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Zusammenfassung

Pilze sind von einer dicken Schicht aus Kohlenhydraten und Proteinen umgeben, die fur die
Lebensfahigkeit der Zelle essentiell ist der pilzlichen Zellwand. Proteine sind auf
unterschiedliche Arten in dieses Organell integriert: einige sind kovalent am de
Kohlenhydratanteil der Zellwand gebundeantweder Uber Glycosylphosphatidylinositol
(GPBAnNnker oder alkaliempfindliche Bindungen, andere indirekt tber Disulfidbindungen.
Zellwandproteine sind an unterschiedlichen zellularen Funktionen beteiligt, wie de
Zellwandbiosynthese, der Adh&sion an Oberflachen oder der Sensorik.

Im ersten Teildieser Arbeit wurden die GPiverankertan Proteine des thermophilen
Modellorganismughaetomium thermophiluridentifiziert. Zunachst wurde eine Vorhersage
der an Zellwand und Plasmamembranbefindlichen GPProteine durchgefiihrt. Die
Vorhersage wurde durch esh massenspektrometrischie Nachweisder GPiverankerten
Zellwandproteine in isolierten Zellwanden erganzt. Die detektierten Proteine wurden
hinsichtlich ihrer Foktionen und mutmallichen Rollen analysieriteressante Targets fur
pharmazeutische Anwendungen und Grundlagenforschkmgnten ermittelt werden, u. a.
Gell/2, Kre9/Knhl und Ecm3Zusatzlichwurde die Ultrastruktur der Zellwand von

C. thermophilum mittels Transmissionselektronenmikroskopie analysiert, wobei kurze
Mikrofibrillen in der &uReren Zellwandsicht und Ahnlichkeit zu de Zellwand von
S.cerevisiadestgestellt werden konnten.

Die Arbeitbehandelt im zweiten Teil didnalyse der Aomanen derCandida glabrata
Adhasine Awpl und Awp3jie Mitglieder des Adhéasinclusters VI sind. Obwdldsem
humanpathogenen Pilzestimmte Virulenzfaktorenz. BzurHyphenbildung fehlen, werden

C. glabratalinfektionen haufig beobachtetvobeisein grol3es Reperi@ an Adhésinen einer

der wesentlichen Griinde sein sollte.g LIm! dzy R ! gLJo! 06Sa(HekSy 06 SA
52 YNYS dzy Rristdllinoinbide. 'Sie &dhneln strukturell kohlenhydratbindenden
Proteinen, z. B. Polysacchatiglasen Allerdings konnte keinBindung vonKohlenhydragn

an Awp1Typ Adhasinemachgewieserwerden. Ein Sequenzahnlichkeitsnetzwésgitet eine

hohe Ahnlichkeit zu demAdhasinen Awp2 und Awpdles Adhasintusters V ab und
untermauert damit frihere Klassifizierungen. Die Strukturen vopZAund Awp3 geben erste
Einblicke in neue Typen von Adhasinefirglabratazu denen Adhésine der Cluster V und VI
gehoren.

Weiterhin wurde der @roteingekoppelte Rezeptor Pth11l aGs thermophilunanalysiert. Er
enthalt eine Nterminale CFEMDomé&ne - diese Domane kommt ausschlief3lich in
Pilzzellwand und Plasmamembranproteinen vor, die als Ligarehbindungsstelle
vorhergesagt wrde. Die CFENDomane vonCt G Kmwm 0 S & U SHelices lunttdweist Ny ¥ b
zwei potenzielle Bindungsstellen auf, die durch F48 geteilt werden. Bestimmte Orientierungen
des AminosaureresteB48 ermdglichen die Bildung eines Tunnels durch die Domane. Ein
Modell der CtPthlLCFEMDomane undder Transmembranregion basierend auf der
Vorhersage benachbarter Reste mittels Sequenzkovarianzanalyzeigt, dass beide
potenziellen Bindungsstellen zuganglich sind. In einem Frag®emen wurden vier
Fragmentean der gleichenBindestellegebunden;drei davon konnten in die jeweiligen
Elektronendichten modelliert werden. Diese hydrophoben Fragmente sind in der
hydrophobenBindestelleplatziert und weisemur wenigezusatzlichdnteraktionenauf, was
zuder Hypothese passtiass Pth1ll hydrophobe Chétaristikaauf der Pflanzenoberflache
wahrnimmt.
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Summary

Fungiare surrounded by a thick layer of carbohydrates and proteins, which is essential for the
OSt t Qacth® fuhgal xdll wall.&Proteinare incorporated into this organelle different

ways: some are covalentljinked to the carbohydrate moiety of the cell walliav
Glycosylphosphatidylinositol (GRifchors or alkalsensitive linkages, others are indirectly
attached to the cell wall via disulfide bonds. Cell wall proteiresinvolvedn various cellular
functions, such asell wall biosynthesjsadhesion to external surfaces, or sensing.

The GRanchored cell wall proteome of the thermophilic model organiSimetomium
thermophilumwas identified in the first part of this thesis. First, a prediction of@8&teins,
anchored to the cell wall and the plasma membrane was done. The prediction was then
complemented by masspectrometric identification of GRinchorel cell wall proteinsin

isolated cell wallsThe detected proteins were then analyzed concerning their functions and
putative roles and interesting targets fgzharmaceutical applications and fundamental
research were established, including Gell/2, Kre9/Knhl, and Ecm33. ltioaddhe
ultrastructure of the C. thermophilum cell wall was analyzed viaahsmission electron
microscopy, revealing shomicrofibrils in its outer layer and its similariy the cell wall ofS.
cerevisiae
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1. Introduction

1. 1. The Fungélellwall
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Figurel: Schematic representation of the fungal cell wasidapted fromCassone (2018)

In TEM images the two layers of the fungal cell wall can be distinguisiredhis example an image of the
C.thermophilumcell wall is shownThe proteiarich outer wall is more electron denseé.e. appears darker on
the image- than the inner, carbohydrateich wall. The plasma membrane visibleas a very electron dense
bilayer.The right panel shows a smimatic representation of theell wall.The inner layer of the cell wall consists
of chitin,i -1,3-glucan, and -1,6-glucan, as well as proteins. In the outer layer of the cell wall, mannoproteins
can be found. Many of those are Gichored proteins, corected to thel -1,6-glucan moiety of the cell wall
via a few mannose units and a remnant of the-@fihor.
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' YFOdzN> GA2Yy LINRPOSaa oS TieNEBandhé & preaNénblé@in § KS
the endoplasmic reticulum (ER) to which the protein is directed by a signal peptide. In the
lumen of the ERF A LISOAFTAO &aA3dylf &Sl dzSy &8nindsATheNBE O2 3y
Gterminal end of the protein, up to the scalledé & Aisirédnoved and replaced by the
GPfanchor. GRproteins then go through the secretory pathway, during which glycans and
lipids of the GR&nchorare subject to several modificatiois i G KS OSt t adzNFI OS:
2F (kY OKt2INI SYOo S/RAE SA (& SN yF 2S (14025EAYIL MEZ A Y & NOY §
0S fAYy(ISHRIEl #az06 KSY2ASGe& 2F GKS OSHyYOKA NI CKAAIA
I OKAS@SR o6& | GNryaateozaetl A2y NBFOGA2y S C
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OK I NJ O e \ERIgttackhna@et ¥ite ( -site) is typically a G, A, S, N, D, or @eriinal

from the . site lies the. - region that consists of around 10 polar amino acid€l( to-. -1),

which serve as a flé&le linker.. +2 is restricted to G, A, S, or V, it is followed by a spacer

region of 4¢ 19 amino acids and a stretch of hydrophobic amino acids that varies in length,

but is able to span the membrane. Upon @Rthorl G i | O,Kheé Beytitle bond between

. and. +1 is cleavet!! 12

Consensus sequences for the GRthorl G ( | O geyuSngdihave been described in several
publicationg<!3, In this study, detection of GRhchored proteins has been done using the
BigPI Fungal Predictét In addition the following sequene was used for detection of
GPtanchored proteins via a ptrn searcA:

[NSGDAGJGASVIETKDERPASVEX (4, 195 [FILMVAGPSTCYWN](10)>
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1. 2. Chaetomiunthermophilumg a thermophilic model organism for biochemical
studies

t NEGSAYya RSNAGSR TN WESYICRRWABRSINER 2RINBY K ¥ D
O2NNB & L2 YyRAYMI FEEN2 WIS AYR 4G LINRYAYSyid SEF YLI !
YAIKG 0 SLIiKeSY ShhK 5 Sy 8z Mejhdzpradictiddzimore heat tolerant

proteins isnot only of high interest for industrial applicatioffs but also biochemical and

structural studies profit from the usage of thermally stable proteins, as these also tend to be

highly stable atower temperature¥ " For thisreason, proteins derived N2 Y { KS NI 2 LIK
2NHBHF YA ASHAGI KId2B | a0 A DY (BNOBRASR ST 2NNJGKSN) GKFy
2NRAIAY YIS YALIRMNEINM® & Y a

In this context, the thermopitic fungusC. thermophilum provides a well suitednodel

organism forin vitro studies on eukaryotic proteins. The filamentous fungus belongs to the
AscomyceteandI NP ga Ay NRGGSY 2NBIFYyAOA I & Al &Y LIFNI2L
ANRB g G K (S YpLiSpNd Witadl genoh& of. thermophilunhas first been published

in 2012°, It is available at https:/Athermophilum.bork.embl.dewith annotations updated

and curated in 2014. Additionally, its pratme has been analyzed via mass spectrometry,
resulting in the identification of 4266 proteins from 7227 predicted protein coding
sequence$®L Y ONB I aSR az2fdzoAfAdGe 2F KSUGUSNRf232dzaf
| @KSNXY2IORNLHZWER (2 GKSANI 2NIK2f23dz2Sa FNRY 2
ASOSNY f "wZ@@ISENVAWEt & (KS T dzyNdraA vy f LERR2YRA ENA & &
&0 NHzO G dzNJI>tf oaA 24 FRARBEMEDR. 0B VRHFENAIGMR 6 SAYya RSN
| @ KSN)Y2 1Ok At d2YF b IPSKHABNIKR@zZIAK GKS Fdzy3dza A a
2NBFYAAYZ AG KlFha y2ad &Sl 099y o ALRNRKNIEOdraR®R { F
OKI N} Oié NAKSRIOSIEIKA Bzt LINRPGSAya AyOfdzRS (KS
0t5.Y cw, n | YR WEBIYIpPpS P t By (YNASpls ' YR pacno

1. 3. Adhesins 6. glabrata; importantcontributors to the virulence of a yeast
like fungus
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signal Effector domain Set/Thr-rich region  GPl-anchor
peptide

B cluster i | caAGLOK13024g|Awp5/Aedl
CAGLOH10626g |Awp13
CAGLOA04873g|Awpl4
Cluster IV | CAGLOG10175g |Awp6
CAGLOC00209g | Awp7
Cluster V | CAGLOK00110g|Awp2
CAGLOMO00121g|Awp4
CAGLOB00110g |Awp8
CAGLOBO5093g|Awp9
CAGLOF00110g |Awp10
CAGLOMO00110g |Awp1l
Cluster VI | CAGL0J02508g|Awpl
CAGL0J11902g|Awp3a
CAGL0J11935g|Awp3b
Cluster VIl | CAGLOG10219g|Awp12

¥
%% %%%%%ééé?%%

Figure225 2 YF AY | NOKAGSOQGdzNE FyR Y2RSt 2F | GeLAOFt | RKSa&aa

A) The distinct domain architecture Gf glabrataadhesins: The proteins carry art@&minal signal peptide that

targets them to the cell wall. The-tdrminal effector domain (orA-domain) has the adhesive function. It is

followed by a Ser/Thrich region, also referred to asdmain, which displaysth@R2 Y Ay G GKS OSf f ¢
Finally, adhesins are connected to the cell wall or the plasma membrane viaaachBt, they therefore have a

GPlanchorl G (I O&e¥udntal 0 ! 61LIQ& I NB YSYOSNE 2F RATTSINSfYyid Of dza
the clusters were chosen according to etwal?’. The classification is based on etwal?’, de Grootet al?* and

GoémezMolero et al?®. C)Model of an adhesin: the protein is anchored to the cell wall viaRdanchor. A
proteoglycanlike stalk (represented by orange spheres) presents the effector domain on the cell surface. The

effector domain (shown as a green surface representation of EpalA) has the adhesive function.
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1. 4.Proteins with a CFE&dbmain
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The formation o# disulfide bonddy the eightcysteines of the domain was first predicted by
Kulkarniet al.® cand could beconfirmed in structural studies on the CFEM domain containing
protein/ &4t KB2 Yl Ay OFy 200dzNJ Ay 2yS 2NJ Y2NB O2 LA
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Figure3: SSN of proteins with a CFEtbmain, created by Dr. Vitali Kalugfh
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(dark blue), Pga7 (orange) a@dma (bright yellow}.
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In this work,the focus will reside on the necanonical GPCR Pth11, which was shown to be
important for appressorium formation iNl. oryza€®4 The fungus is one of the most relevant
plant pathogens worldwid®*6and its control poses a major challeri§jéM. oryzaeexhibits a
remarkable disease cycle that begins with the landing of a conidium on the plarit feafns

a germ tube, which quickly develops into an infection structtine, socalled appressorium
The mature appressorium then develops a penetration peg, which enables the fungus t
penetrate the plant cell wallM. oryze can therebyintrude into the cells of the host plant,
where hyphae spread, recognizable by lesionstlon plant surface Within 7 days a new
disease cycle is inded, as these lesions present numerous freshly developed céhilia

Pth11 has an ferminal signal peptide to target thprotein to the cell membrane, followed

by the CFEM domain, 7 transmembrane helices, and an unknown cytoplasmic tfsthdine
NGOSNXYAYLFE /C9a R2YIAYy ¢l a akKz2g¢gy G2 0SS OAil
approaches: first, a deletion of the CFEM domain leads to disruption of appressorium
formation and therefore also of plant cell infection, as does a disruption of disulbaes

within the domain./2 YLJ SYSy G (A 2y R XIi Ky ®itKBA /04 Gskay Y 2 (
O2YLISyal GdS F2NI t 2RAY 2AFY diil KESK Atalh Kavova SNIBLal A 2 Yy dzy
RAGSNEAGE 2TR2RATMVENSBY 0A A COK2dzZIKE G2 NB@ELRZYR
odzi AGA ATl YR NSYOSALA REHOBIK2 b/ a2 0SSy aKz2gy
Ay (KS oadtdr Swd2¥s BNI Y AWESH WHzYLI G K2 3 §R DK Idda SARY
0KS RAA&SI aS| B deBHKNR dzK M K AL&d LNSEEY ANSRASYERS i K ST 2 NJ
RSOSt 2LIYSy (i 2 7 IyyaAS I I-NyRIOMF dzyt NSt

1. 5. Objectives of the thesis

CKS TFTANBROGOKBANGE 244 (UIKSKS AR Syjzﬁa)fsfe)\él-yﬂf\zy 2T C
| AKSNY2QIKEK&Y Tdzy3dza KIFa o0SSy aKz2gy G2 0SS |
OA2OKSYAOIf YR aiGNHzOGdzNI f &l dzRA SWEZY@F N S&A | N
ASYSGAO YI Yy BKENN2AEK FaE¥F AA0f S aRPaGKI &2 828081
LIZNA FAOFGA2Y 2F GKSNXYI @& at of23 SYASINED Si KYSE QDN
0KS Fdzy3ddza Kla y20G &S 6SSy OKIFN}OGSNART SRZ 4
gttt LINP/NGRSSY Z2IBRA ADISaGAII GSR (2 NBGSIHE I
OA2O0KSYAOIdEINI Yy FOKE NNIRGEANR T ¢t K58 OFYy 06S LINRGS
gLttt aasSyofeées NBY2REE AYELIS GNNSRSHNIRS FoNIe (ReTF dANK K
Gazy RSNERGF YR (KSA®R yLINREKAMISN XA S NFdzy B OKe NBR
OStf gLttt LINR(GS2YS 0O2dA Ri KASRS P i ANRPES 2 lI2NB Si &

FyGAFdzyaszt énélea/é)@Slmxfs ST HKIBR t &t f ¢ [LINGS RLINRI R 22/
2T MY QK2 NBRIGANE 0 Sy R2y S drd O3 SR RERNE NB >
| @ K SN2 IBKIATE dNBAR2F YIRS RF y@ AR 1A% R a LISOGSZIVSTHNET
ARSYUGATA@IPGMAM2Yy 2F Dt L



1. Introduction

¢CKS F20dza 2F GKS GKSaAira gAtf GKSYy I R@GIFIyOS (2
gttt LINRNBAYANVRKSaAya 2@ HBKEONWBOUD FI VKK B2 TTNRS
fAFSNVWRRAYIA / C9a R2YIAY/ DFILEKRSWREIKWO 82Y O in NF DB

~ A s oA

alda aLISOGNBYSINRO RSUGSOGAZ2Y a2F OF MK 2 dzNJ i d LI
AUGNIAya FyR Of AyAOlIt RAAYINBAISI 3Adya IGKS AP VIKS GQid
L gLm YR ! gLJ0Z GKAOK I NBE YSYOSNAT2FKPRKERSE FA
4SljdzSyO0S 2F 1 glLJo o6l & YAal aa/SdrodiSHR WW SEK S KA TOF
gl a dz2aSRBYRAMSYGATFAOI GAZ2yPrae RSGKQIBRS YINREI SRV & (
/| @f | 0BBYIi2MNSE HWNBSHISEFf SR (g2 LINrf23a 2F ! gLlo>
bSPHSNIKSEt Saasz (KBS maXYjdASY Odza 2RNBAYK SiyREABRY Bidk2SYIR
O2NNBalLl2yRa (2 GKS LINF¥ft23 ! glLJoo P HUKSE KaSS|j dzf
STFFTFSOU2NI R2YIFAya 27F LINE Ruk@BHRIO A0¢&NIo DA SR f If Yy B Sa
OKI N} OGSNAT SR® ¢KS aiNHzOGIRBER2T 2 OLIWKR WS RIS + i
y2@0St Of I 44 o2 Hifl NS ZRK[SAIWAE | NAG& (G2 GKS t! mn
9L FrLYAf@ 2F FRKSaAyaod ! {{b gAfft 0SS dzaSR i
G2 NBAYT2NERSF @SINTEMHA OIRKASZYA Y Of dZaGSNE P LYy | R
gAYy R&ODER 2y (G(KS BMIYWAYFR ! gLJoo !

I KI N OGSNRAT A2y 2F S@OSy Iy20KSNJ I RKSaay Of d
LJdzNRA FA OF (RN fl yRE RBNOASNRI KIS, 12F (KS Of dza i SNJ 1
hiKSNJ YSYOSNR 2F (GKA& Of dzZAdSNE &LISOAFAOIf &

v o oA

SLIA GKSEEA IAMfy ROSIHGaA y I | Fdzy OGiA2y Ay GANYzZ SyOSo

| 2Y OSNY AYIN2ASAfYy ag lofAfl Ki KIS //QPaa RRR2WHIAMWE 2F (KS

| ®KSNXY2BIKAE dz& S  OK I /N KO3 WA HIKGIRiPEZIC KFBdzS 61 a OKz2 a
KSGSNRt 232 dziil KSE LICD &RE R2@ NRY (i 6 MR YR NpAdzA G Ay
JHGKMmM / C9a RINPHRIOY xOAIMDB FASR Iy R asiANea GldzN
FNIAYSYy(d &aONBSyYyAy3d | LILIERHOKERNF 26T { MyBEFS/ NEINR (R 2 Ay
0S 200FAYSR®
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2. Materials

2. 1.Chemicals

1,5Pentanediol

H-Deoxycytidi’s -tdphosphate disodium safdCTPNay)
H-5 S 2 E & 3 dzl -¢fighésphyits trispdium salidGTPNas)
2-Bis(2hydroxyethyl)amine2-(hydroxymethyB1,3-propanediol
(BisTris)

3-(N-Morpholino)propanesulfonic acitMOPS)
3-Fucosyllactose

3-O-( -D-GalactopyranosylD-galactopyranose

Acetic acid

Agaragar

Agarose

Ammonium persulfate (APS)

Beta glucan (Barley)

Boricacid (HBG)

Bromphenolblue

Calcium chloride (Cafl

CM-curdlan

cOmplete Protease Inhibitor Cocktalil

Coomassie brilliant blue-£50

Dextrin(potato)

Dipotassium phosphate {KPQ)

Dithiothreitol (DTT)

Erbium(lll) chloride (Eryl

Ethanol

Bhylenediaminetetraacetic acid (EDTA)

Gadolinium (11l) acetate (Gd(OAc)

DI {-3Gal

DI f-& ml ¥4Gain

DI f-3GeiNAc

DI f-0 ut f b-ti DI #Glav
DI f-3GeNAc

DI f-4GkeNAc

Glucosamine

Glucose

Glycerol

Glycire

11

2. Materials

Sigma
Thermo Fisher
Thermo Fisher
Sigma

Roth

Carbosynth
VWR

Roth
Invitrogen
Merck
Megazyme
Grussing GmbH
Roth

Fluka
Megazyme
Roche
Serva
Sigma
Merck
Merck

VWR
Merck
Alfa Aesar
Dextra
Dextra
Dextra
Dextra
Dextra
Dextra
Roth
Roth
Roth
Sigma



Hydrochloric acid (HCI)
Imidazole

Iron(lll) sulfate hydrate (FEQ)s)
Isopropanol

L a 2 LINR-1-tlidgalaictopyranoside (IPTG)

Kanamycirsulfate
lacto-N-neotetraose

lacto-N-tetraose

Laminarin

Lewis trisaccharide

Magnesium chloride (Mgg}l
Magnesium sulfate (MgSP
Manganese(ll) chloride (Mgl
Mannopentaose

Mannose

Mannotetraose

Midori Green

b Z Wi&etylchitobiose

Peptone

Polyethylene glycoB000 (PEG 8000)
Potassium acetate (GEOOK)
Rotiphorese Gel 30 (37,5:1)
Rubidiumchloride (RbClI)
Saccharose

Sodium chloride (NaCl)

Sodium dihydrogen phosphat®lakPQ)
Sodium dodecyl sulfate (SDS)
Sodiumhydroxide (NaOH)

Sorbitol

Terbium(lll) chloride (Thg}!
Tetramethylethylenediamine (TEMED)
Tris(hydroxymethyl)aminomethane (Tris)
Tryptone

Virkon

Yeast extract

Ytterbium(lll) chloride (Yb4JI

h m-Ehannobiose

h' m-Ehannobiose

h m-Ehannobiose

h m-Ehannobiose

i -Hydroxy4-morpholinepropanesulfonic acigMOPSO)

i -mercaptoethanol

2. Materials

VWR
Merck
Merck
VWR
Gerbu
VWR

Dextra
Merck
VWR
Sigma
Dextra
Merck
Dextra
Biozym
Dextra
Difco
Sigma
Merck
Roth
Sigma
VWR

VWR
Merck
AppliChem
AppliChem
Sigma

Roth
Roth
Th. Geyer
VWR
Th. Geyer

Dextra
Dextra
Dextra
Dextra

Roth



2. Materials

2. 2. Equipment

Device Model (Manufacturer)
Autoclave T-Line Fedegai
Balance PC2200Nettler)
LabStyle 54Mettler Toled9
Bead mill FastPrep24 (MP Biomedicaly
Centrifuge bottles 1L Superspeed CB with sealihigigend
JA20 Beckman
Centrifuge rotors F6S 6x1000YTkermo Fishér
JA20 Fixed Angle RotoBéckmai
Centrifuges Centrifuge 5810 REppendorf

Heraeus Fresco 2Thermo Fishgr
J2HS Beckman
Lynx 6000%orval)
Chromatography columns HiLoad 26/600 Superdex 200 ggH Healthcane
HiLoad 16/600 Superdex 200 ggH Healthcane
HiLoad 26/600 Superdex 75 ggH Healthcane
HiLoad 16/600 Superdex 75 ggH Healthcane
Protino NtNTA Columi® mL MachereyNage)
Chromatography system NGC Chromatography SysteBidRad

Crystallization plate Rock ImagerHormulatriy
documentation
Crystallization robot Honeybee 963[igilab

Electrophoresis chambers (Feinmechanische Werkstatthemistrydepartment, PUNI
Mini-PROTEAN Tetra VerticldErophoresis CelBjo-Rad
Gel documentation Computer E.A.S.YUYB
Thermal printer URD 895 GSony
U\-transilluminator Herolah

Heating block BT3 Grant Instruments
Incubators Certomat ISQartoriug

FEDB53 Binde)

Innova S44iEppendorf

Multitron (InforsHY)
Microfluidizer Emulsifier C5Avestir)
Microscopes B601 Qlympu$

MZ 8 (eicg
Microwave (LG
MilliQ water dispenser Seralpur Pro90CNséralpuy
Peristaltic pump Pumpdrive 5201 KHeidoph
pH meter HI2020 edgeHanna Instruments
Pipets Research variable 1@01000 pL Eppendorf

13



2. Materials

Research variable 20200 uL Eppendorf
Research variable 10100 uL Eppendorf
Research variable @10 pL Eppendorf
Research plus variable 0;2.5 pL Ependor)

Power Boxes EPS 301Amersham Biosciences

Spectrometers NanoDrop 800 Spectrophotometefifermo Fishér
OD 600Implen

Spin concentrators Amicon Ultral5 (3¢ 30 kba MWCOMillipore)

Thermocycler GeneAmp PCR System 24Berkin EImgr
RotorGene QQiager)

Thermomixer Comfort Eppendor¥

Waterbath NK22 Haake

Xray sources/beamlines BeamlinesD231/2, ID29(ESRF, Grenoble
Beamlines X06SA (PXI), XO6DA (PSWY, (Villiggn

2. 3. Commercial kits, enzymes, and consumables

Crystallization and Fishin EasyXtal 18Vell Tools Qiagen)
Equipment MRC 2 Well UVISissoi
VIEWSsealGreiner BlOone
Crystallization Screens  NeXtal Tubes JCSG Core | SQtagern)
NeXtal Tubes JCSG Core Il SQiagen)
NeXtal Tubes JCSG Core liteSQiagen
NeXtal Tubes JCSG Core IV SQiteger)
NeXtal Tubes AmSO4 Sui@@dgern
NeXtal Tubes Classics Su@agen)
Morpheus Molecular Dimensions
Morpheus Il Kolecular Dimensions
Cuvettes (single use) 67.724 Garsted}

DNA Ladder 1 kb DNA_adder NEB
DNALigase T4 DNA Ligas&EB
DNAPolymerase Phusion Polymerase (2U/uINEB
Phusion HBuffer (5x) NEB
Gel extraction kit QIAquick Gel Extraction K@iager)
Miniprep kit QIAprep Spin Miniprep KiQfagen
PCR purification kit QIAquick PCR Purification KQti#ger)
Pipet tips (Sarsted}
Protein Ladder Pierce Unstained Protein MW Markéfgfmenta®
Reaction tubes (Sarsted}
Restriction Enzymes BanHI(NEB
EciRIHF(NEB

14



Sterile filters

Sypro Orange

Hindll-HF NEB

Nhd-HF NEB

Ssp-HF(NEB

CutSmar{10x) NEB

Bottle-top filters Millipore)

Filtropur S 0.23arsted}

Filtropur S 0.453arsted}

Ultrafree-MC Millipore)

SYPRO Orange Protein Gel Stairefmo Fishgr

2. 4. Oligonucleotides, vectors, and DNA

H® hDawmdP2T

2f A2y dz0f S2iARSaA

2. Materials

dzZa SR F2NJ ISy S

Tablel: List of primers used for amplification (restriction sites underlined, overlaps used for LIC bold)

Name

S&cm33 21 360 fwd
SEcm33 21 360 rev
SPstl 20- 357 fwd
Sdstl 20 357 rev
S&Ecm33 35148 fwd
SEcm33 35 148 rev
CéaPstl 25 351 fwd
CéPstl 25 351 rev
Cd=cm33 21 357 fwd
CgEcm33 24357 rev
KpEcm33 35 360 fwd
KpEcm33 35 360 rev
Ca&cm33 32360 fwd
Ce&Ecm33 32360 rev
CéaPstl 24354 fwd
CaPstl 24354rev
S&Ecm33 21160 rev
CtEcm33 fwd
CEcm33 rev
GORYL2 fwd
GORYL2 rev
G0S002 fwd
G0S002 rev
G0S3S8 fwd
G0S3S8 rev
G0S9T6 fwd
GOS9T6 rev

{ SljdzSycO®R 0o p Q
CATGCTAGEACTCAACTACTTCTATTCCAT
AGTRAGCTITACTTAACGGAGGTAGATGTGGCA
AGCGCTAGGCTACTTCCTCTTCTTCCAGCAT
AGIGGATCUTAGGATGATGCACCATTTTTGCA
ATAAGGCTAGECTTCTGCCACTGCTACTGCTCA
AGPRAGCTTTASTCAGAAACAATAATGTTGTT
ATAAGCTAGEACAAATGTTCATTCTCTAAAACTT
AGPRAGCTTTATGAGTACAAACATAATTGTGACCT
ATAAGGATCARCATCTGACGATGTTCCATCTGGG
ATTRAGCTTTAAGTAGCACCGTTCTTGCAGACGAA
TGCAECTAGETTTCAATTGCATCTGGATGTAGT
AATGGATCLTTAAGCAGCAGAGCACTGATACTCA
ATGGCTAGEAATCTGAATGTTCATTCAAAGATTTC
ATGBAGCTITASGTTTGTCTGTCTTCACATTGGAATT
ATAGCTAGUOCAAACAAATGTTCATTCTCTAAA
AGTRAGCTITAATTAGCTGGATGAGTACAAACA
AGTRAGCTITACAAAGTGGAGAAACCTTCGACACTT
CAGAEGATCEAGCTGCAAGGCGACGACGACGACT

Target

pPEF28a+)
PETF28a(+)
PETF28a(+)
PETF284+)
pPETF284+)
pPEF28a+)
pPEF28a+)
pPEF28a+)
PEF28a+)
pEF28+)
PETF284+)
PETF284+)
pEF284+)
pPEF28a+)
pPEF28a+)
pEF284+)
pEF284+)
PETF284+)

CAGRAGCTTTAGGCAGCAGCGTTGTCGCTCGTGCA( pET284+)

ATGGCTAGRCCGACTTCCCGCCCAACA
AGCGGATCTTACGCAAGAATGCCACCGCAAAAGC
ATGGCTAGGAGGCTTCTTCTAGTGTCAG
AGCGGATCLTTAAGCCCACTTGCCGCAGATGCCCTG
ACGA&CTAGGACGCCCAGCCCACTCTTCCT
AGCGGATCTTAAGCAGTCGGCAGATCGCTCACTT
ACGA&CTAGCAGTCTATTGACACCCTTGACCCCT
AGCGGATCTTAAGCAGGGGAGGGAGCCGCAGTGA

15

pPEF284+)
pPEF28a+)
pPEF28a+)
PETF28a(+)
pPETF284+)
PETF284+)
pPEF284+)
pPEF284+)
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2. Materials

GOSBAS fwd ACGBSCTAGEGCACCACTGCCACGGCTACCTC PET284(+)
GOSBAS rev AGCGGATCLTAGGCCGGTGTGACGGCAACGCAAT  pET28a(+)
GOSBE2 fwd ACGBCTAGETCGATGCCCCCGGATCGCTGTTGT  pET28a+)
GOSBE2 rev AGCGGATCLTAGCTCTTTGGCGTGACACCGCACAT pET28a(+)
GOSDR6 fwd ACGBCTAGGACCCAATTCCCTCTGCCGCGGT PET284(+)
GOSDRS rev AGCGGATCLTAGTTGAGAACACAGTCGCAGACCTT pET28a(+)
Awp6 fwd ATGGGATCATCGAACCAACAACCACGCTA PET284(+)
AWp6 rev ATCGAATCCTACCAGGCAGTAACAATACCTG PET284(+)
SECMLIC fwd TACTTCCAATCCAATSEBTCAACTACTTCTATTCCAT pETLIC
SECMLIC rev TTATCCACTTCCAATGTTETTAACGGAGGTAGATGTC pETLIC
CEcmLIC fwd TACTTCCAATCCAATSGBTGCAAGGCGACGACGACC pETLIC
CEemLIC rev 'CI':TATCCACTTCCAATGTTGGU-)AGCAGCGTTGTCGCT< DEFLIC
Awp1 1165M fwd AATACAGGCACERATTACGAAAGT SDM
Awp1 1165M rev ACTTTCGTAATTCATTGTGCCTGTATT SDM
Awp1 1285M fwd ACACAGACAGETIGCTTAGTTACC SDM
Awp1 1285M rev GGTAACAGTAAGCATACCTGTCTGTGT SDM

Genomic DNA (gDNA) frons. cerevisiagSg, C. albicans (Cg, C. glabrata(Cg and
Komagataella phaffifKp were used as templates for amplification of the desired gegBNA

is the complete chromosomal DNA of an organism, containing introns and exons. Primers were
therefore designed with care to avoid introduction of noncodimgjences into the final
expression construct.

As the thermophilic fungu€. thermophilun{C{) contains a high number of introns, usage of
gDNA as a template for gene amplification is not applicable. Therefomgplementary DNA
(cDNA) ofC. thermophilumwas used in this work. The preparation of cDNA is achieved by
Aaz2zftl A2y 2F GKS 2NAFYyAaYQa O2YLIX SGS wb! =
Transcriptase (RPBolymerase chain reaction (PCR) using-paobyimers. In this step only the
polyadenylatednessenger RNA (mRNA) is amplified, thus cDNA only contains sequences of
proteins that are transcribedC.thermophilumcDNA used in this work was received from two
sources: as a generous gift from Dr. Patrick Pausch and by isolation of cDNA, executed by
Christin Schulz.

H® n du WHIPo Hio ¢

The pET vectors are used for the recombinargrproductionof target proteins irE. coli They
were originally developed bytudier and Moffat® and can currently be acquired from
Novagen pET28a(+) is a translation vector, accordingly no ribosome binding sitesecoe
inserted, but the vector contains the ribosome binding site from pihage T7 majocapsid
protein. Thus, ombination with a suitablé&. colstrain (a T7 expression host) is essential. The
protein expression is also controlled by the lac operatdrich facilitates inductiof protein

16



2. Materials

expressiorby addition of lactose or its structural analogue IPTG toQte fgrov@imedium.
pETF28a(+) also contains a kanamycin resistance cassette, allowing application of selective
pressure by addition of kanaytin to the growth medium. The origin of replicationri)
ensures that the vector can be copied by the cell. With-p&A(+) being a low copy plasmid,
around 15¢ 20 copies per cell are produced.

Target sequences are inserted into the multiple cloning sitthe vector, which contains a
variety of restriction enzyme target sites. This ensures that appropriate restriction enzymes
can be chosen for cloning. Antéfminal Hig-Tag, followed by a thrombin cleavage site, and

a Gterminal Hig-Tag are encodedeaxt to the multiple cloning site and can be added to the
target protein as desired.

In this work, an Nerminal Hig-Tag was added to target proteirthat were cloned into
pPET2828a(+). The plasmid map of pET28a_Awp1lA is shown below as an example.

{17 promoter

product
6274 bp

Figure4: Visualizationof pET28a_Awp1l as an example of a plasmid map created in this work
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2. Materials

HO® nad AN RSAAIYSR F2NIOIALFIOGAZ2Y LYRSLISYRS

Vectors containing anf#érminally Hig tagged solubility tag, follwed by a TEV cleavage site

and a LIC cloning site were acquired Adtlgenefrom the Scott Gradia laboratory. Target
proteins cloned into those vectors therefore have atelminal Hig-Tag enabling purification

via IMAC, as well as a solubility tag, which can both be removed via cleavage with TEV
protease. The LIC cloning site itself is the same in all three vectors, making the inserts
compatible with each of them. Followirgldgenevectas were used: pET His6é GST TEV LIC
cloning vector (1G) (Plasmid #29655), pET His6 MBP TEV LIC cloning vector (1M) (Plasmid
#29656), pET His6 Mocr TEV LIC cloning vector (10) (Plasmid #29658).

Glutathione Sransferase (GST) and maltose binding protein (MBfe commonly used
solubility tags, which also facilitate binding to certain columns and can therefore be used for
affinity purification. With a size of 13.8 kDa, monomeric Ocr (Mocr) is the smallest of those
three tags and does not confer binding to aesific column matri%¥. Thus, the Merminal
His-Tag encoded on the LIC vector is indispensable for affinity purification in this construct.

HAaD np @ tdfAISRY AR & 6 2 NJ

Table2: List of plasmids that were used in this work

Name Comments
pPET28aSEcm33

pET28a_CgEcm33

pET28aKpECcm33

pET28aCe&cm33

pET28aCdaPstl

pPET28aCtEcm33

pET28a_GOSBA5

pET28a_G0S9T6 Pga7

pET28a_GOSBE?2 Pth11

pET28aCtPth11l 36101 received by Dr. VitaKalugin
pET28aCiMadl 391453 received by DWitaliKalugin
pET28a_ Awpl

pRSETa_Awpl received byDr. Piet @ Groot
pET28b_Awp2 received byDr. Piet @& Groot
pET28a_Awp3

pRSETa_Awp3 received byDr. Piet & Groot
pET28b_Awp4 received byDr. Piet & Groot
pRSETa_Awp2 received byDr. Piet @& Groot
pRSETa_Awp4 received byDr. Piet @& Groot
pRSETa_Avs received byDr. Piet @ Groot
pPET28a_Awp5

pRSETa_Awp6 received byDr. Piet ce Groot

18



2. Materials

pRSETa_Awp7 received byDr. Piet @& Groot
pET28a_Awp7

pET28a_Awp8 received byDr. Piet & Groot
pPET28a Awp9 received byDr. Piet @& Groot
pET28a Awpl0 received byDr. Piet @& Groot
pRSETa_Awpl2 received byDr. Piet @ Groot
pPET28aAwpl12

pET28a_Awpl3 received byDr. Piet @& Groot
pET28b_Awpl4 received byDr. Piet & Groot

pET28a_Awp6

pET28a_Awpl 1165M I285M 'SeMet'
Mocr-pET S&Ecm33

Mocr-pET_Awp2

Mocr-pET_Awp4

Mocr-pET_Awp9

MBRpET S&cm33

MBRpET CtEcm33

MBRpET_Awp2

MBRpET_Awp4

MBRpET_Awp9

MBRpET_Awp10

GSTpET S&Ecm33

GSTpET CEcm33

GSTpET_Awp2

GSTpET_Awp4

GSTpET_Awp8

GSTpET_Awp9

GSTpET_Awp10

pBC542_empty received byDr. Piet & Groot
pEHO70_Awp3 received byDr. Piet @& Groot

Numerous plasmids were created fible overproductiorof fungal proteins irE. coli Plasmids
that resulted in successful production and purification of the protein are written in bold, yeast
plasmids in italics. The sequences of all plasmids usethis work were verified via
sequencing.
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2. Materials

2. 5. Organisms

HO PDPOKSODAIOKAT I p

Genotype: F 80laczn a m [acZYAargF) U169ecAl endAl hsdR17(k, mk:) phoA supE44
thi-1 gyrA96rel! m- <

E. coliDH® Ingitrogen have a high plasmideplication rate. Accordingly, the strain is well
suited for the production of plasmid#\ccordinglychemically competenE. coli5 | pwere
used for this purpose.

HO 9BDOKSODAOKAL[ HM 65900 D2fR

Genotype:F ompT gal dcm lon hs8&(re-ms-) DE3[lacl lac UVS7p07 ind1l sam7 nin5])
[malB]K-12(<5

E. coliBL21(DE3) Goldnitrogen) is one of the standard strains used for heterologous
production of proteins using the T7 expression system. Chemically competent cells from this
strain were used foproduction of proteins that do not contain any disulfide bonds.

HO DHOKOBDAIOKALI dzF TS ¢T 9ELINBAA

GenotypefhuA2 lacZ::T7 gendlon] ompT ahpC gaatt: :pNEB21-cDsbGSpeg&, lacF) ntrxB
sulAll R(mer3:miniTnleTet)2 [decm] R(zgb210:Tnl0 --Tetdh endAl pgor
n(mcrCGmrr)114::1S10

E. coliSHuffle T7 Exprestyitrogen is a strain designed for heterologous production of
proteins containing disulfide bonds using the T7 expression system. Disulfide bond formation
is enabled by the deletion gfor andtrxBand introduction of the disulfide isomerase DsbC.

H® p I BAp@&Y (1 KS NIYa2{LIK Abf2ddyY mMn cp

The strainC. thermophilunvar. thermophilumLa Touche 1950 (DMS No.: 1495), originally
isolated from wheat straw compost in the UK, was used in this work. Fungal spores (dried on
a filter paper) and cultivation protocolsese kindly provided by the group of Prof. Dr. Ed Hurt
(Heidelberg University Biochemistry Center).
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2. 6. Software and Algorithms

Software or algorithm
CCP4and CCP4i2oftware suité!
PHENIXuite®?
WinCoo#3

XD&*
ARP/WARRVebservicé
Cytoscape®

PyMOL

BLASY

Clustal Omeg#&
ProtParani®
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Version (if applicable)
7.0.067

1.143260

0.8.9

8.0
3.7.1
4.5.0
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3. Methods

3. Methods

3. 1.Bioinformatis methods

Bioinformatics habecome an essential tool for practice in biological sciences. It is generally
understood to be the application ahformation techniques for organization of biological
information and understanding itThe field of bioinformatics includes the storage and
retrieval of information from databases, as well as providing effective ways to computationally
analyze this infanation or to carry out predictior?é.

Bioinformatics applications are continuousipdated and enhanced, sbis hardly possible to
keep trackof all the latest advancementsNevertheless, a basic understanding of the
algorithmscommonly used in these applications is benefitmal understanding the results
and limitations of an application.

0P MHMERPDIBRFYK2 NER /LINPIIKSSANNEG? LIK/A  dzY

The pediction of the GRanchored proteins irC. thermophilundepends on three specific
characteristics: firstly, GRnchored proteins contain an-términal signal peptidewhich
targets them to the ER, whetbe GPJanchor is attached to the protein. Secondly, they do
not contain any transmmbrane helices. Lastly, the Ga@chorl (0 G I O Kequenté has
characteristic features and can therefore be recognizddhe workflow used here was done
together with Dr. Piet de Groot and has already been described int2003

The sequences of all proteins included in version 3.0 ofthéhermophilungenomeg which
was the newest version of the genome available at the time of the anajygese retrieved
from the National Center for Biotechnology Information (NCBI;
https://www.ncbi.nlm.nih.gov) database.

The presence of thedérminal signal peptide wasnalyzed using Signa®0 with Eukarya set

as an organism group. SignalP 5.0 uses a machine leapprgach to recognize signal
peptides, applying a deep artificial neural network of the recurrent $ypArtificial neural
networks are widely used for many different applications. They consist of several layers of
Yy2RSa 2NJ aySdzaNPyaés ¢gKSNB SIFOK ySdz2NBYy Ay |
layer. The connections between the neurons propagaftermation from one layer to the next

one via a propagatiorfunction, which assigns a certain weight to a connaatithat is
descriptive for theelative importance. A learning process is used to define the weights of the
connections. There is a wide vagie of neural network architectures (see
https://www.asimovinstitute.org/neurainetwork-zoo/). In recurrent networks, such as the
one used in SignalP 5.0, certain layers do not only obtain information from the previous layer,
they also feed on previous infmation from themselves. Additionally, the implementation of
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long/short term memory enables memorizing features from the beginning of a sequence,
while already classifying positions further downstreédm

At this point it has to be noted that the presence or absence of a signal peptide does not equal
secretion of a protein or no secretion. Few proteins are secreted without signal peptides and
a few have a sitpl peptide, but are not secretét

Protein sequences, in which a signal peptide wasected by SignalP 5.0 were further
analyzed for absence of transmembrane helices using TMHMM vAZ2.indicated byhe

name, a hidden Markov model (HMM)an algorithm well suited for pattern detectioqis

used for identification of potential transmembrane helitesAs the GPanchorl G G OKY Sy (i
sequence is usually recognized as a transmembrane [@&termini of the proteinswere

ignored in the prediction.

Protein sequencesvere then further analyzed for presence of a G&ichorl G 0 OKY Sy i
sequence using the Bl Fungal Predictohttp://mendel.imp.ac.at/gpi/fungi_server.htmt

In addition, gpattern searctwas applied for identification of GRhchored proteinsysing the

following pattern: [NSGDAG]GASVIETKDEFFASY X (4,19%[FILMVAGPSTCYWN](18)>

3. 2. Cell wall extraction and analysis

0P HDP mMP [/ dzf GADI GA2Y 2F |/ & GKSNN2LKACE dzY

C. thermophilun{DMSZ No.: 1495pores weraeceivedas a kind gifby the group of Dr. Ed

Hurt Heidelberg University Biochemistry Center). To reactivate spores on a filter paper 50
CCM medium (composition describ&glow) were pipetted onto the paper, followed by
incubation forl0 min. Thdilter paper was then laid onto a CCM agar plate (spidte down),

which was put into a plastic bag together with a wet towel, sealed tigdnily incubated at

54 °C for 2 days. Subsequently, half a plate was used to inoculate 150 mL CCM medium.
Therefore, mycelium was cut into small pieces and as much agavsaible was removed.
Liquid cultures were incubated at 54 °C, 100 rpm, for 1 day. Mycelium was then either
harvested or used for production of new spores. For harvesting, cells were strained through a
gauze, then washed with deionized waté@ihe myceliumwas then dried by pressing it
between some sheets of paper towel, frozen in liquid nitrogen and store@atC.

Spores were grown on rice agar, which was produced by cooking 75 g of brown rice for 2 h in
1L water. 15 g agar were added, the rice brotrsvidtered through a sieve to remove the rice
seeds and the volume was refilled td_1Rice agar was filled into beakers (50 mL each) and
autoclaved. 50 mL rice agar were then inoculated with 2 mL myceditown in a liquid
culture, closed tightly and indbated at 37 °C until black spores could be seen on the surface
of the agar (at least 7 days). Spores were harvestedNhsterile sorbitol by scratching the

agar surface with a sterile spatul@he pesence of spores in the solution was verified by
microscopy. Spore aliquots wethen frozen in liquidnitrogen and stored a¢ 80 °C.
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3. Methods

Forthe proteomic analyses of th€.thermophilumcell wall, 250 pL spore solution were used
to directly inoculate 150 mL liquid CCM medium. Cultures were incubated &t,280 rpm,
for 2 days, then harvested and either directly used for cell wall isolaticstored as described
above.

CCM medium
Sucrose 3g/L
NaCl 0,5g/L
KeHPQT ® | 0,65 g/L
MgSQi 0O | 0,5g/L
Fe(lll)sulfatehydrate 0,01 g/L
Tryptone 5g/L
Peptone 1lg/L
Yeast extract 1g/L
Dextrine (potatoe) 15g/L

(dissolved in ¥4 of the final volum

heated, then added to the
medium)

Agar added for plates 20 g/L

o® H® HP /Stt gltt Aazfliarzy

Different approaches can be used for the isolation of certmimponents of the fungal cell

wall, depending on the intended purpose of the experiments. For example, the exposed
surface proteins of a cell can be identified by digestion of living cells using proteases, followed

by identification of the released peptidevia mass spectrometry (M$)Obviously, cell surface

GakKl @gaAy3dé R2Sa y20 @8AStR Ay I O02YLX SGS LA O d:
not sufficiently exposed to the surface or not digested byphatease for other reasons e. g.

heavy glycosylatid. In this work, the cell wall material was isolated from broken cells to
achieve determination of the cell wall proteome Gf thermophilumThe workflow used was

also described by de Groet al ®,

C. thermophilummycelium was resuspended in 10 mM THi€l, pH 7.5 and divided into 2 mL
screwcap cups. Glass beads and 10 pL protaabéitor (cOmpletet Protease Inhibitor
Cocktail,Roché were added. Cells were then lyzed in a FastPrep HomogeME®Bi§ for
60 sec, at a speed of.B m/s. Cell lysis was repeatedtil full breakage of the cells could be
observed under the microscope; the samples were kepicenfor 5 min after each run. The
lysate was then extensively washed withMLNaClto remove intracellular contaminants.
Additionally, theglass beads wereemoved in this step. Subsequently, % SDS extraction
buffer (50mM TrisHCI, 100 mM EDTA, 150 mM NaGh, DS, pH 7.8) per 100 mg wet weight
cellwallsg SNB | RRSRX I-raercaptddthtanol lpér mly of exfraction buffeFhe
extraction was done ¥ incubation ina boiling water bath for 10 min; then the cell wall
material was pelleted minat 1800 g, the supernatantvas removedand the extraction step
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3. Methods

repeated. The treatment of the deWall material with denaturingand reducing agents is
intended to remove proteins that are not covalently incorporated into the cell %alfhe
isolated ell walls were then washed with dd€ by centrifugation atl800 g for 5 min, until
SDS was fully remove@omplete removal of SDBas assessed by the absence of foam
formation. The cell walls were freeze dried and stored-20 °C.

0P HDMHAI CAINRAY S BNR @ a2 I fi&ERA DSt gt &

The proteomic analysis of isolated cell walls was done inMBeMassfacility for MS The
analysis protocol as outlined with Dr. Uwe Linne.

The isolated ell walls were resuspended in Urea aptbteins were digested bgddition of
Sequencing Grad Modified TrypsBefva and incubated at 37C overnight. Peptides were
desalted and concentrated using Chromabond C18WP spin coluvtaché¢reyNagd, Part
No.730522). Finally, Peptides were dissolved in 25 pL of water with 5% acetonitrile and 0.1%
formic acid.

The mass spectrometric analysis of the samples was performed using an Orbitrap Velos Pro
mass spectrometer Thermo Scientifi¢. An Ultimate nanoRSLEIPLC systemD{oney,
equipped with a custom enttitted 50cm x 75um C18 RP column filled with 2.4 um beads
(Dr. Maisch was connected online to the mass spectrometer through a Proxeon nanospray
source. 115 puL (depending on peptide concentratiand sample complexity) of the tryptic
digest were injected onto a 300um ID x 1cm C18 PepMejg@ncentration columnT{hermo
Scientifig. Automated trapping and desalting of the samplaswperformed at a flowrate of

6 pL/min using water/0.05% formic acid aolvent.

Separation of the tryptic peptides was achieved with the following gradient of water/0.05%
formic acid (solvent A) and 80% acetonitrile/0.045% formic acid (solvent B) at a flow rate of
300 nL/min: holding 4% B for five minutes, followed by admgradient to 45%B within 30
minutes and linear increase to 95% solvent B in additional 5 minutes. The column was
connected to a stainless steel nanoemitt@r¢xeon Denmark) and the eluent was sprayed
directly towards the heated capillary of the magestrometer using a potential of 2300 V. A
survey scan with a resolution of 60000 within the Orbitrap mass analyzer was combined with
at least three datadependent MS/MS scans with dynamic exclusion for 30 s either using CID
with the linear iontrap or usng HCD combined withritrap detection at a resolution of
7500.

Data analysis was performed with Proteome Discovererhérmo Scientifjowith SEQUEST

as search engine. The search libraries used were the proteome translated from the
C.thermophilumgenome v 3.0 (downloaded from NCBI) and a list of common contaminants
found in proteome analysis (provided by tMarMassfacility). Sequence coverage, number

of identified peptides, number of unique peptides and Sequest HT score were ussddss
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3. Methods

the quality of the results. Particularly the Sequest HT scors wsed for the evaluatigrand
identified proteins with a score belowd4vere not included in the furtheanalysisFinally, the
identified proteins were sorted manually: Contaminants from othdlut@r components (e.g.
cytosol or plasma membrane) were removed from the list of-GRPsand the function of

each identified protein was assigned by database analysis and other sequence analysis
methods.

oPmdu Wl AAYI 2F / & GKENNANIIKANYAEIDOEGYE 96 ISOTIARYA a

Transmission electron microscopy (TEM) imaging was used to reveal the cell wall structure of
C. thermophilum

A TEM consists of an electron optical column, a vacuum pumpaaample chamber. The
electronoptical columris kept under vacuum; @ontains the electron source ("electron gun™),

a lens system and a detectokn electron beam is generated by applying heat or a strong
electric field to a cathode in the electron gun (a tungsten filament o taBode). The gun

also contains an anode, which is a disc with an axial hole. The electrons emerging from the
cathode are accelerated towards the anode and pass through the central hole at constant
energy. The energy of the electrons can be controlled bythieage (often 80 kW 200 kV)
appliedon the cathode.The electron beam then passes a lens system with mtgienses
inside the electroroptical column. The energy and speed of the electrons remain unchanged
as they pass through the columonly the pah is adjusted to focus the beam on the sample
which is usually an ultrathin section (less than 100 nm thick) of the specismeimage can

be obtained, because electrorare scattered when they hit an atomic nucleus (elastic
scattering) On leaving thesample, diffracted electrons are shielded by the contrast aperture
and cannot reach the detectoWisualization is often realized by a fluorescent screen placed
at the base of the columrchargecoupled device (CCD) cameras are widely wisethpture
images®’.

Wellgrown mycelium was used for recording TEM imagesCofthermophilum Fixation,
embedding microtomy,and imaging wre done by Dr. Thomas Heimerl from the Synmikro
Electron Microscopy Facility.
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3. 3. Molecular Biologyethods

od od Md t2fe&YSNI as ot/ wbo

| KIEAYy wSlFOlazy

The polymerase chain reaction (PCR) is one of the standard methods in molecular biology. It
constitutes arin vitromethod for amplification of specific nucleic aselquenceshat has first
been described by Mullist al.in 1983

It consists of three st&s that are repeated in cycles: denaturation, annealing, and elongation.

In the first step, the template double strand is split into two single strands by heat. Then,
primers anneal to the flanking regions of the DNA sequence to be amplified. In the etonga
step, a heat stable polymerase synthesizes the missing complementary strand. The annealed
primers serve as the starting points for elongation. The execution of these steps in cycles leads
to an exponential amplification of the desired DNA productioag as the polymerase is still
intact and required compaents are sufficiently availabldJsually, 25 to 30 cycles are
performecPs.

Experimental parameters for PCRs done in this work are shown below.

Volume or weight

Template DNA 20¢ 50 ng
Forward primer (5 uM) 2.5uL
Reverse primer (5 uM) 2.5 uL
Phusion HBuffer (5x) 10.0 L
Phusion Polymerase (2 U/uL) 0.5 uL
dNTPs (10 mM each) 1.0
ddHO Ad 50 pL
Temperature Duration
Initial Denaturation 98 °C 5 min
Denaturation 98 °C 15 sec
Annealing 55¢58 °C 20 sec| 35 x
Elongation 72°C 15¢ 30 s/kbp
Final Elongation 72 °C 5 min
Cool down 4°C b

0od do @ T NPFASO INPfLIK 2 NS a A a

Agarose gel electrophoresis is used for separation of nucleic acids based on the size of the
molecules, using an electric field. The agarose gel provides a matrix, through which smaller
molecules migrate faster than larger ones. It is covered by a convauatiffer and an electric

field is applied, causing the negatively charged nucleic acid samples to migrate from the

cathode to the anode.
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3. Methods

1% agarose gel were used for analysis of DNA fratgnench as PCR products. THé gel
consists of 0.65 g agarosehieh were dissolved in 70 mL TBE buffer (@.Tris, 0.IM boric

acid, 2mM EDTA) by boiling in a microwave. The gel was allowed to cool to approximately
55 °C, then 2.51L Midori green wre added and the gel was poured. When the gel was
completely solidified, 5 pL samplier an analytical ruror 45 pL sample for a preparativen

were applied The gel was then run at 120for 1h andfinally examined on an imager under
UVillumination.

od ot / w LIZNIRT HSIE G BEYi NI Ol AzZYy

To ensure that drther work with the amplified DNA fragments is not disturbed by
contaminationg; like nucleotides, primers, enzymes or s&ltse PCR products were purified.

Kits designed for this purpose are @dly many manufacturer# this workthe QIlAquick PCR
Purification Kit Qiager) was used. A buffer contang isopropanol and guanidine
hydrochloride (PB buffer in thatkis added to the PCR product. The mixture is then applied
on a silica matrix, whicbinds the DNA in the presence of chaotropic agents. An ethanol
containing buffer (PB) is then used to remove nucleotides, primers, enzymes, and salts. Finally,
the PCR products can be eluted using a low salt buffer (EB) or®Water

When specific DNA fragmenteeded to be extracted from a preparative agarose gel, the
QIAquick Gel Extraction K@iager) was used. First, the desired DNA fragment was carefully
excised, removing as much agarose gel around the band as posdillle keeping the UV
exposure time short. The gel piece is dissolved in a guanidine thiocyeoataining buffer

(QG) at 50 °C, followed by addition of isopropanol. The sample was then applied to the
column, washing and elution are done in the same wajoa PCR purification.

Detailedprotocols for performing PCR purificatisnor gel extractiongan be found in the
manufacturer's manual.

0b odWa®RATFTH Ol & BFHYR MRAWHSHA (

In a standard cloning proceduras performed in this thesis, the insertion of a target gene into
the desired vector requires certain manipulations of the PCR product and the vector: First,
both are cut with restriction enzymes that produstick endsAfterwards,insert and ector

can ke combined using BNA ligase.

Specific enzymes serve as tools for these modifications. Endonucleases are able to cleave the
phosphodiester bonds of the DNA, either nepecifically or at specific sites called restriction
sites. Such restriction sitégpicallyconsist of a palindromic sequence of 4 to 8 bp. Depending

on the restriction enzyme used, eitheticky ends(where one DNA strand has a short
overhang compared to the other one, e. g. after restrictwith Ecdrl) orblunt ends(without

an overhang, e. g. after restrictiomith Ssp) are obtained. Usuallyhoth the insert and the
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vector are cut wh the same restriction enzyme tha@roduces asticky end The overhangs

then have a complementary sequence, giving a specific doedbr the introduction of the

insert. The DNA molecules are then combined using a DNA ligase, which is capable of forming
I LK2aLK2RASAG0GSN 4aXK@ZR LIKISH$ S-GH doiii & Sdpaed
nucleotides.

A typical restriction digest is done af 3C (depending on the enzymes used) for around 2 h,
followed by heat inactivation at either 65 °C or 8D, depending on the restriction enzyme
used. The restriction digest has following composition:

Volume or weight

CutSmart buffer (10x 2 uL
Restricton enzyme 1 1uL
Restriction enzyme 2 1uL
DNA 1ug
ddHO ad 20 pL

Ligation was usually done overnight at 46, using T4 DNA ligase. Since the success of a
ligation depends partially on the insert/vector ratio, a molar ratio of 3:1 was aimedrfee.
composition of the ligation mix is as follows:

Volume or weight

Vector 50 ng
Insert X
T4 DNA Ligase 1pL
Ligase buffer (10x 2L
ddHO ad 20 pL

0P bDMBPIPNI GA2Y 2F O2YLISGSYyG OStfta FyR LIXLFavya

Competence is defined as the ability of a cell to take up DNA from its surrounding. Some
bacteria (e. gBacillus subtilisare naturally competent, others are made competent by
enhancing their membrane permeability, either physically (by electroporaborchemically

(by salt treatment, followed by a heat sho&}: E. colis not a naturdyy competent organism;
chemically competen. colicells were used in this work.

For the preparation of competenE. colj cells from a glycerol stock (as supplied by the
manufacturer) were plated onto an t&jar plate, which was incubated overnight at°87 A
single colony was used to inoculate a 5 mL preculture; the preculture was incubated overnight
at 37 °C, shaking. inL from the preculture was transferred to 50 mL-rhBdium; the cells

were grown at 37C, 225 rpm, until an Qg or 0.5¢ 0.6 was reahed. The cells were then
harvested by centrifugation at 3200 g, °€, for 15 min. The supernatant was carefully
removed; the pellet was resuspended in 15 mL sterile-lMBFfer on ice. The cells were then
pelleted again and the cell pellet was resuspethdite 2 mL THB buffer. ® pL aliquots were
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prepared and rapidly frozen in liquid nitrogerhe competent cells were then stored@80°C
for further use.

TBFI

Rubidium chloride (RbCI) 100 mM
Manganese(ll) chloride (Mgl 50 mM
Potassium acetatd (I ¥ / hh YO0 30 mM
Calcium chloride dihydrate (CaCl ) 10 mM
Glycerol 15% (v/v)
TBFII

Rubidium chloride (RbCI) 10 mM
Calcium chloride dihydrate (CaCl ) 10 mM
MOPS 10 mM
Glycerol 15% (viv)

For the transformation of plasmids into competdat coli a 50uL aliquot was thawed on ice

and approximately 5@ég DNA were added. Transformation of a ligation was done withL10
ligation mix. Cells were then incubated on ice fom3i@, subjected to a 4Sec heat shock at

42 °C and cooled on ice for approxately 2 min. 1 mL LB medium was added and competent
E. coliwvere allowed to recover at 37C for around 1 h. Recovered cells were pelleted at 8500

for 2 min, 900 pL supernatant were removed and the pellet was resuspended in the remaining
LB medium. Theetls were then plated onto an LB agar plate containing the appropriate
antibiotics and incubated overnight at 3C.

LB medium LBagar
Tryptone 10 g/L Tryptone 10 g/L
Yeast extract 59/L Yeast extract 5g/L
NaCl 10 g/L NaCl 10 g/L
NaOH (10 M) 400uL/L NaOH (10 M) 400 pL/L
Agar 15g/L

0P 0P cd tflFAYAR LINBLI NI GAZ2Y

Plasmids are; usually circularg DNA molecules within a cell that do not belong to the
chromosome of the organismi. e. they are extrachromosomal. After transformation they
remain in the cytosol dE. colj as long as a selective pressure is preserhisnwork, plasmids
providing resistance against certain antibiotics, in most cases kanamycin, were used.
Additionally,they are replicated irE. colj which makes the plasmid preparation a convenient
tool for multiplication of desired plasmiés
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5mL LB medium ctaining the appropriate antibiotics were inoculated with a single colony
from a transformation plate and incubated overnight at 3, 225rpm. The plasmid
preparation was then performed according to the manual provided with the QIAprep Spin
Miniprep Kit (Qiagen, which is based on the alkaline extraction procedure, described by
Birnboim and Dol§. In brief, the cells were pelleted and then thoroughly resuspended in a
buffer containing EDTA and RNaseA (Plalidlklysis was then achieved by addition of buffer
P2, which consists of NaOH and SDS and also serves the denaturation of proteins and high
molecular weight DNA. Addition of a third buffer (N3) then leads to neutralization of the
solution by potassium atate and facilitation of DNA binding tbe silica matrix by guanidine
hydrochloride. The mixture is centrifuged at 170§@r 10min, leaving the plasmid DNA in
the supernatant. The supernatant is applied to a silica matrix, washed with an ethanol
contaning buffer and finally eluted in elution buffer (EB) or water.

A detailed protocol for performing the plasmid preparation can be found in the
YIydzFl OG§ dzZNBENRa&a Y| ydz t ¢
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Sitedirected mutagenesis (SDM) is a method fetroduction of specific changes in the
nucleotide sequencef a plasmid. The mutations are introduced during a PCR, in which
forward and reverse primers completely overlap and the desired nucleotide change is located
in their center. The entire plasmid ®pied in the elongation step of the PCR, with the primers
used as the starting point. Copies of the plasmid therefore contain the mutation and serve as
templates for the following rounds of PCR (in addition to the original template). To eliminate
plasmids that do not contain the desireanutation, the PCR mix is digested willpn, a
restriction endonuclease that degrades methylated DNA

A double mutant of Awl (I1165M, 1285M) was created for attempts to determine the
structure. The mutations were introduced in succession via SDM, using a protocol based on
the one described by Bachm&nComposition of PCR mixture and the thermocycler program
are shown below.

Volume or weight

Template Plasmid 10ng
Forward primer (5 uM) luL
Reverse primer (5 uM) luL
Phusion HBuffer (5x) 10.0 pL
Phusion Polymerase (2 U/uL) 0.5 uL
dNTPs (10 mM each) 1.0
ddHO Ad 50 pL
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Temperature Duration
Initial Denaturation 98 °C 5 min
Denaturation 98 °C 30sec
Annealing 55°C 30 sec| 18x
Elongation 72 °C 210 sec
Final Elongation 72 °C 5 min
Cool down 4°C b

After completion of the PCR1.Dpn was added to the mixture and digestion was performed

for 1 h at 37°C, followed by heat inactivation for 20in at 60°C. The plasmids were purified

using the QIAquick PCR Purification ®iafer), analyzed via agase gel electrophoresis and
transformed intoE.col6 | ph & { dzO0Saa 2F GKS {5a ¢4l & aasSa

0 o0d ity HSAISVIRRSWL / f2yAy3 o6[ L/ O

Ly [ A3l tiy2RSHISYRSHS /| foRypAS/ER yadiOf /SA 3 ST K DG A A G
t2f @ YSNI &S dziaAf AT SR (2 3ISYSNIGS 'y 20SNI LI 2
CKS 20SNII LI A&d ONBIFIUOSR 0@ FTRRAGAZ2Y 2F YR/ ¢t kR
2T R/ ¢t fSIFIRa (G2 aAy3atS adNIyR RAISAGA2Yy 27
2T RD¢tY GKS RAISaGA2Yy A& ad2LIISR 4G I Do ¢K:
AYUSANI GA2y 2F (GKS AYASNIf AFINRSd KEK DSKE ZINA A
NB LI AN RORAEBANI G N> yaF2NXIFGA2y® [ L/ GF1Sa tSaa
FYR I @FNASGe 2F @SOG2NER O2yidlAyAy3da GKS &l YS
O2YLI GA6f S gOUIRKNERA FIT2SINSHINIGSR Yyt & OSOG2NE GKI
0S d®mSR

¢KS AyasSNlia sSNB FYLXAFASR TNBY | fNBIFReé SEAA
AY OKIFLIWGSNI od® o Md ¢KS t/ wLUINBHAIAG & / WS NRIZNR KF
Al a@&OH 2NE 6 SNBE  (AAY2S/F NAA (SKR (0keS RoAfId3yaiG Sy R ONSB
{ ALIJF2NJco/ KO NKiIF @irA 2y YAEGdZNE aK26y 0Sd/2gDENITF?2
HYAY O

Volume or weight

CutSmart buffer (10x 2 uL
Ssp-HF 1L
vector 1ug
ddHO ad 20 pL
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Linearized vector
CutSmarrbuffer (10x)
dGTP (25 mM)

DTT (100 mM)

Volume or weight

T4 DNA Polymerase(3 000 U/ir

X
2 uL
2 uL
1uL

0.2 pL

ddHO

Insert

CutSmart buffer (10x)
dCTP (25 mM)

DTT (100 mM)

ad 20 pL

Volume or weight

T4 DNA Polymerase(3 000 U/rr

y

2 puL
2uL
1uL
0.2 uL

ddH0

¢CKS [L/ NBFIOGAZ2Y oI &
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3. 4. Protein biochemistry

0® hypl M®GANP RIPWSIBYR 1 SAYE YR OSff fteara

To evaluate whether a protein can be producedtinolic in the best case soluble and in large
amountsc overexpression was performed on an analytical scale. In this way, different factors
that influence proteinoverproductionwere evaluated, such as the strain Bf coliused,
expression temperatures amturations, or type and concentration of the inducing agent.

For eachoverexpression condition that was tested, plasmids were transformed into various

E. coli strains via heatshock transformation as described e¢hapter3. 3. 5.Cells were then
plated onb LBagar plates containing the appropriate antibiotic; plates were incubated
overnight at 37C. One colony was used to inoculate a 5 mL overnight culture with antibiotics,
which was incubated at 37C, 225 rpm, overnight. Then, 50 mL LB containing tpeogpiate
antibiotics were inoculated 1:50 and the cells were grown at 37 °C, 225 rpm, uQDasof
approximately 0.6 was reached. Expression was induced by addition of either IPTG or lactose
and the cultures were further incubated at different expression temperatures and durations.
Parameters that were tested in small scale expression are summédreted.

E. colistrains Inducing agents  Temperature/Duration
BL21 (DE3) Gold | IPTG 37°C 3h
SHuffle T7 Expreg Lactose 30°C Overnight
BL21 Star (DE3) 18°C 48 h
Rosetta 12°C 72 h
Origami

When the analytical overexpression was finished, the cells were pelleted by centrifugation at
3200g, 4°C, for 20min. The cell pellets were resuspended iANNIA buffer 1, transferred into
screwcap cups, JLlysozyme (50nM) and glass beadsere added Cell lysis was done in a
FastPrep HomogenizeMPBIqg, run twice for 60sec at 6.5 m/s; between the runbke cells

were cooled on ice for fin. To divide the soluble and the insoluble fraction, the lysed cells
were centrifuged for 10min at 17000g, 4°C The supernatant was removed atite pellet

was resuspended in thL NiNTA buffer 1. Both were analyzed for presence of the desired
protein via SD®AGE.

Expression conditions that were proven to produce soluble protein in analytical scale
overexpressionvere upscaled. The description of those conditions can be foundapter3.
4. 2.

Ni-NTA buffer 1

NaHPQ 50 mM
NacCl 300 mM
pH 8.0
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For preparative overexpression of a desired protein, plasmids waresformed into E. coli
and a colony from the transformation plate was used to inoculaterk0OLB with 35ug/mL
kanamycin (Kaf§). The 50mL starter culture was incubated at 3T, 225 rpm, overnight.
Several 5 L baffled Erlenmeyer flasks containing BH#Kaf® were inoculated with starter
culture (ratio 1:100) and cells were grown at &7, 140pm, until an Ol of around 0.6 was
reached. Expression was induced by addition oh@\M IPTG and the incubation temperature
was lowered. The expression condits for the constructs used in this work are as follows:

Construct E. colistrain Temperature/ Duration
pET28a Awpl SHuffle T7 Expres 12°C/72h
pET28a_Awp3 SHuffle T7 Expres 12°C/72h
pET28a_Awpl4 BL21 (DE3) Gold 12°C/72h
pET28aCtPth1l SHuffleT7 Expres: 18°C/48h

The cells were then harvested by centrifugatiorB200g, at 4°C, for 20min. The cell pellets
were resuspended in MNTA buffer 1 and washed by centrifugation at 4000 rpi¢ 420min.
The supernatant was removed; the pelletene stored at-80 °C for further use.

od® nd® od / Sff feaara

The cells were lysed mechanically, either by subjecting them to high pressure using an
emulsifier,or by sonication with ultrasoundror both methods, the cell pellet was thawed in

a water bath atroom temperature and then resuspended in-NTA buffer 1.Complete
resuspension of the cells is critical, as clumps may remain unbroken during sonication or clog
the emulsifier tubesin addition, mechanical cell lysis is associated with the generation of
heat, and many proteins are sensitive to heat. To avoid excessive thermal effects on the
proteins, cooling of the lysate is essential.

Cell lysis by sonication was performed with the cells kept on ice. The resuspended cells were
sonicated for a total of fninutes, divided into 3 cycles, applying pulses with HiO8nsity.
Between the cycles the cell lysate was mixed and cooled on ice for 5 miMitesn the
emulsitex C5 Avestir) was used for cell lysis, the equipment was first-poeled with ice for
around 30min. Then the cell suspension was passed 3 times through the emulsifier, applying
pressures between 50 000 and 100 000 kPa.

The lysate was then cleared by centrifugation at 18000 rpf,4or 30min (J2HS Beckmai),
and the supernatant was gstde-filtered using a 0.45m syringe filter.
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In order to perform protein analysis techniques, a certain purity level of the desired protein
must be achieved, with the necessary degree of purity depending on the technique.
Crystallographic studies in particular require a hygbure sample (> 95%). In addition, the
homogeneity and monodispersity of trdesired protein shoulde ensured which demands

a combination of several purification step3he standard routine in many rgtein
crystallography laboratories is to perform affinity chromatography (most commonly using a
HisTag), followed by size exclusion chromatography (SEC) as a polishing step. However, for
the purification of some proteins inclusion of further steps maydxuired.

3. 4. 4. 1. Immobilized metal affinityramatography (IMAC)

Affinity chromatographys enabled by the addition of a tag the target protein, which
mediates binding to a specific column matrix, while untagged proteins pass directly through
the column.All proteins purified in this work contain an-t8rminal Hig-Tag, which is
compatible with Immobilized metal affinity chromatography (IMAC), the most commonly used
chromatographic technique. Various metal ions have an affinity to histidindjsntork N&*,
immobilized by the chelating agent nitrilotriacetic acid (NTA), was used. The method is
therefore also referred to as NNTA chromatographyElution of the desired proteins is
achieved by the addition of imidazole, which diges the boundarget proteirr®.

A peristaltic pump was used to apply the cleared and stéiftered cell lysate on a L
Ni-NTA columnNlachereyNage), equilibrated with at least 5 column volumésSV) NINTA
buffer 1. To evaluate appropriate imidazole concentrations in the wash and elution buffer for
each protein, a stepvise increase of imidazole concentrations was done in the first
purification (4 CV per step). The fractions were then analyzz&BS?AGE for presence and
purity of the desired protein; fractions containing the target protein were pooled and
subjected to the next purification step. Further purifications only consisted of sample
application, a wash step, and elution. Imidazole @rications of wash and elution buffers
are summarized below for each protein.

Imidazole concentration [mMM]
Protein Wash Elution
AwplA 30 250
Awp3A 20 500
Awpl4A 15 250
CtPth11 20 500
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3. 4. 4.2. Size exclusiothmomatography $E)

Size exclusion chromatography (SEC) was done after IMAC as a polishing step. Molecules are
separated based on their size, but also the shape, or more exactly their hydrodynamic
diameter, plays a role in the separation proce€peration of SECbenefits fran two
differently accessiblerolumes, the external volume and the internal volume. The internal
volume is the liquid within the porous matrix of tlgE@olumn, which is typically composed

of beads. The external volume is the liquid between the beadssatso called void volume.
Smaller molecules travel through both the external and the internal volume; they migrate
more slowly through the column. Molecules larger than the beads of the column matrix only
pass through the external volume and elute at t@d volume. A variety of different resins

are available for SEC, adjusted to the size and type of the molecule, as well as the choice of
eluent and other parameters. In this work, Superdex resins were used, which consist of a
dextran matrix bound to crosinked agaros€.

The pooled fractions from IMAC containing the desired protein were concentrated to a final
volume of approximately thL. The sample was then filtered to remove aggregates or physical
contaminants (foreign particles) using centrifugal filter units (UltrefdC, Merck). It was

then applied on a SEC column that had been equilibrated with stidtdeed and degassed

SEC buffer. Choice of the SEC column was based on the size and the expected quantity of the
desired protein. SEC was run on an NGC Chromatogr8ybktem, eluting proteins were
detected by absorption at 280m and collected in 1.5L fractions. After SEC, the purity of

the desired protein was assessed via $FID&E and the sample was either concentrated or
flashfrozen in liquid nitrogen and storeat ¢ 80 °C for further use.

Protein Columns SEC buffer
26/600 Superdex 200 p

Awp1A 20 mM TrisHCl M NaCl, pH 8.l
WPIA 1 1 6/600 Superdex 200 p| 20 MM TrisHCl, 300 mM NaCl, pH 8
26/600 Superdex 200 p .
Awp3A 20 mM TrisHCI, 300 mM NaCl, pH 8.1
WPSA 1 16/600 Superdex 200p| < ! mviRatL p
2 2
Awp14a| 26/600Superdex 200 pt ) 111 300 mM NaCl, pH 8.

16/600 Superdex 200 p
CtPth11l | 26/600 Superdex 75 pg 50 mM NaHPQ, 300 mM NacCl, pH 8.
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The pooled fractions from IMAC and from SEC were concentrated using Amicon Ultra
concentrators Killipore). The concentrators are available with different molecular weight
cut-offs (MWCO), a MWCO of 30 kDa was used for the concentration of AwplA, Awp3A, and
Awp14A. For concentratingtPth11l, a MWCO of 3 kDa was chosen. Concentraters first

rinsed with dHO, then the membrane was equilibrated with the buffer, in which the protein
was currently contained, bgentrifugation at3200g, at 4°C, for 5min. The protein solution

was then filled into the concentrator and centrifuged 2200 g, at 4 °C, for 15min. The
concentration step was repeated until either the desired amount or concentradibthe
protein solution was reached. The protein solution was mixed between each concentration
step.

3. 5. Protein analysis

o dvmp d{ RRREVE iL2& & FOINBS | YARS IFa&f DOf SOG NR LK 2 NB

Sodium dodecyl sulfatpolyacrylamide gel electrophoresis (SBSGE)s used to separate
proteins based on their size, and consecutively visualize them via staining of the gel. It was
used to wsualize the desired proteins and to roughly estimate their purity by analyzing each
fraction after IMAC and SEC. Protein samples are mixed with-BAGE loading buffer, which
O2y (| Ay & -mprbaptoethafid. These components (often used in combinatidth
heating of the sample to 95C for several min) ensure that proteins are linearized, as SDS is
FofS (2 RSy ( dei¢iSapthddhBnol $etiufes disulfide bonds. Simultaneously,
the negatively charged SDS attaches to the linearized proteinkided their surface charges,
resulting in aconstant mass/charge rati®’roteins are then separated in the gel by application
of an electrical field. In this work, discontinuous SEX5E was used, a technique that provides
improved separation compared wontinuous SDEAGE.

4> &l YLX S 6 SNB YAPBGESoading hulfer and pipetted into the pockets

of a gel with a 4.5% (v/v) stacking gel and either a 12% (v/v) or 15% (v/v) separation gel. One
pocket of the gel was loaded with>5[ t A StadBdSProteii MW Marker. SESAGE was

run in an SDEAGE chamber filled with SBSGE running buffer with an EPS 301 power box
set to 35 mA per gel, until the sample reached the end of the separation gel. Protein bands
were then visualized by staining tigel with hot Coomassie forrain, followed by destaining

in hot destain solution, until bands were clearly visible.
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SDSPAGE12 gels

Stacking ge(4.5%) Separation ge(12%) Separation gel (15%
dHO 29.8 mL 32mL 18.3mL
Stacking gel buffer 12.5mL - -
Separation gel buffe - 20 mL 20mL
Acrylamide (30%) 6.67 mL 32 mL 40mL
SDS (10% wiv) 500> [ ynn >] ynn >]
APS (10% wiv) pnn >] ynn >] ynn >]
TEMED pn >] yn >|[ yn >|[

Stacking gel buffer Sepeartion gel buffer

Tris/HCI, pH 6.¢ 625mM Tris/HCI, pH 8.6 1.125 M
Saccharose 30% (w/v)

2x SDSPAGE loading buffer 10xSDSPAGE running
buffer
Tris/HCI, pH 6.8  62.5mM Tris 30.3¢
Glycerol 15% Glycine 1444 g
i -mercaptoethanol 4% (v/v) SDS 10g
SDS 4% (Wiv) ddH0 adlL
Bromphenolblue a pinch
Coomassie Destain

Coomassie brilliant blue R2¢  3.2g  Ethanol 400 mL
Ethanol 400 mL  Acetic acid 80 mL
Acetic acid 80mL dHO 400 mL
dHO 400 mL

od HFOIBMVAYVNERSNY 22 UDOSYINI GA2Y

There are various analytical methoalgilablefor the determination of protein concentration.

The type of method that can be used depends, among other things, on the composition of the
protein solution (defined or undefined), the properties of the protaimd the choice of buffer.
Time considerations and reproducibility are also important selection criteria. In this thesis UV
spectroscopic analysis was used to determine the protein concentratibims. method is
based on UV absorbance, usually measured8& 2m, which relis on the aromatic amino
acids Howeverjt has to be kept in mind thahese show strong differences in their absorption
behavior.The absorption maximum of both tryptophan and tyrosine is 280 nm, while the
maximum of phenylalanine is abb260 nm. In addition, the protefd structure can change

the absorption behavid®.
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The extinction ) of the sample was measured using a NanoDrop photometer. Knowing E, the
LamberBeer law can be applied to determine theotein concentration:

0 -3
5 0D ®
-0

9Y SEGAYOGAR2YT Y Y2fI N 0&a2NLIAGAGET OY O&ymasSy i NI G A z
concentration; MW: molecular mass

In addition, the molecular mass of the protein and its extinction coefficient are required for
determination of its concentration. These values were calculated from the amino acid
sequence using the online to8lrotParam, which is available on the ExPASgirBormatics
Resource Portél.

0P pd od CKSN¥If &AKATFG Faale oc¢{! 0

A wide variety of methods are available for the characterization of prdigand interactons.
The thermal shift assay (TSA)also referred to as differential scanning fluorimetry or
thermofluor assay offers a relatively high throughput, while it can be easily performed with
standard lab equipment.

Ligand binding is associated with a changerotein stability, usually it leads to stabilization

of the protein. In a TSA, the thermal stability of protein solutions containing ligands is
measured with the aim of detecting changes in melting temperatures. thermal shifts. The
detection of potein unfolding is facilitated by addition of SYPRO Orange, a component that
shows low fluorescence in polar environments and high fluorescence inpaian
environments. Upon denaturation of the protein, its npolar core is exposed, leading to an
increase of fluorescence signals a result, a melting curve is obtained, of which the melting
temperature is the inflection point (maximum of the first derivative).

Volume
AwplA/Awp3A (50 uM) 4uL
Glycan (50 mN) 4L
SYPRO Orange (1:62.5) 4L
SE®uffer ad 40 uL

* if not indicated otherwise

Bindingof Awp1A and Awp3#0 various disaccharides and oligosaccharides was analyzed in
a TSA using 40 pL reaction volumes. @&geriment was run in a RotorGene Qiggen, the
temperature was raised b§.2 °C each dec, from 25 °C to 90 °Gain optimization was done
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manually. The TSA mixture is shown belowference measurements were done by adding

the solvents of the ligands to therotein solution and 8x SYPRO Orange. Following
carbohydrates were el Laminarinpeta glucan (barley, 0,1%), GMJrdlan (0,01%),-8-0 4
D-galactopyranosylD-3 I f | OG0 2 L@ NI y-@ BSAb ! OD kof D FBEl bi i Qs - b>b
RALF OS i et OK A3Ga,BRudsyl&Gosd) lLe@itsisaccharide, lactd\-tetraose, lacte
N-neotetraose, G f o @I DM f S-n Df ObMOXx adlygh My ydE -al yhwm
oaly> abyVyEm YIyy20SGNIQ2aSs: yDyiyeiBy&#Eee asS | yR

0P pHIKPIKNRAZAKLIzI 3JfedOly o0AYRAYI alddzRASA |

Another highthroughput method for screening specific interactions is suspension array
technology, which uses glass slides printed with specific components (DNA, peptides, glycans).
The Consortium of Functional Glycomics (CFG) offers the implementatiorcaflst glycan
arrays, which allovscreening for binding of a protein several hundred immobilized glycans.

Purified protein samples were sent to the Consortium for Functional Glycomics (CFG), where
binding of AwpAand Awp3 was examinedn the newest version of the Mamrhian Glycan

Array (version 5.2)as described by HeimbuMolinaro et al.”®. For both samples a protein
concentration of 50 pg/mL I8EC buffewas used. Deteain was carried out via an ariis
antibody, couped to AlexaFluor 488Jjagen. Glycan array data was deposited at the CFG,
under the identifier cfg_rRequest_3531.
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3. 6.Determination of protein structures

Structural biology is concerned with thanalysis of the 3D structures of biological
macromolecules, especially proteins and nucleic acids. Proteins play an essential role in every
aspect of lifeandthe structure of a protein is uniquely suited to its functiorherefore, new
insightscanbe gédNJ G SR Ay (2 | LINPIOSAYQa FdzyOluAz2y OAl

Three major methods are commonly used for the determination of structures of biological
macromolecules: Xay crystallography, Nuclear Magnetic Resonance (NMR) spectroscopy
and 3Delectron microscopy (3[2M). Obtained structures are deposited in the Protein Data
Bank (PDB), an open access database for the 3D structuegg@bliological molecules. 8848

of the structures in the PDB have been determined wiayXcrystallography,igghlighting the
importance of the method for biological sciences. RMpectroscopy accounts for %9of
structures in the PDB and 3EM for 3.2%. Around 0.2% of structures have been determined
using multiple methods or other methods (e. g. neutron diffractor solution scattering).

In recent years, 3IlEM has gained popularity due to advances in the technology of detectors
and in image processing, enhancing the resolution that can be achieved with these
structures®. Nevertheless, also-ay crystallograpy has seen major recent developments:
various Xray free electron lasers were put into operation. Among other applications, they
provide the possibility to determine crystal structures in a tiregolved manner (time
resolved serial femtosecond crystaltaghy), thereby providing direct insights into functional
reactions of the sampf@.

o® cd® mM® t NRGSAY ONRBAGITEATIGAZY

¢tKS ONRaGFtEtATFGAZ2Y LINRPOSaa Aa | oz2aGitSySO]
CANRG LINRGSAY ONeralGlta 6SNB | f NBIReé RSaONAOGS
FS6 RSOl RSy BIER YLINEKES MYy ONRalGFETATEFOARZY 61 &
dzy A KR dzy RLIMBPSAY ONRalGFE & | Olj dZNHBR OINBEV S &  If 1T
gl a FLIX ASR F2NJ 0KS RSUOUSNNYAYIGAZ2YyY® T (GKKS2 dedikN
GKS ONBAGITEATIGAZY LINROSaa XEla0io SNH/j daA NS YL
ONBalGlFrttATFOAZ2Y FTNB adGAftf dzylyz26y |yR (KS L
NBljdzZANBYSyia GKFG €tSFR G2 | KAIKSNI LINRPOIFOACTE )
KIgS G2 0SS LIJz2NBE FyR Y2 $aRMNNBS NFYSIAIZNGRS 3058 LING
LINE OS&daod

I NeadlftATIGA2Y AdaSt¥ Aa NBI oe I atz2g
LINBOALMKGIyGad Ly &a2yYy$sS OlasSasx GKAaAa fSIFRa Gz

ONRalGlfa UGKRFOIANRIDPACEFISY RSAONBOIENBINIR |

RSLISYRa 2y YlIye& RAFTFSNBY(H FlFIOU2NAI HNIzOK2KI L
LI 2 GSYLISNY 0dzNBX | RRAGAGSEAS tA3IFYRAI AYKAOAD
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O2yRAGAZ2Yyad =+l NA2dza YSiK2Ra 2lyNB HANBA T YHOISE
SELINAYSyGasz GILB2N RAFTFdzAAZ2Y Y RALFLft&@aAaas | yR
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ONBAGFEEATFGARZY YSGiK2Ra I NB Ay RAFAAKRSRY: /00 Th HFAGSING AOONES A
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RNR L) O LI2NJ RAFTFdzaa2y aSidzlxr dzaiay3a I GFNRSGe@
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aw/ H 2S{BABRBBOEBE HAffSR 6A0GK yn x[ Y23GKSNJI |
onyy[ LINRPGSAYy &az2fdziaizy 6SNB LALISGGISR Ay SI OK
FAEY FYR A¢Odza i (i SSROcR®IIE YONREGF £ € ATFGA2Y AYL
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43



3. Methods

Protein Protein Crystallization Screens
concentrations
48 mg/mL JCSG Core@iagen, JCSG Core Qiagen, JCSG Core IQiagen,
AwplA 24 mg/mL JCSG Core (®iagern), Morpheus olecular DimensionsMorpheus
Il Molecular DimensionsClassicgJiagen)
24 mg/mL JCSG Core@iagen, JCSG Core Qiagen, JCSG Core IQiagen,
Awp3A 12mg/mL JCSG Core I®iagern), Morpheus olecular DimensionsMorpheus
Il Molecular DimensionsClassicgJiagen)
22 mg/mL JCSG Core@iagen, JCSG Core Qiagen, JCSG Core IQiagen,
Awpl4A 11 mg/mL JCSG Core I®iggern), Morpheus olecular DimensionsMorpheus
Il Molecular DimensionsClassicgJiager), Clasgs Lite Qiagen)
10.8 mg/mL JCSG Core@iagen, JCSG Core Qiagen, JCSG Core IQiagen,
CtPth1l 5.4 mg/mL JCSG Core I®iggern), Morpheus olecular DimensionsMorpheus
Il Molecular DimensionsClassicgJiagern, AmSO4Qiagen

0P bWIAWATI FGA2Y 2F ONRBAaAGIEEATFGA2Y O2yRAGAZY

LT | ONRadlttATFGARZY O2yRAGAZ2Y Ad ARSYGATAS
F2tt26SR o0& Ly 2LWAYATFGAR2Y 2F alAR O2yRAGA:
FRRAGAZ2Y Il f yRELIIN®MWSHVAG aONR Al & 6AGK | 06SGidSN

FIOG2NR AYyTFEdzSyOAy3d LINRPGISAY ONRAGIfTEATLFGAZY
FYR LINBOALRAGIYG O2yOSYiUNYGA2Y ®

3. 6. 2. 1. Optimization of Awp1A crystals

A 24-well hanging drop vapor diffusion optimization screen was pipetted, as depicted in the
scheme inFigure6. The originalkrystallization solution cdaained 0.1 M MOPSO/B-Tris
pH®6.5, 106 (w/v) PEG 8000, 20% -pé&ntanediol, 0.5 mM erbium(lll) chloride hexahydrate,
0.5 mM terbium(lll) chloride hexahydrate, 0.5 mM ytterbium(lll) chloride hexahydrate, and
0.5 mM yttrium(Ill) chloride hexahydrdte For the optimization screen the ratios of MOPSO
and Bis-Tris were changedo alter the pHand the comentrations of both precipitants were
varied in the same proportion to each other. Erbium(lll) chloride, terbium(lll) chloride and
ytterbium(lll) chloride were present at a concentration of 0.5 mM each. A drop size of 1.2 pL
was chosen, composed of Ouf reservoir and 0.GL protein solution. Two drops were set,
one using a protein concentration of 4®&g/mL, the other one using 24 mg/mIhe
crystallization plate was incubated at 20.
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30:70
MOPSO : Bis-tris

40:60
MOPSO : Bis-tris

50:50
MOPSO : Bis-tris

60:40
MOPSO : Bis-tris

70:30
MOPSOQ : Bis-tris

80:20
MOPSO : Bis-tris

5% PEG
10 % pentane-
diol

7.5 % PEG
15 % pentane-
diol

10 % PEG
20 % pentane-
diol

precipitant

12.5% PEG
25 % pentane-
diol

Figure6: Optimization screerfor Awp1A

The pipetting scheme of the optimization screen is shown. MOPSB8sfids were used at a fil@oncentration
of 0.1 M MOPSO/BTris. The concentrations of PEG 8000 are givenwfv){ the concentrations of
1,5pentanediol are given in (v/v). Buffer rnmg ratios were varied along the-axis, the precipitant
concentrations were changed along theayis. All reervoir solutions contained 0.%M erbium(lll) chloride,
0.5mM terbium(lll) chloride, and 0.61M ytterbium(lIl) chloride.

3. 6. 2. 1. Optimizatioof Awp3A crystals

The original crystallization condition of Awp3A contained 0.2 M M@CIM Tris pH 7.0 and

2.5 M NaCl. The condition was optimized in a hanging drop vapor diffusion setup, as described
for AwplA. The pH was varied along thaxys ofthe optimization, in a range from 7.0 to 8.5,
using increments of 0.5. Different precipitant concentrations were used alongdes)of the
screen, ranging from 1 M NacCl to 36NaCl, in increments of OM. The salt concentration
(0.2M MgCb) remainedunchanged. Additionally protein solution:reservoir ratios of 1:1, 1:2
and 2:1 were used. The crystallization plate was incubated a€20

od EMBEAaGlIf KINPSadAYy3 FyR a2 1Ay3

When crystals stop growing or when the ndéog¢am timeat a synchrotron is approaching,
protein crystals are harvested and stored in liquid nitrogen for transport to the synchrotron,
where diffraction data is collected. For some crystals, soaking may be required or desired at
that point. The soaking processrt serve different purposes, e. g. protection from ice
formation, introduction of heavy atoms for phasing, or introduction of ligands into the protein
crystals.

Protein crystals typically have a high solvent content with usually observed values around 50%
and a range from around 30% to 85%. In many cases, the solvent is an agueous solution that
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will form ice upon freezing. Ice formation lowers diffraction quality by disruption of the
protein crystal structure and ice rings can be observed on the diffratt@ages. Thus, the
process is often prevented by soaking protein crystals with cryoprotectants, such as glycerol,
ethylene glycol or MPD. The necessity of introducing additional cryoprotectants depends on
the crystallization condition.

Another purpose of mtein crystal soaking is the introduction of heavy atoms for solving the
phase problem. Some phasing methods, such as multiple wavelength anomalous dispersion
(MAD) or single wavelength anomalous dispersion (SAD) require the presence of heavy atoms
showirg said anomalous dispersion. These candtterallypresent in the protein, for example

as cofactors or as part of a ligand. If that is not the case, the experimenter can choose between
several methods for the introduction of heavy atoms: The substitubbrthe methionine
residues in a protein by selenontegbnine (SeMet) is a common method called SeMet labeling.

It has the advantage that the number of heavy atom sites within the asymmetric unit of the
protein crystalg a variable that may be decisive fdre phasing processis already known.
However, proteinproduction purification and crystallization may have to be adapted when
working with SeMet labeled proteins. Additionally, some proteins do not have a sufficient
amount of Met residues and one or ava few mutations need to be introduceas a rule of
thumb, at leasbne SeMet per 100 AA is required for phastft. Another approach for heavy
atom derivatization is soaking already existing crystals in heavy atom containing solutions.
Soaking is a lot swifter than SeMet labeling, becaaserproducton, purification and
crystallization do not have to be repeatddowever, it is not predictable whethdine protein

crystal will endure the soaking process and whether the protein will tiiednetal. A variety

of heavy metal compounds are available fdraging purposes and also iodine and bromide
can be use#.

In some cases, ligands or a variety of potential ligands are introduced into the protein crystal
by soaking. The structural context of lighbinding in a protein using an already known ligand
can be examined in this way, but also ligand screening experiments are often conducted by
soaking. In the recent years, fragmdrdsed lead discovery (FBLD) has become a conventional
approach for drug dcovery. Protein crystals are soaked with a variety ofrfoolecularmass
molecules, i. e. fragments. If binding is observed, the fragments can be combined or upsized
into lead compound.

In this work, crystalsvere harvested andusually directly flashfrozen in liquid nitrogen
without any additional cryoprotectantTo enable phasing of Awp3dy single wavelength
anomalous diffraction (SAD), crystals were transferred to a dfapother liquid, containing
50 mMGdll) acetate Theywere allowedto sit in this drop for 90 min anthen flashfrozen
in liquid nitrogen vithout any additional cryoprotectant
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Table3: Fragment concentrations and soakittignes used for fragment binding experiments dhe CtPth11

CFEM domain
Fragment Concentration Soaking times
No.
1 50 10 sec
2 50 23 h
3 50 23 h
4 50 23 h
5 50 23 h
6 100 2 min
7 50 20 min
8 100 26 h
9 50 2 min, 4 min
10 50 26 h
11 100¢ 30 sec
12 100¢ 30 sec, 1 min
13 50 26 h
14 100¢ 10 sec, 30 sec
15 100¢ 15 sec
16 100 5 min
17 100 5 min
18 100 30 min, 50 min
20 50 3h,26h
21 50 3h,26 h
22 100* 10 min, 20 min
23 100 5min, 3 h
24 100 20min, 1 h
25 50 1lh
26 100 1 min
27 100 1%h,3h
28 100 1%h,3h
29 100 1%h
31 50 1h,3h
32 100 4 min, 10 min
33 100 10 min, 24 h
34 50 3h,24h
35 100 30 sec
36 100 10 min
37 100 15 min, 50 min
38 50 3h,4h
39 100 15 min, 90 min
40 100 1lh
41 50 1h,24h
42 100 30 min
43 100 30 min
44 100¢ 10 sec, 3 min
45 100* 15 sec, 1 min

Fragment Concentration Soaking times
No.

46 100 25 min

47 100 30 min

48 100 1 min, 20 min

49 100 20 sec

50 50* 2%h

51 100 1h,19h

52 100 3 min

58 100 5 min

59 100 3h

60 100 7 min, 10 min

61 100 3h,19h

62 100 6 min

63 50 19h,24h

64 50 19h,24h

65 100 3h

66 100 2h

67 50 15 sec, 6 min

68 50 3h,24h

69 100 30 sec

70 50 3h

71 100 1h,3h

72 100 3h,24h

73 100 3h,24h

74 50 3h,24h

75 50 3h,24h

76 50 3h,24h

77 50 3h,24h

78 50 3h,24h

79 100¢ 2 min

80 50 3h,24h

81 50 3h

83 100 30 sec

84 100 10 sec, 1 min

85 100 15 min, 20 min

86 50 3h

87 100 20 min

88 100 1%h

89 100 12 min

90 50* 10 sec

91 100 14 min, 15 min

92 50* 30 sec

93 100 3h

94 100 1 min, 2 min

* Fragment powderemaining undissolved was centrifuged and the supernatant was usetbéding

Fragment number refers to the Frag Xtal Screen fdema Bioscience
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Crystals of theCtPth11CFEM domaimwere soaked with fragments from the Frag Xtal Screen
(Jena Biosciengewhich werereceived as kind gift from the group of Prof. Dr. Gerhard Klebe
and Prof. Dr. Andreas HeineMlfragment stock solutiosi (in DMSO) were mixed withother
liquor and glycerol2.4 M ammonium sulfate, 0.8% MPD, 20% glycerol) to reach a final
fragment concentration of either 10enM or 50 mM, depending on the solubility of the
fragment Crystal soaking times of 3 h in the fragment containing solution were aimed for. If
that time was not achievablecrystalswere soakedas long as possible (up to B, i.e. the
crystals were harvested as soonsevere fracturesvere observed or when 28 had passed.

A summary of the soaking experiments conducted @Rth11l canbe found inTable 3.
Appendix Il contains a list of all datasets collected during the soaking experiments and the
fragments used.

0 ®ndc WA vV OATNERSAEF T2N8 Ol A 2 Y

The principles of Xay diffraction are described in several excellent resources, both online and
offline, in openaccess resources and available for purchase. The topic is therefore only
described briefly in this work.

The prerequisite for beig able to collect meaningful high resolutiorray diffraction data is
the presence of a crystal. Crystals are characterized by the periodic arrangement of a certain
motif within a threedimensional lattice. The repeating motif is referred to asué cell, the
whole crystal can be recreated by translation of tivét cellin the three lattice directions (a,

b, c). The smallest fragment of the crystal is &sgmmetric unitfrom which the unit cell can
be recreated by symmetry operations. The symmaifythe molecules within a crystal is
described by theerystallographic space group8 combination of the seveerystal systems
(triclinic, monoclini¢ orthorhombig tetragonal, trigonal, hexagonal cubig and 14Bravais
lattices results in 230space group. But because proteins are chiral molecules, certain
symmetry operations (such as inversionreflection) cannot be performed. Thus, &pace
groupsare viable in proteircrystallography. Another common characteristic of crystals is
mosaicity In an impeccable crystal, aihit cellswould be perfectly aligned. Naturally, most
crystals are not perfect and show slight displacements of blocks of eistrelative to each
other, ie. mosaicity

When the crystal is placed in anrd&y beam, an Xay diffraction pattern is the result.

Diffraction occurs when-Kays with a wavelength that approximately corresponds the lattice
parameters of the protein crystal amdirected at the crystaindcan be explained bie Bragg

model It describes in whicbircumstances constructive interference of scatterechi{ beams

can occur, resulting iBragg reflexesin this context, the crystal isgarded as a set of equally

spaced planediat are parallel to each otheBfagg planeks Each planactsas mirrors ér the
incident Xray beamc i KS | y3fS 2F AYOARSYyOS o6' 0 SldzZ tfa
interference of Xrays that are scattered from adjacent planes can only occur under certain
circumstances, formulated as NJ- 3 3 @ee fotmula belovand Figure?).
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RFYIF3AS KlFa G2 oS GF 1Sy Aydae | 002dzyd ol Y2y 33ai

Datasets for SSAD phasingf CtPthll were measured according to a specialized data
collection strategy described Basuet al®3, together with Dr. Vincent Olieric from the SLS,

Villigen. The wavelength was set to 5.5 keV (ARand aaster scan was used to determine

the best diffracting location within the crystal. Then, the first 360dataset was collected.

The starting angle for data collection was altered pyct A Yy FYR . 2NRARSYydl
360°. dataset was measured. This protocol was repeated, until the data collection statistics
revealed significant radiation damage. Usingstmethod, four datasets with acceptably low

radiation damage could be collected from a single crystal.

0P c @LIN® OSEVER VR G NBRdAzOGA 2 Y

Data processing consists of several steps: First, the space githg crystal isleterminedg
aprocedurecalled indexing. Then, the intensities of the measured reflexes are integrated and
finally, they are scaléd During data reduction, the data is scaled to produce internally
consistent data. Several datasets can also be combined in this step, a process called®merging
In this work, mainly the progratdD$* was used for data processing aAtMLESSwas used

for data reduction.

In XDSdataprocessing is done ronsecutivesteps: XYCORR, INIT, G IDXREBEFPIX,
INTEGRATE, and CORRECT. Each step produces a log file, named after the step, with the

' LIIJSYRAE a®d[té | RRSR® Ly G4KS -, /hww adGdsSLiE 3
Correction files have to be specified in tk®SA y LJdziT FAf S 064 - 5{ ®Lbt ¢ 0P L
gain of detector, i. e. it differentiates between background and reflexes. In the COLSPOT step,
strong reflections are identified, which are then used for indexing during IDXREF. Possible
space groups aredadermined in this step. XDS chooses the space group with the highest
symmetry and a good quality of fit for further processing steps. If the chosen space group is
found to be incorrect, the space group can also be specified by the user to enforce cetrect c
constants. In the subsequent procesBDEFPIX certain pixels of the detector are labelled to

be ignored during the integration step. INTEGRATE then calculates the intensities of the
reflections in the dataset and CORRECT corrects the calculatedsii@enfor decay,
absorption, and variations of detector surface sensitivity. Processing statistics are provided in
GKS &/ hww9/ ¢ [t ¢ Fd-f55{ ¢!y{REiHdEdBratefzi Lidzi FAE S
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After processing a dataset, the space group was reviewed and corrected if required.
Additionally, the quality of the data was assessed and the resolution of the dataset was
estmalSR dzaAy 3 GKS &adFGAaGA0a LINRE OXKRSR SV WGKNS I &
Fa YFAY AYRAOFG2NB FT2N) GKS RFEGFrasSdiQa NX&az2f dz
space group and resolution already specifieDS.INP

Data processing i®llowed by data reduction, which was done usidtMLESXS, run within
CCP4iZ. In this procedure the space group is determined a second time, because the indexing
in the integration program only detects thetti@e symmetry, which may not reflect the true
symmetry. Symmetry related observations ofleetions are then scaled and merged and a
free-R set is generated, by default with 5% of the d4fa Statistics given by AIMLESS were
then used to reassessath quality and the resolution.

0® dv df GTNHzO G dzNBa R $ @3 NEA ViIKEA 23R 85 BINBWDOSY o6{! 5

To be able to determine the structure of a molecule froma¥X diffraction data, thephase
problemmust be solved. Theeal spacdi.e. the electron density function) and tlmeciprocal
space(i.e. the structure factors measured in the diffraction experiment) are related to each
other via theFourier transformThereal spacecan be used to calculate threciprocal space

but not vice versa, because some information is lost during data acquisition. This missing
information are the phases of therdy waves, therefore the dilemma of lacking information

is referred to aghe phase problemThephase problenis described by following etion:

& G & g) SO'ED

"oE&T O I' Fdzy OlAazy 2F St SOGNRY RSyRhk)iBstructirefados A G A2y E:
amplitudes i (hkl) = phase associated withqaF

Several methods aravailable for the determination of phases. The most commonly used
method is Molecular Replacement (MR), which requires a model of a similar structure. Other
methods do not rely on the availability of structural informatiéff, among those, single
wavelength anomalous diffraction (SAD) phasing has become the preferred structure solution
method for many crystallagpher§??’,
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3. 6. 7 1. SA phasingnabledby heavy metal soaking

For SAD phasing, the presencanbmalous scattereris required to solve the phase problem.
The anomalous scattering effect is especially strong for heavier atoms, thus some of the
classical compounds brought into crystals for structure determination purposes contain Hg,
Pt, U or A&, but the use of lanthamies has also proven to be well suited for phase
determinationt?.98.99

Anomalous diffractioroccurs when heavy atoms are subjected to armyXwavelength at or
near their absorption maximumrherefore, the experiments may have to be conducted at
tunable synchrotron beamlines, i. e. beamlines where it is possible to alter trey X
wavelength. Absorption maxima are different for each atom and can either be determined
experimentally or extractedfrom literature (e. g. found in Pikeet al® or under
http://skuld.bmsc.washington.edu/scatter/AS_periodic.hjmMWhen anomalous diffraction
occurs,C NA S R Si$ aken.tCertain reflections are related to each other by inversion
through the origin (they occupy the positions h, k, | and-k, -I), these are referred to as a
Friedel pairsC NJ&A S R Stht€sdhatfthkesg have equal amplitude and opposite phhsagce

the intensity of the reflections is equal. When it is not fulfilled, a difference in the intensities
of this pair of reflections can be observed, called Bigoet differenc?.

To be able tadetermine the phases, the positions of the anomalous scatterers have to be
determined first. This is achieved from tHgijvoet differencesising Pattersonor direct
methods®. This results in two possible enantiomers, of which the correct one is selected by
evaluating which hand provides the better electron density map forpaeial structure. The
heavy atom parameters are refinedefore the starting phases for the protein are deduced
from the calculated anomalous model phases. Finally, phases are improved by density
modificatiorf?.

To enable phase determination of Awp3A VRLS crystals were soaked in a drop of mother
liquor containing 56nM Gd(lllacetate for 90 min, before they were frozen in liquid nitrogen.
For data collection, the -¥ay wavelength was set to 1.71237, Avhich is near the -l
absorption edge of Gd. Ciglographic phases of 8AD dataset were determined using
CRANK2:,

3. 6. 7 2. NativeSAD phasingsing the anomalous diffraction from sulfur

Native SAD phasing exploits the anomalous diffraction from atoms not heavier than calcium
(atomic number 20) for structure solution. Such can occur naturally in the protein, in ligands
(e. g. phosphorous in bound DNA or RNA), or in buffers. In many tasasi/fur atoms from
cysteine or methionine residues in the protein are used for native SAD phasing, a practice also
referred to as SSAD phasinf? Usually, the wavelength of therdy beamwavelength cannot
be adjusted to bevery close to the Xay absorption edge of thetom addressed in this phasing
approach This results in only loanomalous signal, so the data has to be collected carefully
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to increase the signal to noise ratio of the data by reduction of RGigéhis is often achieved

by collection of several datasets and merging the éafather approaches are also applied at
beamlines specializeidr the collection of native SAD datasets, i. e. longer wavelength ranges,
vacuum or helium environment, or thesage of special detectdfs.

Datasets ofCtPth11 crystals were collected at the SLS, beamline X06DA (PXIIl), together with
Dr. Vincent Oliereic. The data collection strategy described by &asun 2019 was applied

Ay GKAa OFasSy {SOSNIt ocnc orystd luding &veigeength S NB
2T HOHP ) ! FOSNI YSF&adzNBYSyd 2F | RIGFaSax
next 360° dataset was collecttdSSAD datasets werdien merged on site using a custom

script forxscal&* The structure othe CPth11CFEM domaiwas solved usinGRANK2L,

3. 6. 7 3. Molecular replacement (MR)

If a structure of a protein witla low rootmeansquare deviation (RMSD) to the target protein

is accessible, thehase poblemmight be solved by Molecular Replacement (MR). A low RMSD
is generally indicated by a high sequence identity, with a minimal sequence identity of 30%
often suggested in literature. The critical point in MR is the model quality; thus models may
have b be trimmedc i. e. long loops or other flexible regions are removed, as well as bulky
side chaing or adapted otherwise (e. g. a polyalanine model can be §3&%)

The structure solution process is essentially a comparison of the measured data with the
model data.To enable this proces®atterson mapsre calculated from both the observed
data and the model. The maps are then correlated, whereby 6N parameters must be
established to define the solution: three rotation angles and three translations for each
molecule(N) in the asymmetric unit. As thisxglimensional search would take very long, it is
usually split into two threedimensional searches: maps are rotated against one another, then
translated. However, the correct rotation cannot be calculated with an unknown translation.
A scoring algorithmds to be applied at this point to pick a small number of solutions to go on
with1%4 in Phaserthis is themaximum ikelihoodmethod'%. If the searches are completed
successfully, the initial phases can be calculated and an electron density map is gefférated

In this thess, Phaset® was used to solve the structure of AwplA, with Awp3A serving as a
search modelThe initial MR result was then subjected20 cycles of model building using
the model mode in thARP/WARRVeb Service (runningRP/wARRersion 8.0 to obtain a
completestructural model Phaset®is also implemented in thBIMPLEpipeline, which was
used to analyze th€tPthl1lfragment screen datésee chapter 3. 6. 8.).

53

C



3. Methods

odyde I f 8T AyI FNI A¥EESLia tIOANGISNY RIF G|

DIMPLEDIfference Map PipeLinE) is an automated software pipeline designed to analyze
crystals of a known protein that may have bound a ligand. It has been developed by the CCP4
software group and the Diamond light source and can be r@@dR¥5. A detailed description

of the pipeline can be found undehttps://ccp4.github.io/dimple/ The workflow applies
rigid-bodyrefinement to obtain the electron density map of the target structure; MR is done
only when necessary.

DIMPLErequires several input files: The model of the apo structure (pdb) and the
corresporing reflection data (merged mtz) have to be given, as well as the target structure
data (merged mtz). The target structure data is then preparedifpd-body refinement in
several steps: if the unit cell constants do not match the apo structure daitagering is
required; this is done using’OINTLESS he data is then truncatedTRUNCATEand
FREERFLASIun. When comparing data, it might be advisable to use consistent DHg&LE
therefore automatically assigns the same flags when the same pdb file is used. Alternatively,
external reference flags may be given or the existing flags from the input mtz can be used.
After these preparationgijgid-bodyrefinement is done bREFMACHollowed by a few more
rounds of restrained refinement. Sometimes, MR is required before restrained refinement,
this is done usinghaser Finallyunmodédled blobsare identified.

In this work, a custom script for runnii@yMPLEON a large amount of datate measured at

the SLS has been used (#gpendix 111) The script is writterfor execution in the Unix shell,

using the programming languag®&ash The input of multiple datasets from the SLS is
FIOAfAGIFGSR o0& AYLIESYSydlaAaz2y 2F | adGdSLI F2NJ
given directoriesPOINTLES®Sd AIMLES&re then run to obtain the merged mtz files from

the XDSoutput files. Tken DIMPLES executed, with Fre® flags derived from the input mtz

of the apo structure.

o ®dasc ¢f G NHzOG dzZNE NBFAYSYSyi

Structure refinement is done to achieve agreement between the structural models obtained
in the structure solution process and the exjeental data.This is necessary because the
initial structural model usually contains errors, i.e. deviations from the electron density map
or chemical or physical flaws. During refinement, water molecules and ligands are aslded
well.

The refinement icarried out in iterative cycles of manual model building and computational
refinement the data are continuously evaluated by the examination of certain parameters
during the processManual model building is done by inspecting the fit of the model to the
electron density map and adjusting it appropriately. Computational refinement is done by
statistical improvement of the model to better fit the diffraction data, commonly applying two
different methods: maximum likelihood refinemenfused in REFMAE’) or simulated
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annealing(phenix.refing€?). Both use restraints in respect to bond distances, bond angles,
torsion angles, and temperature facto3-factors).

Themain indicators for the progress and quality of a refinement are tHadtors, Ryork and
Rree. These serve as a measure of the agreement between the structural model and the
experimental data and are calculated as follows:

BRO § ?0 &

Y BSO s

Fobs = structure factor amplitudesf the experimental dataf-calc= structure factor amplitudes calculated from
the model

Rwork 1S calculated from the working model, where&see is calculated from reflections
excluded from the refinement process (by default 5% of reflections), providing a tool for cross
validation.Ruwork IS always higher thaRkee, but large differences betweethe valuesndicate

that the model is overefined®.

Most structures in this thesis were refined via iterative cycles of model building, performed in
phenix.refine(part of the PHENIXcrystallographic software suitd and WinCoot3. The
refinement of Awp3AGd was done iIREFMAGCS’ (run within theCCP4oftware suité') and
WinCooft:.
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4. 1. The cell wall proteome Ghaetomium thermophilum
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4. Results

For prediction of GRAnchored proteins iiC. thermophilunseveral features were considered.
Firstly, GRanchored proteins have an-términal signal peptide, which targets them to the
ER% Signal® was used for identification of these signal peptides. The annotated
C.thermophilumproteome contairs 7165 potein sequencesan Nterminal signal peptide
was identified in562 sequences Typically, GRinchored proteins do not contain any
transmembrane helicé®® absence of those was analyzed via TMHRIMowever, itmust

be considered that the GRInchor attachmensequences recognized as a transmembrane
helixl%8 therefore Gtermini were ignored in this analysi Among the 562 proteins with
signal peptidetransmembrane helices were not identified4i73sequences. Finally, the Big

Pl FangalPredictor was used for detection oft€rminal GPI anchor attachmeséquence'?.

61 GPianchored proteins were predicted in this way. As an alternativer@ggh for
identification of GPI anchadr i © K Y seguénces, a pattern search was conductedgshe
sequence described by d&rootet al . This search &l to a set of 76 predicted G&®hchored
proteins. By combining the BRj positives and the proteins identified by pattern search, a
total of 79 predicted GRAnchored proteins were derived. Assignment to different protein
families was then done by consulting the UniProt databaseombination withBLAST
searches

Table4 showsa list of 46 proteins, for which an assignment of either protein family or
contained domains could be made. Proteins without any assigns@aetshownin Tableb.

Table4: Predicted GRanchored proteins with family or domain assignments

UniProtID | Description FamilyDomains BigPl | Pattern
G0Ss879 hypothetical protein CTHT_0037870 Agglutinirlike - +
G0S3D9 alphaamylaselike protein Alphaamylaselike + +
GOSAA8 | hypothetical protein CTHT 0041610 S'rﬁ’g;;arbon'c anhydrase, zifion i "
GORYL2 hypothetical proteinCTHT_0007090 CFEM + +
GOSBA5 hypothetical protein CTHT 0049520 CFEM + +
GOSDR6 hypothetical protein CTHT_0052730 CFEM + -
G0S3S8 hypothetical protein CTHT_0030500 CFEM + +
G0S002 hypothetical protein CTHT_0008240 CFEMMad1-like + +
G0S223 hypothetical protein CTHT_0015720 ChpAC/DUF320 + +
GOSEJ6 putative covalentlylinked cell wall protein Contains PIRepeat + +
G0S1Y6 hypothetical protein CTHT_0015310 Cupredoxin + +
G0S9D8 hypothetical protein CTHT 0045490 Cupredoxin - +
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GOSEF6 putative cell wall protein Ecm33 + +
GOSEN2 | hypothetical protein CTHT 0064350 I'izk”edonuc'ease’m””C'easemhosr’hatase - +
GOSEQ3 hypothetical protein CTHT_0064570 FADDbinding false positive result? - +
GOS7F5 hypothetical protein CTHT_0027960 Ferritinlike superfamily, Rds1 - +
GO0SG17 hypothetical protein CTHT_ 0064700 GH catalytic core, Adike - +
G0S4P0 hypothetical protein CTHT_ 0023010 GH16 + +
GOSFX7 putative cell wall protein GH16 + +
GOS5R2 hydrolaselike protein GH16, ConAike domain + +
GOSCM1 putative cell wall protein GH16, LamG superfamily + +
GOSA20 cell wall glucanas#ke protein GH16, Lam&uperfamily + +
GOSFR4 hypothetical protein CTHT_0071830 GH17 + +
GO0S1A4 hypothetical protein CTHT_0012900 GH18, hitinase,LysMdomain + +
GOSH28 hypothetical protein CTHT_0068470 GH45, erato-platanin - +
G0S1v8 hypothetical protein CTHT 0015000 GH64, haumatinlike + +
G0S6S8 1,3b(_ata-gIucanosyltransferasbke GH72/Gell + +
protein
G0S249 1,abgta-gIucanosyltransferasbke GH72/Gel2 + +
protein
GO0S7C3 chitosanasdike protein GH75, Endehitosanase - +
mannan endel,6-alphamannosidase
GOSFA3 DCWiiike protein GH76/Dcwl + +
GOSEWS3 putative UPF061'9 GRhchored Kre9/Knhi + +
membrane protein
GOSHT5 hypothetical protein CTHT_ 0073300 Kre9/Knh1l
GOSF37 phospholipasdike protein Lysophospholipase
- . . . Peptidase Al family&partictype
GO0S1H4 aspartictype endopeptidasdike protein endopeptidase + +
GOS4R8 | hypothetical proteinCTHT 0023200 | " eptidase Al familykpartictype " "
endopeptidase
G0S3I18 hypothetical protein CTHT_ 0021410 Peptidase Algepsinlike +
GOSAA2 hypothetical protein CTHT 0041530 Peptidase Aflomain/aspartic peptidase - +
L . . PLGlike phosphodiesterase, TIM
G0s6l1 phosphoric diestehydrolaselike protein beta/alphabarrel domain superfamily + -
GOSDH5 phosphoric diester hydrolasike protein E;‘r?e"re phosphoric diesterase, TIM - +
GO0sI08 hypothetical protein CTHT_0074060 Polyampholyte + +
. . SARlike domaincontaining
G0S1M2 hypothetical protein CTHT_0014100 protein/Aspartic peptidase A1 family + +
GO0SGS6 Cu/Zn superoxide dismutadie protein | SODBlike Cu/Zrdomain + +
G0S667 hypothetical protein CTHT_ 0034360 SUN family +
GO0S3B5 hypothetical protein CTHT 0020420 SurElike + +
GOSAZ2 hypothetical protein CTHT 0048310 Tetratrico peptide repeat - +
GOSDvVv4 hypothetical protein CTHT_0053120 Wscdomain + +
GORXTS8 guanyispecific ribonucleaséke protein | false positive resuk +
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Table5: Uncharacterized or unknown predicted GBhchored proteins

UniProtID | Description BigPI | Pattern
GOSDD9 Elrg?etii\rge structural constituent of cell wall + +
GORXW9 hypothetical protein CTHT 0004570 + +
G0S179 hypothetical protein CTHT 0012640 +
GOS4A7 hypothetical protein CTHT_0039500 +
G0S348 hypothetical protein CTHT_0019640 - +
G0S193 hypothetical protein CTHT_ 0012780 + +
GO0S5B3 hypothetical protein CTHT 0024200 + +
GO0S5C3 hypothetical proteinCTHT_ 0024300 + +
GO0S759 hypothetical protein CTHT 0027530 + +
G0S4Y9 hypothetical protein CTHT 0032150 + +
GO0S6P8 hypothetical protein CTHT 0035150 + +
G0S6S2 hypothetical protein CTHT_0035400 + +
G0S8L8 hypothetical protein CTHT_0038540 + +
GOS8N5 hypothetical protein CTHT_0038740 + +
G0S8Q3 hypothetical protein CTHT_0039950 + +
GO0S9L3 hypothetical protein CTHT_0046300 + +
GO0SBG4 hypothetical protein CTHT_0050180 + -
GOSDX5 hypothetical protein CTHT_0053340 + +
GOSDz7 hypotheticalprotein CTHT_0053570 + +
GOSBN8 hypothetical protein CTHT 0054240 + +
GOSBT2 hypothetical protein CTHT 0054690 + +
GOSCA5 hypothetical protein CTHT 0056530 + +
GOSCN2 hypothetical protein CTHT 0057830 + +
GOSF62 hypothetical protein CTHT_0060930 + +
GOSHI8 hypothetical protein CTHT_0070170 + +
GO0sSI03 hypothetical protein CTHT_0074010 + +
G0S306 hypothetical protein CTHT_0019200 - +
G0S609 hypothetical protein CTHT 0025610 - +
G0S671 hypothetical protein CTHT_0034410 - +
GOSCw3 hypotheticalprotein CTHT 0058590 - +
GOSFJO hypothetical protein CTHT 0071010 - +
GOSO0P3 hypothetical protein CTHT 0010740 + +
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4. Results

Theset of predictedsPtanchored proteins it€. thermophiluncontainsavariety of commony
encountered cell wall proteinse. g. anagglutinintlike protein, proteins containing a CFEM
domain, several members of Gaimilies, Ecm33, and a member of the SUN YA ¥V&

nd Mm® HP t NPGIGS2YAO Fylifaara 2F AazfldiSR / o

The prediction of GRinchored proteins poses a useful tool to generate an overview of the
cell wall proteome and the families representdtetein. However, data must be interpreted
with some reservations, as it may contain false positive or false negative results. Additionally,
it is based on genomic data, thus proteins without any proteomic evidence are included as
well. To obtain a more rdiatic picture of theC. thermophiluntell wall proteome, cell wall
isolates were analyzed by MS/MS analys$isradigestion with proteases rgpsin and LysC).
Data analysis was done with Proteome Discoverer PhermoFishgr usingSEQUESAs a
search engine and th€. thermophilunproteome and a list of common contaminations found

in MS samples as search libraries.

Because significant differences between samples were observed in previous measurements,
three samples were measured to ensunggh quality of results. The quality of the three
samples was found to be consistent. Sample 1 contained 44 proteins that met the quality
criteria employed for data analysis. 14 of those were identified to be contaminants, including
9 proteins from other ellular components. This results in the identification of 30 potential cell
wall proteins. Sample 2 contained 41 proteins, with 10 contaminants (5 coming from other
cell organelles) and 31 cell wall proteins. 46 proteins were identified in sample 3tli&sef

were classified as contaminants (9 from other cellular components) and 31 as cell wall
proteins. In total, 34 potential cell wall proteins were identified in the samples, 26 of those
were found in all samplesthe differences between the cell wallnsples ishighlighted in
Figure8, a list of the identified proteins can be foundTable6.
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Sample 1 Sample 2

2
GOS358
GOSFs7

3
GOSEF6
GOS5M7
GOS1H4

1
G0S8P3

Sample 3

Figure8: Venn diagram ofZ. thermophiluncell wall samples

The diagram shows the amount of proteins identified in each sample. 26 proteins were found in all three samples.
One proteinwas identified only in sample 1 (UniP4@ indicated in the figure), and one only in sample 3. Two
proteins were found in samples 1 and 2, but not in sample 3, three proteingiple® and 3, but not in sample
G0S8P3 was found in sample 1 and 3,rmitin sample 2.

Table6: List of proteins identified in isolate. thermophiluncell walls(sorted by Sequest HT score)

UniProtID Description (UniProt) GPI predicted Family/Domains/Orthologues

GOSDK5 | Endol,3(4)beta-glucanasdike protein - C.;H16’ pp_tldase M48 and ConA
like domain

GOSEU4 | Hydrolaselike protein - GH17

GH24 endolysin T4 type,
lysozymelike, SHdike bad type

GOSFR4 | Uncharacterized protei€ THT 0071830 + GH17
GO0sDz7 Uncharacterized protein CTHT_0053570

GORZV2 SH3b domairtontaining protein -

GH72, X8 domain, probably

GOSH48 1,3-beta-glucanosyltransferase - anchored to PM via helix

GOSFX7 Putative cell wall protein + GH16, ConAike domain

GOSA20 Glycosidase + GH16 LamGsuperfamily

GO0S5W8 | LysM domaircontaining protein -* ggﬁg?:g';g’bigezIggﬁer’s:;]ySM

G0S763 Uncharacterized protein CTHT_0027570 - Bys1 osmotin/thaumatin-like

GORZzV3 Uncharacterized protein CTHT_0004320 - SH3blike bagtype, peptidase C51.
CHAP domain

GOSCM1 |Glycosidase + Crhl, GH16, Conéike domain
Hcy domain, SH3b domain,

GO0SG36 | SH3b domairtontaining protein - Papainlike - similar to NIpC/P60
like protein

G0OSD45 Probable alpha/betaylucosidase agdC - GH31, Gahutarotase

GOSF37 Lysophospholipase + PLA2c

GOSBLO Glyoxal oxidasé#ike protein - 5 x Wsedomain, @lactose oxidast
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GO0S9L3 Uncharacterized protein CTHT_0046300 +
GOSEW3 Putat_lve UPF0619 GRhchored membrang + Kre9/Knhi
protein

G0S2u2 C3Htype domaincontaining protein - conta[ns C3Hlype Znfinger
domain

GO0S1A4 Chitinase + GH18, Chitinase, Lystibmain

GOSA61 Uncharacterized protein CTHT_0041120 - 6—p|ade bpropeller TolBike,
quinoprot gluc/sorb DH

GO0SB94 Exe1,4-beta-D-glucosaminidase - GH2, Mannosidase, Ig GlcNase

GORZA2 | Glucoamylase i 6-hairpin dycosidase, CBM20,
GH15
Fn3, Peptidase S8/S5Riptilisin -

GO0S8P3 Serinetype endopeptidasdike protein - annotated as cell wall protein in
the UniProt

GOSCA5 | Uncharacterized protei€ THT 0056530

G0S3s8 CFEM domakeontaining protein + CFEM

GOSFS7 | Uncharacterized protein CTHT 0071970 ; 22‘\/\'/'?; toNeurospora crassa

G0S6S8 1,3-beta-glucanosyltransferase + GH72/Gell

GO0S3D9 | Alphaamylase + Alphaamylase

G0S249 1,3-beta-glucanosyltransferase + GH72/Gel2

GOSEF6 Putative cell wall protein CTHT_0063570 + Ecm33

GO0S5M7 | Catalase - Catalase class 2

- . . . Peptidase Al family&partictype
GO0S1H4 | Aspartictype endopeptidasdike protein + endopeptidase
G0S002 CFEMlomairtcontaining protein + CFEM/Mad1

* no signal peptide predicted by SignalP

The GPI anchor signal sequence was predicted using tHel Bigngal Predictor and the pattern search.

In total, 17 of the predicted proteins were identified in the cell wall isolafgghis point, it

has to be considered that not all Gitichored proteins are associated to the carbohydrate
moiety of the cell wall, some remain at the plasma membrane (®©ayvl). The prediction

does not include sorting signals in the- region of the GPattachment sitd? hence
identification of all predicted proteins in the cell wall isolates should not be expected.
Interestingly, the analysis of cell wall isolates also revealed 17 proteins that were not included

in the prediction. These proteinsave a signapeptide, but no GPI anchdr G G OKY Sy (i
sequence \as detected by the iB-PI Fungal Predictorwith the exception of GOS5W8, for

which no signal peptide was predicted either.
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To provide first insightsto the structure of theC. thermophiluncell wall,cells were imaged
using TEM. Welkgrown mycelium from liquid cultures was used for imagisgmple
preparations were done by Dr. Thomas Heimerl from the Synmikro Electron kbgps
Facility.Selected images ashown inFigure9 and Figurel0.

Figure9: TEM image o€. thermophilum

C.thermophilumwas imaged using TEM; the image shows fungal hyphae. The identified cellular components are
labelled as follows: N = nucleus, PM = plasma membrane, CW = cell wall, ER = endoplasmic reticulum,
M =mitochondria

Several organelles can be iddm@d in the TEMimages ofC. thermophilumincluding the
nucleus, mitochondria, the endoplasmic reticulum, the plasma membrane and the cell wall.
Further components could not be clearly identified and therefore remained unlabeled in
Figure9. Thediameter of both hyphae shown were measured using the image analysis
softwareFijit%, revealing a diameter afa2.6 um.
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During sample preparation, the cell wall is partly detached from the plasma membrane. The
cell wall is therefore not visible in parts of the imadecloser look on th&€. themophilum
cell wall igorovided inFigurel0, which providesnsight into the cell wall structure.

FigurelO: TEM image of th&€. thermophilumcell wall

An image of theC. thermophiluntell wall (CW) reveals the two layers of the cell wall: the less electron
dense inner wall is mainly composed of thel,3-glucan moiety of the cell wall; the outer more
electron dense layer is mainly composed of mannoproteins. The plasma membrane (Fdjsaps a
very electron dense double layer.

The two layers of the wall, which are described in literature, can be recognized in TEM images
of C. thermophilumThecarbohydraterich inner part of the cell wall appears less electron
dense (i. e. lighter)han the proteinrich outer part.The plasma membrane is visible as a
bilayer with very high electron densiti cell wall thickness of ca # was measured.
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4. 2. Analysis of cluster VI adhesins flinglabrata
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4. Results

The SSNan be used aa tool forthe identification ofisofunctional subfamilies within a set of

AAYAEI NI aS81dSyOsSao

{S1jdSyOSa

relationship to each other is shown by lines connecting 2 & S =
similarity between sequences within the network is assessed viayalll BLAST. AnmElue
is specified by the user as a aft for drawing edges. This leads to the formation of clusters
of nodes that represent proteisubfamilies Additionally, he information gained frona SSN
often allows the identification of orthologues, which could not be clearly assigrsiuga
BLAST search aloig In this context, hle SSN was used as a toolrésevaluate previous
Oft aaATAOl A giffeent 8ulbfamilies laldl Zonchrgoiai@ proteins from other
organisms in the analyséd therebyexhibit possible orthologuesAn SSN was createttiat
usedthe i -helical region of the Awpl and Awp3kdadmains(see belowps search templates
for iterative PSBLAST searches. After 10 rounds, thgnald sequences were combined and
redundant sequences were removed, resulting in a total of 11737 sequences that served as
an input for the SSN. Initial analysis was done withvalie cutoff of 10° which was then
decreased to 18° and 10%, respectiely, for edge removal. The resulting S&idtains 4507
nodes with a paHwise sguence identity greater than 8@ for each node.

Fungal classes
- Dothideomycetes

Iff6p
Iff3p, Iff5p, 1ff9p—7

Awp2e
Awp2g

Awp2h-2i
Rbr3p’ WPn-2l

@ Taphrinomycetes

@ Bzsidiomyceles
Saccharomycetes

@ Nzkaseomyces

@ saccharomyces
Debaryomycetaceae

@ Fhaffomycetaceae
@ Wetschnikowiaceas /‘ ) N, I ‘
r i

@ Spermatophyta

Figurell: Classes of fungal cell wall proteins of the Awp1/Hyr1/Hgiipe

GAOKAY (K
NB ¥ SNNER

. -
Hpf1, Css1, Awa1 \! E

Awp2f

Awp2b-2d
Awp2

The upper left paneshows the SSN of orthologues of Awp1, Awp3a, Awp3b and Avwgdl& cutoff 1029),
which were identified via 10 repeated rounds of BEAST and then merged. Bacterial classes are shown in
different shades of grey; fungal classes are colored red. Futegdes (color scheme shown on the left) are

enlarged in the right panel. Awpl1 and Awp3b are located in two different clusters. Also, the Iff family of adhesins

forms a large cluster, as well as the numerous paralogs of Awp2.
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4. Results

The SH consists of proteinegjuences from bacteria (colored grey in the upper left panel of
Figurell) andfungi (shown in red in the same paheAmong the 11737 sequences in the
network (4507 nodes), 625 sequences (445 nodes) are of fungal origin. The majority of fungal
sequences are fronsaccharomycetegcolored in different shades of orange and green in
Figurell). Avpl/3 orthologues fronDothideomyceteslaphrinomyceteandBasidiomycetes

form their own subcluster. The largest cluster is the IFF4 subcluster, containing several
members of the Iff family of adhesins, as well as Hyrl and Hyr3 par&ogsrevisiaélpfl,

Cssl and Awal form a common subcluster. Concernin@tgkabrata Awp proteins, Awpl

and Awpa3 form their own subclusters. The Awp1 subcluster confaiparalogs of Awp11(/
sequences formind.1 nodes) and the Awp3 subcluster is made up friour nodes five
sequences). Interestingly, Awp2 and Awp4 are membgétse same subcluster, consisting of
15nodes B1lsequences).

n® AOPNHzOG dzNZ ¥ ! gUId 1@ A A &

4. 2. 2. 1. Cloning, expression and purification of Awp3A

The Ser/Thr rich region of adhesins is subject to heavy glycosylation and therefore expected
to be a flexible region. To increase the chance of crystallization, only-theain of Awp3
(Awp3A) was expressed i coliand used for further experiments. plasmid containing the
domain was received by Prof. Dr. Piet de Groot (pRFBTaAwp3A). Because some features

of pET28a(+) were regarded more favorable than certain features of the pRSETa vector (e. g.
kanamycin resistance instead of ampicillin resisgn&wp3A was cloned into pET28a(+). This
was achieved by digestion of pPRSHRa Awp3A witiBanHlandHindll, followed by ligation

into the pET28a(+) vector, which was also digested with named restriction enzymes
beforehand. The resulting recombinant A84 contains an Nerminal Hig-Tag to facilitate

IMAC that is removable by thrombin cleavage. Theoretical properties of Awp3A were
computed using thérotParantool (accessible via the ExXPASy sePver)

Native amino Extinction coefficient
Name UniProtID . Length I MW
acid range g P (280 nm)*
Awp3A  AOA6COA1R: 20¢ 345 360 aa 5.67 38.7kDa 28.225 mMtcmt

* assumingall cysteine residues formisulfidelinked cystines

The expression straib. colSHuffle T7 Express was included in the test expression experiment,
because the sequence of Awp3A contains 6 cysteine residues that may form disulfide bonds.
The strain is engineered to support formation of disultideds in the cytoplasm of the céefts

and proved to be well suited fgroductionof Awp3A. The protein wasverproducedfor 72

h at 12°C; expression was induced with 0.1 mM IPTG.
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4. Results

For purification, 2¢ 8 L liquid culture were used, depending on the applicatitalls were
lysed either by sonication or with the microfluidizer. The lysate was cleared by centrifugation,
sterilefiltered and applied on a 5 mL-NIiTA column. Washing steps with phosphate buffer
containing 10 and 20 mM imidazole were done and the proteas eluted with buffer
containing 500nM imidazole. Resulting fractions, analyzed by-BBSE, are shown Figure

12. For further purification by SEC, the elution fraction fromNNIA chromatography was
concentrated and applied on either a HiLoad 26/600 Superdex 200pg column (320 mL column
volume) or a HiLah16/600 Superdex 200pg column (120 mL column volume), depending on
the expected quantity of Awp3A. SIPAGE analysis of the SEC, as well as the chromatogram,
are depicted in Figure 12. Pure fractions from SEC were pooled and brought to the
concentration required for further experiments, usually via concentigithe sample Large
scale expression of Awp3A resulted in a yield of approximately 6 mg ofppotesn per L of
culture.
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Figurel2: Purification of Awp3A

A) The SEC chromatogram of theNNIA elution fraction is shown. BP% SDSPAGE analysis of the-NTA
purification of Awp3A. M: marker, L: lysate, FT: fiitmough,W1: wash 1 (@ mM imidazole), W2: wash 2 (8tM
imidazole), E: elution (500 mM imidazole) C) The-BBGE analysis of the SEC purification of Awp3A is pictured.
A red marking indicates the fractions that have been used for theRPIzE.
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4. 2. 2.2. Crysallization, soaking and structure solution

Crystal growth could be observed at a protein concentration ahgdmL in 0.2Vl magnesium
chloride, 0.1 M Tris pH 7.0, 2.5 M sodium chloride after two to three weékscubationat

18 °C. The condition was dptized using a hangingrop vapor diffusion setup, resulting in
larger crystalsgeeFigurel3). Awp3A crystals were harvested from an optimized condition
containing 0.2V magnesium chloride, O} Tris pH 7.0, 3.M sodium chloide. As no protein

with over 3@ sequence identity couldelfound in the PDB, SAD phasing was chosen as an
approach to solve the structure of Awp3A. Therefore, some crystals were soaked in
Gd(llhacetatebefore taking them to the synchrotron. Awp3A crystals were also observed in
an initial crystallization screengrowing in 0.1M sodium phosphate, 0.M potassium
phosphate, 0.M MES pH6.5, 2 sodium chloride after several months. These were directly
frozen without any additional cryoprotection and taken to the ESRF.

A

.
Figurel3: Awp3A crystals

A) Qystals of Awp3A that grew in a sittirtgop vapor diffusion setup at 18 h 0.2M magnesium chloride,
0.1M Tris pH 7.0, 2.5 M sodium chloride after few weeksl®)optimized crystallization condition: a hanging
drop vapor diffusiorsetup with larger drop size (1{) was used, crystals were grown in M2magnesium
chloride, 0.1IM Tris pH 7.0, 3.M sodium chloride at 20C.

Awp3A crystallized in space group H 3 2 with following unit cell constants: a = b = A47.34
c=117.44A h =i = 90° = 120°. Gesoaked crystals diffracted to a resolution ofA2
processing was done iMOSFLN?, scaling and data reduction were doneAWMLESS, run

in the CCP4izoftware suité. Crystallographic phases of the SAD dataset were determined
using theCRANK®ipeline'%?, followed by refinement irREFMACS’ and model building in
ARP/WARP. The structure was further refined i@oot® and PHENIX. The Gellerivate of
Awp3A isreferred to as Awp34sd hereafter. Data collection and refinement statistics are
shownin Table7.
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Table7: Data collection and refinement statistics of Awp3A and Awp&Al (values in the parenthesis are for

the outer shell)

Awp3A

Awp3AGd

Dataset name

2017_06_25CC189A_x3

2017_06_28CC213A_x2

Data collection
X-ray source
Wavelength(A)
Space group
Unit cell parameters (A)
Resolution range (A)
Total ro. ofreflections
No. of unique rélections

ESRF, ID2B
0.97625
R3 2
a=b=147.97c= 117.77
53.51-1.55 (1.4 - 1.55)
134731 (13321)
69278 (6889)

ESRF, ID29
1.71237
R3 2
a=b=144.4c=113.95
27.41-1.99 (2.06 1.99)
62641 (6200)
31321 (3100)

Rmerge (%0) 3.627 (42.99) 3.672 (12.86)
() 10.68 (1.84) 18.42 (4.90)
Completeness (%) 96.96 (97.30) 99.92 (100.00)
Multiplicity 1.9 (1.9) 2.0 (2.0)
CGn 0.999 (0.431) 0.997 (0.924)
Refinenent
Ruork/ Reree (%) 15.93/18.79 19.03/22.78
No. of atoms 3117 2658
AverageB factor (&) 28.78 37.13
Rm.s. deviations
Bond length (A 0.008 0.014
Bond angles (°) 0.99 2.02
Ramachandran plot (%)
Favoured 96.93 96.68
Allowed 3.07 2.99
Outliers 0.00 0.33
Rotamer outliers (%) 0.35 3.09

The asymmetric unit of Awp3&d contains one molecule of Awp3A and 42'Gahs (see

Figure14). TheA-domain of Awp3b consists of 33& (i NI Y R &

| yh&lix HetwedrK 2 NJi

strands 31 and 32. It can be divided into two domains: alfnmaght-K |y R &étix with
three¥ I OS & X -cilysfaln dorgainDue to uninterpretable electron density, the following
residues could not be modelled in the structure of AwgBé S75% D82 and S32Q E322.
These gaps are both located in loop regions.

Crystals of Awp3A obtained thl1 M sodium phosphate, 0.1 potassium phosphate, 0.

MES pH6.5, 2.8 sodium chloridadiffracted to 1.55A resolution. The structure was solved in
Phaset®, using Awp3AGd as a model. Iterative cycles refal space and reciprocal space
refinement were done ilWinCoof? and viaphenix.refin€?. In contrast to the heavy atom
derivate (Awp3AGd), the etctron density of the native structure of the Awp3dAmain
(Awp3A) is clearly defined in all parts of the structure. The conformation of some loops is
different in both structures, indicatopflexibility of these regions.

68



4. Results

Figurel4: Comparison between native Awp3A and the @drivate

A) Cartoon and surface representation of Awp3A. Na (shown in light pink) acol@&&¢green) are bound to
the structure. B) Cartoon and surface representation of Aw@#the 42 Gtf ions are represented as orange
spheres. C) Comparison between the protein moieties of the two structures. Awp3A is shown in red;Bavp3A
is shown in green. The structures are highly similar to each other,miitlor changes in the conformation of
some lmps. Additionally, a few residueS76 ¢ D82 andS320 ¢ E322)could not be mod#ed in Awp3AGd due

to unclear electron density.

ne® f{dNDzOG dzNF ¥ !l ¢/l 1@ & A &

4. 2.3. 1. Cloning, expssion and purification of Awf1

A plasmid containing the-domain of Awpl (Awp1A) was received from Prof. Dr. Piet de Groot
(PRSET&hr_Awp1A). Just as Awp3A, AwplA was cloned into pET28a using the restriction
enzymesBanH| and Hindll. The recombinant AwplA with an-tdrminal His-Tag was
producedin E. colSHuffle T7 Express at 42 for 72; induction was done with 0.1 mM IPTG.
The theoretical properties of AwplA were computed wittotParan®®.

Native amino Extinction coefficient
Name UniProtID . Length | MW
acid range g P (280 nm)*
AwplA Q6FPNO 18¢ 325 341 aa 4.94 35.7 kDa 16.515 mM cmt

* assuming all cysteine residues fodisulfidelinked cystines

2 ¢ 8 L liquid culture were used fpurification; cells were broken either by sonication or with
the microfludizer. After clearing and steritidtering, the lysate was applied on arl. NiNTA
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column. A washing step was done with phosphate buffer containing 30immt¥azole and
AwplA was elted using buffer with 250 mM imidazole. Analyzed fractions are shiown
Figurel5. SEQvas done as a polishing step of the purification process, usihgrea HiLoad
26/600 Superdex 200pgplumn or aHiLoad 16/600 Superdex 200pglumn, depending on

the expected quantity of purified protein. Fractions from SEC that contained pure Awp1lA were
pooled and brought to the concentration required for further expnents. A vyield of
approximately 7 mg pure protein per L of culture could be achieved.
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Figurel5: Purification of Awp1A

A) The SEC chromatogram for the purification of Awp1A is shown. BPWEDSPAGE analysis of the-NiTA
purification of AwplA. M: marker, L: lysate, FT: filmough, W1: wash 1 (10 mM imidazole), W2: wash {80
imidazole), E: elution (250 mM imidazole). C) The-l®GE analysis of the purification of AwplA via SEC is
shown. A red marking indicates thactions in the SEC chromatogram, which have been used for th& 866
analysis.

4. 2. 2.2. Crystallization and structure solution

Crysals of the Awpl effector domain grew in several conditions, using protein concentrations
of 48 mg/mLand 24 mg/mLMainly thin needleshaped crystals were observed, forming
brushes or sea urchins in many conditiossdaFigurel?). Thickeneedles werdénarvestedand

taken to the ESRF for data collection. Natsystalsof AwplAdiffracted to a maximum
resolution ofaround 2.54, showingmoderate anisotropyBecause Awpl and Awp3 belong to
the same subfamily of putative adhesins, structural similarity was expeagiditionally, the
sequence identity and similarity of the effector domains (ranging from amino acid 19 to 325

70



4. Results

in Awpl and fom 20 to 345 in Awp3b) are 25.1% and 40,6respectivelyindicating a
sufficient resemblance for MR. However, structure soluattempts failed.

Optimization of the crystals was conducted to gain higher quality datasets. Additionally,
reproduction of these well diffracting crystals falp initio structure solution was expected to

be required. An optimized crystallization conditiftow Awp1A, containin®.1 M MOPSOBis-

Tris pH6.5, 10%w/v) PE@O000, 206 1,5pentanediol, 0.5mM erbium (lll) chloride, 0.51M
terbium (lll) chloride, and 0..1M ytterbium (lll) chloridewas found. Resulting crystals
diffracted to a resolution of up to.85A with some anisotropyCrystals of the Awp1 effector
domain that were sakedin various heavy atom solutionslowever, various attempts of
heavy atom phasing did not initially result in structure determinatiorosMheavy metals
soaked into the crystavere either not bound (no anomalous signal could be detected) or the
anomalous diffraction was very weak and did not reach a high resolution (in most cases
anomalous diffraction to a resolution of only 6 A could be detectédyo anomalous
diffraction from the heavy atoms that weralreadypresent in the crystallization condition
(erbium, terbium, and ytterbium) could not be observed.
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Figurel6: Crystals of the Awp1 effector domain

The effector domain of Awpl formeakeedleshaped crystals in several conditions: (A) 0.1 M MOBSOis
pH6.5, 12.5% (w/v) PEG 400022Qv/v) 1,2,éhexanetriol, Amino acid Il mix (1:1@B) 0.1 M MOPSO&BTris
pH6.5, 10% (w/v) PEG 8000220 ,5pentanediol, Lanthanide mix (1:10), (C) M MOPS@3is-Tris pH 6.5, 12.%
(w/v) PEG 4000, 20% (v/v) 1,2Zéxanetriol, Lanthaxie mix (1:10), (D) 0.1 M MOPS@/Bris pH 6.5, 12.5%
(w/v) PEG 4000, 26 (v/v) 1,2,éhexanetriol, Alkali mix (1:10), (E) WLHEPES pH 7.5,%Qw/v) PEG000,5%
(viv) MPD, (F) 0.1 M MOPS@&8ris pH 6.5, 12.5% (w/v) PEG 4000%20//v) 1,2,ehexanetriol, Alkalis mix
(1:10¥®with a protein concentration of 24 mg/mL.

71



4. Results

Figurel7 Crystal of the Awp1l effector domain and its diffraction image

A) A photograph of the crystal before its characterization is shown. Its diffraction pastesimown in B), the
detector resolution at the edge is 2 Rhe data collection i2018_06_28CC223A_x6 is shown.

Ultimately, the data collectiomepresented inFigure17 yielded a structure solution. The
protein crystallized in space group B2 2 with two molecules per asymmetric unit; the
crystal diffracted to a resolution of 1.85 A. Structure solutiorswane by MR inPhaset®
with Awp3A as a template, resulting in an incomplete model of Awp1A, witkamof 55.1%.
Even though thd=ee does not indicate structure solution, the data was used as an input for
model building using thARP/WARRVeb ®rvice®. After 10 cgles of model building, which is
the default setting inARP/WARPthe Rree dropped to 40.9% and 46 of expected residues
were build. Finally, running lddditionalcycles lead to a decreaseRfee/ Rvork t0 26.2/22.8/%
and 609 of 648 amino acids werrodeled. Statistics after refinement usingoo®® and
phenix.refiné are presented inTable8; the structureof Awpl isshownin Figurel8. Justas

l gLIo! = ! gLIm! GeagR&BA & YR KB BKE® ND-Srdnds3B$ ghd 32. It
contains a triangular righk Y RS R LdeliNand: ty &fystallin domain as well.

nd® AONIHzOG dzNBAYR2FY &I KEF | Of dzZaGSNJ L | RKSaAya

Both, Awp1A and Awp3A consist of & Sf A E R 2 Y |-ckystallih gbRainl Tfiey fare
structurally highly similar to each other, wittr@ot mean gjuare deviation (RMSD) of 1 @8

with 1300 alignedatoms (calculated viastructure-based alignmenin PyMOIl. One could
presuppose this, as Il proteins belong to the same subfamily of putative adhesin®.

cluster VI ¢ee chaptel.3). In this context the sequenadentity and similarity of 22.1% and
32.%% (aligned via EMBOSS Needle), respectively, should be mentioned. Sequence identity
andsimilarity of theseeffector domains (ranging from amino acid 19 to 325 in Awp1 and from

20 to 345 in Awp3b) are 25.1% and 40.6%, respectiVélginitial difficulties in solving the
structure of AwplA were therefore unexpected.
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Figurel8: Overall structures of AwplA and Awp3A

A) Structure of AwplA is shown on the left in cartoon representation, colored in a raistioeme. The
N-terminus is colored blue, the-t@rminus is shown in red. Disulfide bonds are inthdaby yellow sticks and
spheres. The two domains both proteins consist of are indicated in different colors on the right, on Awp3A. The
NGSNYAWSEHAE R2YIFAY A& -arfs@lienyomaiy is plaikd iy yanii AWS3A fcontains 3
disulfide bands (shown in yellow), of which only one is also present in Awp1A. B) Structural comparison between
AwplA (blue) and Awp3A (green), represented in two different orientations. Tthen#&ins are structurally
similar to each other, with an RMSD of aroundA.4
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Table8: Data collection and refinement statistics for Awp1A (values in the parenthesis are for the outer

shell)

Awp1A

Dataset name

2018_06_28CC223A_x6

Data collection
X-ray source
Wavelength(A)
Spaceagroup
Unit cell parameters (A)
Resolution range (A)
Total ro. of reflections
No. of unique re#ctions

ESRF, ID29
0.97717
P4&2,2

a=b=83.28c=274.24
45.81-1.85 (1.2 -1.85)
165589 (16103)
83156 (8101)

Rmerge (%0) 2.97 (34.94)
/() 12.64 (1.62)
Completeness (%) 99.16 (97.48)
Multiplicity 2.0 (2.0)
CGe 0.998 (0.95)
Refinenent
Ruork/ Reree (%0) 18.79/20.83
No. of atoms 5262
AverageBfactor (&) 51.43
Rm.s. deviations
Bond length (A 0.004
Bond angles (°) 0.67
Ramachandran plot (%)
Favoured 96.89
Allowed 2.62
Ouitliers 0.49
Rotamer outliers (%) 1.31

The major structure motibf the Adomains of Awpl and Awpa8 the Nterminal righthanded

paralleli -helix with three facest OO2 NRAY 3 (2 (K SeligegiviBdtc@d by G dzNB
Yoder & Jurnad®x (i K S -stilaKdd.Iréing a single turn are referred to as PB1, PB2, and
PB3; loops between them are labeled T1 (connecting PB1 and PB2), T2 (PB2 and PB3), and T3
(PB3 and PBL1 of the next turn),indicated inFigurel9 A. Along the wholé -helix, T2 and T3

loops are very short, whereas T1 loops are more extended. Awp3A contains three disulfide
bonds, of which two are placed withthe latter loop regions. The thit one is placed near its
Gterminus and is not resolved in Awp&2&d. The disulfide bonds within the T1 loops are not
observed in Awp1lA, only the one near theée@minus is preseved.

Both structuresdisplayseveralfeaturesthat are well conserved iparalleli -helix proteins.
Within thel -helixdomains of AwplA and Awp3Atacks of hydrophobic amino acids can be
observed (see Figure 19 B). These arenot perfectly aligned but slightly offset, which is
achieved by twisting the -helix This prevents an energetically unfavorable alignment of the
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aromatic side chains, in which theelectron clouds would repel one anothén. addition, the
asparagindadder, which can be detected ithe T3 turns oboth structures,has also been
describedas atypical feature of -helixproteins.In Awp1A, itis composed of five asparagines,
where each side chaiforms a hydrogen bond to the next on&oth features preide
additional stability and rigidity to thé-helix14113 In case of the Awpl-Aomain, further

amino acid stacksan be observe@ y (0 KS Y2 (A F Q & erigedrkrin€&iders¢ KSa S
which arenot typicalfori K S A Ese¢BNEa1FD). v &

Figurel9: C S I (i dzNB &helig dbmaingk & AwplA and Awp3A

L0 | &Ay 3f-Belixidandiy is sh@vframkaBove and labeled according to the standard nomenclature

dza S R -ha@ligedf¥oi ¢ -&trénds PB1 and PB2 are packed against each other, while PB3 is placed perpendicular

in relation to them. The T1 loops are elongated in both structures, whereand@2I'3 loops are very short.

B)! 6LIm! Aad RSLIA Ol S RhemxNIavkingidk I§drapibhid resifluedicknSe dbserved inside the

domain, involvindeucing isoleucing andphenylalanineresidues. C) A stack afparagine residues inside the

i -helix is found in both, AwplA andgAJo ! @ { AYAf FNJ adl OlAy3a AyiSMeiodAzya
proteins''4 D)Ladders of similar residues asdsoLJt | OSR 2y (KS 2 dzi-el) nane@§ackd ¥ (G KS
of serine threonine, andasparagine
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nd® e Apy RAYI aiGdzZRASE 2y ! glm! FyR ! gLJo!

Due to theclear structural similaritypetween AwplA and Awp3#&ndvarious polysaccharide
binding proteins carbohydrate binding studies were conducted: A TSA served as qudck a
easyscreeningmethod foranalyzing potential binding afmaller polysaccharides that were
available in the lab. Additionally, both proteins were sent to the Consortium of Functional
Glycomics (CFG) to analyze binding properties on a glycan array.

4. 2. 51.Ligand s@ening via TSA

The TSA provides a convenient screening method that can be done in a shomitima
NEBfIFGAGStEe €26 | Y2dzyd 2F &bl YL S® ¢KS RSGSN)YA
serve various purposes, usually an increase of protein stalsllboked for by screening the

thermal stability in various buffers or in presence of potential ligands. As proteins tend to be

more thermally stable when their cognate ligand is bound, a thermal shift, i. e. a shift of
melting temperature, is an indicatn for proteinligandinteractiont®,
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Figure20: Results of the TSA for Awp3A

The melting temperature of Awp3A without any potential ligaadsled is used as a base line. The bars show the
deviation of the melting temperatures of Awp3A in presence of the indicated glycaignificant increase in
melting temperatureby 4.2 °Qould be observed in the presence5 mMa | y f6Man
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A meltingtemperature of 59.5C was measured for Awp3A in SEC buffer without any potential
fA3dllyRa FRRSR® Ly (KS A3l yBmardoiioder&&ndan S E LIS N
increase in melting temperaturedy 42 ¢/ ® hGKSNJ YIyy20Arx2aS 02Y
manr2 0 A 2-4,3Ysl Yy 2 0 ALZ-@ahiobidse) did not induce any significant changes in

melting temperature, which isommonfor glycan binding proteins, as these proteins tend to

be very specific and a change in the connection of the mannose units cartredtgiycan

structure significantly. Interestingly, also mannotetraose and mannopentaose did not induce

any significant changes in melting temperature, although both compounds contain
h-1,6-mannobiose A TSAconducted with AwpA with the same set gbotential ligands did

not show anythermal shifts(Appendix IY.

¢CKS Ll2aarof S Ayl S-Néen@anbbloge wasTalsd egandimed via IFQR where

no binding event could be observedAgpendix Y. However, ITC experiments with
carbohydrates may not keal any binding, although present, because the release of ordered

water molecules may compensate for the temperature change that is generated via the
binding process. To further investigate a possible interaction, Awp3A crystals were soaked

with highly co O S y i NI,6im&nRobibse solution (1 M). In the structure obtained in this
experiment, additional electrodensityis present §eeFigure21). Howeve, this densitycan

be unambiguouslyassigned tothe Higt 3 2 F | glLJo! @ LYy O2yiBf dzAAz2Yy
mannobiose leads to conformational stabilization of thesHiag, but no specific binding of

Awp3A to this glycan could be determined.

Figure21:{ (G NHzOG dzNB 2 F ! 4 Llol,6Inarmndbiose SR A GK M a h

The overall structure of Awp3 is shown in cartoon style, with the orderegTig depicted as sticks. E121
interacts with asodiumion (purple sphere), to which the HiSagis bound. The FbsDRacmap ata contouring
level of2.0" is depicted for the HisTag.
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4. 2.52. Glycan array screening

Due to the high structural similarity to various glycan binding proteins and the lack of
availability of a wide variety of pential ligands in the lab, the binding properties of both,
AwplA and Awp3A, were analyzed via the Mammalian Glycan Array version 5.2 from the CFG.
Glycan arrays have proven to be an efficient tool for determination of ligand binding patterns
of glycanbinding proteins. The method requires only a small amount of sample, while a large
library of glycans can be screened agdifstTherefore, purified protein samples with a
concentration of 5Qug/mL in SEGuffer were sent to theCFG, where the experiment was
conducted. Detection was done via an adts antibody, coupled to AlexaFluor 488, to enable
detection without masking any residues that may be involved in the binding process. The data
is deposited under cfg_rRequest_353T binding to the glycans presented on the chip was
detected Appendix V)L

4. 3. Analysis of the cluster Il adhesin Awp14

nad md / INSEMARY SB1R LIBENA FAOI GA2Yy 2F ! 6LImn

pET28b(+) containing thedomain of Awpl14 (Awpl4A) has been received froof.mDr. Piet
de Groot (pET28b_Awp14). Ant&tminal Hig-Tag enables protein purification via IMAC.
Theoretical properties of Awp14A were computed RiamtParani®.

Name Candida Native amino Lenath | MW Extinction coefficient
database ID acid range g P (280 nm)
Awpl4A CAGLOL00157 22¢ 400 413 aa 5.49 45.95kDa 45.27 mMt et

As Awp14A only contains omgsteineresidue, formation of disulfide bonds can be excluded.
Accordingly, the protein wasroducedin E. coliBL21 (DE3) Gold at 3¢ for 72 h. Induction

of protein expression was done by addition of 0.1 mM IPT¢® R of expression culture were
used for puification of Awp14A. The cells were lyzed by sonication or using the microfluidizer.
The lysate was cleared and stetfikered and loaded on a M NiENTA column, equilibrated
with phosphate buffer. A washing step was performed with buffer containingmis
imidazole, before the protein was eluted with phosphate buffer containingr@blimidazole.
Awp1l4A was further purified via SEC, either witHiboad 26/600 Superdex 200pglumn or
aHiLoad 16/600 Superdex 200pglumn. Fractions containing pure AwplwaAre pooled and
concentrated. Approximately 10 mg of pure protein were produced per L of culture.
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Figure22: Purification of Awp14A

A) The chromatogram of the SEC, which was used as a polishing step for the purification of AwdP4A. B)
SD®AGE analysis of fractions from theNNIA purification of Awpl4A. M: marker, L: lysate, FT:-floaugh,

W1: wash 1 (10 mM imidazole), W2: waal{15mM imidazole), E: elution (250 mM imidazole). C)-BBSE

from the SEC purification of Awp14A. The red marking indicates the fractions in the SEC chromatogram, which
have been used for the SBPAGE analysis.

%

nad NEAGIEEATIGAZY 2F ! gLImn!

The Awp14 Adomain crystallized at a protein concentration of 2&g/mL in four different
crystallization conditions, all part of the Morpheus Il crystallization screen. The plates that
grew in 0.1 M BES/TEA pH 7.5, 10% (w/v) PEG 8000,1R.JSY (i I Y SRS OER G L IY&
(1:10¥° were harvested and sent to the ESRF for data collection. The crystals difftach
resolution of approximately 2.5 A, data collection statistics gireen inTable9. Awp14A
crystallized in space group2 2 2. Calculation of the Matthews coefficient indicates a unit

cell content of two molecules with a solvent conterit52.63% Unfortunately, an appropriate

model for MR is not available and the reproduction of Awp14A crystals could not be achieved

in this work
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Figure23: Awp14A crystals

Crystals of Awpl4A that grew in different crystallization conditions, all part of the Morpheus Il crystallization
screen. Each crystallization condition in the Morpheus Il screen is compogeéecigditant mix, buffer mix and

additive mix (1:10). The conditions leading to crystallization all contain the same mix of precipitants, namely
10%(w/v) PEG 8K, 20% (v/v) dpBntanediol. A) shows the crystals in condition A3, which additionally contains

a MOPS@M@is-Tris buffersystem (0.1 M MOPSO and 0.1 M-Bis, mixed in a ratio that produces a pH of 6.5), as
gStt Fa GKS a[ A BMlithiam sulatg, 0.6\A s8dium ¥hlokde Bd/0BNM potassium sulfate).

B) Crystals from the condition C8pntaining the MOPSBisTNA & 0 dzFFSNJ YAE | yR (K$S 4!
(10 mM rubidium chloride, 10mM strontium acetate, 10mM cesium actate, 10 mM barium acetate).

C) Condtion G3, containing the MOPSQ¢BINA & 06 dzF F SNJ Y A-BOAIRAR livk s (ORIRM Ay 2
DL-arginine HCI, 0.® Dl-threonine, 0.2M DlL-histidine HCI H20, 0.2 M Bthydroxylysine HCI, 0.2 M trads
hydroxyL-proline). D) Crystals grown in condition G7, composed with a BES/TEA buffer mix (0.1 M BES/TEA pH
TOpO | YR -abid®S L&A YASRRAGA DS YAE

Table9: Data collection statistics for Awp14A

Dataset name 2017_05_17CC172A_x6
X-ray source ESRF, 1321
Wavelength(A) 0.972

Space group C222

Unit cell parameters (A) a=78.23p=172.94¢=140.99
Resolution range (A) 46.41¢ 2.5 (9.01¢ 2.5)
Total ro. of reflections 142870 (16343)

No. of unique réections 32560 (3687)
Rmerge (%0) 0.276 (1.685)

17" (1) 5.9(1.1)
Completeness (%) 97.8 (99.3)
Multiplicity 4.4 (4.4)

CGe 0.982 (0.337)
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4. 4. Analysis of the CFEM domain of the GBPER11

ng mo / INSERWRY FBNR/ tiddMwk A OF A2y 2F

First work on the GPCR Pth11 has already been conducted by Dr. Vitali Kalugin. In this work,
no overproduction of soluble protein could be achieved using the Gédtivhin ofM. grisea

Pth11l. TheC. thermophilunorthologue of Pthll was therefore identified via a SSKnd

cloned into the vector pET28a(+). The transmembrane helices, as well as the signal peptide
and a few residues predicted to be unstructured at theéekiminus of the protein, were
removed for this purpose. The generated plasnpET28aCtPth11) contain¥/24 ¢ SLO5with

an Nterminal Hig-Tag b enable purification via IMACQheoretical properties of the domain

were calculated via the ExXPARptParamool and are as follows:

Native amino Extinction coefficient
Name UniProtID I_V I Length pl MW xtnet el
acid range (280 nm)*
CtiPth1l GOSBE2 24¢ 105 105 aa 6.62 11.0kDa 1.99 mMt et

* assumingall cysteine residues forisulfidelinked cystines

For overepression of theCtPthll CFEMomain the strain E. coliSHiffle was chosen
becausethe domain is proposed t@ontainfour disulfide bond¥. The oveproductionwas
done by growing the cells to an @pof approximately 0.6induction by addition of 0.1 mM
IPTG and further incubation at 28 for 48 h.

8 Lof liquid culture were used fouantitative preparation oCtPth11 CFEM proteiThe cells
were broken by sonication or with the microfluidizer and the lysate wkesred via
centrifugation at 1800 rpm, 4°C. After sterildiltering, the lysate was applied on a L
Ni-NTA column, which was then washed withNNIA buffer containing 20 mM imidazolehe
CtPthll CFEM domainvas eluted with 500 mM imidazole. The elution fran was
concentrated and applied on a HiLoad 26/600 Superdex 75pg column, which was equilibrated
with SEC buffer (in this case phosphate buffer). The fractions frenpélak containing the
target protein were analyzed by SIP8GE and pooled. The sampleswamncentrated and
glycerol was addetb a final concentration of 19 (v/v). Theurified protein samplevas then
divided into several 1.5 mL Eppendorf cups, sHoaken in liquid nitrogen and stored at
80°C for further use.
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Figure24: Purification of CtPth11

A) The chromatogram of the SEC purificatio€tfth11. Only low absorption at 280n can be detected in this
case, because CtPth11 does not containtayptophans B) Thel5%SDSPAGE analysis after-NirA purification
of CtPth1l. M: marker, L: lysate, FT: florough, W: wash (20 mM imidazole), E: elution (598 imidazole).
C) SD®AGE analysis of the SEC purificatio@t®th1l. A red marking was used to indicate the fiatiin the
SEC chromatogram, which were analyzed viaFBGE.

%

nang NBaGlEfIidlikKumz2y 27

In initial crystallization experiments, crystal growth could be observed at a protein
concentration of 5.4 mg/mL in O citrate pH 5.6, 0.2 MKla tartrate, 2.0 M ammonium
sulfate after several weeks of incubation at 18 §hown in Figure 25). Thesecrystals
diffracted to a resolution obpproximately2.4 A. Around two months after setting up the
crystallization screen&tPth11 crystals were observed in following conditions as well:

- 0.5 M ammonium sulfate, 0.1 M tNa citrate pH 5.6, 1.0 M lithium sulfate
- 0.1 M citric acid pH 4.0, 1.6 M ammonium sulfate
- 2.0 M ammonium sulfate.

As these crystallization conditions contain medium to high concentrations of ammonium

sulfate, the AmSO4 crystallization suite was used for further crystallization experiments.

Crystal growth could be observed in several conditions of the screen, difinatt a
resolution of up to 1.88 was measuredCtPth11 crystallized in space groRgh 21 2 with the

unit cellconstantsa=b=68.68c=mMT c Ty X h BR=b=7169¢=mMA mepho T NI
1T gn s oRtBd dfstarizaod condition.
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P4,2,2 P4,2,2
a=b=68.68c=176.78 a=b=7159,c=141.93
Matthews probabilities based on 17850/60074 molecules. Matthews probabilities based on 56174/60074 molecules.
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Figure25: Crystals of the CtPth11 CFEM domain and corresponding unit cells

A) Crystals observed in the initial crystallization experiments are shown. These grew after several weeks of
incubation at 18C in0.1M citrate pH 5.6, 0.2 MKla tartrate, 2.0 M ammonium sulfate; space group and unit

cell constants are given below. The  calculation of the  Matthews  probability
(http://lwww.ruppweb.org/mattprob/default.html) determined a content of 4 molecules per asyaetrit unit. B)
Crystals of CtPth1l used for collection e848D datasetg grownin 3.0M ammonium sulfate, 1%(w/v) MPD

have different unit cell constants. The Matthews probability was calculated to determine the number of
molecules per asymmetric unkiut does not show a clear result. The asymmetric unit accordingly contains either

3 or 4 molecules.

ndodf G NHzOG dzNB a2t dziA2y

MR was attempted using the structure of C{8DB: 4Y7%)s a model. For this purpose, the
full-length structureand severakhortened variants of the structuneere used Additionally,

a model of Pth11 was created using MODEL®®Rh Csa?2 as a template generatea model
structure for MR. Despite all attemptsthe structure could not baletermined using this
approach Subsequently, heavy metal soaking and SAD phasing were pursued, but crystal
guality was found to be massivedyfectedby the soaking procedure.
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As an alternative method for structure solution, native §#lsing using th@anomalous
diffraction from sulfur atoms was chosen. The method seemed feasibletRih11l because

the CFEMlomain contain®ightcysteinesAs theyare predictedto formfour disulfide bridges

they might be treated asdsupersulfur€ during the sitedetection step if required.
Furthermore, the higlsymmetry space grouine CFEM domaiarystallized in is favorable for
SAD phasing, as high multiplicity can beasily achieved. The dataollection strategy
commonly applied for native SAilhasing at beamline X06DA at the Swiss Light Source has
been described by Ba®t al.in 2019: The maximum wavelength achievable at the beamline
(5.5 keV/2.25 A) is used for data collecfibris this wavelength is still remote from the sulfur
absorption edge ({¢dge) of 2.472 keV/5.0155°A several 360° datasets are colledtand
merged. This approach generates high multiplicity, thus the low anomalous signal originating
from the sulfur atoms is significantly enhanced. The data collection strategy is described to be
suitable for crystals with anomalous signal extending teaaelength of up to ~2.8%

Table10: Data collection and refinement statistics fahe structure of the CPth11 CFEM domaitfouter shell
values are given in the parenthesis)

CtPth1l
2018_06_28CC220A_x3

Dataset name
Data collection

X-ray source ESRF, ID
Wavelength(A)
Space group P4:2,2

Unit cell parameters (A)
Resolution range (A)
Total ro. of reflections

a=b=68.68c=176.78
54.23 - 1.822(1.887 - 1.822)
77555 (7568)

No. of unique réections 38778 (3784)
Rmerge (%0) 0.02256 (0.239)
17" (1) 10.73 (2.56)
Completenes$%) 99.96 (99.92)
Multiplicity 2.0 (2.0)
CGe 0.999 (0.97)
Refinenent

Ruork/ Riree (%0) 19.1/23.76
No. of atoms 2726
AverageB factor (&) 49.72
Rm.s. deviations

Bond length (A 0.012

Bond angles (°) 1.08
Ramachandran plot (%)

Favoured 98.79

Allowed 1.21

Ouitliers 0.00
Rotamer outliers (%) 4.47
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Fourdatasets were merged on site using a custom scripiémalé*, anomalous diffraction

was observed to a resolution of around 3.5 A. This does not meet the requirements for native
SADphasing that vere previously describéd Substructure determination wastempted on

site usinghe SHELXProceduré?!®, but the substructure could not be detectefzaluation of

the same merged datasets was done usPi§ANKZ° and lead to structure solution. The
native SAD structure was then used as a template to solve another dataset f@Rtre 1
crystal that diffracted to 1.8 resolution (seeTable10 for data collection and refinement
statistics).

ndmd KS & 0 NU#OSH dzKBGMRaF R2 Y A Y

The structure of theCtPth1l CFEMomain isshown inFigure26. It consists of fivé -helices

and is stabilized bfour disulfide bonds, which are formed between following regdu@3

and @3, C47 and C78, C57 and C64, C66 &d Chain Brém the asymmetric unit was
chosen here to examine the surface of the CHivhain ofCtPth11. The surface examination
reveals a large positively charged cleft on one side of the protein and a smaller negatively
charged indentation on the other side. Analysf surface electrostatics was done using the
APBS Plugin for PyMOL. The positive charge is causieebyysineresidues (K80, K92, K104)
2y GKS OtSTiQa SyiNlyOSed 5SSLISNI AyaiARSzT Al
uncharged amino acids. the crystal structure the cleft is occupied by two sulfates, which are
part of the crystallization condition. The smaller indentation on the other @degatively
charged due to @lutamic acidE49) on its entrance. On the inside, hydrophobic amindsac
canbe observed|52, B8). B8 seems to divide the two cavities from each other. Interestingly,

a different orientation of this residue can be observed in each molecule of the asymmetric
unit or alternative side chain conformations are present. Gteth1l CFEMomain thereby

has either a hole or two cavnous surface invaginations
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Figure26: Structure ofthe CtPth11CFEM domain

A) The asymmetric unit of crystals of théfPth1l CFEMomain. It contains (in this casEur molecules othe
CFEMdomain and 13 sulfurs originating from the crystallization conditignTr® overall structure of a single
molecule (chain Bjs shownin two orientations. Two cavities can be identified when observing the protein
surface, the APB®3l in PyMOL was used to generate a surface electrostatic potential map. The larger positively
charged cavity is mainly composed of hydrophobic and uncharged resigl&g shown in its two alternative

side chain conformations, which indicates a cerf@ribility of this residue. Three lysine residues at the entrance

of the pocket provide a positive charge to the potential binding pocket. A smaller indentation can be found on
the other side of the moleculd48 also plays a role in this cavity, as vaslithe negatively chargd&19. G The
sequence of the Pth11 CFERIZ2 Y | A vy <elickKage indicated by boxes above the sequence; disulfide bonds
are marked below the sequence.

86



4. Results

n@pdC N> 3YSy i aONBSy

Although several studies aimed for the identification of the liganWMobryzaePth11, itstill
remains unknowff*4 To gain hints on a putatiiigand of Pthl1l, a fragment screen was
conductedagains its CFEM domainGiventhe importart role of Pthll in appressorium
formation and plant infection, Pthll represents promising target foragrotechnological
applications.

Fragments were soaked into protein crystals in concentrations of either 200 mM Vg0
depending on the solubility of the fragment in the crystallization condition. The protein
crystals were protected from ice crystal formation by addition of glycerol in the soaking
conditions. Soaking times were extended as long as possible, up toR2éwever, in many
cases, the soaked crystals dissolved rather quickly and the soaking times had to be kept very
short. Crystals were then frozen in liquid nitrogen and brought to the synchrotron for data
collection. In many cases, a significant decredseystal quality could already be anticipated
during the soaking procedure. Crystals cracked, slowly dissolved or showed other signs of
disintegration. For those conditions, soaking times were kept very short (e. g. only 1 min). In
total, 87 different frgments were used in the experiments. As multiple soaking durations
were used for most fragments, iotal 163 CtPth11 crystalswere soaked and analyzed. 35
crystals did not show sufficient diffraction for data collectidie automatic datanalysis
software at the SLIDA4) was able to automatically process 8@tasets;48 datasets had to

be processed manually usiX@d$Swhich failed for 10 of thos&ll datasets obtained from the
fragment screen are listeith Appendix Il

A custom script was then used for data reduction (UuMBILESSand running theDIMPLE
software pipeline 21 datasets could not be handled by the script, data reducttructure
solution (using Phasey was donemanually for those. Also, all structuresese manually
evaluated to detect any bound fragments that may have been overlooke®IMPLE
Additional electron density was observéat four fragments(seeFigure27).

Fragment 3 Fragment 34 J
(o}
\N/( Br
H n NH, N7
)\\ )I\ =
H,N N N
cl
Fragment 62 Fragment 94
O cl
OCH, I —NH
NH, «HCl / ”

Figure27: Fragments that were bound by th€tPth11l CFEM domain

The chemical structures of the fragments and their number in the Frag Xtal SdeseBiosciencésare shown.

87



4. Results

Tablell: Data collection and refinement statistics for fragmeiiound CtPth11 (outer shell values written in
parentheses)

Total ro. of reflections
No. of unique refictions

59061 (5754)
29536 p881)

49658 (4796)
24831 (2398)

CtPth11-Frag3 CtPthll-Frag34 CtPth11-Frag62
Dataset name VR_139 VR_219 VR_171
Data collection
X-ray source SLSX06SA (PXI) SLSX06SA (PXI) SLSX06SA (PXI)
Wavelength(A) 1.0 1.0 1.0
Space group P4,2,2 P4,2,2 P4,2,2
Unit cell parameters (A) a=b=68.76, a=b=68.87, a=b=69.22,
c=175.59 c=175.74 c=176.26
. 46.86-2.0 48.7¢2.12 48.95¢ 2.1
Resolution range (A) (2.07-2.0) (2.2¢ 2.12) (2.18¢ 2.1)

51722 (5017)
25879 (2516)
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Rmerge (%) 0.01416 (0.5417) 0.01988 (0.8066) 0.01316 (0.5151)
17" (1) 15.64 (1.22) 11.85 (0.92) 21.08 (1.36)
Completeness (%) 99.71 (98.96) 99.39 (95.48) 99.71 (99.80)
Multiplicity 2.0 (2.0) 2.0 (2.0) 2.0 (2.0)
CGe 1(0.713) 1 (0.498) 1(0.739)
Refinenent

Ruork/ Rree (%) 18.66/22.36 20.89/23.49 19.51/25.13
No. of atoms 2589 2507 2553
AverageB factor (&) 52.64 82.61 74.65
Rm.s. deviations

Bond length (A 0.014 0.01 0.007

Bond angles (°) 1.33 1.24 0.82
Ramachandran plot (%)

Favoured 98.47 99.07 98.17

Allowed 1.22 0.93 1.52

Outliers 0.33 0.0 0.3
Rotamer outliers (%) 2.82 3.62 3.25
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4.45.1. CtPth1CFEM domaiq Fragment 3

A crystal of theCtPthll CFEM domain was soaked in mother liquor containing 50 mM
fragment 3 (SMILE®de CNC(=S)NC1=C(C=C(C=CL)Bry@3 h, then directly flasfrozen

in liquid nitrogen and brought to the synchrotron for data collection. The crystal diffracted to
a resolution of 2.3\, Data analysis using theIMPLEpipeline did not identify any unmodelled
blobs, but upon manual examination of the data additional electron density was found.
Fragment 3 is bound to three of the four CFEM domsainthe asymmetric unit (se€igure

28). Placement and conformation of the bound fragment are the same in each of the three
molecules with occupancied 0.68 in chain A, B9 in chain B and 0.75 in ch&n The electron
density for each ligand molecule in the structure is cleatéfined. At the location of the
Br-ion, negative difference electron density can bleserved,caused by increased radiation
damage at this specific location.

Figure28: Interaction between fragment 3 and th€tPth11l CFEM domain

A) Surface representation of a singldPthll CFEM domain. The fragment is bound in the larger, negatively
charged cleft of three from the four molecules in the asymmetric unit. The orientafittmedoound fragment is

the same in all three. B)n#FopsDRaic maps (contoured at2.0° 0 2F (G KS f A3l yRad ¢KS
defined for all three bound fragments. C) Binding mode of fragment 3. The hydrophobic fragment is placed in
the hydrophobic cleft. Only two weak electrostatic interactions are formed, involving C6R7%hd

89

St S



4. Results

Two weak electrostatic interactionare formed between the CFEM domain ahe ligand:

first, between the hydroxyl group of the side chahN72 and the fragment with a distance

of 3.1A; second, between the hydroxyl gro@of the peptide bondof C66 ad the ligand

with 3.0 A distance. Further specific interactions between ®#®th1:-CFEM domain and
fragment3 cannot be observed. It is rather the case that the hydrophobic fragment is placed
in the hydrophobic region ohe larger cavity of the domain.

4.45.2 CtPth1ICFEM domaig Fragment &

CtPth11 CFEMomain crystals were soaked in mother liquor containing 50 mM fragment 34
(SMILES0ode CCOc1nc(NC(N)=N)nc2c(C)ccettr3 h and 24 h. The corresponding datasets
have resolutions of 2.8 and 2.1A, respectively. The 24 h dataset was successfully processed
by automatic data analysis softwai@A+and unmodelledblobs were identifiecoy DIMPLE
Contrarily, the 3h dataset had to be evaluated manualfragment 34 is bound to all four
molecules in theasymmetric unit in both caseBueto better data quality, the 24 dataset

was chosen for refinement and interpretation of the structure.

The gacement of the ligand in the electron density is unambigudusart of the fragment is

not visible in the eleiton densitymap. This is the same in all four molecules of the asymmetric
unit and could be caused by a certain degree of flexibility of the fragment inatieia
However, it is more likely that the fragment has broken apart because the O atom in the
vidnity of the aromatic rings is not expected to be flexible and should therefore be visible in
the electron density map. This could have happened during storage of the fragment, dissolving
it in the crystallization condition or during soaking.

The side chais of three residues interact witthe guanidine group diragment 34: N72, T76
and T95.These form electrostatic interactions with following distances: R lfetween the
hydroxyl group O oN72 and the fragment, 3.4 between T76 and the fragment, add A
between T95 and the ligand. Additionally, the hydrophobic aromatic rings of the fragment are
placed in the hydrophobic cavity.
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Figure29: Interaction between the CtPth11l CFEM domain and fragment 34

A) Cartoon and surface representation of a sir@¢fieth11 CFEM domain. Fragment 34 is located in the negatively
charged cleft, with the same orientation in all four molecules in the asymmetric unBmBjbs-DFcaic maps
(contoured at2.0" wof the bound fragments reveal that the electron density is clearly interpretaiite. same

part of the ligand is not visible, indicating that the ligand has disintegrated. The electron density of the fragment
bound to chain A merges into the density dwdfate, which is located in its vicinity. C) Interactions between the
CFEM domain and fragment 34 are shown. There are three residues involved: N72, T76 and T95.

4.453. CtPth1ICFEM domaigq Fragment62

100 mM fragment 62 (SMILE®Sde COC(=0)C(CC1=CC=C1)N.Clvere soaked into a

CtPth11 CFEMomain crystal for 6 min, which diffracted to 2X1 The acquired dataset was
successfully processed by tleitomatic data analysis softwarBA+and by the DIMPLE

pipeline However, no unmodelled blobs were identified BYMPLE Only upon manual

examination of the data, additional electron density was foumthie cavities of all four CFEM
domains in the asymmetric unit.

All four unmodelled regions in the electron densitgpareclearly interpretableand each one
reveals agyood fit of fragment 62Theoccupanciesre0.95, 1.0, 0.76, and 0.8#br chain A, B,

C, and D, respectively. Interestingly, the fragment is positioned slightly different in each
CtPth1l CFEMomainin the asymmetric unitThe aromatic ring is analogously placed in all
four cavities;the other portion of the fragmentis positioned differentlyin each one Specific
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interactions between protein and fragment cannot be observed. Rather, the hydrophobic
fragment is bound within the hydrophobic cavity.

Figure30: Interaction between the CtPth11l CFEM domain and fragment 62

A) A CFEM domain is shown in cartoon and surface representation, with fragment 62 depicted in all orientations.
Slight differences can be observed between the fragments bound to each molecule in the asymmetric unit. The
aromatic ring is in the same position in chains B, C, and D, but slightly displaced in chain A. B) The electron
densities of each bound ligand. Alectron densities are defined very well. Interactions with specific residues in

the CFEM domain cannot be observed.

4.45.4 CtPth1ICFEM domaiq Fragment94

Soaking experiments with crystals of t#Pth1l CFEM domain and 100 mM fragment 94
(SMILESo0de: NS(=0)(=0)clccc(Chsdere conducted for approximately 2 min. Crystals were
quickly disintegrating during the soaking process. Nevertheless, a dataset with a resolution of
2.0 A could be collected. The dataset was successfully handleBAy as well as by the
DIMPLBpipeline, but unmodelled blobs were only identified upon manual examination of the
dataset.
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Additional electron density has been detected in all four molecules, to different extent. The
most striking unmodelled region is locatéd chain C of the asymmetric unit astiown in
Figure31. However, the fragment does not fit into the densities. Data collection statistics for
the corresponding dataset are shown Trablel2.

Fragment 94
|

Figure31: Additional electron density observed in VR_225

After soaking CtPthldrystals with 100 mM fragment 94, unmodelled blobs could be observed. The additional
electron density located in chain C of the asymmetric unit is shown here. The soaked fragment is depicted in
the lower left corner of the image.

Table12: Data collection statistics fothe CtPth11 CFEM domain, soaked with fragment 94

Dataset name VR_225
X-ray source SLSX06SA (PXI)
Wavelength(A) 1.0

Space group P4,2,2

Unit cell parameters (A) a=b=,c=
Resolutiorrange (A) 48.67¢ 2.0 (2.06¢ 2.0)
Total ro. of reflections 420935(29719
No. of unique rélections 29439(2103
Rmerge (%) 0.112(1.599

17" (1) 13.6(2.0)
Completeness (%) 99.8(98.3
Multiplicity 14.3(14.))
CGr 0.998(0.722
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5. Discussion

5. 1. The cell wall dhe thermophilic fungu€. thermophilum

Proteins from thermophilic organisms are generally considered more stable than their
mesophilic counterparts. This feature is notonly favorable for the expression and
biochemical characterization of a protein, but also for the crystallization prétess recent
years, the thermophilic fungus. thermophilunias proven to be an excellent model organism
for analysis of eukaryotic proteitfst®2%and t may also serve as a well suited model organism
for the study of fungal cell wall proteins. However, information on the cell wall proteome of
C.thermophilumis still lacking. This thesis aimed to fill this gap by bioinformatic prediofion
GP{anchored proteinsand mass spectrometric analysis of @RVPsAdditionally, the cell

wall structure was analyzed via TEM.

P PMBRPt NERADGARKSRBIMSITIKEG AV LINRGS2YS

In total, 79 GRanchored proteins were predicted i@. thermophilun(see chapter 4. 1.,1
Table4) using combination of signal pegé detection (using Sign&fp, rejection of proteins
with transmembsane helices (TMHMRA), and identification of GPI anchor signal sequences
via theBigPI Fungal Predior? and a pattern search (as described by de Geiail'). The
annotated C. thermophilum proteome, which was used as an input for the prediction, is
derived fromits genome and contains 7165 protein sequencése number of predicted
GPianchored proteins irC. thermophiluntherefore represents 1.1% of its praime. This
fraction varies significantly in different fungi. r example only 28 proteins in
Schizosaccharomyces pom{ie56 % of the proteome) contain bothn &-terminal signal
peptide and aGPlanchorattachment sequenceln S. ceevisiae59 GPanchoral proteins
(0.93 % of the proteome) were predicted; and 169 proteins (1.19 @)aibicans Within the
proteome of the filamentous funguaspergillus nidulang4 (0.78 %) proteins were predicted
to be GPanchored? With 79 predicted GPAnchored proteins inC. thermophilum the
absolute number is very similar #. nidulansbut in relative terms they represent a higher
percentage of the genome.

The prediction of GPanchored proteins has proven to be very rodddbut severalimitations

have to be consideredFirst, theBigPI Fungal Predictor and the pattern seadchnot include

i K Sregion of the GPI anchor signal sequence, which has been dledvenassociated with

the final locationof GPlanchored protein¥-'3 The amino acids located right upstream the

Dt L yOK2NJ Gl OKYSyd aaasS o. aaidSoonoNss O2ya
GPI protein, i. e. the plasma membrane or the cell Wal?>123 In yeast, the sequences of
GPiplasma membrane proteins (GPMPs) are proposed to contain a dibasic motif just

before the. site ¢ -4 to . -1)*3. However, the dibasic motif can be overridden by certain
sequence features, eg. long Ser/Thrich region$?”®. The sorting signal was shown to be
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slightly different inA. fumigatus where only one bsic residie at the. -1 or. -2 site was
identified in many GRPMP423, The exact sequence requirements for discrimination between
GPIPMPs and GRIWPs are therefore elusive. Also, the localization of proteins to either the
cell wall or the plasma membrane is not considered abséttitdlevertheless, discrimination
between PFPMPs and GPI2t & o6l SR 2Yy (i K &giof Shoulddae®da a 2 F
first insight on the distribution of the predicted GPI proteins. Themigungal Predictor was
dza SR F2NJ 0KS ARSYUATFTAOIGA2Y 27F Gfedgons.inteA S
protein sequences was done. If no potential GPI modification site was found {#/,Blge
NBaARdzZS AYRAOI 4G4SR (2 0 SProtehswereassign&dad GRIRS,S

if a dibasic motif in the region from-n  {i-2 was identified, or if a single basic residue at
LJ2 & A G-& 2 §£Bbas foundUnexpectedly, only few GIPIMPs could be determined using
this method;these are listed imTablel3.

Tablel13: PredictedGP{PMPs inC. thermophilum

UniProtID Description (UniProt) Family/Domains Recognition as GFRMP
GOSEQ3 | hypothetical protein CTHT_006457( FADbinding Dibasic motif { -4 and. -3)*
. Single basic residue {2,
Goszag | L¥betaglucanosylransferastke | o100 501 alternative GRmodification
protein .
site)
GOSDH5 phosphonc diester hydrolasike P.Lthe phosphoric {Ay3ES ol 2r0
protein diesterase
GOSDV4 | hypothetical protein CTHT_005312( Wscdomain {Ay3tS ol apo
G0S5C3 hypothetical protein CTHT_002430( {Ay3fS ol &pO0
GOSCA5 | hypothetical protein CTHT_005653( {Ay3fS ol apo
GOSHI8 hypothetical protein CTHT_007017( {Ay3tS ol apo
GOSFJO hypothetical protein CTHT _007101( Dibasic motif( -2 and. -1)*

* No GPimodification site predited by BigPI, residue with the best score used

A dibasic motif is only contained in twi thermophilunGPI proteins (GOSEQ3 and GOSFJO0).
Identification of GRPMPs using only a single basic amino acid as an indicator for the final
localization resulted in a ligif 6 more proteins,including Gel2 (G0S24%owever, certain
proteins considered as typical GPMPs, such as Gell or Ecm33, were not detected as
such?>123 This may have two reasons: firstly, some of the GPI proteins that are located at the
plasma membrane in other fungi are transferred to the cell wall.thermophilum Secondly,

the conditions for retention of GRiroteins in the plasma membrane might be different in the
thermophilic fungus. The transfer of GPI proteins from the plasma membrane into the cell wall
is catalyzed by the transglycosidase Dfg5. It was shown that the removal of an ethanelamine
phosphate (EtNP)group at the first mannose of the G&bre glycan is required for successful
cell wall transfet®. This group is proposed to be removed by G#ch process which might

0S RSLISYRSyld 2y (KSegbnYok g @oeirn. Anamalysis ofyCdcin&yS
therefore provide the missing link in determining whether a GPI protein ends up in the plasma
membrane or in the cell wall.
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Another limitation of the prediction of GRInchored proteins is associated with the input

itself. WhenrhwCa | NB dzaSR (G2 LINBRAOG Fy 2NBFYyAaYQa
realistic picture of the proteome and the relevance of a part of the hits may be debatable. To
elucidate the importance of the hits, they were compared to the proteomic stumhducted

by Boclet al 8. The predicted GPI proteome contains 28 proteins, for which there is proteomic
evidence, indicating biological relevance of these proteins. These are expressed in the
organism upon growth ithe standard media conditions described by the German Collection

of Microorganisms and Cell Cultures (DS¥iZidlisted inTablel4.

Tablel4: Predicted proteins with proteomic evidence in Boek al.'

UniProtID Description (UniProt) Family/Domains
G0s879 hypothetical protein CTHT_0037870 Agglutinirlike
G0S3D9 alphaamylaselike protein Alphaamylaselike
GOSAA8 | hypothetical protein CTHT 0041610 /;'Egiigarbon'c anhydrase, zifion
G0S3s8 hypothetical protein CTHT_0030500 CFEM
GOSEF6 putative cell wall protein Ecm33
GO0SG17 hypothetical protein CTHT_0064700 GH catalytic core, Adike
GOSFX7 putative cell wall protein GH16
GOS5R2 hydrolaselike protein GH16, ConAike domain
GOSCM1 | putative cell wall protein GH16, LamG superfamily
GOSA20 cell wall glucanaséke protein GH16, Lam&uperfamily
GOSFR4 | hypothetical protein CTHT_0071830 GH17
GO0S1A4 hypothetical protein CTHT_0012900 GH18, Chitinase, Lystbmain
G0S6S8 1,3-beta-glucanosyltransferastke protein | GH72/Gell
G0S249 1,3-beta-glucanosyltransferaskke protein | GH72/Gel2
GOSFW3 putati_ve UPF0619 GRahchored membrane Kre9/Knhi

protein
GOSHT5 hypothetical protein CTHT_0073300 Kre9/Knh1l
GOSF37 phospholipasdike protein Lysophospholipase

. . . . Peptidase Al family&partictype

GO0S1H4 aspartiectype endopeptidaseike protein endopeptidase
G0S3I18 hypothetical protein CTHT 0021410 Peptidase Al/ppsinlike
GOSAZ2 hypothetical protein CTHT_0048310 Tetratricqpeptide repeat
GOS8N5 hypothetical protein CTHT_0038740
G0S8Q3 hypothetical protein CTHT_ 0039950
GO0S9L3 hypothetical protein CTHT_0046300
GOSDX5 | hypothetical protein CTHT_0053340
GOSDz7 hypothetical protein CTHT_0053570
GOSCA5 | hypothetical protein CTHT_0056530
GO0sI03 hypothetical protein CTHT_0074010
GOSCW3 | hypothetical protein CTHT_0058590
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The limitations of the cell wall proteome prediction were addressed by mass spectrometric
determination of the GRCWPs irC.thermophilum The fungus was grown in liquid culture
until spherical aggregates of mycelium had formdathe cell walls were then isolated as
described by de Groddt al., with only cellwall carbohydratesand GRICWR supposed to be
remaining in the sampleCytosolic contaminants were remed by extensive washing with

la bl /3 |yR | -decaptoatyadbl aadiSH8Iwas dofidkicted to remove PIR
and disulfide linked proteifs. Regardless of the isolation steggntamination by norcell

wall proteins cannot be completely preventgdbvbus contaminations we removed before

the analysis.

34 GPICWPs were identified i6. thermophiluntell walls, with only few variations between

the analyzed samples (sebapter 4. 1. 2Table6). Surprisingly, only 17 proteins were already
included in the list of predicted GBhchored proteinsAmong those, two are in the list of
GPIPMPs, namely G0S249 (Gel2) and GOSCA5 (uncharacterized). Accordingly, 17 proteins
were found in the cell wall samples, but not predicted. These unpredicted proteins were all
not recognized as Gahchored proteins % the BigPl Fungal Predictor and via the pattern
search. The identified proteins were sorted according to their putative function and are
summarized inablel5.

Tablel5: Functional annotation of theC. thermophilumcell wall proteome

Category and Description (UniProt) Family Properties, proposed function
UniProtID

Carbohydrateactive enzymes

G0SB94 Exoe1l,4-beta-D-glucosaminidase GH2 SP, 897 aa
Involved in chitin degradation

GORZzA2 Glucoamylase GH15 SP, 667 aa
Hydrolyzed -1,4-glycosidic bondsf
starch

GOSDK5 Endol,3(4)beta-glucanasdike protein GH16 SP, 1104 aa

Contains GHX6lomain and Zft
dependent metallopeptidase (Peptida:
M48) domain
GOSFX7 Putative cell wall protein GH16 SP, GPI, 445 aa
Involved in carbohydrate metabolism,
acting on glycosyl component<rh
GOSA20 Glycosidase GH16 SP, GPI, 383 aa
Involved in chitimetabolism, similar tc
Crhl
G0SCM1 Glycosidase GH16 SP, GPI, 423 aa
Involved in chitirmetabolism, similar tc
Crhl
GOSFR4 Uncharacterized protein CTHT_007183 GH17 SP, GPI, 394 aa
Involved in carbohydrate metabolism,
LINE o F-I3te@oglucanase
GOSEU4 Hydrolaséelike protein GH17 SP, 552 aa
Involved in carbohydrate metabolism
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G0S1A4 Chitinase GH18 SP, GPI, 908 aa
Chitinase
GORZV2 SH3b domairtontaining protein GH24 SP, 263 aa
Lysozyme activity, Endolysin T4 type
GO0SD45 Probable alpha/betaylucosidasegdC  GH31 SP, 926 aa
Involved in carbohydrate metabolism,
h-1 y Rglutosidase activity
GOSH48 1,3-beta-glucanosyltransferase GH72 SP,514 aa
Transglycosidase, also contains X8
domain
G0S6S8 1,3-beta-glucanosyltransferase GH72 SP, GPI, 453 aa
Gell
G0S249 1,3-beta-glucanosyltransferase GH72 SP, GPI, 482 aa
Gel2
GOSFW3 Putative UPF0619 GRhchored SP, GPI, 218 aa
membrane protein Kre9/Knh1l
G0S3D9 Alphaamylase SP, GPI, 533 aa
Alphaamylase
Other enzymatic activity
GO0S8P3 Serinetype endopeptidasdike protein SP, 919 aa
Subtilisin
GOS5M7 Catalase SP, 723 aa
Clade 2 catalase
GO0S1H4 Aspartictype endopeptidasdike protein SP, GPI, 470 aa
Pepsin
GOSBLO Glyoxal oxidaséike protein Wsc SP, 1111 aa
Contains 5 Wsdomains andannotated
glyoxal oxidase function
GORZzV3 Uncharacterized protein CTHT_000432 SP, 237 aa
Papainlike
GOSF37 Lysophospholipase SP, GPI, 676 aa
Lysophospholipase
GO0SG36 SH3b domairtontaining protein SP, 253 aa
Papainlike
Potential adhesins
G0S002 CFEM domakgontaining protein CFEM SP, GPI, 601 aa
Mad1
GOs5ws8 LysM domaircontaining protein 327 aa
Probably contains sequencing errors,
CyanoviriaN domain
Unknown proteins
GO0sDz7 Uncharacterized protein CTHT_005357 SP, GPI, 195 aa
G0S763 Uncharacterized protein CTHT_002757 SP, 155 aa
Bysl
GO0S9L3 Uncharacterized protein CTHT_004630 SP, GPI, 162 aa
G0S2U2 C3Htype domaincontaining protein SP, 162 aa
GOSA61 Uncharacterized protein CTHT_004112 SP, 507 aa
GOSCA5 Uncharacterized protein CTHT_005653 SP, GPI, 200 aa
GO0S3S8 CFEM domakgontaining protein CFEM SP, GPI, 170 aa
Contains CFEM domain, unknown
function
GOSFS7 Uncharacterized protein CTHT_007197 SP, 373 aa
similar toNeurospora crassAcw12
GOSEF6 Putative cell wall protein CTHT_006357 Ecm33 SP, GPI, 400 aa

Ecm33

SP: signal peptide detected by Sign&PI: GPI anchor attachment signal predicted
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With exception of GOS002 (Madl) and GOS2U2, all proteins identified in this study were also
found in the proteomic analysis conducted by Betlal 8. This is hardly surprising, because
similar growth conditions were used.

More surprisingly half of the detected proteins are noncluded in the list of predicted
GPianchored proteins (seehapter 4. 1. 1Table4 and Table5). There are two possible
explanations for this outcome: First, the cell wall samples could be contaminated with material
from other cellular components. Secondly, the GPI anchor signal segire@cthermophilum

may not be recognized by the applied methods.

Obviously, the isolated cell walls are not completely free of contaminations with cytosolic
proteins or plasma membrane proteins and the samples contain several proteins that are
describedio be GRPPMPs, such as members of the GH72 fadifilps well as GelGel2, and
Ecm3323 However, only very few transmembrane peims were identified and the detection

of GPIPMPs in cell wall samples does not seem to be uncommon. An example for this is
Ecm33: plasma membrane localization was described to be important for its fukétibat
Ecma33 is still commonly identified in isolated cell v¢&f%%6.128 The purity of the samples
analyzed in this work is therefore cadsred appropriate.

The large amount of unpredicted proteimsay be caused by the Bigl Fungal Predictor not
being perfectly suited for the prediction GPI proteins in thermophilic fungihe learning set
of the algorithm consists of 254 entries, origtimg from following organismsS. cerevisiae
C. albicans Neurospora crassaand Schizosaccharomyces pombkne algorithm was then
tested on sequences from. nidulans C.albicans N. crassa S.cerevisiag andS.pombe as
well as several mutants @asl and found to be reliable for these. But whilementous fungi
have been implementediboth the learning set andlgorithm testng, this does not apply to
thermophilic fungiEventhe pattern search failed to detect the 17 unpredicted proteins found
in the isolated cell walls. This method is considered a much simpler tool for identifying GPI
anchor signal sequences, which normally reveals a larger amount of potentiaiynGfired
proteins, but is also more unspecific. Nevertheless, the method prtode compatiblavith

the results of the BidPl Fungal Predictt

To obtan a clearer picture of the identified proteins, the 17 unpredicted cell wall proteins
GSNB |ylfeéel SR @Ardgiol wasdekdmined foF plaBmaimkribrane retention
signalsSARA G &A O Y2 A T yoeBdinglShaif residues at positions-H ~ 2-NJ
were regarded asuch The results ardéisted inTablel6.
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Table16: UnpredictedGPI proteins in the isolated C. thermophilum cell walls

Category and Description (UniProt) Recognition as GFRMP
UniProtID

Carbohydrateactive enzymes

GOSB94 Exoel,4-beta-D-glucosaminidase SsyatS ol &40 NBaa

GORZA2 Glucoamylase CwP

GOSDK5 Endol,3(4)beta-glucanasdike protein  Dibasic motif ( -4 and-. -3)

GOSEU4 Hydrolaselike protein {Ay3ftS ol ap0 NBa

GORZV2 SH3b domairtontaining protein Dibasic motif { -4 and. -3)

GO0SD45 Probable alpha/betagylucosidase agdC Three basic residues {4to . -2)

GOSH48 1,3-beta-glucanosyltransferase CwpP

Other enzymatic activity

G0S8P3 Serinetype endopeptidasdike protein Dibasic motif{ -2and. -1),. siteis
R! (GPI signal sequence maybe fals

GOS5M7 Catalase {Ay3tS ol ap0 NBa
GOSBLO Glyoxal oxidaséike protein CwP

GORzV3 Uncharacterized protein CTHT_000432 dngle basic residue (1)

G0SG36 SH3bdomain-containing protein Sngle basic residue (1)

Potential adhesins

GO0S5w8 LysM domaircontaining protein CWP*

Unknown proteins

G0S763 Uncharacterized protein CTHT_002757 CWP

G0S2U2 C3H1type domaincontaining protein CwP

GOSA61 Uncharacterized protein CTHT_004112 CWP

GOSFS7 Uncharacterized protein CTHT_007197 Dibasic motif (-2 and. -1)
* no signal peptide detected by SignalP

Approximately one third of the proteins identified @ thermophiluncell walls (11 out of 34)
contain a plasma membrane retention signal. Nine of these were not recognized in the
prediction of GRanchored proteins. Accordingly, 23 proteins that were detected in the
isolated cell walls could be assigned as-GRIP basedrotheir sequence progrties in the

. - region. Seven of these were not predicted and in one (GOS5W8), no signal peptide could
be detected. That being said, the final localization of a particular GPI protein is not only
RS LISy RSy regioy of th&pBokin sequence. The plasma membrane retention signal
was shown to be overridden by certain sequences, such as Seithhregions?4, similar to

the ones often observed in adhesf#$?4 Also the presence of additional unknown sequence
properties influencing GPI protein localizati cannot be excluded. In addition, the final
localization of a particular GRahchored protein is not considered as being exclusive, i. e. it is
regarded as a predominant localizatfoi*

Several issues concerning @Rthoring are highlighted in the analysis of théhermophilum

cell wall proteome: Firstly, many proteomically identified cell wall proteins were not
recognized as such by the identification of the GPI anchor signalsegue the BigPl Fungal
Predictor and the pattern search. This indicates that the GPI anchor signal sequence may be
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slightly different inC. thermophilumand possibly also in other thermophilic fun§econdly,
the conditions for GPI sorting in fungi reeéurther investigation, as it clearly is not solely
RS LISy R Sy iregioy. The r&sence of Ser/Thich regions has already been described
G2 20SNNARS GKS aragwii?h yul additibrialyproperties yhay lakdSbe -
involved.In this context, it Bould also be considered G&ichored proteins are not strictly
localized at either the plasma membrane or the cell wall, but rather predominaht?

Concerning GHorting, Cdcl is an attractive target for further research, as it is involved in
GP{anchor processing and thereby promotes the transfer of&mRhored proteins to the cell

walll%125 But also the interaction between the Gatichor and the plasma mdmmane itself

has to be considered. Contrary to the widely held notion that-&fhors simply protrude

FNRY (GKS LI IFAYF YSYONIXyS oFfaz2z NBEFSNNBR G2 |
GPianchor has been shown to interact with the membrane, fsat the anchor is lying on the
YSYONIYS 6aFf2L) R2oy¢é€ Y2RSt0Od ¢KAA Aa (K2dzaK
groups (from EtANPs on the GRinchor) and the negatively charged phosphate groups of the
membrané3’® but also the presence of positively chargeskidues in the vicinity of the
GP{anchor, such as those commonly found in theregiors of GRPMPs, may contribute.

This interaction between GRhchor and plasma membrane might be weakened by higher
temperature, explaining the increased occurrence of proteins regarded aBI@P$ in the cell

wall isolates ofC. thermophilum

D Do MPLKNHZO G dzZNBE 2 F (KS / & GKSNN2LIKAf dzy OStf ¢

The ultrastructure of the cell walls of different fungi varies dramatically depending an the
cell wall compositionln this regard, TEM presents a wellited method to gain first insights
into the cell wall poperties of a fungus TEM is also commonly used to investigate the
morphological effects of certain treatments or mutations on the cell wall (see for example
Pardoet al**'andPopolo et al3?).

A few examples of different cell walls are described by €pal! and are showrin Figure32,
including an image of th€. thermophiluncell wall that was obtained in this work. TEM
reveals long fibrils of mannoproteins in the outer wall @f albicansin contrast the
A.fumigatuscell wall does not contain any fibdildHoweve, the C. albicangbrils were shown

to differ significantly in length, depending on strains and methodoldgie€ryptococcus
neoformangs an example for a fungus, which is surrounded by a capsule, which can be imaged
nicely using TEM. In theC. thermophilunctell wall, the two layers of the cell walii. e. the

inner and the outer walg can clearly be distinguished. Also, short mannoprotein fibrils can be
identified. A cell wall width of ca 75 nm was measure@.thermophilum this is in accordance

with the cell wall thickness d&. fumigatud34.

The cell wall width and morphology depends on several factors, such as the strain, growth
conditions and sample preparation. Nevertheless, this work provides a fsggthinon the
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5. Discussion

C.thermophilumcell wall. It shows that the fungus does contain mannoprotein fibrils in the
outer layer of the cell wall, which is in contrast to the fifrde cell wall ofA. fumigatus
Noticeably,C.thermophilumis not surrounded by a capsule.

Candida albicans Cryptococcus neoformans Chaetomium thermophilum

Figure32: Ultrastructure of different fungal cell walls, adapted from Goet al.!

TEM images of the cell walls©f albicansA.fumigatus C. neoformansandC. thermophilumin all cases, inner

and outer cell wall can be distinguished, but the ultrastructure of the walls differs significantly. The outer wall of
C. albicangontains long mannoprotein fibrils, where#@s fumigatusseems to lack theseC. neoformansn
enveloped by a capsule, comprised of glucoronoxylomannan and galactoxylomannan. Mannoprotein fibrils can
also be observed in the outer cell wall@fthermophilumbut these appear very short compared to the ones in

the C. albicansell wall.

pdn@Pel NHSGa F2NJ aidNHz2OGdzNI f VR 0A20KSYAO!I €

Since the fungal cell wall differs significantly from the cell walls of plants or bacteria and the
cell membranes of mammalian cells, it has long beescdbed as a promising target for
antifungal drug& Especially cell wall biosynthesis has been shown to be an adequate target
in this respect, as demonstratday the effectiveness of the echinocandin class of antifungal
RNXz3a s ¢ KA OK-1,3lglGcan synthasel & 136 i However, the presence of
resistances agaihsechinocandins has already been descrittédThe demand for novel
antifungal drugs is therefore a matter of concern. Fungal cell wall protemalso used for

the development of vaccines against fungal infectioRer example, the recombinant
A-domains of theC. glabrataadhesins Alsl and Als3 wesbhown to be effective in animal
models3®13° But the development of antifungal drugs shouldt be the only focus of the
analysis of cell wall proteins. Also the process of cell wall biosynthesis and the function of
some essential cell wall proteins are not fully elucidagett.

Proteins with a&high Sequest HT score in@llthermophiluncell wall samples are the glycoside
hydrolases GOSDKS5 (GH16), GOSEU4 (GH17), and GORZV2 (GH24). Interestingly, homologs or
orthologues of these could not be identified, thus their roles remain undetermined. In
addition, many proteins known to be requirédr biosynthesis, remodeling, and integrity of

the fungal cell wall were detected in the samples, including two homologs of Crh1 (GOSA20
and GOSCM1), orthologues of Gell (G0S6S8) and Gel2 (G0S249), as well as Kre9/Knhl
(GOSFW3) and Ecm33 (GOSEF6). Thessbaiously promising targets for further research.
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The Crh family of transglycosidases is responsible for chkotiitin and chitinglucan
crosslinking. The number of its member@ries in different fungi, with threenembers in
S.cerevisiaeand C. albicas and fivemembers inA. fumigatusand N. crass&, and seven
members inAspergillus nigéfl. Three putative Crh family members were identified in the

C. thermophilum cell wall isolates analyzed in this work, namely GOSFX7, GOSA20, and
GOSCML1. Another member of this protein family may be GOSOM3, which was not found in the
cell wall samples. Crystal structeref A. fumigatusCrh5 are already available (PDB: 61BU,
6IBW) The Crh family memberdunction redundantly and are not essential for cell wall
integrity’%, thus they are not regarded promising targets for the development of antifungal
drugs.

GellandGel2arei -1,3-glucanosyltransferaseahat are orthologous to members of the yeast
Gasl familif2 The protein family plays a major roledall wall biogenesis during vegetative
growth; it has five members i8. cerevisiae The Gel protein family iA. fumigatusconsists

of seven memberfd?. Two obvious members of the Gel family could be identified in
C.thermophilumcell walls, the Gell orthologue GOS6S8 and G0S249, which is similar to Gel2.
But also GOSH48, which was detected in the cell wall samples, is similar to Gell and may
belong tothe Gel family.

Kre9and Knhlare functional homologue& y @ 2 t @1S6RjlucAnymetabolismwith Kre9

taking the dominant roleDeletion of Kre9 leads to slower cell growth and reduction and

RS TS0l &l,6xlycaninioiSty df the cell wall. Thgenotype of the Kre9 mutant can be

rescued by overexpression of KithRecently,Candida tropicalikre9 has been shown to

LJ2 & &-§,&gdlucanase activity and has been ideietif as the target of the antifungal peptide
CGAN124 Kre9is therefore known to be an excellent target for antifungal drugs and a first
biochemical analysis has been conducted; the structure of Kre9 remains unknown. The
C.thermophilumcell wall isolates contain two proteins similar to Kre9/Knhl: GOSFW3 and
GOSHS5. GOSBY7 is also similar to Kre9, but has not been identified in both, the prediction of
GP{anchored proteins (as no G&hchor attachment sequence could be identified) and the

cell wall isolates.

90YaE (ANE f dzfizi NV G o000 | yR tME &2 4B-OMB &2 3K | t28SH mo S6S
F Y2y 3 "hitShe function remains elusid® St SGA2y 2F 90Yoo NBa
RST SOUGIzdARE YA 2 NJ SOSY | 0aSlyyiR YR YHiRQ&END A B8 tylb (f Al 2
LI NI A DEHA OINX w3 G KS 1SA Y2 YR (1 28y 50 KDI2ZAYWNE ® § BIG 2 N
[R2YFIAYI 6KAOK2ZRENIDKNNF O 6§ ME ABOSKF R NANRPS dzf A Y
Ecm33 is one of the most common cell wall proteins and is considered to be of major
importance for cell walhitegrityand biosynthesis. It is regarded a promising target for further
characterization In this respect, especially structural and biochemical analysis of Ezra33

required forunderstanding its functioh

TheC. thermophiluntell wall analysis revealed two potential adhesins: GOS5W8 and G0S002.
G0SO002 is an orthologue of the CFEM domain containing adhesin Madl, which has been
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shown to be involved in the adhesion to insect celldietarhizium anisopliak®'4% Some

identified cell wall proteins appear a bit unusual on the first sight, such as G0S763, a protein
similar to Bysl1. Such proteins could also be identified in the cell walls of Aspexgillus
species A. fumigatus Asperdllusflavus A. nidulang®. The function of Bys1 is unknown, it is
expressed at high temperatures in the pathogenic funBlsstomyces dermatitidi®®. The
C.thermophilumOSt t g f f | -andyRse GBDYBDI) dng @glutogmylase (GORZA2).
¢tKSaS INB O2YY2yfeé T2dzy R A y-14gKcOINN inkdiés't A O T dzy

Several proteins have been described as relevant targets for biochemical characterization
within the fungal cell wall by Orlean (2012), including Ccw12, Ecm33, Krel, ardSe@
orthologues of these were identified @. thermophiluncell wall isolates. These may be of
use for further biochemical studies and especially for structural studies on named proteins.

5. 2. Analysis of cluster \dreesins fronC. glabrata

The structures of Awp1A and Awp3A stand out from known structur€sgshbrataadhesins.
Thisopportunistic pathogen harbors various families of adhesins, of which the Epa (epithelial
adhesin) family resembles the largest and best characterizec??8heHighresolution
structures are available of the@domains of three members, Epal, Epa6, and Epa9, in complex
with different ligand3%2%152 The Adomains of Epa family members contain an anthrax
protective antigen (PAl14) domain, which mediates glycan binding. Another family of
C.glabrataadhesins also contains antBrminal PA14 domain and is therefocalled the Pwp
(PA14 containing wall proteins) family. However, no structural informdtiom Pwp family
members is accessible at pres&ntOther subgroups or€. glabrataadhesins are poorly
characterized, identification usually relies the typical domain architecture of adhesifs

A VAN
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Structural similarity of Awp1A and Awp3A to proteins deposited in the PDB was analyzed via
a pairwise 3D alignment with PDBeFold v2.59 with the defaukotfuof 70 % for lowest
acceptable similaritfsee Appendix V)I°3 Various proteins were identified to be similar to
Awp3A including the hemédnemopexin binding HxuA frorhlaemophilus influenZéf, a variety

of polysaccharide lyas from different organisms (e. g. the pectate lyase Bsp165PelA from
Bacillus Sp. N16%, pectate lyase A fromErwinia chrysantherti®, alginate lyase from
Paenibacillus Sp. Str. FPUY), as well as other polysaccharide binding proteins (e. g. the
chitin-binding polysaccharide lyadide protein Cthe 2159 from
Chaetomiumthermocellun®8, the Viantigen lyase VexL froschromobacter denitrifican®

or the serinerich repeat protein $RRRo23) from Lactobacillus reute¥i9. Theidentified
proteinsall contain ahree-faced rightk Iy R-fiéRx. Ih general, sequence conservation was
observed to be low, with sequence identities between Awp3A and search results ranging from
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4.3 to 14.8 %; md RMSD values ranging from 2.63 to 6.04 A, which indichtestural
AAYAT I NRGE@D { AYAT | NJ NBadz dealix pioteidgd® 5% £ 32 o6SSy 2

Because the identified structurally similar proteins are all carbohydbatding proteins, a
similar functim was assumed for Awpl and Awp3. Thus, binding to a wide variety of
cabohydrates was analyzed via TSA &lgican array screening (see chapter 4. 2. 5). The
experiments did not detect binding to any of the carbohydrates tested.

pPHIM @ 2 0 SPOANIRINPAISNIO ASE 2F ! gLm! YR ! gLJo!

Because the structures of AwplA and Awp3A both contain a paralielix, they pose the
question of C& binding.t I NJ -helicBstwerk identified in polysaccharide lyase families PL1,
PL3, PL6, and PED In those enzymes, as well as in the polysaccharide-lijes€the 2159

that was encounterd in the PDBeFold search,?Cis required for ligand recognitigpf16L

Also in the Epa family @.glabrataadhesins, ligand binding is dependent on the presence of
C&* at the binding die3l. The use of lanthanides as probes foP*@Ganding sites has been
described on several occasidfts Accordingly, pntial C&* coordination sites in Awp3A
should berevealed by binding of the €amimicking Gé&"ions in the structure of Awp3&d

and conservation in AwWp1A can be analyz&tigh numberof the G&*ions in Awp3AGdis
involved in cluster formation, where they do not directly interact with the proteinthay
interact with the protein via a single residwaly (glutamic aciar aspartic acid) Obviously,
these interactions dmot resemble a Céabinding site. Several Gtions are coordinated by
two residues, amongst those two ions are located in a tetrahedrdt Gdster, interacting

with Q102,E132 and E134 (see clustin Figure35). Interestingly these Gé&" coordination

sites are not conserved in AwplA, in which the Ser/Thr lagdlecated at the corresponding

Tl OS #halix. Alsc0 andQ106 coordinate a singlGd*ion, as well adl181 andD183

Also hese sites are not conserved in AwplA. A higher coordination number can be observed
for two Gd*ions in Awp3AD RX GKAOK | NB 20 (SR -helt. TheKS ¢ m
interact with the carbonyl groups &€109,R110 and G13%nd with B41 andD169(seeFigure

33 A). However,a certain flexibility of these loop regions is implied, as the same regions are
differentin the native structures of Awp3Ahe T1 loopAwplAare dissimilar from the ones

of AwgBA-Gd and Awp3A as wellstructural alignment withthe pectate lyase C fromickeya
chrysanthem(PDB: 2EWE) asepresentative for the search results from the PDBeFold search
indicates that no putative Cabinding sites in Awp3A are located at positions equivalent to
the the active site Cabinding site of pectate lyases and pectate lyasatedenzymegFigure

33 B). ConsequentlyAwp3 cannot be considered a®dependent adhesin.

In AwplA,no heavy atom bindingvas observed although the crystallization condition
contained a variety of lanthanides, namely Er, Th, and Yb. Thus, there is no indidaZi@h
binding in AwplAoo.
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Figure33: Coordination of G& in a potential C&* binding site in Awp3A and comparison to pectate lyase

A) A potential C4 binding site in Awp3A, revealed by the?Camimicking G&" that was introduced into the

protein via soaking during the structure solution process. Among the numeroési@s identified in the
structure, only few are coordinated by more than one residue, therefore resembling*ai@a One of those is

shown hee, interacting with the side chains E141 and D169 and the carbonyl groups of K109, R110 and G139.
B) A superposition of Awp3/&d (shown in green) and pectate lyase C fidickeya chrysantheniPDB: 2EWE,
depicted in blue) reveals that the potentialhinding sites of Awp3A are not located near the expected ligand
binding site. Hence there is no indication foPQ#ependency of Awp3.

pdPot @ 2GSy iGALT IfeozyaRRfllglillo2y aAiGSa Ay ! glim

Many fungal CWPs are functionally dependent on glycosylatioimchaan be divided into
N-linked glycosylation and4{ihked glycosylation. Upon-ilycosylation sugars are transferred
onto asparagine residues in the protein, a process taking place on the cytosolic side of the ER
The consensus sequenceX®B/T (X can be any amino acid) can be used to recognize potential
N-glycosylation site’s'%3 Olinked glycosylation occurs on serine or threonine residues.
However, there is no specific sequence motif associated withkad glycosylation in funtt.
Rather, the glycosylation seems to depend on a humbdaators, including the sequence
context (which is significantly different for glycosylated serines and threonines), secondary
structure, and surface accessibility. Prediction tools féined glycosylation are available for
mammalian proteins (NetOGIy€) and forDictyostelium discoideufDictyOGlydfe.

Becauseltie structure of AwplA reveatsmarkable laddersf serine and threonine residues
2y (0 KS & dzNgelix Godairgapredictiorsof Gglycosylation sites in Awpl wasne
using NetOGlyc 4. The tool has been shown to overestimata@cosyation sites in fungi;
nonetheless it is considered reliable, especially for the identification of higiglyc@sylated

regions®’. The tool predicted numerous glycosylation sides &ppendix VI)I with the first
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one being S235. Additional potentiallygl/cosylated residues in Awp1l that are structurally
resolved are: S254, S258, S262, T265, T267, T271, T273, T274, S292, T297, S299, S318, T321.
Interestingly, none of the predicted glycosylation sites are locatetinvihe i -helix part of

0KS LINRPGOSAYT KS &rydtaNddorhainfTwd paténtialigh/eosytion sitefs S h

are not surface exposed and therefore not expected to be accessible (S254, T274); S318 and
T321 are part of the @rminal loop regio in the structure. NetOGlyc also identified a vast
amount of glycosylation sites in the Ser/fich region of Awpl. This coincides with
glycosylation predictions performed on Ser/dich regions in other fungal cell wall
proteins'®® The last glycosylation site predicted is T845, which may already be part of the

. -region of the GRanchor signal sequence.

pd HawsSIOf  3AATFAOLGAZ2Y 2F Of dzaGiSNJ £+ | yR Of dza i ¢

Classifications of Awp14 have been done by de Groet al.in 20084 and by Xuet al. in

202C"; both classifications are based on a phylogenetic tree. In the phylogenetic analysis of
protein sequences the gene tree is combined with the species Resulting subtrees should
contain proteins with similar functiongut this is not always the ca¥8& In this respect, the

SSN provides an additional tool for the classification of protein sequences, which is based on
sequence similarity only’. Compared to a phylogenetic analysisquence similarity based
methods perform better in the identification of isofunctional subgrotfis

The SSN presented in this thesias generatedsing thei -helical regions of the Awp1l and
Awp3b Adomains for iterative PSBLAST searches. Thereby the included number of
sequences could be expanded, which also lead to the inclusion of a large amount of bacterial
sequences in the network. Anvalue cu-off of 102°was used for SSN generation, hence the
formed clusters only contain sequencéslow this Evalue. The clusters in the network
contain eitherbacterial or fungal sequences, no mixed clusters can be obsdrvéatt, most
clusters in the network contain proteins from the same organism, except the Iff/Hyr cluster
and a cluster of an unknown protein family, containing sequences fbathideomycetes
TaphrinomyceteBasidiomyceteand two plant sequences (fronork oak). Protein families
could not be assigned to all clusters in the network.

Various adhesin familiesontained the network, includingthe Hyrl and the Iff family of
adhesins fronC. albicanswhich are members of the same cluster. Another clustesnsiéd

by Hpfl, Cssl and Awal fr@ncerevisiadnterestingly, Hpfl and Awal have been described

to be similar to Awp1 and Awp2 by de Gredtal ?* arelationship that could be confirmed in

the SSNThe fact that Awpl and Awp2 are members of different clusters bkaths (clustevI

and clusterV, respectively), but are both similar to Hpfl, was not entirely conclusive at that
time, but is now confirmed in th&SN.The cluster VI adhesins Awpl and Awp3 fall into
different clusters, both containing sequences fr@mglabrataexclusively. In contrast to that,

the clusterV adhesins Awp2 and Awp4 are members of the same cluster in the SSN, which
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also consists df. glabratssequences. Numerous paralogs of Awp2 were identified (Awp2a

the Awp2 paralog originally ideified by de Groott al.is named Awp2.

The SSN indicates a high similarity of the clugtadhesins Awp1/3 to the clust®il adhesins

Awp2/4. This similarity is also expected to be conserved on the structural level, indicating that
I ¢ LJn

I & LJH

sequence identities between the proteiase range from 16.7% to 25.1%, which is generally
S a LJGebMA droteindd*. MBrg Mydrophobic residues are conserved and a

KAIKZ
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models for Awp2A and one model for Awp4A, whichgltewn inFigure34.

by R

I-hieli& ZnotifO Sefjuehca yientityandi similarity were
determined via pahwise alignment (using EMBOSS Needle) and are showigure34A. The

AY RA O (i Asffahds v De dhieiBedl, S.yeOiS nyapaFts of the
sequences every second amino acid is a hydrophobic one. Models of the Awp2 and Awp4
A-domains (ranging from Q26Y344 in Awp2 and from Qz/S231 in Awp4) were generated

usingSWISSA0ODEL* with AwplAas a template. This resulted in generation of two different

Awpl

Awp2

Awp3

Awpl

24.6

251

Awp2

38.3

232

Awp3

40.6

36.1

Awpd

276

38.3

26.8

Sequence identity (%]

Sequence similarity [%]

Awp2A
Model 1

Awp2A
Model 2

Figure34: Models of the Awp2 and the Awp4-8omains

A) Sequence identities and sequence similarities between Adgre given. B) A model of the Awpziomain,
containingP9&b H hn ® LIGKBB SISl Y2 IATI 6AGK St 2y 3l (S Relik. £PThax
second Awp2A model comprises a larger part of the AwyaldrAain, namely 12¢ N321. The model is highly

similar to Awp1A. D) Theadel of Awp4A contains A285231, which form athred A RS R
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In case of Awp2A, model 1 does not include the full sequence of-th@ain, consisting of

P98 ¢ N290. In contrast, model 2 contains almost the full sequence of Awp2A (namely

127 ¢ N321), only 23 residues on thet€@minal end of the domain are missing. The latter is

more similar to AwplA. However, a loop similar to the elongated loop region in model 1 that

Ay Ot dzRS&aK $t MEK2 NYIA 2KG £ a2 0S8  fructurdroNAwp2AT® ! & LIH
SELISOGSR (2 6S I YAEGdz2NB 0S¢ S-Heixwitkestended 2 Y2 R
loops on one side, which eventually form additional secondary structure elements; similar to

the structures of some pectate lyasés''®>. Awp4A was modelled from A28S231, thus

including the whole Alomain with only one residue missing in the beginning of the sequence.

As expected, the model reveals a thigeh RS R LikliXwiiich S éxpected to reflect the

true structure ofthe protein very well.

pP®pk P Hllo! ONEA&GIPa0 SAIAH(1]SS RNBaASIHK DR f i#2d Ry AR
A28 YYSUONE

Soaking of Awp3A crystals in Gd(QAesulted in incorporation of 42 Gdions in the
asymmetric unit. At present, this is the hegt number of lanthanide ions detected in a
protein structure.Two G&* clustersg which have formed by serendipitycanbe identified in
Awp3AGd composed of 21 ions arfdur ions, respectively. The smaller clustefofir Gd**
ions has the shape of aetrahedron, participating ions areoordinated by Q102, E132 and
E134. Distances between the &ibns range from 2.8 3.8 A, they are 2.4 apart from the
carboxyl group O of the coordinating residues.

The larger cluster is connected to the protein wi@ residues, D40 and E59. It is composed of
four tetrahedral subclusters (A, B, C, D). Subclusters A, B and C reveal distancesidf .3
between the ions. They are connected by triangular planar clusters composed of thtee Gd
with which they form abasketlike shapewith three-fold symmetry. Distances of ions
participating in composing those triangles range from 3.5 to 4.4 A. Subcluster D is associated
to the basketlike shape via a single &dbn, atoms in this subcluster are a bit further apparat
from each other when compared to the other subclusters, namely 3.2 A.

The formation of lanthanide clustegsalso in protein crystalg has been described on several
occasion®172175 Maet al. described a tetrahedral G@; cluster, in which they measured
distances of approximately 3 3.9 A between @ atomg72 GdGd distances observed in
Awp3AGd are similar to those, but the tetrahedral clusters are more distorted. In case of
cluster 2 thismay be caused by the coordination via three residthe push the ions into

their positions A distance of ca 2.4 A between Gd and the carboxyl group O of a valine ligand
was described in the GOs cluste’? this coincides with the distances measured between
Gd** ions of cluster 2 and coordinating residues E134, E132, and Q102, as well as with the
distances measurebletween D40 and E59 to ions from cluster 1. Clustering of heavy atoms
could also be observed in other protein structures. For example, a heptanucléaclGster

was detected on the surface of theddmain of the yeast flocculin Flo5, Flo5A. In this case
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5. Discussion

the cluster could be divided into two subclusters; one exhibiting the tetrahedral shape
described above, the other one having the triangular shépst was also observed in
Awp3AGHE,

O Gd cluster 1

€ e,

Figure35: Overall structure of the Awp3 Alomain and coordinatiorof Géf* clusters

The asymmetric unit of the Awp3Bd complex contains one molecule of the Awp8oinain (shown in cartoon
representation in green), as well as 42°Adns (orange spheres). Several singlé*@uhs are associated to the
LINE ( S A y asiwelhad2Wad Gd EWBtErs, one containing 21 &tthe other one consisting of 4 ions. Cluster

is connected to the protein via residues D40 and E59. The tetrahedral subclusters A, B, and C formli&dasket
shape of threefold symmetry, subcluster B connected to the compartment ancorner of the basket. Clust2r

is a tetrahedral cluster of 4 Gtdons, coordinated by Q102, E132, and E134.

The paramagnetic properties of certain transition metals and lanthanides are commonly
exploited for use asontrast agents in magnetic resonance imaging (MRI). Especially Gd
complexes are widely used, in approximately 230 % of all MRI scans (as of 200%)
Although the compounds are designed to be completely excreted from the human body, the
accumulationof Gd in different tissues has been describ&dpatients with compromised
renal function, which increases the plasma elimination-htdf Gd is deposited in the skin and
various internal organs after administration of certain-bed contrast agents. But also
patients with normal renal functioneg accumulations of Gd in the brain and in the bones.
Cumulative and longerm effects of these are still unknowf¥’” Gd clusters, such as the
ones observed in the structures of Awp8Al or FIo5A, may provide a basis for the design of

novel proteinbased contrast agents for MRI
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5. Discussion

5.3. Analysis of the CFEMmain of the GPCE&Pth11

Pth11 is a GPCR that &sential for appressorium formation in several fungal plant pathogens,
including the rice blast fungusl. oryzaé®+* and the causative of Fusarium Head Blight,
F.graminearunt’. The receptor has a CFEM domain on igfhinus, which is proposed to
contain the bindig site for an unknown ligand, seven transmembrane helices, and an
unknown cytoplasmic domain. Pthll is regarded a relevant target for the development of
antifungal agents for agricultufe

p® od m® {/it NIEMIMIZNIC 92aF REBKS A Y

The structure of theCtPth1l CFEM domain was solved WaAD, after initial attempts using

MR. For laer, the structure of the CFEM protein Csa2 frémalbicangPDB: 4Y78)was used

as an MR model. The Csa2 structure is the only structure of a CFEM domain currently
contained in the PDB. The sequence identity and similafitthe CtPthll CFEM domain
(A36 ¢ G100) and theone from Csa2 (Y56 A119) are 18.5% and 33.8%, respectively.
Considering the short length of the sequence and the presence of eight cysteines, which are a
characteristic of the CFEM domain, these are very low numbers. In fact, only four more
residues wee found to be identical. It is therefore not particularly unexpected that the MR
attempts failed, even though trimmed versions of the Csa2 structure and models of the Pth11l
CFEM domain were used.

Structure solution was achieved vieS8D, which uses the amalous scattering originating
from sulfurs naturally occurring in the protein for structure solution. The high amount of
cysteines in the CFEM domain is advantageous in this regard, as is tksymgtetry space
group that allows collection of data withigh multiplicity. However, the protein was
crystallized in a condition containing a high concentration of ammonium sulfate, thus it is hard
to predict how many heavy atoms sites to expect and the presence of unordered sulfur atoms
might beunfavorableduring the phasing process. Four datasets collected from a single crystal
were used for solving the structure of ti@Pth11 CFEMomain, usingCRANKZC.

TheCPthll© 9 a R2Yl Ay O hefided onnkcted 16 eathioldes viafour disulfide
bonds (C48 C83, C4¢ C78, C5¢ C64, C66 C99). These are in accordance with the ones of
the C.albicansCsa2 CFEM domain (PDB: 4¥é8figure36). CaCsa2belongs to the Pga7
family of CFEM proteins and is described to be involved in Hemneacquisition from
hemoglobir¥’”. When comparing the structures both CFEM domainsthe one ofCtPth11

and the one ofCaCsaZ; four helices align very well. This is reflected by the RMSD of A976
over 509 atoms of the superimposed structures. Only the mesriinal helix of theCtPth11
CFEM domain is tilted when compared to the equivalent helix inH&sa2 structure. The
structureofCd al v R2Sa y20 2yteé O2y iUl Ay (K-Belcest9a R2
of which one is placed-iérminal of the domain and the other onet€rminal. The Nterminal

helix is involved in ligand binding by being placed over the bound heme molecule like a lid.
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Accordingly, the ligand binding site G&Csa2 is proposed to be on top of the CFEM domain,
where the heme interacts with D80 in the CF&dain and Y36 from the lid helixNo other
features indicating further ligand binding sites can be observed in the structure.

Figure36: Comparison between th&€aCsa2 and the€tPth1ll CFEM domains

A) Surface electrostatic potential of tiEaCsa2 CFEM domain. The heme molecule is placed on top of the domain
YR 0dzZNASR o0& JheliXNteRninallg iavi B:RCF&M domain. B) Schematic representation of the
CFEM domain (generated wifProtein Imaget’®). The helices forming the domain are numbered and the
disulfide bondsare indicated by the connected orange spheres. The arrangement of the disulfide bonds is
conserved between the two proteins. Cartoon representation of the structure @aCsa2 in complex with
heme, colored in rainbow scheme-{Brminus blue, @erminusred). The disulfide bonds are shown in magenta
and labeled. Dpuperposition of the structures @aCsa2 (colored blue) and tt@Pth11l CFEM domain (shown

in green). The structure of the CFEM domain is conserved; only the ribs$ N Ahélix bf the donain is

tilted.
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5. Discussion

In contrast, the structure of th€tth1ll CFEM domain reveals two potential ligand binding
sites, placed vig-viseach other (see chapter 4. 4, Figure26). The potentiabinding sites

are both hydrophobic in their inside; the larger one has some positively charged residues at
its entrance (K80, K92, K104), the smaller one a negatively chargedE49). Fragment
screening revealed that the bound fragments are all located in the larger cavity in the CFEM
domain (see chapters 4. 4. 5 and 5. 3. 3). Depending on the orientation of F48, the cavities are
either divided or a tunnel through the molecukeformed.Theproperties of thetunnel were
analyzed usin/lOLEonlin&® (seeFigure37).
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Figure37: Analysis of the tunnel through th€tth1l CFEM domain

A cartoon representation of th€tPth1l CFEM domain in two different orientations is showitefhinus blue,
Gterminus red). The tunnel through the domain depicted as yellow spheres, it was analyzedl (diggnling®.

Chain D was chosen for the analysis; F48 is orientated in a way that does not divide the two cavities in the domain.
A graphical representation of hydrophobicity and diameter along the lengtheofunnel is shown in the lower

part of the figure. The hydrophobicity is shown as a normalized scale that ranges from the most hydrophilic
residue (E with1.14) to the most hydrophobic one (I with 1.81), as described bgtGit!s°.

The tunnel through theCtPth1l CFEM domain has a length of2&nd is mostly lined by
hydrophobic residues. The calculation of its diameteperformed on chain D of the
asymmetric uni; reveals a bottleneck of 1.8, locatedat F48. This small diameter does not
suggest that a molecule would fit through the tunnel, as it is almost as small as the van der
Waals radius of a hydrogen atom (1.09_ However, achange in the placement of the F48
side chainmight widen the tunnelenough toallow some ligands, such as fatty acids, to fit
through the tunnel. Pthll is suggested to induce the differentiation of appressoria upon
sensing either spafic plant surface cues or hydrophobicifyhiswas shown bydetection of
increased appressorium formation Bf. griseaon polystyrene and Teflon supplemented with
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1,16-hexadecanedio(which contains a fatty acid chairgpmpared to the unsupplemented
surfaces The effect could not be observedh griseamutants with a defective pth11 geffe

Fatty aids are common components in the plant cutiéfend the question if these are the
unknown surface cue that Pthll senses remains open. Furtherigation of a possible
interaction between Pthll and fatty acid chains via molecular dynamics simulations are
therefore suggested.

PP od® uHPd | OO0SadaAoAtAle 2F GKS O0AYyRAYy3 Of ST

The structural analysis of tf@&Pth11 CFEM domain revealed two possible ligainding sites.
However, it must be considered that Pth1ll does not only consist of the CFEM domain, but
also has a transmembrane region and a cytoplasmer@inal region. e orientation of the
CFEM domain on the transmembrane region may not allow birmfiadigand at the potential
binding sites due to limited accessibiliiyhis problem was analyzed by prediction of residue
residue interactions, usingsREMLINttp://gremlin.bakerlab.org). GREMLINconducts a
covariance prediction; the input for whichasmultiple sequence alignmerftor the positions

that vary in different proteins following assumption is made: when amino acid X varies, then

FYAYy2 FTOAR , AYyUSNI OGAyYy3 4 A DK NEhéseredidues aré a2 O

usually found to iteract with each othefe:.

The covariance prediction for the -tdrminal CFEM domain ofCt#Pthll and the
transmembrane part was done using both sequences separately as input. The CFEM domain
(stretching from V24 S105) was aligned with 1155 sequences, the GPCR (&dio® R380)

with 6529 sequences. When joined, they were aligned with 344 sequences. The cytoplasmic
Gterminal domain ofCtPth11 was not included in the prediction. The contact map generated
by GREMLINs shown in Appendix &s is the full list of redues predicted to interact with
each other. In general, many residues with a distance of three to four amino acids between
each other were predicted to be adjacent, indicating the presence"-tiklices. This
demonstrates the reliability of the predictioras it reflects the structure of both parts of
CtPthl1lc i. e. the CFEM domain and the transmembrane region. The predicted residue
residue interactions were used to generate a modeCéfth11usingMODELLER, which is
shown inFigure38. The modektructure reveals that both potential bindings sites within the
CFEM domain are accessidt®llowing residue pairs wengredicted to be neighbors with a
high probability K86¢ H23, K86¢ F176, T9@ F173, and N98 F173. K86, T90 and N93 are
part of the most @erminalh -helix of the CFEM domain. F173 and F176 are located between
the second and the thirfi-helix of thetransmembrane region; H259 is part of a longer loop
between the forth and the fifth transmembrane helix. All three residues from the
transmembrane region dZtPth11 are located on the extracellular side of the transmembrane
region. Thus, the predicted interactions are indeed possible; theyshosvn in the model
structure in Figure 38 B. It should beconsidered that loop regions and sidhain
conformations cannot be modeled geisely, leading tanexpectedy longdistances between

interacting residues in the model structiur
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Figure38: Model ofthe CtPth11l CFEM domain and the transmembrane region

A) The model of th€tPth11l CFEM domain and transmembrane region is shown in two orientations. The protein

is depicted in cartoon and surface representation; the electrostatic potential of the surface was visualized using
the APBS Electrostatics plugin RyMOL The model exhibts that both potential ligand binding sites are
accessible. B) The region harboring residues predicted to be neighbors is shown. Interacting residues are shown
as sticks and connected by dashed lines.
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using single particle crygM, a method that does not rely on formation of protein
crystal§®18418% This has changed the current and future perspectives on the applications of
Xray crystallography, which is also reflected by the more recent developments in the field.
Besides the development of XFELSs that allow the acquisition ofreswved crystatigraphy
data, the speed of data acquisitiat synchrotron beamlineand the applications running
automated data analysis hawxtensivelyimproved. X-ray crystallography is thus perfectly
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suited for structurebased druediscovery, which has beconaeommanly usedmethod'®, In

this work, a fragment screen against t6#th1l CFEM domain was conducted, serving two
purposes: first, further information on the potentiahtural ligand of Pth11 should be gained.
Second, some potential inhibitors, which may be of use for the development of antifungal
agents for agriculture, may be identified. Fragments contained in the Frag Xtal Séeeen (
Biosciencgwere used.

The autonatic data analysis pipelineIMPLE® was used fothe evaluation of the fragment
screen datasetsl18 records were handled usimyMPLE21 of those could not be handled

by the pipeline Since the diffraction quality of many crystals was severely compromised by
the soaking procesDIMPLEcan nevertheless be considered a reliable method régid
structure solution of multiple dataset$ KS LA LISt AYyS Ff a2 ARSYUGATFTAS
0f20aé¢ Ay (UKS Sdis .0apidiB of eldettoy densilydhatdo rialzcontain any
structure model. Bound fragments were observed in four datasets,liMPLEvas able to
identify unmodelled blobs in only one of them. Manual evaluation of the electron density
maps of the datasets is therefore considered as necessary. The fragments that weik boun
the CtPth11 CFEM domain ashown inFigure27.

The electron densities for fragmer®, fragment 34 and fragment 62 wergmambiguous
fragment 94 could not be modelled into the electron density in any meaningful way. All
fragments are placed in the larger cavity of the CFKdvhain (seeFigure39). Onlyfew
interactions are formed between the compounds and residues from the CFEM domain: C66
and N72 interact with fragmer3; N72, T76 and T95 interact with fragment 34; fragmght

does not seem to interact with any residue. In generak ttydrophobic compounds are
located in the hydrophobic cavity. This is in agreement with the suggestion that Pth11 might
sense hydrophobicity on the plant surfdée

Figure39: Placement of the bound fragments withinth€t § Kmm / C9a R2YlI Ay Qa O gAGe

A) The cartoon and surface representation of the CtPth11 CFEM domain shows that the fragments are all bound
in the same cavity. The APBS Electrostatics plugiRyidtOLlwas used to generate the surface representation.

The cavity, in which the ligands aréaged, is hydrophobic, some positively charged residues are placed at its
entrance. B) An overlay of all three bound fragments in two different orientations. The CFEM domain is shown
in cartoon representation, the residues interacting with the ligandsdmgicted as sticks. Dashed lines indicate

the interactions between protein and fragment.
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