle, and

injector body in opaity to protectt from light duringtransport to the hutch.

3.11Dat a ac gaunids-sotdiampna oc eastsi HACL A

The experiments took place at the SACLA BL2 beamline inside the DAPHNIS
system?®. It mainly consists of theelium chamber, injectors amdnulti-port charge
coupled device detector (MPCC®)1ewith a 50 mm sampieo-detector distance for
data collectionIinside the DAPHNIS system, the helium gas was controlled at least
beyond 98% to preveim situ oxidation andhetemperature was adjusted at 20 °C by
awater circulation dewe to avoid heaig before sample flow starteéor CraCRY
experimentsa75 e m nozz| e aflow sateaf 8.& wWminy(fort TR-SFX
experiments) or 1lfmin (for SFX experimeis). Images were obtained using aki€/

X-ray beam with 30 Hz pulse frequency and a pulse duration of < 10 fs and beam
diameter of 1.5 um. For triggeritige photoreduction event,ananosecongulsefrom

a408 nm OPO pump lasevhich operatedvith 10 Hz andb0 pJwas connected to the
DAPHNIS system to point directhp excite crystaldDepending ortheexperimentthe

delay timesbefore the XFEL hits therystals were varied between 10 ns and 300 ps
Furthermore,for millisecond region of delay time, the pump lasexquencywas
changedo 3Hz, resultingin datasets betwe&8 msand233ms

In order to compare the difference between light illuminated datasets and dark datasets,
the high-quality darkadapteddatasets without pump ladeave been collectedith at

least 50000 indexed images. Nertprder to avoid light contaminatiotine-resolved

data collection was performed at 10 Hz and collected two dark images for every light
image (meaning light, dark 1 and dark 2). After collectaibgut 5000~6000 images
onssite structure and difference map generation showed that the diatidn®redevoid

of light-contamination freewhile dark 1 was only minimally contaminate&fterwards,

data collectiorwas performedt 10 Hz until at least 25000 indexed images leeh
obtained.

For onsite data processing at SACL#e Cheetah pipeliné’ was used to analyze all
images in reatime and identifythe hitsfrom light and dark imges. After a rurfor
collecting datawas finished, the offline pipeline starteaditomaticspot finding and
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indexing, followed by converig the hit images into HDF5 files and pass the
information tothe CrystFEL softwaré®!1® The CrystFEL program suiteproduce

then preliminary datasets to assess data quality, light contamination, initial detector
geometry optimization, etc.

3. 12siOtf ¢ dat aanpdr odceetsas ienxgt r apol ati on

I niti al datasets obtainegd oprnismitizat wemneof u
geomet rCyr ywsstiBi®) Al et datvase pmecgsdsf ilkhowed by
converai6inml eMTZ Vhircmat¢awi bim d@RiAui?Pe
Howewem,n | ight 111 uminat ipafimn inkoyl epcwthipees!| a ;e r
crystoatlk iaccet i avradt @efdor ef,lhein order otf o reéeatce n minn
i nt er meidli lmw e s c ctuhpea necxyper i ment al stbecture f
decondmypwetxed rapol a’'t’i . Afilt met t@ad ef ul structura
t hhei glmaldiar k¥ datSEFAdstos ,t avfahmehe ETWPads suusietde f or
gener ati ocmlocfulaatseed sotfslantducal Eacbugd pFRase
f oorhe sdtarrkkct ure. Afterwards, flacttihhrdar(koadlag &
the -rtesmel ved structure faweoesschl igsdkagasns
vitahsCALEE Dol i n t hNexQCP4Basyueistieawe iagmhit eoct ¢ u p
nor mali zed di ff er ewy)c ewesrta ubcs ladrdeloavtiaacd) oe gu & d
1 andwBich wer egatkoe mpreoxdduecaep 6 d Fcrhetture f ac
(elyThe occupanlwapa o adftred gpureatbiyyoxnt r apol ati on
multiple N values wuntil an inflexion point
of a particular region Acsfn 9t ER¥st , whi ch |

z z

Q"0¢ eq.1

dFown: Normalized, Baysian and occupancy weighted difference structure factor.
N: Occupancy weight parameter (&f).

W: Bayesian weighting term (e2).

n: average Bayesian weighting term for all structure factors of the dataset.

Fox: Observed structure factor for timé

Fodark: Observed structure factor of dark dataset.

W: Bayesian weighting term.

Fox: Observed structure factor for time

Fodark: Observed structure factor for dark dataset.

op U Difference standard deviation.

"0¢ "O¢ : Average of the structure factor difference over the entire dataset.
w ,» Average standard deviation over the entire dataset.
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"0Qwo Q'0¢  "Ow eq.3
Fext: extrapolated structure factor.

dFown: Normalized, Bayesian and occupancy weighted difference structure factor.
Fcaark: Calculated dark structure factor.

€ DWO N O’ 0 w— eq.4

N: Occupancy weight parameter

313Structur al refinement

All dataset were solved via molecular replacement by P¥§sesing the published
CraCRY structure (6FN2}! for the TRSFX experiment andhe CraCRY-DNA
structure (6FNOY! for 6-4 DNA repair eperiments astart models. The dataset of
initial refinement was alwaythe correspondindark dataset, which resulting in a basal
model for the excited datasets. After molecular replacement by Phigserbody
refinement and restrained refinemevdas dme with Refmac5of the CCP4 suite and
Coot?3, Data collection, processing and refinement details can be fourabies 1-5.

314Generating difference density maps
Determining the differensebetween similar structureallows several ways. One
common procedure is to refine their models individually and superimposing and
comparing the findy refined modelsHowever, larger movements between models can
still be artifactualparticularly in regions which are not well orderedaoe present in
multiple conformations. Isomorphous difference density n{dp®) were calculated
and usedrom experimental data directly in the comparisgf The dFowas generated
via the phenix tooland always scaled agaimktasetdy using theSCALEITtool*?2in
CCP4isoftwaré?’. To generate a difference map, a high quality structurthédrasal
(=dark)stateCx wasfirst fully refined. Then, theobserved structure factors (Fo) of the
basal stat&xyy weresubtracted from those of a different st@te resulting in difference
structure factors. Afterwards, difference structure factors wheseqal via the high
quality Cx structure producing alFqx-v). Resolution limits here were always set to the
worse of the two datasefsr high resolution, while to 10 £or low resolution For the
purpose of comparing the movements of several-soa¢esn Cignt, all SACLA time
resolved datasets wesealedo Cyark
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315Data procksMO ng for

KAMOsasprogram for automated processing and
dat2&FT he diffractiodexendgesdDFfetial |lgwdbyg by
chefcdcret¢cdmpati bilityi andcpétetdamemiolumpdexi ng wa
performed without any prior kndwlieRllgea, ct het
symmetry. aAflt etrawagmsdesl , datad by using the che

iMul ti merobetsodnategy with tWhiBaLEdNmewhliactht i c e
per fshhirenr arclhu staé 1 ya ncaellyls ipsa rbaymeutneirts on seve
most I somorwéaponesn@mlgyadet sr s with high compl

were subjected to mergi XES.CAN’ExXForceasheclsus
dat asets bel angisgbjecaed| ot 9t ene XFICAd Ewi t h
is used for merging and ouXBCAbEt!Auwte det e
Finally, a isd wttait S tgiadnse yvald gemdrr tgii fnign i, & h @& d
further struwasurdatef pnemensi ng and refine
presefabddand 5

316Uni tamcealfycgir@RY mut ant s

I n oridnevre sttoiCg@R Y-t @ hmi n all u rsfeanli dyientgadirere tthhee
related amino acids were generated by mut &
di ffraction data weurngdondcroril eercd erdycdotmaplinse ated ao k
datsaisnetbot h oxi di zedsaan dt hsee nbi eqaum I[P orv@eyg BsLt 3a2t XeU

Sayo, UWUpagpmanphotoreduction to tunedesevmingqui n
compirers @asdi Oyt @ed onounced ecdnolrdapme mdi xoflO0t)h
Therefore, the mutants of datasetctaxwiese diyv

whcih  weertshheorr t (145 tjo (t@5 11 5j1 thbet&@& b at) sti cs
anBf actor G0 fs tsrthrdusairdear sec r it hed BSlaetcst i on

317Ti mee s oihv e d yospttad @ alc t r (@ Ric@P)y

In order to obtain more information about the protonation eatat transition from
the oxidized tothe semiquinone state i@raCRY, UV/Vis specta were collectedo
complement the TRSFX structures. Therefore, time resolved drystallo UV/Vis
absorptim  spectroscopy was performed at the ID28SS Laboratory, ESRF,
Grenoble, Frandé”. Fi r st , 2 stulry weré mountey betwadn $wo layers of
COC (100sm each) tmbtain a sandwictiike setupvia using a double sticky tape (60
em thick) (SwissCF LCP kit) as the entire sample li@r (Appendix 11). In addition,

the sample holder setup wassemblednder safety red light to prevent light excitation.
Next, the laser pump signal use855 nm laser (Surelite EX) to generate pulses of 3
to 5 ns duration with a fixed 10 Hz repetition rate. The optical parametric oscillator
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(OPO) box (Horizon) converted the 355 nm laser light into a 450 nm lasewmiitht
around 2CeJ per pulsdo activatethe photoreduction reaction GfraCRY. Next, the

probe signal was used Xenon flash lamp (L11316Hamamatsu) to provide& s

white light pulses and obtained the spectrum dateobyecting an optical fiber to the
dualchannel spectrophotometer (AvanteB)nally, the CITY module whichwas
developed at the ESRF allows to control the time delay between the laser pump to the
probe signal from microsecond to a couple of hundred millisecokdiditionally,
oxidized crystals were also prepared as a contha.experiments werlia cooperdéon

with Dr. Sylvain Engilberge, ESRF.

3.18Cr ytor apping setup

I n order t e4)iPrPv eas@pi@iRradt ebay( 6 itmpalpep i mmrgy s et up
performed in Taiwan Ph?dAonBEo@ROPBMA®7TA (App
cryqtseles aboecegpmee rMtorratledddX by cent rfiofrugbat i on

mi nut es el Noefxtcr ydst al suspension which had |
was |iotmodead singl e saBWw BESNMEFPMeNENdT dFf pop h e
extsrod ution from the backside of | oop by wus

weli él umi ndAQ2dbmwWhthsere rMT¢g i OPt)J1 €& a 10 cm di s
to activate the repaiicar ¢ epaodifoodit ihm&fctreyrs tialllsu

wer e ffrloazsehn! i qui d nitrogen and mounted on t
Each structure was reupeddualjacswas tclhhe rree
of merging roughly 400 indivivewalf romalolnea

i ndi vi dualKAMICGy(sApaple nudiilxath2B)r ocessing and |
statistics Tab&e presented in
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4. Re s wmlntds di scussi on

4 CréR¥%ignal transdecbiloeordvisarwictmerr al analy
4 . 1P.hlo.t or e dviea tvii n@aRY

I n contrast to CotaR¥r absgpbeschobmes)]y bl ue
when being in thé C¥ERY qfse infoincei esgataltyeut hos e
st aFADHunder blue I|lisghbiillikzemi nifie¢ isuwiirmamder
obBecomdes aetioalit®est®ccording to this feature,
role that is |l ocated at tB®,dWwWST7&l emd oV 21
Cr@GRY) and acts as & hdsitmanhded eanesdidfadmmai nc
As ot her PC®%@®RYneprtbeetresr,educti on stalls out a

1 in the a@abBsenmnoce@al ofedocing agenf‘ra(dFlicgauIre 1
needs to be reduced in order to act as an
Further, the status of Y373 stronf%y depe

Especially in acsihdiricFeadiy3 PRRment, behsetabil
within microseconds VviFADpodeloawdt cahs fpeari r
recomb, nags wint i ng i n "t atod a¥hld §lié monteo FADSS
in |l eoseamasdyompdcotuph ed el ectr owvhetrreassfer
FADprotonation requires sever al mMiicreeagdecon
protofert wans®in the RP.

kS

Figur8chHeéemati c scheme of photoreduction ir
photoreduction, vVviaadbdptee dRiPRIAXYE@X Ei (gl bW
background) abstractst lamr pelteicittdidooorfac@mi tYadr
deprotoiY8tBgn PCETf osmdrithed "B #BdhDa e d

pibhckg,ro matdt ¥A3Dic3o n 8 e tihretno si,ghathstat ong
l i ved Y3 HPDH k background). The second rour
to the catalytica(dryamgd ilvaec kdgraduwen d)f fFArDHD
addition, al/|l reactions presented here can
are focutshroeen tshe adgdaspttaestde ss t(adtaer,k si gnal i

catalyticall deacypve-mgsahepdamdamtvietdi &RiP
FABDY3%Bo0o signalisedt BP3I BADH
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4. 1St2r.ucture ch@QmaRes dadBeteand, signaling an
states

Overal |sodthrehhce @ rai f f eo EnGRYreloxwnsit at Esgur e
To obtai-and & frtdedDdl b a ke s g)recucytdudaeb s(b& measur ed
dam&ks shHdaseemi qui nbheeghtte] | umenraet egle ncerryasttead
di r ebcetfldyat a c dlalle coteinauisc hmbet FODMRP and
obtain a static, CeshRtadyi ghaltdgmt Fuatadd gCoth
providing both ¢eghtumacadr aam@eduacbing @ondi t |
generate <crystals i nstatee,f uWh FcRBWiueledle dF
catalyticall yc3ac tSiFéfatisliestoffay c tGa met .aC€eh o wn

i n Table 1.

- » N
site \i L

Ly
.
X
= (Y

5 4
Solvent exposediiie
patch -
o , ”

\ 3 o
\ai az
- . ) ¢
& &+ — ’
/ ~ S

Fi gurCevelrsddlrlucture of CraCRY in-adaptehr aedre
oxi di zedg dtsatseh oWt hsai ggnraeleimm gyinis hgw pig rhéeC

cattaffcul 'y reedusctaatee(s€@e pni careadnge and bl ue, r
Furt h&AD theomophore is shown as a stick n
changes betowesens hsotvant eisn tChesihaxwtdgi€Cowhnd ebehi
3.68ntoured difference maps are overlayed |
for nemes.i vEhe di Blmppg&aimhnse i 61 uslt.r5alt ed by
contour-sm8c2bmMot mapasHowrhei megolod. Finally,
of interest are highlight@tde wnmitrmalc ol egiedan e(
t he mAD nbgi site (black) and the solvent exp

I'n box@mhd &Q r ucwhuircehsgwr e waSFeXd (Fi Cu@RY 13) ,

shares the hi ghlmainonseroMeod yt wvd ot her PCSH
were | argely identi c@iGRYo stylme hproéMiodo slity upcu
all three redox staseé$eldhamddDdaeahnt ommathioo
a single solvenfanfdawd ingh céhatnsneds itnheC cat al y
repair. Unl i ke FADG -YCBT &i nssntel@meeme capbbgt e
Uh e l2i2lo we v& s dnoCwe dn d o uesmeya tshtarnugbeesmormp ar i n g
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Coxa N dcatC lsngn&in elthtenl2izx, nor the other Y373 nei

could be observed, with strong negative di
region (Figure 13). Furt hecaxiwspogikald ue | |
shortbgnaeadout 3 | (Dabhl end, t ARtee emidnead| IJorfe gG o

was mostly benptoesddubdietust fool di ng, that even
DNA binding site were strongl yi¢ggiufyebaned. Ac
no, or strongly redunetdhephblkoabh@tfeéir mgnat fin
regi osngn@afY3€3 had become ful plye sloyl dvreonxty lex po
gr oiupt eracti ngwiwiet hararcainrgeewreaee cr ystall ogr e
(Figure 14).

C-terminal region

Cx - FAD, Cuingel - FADH’ Con * FADH
20Fo-mFc omit: L.
\ 4 2 o
\ #f7/ Y373
Y
O ) A~ =

Figure 14. -Detamimabdch h@r €CeRYaibctoaniiteo.urlerd C
2DFPFc omit map highlighting the conformat.
iIts tight interaction with three crystall o

I n addompa&amegaeevi ousl y pdeddrsihkeidn g ttuhde epshot or
a class FFIMngRDt b) yaske | o bFRAD ebfifnedcitnsg asriotuen
relatively minor. t TNe39 o™ B& @iptp s oiahlFdAidd aNtSe d t h ¢
ni trpagsint i onsi Jam dx@EF ihgCr e 15), which has be
stabilize and promote t fiset aftoer,mawthiid megoafl stoh es
t he catalyticalMeyanwbililee RADBEEhaep dF AR C hed
i soall oxazineignoidedyyp ameobteliyecCr ost atically
radi cal ands panciicmsisg efcltdwied y (Figure 15)
Our three redox state structCr@RY deamanrstr
accompl i sheont hesadapsttdmtfG®pnt.h et e mi nal regi on
tightly bound to the protein body and ther
protei Atsh® i gsd atheet e mi nal regi onbhabebergome
mostly ,unpfrodlviieddnengr act iaontser f@acener docki nc
Uhel iaxnpd 2 sarkelduced DNA bi ndi ndgCeesatpdatadi,t y. Fi
reductidntheqmicmtdeec»(rteofnalfloedu:cc)ih{re@teagegt
Y37Bccordi ndley u-hbomdédigics ef ot deddmreric
conf or mad iiom f¢lenst rPICStie mieanphrfo votidhedsd ya
reduced RANDHh i s-dreaeyn DKA rFieghir



31

FAD binding site

Csinget - FADH’ Co - FADH
DFo-mFc  N395 Fo-Fo N395 4
Cuignai - T Cox - Cox  EoglilE)

0315 z b

3.8 3'5. 34.
R360 - D389  R360 "'-an D38Y  R360 "'an D389
AAL T AL - =
Figure 15. Detail of the FAD bindsi ngaisn t e.
i nteraction partners, i . e. N3O B oamnaduRBEO0 .

di fference dsa pasn dayC OQiasprsti efeodrp oG i t i ve peaks,
negapgdakes

T a b | S&X data statistics for steadtate structures. Numbers in parenthesis describe
the highest resolution shell.

Steadystate Oxi di zey Semi qui nod| Reduced)(
Space group P212121
Unit cell (a, b, ¢)* 50.32, 64.09 50.59, 65.09 50.32, 64.09

Processing statistics

Completeness (%) 99.98 (10 99.89 (10 99.94 (10
Unique reflections 34440 (16| 34552 (16 34439 (16
Multiplicity 246G44. 3) 40570) 30(752)
CC1/2 0.9978 (0. 0.9981 (0. 0.9949 (0.
I/ 6 8.446 (1. 6.911 (1. 9.119 (1.

Ref i nement statistics

Resolution range (A) 41 .-20.508.-2285 32.2155 22568 31.-2.%12.-2758)

Unique reflections 31990 (31] 168(5B636) 29745 (28
R-work 0.1618 (0. 0.2478 (0. 0.1675 (0.
R-free 0.1948 (0. 0.2841 (0. 0.10013886

Ramachandran outliers (%)] 0 0.66 0

RMS (bonds, A) 0.013 0.002 0.002

RMS (angles, deg) 1.7 0.53 0.45

Average B factor 55.17 33.73 35.98

*U=b=A=90
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4. Dvrfaelalt ur esxt odiGhdhaen i t i on

Thea® diGdiati c structamrdcpeopdantbee dedyptachr on
phot or educ.t iAocnc ortedaecntgri ogohen EO0 dewant £d vi ew
bet ween wer eéSsFXal \O&F XBITgRx PRr i ments were perfoc
BL2 beamb3menowsieechond | aser pul dlet abltthrei gger
i ntramol ecul ar ieleec ttrhoeen ttrraanmssrftaedo rc afl r, o /a na »in
FABi s anamwbecodThpuso,ceists i sreswllvweoabsabte
movembatoeoWwl@anossewionhd our setup. The esti mat
after illumination is gi vi&h Thoa sdeod soon ddaatrak p
oXi dCrRd @rd ystundeStFwe netx pTeR i menbet alkCdel ay
ns to 233 ms, reswuletsionyeaddmapuctulranatl dhetrc
daskrucTablee 2 )and nTabhlee f3ol |l owing, time re
denoasexgt h X corresponding to the time del
di fference el ehter@encoessirtugctmalps o highligh
which @gma&t ecesas the difeeeGwce between to s
When comparing anyxsofr utchteu rteismea mtdefstfold evieendc e s
el ectromapgensiot t he cont4r@e gqudiavrakhjemtt e utcot uC e
di ffereimecwemd wehrmreee mamel yeghenBAD bidhding si
Cterminal region, and a solvent wenggosed pat
From ougetendrfierstdravdeadls et s, t hree main change
Firaspgi,dhgesa (10 to 100 ns) could be observe
and D321le wvai trhetsardmhe alFirgéfgaeddd), whi csh al |l ow
us to anal yze ttrhey gfeahsed bofeedieanABPNe x t

int er medi at 00 ht8dg®s Ibcalized in tke FAD b
sol vent expos 8Adan@gBywhhi cchFiweurceoull d observe
proton transferFiomalulry,i ngD&wds W8BFRL3 3( Ims)

most | y afrooauunsde ebrhrea IC r egi on, and dipeeleiix i cal l
2Z Fi g8CyAe det ai | of priGn&RyY -PREpsttuesupés al
described in Appendi x 13.

Clae¢ pyegvious spectroscopic data detsicon bi ng
as -samoseconrYbure atedtsnomdnved structural snapsh
which ET between ¥Y373aahg EADf ormggeonal

vicinity, which are then propagated towar
events take place. In the following sectio
detail to ex@®riGRiYnsi banat du®@tterominrnvdala unf ol dir
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Ta b |. € RSEX data statistics for structures (n€8). Numbers in parenthesis describe the highest resolution shell

Time point Cdark Cias Csas C1 onos C3 onos Cies Caes Cies Csoes C1 oes Cs s
Space group P212121
Unit cell (3 b,c)* 50.84, 65.6, 153.13
Data collection statistics
Total crystals 121535 33539 39142 33889 37691 35914 35442 29832 31941 35612 31312
Indexed crystals 87112 24694 29537 25703 29189 26164 25574 21803 23375 26457 23565
Indexing rate (%) 71.7 73.6 75.5 75.8 77. 4 72.9 72.2 73.1 73.2 74.3 75. 3
Resolution range 33.-10664| 321879 32-1881 33.-10687] 331183 32.10.78 321877 3218895 33.-1067¢ 32.18.17 32188
Merging statistics
Completeness (%) 99.D®0 (| 99.95 99.DPB0| 99.DPA0| 99.DP®0O| 99.DP®0| 99.DP®0| 99.DA0| 99.DBO| 99.DBAO| 99. DO
Unique reflections 63708 )( 3 526@99( 47627)( 43294)( 4618225 43294 50888 ( 44700 (50056 ( 50127 ( 48440
Multiplicity 909 (11 332 (§ 427 (1 306 (€ 374 (§ 275 (9 328 (¢ 225 (¢ 326 (§ 266 (4 320 (
CC1/2 0.997 (¢0.991 (| 0.994 ( 0.993 5/ 0.993 (0.991 0.99 ({0.987 0.99 ({ 0.988 0.987

I/ G 90% (1.| 6.496 7.65 (| 7.08.4| 7.133 | 6.76 (| 6.42 (| 5.99 (| 5.91 (| 6.07 (

Refi nemenistics
33 .-10.96 4 30-119 27 -17.59 1 30.-150914 30.-159 30.159% 30.-185 2 7 -17.59 § 30.159

27 -17.59| 27 -17.59
(1.69684| (1:49M™) (21028 (2102985 (1:19M) (210205 (1-19185 (2-:10295 (1.-968| (1.-968

Resolution range (A)

(1.-968
Unique reflections 63625 (6| 41237 (38203 (38204 (| 41238 (| 38208 (44619 (38204 ( 41237 (| 41233 (41235
R-work 0. 13604 23 0. 16013 0. 2007. 3 0. 1(909. 3| 0. 1(808. 3| 0. 1944 |0.1805 | 0.173 0.167 (0.1575|0.172
R-free 0. 16(93. 29 0. 20101 3| 0. 2(404. 3| 0. 2(306. 3| 0. 2(301. 4/ 0.2347 |0.2137 |0.2102 [0.2055 [0.1954 [0.2112
Ramachandran outlier 0 0 0 0.41 0 0 0.41 0.41 0.21 0.21 0.21
RMS (bonds, A) 0.0013 0.009 0.005 0.006 0.004 0.003 0.007 0.013 0.013 0.0009 0.004
RMS (angles, deg) 167 0.97 0.73 0.81 0.7 0.6 0.92 1.32 1.27 1.03 0.63
Average B factor 30.76 17.36 20.79 19.83 22.72 26.76 21.65 20.58 22.67 22.79 22.94

*U=hb=A=90
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T a b3l TeRSFX data statistics for structures (ms). Numbers in parenthesis describe the highest resolution shell.

Time point Cims Cms Csms Ce ts C1 ones C1 3ngs C1 6nés C200ms C2 3nss
Space group P212121
Unit cell (a, b, c)* 50.84,65.150.84,65./50.84,65|50.84,65(50.74,65./50.74,65./50.74,65./50.74,65./50.74,65.
Data collection statistics
Total crystals 31540 30271 20035 25681 82202 82198 81336 81148 81293
Indexed crystals 23978 22889 13360 17595 58107 58431 57634 57730 57729
Indexing rate (%) 76 75.6 66.9 68.5 70.7 71.1 70.09 71.1 71
Resolution range 35.-15.985 35 .-15.98 2 33.-11.67 3 33117 33 .-10.28 33 .-10.28 33 .-10.28 33.-10.28 5 33 .-10.28
Merging statistics
Completeness (%) 99.92 (1 99.92 ( 99.95 ( 99. B®O ( 99.81 ( 99.79 ( 99.79 ( 99.81 ( 99.8 (1
Unique reflections 44753 (2| 46926 ( 54688 ( 573@24829 48171 (] 48171 ( 48171 ( 44448 ( 48171 (
Multiplicity 377 (65 378 (6 314 (5 328 (7 1174 (1 1175 (1 1231 (1 1313 (2 1138 (9
CC1/2 0.992 (0O 6.65 (1 0.988 ( 0.988 ( 0.999 ( 0.9(99. 56/ 0.999 ( 0.999 ( 0.999 (
I /@ 6.65 (1. 6.53 (1 6.04 (1 5.8 (1. 8.78 (1 8.84 (1 8.69 (1 9.31 (1 8.71 (1
Refinement statistics
30 .-16.19 31 .-25.90 30 .-11.585 31 .-25.93 31.-25.215 30 .-%5.42 30 .-%5.42 30 .-25.42 30.-%5.425
Resolution range (A)
(1.-968) (2.-p70) (1.-9185 (2.-282) (2.2215 (2.279) (2.279) (2.279) (2:2325)
Unique reflections 41264 (4 35479 ( 44620 ( 23515 (2] 28484 (] 266026148 26601 ( 26608 ( 24911 (1
R-work 0.1661 (g 0.2149 ( 0.1638 ( 0.2234 ( 0.2159 (| 0.2133 ( 0.2163 (| 0.2267 ( 0.2269 (
R-free 0.206 (0] 0.2491 ( 0.192 (| 0.276744 0.2531 (| 0.256 ( 0.2483 (| 0.2531 (| 0.2701 (
Ramachandran outlier 0.21 0.21 0.21 1.04 0 0 0 0 0
RMS (bonds, A) 0.012 0.003 0.0013 0.013 0.002 0.002 0.002 0.002 0.002
RMS (angles, deg) 1.11 0.55 1.26 1.71 0.51 0.49 0.5 0.47 0.53
Average B factor 27. 45 26.88 24.5 38.68 23.41 23.18 23.19 20.99 26.55

*U=hb=A=90
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4. ChaAanges in the i1isoalloxazine geometry
Based on our gr evhieou e ltreamesdmshaeadal | oxazine
moi ety, Subotfit e clEADPeo gcloot @ be observed
photoreduction. Thuanjddare dascerdirtad tame | gge on
FAD i soal |l o/YaSzicnid omoiletdy) . Besi desFePAD rom t h
binding site, t he significant positive a
Il soall oxazine (Figure 18A) indicsatbaetdat
Duri ngxt BADFADHansjtvalbomes changed from 10 ns
maxi munesat wh@ewelases foll owed the same patt.
was €600 suggesting a twiAfttear gteyjpanteghr y (Fi g
deased and returnedovtaa ftehwe i bru nidnrietdi ari |vlailsue
resuldass mpwat ermsbat | bphaezs nfehen®i et yphotolyy
MNCPDPolut mil dams heh avage anu s edt i wjefaemjdevre ¢ &
aboukandAi3@GRY Mn@PDI |, refspecidi valsy.me

t hatkitnheetfi KTBAD st at esdt faafatsart i pholteotrveedeurct i on
cryptoampbomes!| yase
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Cox 0.01 [X] 1 10 100 1000 10000 100000

Time (us)

Fi gurRatltéer n of isoall oxaz(ynel Igegm)mdauray). Ev
di hedr al angles over time for photoreduct i

4.1.5. Extroapabpasnstcotsiomeweed datasets

As ment i oinseedc taiboonv e3. 1 2, i n or dodr axctt advest e ct
structures upomrelxitgrhatpmd tah o ciisndatsd tonnd,s t he
ntersection bet ween the ot¢thepacnocryr egpioairmhe
umul ati ve negative ;ddarsei tiy toefr siercttd roens tpeod n
he opti mal ockiupsatnergyi opnasiwemets ésed ect ed vi a
trathangesrson vteidmedhaitcahs etesr e H3 09, R360, E:
he edcdrofi NnGQGRMAAYRPEIKO extrapol at efThmul ti pl e
resshowencht N395 mai ntcziupadmZiy®wl 2Ongmest of
ti mempdroedt her atme rmms aacdicdusphannacy di stri but.i

- n —~* 0
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17) . Theretreoné vetdhelat ammets were extrapol a
occupfamcystructureetadamtdd mmiprodptaivded o w n
Appendi x 14. To obtaifrorbédtothgr,we xeo adpd latytsa 0
the calcul ateddimiufien ed eb Wt & déredtetiionri tu@l t o
i ntersectbasald NRAwHRERO&Acx orfdh .nggdyd agr eemen
withe onsetmbhalC wiméidlldesmanagmed ( Fi gure 18C)
bett erextor dgeawsdealttleeer mi nalt hree gtiiotme irnange exceeé
milliseconds (Appendix 14). On the other h
that no matter what kiwads oufstedmi noeaal d ext
decreddwmealny nmi ldimecgeadand strotnlgily caugures t
due toa@ntf ed Miimg.

30
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(Fal

N
[}

~ /\ ——H309
\/_, E384

—N395

—cter
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6 &

> & NMN2D2 N 2% 0 H O D ;9 P P
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o o o7 O N RS ,\g q;’)@'@@
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Figure 17. Occupancy distribution via mul
occupancy parameter of N value was found a
The green, orange, black, e BIHL reN3ITDH,| 0

andt €r mi nal region extrapolation, respecti v
4.1.6. Observation of early events (10 to
| €rGRY, previous spectroscopic study has s

transfenawasdoabiilns our fpacsitrets,t it.ieme 10 ns,
and Y373 can be expected &agreagamesnidshei n h€@ir
FAD i soall oxazine moiety presen(igadjdan al r ec
of3.AAn6 A8 compadhe@dl t@2s@nf@A respectively),
characteriAdDst &t eMe atnhwvehi | e, N395 had rotateod
~l@egreeg,eswhHiteld i nAc htahlela NB@5mevideg away fr
FAD N5 atom (Figure 18A, pl ot ) . Her e, we |
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photoretduaticbmse’? lanpdhotaod ysassgegest ed t hat
bet ween the el ect FAfe gBetsiivdee sc,a rRi306n0y | a papneda r e
the i1isoall oxazitnhee rpediyteit | Iby e Wt rial i zi ng t
whi chanwasd@ops evi ous observatifdbns with a cl
Al though i ncompai AFAIDE ntcid ti la nafnA BB A 5@ nn o t
act as a hydrogen bond dowagso,s itthi édoemenvge mhe n t
nitrogen EADNBr Uondeéehethese condition, N39
FADin the early event. Surprisingly, and un
photoreducti avi t hi ocedhse next 100 ns, N395
Fromoo®s and as suppcaerrteenct eb ysu geBaid)s,g (tdhielgf N3 95
sidechain rotated UcHpprrkova cshei rbgy t8hbee ,i swa alhl o0

to within 2.9 i, and r emamaierid d rhhred thrisss2 or | e
(Fi d8rAe and Appendix 18Bd. thae NSI®|I wassuvugad
stabilize neutnalt headiexal mFADWsecond and r

deteaitlruct ural changesaeuspadinnbpeodbt owanigosewt i
Al t hough we could not observe any Y373 con
f oiosst ruat si g piafiirc aft nedaf f eemMppdessikaidv e
accumul ated around D324t ( Gclgpuwed 18 Cgl. e arh es h
D321 away from Y3@&3.maMearn wmhielrea,ct®@mhi partne
22 (d22p, moved away from D321, as evidenc
negative diffelU@Retwdemrsddiyn atrhdei medam ¢ &

(Fi g€r e pReitent Hspacsi o8 Bhpywedatesh aye3u#t3r a |

radi saformed in BT, siin.gd.e cdreorhiyt &fatd t r ansf
pr otwomn,h -nas stwibmet ant , resul tingliiwmed h¥e37e3xtr
radicals.i met, hdad been pmap otdhed Imiohsatl oytDB2 1
accepftoi3nf3t heaseattionms a hyd#Heogendboad wi
strongly supporttshndolwi sienB &8 ZBlapr ®indyi weaak lag
interact withf&dma@tt chusdggel theoditrhe ake sa ddi e
s dechai nndeguiarst i ons. Wi thin the ewvd@&xutr tth®d ns,
away from both Y373 and R492, with its po:
Ciooth 92 3nks

4. 1.7 Obsienvat medi af e (dr0d Inast @ oe 8Bt ans )
I n our previ dMuEPDlels emh @tho rneend uscuag golenis ¢ e ld y
conserved arginine as a %troanFSsibdinvetrpsrdddmon s
i sequi val enCrGQPRY>RG6BMRYi, nmatgitds | | be téhe case,
100 ns tof rlamBs wsitmeng difference signals
environmeAppehgG RIGD wevert,o arhde wrcleinkae i o pr e
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the cl ass MINCP Qlhldthelsyeasehanges appear to be
the i mmedi ate envirfom@re@bppénRBs&0ddehcaysing
chain maintaining essentiall y-ctohue sseameHeorei,
anal ysi s of deesiRBroadl sdtihfef cainsantednch dislpaetou e b

| ower occup®nctyhdmbiohée d&Orresponding signal

(Furgey, indicating a rapid kinetic exchange
(A) o
FAD binding site *N395 torslon  *N395 to N5 distance
10 ns Occ: 22% 100 ne Occ: 23.5% 3 ps Occi 23.5% 33 ms Occ: 21% R360 to N5 distance
Caons - Camt Cnoea = Cum Cons - Cank Covn= G ___ ® e
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e 18. tHiieg hGrigg@Rovs; Ehafi ansi SFXn.st TRctur al

Figur

snapshots wfo€aaGRY &G€Ce shoWegriety)compahi gaor
the experimental significlamnd oawfr etdh é sobmoe rp\
di fferenceidlieecter srhodven i n cyan for posi ti
negative ones. On t he -croiugrhste ooff eraeclhevpane
coordinates is plotted, based on the dat a
FAD binding sitwe idsféseoentf pemspectives to
N395 and R360 geometry. The-cfhlaotn faaonildewsg rtoc
(bl ue), as wélllo &FADt N& N3B39%5 afijcieo (FAD)NZNndd
di stance (yelloa)sol(BgntChangese dunrdeBthc h, as



The plot here follows the center of mass d
H309 and E384 (redt)er niiChyalChraenggiesn .i nl n hteh iCs
weighted total negabtolorvtapl €ctgnom dvaenhin 2.
U2Rackbone, representi ngURReedetgrme 06 ¢@gébt
bl ue. Additionall vy, the distancehlaetnwe ean t
Ciavker sxus &I sor esch.own i n

To figure out the events sut heenutnidrientgy soofl vte
timeurdesai nbdppeimtd hGgood B adtief,f er ence signal s
to accumul ate near E384 and Q390 wiyt hin th
Cos these signals had become so strong that
chanfgderet h amiAlmsp gndi, x wl 8M txhhehéEM3 r ot at i ng t
the FAD binding, and Q390 foldowyrndg ogeint

bondi ng Ametaworelsul t, the distance bé&tween E
i, brimgianagr EEBBW attd sccefFAD oldien diFn.gg UAfi @ hl &B)
the same time frame, although accumul ating

peaks al so sftoarhseeldv eamt aepxppeoasred patch resid
(Fi guraendp®PBndAgcaBdi ngl ol 3 @ RBfi sraddya Csubt |l e
towards Q390, H3 39 adroama tt ihegldIby, lrbatoantgd ag i
i n direct comitawreCwWledatilsie &t nCce of events s
coordination between early N395 and R360 n
(Furde8 AnAppendi xand5 i nE >&4dnmeanahtddB3gPeOs wi t hi n
sol vent exgarsgdr @ogatl@IB and |Alptpeermetisitkien @By,
conformational changes in the FAD itself,
are irreversible within oule8ALPl o etso dL@GBG
the solvent exposed patch returs @Bieg heir
18B pl ot

Here, we tshiggfesncttihan of the sastvaentr anpiose
protonatiobmripnaghp/vraE/AﬁTnaAcicoonrdoifngly, after p
has taken pl ace, the resddglwedaurinn ttohitdh en & g ic
positions, i ndepse nrdeednat xl ya nodd pirhoet oFedlai on st
strongly points tohwairndscampoxddbnoftrRa&6d erE
which supAbriaedi cdale wi t hl 5ddiemgnet Fpndotohoen s .
FADMransition the flavinil®heat dreciosnegr o tt an
i nteraction partner, significantly stabildi
driving the phY’&Sutohmhabdnonntenatt oenandn be o
Ccat wherieINg haei Ot ance permits hydrogen bondi
(Furdge5$equentiall vy, NDOBhdJdEB84| | pfemrnmivsbrda et E .
hydr ogewi tbhonld3 09 in the sameFimalrloys,ecwhd ]
protonati ontlmeisl loiccaeuacared riaanget hehérmaalseean
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pr oatoimoant WiwaPPg¢t ur ned to their initial pos
s emi qufilnaoknnen s u mmar y, photoreduction deri ve:t
vicinity ofTHReDs paonndd hidano gtithieg e | e c t mdpisctaalt i ¢ s
semiquinonat BADuUur Sipmmidd towgdiiens t hergC®@Dd il n g

phot gl yecaasrel y events in the FAD binding sit
providing it with enough npiemh@cnogonbiacatipodn awi
Y3?8an take whialcee,. tMeeanTRBEpe &®ms off o tthe uni

ani mal cryptochr omes, explaining how rapid
state can take place in this PCSf <c¢l ass.
Li ke,wiheept iorfe tttyihh@me uf s@®t er mi nal conf oirsnati ona

desdriinbeAppefdfttiex ed®l y movements of D321 an
bet wk2e2md t he mai,n ipreae reihren &do dghoincahi nwas f i | |
the subsequseenverladlo whest ebryemdlB€aad @rsdi( Fg lgw, n
salt bridges were weakened, wasth hB492tbeco

chain could not be fully modeled (Fig. 3c)
easily followed by the seecloencderaosnciJgh@haai on
bet wesea n dioodsn t hreanngied of t h(eFitgiumes )cloBuCr,s ep |
Meanwhil e, significant difference peaks apj

as ecanod @ eN nmiyndleqat ecdth e nREADPBlal t bri dge ( Fi
18C, Appendimo gtféttd rl owiCapegptformom modeby eB485 he
away from D323, fURi2hher aweabeniCittehtmitmalr es:
domai n

Foll owing the inter mediD32el eavnddBtRH} Spavi alsy,i n
st arftrionmgso@arda third step efl ecdkgmRdiitvie di
accumul artrieoch bBbec@gchingur e ) 18E@powpket, unlike t|
wo stéapsxouwhli dbe directly attributed to th
he diffewascei Oenseé ppgcdcher whol e ,helnidx ( A
i ndicating that the entiretyFofmbgl® hel i x

terminal residues started tcd adelso caluilzde nsoa
model ed evke thsaoabbti on doaft sisdes comp@isPpoindg i
eartigmeints (ApByermdi Ke di3dhuaed Kbde9cdo me compl e
dedal i zed and coul d not béJ2 madelgad,dudkmyg
unravel Citog Hirmi a al dir@dFiaoanl (Appehdi si de

R485 delocalisedttdaamattisccaddpyi edombywddhree
mo | exMelaen wBD8 28 hadbdylrodd rad stdlhé bri dges were w
bet ween D322sartdrch4g8adEiriexedi 6gppwadi x 22) .
I n concdluesaronsecquence of eventsyepmbrgeeus$r oo
el ectrontaadgfiyeo/d3oinareaspi d web kCareirmg naafl salt

t
t
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bri dge, whi ch perW2-@rsotwatneri nttoerd mtceer, time t
el ectron transfder iamad pe fofteocnt et rrbaonma redp o mbr e
and fisabldytypealudfawary t he main -pooseimnhniaddy
di r ectulotni mat elpyarlteiaadil@yg ¢gstiod btéhdee d

4. 1. 8 vEo3l8vde sipmr ot on transfer chain
I n order t ot WE3r8t4h eirs cpoanrftiircm ptahseedgl @ pudoaohn
E38#&4Qgener at ed andt exe mso o BAtDBAEo r mat i on upon

Il i ght Il 1l uminapi eni. o A cotrt dd ypglog o nr & paarntsd e r
FADIi shi glplHyepeAtPenitndeed, E384Q had delete
phot oreduct i ohne afnodr niannri%dﬁii rpgi. HieE ABDHN L Wees

Sspectrum w&s mi aolieéerk sagfhttern | | umi nati on. To ca

FADH the absorption of oxidized(6FAD f®b0 n
were used ®&qaaf olbhheo virinncgfceoansceedn t FrAalt H counl awt aesd
via difference of 630 nm-laibgshotr pitli lownmi bneattw eo
di vide by extinction c¢ dNeefxfti,citeéret cofr ceh@ rmm
| ight uminated FAD was obtaienedrfcemARBHat oon
accumul ation was obtained by equation 7.

>&! S — eq. 5

[FADHﬁ: The increasingmountof FADHconcentration
As3a Absorption of 630 nm.
GaExtinctioneé68@®mfficient of

& $ — eq.6

[FADoy : The concentrationf oxidized FADN nortlight illumination.
Asso. Absorption of 450 nrm norlight illumination.
UsExtinctiond&dmfficient of

3>b :

pnmnbp eq. 7

@%: per cen thaogumulaton FADH

The resul tCiGRlYYI cMbadeaudmbhaat ed ’\'/eryhbeWiEADHI
environment upon | ight f‘lld»ﬂe‘dtnamﬁbdijbgre
| owemtghe pH val ue hEHD4E@ v/ ,a nhte iamo u ntwa s f FADH
strongly hamper ¢ @l HelHeme we stronglyg sugge:
invohvegart iof phet TriFRAtdt adnosFeD'H The entire
Speatre dmovmppendi x 23.
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. 80-

I

& 60 - — WT Figure 19. Cal?cul ati nq
"240 E384Q accumul ation from UV/ Vis
8 i n solution. The par in
G 20- orange represent WT an
Eo respectively.

4. Tinme rexolcvegdmtiatdlo spE€c@RYo sccroypsyt al s

I n order to ensure that our procedouwrres yi el
trudabpal cry¥/t \Aild os p.ecTtor adsnceaphyad, t o consi d
ur mi cr oc rSFsX awer ef otrool Rs mal la tean dodd tafi fne g o
rystsanlmy affect .siTgwosemd methh edes ¢ fd bhewe ,3. 4
arger ocwgstalprve amiefefder ent crystallizati on
ryspeattilne de(rApwedndi x 24) . Encome ago ingt vy,
f e4d0 the stAé)h:tommMemdensar‘rdatmedrformed t he sa
n thes emange (Figure 20, App®RXistR2bdt urmras

- O O u”

- o o

suggest that the protonation event has take
spectFAﬁﬁdotumulated c an0 drest entetaashulree nfernam 1Q0
our proposed nmeceh apnriostno nealtdawen, i ndeed occur ¢
especially afteri@B0Mmemsur BEme nd est avielr eTRescr
25,5AD presents very charattta@ristic, redox
100 ps 100 ms
’ 1.4""1"
FAD*- . FADH*

Absorbance [-]

(i PN

[i¥] \\M 04 \
VP,
o0 U 02 \\WNM\_‘

200 350 400 4&0 500 550 &0 650 00 300 »Bo 400 450 500 550 600 650 700
Wavelength [nm] Wavelength [nm]

Figurkdi l.i ght$c0% ¢$pectiTrRum i nTHe GRAB and
ectrum was s hFAan d n Pvd@rtden gsechoawind i n bl ue r e
hleO®Ws measurement, an alawavpteogtpbeak 86p¢f
on | i ghtt hialdlhwansiarcd €&® s Oinc t e ot hvmrs hand,
tected in 100 ms embapsruerémdsjd]et aowvfhi ch i ndi c:

c
® T =& T

o
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4. 1Uli0t cel | ctl mes sri & li ecvaag nto na otfor s

I n order to furtheachindfertsha@anacttores rion\wolov
Csigadiat e, as described above, we generated
characterized them in crystallographicall )
synchrotronPrb@gnp dmebliddedSe,5)we t ook advant
fact th@a2aReldindeo It di nsggsitimtt€@RYD etiylpde ( WT)
crystalnit cel | parameters chlaywdgeaxiupon I
becoming shorter Thysa5Gaué¢&i guagteir@tbirmg dcur
i n the oxidized st at dceasxo st hcaatn tbhee odbissetrrviebdL
parshiattagalka s i n the semiquihomemsli it gl, e Gaa
was calcul at edo banu tahred fdoddDiMi Afgpeadi ke@ 6 f o
relevant actors.

FormyDaA*sqrt (2F RI(cK)/ /wi)e™xD)(
A (area)
Xc (center)
w (width)
y0O (offset)

16 -

r WTsemi

12}

L10F

=

3 8f

©

6

4

2

Q42 142 146 148 150 152 154 156 158 160

c-axis (A)

Figure 21. -dxiss oignamemifqei non€Ehdahiasebgoam!
of oxamd zsalmi qui none were shown in cyan anc
bl ue and red, respectively.
Accordingly, by collecting data from a | ar
the dark and after i Il umcaraite mogpt han dwes oc @ u |

construct datasets dtohrseoeaahl stthesehenfgpngodu wo
Thleng gr oupdactsmsheatearxeids M aermgdtdsween 151 to 15
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whertelsshort cgroeppondedl4a> tao. Th&®ge; wifl | be
descr iXb/ewp tdlsr e pn & iomwpti atn Y f or lcaxg $§@m Zshort
t hesitrate and P .f oFi npaelalky, nutnhbeeri ndi vi dual C

proceskAeMd ofitaavad ef urt hesn antesitanemeEabl e 4 and
5.
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Ta b4l e B L 3datxdthtistics fof rGRY  muwstruaturds. Numbers in parenthesis describe the highest resolution shell.

CraCRY WTiLong/ox WTiLongs/se] WTshoemis|] Y3 73Fgirq Y37 3Fg/s| D32 3oNgirl D328Mgxri D3 238cNgr g D32 3nlNrty
Space group P212:2;
Unit cell (a, b, c)* 50.5, 65 550.,4%5.6,50.7, 65.,50.66, 6550.66, 6550.7,165./50.74, 65
Processing statistics
Completeness (%) 99.9 (1 ¢ 99.98 (¢ 99.96 (¢ 99.95 ( 99.95 ( 99.94 (¢ 99.83 (¢
Unique reflections 35250(34 27070 (1 ] 328622244 16679 (] 28747 (4 30900 (3 23004 (21 26723 (1
Multiplicity 17.2 76.3 55.9 51.5 83.3 72.2 85. 3
CC1/2 0.969 ( (¢ 0.936 (¢ 0.971 ( 0.915 (| 0.949 ( 0.941 ( 0. 9(508. 54
I/ 0 9.47 (2 (1 6.91 (1 8.18 (1 5.25 (1 6.67 (1 7.64 (1 8.57 (1
Wilson B factor 21.21 9.69 1.69 13.97 15.009 20. 8 15. 41
Refinement statistics

_ 47 .-20.50 -22(
Resolution range (A

48 . Q221924

2.19)

49 .-21.23 3

47 -29.605 -

2.05)

49 -21.558 -

2.58)

48 -21.315 -(

2.15)

38 .-%6.51 ¢ 2

48 .-20.83 (2

48 .-0.718 -(

2.18)

Unigue reflections

27062 (4

(

32848 (1

16677 (1

28737 (1

30893 (1

22996 (

26718 (1

R-work 0.187 (¢ ( 0.1695 (| 0.2466 (| 0.166 (0 0.1646 (| 0.1927 (| 0.2053 (
R-free 0.2281 ( (] 0.2162 (| 0.2972 (| 0.2123 (| 0.2137 (| 0.2426 (| 0.2473 (
Ramachandran
. 0.8 0.5 0.5 0.5 1.25 0.27 0.22
outliers
RMS (bonds, A) 0.002 0.002 0.002 0.002 0.002 0.002 0.002
RMS (anglesdeq) 0.56 0.54 0.53 0.53 0.57 0.55 0.56
Average B factor 31.19 13.72 16.19 19. 14 18.52 26. 44 21.21

*U=hb=A=90
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Tabl e 5 .dat@dta8scXfoC rGRY muwstruaturds. Numbers in parenthesis describe the highest resclugibn
CraCRY D32doNg/q D32dnNrt/{D321ND32@3 D321 NDS2&h)] R4 85cKg/{ R4 85cKg/ g R485Kri/| C4 82844 ¢ C4 8LoSetnhi

Space group P212:2;

Unit cell (a, b, c)* 50.49, 65 50.6, 65./50.4,168./50.45, 64|50.5, 65(50.65, 650.28, 6§5.53, 65 50.68, 64§

Processing statistics

Completeness (%) 99.86 (¢ 93.97 (9 99.94 (¢ 99.95 (9 99.97 ( 99.97 ( 99 .(9949 . 9 97 .(86). 3 81 (81). 9
Unique reflections 21400 (2 9880 (9 37642 (4 37235 (3 57003 ( 30683 ( 38153 ( 106@Q@B36 9881687 6
Multiplicity 22.8 6.7 205. 9 219.1 109.5 38.1 33.3 5.4 3.1
CC1/2 0.939 ( 0.981 ( 0.996 (( 0.995 (0 0.993 ( 0.982 ( 0.918 ( 0.974 (| 0.91 (O

I /@ 5.74 (1 9.91 (2 19. 44 ( 16.44 (1 11.13 ( 4.92 (2 6.52 (2 4.38 (2 3.83 (1
Wilson B factor 19.97 17.14 22.04 21.67 15. 1 13.25 10.23 nan nan

Refi nement statistics

. 47 -0.737 ~( 47 .-18795- (| 41.-18694 (] 49.-1877 ¢1 48.-20.61 ¢ 49.13.793 -
Resolution range (A 49 .-2.10 33 .(
2.37) 1.95) 1.94) 1.7) 2.1) 1.93)
Unique reflections 213(1B105 9851 (9 37631 (3 37224 (3 56987 ( 30681 ( 38148 (
R-work 0.1784 (| 0.2196 (( 0.1572 (| 0.2344 (( 0.1491 (| 0.1854 ( 0.1544 (
R-free 0.2175 (| 0.2688 ( 0.2005 29( 0.2825 (( 0.1828 (| 0.2293 (| 0.1912 (
Ramachandran
_ 0.25 0 0 0 0.5 0.77 0.51
outliers
RMS (bonds, A) 0.003 0.002 0.007 0.003 0.006 0.014 0.005
RMS (angles, deg) 0.58 0.52 0.86 0.63 0.89 0.84 0.77
Average B factor 22.96 20.52 25. 4 25.01 20.23 17.29 15.5

*U=b=A=90
a . Due to very few C482S scsriynrsg asl tsa tciasnt hbeeas edwime e cnvoetd & dneeel r.gfTo o@ ment o



4. 1CrCARY umati onal analysisU@&nt heelriehgvant
After refining all the datasets from BL32X
actorhmrfotein rmgsonsilywamecU2a@md od a@u signg t h
struwt thed hceordresdo t B-fogpadtcosrt r i bsuhavwm si mrFei gur e
First, we gvedWTRa g /bskteavtitdmh r éhd dpi a si arh e C
rminal regicarncsmpi dsysi~mg nWlydvemand?2 2
foksodi npat t i@t eromdiedalodimesdgiror iwahaerdy cal s o
ndition Né&xtgurwe 2\ d hsaglRef o deipea t & dmon
phot or eldytchtee oN373F mut ant, whi ch IS Know
ot or é%ulctlitomi s caset hEADXIi @imaienled tiame i no
 umi nati on and 100% of -adapseéeadl cryemal ne
dependent!| ¢y FofurG®d B@eBrharxg stnohicst ogr am di st
of the mutantsgpdxe YBR@EeBT Biletdhca xhi &agg on
thus ses wmi mmaglglag i ve control (Appendix 26) .
On the other hand, mu3 22X N)ngp DS82dntteod aistp afr ra
proton farcocne p3d/3t al so mi mi cked théeyalready
removing its charge. Spectrosco@i@Rravl,l vy, t h
with FAD achiAet/'ang upenkppPEumi B@dndonafting
D3 2clan be rperpdtaocne dacesegp.t agy wwvathewt depr ot on;
FABY372BP would be too “aboumudPBviednfor FADH
Next, the secondU2Za D2, i nuugtea tped@B PaBstd rmw eol f |
weaki ng tshad tgebcrofddr t her P8R2d N/ D323 N doubl e
which botR4A8 e ARDBEB 3 s awe weraikcdbwgaegse ner at ed
When obséegsengeries of salthexniddigedr slt av a
i nteradbe3 22N yahew woai nsipreatkhe oxi diged stat
of0 .-15 (AppendhNex theé )nk t hcaotn ddnueey otsol icgrhyto c han g«
behaivin otrhi s s peomkiwd ditera saonnt . oHoomw et vheer ,s tfr uct u
Vi ewD3R2Bob g/ ox/ D133y NdxFr20ur e 22%€)(dxi @uz22EN 22D) ,
and DDB22B8BNg( i gurseh o2wetd) y sit miusdevd thiheg B-e r
f acssomnratriomicheét ed mE mala2 ememen DOB3LBNg/ ox
indicating that salt brUdfge ohbesdwafattedt i
by he Fanger covBefraest olory dsrim @ow &i8e2rDI® 2 30N g/ o x
> D323y dR3 23Ny %/ 1313 N dxnehki ¢ dtaiDBriees i due has
amorperonoumded t hfaoW2Dh2AveOhi nche ot her hand
semi qguinone D321N structure proved diffict
damaged upon il lumination with blue I ight.
daaset based on i mages from 44  carfytsetral s,
combi ntherieo,n we observed the sighwwe.overahl a:
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completel W2deldoaal e xiprd s2ah2 MBS IR 3i2BoNt @ $ehi

D32MD8 23nNrtsseBy cal cul atitnhgehwhei pewmtiefith®dgeg o
semi qui no,neD3d2alt N sasmthdo WDEBA2 3Mlor e or mloeigsns t he s
t hdeoubl|l eamupeedchAppeBdi x 2

p.

D321ND323Ngport fsemi

(F)

R485K ongsemi RA85Ksart/sem

B-factor
20 50
[ i
Fi gux@ e al | rel evant mut ant -fsatcrBdocatcuroers as

coloring was -@bireedu ssipregcta ubml uva t h a mi ni murm
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maxi mum Vv ail(ue) odnds0( Baswpoei show asd negat
respedctivie@) y. (D) and (E¥i,n thaelssebwreag etf h anu
phot olliykhesedoma®&howerdl si miwiarh ef ensotsutr-ef | ex i bl
ter mi owrsd dfooubltehemut ant . (F) BwébKeemnut ant s
U2Re |tihxnasy tdauef ast thcaxsisti on of

Fi nalhley, muR4a8t5i otho | y sviame dtedR48B &N ge t he i nt e
partner but still mai htainebsohtehn gRa4y@s&hir i dge
and Rsh85Wemie -owatldlr al 2ehlei kiet $ noxi di zed st at e
22Pe.ht nk R8eKatmay change very rapidly betwe
ref ojlodil yg ~30% c h g sathbasl eswivceadh @alc-ea eirs ( Appendi x
26, 28). To sol wmelthic®# Bomxbeper if me nutr 8 may
t his questUnofnorpgrumpmdrell yy., mut at i nwasc ymsdtei ne
successful in data collection (Table 5). TI
was in close proxi miltegcttroon hter aaipssfteewrli otYit7r3a a
study praccpasapdt ent i al el ectron donor, whi c|
with another!8xidized species

I n concliuslivom nati on of tthrei gogreyfsetdadlisn gp roifo rt
Cterminal region, acbhiigeavT mugs ,a istt aa pep esarnsi |ta
D321N and D323NUmMmRdratiummal dirngneb yR4awoe2ak eni n
and RABHal t ,brbudtgetshat t he el ectrostatic pe
is still requi rtear mion ad e srteagbiio ni zeen otuhgeh G o p
cryonditions.

4. 1 Cbacl usouan oarkd
Al t hough cregbterettlmambal ways been somewhat

mysteurnyrentl vy, al | evidence points towards
st et% FdP t her mor e, as dsrigeenctnaa g noent irce | faite v
radi calt afal,tt¥iymmobilized CRYsyeées mageabery

proposed to undelt3Oar mdgh att viusp prexgttasedm @ y
howrGRY sensesbyl gendé¢irodtaitdoi c atlr apmasilra,t i ng t |
cryptochr ome siingtnoala ftrréamitdatcDbimeav er al st eps
foll owedkt erysi ve unf dledimi Brruexw.fi odre s ¢ iCme d
spectroscopi c aenlae cytsreosp r sthedeMpadcd bigeh g pt o p h an
tri adawismmist i al f drn matwdcm f@ffoattsdire t r athes f er t o
pr odrudchly 3 PRP wil tetsismmsh®@nTo pmpowvesdtrhluicst ur al | vy,
CrGRY s ha@auwltd v atueldr v iad p em@sd Wias £FENO s e
optitalefsprovides a pAiccscer ddiunrgattioco no wrn d®AC
bet wieG rannsHO O(hBi gur e 1 8 8QrGkRiYd behaved much 1|1 Kk
PCS¥%wi th N395 receding away from the flavin
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FADandausi ng at hDe302Rld 6san ¢ &frd md gtehsos e vp eiwn t
our &€m@RY esiebiuphl v foasttemleecuasaltyossicsecr ypt
structurallyofheadlitanbadfpatrstepmati on.
Nexwe suegdgleest pr otfoonr Fspobleroc eF X D Hin s ibtei otnh et o
conser veida Rr3 60r ewsi’d wd bred sveea@mc a0 0 amps dt & i h edd
exchaagpeened®R36O0r comé or mati oFfr o(mMpphe nsi xp oli &n,t1l
the FAD binding sA1tEerrwanfhhmobd&kmmad)anmnder
protonatiAuhata PADHon transfer chain compo:
H309 within 33 ms, giving rfivy8édmsadi ¢ hle pair,
foll owedutbhmeed fevanot htersaingsuie@eindnat itoon tphaetihrway
original conformations (Figure 18B). Clear
FADM or mati on i nn-iT@S{ i mae rae d 2 G)u popuanrotdier ¢

pr opapsreaddt omad¢ h atmh astna k esn pl ace in millisecon:i
Howet éare, lcaorngfeosrtmat i onal changer&asR¥Yndeghwing
transduction teoki phbhceeghofiheu@it ovadiasg D:
ha#escri bes whshmasn i nteraswd$onc opnapltenteerl,y
elocalized by 3 Os G( Fielmius eeflB€ct Apwanei xma
ble to hydratW2a&nide tshppaam i metpwedrei n body,
he sttt hlhegtribyofsal t-RBbdgerdotobDB8RPBued to do
f theourignee. With both dgelrtmi hraildgesiduelke
artially or fullywdehodalfifuee atggdBBversde
hr oughouhte lDid@Apemeandiex 22). Ultimately, the
heig®dir ucft ubceni nmpgl et eeldy | werafdo Indya rt roa nsg er noenngt sr ei
ear by ebso o(pFi gAllrtehdwBgh our | ¢ m2pe3st mMmtoidrad poi
ive us a veran gwrmofdo Iselmprpldife {tiffbemee il $§ a huge
jumpratradesmpl enred we lITon@ddme & $1 emitiliugiusreec,cond t i n
resolved serial oSt ITIROX) LMD &d [yetdad rtrdeat a p h
ESRF to observehaeandomteit reu omo deelasn fdelndaiin g
millisecond to.Qecand ,titmec omoeslha simprorftramm
finditrhtpstei preseinsesoff iY878nt and necessary
t owar dss gstihaet eC

On the o€Ch@GR® hminldt ic t inoennat|i obngevde & seeqoua r de
round of ph&iguedudlihomve DNAy eepaiti oacif v
FADM oADP? . ¥¥i s react weualmmaeprbees enobr t Ae bas
secondary function &l ta irseds tliiCg@RYnpaiootao r ehco
as a red light photpichheopthsri obdypBEADES i s

s t atthaeadt ’%’rBe?gBeneratwehsentcpe\béndgﬁvai treducing ageni
Csignall22 ol diakge mawce andsirgsalingg fedal ngh

o 5 —+ ~+ T O 9 o un
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FADM t at e IMFADH. Upon red | i“gahotul idl luunndienragtoi
photoreduction 2, resdulYthADBgnaa Nrahimea.h ppot het |
external rrezd)uctiEng;eraegre&mmeYs\’zIBEagahheve t he
Ccast §FADHW373) and mainmtPaO&mil nagr ahdicgtus o tew

DNA repair. flo sséged@esstsaltshicsan be produced a
addi ng r ed uwuc itnhdeo adgaer rkte nd maty@8s788HE8 initial S
Crapawvzmmodel byN&BX, experi mentws tdatca ncsalalnec triea
il 1l umination simul taamde coushley ,v ewfeo | ndal yn go betvaei nnt
pl ace, a@mdi fmign aipé fwahtodd etl dnenfrs@i gurCey:.l 3,
Finally, Cdl@aRY teox peeuri ment @é c gredalhrypy owictphouw te (

HDF) , It woiu h garbaelwhzeet ee e s phi& o6 fealdfulce i on
antenna cBHDMmeppbors @t . Svthrepir iwsei mstulpge,r p o s e«

previiypuwis! 88DREbnt a@maRYmodel (*&FND) opsr C

Il somordphhduwes ence electrdnobdsesveéedemss weige i f
arounBHDtFheéi ndi ngwepoclhet d dbser defflee ensemo
el ectr osdecarysintgi @ n K13, E107, H134, Q390
i ndicating the relevant residues may compo:¢
proton from the solvent environment.

4 @bserving-reNAaiposyCmr@Rm¥ &s) Renmp | e x

4. 2.1 Owvédgidedanp a Cr&R Y

Upon exposure wo nav oradtiyapesongf tcompounds
damage awerie. e. pyrimidine cycl obut-ane di m
pyri mi édojnep h(obt O p(r Pidguwcres I )d.fhaeisre tDyNhAes of
photolGRRpbasol yadphoaotigebehe energy of bl
rep@RD aAYdPRBirespe®’ iMedywhile, once the p
had been recognized, tuhte odamagee dD NbAa sdeosu bd ree
into the photolyase active site via a poor
nucl elootnigdesi ngl e stranded DNA!¥3cdsn dalringd
the unpaired bubble is stabilized!®y the p
The function tolie Bd &Rl Ipapesveendafsandd®i ghlpwai red
conserved in alDNAKk-cowest phb’8eoTRRRR mrepai
mechanitme amalse return pathway, foll owed b
di ssociation Iwviens bdeeetnaidt uvdiiaedt i me resol ve
crystal(lwmgderphdMeweseo#@d PP heefd &i r mechani sm
somewehmshrouded, iandnmysé¢wvetryal possi bl e me c |
propdudde stillcoanmriovseuesy oGiSweerntihoenaftli.rbs.t2)
CrGRYIDNA -croy st alwasst rcuocrt suirtsetgehnott owni tnflecai®a ni s m
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4) PP repair, it was hymay hab eti rzaerds itehnattl yi nfto
oxetwdrnteni pd)tPhPe nl AdWlie¢ il apeytai t base ret ul
compl ex r el axa tfi-do)nP Pnber cehnaani i nGevde ruanl kl n,o wonu.r f i n
in this thesis show the final stages demor
under s-4pBHE (&pair mechani sm.

. 2.2 Struct ur)eRPEspmdiuted nmode (D

n this workjfWwernCgRrNl woysitalict ures corresy
o difvleer ent |l evel s of i1l lumination with a
2 s, )Taml ¢ h& peepsenot andedbsing agent (D
carystals production-ianmddmeteldod ol Gy tweme 3

w ~+ — b

reect Byelexposing the crystals to | ow | evel
we hoped to enrich, Il sol ate and structura
i nter medi &t) PPrippati re PreaRYr s sa d ¢ iwtei orer f or med
anegative contr ol experiment by il luminatir
In the following sections, we deaeflkyr 49, tde,
l6anadontMecaln whiwee phodhcdudadfFetgegnce density n
between isomorgapodisand@@tiasnettessr epriohghyged

il umifoatft6diaet asaesed signthecaeanyssaifkatince
and thermFor @dP&Ed« maps wer é*%wsretdh gbrrynsd reea d
estimating the activated fraction in each
structure factor ettt apoluatiuoml tl gglcicvhdad) mes e
i nter medi adt)eRsP-rof@stihré oegf vBenint@sxl at aMedrswhi | e
folrgs the activated flr0ad@i §t bicmr s eaunt edh df d rh et
noinsomor phouswesgtpreay @Ir anteida n
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Tabl e 6 datalsRtBticsfér (8)PPrepairing structures. Numbers in parenthesis describe the highest resolution shell.
Time point dar k 4s 8s 16s Contasel 32s
Space group P452,2
Unit cell (a, b, ¢)* 189. 29, 18, 189. 29, 18 189. 01, 18 188. 14, 18 187. 96, 18 187. 45, 18
Processing statistics
Completeness (%) 99.69 (1 99.96 (9¢ 99.92 (1 99. 72 (9 99.93 (1 99.56 (1
Uniquereflections 52134 (7¢ 43891 (617 43001 ( 6¢ 48950 (7 42372 (61 29104 (441
Multiplicity 242.5 207. 1 209. 7 224.5 201. 8 34. 4
CC1/2 0. 9(903. 525 0.988 (0| 0.985 (0] 0.998 (0. 0.995 (0. 00959 (0.
A 7.8%5.67) 9.62.89) 12.32 (2 16.33 (2 7.45 (1. 6. 15) 2
Wilson B factor 22.04 25.69 38.64 38.51 29. 47 34. 46
Refinement statistics
Resolutionrange (A)| 18 -23.914 -2 21| 45 -20.14 (22 .44 44 -B.45 (2255 18 -24.52 (22..2] 46 .-29.932.-382| 18 .-20.65 (22 .51
Unique reflections 46716 (4° 33414 (3] 29647 (2 42494 (4] 37290 ( 3¢ 28924 (2
Rwork 0.1905 (O 0.2394 (O 0.2542 (O 0.1889 (O 0.2066 (O 0.2318 (O
Rfree 0.2806270 0.2739 (0 0.2788 (0 0.227 (0. 0.2544 (0 0.2551 (0
Ramachandran outlier 0.21 0.21 0.21 0 0.41 0
RMS (bonds, A) 0.017 0.007 0.006 0.002 0.011 0.024
RMS (angles, deg) 1.88 0.92 0.75 0.57 1. 48 1.12
Average B factor 44 .72 38. 883 50. 74 58. 57 50. 15 58. 57

*U=hb=A=90
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4. 2.3 Overall str wgtPlPr DINAc hmempaes after (6
As with any catal ytdrGaR¥eannvobwesD&dA Fepatrt
formatiemzyrfehtshe ate YEBpP| ekr @AEsBor mati on o
enzymeoduct cYBEP)exaBHSrel easeotofetltioen pr odu
ERomplERE + P) (Figure 23A).f cBrh@iGR¥r to pr
DNA compl el¥?! sawcruysauaks f-Bat me dddeESHieqprr e
23B), in -4whPEBhmaoihet y 6was hdladtolrosantdo wialse |
bet ween W294, H357, H361 andC€rCGARR®1bygBbbare
i ntruding region, corresponding to the F40
bubbl e, preventing its collapse (Figure 23|
I nterestingCrn@RYalprhboegm toe ety did not app:
conformationalli ghangelsl ushpooceatliiozne,d DINAaNnges
extensive, alre einldlemmi &tiigud @anBAEEjf eHenee [
maps | ocal i-4z)eRIP taon dt hiet s( 6envi ronmeh6s (Figur
presented the most kRangesi ve tbef ®NWwat aend
becdme flexible to bearefharde ddiguared e2r8eEd |. |
I n t heHxkFrmap, strong negative difference p
the position occupi ed (bFi gthree enh3E)r.e DNA mol
In addi téseunper dat aset had undergone signific
wi t haatlishex i s bei ng swhoirltee ntehdex bugn itqeuneai ned con
when comparKiddbdimlippengdiTohi 30bceoud xdpl ai ned by
partial di 93 @didNaAnic® mMpdcfoxt chiewsgd iyg & ésdt & thee

as an intermediate stwax@kEi § eHRwBebE rE Psdam d HE+HFP
DNA rel ease had n.otHetbheee,ne nctoibrpeNdyt aodfmytehbeu | d
not bedwveftit oadiéboupdet s3afmtbeul d (&i gure 2
furihéuminated for 32 s, at which point t|
di ssol ved. 3Zhkepdearée s sebnmwgsuct ed {fdradmsenlisy 5
coll ected fr om6sreevseuilatli al gsdpsuc(tTuarbel ewhi ch di
froimebsst @Fe QArAppendi xi BdegdtladhidwhtsRE | at est
stage -4npB-bepabr process that <can obgey,captur
before diffrlacst adeuqowmir awaeo cr yst al lattic
Finally, we perfor med tllf6e scdntgrhdl irmd asnu marm:¢
reducingrageht , showesdt dan@mabh (dd pfpfeenrdeinxc e3 2)
hi ghli ghbNAnmgepaiam | arcley ithalkc at aloyft ifd daleliyn act
FADKHTt at e.



55

23. Overview of struc#ymdlpacihrandgels .
n overview. Overall reaction shows
n, i . e. enzyme (E) and -substrate
(ES), which then reacts toon tihse e
n the product i s released, and t
ere, we present a total of four s
this pathway f-4yPR hree &a taiCd®¥,, cidLtées.l, ya @
2s, which harbor one af sE&rde diEgtePdct i on
Overview of dar k Sstructure as a car f
paired bubbl ed4d )y ®RBicumpi (el we 4i)BAER))s, tteh d
e FAD moiety (y=and3®WNA FADNs.taBowkl i n
| topol ogy tahdeh sik e hdesmsa inloe & i fgena tf u rceasn,t
eb | CEHDNARY omp | k! tCr)u OtewddPaPd c ol pit e ( 6
h boe4)hPR haend 6rel evant i nteracting re
we |l | as the nearby FAD (gol d)D) ADdt ainlt e
t he bubbl e nidn turnupdaii nrge dr ebguibobnl e , with DNA
ements as cartoons-chahnbkeaselsevakt mopdet s
ructur al changes I n 45, &8, ananid]s El+6PY , r
spectively. Pr oofteeaicnh a nhdy il B NuAtnu rendai teetdi esst r u ct
own i,nnontd&argesame orientation as in (B),

WS NV ODODOoOYY TODWTYY/Y~O0O0 T T
SO+ "N o00<S—W>S —M<ooomo—
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Additi onaldlye c tdri dnfagats®e macried ay3s.hbodvmt caur | evel ,
positive valuealiurmsmpgent aegati ve

4. Ac4ive site struet)lPrPalDNAharegas rafter (6
Al t hdhwegsht tucture showed no signifiucaent ovel
23E) strong dFo peaks i n thed)iBRmmegdsatteed elnovd a
changes, resulting iuwr28AnanhbBbd)r. monrdeeneedn t srteafgien
of 4dataseth extrapofdatgd®&rnmittetcendnitqlueesenr i ctr
refinement of a distinct BP 3i%,t ewhmecdnhi axtee nwvai
ERs( FUrg A anmdC)WHer ehasBgy esul ted i n-rtewai maj or
conformations being foundppen3 he wditdhi mintey o
them bef Rig@ERe and t hesgygskeicipudrde oHeteod R |
active fraction wassse dteii mgt endor &t h4 ®®,|] ywiotclr
ERstat@&s demonstr atederbiyv e d 8isdg ngaddnsgaeirch E P
Appendix 3

ur e Preedptai r dy#dag mafAcds tohfe (abct i ve site. ( A)
ange) activegassntermadbatengupbep&®ed ov
e (gray). Protein and DNA backb-one i s
[
e
h

Q 9 —+ T Q

S as s t3i.cbkd nmtooduerdedda rdiFoe(map i s shown ir
t for positive and negative peaks, €
|l ighted by arrows pointing from the
i ns -det d4sl ¢ Bhtdidirgd eihtisg hslaangd wi ched p
eirl l ed crack between P238 and L358. Th
cle. Water molecules within the crack
k

, respectivelyghowh!| a®tihmeri (e erhe GfTS6S ia dne

r
h
0 ¢
e
al

o0sT T30 n~—~T
DTV O UMWY IO T
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ERf§ rom the 8s structure with the boundarie
those of the bubble intruding region as a [k
( A) (D) Detanitleroredtilag e sstERct ur e. Bot h d
out of the active site (red circle), and ar
by displacing the BIR (blue circle). The p:
orientationmhemwi &d¢,sbutctures are displayed
t he ddaor(kB)s map i 80 morhtigthrleidghdt the rel ati ve
density ardumgpgpededbéacland dT7. ( E) Det ai |
whi ch i ncdsudrFe glugE+P]i s shown as in (D).

I n sEPARBP had been fuRKAYy; r apab3behdysniFrieg u(tdaTe7 )
rotated by 90A sangdg esshtiifntge dt hbayt 2d.T17 woul d pr
site vifa |ld ewdatcarac k F2e38we(edli oL 3@ aamdi | e, t |
thymine (dT6) movededeapéowi ngowaberaebi ve
site, with two or three akdimpiaonrne@dFutrgea tEESr mc
2C€)Fur nbetehdeT6 i nward motion and 120A rotat
interactioni astawhkhle EWABRE, igushing2@ygai nst i
Meanwhi H85 7, whi ch had presented t wo eq
confor mat(iFeimgeg)i ,n rEGwdoa@acwepingl e position whi
interact directulrfeAwi t whOheodha THI3I6EE&T gi e@ by
al ongCibtomndGC thusiabBatomrt ewdrn g 2AT&NA4 ( Fi
2B) . |l nterestingly,n HBrbé&quainvdo cthd 8-y Fcaoch nle € ¢
repd% reithermfasa part er r ams vée a mdeoexieat haingemt i o
i nter meldiAdttddough oauonambatgaouoshpeotdiWweessreitmi nat
t wo possi bd4) RR irdeespeamtdheent( 6c hanges i n both hi
their roépain poabili zastiage.of dT6 in the I
I ngEPboth dTHhaandedT t h2DpaMetainwehisliet,e W2F9i 4g usl
towards thé8saampiav eldsét foiegcdma2n®) . We i nterpre
this as the result of &g ewidtohu btl hee chai&gfhol rymaotci
dT6 maintaining most4 o fwtkihbdei fpepagtduPrl eoswionbgs e r v
W294 to enter the active site

Finalllgys,nd nuni que dT6 conformation could be
thymidineumabbeletwaldMeaeswhi l e a 70% occupi e
still be r edcdtniewde wsiitthe ni t ha aedHRT uyat i on s
Thutshi s suggests about ~70%imifgnt e i&KRmpl ex
conr mat i en0 % weha rmpel eed edldyremiosfs d e &NAuUr e
23E)adopdthedhé yc dyansmtmgr esented the pearti al |
state

Overabbur gitnrdu ctadhree-gpdosdti r pr o Ce@RY wa d thii vne t h
sifteel l ows an bydwhéedhsthemetelpai aectdiRber ssHist & ¢
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base repdinnrdasitt rel ease of dT7, and st a
bondi ngstaadkungFiRQdAlPr.e dT6 was released at a
process which was promoted by stabilizati

i ncreased hydusioongadn2Mgo.4 ( EP

. Dej asttredct ur at hehRngelseasi ng

descri bed above, duri ng t hCGrGRMNINtAI a l st a
mpl ex, the repaired dT7 and dabsblepteut
e unpaired budpdbRFiegeDps BHbowewnei QrGR¥Fcause t
und unpaieedsbstabi 23D e d t ng gl Rtaliséeisgur e
blahal | owsastehse ent er i ngdeinto.n h@uwa tteht ersuec t tuw e
ents, Admelpy nlgasaend BI R rel ease, are coor
e -RUTL73 an dwW4tOhle idnTtéer acti ons.
st,s£anbarnERg struct ur’'esst,acvkea nogb sweirtvhe d T
active sistlebgcealOu sbevch r WAO0 IB2I4Ro,( Fwhgiucrhe i n  t L
sed @®.8hiamWdndfF307 ,anmkesheCd 2Bl y TOHFBQgUT
ngeawae® @ t hpeep340% bdwarkdon®@4 X0, F412 an
i Br)e which together Werle, FA08& parmeal Bk
e activeasiaegemestes of the dT7 phosphat
R4 ImBoviawpy from its ori gi rmpalospdsittei, o m nal a soe
Q410 (FB)Yur®his seriesropangemémtrsnatesanhbtin
4) PP repaaunsed EMReh 408t sidet ate by 26A, r e
protein and moving out of -cthhad nBlrR.t aNean vhyi
approaching R41Y3 ndred alcriad®ephiineghtah ad |l af r es et
unpaired baBplteBeEF igdher eposi ti ons of W401, F
d A@Bver e sitmdesaptge®r haps dwentdegdElPbehmeéedieaE®s
being prese@rmstt rwictthui® )t(hFeHgp wree er |, with dT7
unpaired bubbdlagioddmp IRAt1IS] s i delh@iclad - sziedde wh
chain rotanedydbrybdgdedvi 5A dT Q4WENR t Ateom
(Furge€)Fi nal | y, t lbhéi grhd ywidtyhda nRidicihS8el -d B acafm
Q41®dnly roft @t @deélrb wi t hoounp aritnn e siwtd i tniga |

di ssoci &tmiPmi gpopdr. e 25D)

These findingh(edh)iRgehp aigrhts thatwu sp h oss prked taey erde v
arrangements towdredani mdall3 BtldR irreil teiasstee fC om
while dT6 interaction with W40l-teelmaysalthe
BI'R region. We prtoipoms eb dthvade rs ytnlceh raomtiizvae s i
the suggested kinetics for base release, n
rel aVos ¢ e-mR413ted conformational changes in

O < € O T o wm

-

-~ 0 0 T~ o oo "0 > A
®» c o

>SS 1T 5 9 T 77
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entering the wunpanlrye dacbtu babsl ea, rV4l 0aly cwahni loe d
it. Thus, maxi mi zing the duration of Dboth
ba$éi pping pathway. Finally, da6frleaetds dT7 e
it and the BIR teawards complex releas

b W AN N 2 \dT 740"

BRRos Epair dynamics in the bubble intruc
WUT061 rel ayed interaction between the ac
e )sdimt etrhnee dEPat e . Protein baekkPonatis s
ns as stick model s, withitcdeat oar ed an
) map highlights differences betweet
, While negative ones in nrkagendt a. A
Conf ormational changes nitrerBrieRliand.:!
es and difference maps are shown .
ted by blue and red circles, respe
unpai resgdntlrubnelde at er ERe 8s (orang
tures are shown as in (B), including
onformati onal changes i nsiBnltRe ramedd it ehtee .u
6s (orange) and dark (gray) structures
ent aztcont ol hewtFcDkso shown in the same col
maps in (A), (B), and (C).

M-Sy~ ——~w>3T— >
1
OQ_ﬂvm*

o N o S P N7 < e 0, B i o N 7 B o R o
o —b—w-oqQ =
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4. ZTothhcl asdoonutl ook

I n this wordt hewevelnu ci dvadicecéufri enrme dy@at al ¥ o

4) PP re@pr&aRYY bya fixed target weer idadadl ecr yst
determine the structur.,e sPsEPhhd epeihRela et i on

(®) PP has been bfuutl lhya sr enpoati ryeedt plaerfttuisctunearagc
represents-rapaimrar by aglpisd sne wha sc hi ftichpep el g ,b ac

whil&8dbshetill buried wiFhgumr ¢ haaddtPh | bvaes es9 t €
have | efd dihtee,achut BI R, the protein el emer
not yet been Ffi glulry VRI5BP |paacretd a | release of
[ EhBsY] the eBi @wesstil]l being DUi splroadbad!| y Fiog
returtnihergrtoriginal positions upon compl et
[ EthBe]st ate strongly suggested that its unpa

DNA rel ease, asbamm kadi die tug BS@ fgairtvaedn ( Fi g
or debrassdeupstream frodVeachvhi aed daA8 ot her ba
withgsthegative den<Li)t,y rppesaid s i (ngi gwnr edex5 eas
the entirety of the DNA.

This highly detailed mechani sm os&stetpraasrt s wi
features by spectroscopic techniques, wher
consti#dygtriPndpa¢/® essentially the same chara
active site, or embedded®avialhli,n tttes e NAt mw
shows the f#4n®IP stepgqes im detail demonstr a
the poorl y-4y wPdPe ir ehpaawids tme& cMor e I mportantl vy,
mol ecul ar insight into tfpa omedmaningmgs aartd ol

Furmbee our data and met hodedl)oPgPy rcelpeaarrl yb
phot ol yases ¢ anr ebseo |svteudd pderidycsvtti caR dbongmgtuleys,. we
halleab!| e ttohe afafitdac tSAALtAY o xi diDzZNeAd cOrmp T R

i at est er ex.pdWREFEKkpeéeri ments widnd fdielkdehyept el
precise reaction emt(i€neRddiaatre s edawrtiimgr t he

4. Proavmanudmuoavett hanosarcacliansas malzeDNA phot ol
Pr ot on & thrieaochi ood | afAifhant ftilaeri N5 (position is
photoreabucftoirmnnneutralb)Asseumn' qun ewinebh o WADUWHI y I
t htahe geotmedr gBABF409 salt bridge wé's stron
andpi bso'fahR3cNBmay atcrtangssi ®nan donor for the
of FABADH In thasedook,’durDrf.i ddjiomgsSchapiro
demonsvifedt 1M s i miuhbarnt otoon transferfewvent onl
R3784and otnH\yatiofmtiadi lanradblhy wat(eAp paenndd iEx4 0 7
3A)lndeed, either simulfiatibe wateurmevemeémn!
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observed aNWyiat alyidlrioged boB)dihnug , ( Apmp eom diex
i nvestigate the protmowntadBidedd?T 1t ®l ¢ vaacdi nea r tEr
E40B8B0t widely comseguwvtap saf il i OdbAumah ol gl vy as e
occurdiengia® in class | DNA Heh et olwea 9 oprod
that, i n the BAO7TbnmsramsehsR2N8, with prot«
from solvent via the caaslddPccidipenee daoall @ wi
section.

4. 3.1 E407L,cpyeparbindama owi ti on

E407 was mutated to leucine by QuikChange lightning sitdirectedmutagenesis

kit (Agilent). Theplasmidvectorwas used BT28aandtransformed intd. coliBL21
(DE3). For protein expression, cells were grown in terrific broth medium with
kanamycin at 25°C. The gene expression was controlled by -@udoiction and
incubated foat least 24 t@7 hours. After cell harvesting, pellets werestspended in
buffer A (5vmM NaHPQs PH 8.0, 300mM NaCl) andadded the tip of a spatula of
lyophilized DNAse and lysozyme. Cell disruption was performed with a high pressure
homogenizerEmulsiFlexC3, Avestin) and centrifuged 4C with 12000 rpm for 60
minutes.After centrifugation, the supernatangs sterilefiitered and applied to Ni-
NTA agarosematrix (Roche) packed column which was equilibrated by buffen A
advance The column was washed by 5 column volumes (CVs) of buffer A and
afterwards by 5 CVs of 10% buffer B (%M NaHPQy PH 8.0, 300mM NacCl, 250

mM imidazole)as second washirgiep.Next, E407L proteinwas elutecbut of Ni2*-

NTA column by100% buffer B Finally, followed bysize exclusion chromatography
with a Superdex200 column anéldltration buffer (10 mM Tisi HCI, 100 mM NacCl,

pH 8.0) For E407L protein crystallizatiomeitherthe original crystallization othe

wild type nor modified crystallization conditiscould suceedto obtain crystals.
However, E407L cocrystallizedwith DNA was obtainedas microcrystals(0.1 M
Ssodium acetat@H 4.6, 0.25M ammonium sulfate, 4% PEG400(igure 26)using
previousconditions(under revision)

Figure 2®ONA Ectr@yydt al s
featurecryybealcso had s h
pl enty and tiny crystal
bel osm 1Icr yst al si ze.

50 um
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To ohltdifer ent t hed goxxdsdh azteeds cegwivvalr edhad t h
dar loart | east 12 htohuarts tthoemylaakrteee IsTuhreggndhied i z e d .
E40-DNA microcrystals slurry was embedded i
1: 9 <crybkalafmadg ahark.ewi slee semiquinone cr )
genetbyted!| umi nat ifembfeard e%a rmidnynsdt daiff dstaes lhy
fraize | i quiwd t migtern cmgge mow Dit.fcthreadct i on dat a wer ¢
from a Uuatgef amo cgreoncercyastiedllas waste tt he beaml i n
BL32X®,i-83 Sayo, JrBIpGER &weidtbtctam . For data j
t hekAMGYystem basedppawh ogtlahtee dat a processing
smaneldgarti alandlabasmaisdift®ilge r e fstatistesdern t

theE407L structurearesummarizedn Table 7.

Table 7. Refinemendtatistics forE407L structures. Numbers in parenthesis describe
the highest resolution shell.

E407L redo E 4 OokL E 4 Os7e i
Space gr g P212:2,
Unit cell 71.68, 114, 71.3, 115.
Resol uti on 47 .-23.335 -223| 47 -5.832.-382
Unique ref 57994 (55 62139 (6!
Compl et ene 99.42 (97 99. 96 (1
Wil son B 41. 21 42. 43
Macr omol e ( 8145 8149
l i gands 111 111
sol vent 481 424
Reflectiodg 2894 (28 3101 (31
R-wor k 0.20182336 0.1783 (0O
Rfree 0.2449 (O 0.2176 (O
Ramachandr 4 0. 45 0. 34
Clashsco 2. 2 5.6
RMS (bond:¢ 0.012 0.005
RMS (angl e 1.53 0.71
Average B 47 .61 52.11

*U=b=A=90
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4. 3MnCPDI | E407CrGRIYmebavi or (tranei ®oi on fr
F A DM
I n photolyases, and in the absence of an e

at sttedphFeA Pt o ftADansiits omnatluéd ur ® bep FB©ele d
141 Fuashwe, mentioned above, B#@dti widbehygs

c osner vaenddna i nrleyp | bgleeuci ne i n cl ass I DNA
cryptochr omeswheimet esrugstrippongddydMnc 8 &1 | and

CrGR¥trugctuheser watalnloogr a pllee cec nvae ent maatr t
t hegl ut amate preradiAd AeSEG Api hpE407Lox model , N

crystallographic water can beAdfdoundnakhyhb
anot her aeswigdgedmscheyl ecul ar dy msawhiedE€8wansul at i on
repl acedcbyeavehmhywe @@ iwvombe resri,t  htdh &€ awatngr had
beemdeedbibhiihzedpol arMnELD®DT | s(tAppxeanudiex 36)

Surprisingly, upon |lightsthovmEdbinatFmlH f or
transiittsd hVsiipse dtreroant r a sSWT tdhCPBDE€Fi gure 27) .
Furthermore, after NANTA onolpwmr ,fichern dae Bt
char acftoerrsiésimieqgcui none st atea Ed8FTWedbiemiolbasrertve
CrGRY (FiguretiEAY.7LChe anidec®RY behavior to ac
a stFaAHD‘ﬁslqoecniteha&bs’enacredcmfcing agent .

| MmcPoNwT —od .
| —BminL

\h
Fi gurFe a2sbif é&seemi qui nonet hsem@PBI I NEBOTHh mut ant
Cr aCRY Whsep eddstnrdé gugpton | i ght il |l unfADAH i on f o

was det etchteeblslemma@meedouci nign alBfethis spl aying hig
similt®&miatC\RMM he same can be observed for th
Ni NCAromatagrpphyfication step.
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4. 3.3 Possi blreotdmmliaadaniossmfofomp sol vent

As our previousthteudyeosnedg gegstodd stahdt bri dge
the R378 side chain to break its salt brid
bothcéiadaes duri’dg Upil o ken at.(Bomj N&f dR3T&NC e
oxi di z@dd Wit an3x.e5 ojf ignhEdb@TIlwe efno ucnodu | fdo rb ei t s
SstructHerree, i n a good agreement with our pr.
E4OcfLleveal ed aatvieveg si ghBarl8naslhodvee cthhaei n, and
di fference map peaks smairemtinymdihngaptplear g @n
consi stagmot owmnadhratkm nwi pbacemi tantt we akalnti ng
bridge (Figure 2f8)r.martiinadd 6y, ¢l 6 wiBkMhae
andNSheositiohn(é&regstriendBy h7aidn shd4 G 2L upward
i yesul R38hghaivni ng mor e sodowredletanovhi t e, t 867 |
110A from the tohoex g dntzeslpwesli t i asmn WIBY recedi
O. 4 Fii guBas28) on t hese obtslteativhee D@ hs mutvanpr c
t Re37Be di ptedon transfer is transient, with
via the cavitmy njagdmend dwport oi Itlhie mut ati on.
of H4e07W due i s extremel y aismpbartdiE™dd 7f avri t thh e
| euci ne a@lomplpedod loy eocelhatvii g d c oMITCRD I h.

t hfeut uwielh & iitmntgo eadPERSIFKX t o itnlviests geadief i ¢ mu:
i n the phot ol yasoe epshsot oreducti on

Figure 28. |1 nREMB8PWALE mBMé60eéLdi recel gvannnect
si-dRains as stickedmoderl skd@whittrhngle 80 BLAT h e
contour edoxdFontaspenii ghlights differences bet
positive peaks in cyan, Twé&oivheememd g aotfi vien do nve
residues is highlighted byosairtrioomss pion ndx indi
their final positions in semiquinone.



