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Abstract

PROPPINSs §-propellers that bind polyphosphoinositides) are conserved eukaproteins that play an
important role in autophagy. Yeast contains three PROPPINs: Atgl8, AtgdlHsv2 (homologous with
swollen vacuole phenotype 2), which specifically bind PI3P and PI(3,3Rsed on the crystal structure of
Kluyveromyces lactiklsv2, which was determined earlier in our group, | performed dockindestud charac-
terize PI3P and PI(3,5)inding in the two binding sites presentin PROPPINs. Based on these d@tuaies
| proposed a model where PROPPINSs bind perpendicular to the membrangfitiheir two phosphoinositide
binding sites. In addition to the two phosphoinositide binding sites loop 6CD isedgored for membrane
targeting of PROPPINs. Using coarse-grained and atomistic moleculamiygaimulations | showed that
loop 6CD inserts into the lipid bilayer and acts as an anchor for membrane ¢piodRROPPINS.

| also determined the 1.8 A resolution crystal structurePimhia angustaAtgl8, which represents the
first high resolution PROPPIN structure. As Hsv2 it forms a seven bladaabpeller with a non-velcro like
propeller closure topology. In order to experimentally validate my prop&$A@PPIN-membrane binding
model | designed mutants based onBhangustaAtg18 crystal structure and set-up a fluorescence based assay
to measure their distances to the membrane. Initial measurements confirm this mode

Through extensive through isothermal titration calorimetry measuremenstifijed PI3P and PI(3,5)P
binding of P. angustaAtgl8, K. lactis Atg21 andS. cerevisia¢isv2. These PROPPINs bind phosphoinositides
with nanomolar and low-micromolar affinities and both Atg18 and Hsv2 bind tigbt&i(3,5)B. Analysis
of single binding site mutants further showed that the affinities of these mutant$ato 30-fold lower com-
pared to the wild-type protein which explains that PROPPINs need two pimusitide binding sites in order to
achieve high affinity binding to membranes. Taken together by combining datignal studies, X-ray crystal-
lography and other biophysical methods | gained new insights how PR@RREeract with phosphoinositides
on a molecular level.
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1 Introduction

1.1 Definition of autophagy

Autophagy was originally discovered as the cellular process of a calkimmg down its own components
under stress conditions such as starvation. It was observed in theySDisristian de Duve in electron mi-
croscopy pictures. At the time, De Duve was studying the lysosome, fohvi@got the Nobel prize in 1974.
He coined the term ‘autophagy’, using the Greek words for 'self-eating

Since its first physiological description, autophagy was shown to be iegiatvintracellular clearance of
damaged organelles, differentiation, development, programmed cell deditien presentation, and elimina-
tion of invading pathogens (reviewed in Ref. [3]). Dysfunction in autaphpathway leads to diseases such as
cancer (reviewed in Ref.[[4]) and neurodegeneration (reviewe@in|E]).

There are three types of autophagy known: micro- and macroauto@sagill as chaperone-mediated
autophagy![6],.[3] (schematically represented in Fidquré 1.1). In matophagy, isolation membranes appear
in the cytoplasm and enlarge to enclose a portion of the cytoplasm, leadingftorteation of a double mem-
brane structure known as an autophagosome. The autophagososwitigbe lysosome (or vacuole in yeast),
where the inner membrane and its components are degraded by enzyrttescéise of microautophagy, the
lysosomal membrane (or vacuolar membrane in yeast) invaginates creatiog@anaining cytosolic compo-
nents. This sac encloses and scission occurs such that the vesicleiogritae cytosolic components reaches
the degradation enzymes in the lysosome (vacuole in yeast). Finally, fpeidre-mediated autophagy [7],
targeted cytosolic components are selectively translocated into the lysosorgespecific chaperones located
on both sides of the lysosomal membrane.

Both macroautophagy and microautophagy can be non-selective awtiveeldn the case of selective
autophagy, special receptors are involved for each of the possiblgige autophagy types|[6]: mitophagy,
xenophagy, piecemeal autophagy, ribophagy, pexophagy etc.

1.2 Molecular players in autophagy

The initial microscopy images taken by de Duve gave only hints about thegspfor the next 30 years, the
understanding of autophagy was slow and based alone on physiologicainalian data. However, in 1992,
Yoshinori Ohsumi has shown that the yeast autophagy happens simildhg fwocess in higher eukaryotes
[8]. Considering the fact that yeast is easy to genetically manipulate, tdiadimllowed the genetic screens
that led to the identification of the first molecular components involved in autgpimathe laboratories of
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Figure 1.1: Schematic overview of autophagy and its subtypes.

There are three types of autophagy known: micro- and macroawggaisavell as chaperone-mediated autophagy. In macroautophagy,
isolation membranes appear in the cytoplasm and enlarge to enclose a pdttie cytoplasm, leading to the formation of a double
membrane structure known as an autophagosome. The autophaghsm®a with the lysosome (or vacuole in yeast), where the
inner membrane and its components are degraded by enzymes. bsthefanicroautophagy, the lysosomal membrane (or vacuolar
membrane in yeast) invaginates creating a sac containing cytosolic centpori his sac encloses and scission occurs such that the
vesicle containing the cytosolic components reaches the degradatiomeniy the lysosome (vacuole in yeast). For chaperone-
mediated autophagy, targeted cytosolic components are selectivelptates into the lysosome using special chaperones located on
both sides of the lysosomal membrane.

Klionsky [€], Ohsumi [10] and Thumm_[11], as well as in other groups, [13, 14| 15]. Initial identification
and characterization of autophagy proteins was done in éthectharomyces cerevisiaePichia pastoris

The steps involved in autophagy are mediated by a number of unique protdied Atg @utophayy-
related proteins). There are 37 known Atg proteins [6, 16], among wéigiiteen Atg proteins are essential
for the autophagosome formation step! [17, 18]. The eighteen genediegdor these proteins are mostly
conserved among higher eukaryotes such as mammals and plants, sugtpestthg molecular mechanism
of autophagosome formation is also conserved. These Atg proteinstageized into five functional groups
[18]:

e Atgl protein kinase and its regulators (Atg13, Atgl7, Atg29, and Atg31)
¢ the autophagy-specific phosphatidylinositol 3-kinase complex (Vps36/Atg14, Vpsl15, and Vps34)
e integral membrane protein Atg9 and the Atg2-Atgl8 complex

¢ the Atg8 conjugation system (Atg5, Atg4, Atg7, and Atg8)
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¢ the Atgl2 conjugation system (Atg5, Atg7, Atgl10, Atgl2, and Atgl6)

In the last 20 years since the isolation of the first yeast autophagyeheficutants, all 37 Atg proteins were
characterized by cell biological and biochemical methods. Howevekg dingu want to understand function,
study structure’ - as Francis Crick said - the last years have seerpsiex in the structural knowledge of
Atg proteins, as reviewed in Ref. [19, 20].

In order to better understand the details of the molecular mechanism behophagosomal formation,
one has to look deeper behind the molecular players involved in each didkie enentioned complexes.

Autophagosome formation is triggered under starvation conditions whictiviates TORC1Tor complexl).
In nutrient rich conditions, TORC1 hyperphosphorylates Atgl3. Dsphorylated Atgl3 associates with
Ser/Thr kinase Atgl and activates it. The ternary complex formed by A28 and Atg31 binds to Atgl-
Atg13 complex|[21]. This complex activates downstream steps and the g\afliAtg9 between the source
for membranes and the PABré-autophagosomadtructure) [22]. The basic knowledge about the function of
Atgl kinase and its regulators was obtained through cell biological methtmigever, structural biology has
recently offered deeper insights. The structure of the At17-Atg28-Atghary complex has shown that this
complex dimerizes in order to fulfill its role [23,24,/25]. It is hypothesizeat this dimerization ensures the
vesicle tethering that contributes to the PAS growing into an autophagosom, tNe structural details of
Atgl interaction with Atg13 and Atgl7 have shown that the dephosphorylatidtgl3 leads to its interaction
to both Atgl and Atg17.[26]. Moreover, these structural studies affére basis for the deeper understanding
of the Atgl-Atgl3-Atgl7-Atg29-Atg31 complex as a dimer of pentamiers [27]

The Atgl and its regulators activate phosphatidylinositol 3-kinase compleXs. cerevisiagVps34 is
the only phosphatidylinositol 3-kinase. Vps34 is a member of two distinct complihat have distinct func-
tions in autophagy (complex ) and in the vacuolar protein sorting (compjextmplex | is composed of
Vps34, Vpsl5, Vps30/Atg6 and Atgld, whereas Vps38 replaces Atgtdmplex Il. Atgl4 or Vps38 have
an important role in the correct localization of the respective complex wih&aneeded for the production
of phosphatidyl-3 phosphate (PI3P). The structural study of this comyas initiated both in the mammalian
Beclinl (Vps30/Atg6 homolog) [28] and yeast Vps30/Atg6 [29]. The upired structures revealed a novel
domain, BARA (3-a repeated autophagy-specific), which is used in PAS recognition. Merethe struc-
tural study of Beclinl has revealed information about its interaction with Atgli#tl UVRAG (Vps38 human
homolog).

Once the PI3P is produced at the PAS, the Atg2-Atgl8 is recruited thég&8Aan bind to both PI3P and
P1(3,5)B (phosphatidylinositol-3,5 biphosphate), depending whether it is perfgritsifiunction at the PAS or
at the vacuolar membrane. It is still not understood what the exact functithis complex is, but it is known
to be essential for the autophagosome formation. Atg2 is known to interacfgi¢th Atg9 cycles between
the PAS and unknown cytosolic membranes. This complex is the least stilycstudied out of all autophagic
core complexes. Structural information about Atg18 function can be impited the structure of its paralog,
Hsv2 and complementary mutagenesis studies [1,/30, 2].

The best studied complexes in autophagy are by far the ubuiquitin conjugatioplexes involving Atg8
and Atgl2-Atg5. For each conjugation complex, there is a ubiquitin-like protein: Atg8Adgdi2 [31]. They
are conjugated to phosphatidyl ethanolamine and and Atg5, respectiitelyher help of the Atg3, Atg7 and
Atgl0 enzymes. Atg4 is an enzyme needed for the recycling of Atg8, i.e., denfleyation, while Atgl6
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is important component of the Atgd2Atgs complex needed for its function. Furthermore, Atgl6 is also
important for the lipidation of Atg8 [17].

In S. cerevisiagAtg8 is essential for autophagosome formation having roles in membraaes&p and
autophagosome-lysosome fusion|[17]. Hin sapiens Atg8 has six homologs: MAP1LC3An{icrotubule-
associatedorotein-1light chain 3A), MAP1LC3B, MAP1LC3C, GABARAP GABA 4 receptorassociated
protein), GABARAPL1 GABARAP -like proteinl) and GABARAPL2 [32]. Atg8 homologs were proposed
to be important in vesicle fusion which contributes to the growth of autopluagaisnembranes [33, 34]. How-
ever, this hemifusion ability is not enoug@ihvivo and SNARESs are required for the autophagosome formation
[35]. Furthermore, Atg8 and its human homologs are hubs of interactigrsiidée they have a central role in
binding the receptors for the cargo selection during all types of seleatiggphagy.

Atgl2 is conjugated to Atg5 similarly to Atg8 lipidation. Once conjugated, AtgA®)5 interacts with
Atgl6 forming a complex 0f-350 kDa in yeast due to the oligomerization property of Atgl6. One of the
functions of Atg16 is to correctly localize the complex to the correct membrahis. complex is involved in
Atg8 lipidation.

The structural characterization of the proteins and complexes involvaddplaagy started with the con-
jugation systems [19] for which the mechanistical details were structurallydelad in the last five years
[37,138,.39] 40, 41, 42, 43,'44,145, 46, 47]. All these structuralistugave insights into how several compo-
nents of the conjugation systems interact with each other and how the reamtmur. However, the conjugation
reaction is not the only question about Atg8 and its homologs worth investigaginge Atg8 and especially
is human homologs are easy to purify|[48], a large attention was given tdetinreelective autophagy [36],
[4<], [50], [51].

1.3 Phosphoinositide binding domains

Cellular membranes are characterized by their lipid composition. Phosphigias$PIs), phosphorylated
derivatives of phosphatidylinositol, have a particular role in cellular diggand in correct localization of
proteins at the cellular locations where they will perform their function.r@laee seven natural Pls defined by
the combination of phsophorylations at positions 3, 4 or 5 on the inositol Tingy are specifically recognized
by several domains such as FYVEap1,YOTB, Vacl andEEAL) [52], [53], PH pleckstrinhomology) [54],
PX (Phox homology) [55], [56], C2 ¢onserved regior- of protein kinase C).[57], PTBphosphayrosine
binding) |58], GOLPH3 Golgi phosphoproteir8) [59], ANTH (AP180N-terminalhomology) [60], ENTH
(epsin N-terminalhomology) [61], FERM 4.1, ezrin, radixin, moiesin) [62], PDZ postsynaptidensity 95,
disk large zonula occludens) [63], Tubby [64] and PROPP[NHropellers that bingphosphdnositides)|[1, 30,
2]. Each domain has its specificity, e.g., FYVE binds only PI3P or promis@uiy, PH domains are known to
bind all the PlIs except phosphatidyl-5-phosphate. Each known donaaistwcturally characterized in at least
one model protein. Figute 1.2 gives an overview of the Pl binding domihiess,structures and P specificity.

The PI binding domains have binding pockets lined with basic amino acidsiregiysine and/or histidine
in order to bind the negatively charged PIs. When histidine is presentj@imgsswitch might be involved for
the regulation of the binding. Making use of the ease of histidines to getaiei and deprotonated, according
to the environmental pH, the binding affinity can increase in acidic conditibhi regulation mechanism is
used by the PH domain of GRP1 protein/[65] and by the FYVE domain of EBA]L Usually, the Pl affinity
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Figure 1.2: Phosphoinositide binding domains: structure and specifity.

There are seven natural phosphoinositides that give the characseoistiifferent cellular membranes. Each phospoinositide is recog-
nized by specific phosphoinositide binding domains. Selected reprégestaf each of the known phosphoinositide binding domain:

FYVE, PH, PX, C2, PTB, GOLPH3, ANTH, ENTH, FERM, PDZ, TubbycaBRROPPINs are represented. Their ligand specificity is
also shown.

of these domains is low. This is why, in order to have a tighter membrane birsdingg domains are known to
have another basic binding pocket for phosphatidylserine as in thet&domain|[6/7] or for phosphatidic
acid as in the case of the PH domA.Er[GS and PX do [69]. Furthermaregiit be possible that two
Pl molecules bind to the same C2 domain [70]. Another mechanism to specificalyase affinity of one PI
domain to a cellular membrane is domain oligomerization, e.g., the PH domain of dyné@hanf the FYVE
domain of EEA1 Eb] or by combining the PI recruitment with the binding to arrothembrane attached
protein, e.g., FAPPs bind both phosphatidylinositol-4 phosphate andlﬁ}F [7

Beside the specific membrane attachment regulated through binding pocketsabgnize Pls or other
lipids or by physical interaction to membrane attached proteins, there gueaifis mechanisms for Pl bind-
ing domains to be recruited to a cellular compartment. Electrostatic interactiof@ngreange interactions.
Through theoretical studies, it was shown that the electrical field crégtélde charges of a membrane, can
orient PH domains in the right direction and bring them close to the membraea, ffite PH domains bind the
Pl moleculeﬁb]. Similarly, for the C2A domain of synaptotagmin 1 and 7, elsitic docking was shown
to be the recruitment mechanism. After electrostatical recruitment, synaptotd@g82# domain, inserts a
surface loop into the bilayer using its hydrophobic propergls [74]. A sinmierplay between electrostatic
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and hydrophobic interactions for loop insertion was previously repddaethe PX domain of yeast Vam7p
[75] and the FYVE domain of EEAL [76]. Once a loop penetrates a mempifameurvature of the membrane
modifies due to increase in the surface of the outside leaflet [77]. Thisaserdepends on the nature of the
loop and depth of penetration. The coincidence detection of the membrnata¢ure and the Pl is a recruitment
mechanism for proteins such as sorting nexin-1 [78].

1.4 Phosphoinositides in autophagy

Phosphoinositide PI3P is a marker of the autophagosomal membranesTffirst proof that kinases
and phosphatases are involved in the regulation of autophagy and thgiidhghosphorylation plays a cru-
cial rule in autophagy signaling was offered by Per Seglen and Pawlo@dB0]. They have showed that
3-methyladenine inhibits autophagy. Later, it was shown that wortmanninrdigaots autophagy. Both 3-
methyladenine and wortmannin are inhibiting phosphatidyl 3-kinase (PI8K) [However, rapamycin was
shown to stimulate autophagy [82], which seemed contradicting the 3-methirladend wortmannin exper-
iments, since all of them are blocking cellular signaling upstream of, or atf@® complex. However,
in a Codogno-Meijer collaboration, it was shown that there are two diffeckasses of phosphoinositides:
phosphatidylinositol-(3,4,5) triphosphate (PIP(3,433)Rhibits autophagy, while autophagy depends on PI3P
[83]. Ohsumi’s group has shown autophagy stimulation in yeast by rapansumgesting that a similar sig-
naling mechanism was conserved across species [84]. Later, aftdetttiication of the autophagy molecular
players, it was understood that the Vps34 complex | regulates PI3Rismgaathe PAS with the help of Atg14.

In autophagy, there are several Pl binding proteins:

e the PROPPIN family

e Atg20 contains a PX domain [85], [31]

e Atg24 contains a PX domain [85], [31]

e Atg26 contains a GRAM domain [36], [87]

o Atg27 [88]

e ALFY (autophagylinkedFY VE protein) contains a FYVE domain [89]

e FYCO1 FYVE andcailed-coil domain containing protein) contains a FYVE domain [90]

¢ the transmembrane protein DFCRb@bleFYVE-containingproteinl) containing a FYVE domain [91]

e TECPRI1 Tectonin g-propellerrepeat-containing protein) contains a PH domain [92]

1.5 PROPPINs and their function

PROPPINs are a PI binding family. In yeast autophagy, there are tR@&®PIN paralogs: Atg18, Atg21
and Hsv2. The autophagy PROPPINS specifically bind PI3P and A?@,33ing a conserved FRRG motif
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[93,194]. All three yeast PROPPINs seem to localize to a perivacualatpte structure and to the endosomes
[95].

There are four human homologs of PROPPINs, the WIPI protdfi3-@0 repeat containing protein that
interacts withPIs) [96]. It is hypothesized that WIPI1 and WIPI2 are the human homadbgggl8, while
WIPI3 and WIPI4 are the homologs of Hsv2. There are no human hom&dogsg21. The WIPI proteins
are involved in a number of diseases|[97] such as cancer, phospbsigpahd NBIA (neurodegeneration with
brain iron accumulation). Some of the point mutations leading to illness are kjg@y09]. InC. elegansa
WIPI4 homolog, EPG-6, was reported to physically interact with Atg2. [[16@rthermoreA. thalianawas
reported to have eight PROPPIN homolags [101].

In S. cerevisiagAtgl18 is a 55 kDa PROPPIN important in autophagy and in maintaining vacommear
phology [102], [108],/[104]. Atgl18 is localized under both growinglatarvation conditions in the cytosol,
at the PAS and on the vacuolar membrane. Atgl8 is needed for autophagéermation, function which is
done with the help with Atg2 and Atg9 [31], in the regulation of PI(353nthesis at the vacuole [105] and
in vesicular transport from the vacuoles to the Galgi [104]. Atgl8 isirequn macroautophagy, being one
of the core eighteen protein, but also in the Guttdplasm tovacuoletargeting) pathway for the maturation
of Apel @mino peptidase 1), pexophagy iR pastoris[103], [L06] and PMN fiecemeal nucleophagy), mi-
croautophagy pathways in which parts of the nuclear membrane togethahwittucleoplasm are engulfed
by the vacuole [95]. For its autophagy related functions, Atg18 bindB,RBile for the vacuolar morphology
function, it binds PI1(3,5)P

Atg21 is a yeast PROPPIN involved in the Cvt pathway [107], [94] andNHRE]. Furthermore, it was
shown to be involved in pexophagy i pastoris[108] andP. angustd109]. In the Cvt pathway, Atg21 was
shown to function in the correct localization of Atg8 to the PAS [93], [110].
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Figure 1.3: Structural details of KIHsv2, the first PROPPIN paralog structurally characterized.

Top (A) and side (B) view of thgg-propeller of KIHsv2 (pdb accession number 4AV9 [1]). The cartogpresentation is colored in
rainbow colors with the N-terminal represented in blue and the C-terminadlinThe FRRG motif (C) is essential for phosphoinositide
binding. Its two arginines point towards two distinct binding pockets defiiyectystallographic sulfates.

Hsv2 (homologous of theswollen vacuole proteir), is the protein product of YGR233c gene [111]. Itis
important in the PMN pathway [95]. During the time course of this thesis, thetateiof Hsv2 was determined
in our laboratoryl[1] and in other groups [30], [2] i lactis (hereafter referred as KIHsv2) akd marxianus
The Hsv2 structure (Figute1.3 A, B) presents a seven blagedpropeller. Each blade is formed by four anti-
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parallel 3-strands connected by loop regions. These loops are not consan@ty PROPPIN parologs from
different species and have a variety of lengths. KIHsv2 has shortps laben compared to itS. cerevisiae
homolog (herafter referred as ScHsv2). It is hypothesized that tbeps give the differences in binding
partners and functions among the different paralogs, Atg18, Atg2Hamd. In the 3 A structure of KIHsv2,
there was not enough electronic density for the modeling of the loop ctingstrand C and D of blade 6 (loop
6CD). However, this loop was visible in a 3.35 A structure. This loop is shiovioe important for membrane
binding [30]. Interestingly, irP. pastoristhe phosphorylation of specific sites in the loop 6CD leads to Atg18
membrane binding, while phosphatates regulate its membrane detachment [106]

The structure allowed the characterization of the PI binding through thentmad FRRG motif (Figure
.3, C). Intriguingly, the two arginines in this motif (R219 and R220) pointedatdw two different pockets in
which sulfates from the crystallization condition bound in the crystal stractSulfates are known to suggest
the binding mode of phosphate functional groups in Pls [69] /[112]taglenesis of conserved residues in the
region around these two sulfates revealed in bothivo andin vitro experiments that there are two binding
pockets for PI3P and PI(3,5f1], [30].

1.6 pB-propellers are hubs of interaction

PROPPINs arg-propellers or WD40 repeat domains. The WD40 repeat domain is one tstealmmdant
interaction domains in eukaryotes. Being an old evolutionary domain, it carbaléound in bacteria [113].
WD40 containing proteins function in signal transduction, cell divisiotpskeleton assembly, chemotaxis and
RNA processing since they are staplgropeller structures to which other proteins, nucleic acids or lipids can
bind stably or reversibly.

The first structure of &-propeller was determined for the G protein heterotrimer|[114],/[115]e g
propeller structure is defined by the presence of several copies afO0WEpeats. In general, each repeat
contains 44-60 residue units with a glycine - histidine (GH) dipeptide abe@él&sidues from its N-terminus
and terminates with a tryptophan-aspartate (WD) doublet residues attdren@@rus [116]. Each of the repeat
folds into a four-stranded anti-parall@lta-sheet. There can be in between four and nine of tijesieeets per
WD40 domain protein. In general, the overall topology oftibi-propellers is such that the first tyistrands
at the N-terminal form a blade with the last two C-termifadtrands. This is called a velcro closure. However,
non-velcro topologies are known for Aiplp [117] and Hsv2 [1]) [3@]. Moreover, in the case of Sec13, the
structure shows an open propeller with six blades to which a seventh bladetithuted by the interaction
partner, Sec16 or Sec31 [118].

In terms of interactions, WD40 proteins are platforms for multiple modes of interscmaking them
central to many cellular processes that need several molecular plagera¢dogether [119]. Autophagy is one
of these processes in which eighteen core proteins work together to rtre@PAS into an autophagosome. In
yeast autophagy, PROPPINs are the gfigropellers involved. In mammalian autophagy, beside PROPPINS,
there are Atg16 [120], ALFY [89], TECPRL [92] and Ambral [121].
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1.7 Interaction partners of PROPPINs

Atg18 needs protein interaction partners that act synergistically with thiaéfhig to increase its membrane
affinity. It has two main functions and according to these functions, it iffeereht interactions partners. In
autophagy, Atg18 interacts with Atg2, while for its function in vacuolar molpdpit interacts with Vac7.[79].
Other important Atg18 interaction partners are:

o Atgl[122]
o Atg9 [123,31]

e Fabl, 1-phosphatidylinositol-3-phosphate 5-kinase, vacuolar memkiaase that generates PI(3,5)P
[111]

e UBI4, ubiquitin [124]
e Vacl4, involved in synthesis of PI(3,5)fL25,1126]
e Vacl7, phosphoprotein involved in vacuole inheritance|[111,|125], 105

e Pex13, peroxisomal importomer complex component; integral peroxisomal raeenprotein required
for docking and translocation of peroxisomal matrix proteins|[127]

e Pho85, cyclin-dependent kinase involved in regulating the cellular nsgpi nutrient levels and envi-
ronmental conditions and progression through the cell cycle [122]

Furthermore, Atg21 physically interacts with Atgl [122], Pho85 [122],PI8, an integral membrane
protein; localized to late Golgi vesicles along with the v-SNARE TIg2p [[128] @BI4 [129]. Similar yeast
high throughput screens that identified the interaction partners of Agdiyed that Hsv2 directly interacts
with Vps21, a Rab protein [130], Vam7, a SNARE protein [131], TVR1IE]land UBI4 [129].

It can be observes that all PROPPINs bind ubiquitin UBI4. This is inteiggtinote sinces-propellers are
known to bind ubiquitin folds [124] and there are two ubiquitin-like proteinsutophagy, Atgl2 and Atg3,
which were not yet shown to directly interact with PROPPINS.

In the human autophagy network, WIPI2 was shown to interact with Dregdectbnes and not interact with
the Atg2 homologs, which are the interaction partners of WIPI4 [32]. RbceAtgl6L1 was shown to be an
interaction partner of WIPI12k [133].

1.7.1 The Atg2-Atg18 complex

In S. cerevisiagAtg2 (product of YNL242w gene [134]) is a hydrophilic protein of 1258mino acids with
a molecular mass of 178 kDa. It has no known domain. In addition, Atg2dpssttranslational modifications
[135].

The first report of the YNL242w gene deletion mutant, identified Atg2 as itapbtin the process of
sporulation. Later, Atg2 was characterized as a peripheral membratg@npnvolved in the completion of the
autophagosome [136, 135, 137]. Yeast cells that have a deletion ofdsg2heir viability both in nutrient rich
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conditions and under starvation [135, 137]. Beside sporulation, Atg2slvawn to be important in autophagy
[137], CVT pathway|[136, 137, 135] and pexophagy [137].

The two most important interaction partners of Atg2 are Atg9 and Atg18. Adghenunoprecipitates with
Atg9 which is the only transmembrane protein involved in autophagy [133%][1Atg9 is suggested to supply
the PAS with lipids during its shuttling, helping in the expansion of PAS towardstarmmautophagosome.

Another interaction partner of Atg2 is Atg18. The exact function of the A¢@18 complex is unknown.
It was suggested to control the cycling of Atg9 between the PAS and aheesipcompartment that might be
the ER. This would lead to the elongation of the PAS. One way to look into theéidumevould be to study the
localization both in nutrient rich conditions and upon autophagy inductionrddéopy has shown that under
both normal nutrient conditions and starvation, Atg2 is localized at the PA$ahe cytosol[137]. However,
upon autophagy induction, more Atg2 is recruited to the PAS. Unfortungtedgt is too small to map the exact
localization of Atg2 by conventional microscopy techniques. Howevéangutuorescence microscopy in yeast
cells having an enlarged selective cargo of autophagosomes,it waserbdleat the Atg2-Atgl8 complex is
localized at the edge of the isolation membranes in close proximity to the ER ex{ls8€ds This observation
is strengthened by the fact that in mammalian cells, the Atg18 homolog, WIPIGused at the omegasomes,
ER-localized P3P-containing structures, for their progression into hagmsomes [96]. This is also true for
C. eleganswvhere the WIPI14 homolog, EPG-6 is required for omegasome maturatioh [EGE5-6 interacts
with Atg2.
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Figure 1.4: There are two working hypotheses for the recruitmen of Atg2-Atg18 complex to the autophagic membranes.

During autophagosome formation, the recruitment of Atg2-Atgl18 isntisde (A) The Ohsumi laboratory [79] proposes a model in
which the Atg2-Atg18 complex is formed in the cytosol and then recruiteda@atitophagic membranes. (B) The Reggiori laboratory
[139] argues that Atg2 binds first to the pre-autophagosomal steuahd subsequently, Atg18 binds to both PI3P and Atg2 forming a
tight complex.

Dissecting the recruitment of the Atg2-Atg18 complex at the PAS, two hypeshesn be discussed. The
molecular details of these hypotheses are schematically represented ia[EigurOhsumi’s laboratory has
shown that in Atg18 deficient cells, Atg2 fails to localize at the PAS [79]. Ttiservation led to further
characterization of the Atg2 and Atg18 interaction. They found that AtgRAg18 constitutively form a
cytosolic complex that is recruited to PAS by PI3P through the direct intereotiétgl18 with PI3P|[79, 140].
Alternatively, in the laboratory of Reggiori, it was shown that Atg2 bindst fit the PAS where it recruits Atg18
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[139]. This observation is based on the same experiment of Atg2 localizatisty18 deficient cells done in
Ohsumi lab. Contrary to the first results, in the case of the Reggiori ledygr&tg2 can localize at the PAS in
the absence of Atg18. However, a third laboratory [141] has showsaime results as the Ohsumi laboratory.
Moreover, in this report [139], bimolecular fluorescence complementéBidiC) was used to show that Atg2
and Atg18 interact only at the PAS.

However, Atg2-Atgl8 complex localization to the PAS is not dependent atwits ability to bind PI3P.
Atg2 cannot localize to the PAS in Atg9 deficient cells, while Atg9 localizes to &® iRdependent of the
presence of Atg2 [137]. This means that Atg9 helps in recruiting Atg2-&tgdmplex to the PAS. Structural
information on the interactions involved in this complex would settle the debate oadhgtment and function
of the Atg2-Atg18 complex.

One powerful method to study domains important for conserved intera¢gidosheck protein sequence
conservation. Atg2 is little conserved among species and has no knowirddtoavever, the N- and C- termini
have some degree of conservation among species. From the studieg\tf2hemolog inP. pastoris Gsall,
it is known that C-terminal domain is needed for the localization to the PAS [1d@teover, the N-terminal
was shown to be enough for PAS localization, but not enough for th@hagmsome formation function [141].
Furthermore, glycine 83 was shown to be important for the localization of &ighe PAS [[135]. These
facts indicate that the N-terminal domain is the interaction domain with Atg18, while-tieeminal domain is
needed for recycling Atg9. The Atg2 interaction sites on Atg18 were tBcenaracterized [2, 139] as being
located on the opposite site of the propeller as the PI binding sites. PositidnRPF and loops 54-58, 90-94
and 121-123 in Atg18 were shown to be important for binding Atg2.

The information available up to now suggests that the Atg18-Atg2 complex nayida in generating the
high curvature at the growing sites on the PAS. The complex is not traesipor the vacuole [137]. Indeed,
the yeast phosphatase Ymrl dephosphorylates PI3P before theagdepme fuses with the vacuole, freeing
the Atg2-Atg18 complex [142].

In the mammalian cells, there are two Atg2 paralogs, Atg2A and Atg2B. HumanfAgs studied in
yeast|[141] where its N-terminal domain could localize at the PAS but woatidumction properly. Also, the
human Atg2A would not interact with the yeast Atg9, while doing so with Atgbh8riestingly, in the human
system, Atg2A/B are not shown to interact with Atg9|[32]. Both Atg2A and &ge shown to function both
in autophagosome formation and regulation of lipid droplet morphology ampedi®n [143],[144]. In the
human autophagy network [32], Atg2A is shown to interact with WIPI1, WIRtg2B, Atg8 family members
and DnaJ chaperones, while Atg2B is shown to interact with WIPI4.

The human Atg2 proteins are not known to be involved in any disease vBavibeir paralogs, VPS13
family is involved in chorea acanthocytosis and Cohen syndrome [14%]airts, the Atg2-Atg18 is shown to
be important in powder mildew infection [146].

1.7.2 Arabidopsisthaliana Atg18a-WRKY33 complex

Autophagy is also conserved in plants where the vacuole uptakes cytosolonents. This was proven
by morphological studies followed by identification of the molecular playesethan sequence homology. In
plants, autophagy occurs both under nutrient starvation and as aprasabs during developmental stages,
storage of proteins in the vacuole, senescence etc.
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B. cinerea
A. brassicicola

Figure 1.5: Importance of Atg18a-WRKY33 complex in the plant resstance to necrotrophic pathogens.
Upon infection with necrotrophic pathogens suctBasinereaandA. brassicicola Atg18a and transcription factor WRKY33 form a
complex that is recruited to the nucleus. This complex is essential in thedaerise mechanism against necrotrohic pathogens.

Arabidopsis thalianaATG18-like genes were identified upon comparison of the sequence &.tbere-
visiae ATG18 with the A. thalianagenome sequence. There are eightthaliana Atg18 proteins named
AtAtg18a-AtAtg18h [101]. Phylogenetic analysis predicted that the AtAsgfd8m three major clusters:

e AtATG18a, c, d, and e cluster with the yeast protein Hsv2
e AtAtgl8b is most similar to yeast Atg18
e AtATG18f, g, and h form a separate clade

Similarly with human WIPI proteins, none of the eight plant Atg18 homologs dlsistéh the yeast Atg21.

Looking closer to AtAtg18a, under sucrose and starvation conditionsaitsdription increases [101]. In
addition, it is the only plant Atg18 upregulated in senescence and it matidarno the response of plants to
starvation. It is not required in normal nutrient-rich conditions, since AA8a RNAi plants are comparable
to the wild type ones. Similarly, the plants lacking AtAtgl8a are sensitive to oxelatress, drought or
salt [147, 148]. Furthermore, AtAtg2-AtAtgl8a complex is important in thiemkse response to the powdery
mildew fungusG. cichoracearuma biotrophic pathogen [146].

AtAtg18a was recently shown to interact with WRKY33 (AtWRKY33), a traiswn factor required for
resistance to necrotrophic pathogens [149]. Necrotrophic path&gemsst cells before colonizing them. The
host defends itself against these type of pathogens by using a systeaitiple genes involved in jasmonate
and ethylene signaling and synthesis of the phytoalexin camalexin [149eWo, there are indications that
other pathways are also involved. These pathways might be interrelatethe/MRKY 33 pathway.

WRKY transcription factors [150] are DNA binding proteins that are fefjug plant innate immunity,
microbe- or pathogen-associated molecular pattern-triggered immunity faetbeftriggered immunity. The
defining feature of the WRKY proteins are the DNA binding motif defined byatinéno acid sequence WRKY
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found at the N-terminal. WRKY proteins are mostly unstructured, nevedfeliee WRKY domain alone was
structurally characterized as being a novel zinc-finger. It consisadatfir-strande@-sheet, Cys/His residues
coordinating the zinc defining the zinc-binding pocket [151], [152].

When it comes to necrotrophic infections, both mutants in either AtAtg18a or VA3 show decreased
resistance t@. cinereaandA. brassicicola The interaction of these proteins was shown through yeast two-
hybrid screens and confirmed through co-immunoprecipitation. MoreAu&tg18a and AtWRKY 33 interact
in the nucleus through the C-terminal domain of AtWRKY33 [149]. The nudleteraction was visualized
through bimolecular fluorescence complementation.

This interaction opens interesting questions since this is the first instanceaoft@phagy protein present
in the nucleus. How is it translocated? Does it bind any Pl inside the nuclete@stingly, it was shown that
PI3P is present in the plant nucleus [153]. How does it regulate WRRYRB® answering this question, the
structural details of the AtAtg18a-AtWRKY33 interaction would be necegssar

1.8 Aims

The PROPPINSs Atgl8, Atg21 and Hsv2 are important in autophagy, Atgdri&isf the 18 core autophagic
proteins. Their structures are predicted to be similar, however they liffeedt functions in autophagic path-
ways. The details of how they perform their functions and what makes difg@nent from each other are not
known. Moreover, since they have different interaction partners, may\gas to get further knowledge on how
PROPPINs interact with membranes by combining X-ray crystallographyimihysical and computational
methods

The KIHsv2 structure was earlier determined in our group. Neither outhmiother published Hsv2
structures|[30,/2] contained bound Pl molecules. In order to get furbights into Pl binding of PROPPINs
on a molecular level, | performed docking studies. Another goal was tacteaize the non-specific membrane
binding of loop 6CD through coarse-grained and atomistic molecular dynasimdations as described in
Chapter 3 of this thesis.

In Chapter 4 of the thesis, | quantitatively characterized Pl binding of tee RROPPIN paralogs from dif-
ferent yeast. The purified proteins were characterized using isothétnaion calorimetry (ITC), thermofluor
and circular dichroism (CD) measurements.

Chapter 5 contains the structural characterizatidh ahgustaAtg18 (PaAtgl8), as one of the last undeter-
mined structures of the core autophagic complex. Atgl8 complexes areatfigierest. The chosen interaction
partners targets are Atg2 and AtWRKY 33, which were cloned and esguign this study.



2 Materials and Methods

2.1 Materials

2.1.1 Chemicals

Reagent grade chemicals were purchased from the following comparlieka (Buchs, Switzerland),
Merck (Darmstadt, Germany), Sigma-Aldrich (Steinheim/Seelze, Germaai})(Rarlsruhe, Germany), Serva
(Heidelberg, Germany), Roche (Basel, Switzerland). Chemicals usedofanalytical purity and chemicals
for crystallization were ultrapure quality. For crystallization, solutions fiemerald BioSystems, Hampton
Research and Qiagen were used. Further chemicals are listed infable 2.1.

Table 2.1: Chemicals

Chemical Company
HEPES GERBU Biotechnik
complete EDTA-free, Protease inhibitor tablet Roche
Ni-NTA Sepharose GE Healthcare
Gluthatione Sepharose 4B GE Healthcare
Strep-Tactin Sepharose IBA

SYPRO Orange Sigma

Nycodenz Progen
Na-cholate Sigma

Sephadex G-50 Sigma

IANBD Amide Invitrogen

2.1.2 Enzymes

Enzymes were ordered from the companies stated in[falle 2.2 and usedrasnended by the manufac-
turer.

19
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Table 2.2: Enzymes

Enzyme Company
Restriction enzymes NEB

T4 DNA Ligase NEB

Cre Recombinase NEB

Thrombin MP Biomedical
DNasel Applichem
Lysozyme Roth

Proteinase K Hampton Research
Trypsin Hampton Research
Subtilisin Hampton Research

Thrombin was prepared in Tris/EDTA buffer (10 mM Tris pH 7.4, 1 mM EDTApanixed with an equal
amount of glycerol.

2.1.3 Lipids

Lipids were ordered from the companies stated in table 2.3. They wereeshgsppowder and were dis-
solved in chloroform to the needed concentration and store) &t

Table 2.3: Lipids

Lipid Concentration Order No. Company

PC: L-a-phosphatidylcholine from egg, chicken 10/25 mg/ml 8400%1C/ Avanti Polar Lipids, Inc.
PE: L-a-phosphatidylethanolamine from brain, porcine 25 mg/ml 842002 Avanti Polar Lipids, Inc.
18:1 PI3P: 18:1 PtdIns3P: 1,2-dioleogrglycero-3- 1 mg/ml 850150P Avanti Polar Lipids, Inc.
phospho-(1’-myoinositol-3'-phosphate)

18:1 PI(3,5)P,: 1,2-dioleoylsn-glycero-3-phospho-(1'- 1 mg/ml 850154P Avanti Polar Lipids, Inc.
myo-inositol-3’,5'-bisphosphate) ammonium salt

TR-PE: 1,2-dihexadecanoydrglycero-3- 1 mg/ml T-1395MP Invitrogen
phosphoethanolamine, triethylammonium salt

18:1 (A9-Cis) DOPE: 1,2-dioleoylsnglycero-3- 850725C Avanti Polar Lipids, Inc.
phosphoethanolamine

18:1 (A9-Cis) DOPC: 1,2-dioleoylsnglycero-3- 850375C Avanti Polar Lipids, Inc.

phosphocholine

2.1.4 Kits

All kits used in this study are summarized in tablel 2.4. They were used as recaladney the manufac-
turer.



2.1 Materials 21

Table 2.4: Kits used in this study

Kit Company

Phusion High-Fidelity PCR Kit NEB

NucleoSpin Plasmid kit Macherey & Nagel
NucleoSpin Extract Il kit Macherey & Nagel
QIAquick PCR Purification kit Qiagen

QIAquick Gel Extraction kit Qiagen

NucleoBond PC100 Macherey & Nagel
NucleoBond Xtra Macherey & Nagel
Chaperone Plasmid Set Takara Clontech
QuickChange Ligthning Site-Directed Muta-Agilent Technologies (Stratagene)
genesis kit

Western Lightening?lusECL Perkin Elmer

ADDit - Additive Screen Emerald BioSystems
pHat Buffer Block Emerald BioSystems

2.1.5 Columns for chromatography

All columns listed below in table 2.5 where used, as recommended by the mamafam combination
with an Akta Purifier FPLC system (RT) or with the Akta Prime FPIUC(). For desalting the NBD-labeled
proteins, PD-10 Desalting Columns (GE Healthcare) were used.

Table 2.5: Chromatography columns

Column Company

1 ml/5 ml His-Trap FF column GE Healthcare

5 mL Protino Ni-NTA column Macherey & Nagel
5 ml Strep-Trap column GE Healthcare

5 ml GSTrap column GE Healthcare

5 mL Protino GST/4B Column Macherey & Nagel
HiLoad 16/60 Superdex 75 prep grade GE Healthcare

2.1.6 Antibodies

All antibodies used in this study are listed in table 2.6.
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Table 2.6: Antibodies
Antibody Company
Ms mADb to GST Abcam
Hsv2 (CGEPTRWELVRESWREL) gift from Prof. M. Thumm
Hexa-Histidine tag (DIA900) Dianova
murine Strep-tag Il IBA GmbH
Penta His HRP conjugate Qiagen GmbH
rabbit polyclonal anti-HA Sigma
goat polyclonal mouse IgG (HRP labeled) BioRad Laboratories GmbH
goat polyclonal rabbit IgG (HRP labeled) BioRad Laboratories GmbH
2.1.7 Buffers and media
All buffers used in this study are listed in table]2.7, while media are summarizebl&ias.
Table 2.7: Buffers
Buffer Content
PBS 150 mM NaCl, 20 mM NgPOy pH 7.4
PBS-T PBS buffer + 0.05% (v/v) Tween 20
SDS-PAGE Running buffer 10x 30.3 g/L Tris, 144.6 g/L Glycité g/L SDS, pH 8.4
Transfer buffer 2.9 g/L (w/v) Glycine, 5.8 g/L (w/v) Tris, 3 g/L (w/v) SDS, 20 % (v/v) Methanol
TAE 50x 242 g/L Tris, 57, 1 ml/L glacial acetic acid, 100 ml/L 00&M EDTA stock
Lysis buffer 50 mM HEPES pH 7.5, 500 mM NacCl, 20 mM imidazole, 1 mM Nig@ablet of Roche protease inhibitors,
spatula of DNase I, spatula of lysozyme
HisTrap buffer A 50 mM HEPES, 500 mM NacCl, 20 mM imidazole, pH 7.5
HisTrap buffer B 50 mM HEPES, 500 mM NacCl, 500 mM imidazole, pH 7.5
StrepTrap/GSTrap buffer A 50 mM HEPES, 500 mM NaCl, pH 7.0
StrepTrap buffer B 50 mM HEPES, 500 mM NacCl, 2.5 mM desthiobijqitt 7.0
GSTrap buffer B 50 mM HEPES, 500 mM NacCl, 20 mM gluthatione, pH 7.0
Gel filtration buffer 30 mM HEPES, 300 mM NaCl, 1 mM DTT, pH 7.0
Resolving gel buffer 1.5 M Tris, 0.4% SDS, pH 8.8
Stacking gel buffer 0.5 M Tris, 0.4% SDS, pH 6.6
SDS-PAGE buffer 9 g SDS, 30 g glycerol, 0.02 g bromphenol H8e75 mL of 1 M Tris pH 6.8, 90 mL H20; for use mix: 9
parts of premix and 1 part beta-mercaptoethanol (end coratimtr3.3 %)
CD buffer 30 mM NaH POy /NagHPO4 pH 7.4, 150 mM NaF
HP150 20 mM HEPES pH 7.4, 150 mM KCI
B88 buffer 20 mM HEPES pH 6.8, 250 mM sorbitol, 150 mM KOAc, 5 mM Mé@-
Table 2.8: Media
Media Content
Luria  Bertani medium 10 g/L tryptone, 5 g/L yeast extract, 10 g/L NaCl
(LB)

18 g/L of agar was added for plates
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Table 2.8: Media

Media Content

Terrific  broth  medium 12 g/L tryptone, 24 g/L yeast extract, 0.4 % glycerol, 2.3 i§H POy,
(TB) 12.54 g/L KkHPOy

ZYM5052 ZYuptollL 10 g/L N-Z-Amine AS (Sigma) and 5 g/L yeastraxt-B (QBIOgene)

20 mL 50x5052

20 mL 50xM

200uL 1000x trace metals mixture

2mL 1M MgSO,

250 g/L(w/v) glycerol, 25 g/L (w/v) glucose, 1§10 (w/v) a-lactose mono-
hydrate
222.5g/L (w/v) NaHPOy x 2 H2 O, 170 g/L (w/v) KHx POy, 134 g/L (Wiv),
NH4CI, 35.5 g/L NaSOy
50 mM Fe, 20 mM Ca, 10 mM Mn, 10 mM Zn, 2mM2ZoM Cu, 2 mM
Ni, 2 MM Mo, 2 mM Se, 2 mM B

ZYM505 ZYuptollL
10 mL 100x505
20 mL 50xM

200 L 1000x trace metals mixture

2mL 1M MgSOy

10 g/L N-Z-Amine AS (Sigma) and 5 g/L yeast exdr-B (QBIOgene)
500 g/L(w/v) glycerol, 55 g/L (w/v) glucose
222.5 g/L (wiv) NaHPOy x 2 Hy O, 170 g/L (wWiv) KHy POy, 134 g/L (Wiv),
NH4Cl, 35.5 g/L N&SOy
50 mM Fe, 20 mM Ca, 10 mM Mn, 10 mM Zn, 2mM20oM Cu, 2 mM
Ni, 2 mM Mo, 2 mM Se, 2 mM B

MD5052 50 mL aspartate
20 mL 50x5052

20 mL 50xM

200 L 1000x trace metals mixture

2mL 1 M MgSOy
Autoclaved dHO upto 1L

250 g/L(wi/v) glycerol, 25 g/L (w/v) glucose, 1§ (w/v) a-lactose mono-
hydrate
222.5g/L (w/v) NgHPOs x 2 H2 O, 170 g/L (w/v) KHx POy, 134 g/L (Wiv),
NH4CI, 35.5 g/L Na SOy
50 mM Fe, 20 mM Ca, 10 mM Mn, 10 mM Zn, 2mMZoM Cu, 2 mM
Ni, 2 mM Mo, 2 mM Se, 2 mM B

SD-ura 3.5 g S-ura powder

10 g glucose
up to 500 mL dHO

25.1 g yeast nitrogen base withmointoeacids and without ammonium sul-
fate, 75.4 g Ammonium sulfate, 450 mg Isoleucine, 2.25 g Vak®® mg
Adenine, 300 mg Arginine, 300 mg Histidine, 450 mg Leucine, 450g
sine, 300 mg Methionine, 750 mg Phenylalanine, 300 mg Tryptop#a0
mg Tyrosine

3XYP + 6% galactose

30 g yeast extract, 60 g peptone; fill up to 700 mL dH20
60 g galactose in 300 mL dH20O; autoclave
after autoclaving, mix the two solutions

YP + 3% glycerol + 2%
ethanol + 2% galactose

10 g yeast extract, 20 g peptone, 30 mL glycerol; up to 880 mL dH20
autoclave

20 g galactose in 100 mL dH20; autoclave

mix after autclaving and add 20 mL ethanol

SOC

2 % tryptone, 0.5 % yeast extract, 10 mM NacCl, 2.5 mM KCI
after autoclaving add 10 mM Mggl 10 mM Mg SOy; 20 mM glucose

Minimal media with selenomethionine
1 | culture consists of:

200 ml 5x M9 stock solution (15 g/l (w/v) KEPOy, 5 g/l (w/v) NH,ClI, 2.5 g/l (w/v) NaCl)

800 ml autoclaved water
1 ml of 1 M MgSQ, (autoclaved)
20 ml 20 % glucose (w/v) (sterile filtered)

100 ul of 0.5 % (w/v) thiamine vitamin (sterile filtered)
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1 ml of 4.2 g/l (w/v) FellSQ (sterile filtered)

For inoculation an over night culture was harvested and spun down aplead and washed with in M9 media
to remove all full media components. The culture in minimal media was grown un@anf 0.3 at 600 nm.
At this point solid amino acids were added:

100 mg/l (w/v) L-Lysine

100 mg/l (w/v) L-Phenylalanine

100 mg/l (w/v) L-Threonine

50 mg/l (w/v) L-Isoleucine

50 mg/I (w/v) L-Leucine

50 mg/l (w/v) L-Valine

50 mg/l (w/v) L-Selenomethionine

About 15 min after amino acid addition the expression was started with 1 mM IPTG.

2.1.8 Antibiotics

The following antibiotics were prepared as 1000x stock solutions. Ampicilénfgmycin and kanamycin
were prepared in deionized water, chloramphenicol powder waspesded in 70 %. All solutions were filter
sterilized and stored a0 °C.

Ampicillin (100 pg/ml (w/v))
Kanamycin (3Qug/ml (w/v))
Gentamycin (2Qug/ml (w/v))
Chloramphenicol (3g/ml (w/v))

2.1.9 Yeast and bacterial strains

. coliBW23474 - cloning strain for plasmids with R6korigin
. coliDH5« - standard cloning strain

. coli XL1-blue - standard cloning strain

. coliBL21(DE3) - expression strain

. coli Rosetta2(DE3)pLysS - expression strain

. coli ArcticExpress(DE3) - expression strain

. cerevisia&’258 - expression strain

o mmimimmm

2.1.10 DNA constructs

In the following tablé 2.9 all used plasmids are stated.
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Table 2.9: DNA constructs generated and used in this study

Vector Gene Affinity Cleavage Cloning Resistance Source
tag sites sites
pET-28(a)+ 6xHis thrombin Kan Novagen
pETM-20 6xHis TEV Amp EMBL
pETM-41 6xHis TEV Kan EMBL
pETM-60 6xHis TEV Kan EMBL
pBADM-41(+) 6xHis TEV Amp EMBL
pBADM-60(+) 6xHis TEV Amp EMBL
pGex-4T-1 GST thrombin Amp
pAcel Amp |. Berger
pAcel-N-His 6xHis thrombin Amp A. Scacioc
pAcel-N-Strepll Strepll thrombin Amp A. Scacioc
pDk Kan |. Berger
pDk-Strepll Strepll thrombin Kan A. Scacioc
pGex-6P-1 ScAtg18 GST Prescission Amp M. Thumm
pGex-4T-1 ScAtg21 GST thrombin Amp M. Thumm
pET-28a(+) PaAtg18 6xHis thrombin Ndel/Xhol Kan R. Busse
pET-28a(+) KlAtg21 6xHis thrombin Ndel/Xhol Kan R. Busse
pAcel-N-His CtAtg18 6xHis thrombin Ndel/Xhol Amp 0. Yagensk
pETM-20 CtAtg18 6xHis TEV Notl/Ncol Amp O. Yagensky
pETM-41 CtAtg18 6xHis TEV Notl/Ncol Kan O. Yagensky
pETM-60 CtAtg18 6xHis TEV Notl/Ncol Kan O. Yagensky
pBADM-41(+) CtAtg18 6xHis TEV Ncol/Xhol Amp O. Yagensky
pBADM-60(+) CtAtg18 6xHis TEV Ncol/Xhol Amp O. Yagensky
pGex-4T-1 CtAtg18 GST thrombin BamHI/Xhol Amp O. Yagensky
pGex-4T-1 ScHsv2 GST thrombin BamHlI/Xhol Amp M. Thumm
pGex-4T-1 ScHsv2(R264A) GST thrombin BamHI/Xhol Amp R. Busse
pGex-4T-1 ScHsv2(H294A) GST thrombin BamHI/Xhol Amp R. Busse
pET-28a(+) PaAtg18(no cys, S51C) 6xHis thrombin Ndel/Xhol anK A. Scacioc
pET-28a(+) PaAtg18(no cys, S81C) 6xHis thrombin Ndel/Xhol ankK A. Scacioc
pET-28a(+) PaAtg18(no cys, C113) 6xHis thrombin Ndel/Xhol arK A. Scacioc
pET-28a(+) PaAtg18(no cys, S157C) 6xHis thrombin Ndel/Xhol Kan A. Scacioc
pET-28a(+) PaAtg18(no cys, S448C) 6xHis thrombin Ndel/Xhol Kan A. Scacioc
pET-28a(+) PaAtg18(no cys, S459C) 6xHis thrombin Ndel/Xhol Kan A. Scacioc
BG1805 ScAtg2 6xHis 3C Amp Thermo Scientific
Open Biosystems
pET-28a(+) ScAtg2(1-307) 6xHis thrombin Ndel/Xhol Kan Savid
pET-28a(+) ScAtg2(1-327) 6xHis thrombin Ndel/Xhol Kan Savid
pET-28a(+) ScAtg2(1-354) 6xHis thrombin Ndel/Xhol Kan Savidl
pET-28a(+) ScAtg2(1-157) 6xHis thrombin Ndel/Xhol Kan Savidl
pET-28a(+) ScAtg2(1-229) 6xHis thrombin Ndel/Xhol Kan Savid
pET-28a(+) ScAtg2(1-289) 6xHis thrombin Ndel/Xhol Kan Savid
pET-28a(+) ScAtg2(1-189) 6xHis thrombin Ndel/Xhol Kan Savidl
pAcel-N-His CtAtg2(1-168) 6xHis thrombin Ndel/Xhol Amp Oalyensky
pDk-Strepll CtAtg2(1-168) Strepll thrombin Ndel/Xhol Kan . @agensky
pBADM-41(+) CtAtg2(1-161) 6xHis TEV Ncol/Xhol Amp S. David
pBADM-41(+) CtAtg2(1-168) 6xHis TEV Ncol/Xhol Amp S. David
pBADM-41(+) CtAtg2(1-279) 6xHis TEV Ncol/Xhol Amp S. David
pBADM-41(+) CtAtg2(1-183) 6xHis TEV Ncol/Xhol Amp S. David
pBADM-41(+) CtAtg2(1-206) 6xHis TEV Ncol/Xhol Amp S. David
pBADM-41(+) CtAtg2(1-218) 6xHis TEV Ncol/Xhol Amp S. David
pBADM-41(+) CtAtg2(1-266) 6xHis TEV Ncol/Xhol Amp S. David
pBADM-41(+) CtAtg2(1-270) 6xHis TEV Ncol/Xhol Amp S. David
pBADM-41(+) CtAtg2(1-244) 6xHis TEV Ncol/Xhol Amp S. David
pAcel-N-His AtAtgl8a 6xHis thrombin Ndel/Xhol Amp A. Scaci
pAcel-N-Strepll AtWRKY33 Strepll thrombin Ndel/Xhol Amp Acacioc

2.1.11 Oligonucleotides

Oligonucleotides were ordered from Sigma-Genosys and purchasegthBigma Aldrich Chemie GmbH
(Steinheim, Germany) or Eurofins Genomics (Ebersberg, Germany)Thaf the PCR primers was calcu-
lated using http://eu.idtdna.com/analyzer/Applications/OligoAnalyzer/Default.@dpaligonucleotides used
in this study are listed in table ZJ10.
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Table 2.10: Oligonucleotides ordered especially for this study

Materials and Methods

Name

Sequence 5'-3’

Tm (°C) matching
(full) sequence

CtAtg18_Ncol_f
CtAtg18_BamHI_f
CtAtg18_Xhol_r
CtAtg18_Notl_r
CtAtg2_1_168_Ndel_f
CtAtg2_1_168_Xxhol_r
Ct Atg2 1_168_Ndel_f
Ct Atg2 1_218_Xhol_r
Ct Atg2 1_244_Xhol_r
Ct Atg2 1_279_Xhol_r
Sc Atg18_Nco_f

Sc Atg18_Xhol_r

Sc Atg18_Ndel_f

Sc Atg18_Notl_r

Sc Atg2 1_Ndel_f

Sc Atg2 1_137_Xhol_r
Sc Atg2 1_354_Xhol_r
Sc Atg2 1_189_Xhol_r
Sc Atg2 1_209_Xhol_r
Sc Atg2 1_229 Xhol_r
Sc Atg2 1_269_Xhol_r
Sc Atg2 1_289_Xhol_r
Sc Atg2 1_307_xhol_r
Sc Atg2 1_320_Xhol_r
Sc Atg2 1_327_Xhol_r
Sc Atg2 1_349_Xhol_r
PaAtg18_C45A_fwd
PaAtg18_C59A_fwd
PaAtg18_C113A_fwd
PaAtg18_C515A fwd
paAtg18_C45A_rev
paAtg18_ C59A_rev
paAtg18_C65A_rev
paAtgl8_C113A_rev
paAtg18_C515A_rev
paAtgl8_C65_fwd2
paAtg18_S51C_fwd
paAtg18_S51C_rev
paAtg18_S81C_fwd
paAtg18_S81C_rev
paAtg18_S157C_fwd
paAtgl8_S157C_rev
paAtgl8_S459C_fwd
paAtg18_S459C_rev
paAtgl8_S448C_fwd
paAtgl8_S448C_rev
pAcel_Xhol_Fwd
pAcel_Ncol_Rev
pDK_Xhol_Fwd
MIE_Ndel_Fwd
MIE_Xhol_Rev
pBAD_Rev
pBADM-20(+)_Fwd
pBADM-30(+)_Fwd
pBADM-41(+)_Fwd
pBAD-52(+)_Fwd
pGex_rev
T7_ctrl_Fwd
T7_ctrl_Rev
Lac_ctrl_Fwd
Lac_ctrl_Rev

AGTCGTCCATGGCCGCGACTTTAAACTATGTCAC
CCAGTAGGATCCATGGCCGCGACTTTAAACTATGTCAC
AGTCGTCTCGAGTTATTACACTCCATAAGCAC
AGTCGTGCGGCCGCCTCGAGTTATTACACTCCATAAGC
TCTATACATATGGCGTCCTTTTTCCAGTC
ATCACTCTCGAGTTATTATATACTCGCCCCTAAATCTTG
TCTATACATATGGCGTCCTTTTTCCAGTC
ATCACTCTCGAGTTAAGGGACCTCAACATCGCCCTG
ATCACTCTCGAGTTACGTCACACCCTCAACATTAATAC
ATCACTCTCGAGTTAGCAGCGCGGATATTGTTCAG
TCTATACCATGGAGATGAGCGATAGCAGCCCAACC
ATCACTCTCGAGTTAGTCCATCAAAATCGAATATTGAG
TCTATACATATGAGCGATAGCAGCCCAACC
ATCACTGCGGCCGCTTAGTCCATCAAAATCGAATATTGAG
TCTATACATATGGCATTTTGGTTACCTC
ATCACTCTCGAGTTAAGAGCTAATGTCATCTTCTTTG
ATCACTCTCGAGTTAGCTTTCATTGGCATCCAAATGTG
ATCACTCTCGAGTTACACTATGAAACGTATGGTAACGTC
ATCACTCTCGAGTTAAATAAGTTGTATGCTTTCTAG
ATCACTCTCGAGTTATTGTATTGAGGAAATGGTG
ATCACTCTCGAGTTATGATTGCTCTTCCATGGCGTC
ATCACTCTCGAGTTACTTGCACTTATCATTCTCTTG
ATCACTCTCGAGTTACGATGATAAACCCTTAAAAGC
ATCACTCTCGAGTTAAATATCAATAACAATATTAGACATTC
ATCACTCTCGAGTTATATCGCTAAATGAACATCC
ATCACTCTCGAGTTACAAATGTGTAACAATGATATC
AACCAGGACTTCTCCGCTGTGTCAGTGGGTTATAG
GGTATAAAATCTATAATGCTGAGCCGTTCGGCCAG
CGTCAAACCACCATCGCTGAACTGACCTTTCC
GAACGTGGCGGTGACGCTGTCCTGCTGCAC
CTATAACCCACTGACACAGCGGAGAAGTCCTGG
CTGGCCGAACGGCTCAGCATTATAGATTTTATACC
GCTTTTCGAATAAGCCTGGCCGAACGGCTC
GGAAAGGTCAGTTCAGCGATGGTGGTTTGACG
GTGCAGCAGGACAGCGTCACCGCCACGTTC
TGAGCCGTTCGGCCAGGCTTATTCGAAAAGC
GTGTCAGTGGGTTATTGCAATGGGTATAAAATC
GATTTTATACCCATTGCAATAACCCACTGACAC
GTGGAAATGCTGTTCTGCTCATCTCTGCTGGC
GCCAGCAGAGATGAGCAGAACAGCATTTCCAC
CGATTGAAACCCCGTGCAATCCGAATGGTC
GACCATTCGGATTGCACGGGGTTTCAATCG
GTGGTGGGTGTTGGTTGTAAAATCTGGGACG
CGTCCCAGATTTTACAACCAACACCCACCAC
CTGAAAGTTCCTGCTTGCAAAGAAACCAAAACC
GGTTTTGGTTTCTTTGCAAGCAGGAACTTTCAG
CGTCTCGAGAGATCCGGCT
TGCCCATGGGTATATCTCCTTCTTAAAG
CGTCTCGAGACTAGTTCCGTT
ATACATATGAGGCCTCGG
TCTCTCGAGACGCGTTCG
CTTCTGCGTTCTGATTTAATCTG
CATCATCATCATCATTCTTCTGG
ATAGCATGGCCTTTGCAGG
TCGTCAGACTGTCGATGAAGCC
CATCACCATCACCATCAC
GAGCTGCATGTGTCAGAGG
TCACTATAGGGGAATTGTGAGCGG
CTAGTTATTGCTCAGCGGTGGC
GTATGTTGTGTGGAATTGTGAGCG
TACGAAGTTATCTGCCAGGCAC

59.3 (65.1)
59.3 (65.5)
55.1 (60.4)
52.9 (68.6)
55.5 (58)
51.5 (60.7)
55.5 (58)
61.6 (66.4)
53.6 (62.4)
56.8 (64.5)
61.3 (65.4)
49.9 (60.2)
59.9 (60.9)
49.9 (63.3)
50.4 (54.8)
55.6 (60.2)
53.5 (63.5)
53.5 (62.1)
45.4(57.9)
47.3(59.4)
60.1 (65.4)
49.1 (60.4)
49.4 (60.6)
45.9 (60.6)
46.9 (59.1)
44.9 (58.2)
776

75.2

75.9

79.7

74.9

75.2

75.6

75.9

79.7

75.8

742

74.2

79.1

79.1

775

775

777

777

75.4

75.4

58.7
41.2(57.9)
56

50.8

56.8

51.9

51.4

55.8

58.8

50.5

55.8

58.3

58.1

56.6

56.9
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2.2 Experimental methods

2.2.1 Molecular cloning

Standard methods were used for molecular clonf@R’s were done with the Phusion High-Fidelity PCR
kit. The reaction mixture for one elongation reaction is given in Tablel 2.1&.r&hction mixture was split in
three PCR tubes. The PCR program is given in Tablel 2.12 Elongation timedjvesteal to template length.

Furthermore the annealing temperature was chosen according to the meltirgatmgof the primers (see
table[2.10).

Table 2.11: PCR reaction mixture

Component Volumey(L) in 75 pL reaction
Template DNA 5ng/ 1 kb of the template

5x Phusion HF 1%L

Forward primer (5:M) 6 ul

Reverse primer (xM) 6 ulL

dNTP-mix (10mM) 1.50L

Phusion polymerase (2 ul) 0.75uL

Deionized water Up to 7&L of the final volume

Table 2.12: PCR program

Step Time Temperature

Initial denaturation 30 sec 96

Denaturation 5sec 9€

Annealing 15 sec higher Tm of the matching sequence

for the pair of primers + &C; touch
down -0.7/cycle

Elongation 15 sec/kb =

Repeat 14 times

Denaturation 5sec 9€

Annealing 15 sec lower Tm of the full length sequence
for the pair of primers

Elongation 15 sec/kb =

Repeat 6 times

Final extension 3 min Z

Storage 8c
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The PCR products were analyzed by DNA electrophoresis in 0.8% aggebsun in TAE buffer under 90
V voltage for 1 hour. Next, PCR products were digested with Dpnl (0;38_-Udvernight, 37C) to remove the
methylated template vector. The restriction was stopped by 20 min incubatiotGtBie PCR products were
purified using QlAquick PCR Purification Kit (Qiagen). The resulting praidogether with the destination
vectors were digested overnight or 4 hours &@with the chosen pair of restriction enzymes (NEB). Optimal
digestion conditions were selected according to the recommendations of thactarer. Digested inserts
were then purified using QIAquick PCR Purification Kit. Digested vectonewen on 0.8% agarose gel and
subsequently extracted using the QIAquick Gel Extraction Kit (Qiagen).

Ligation of inserts with the digested vectors was performed using T4 ligasecedtration of vector was
set to approximately 20 ng and vector to insert molar ratio was 1:4ul0&F T4 ligase (400 ULL, NEB) and
1.0 uL of 10x T4 buffer (NEB) were added to a total volume of AD. Ligation was performed for 1 hour at
room temperature.

The resulting construct (4L) was transformed ifEscherichia coliXL1-Blue or DH5x chemocompetent
bacteria. Bacteria were incubated with DNA for 30 min incubation on ice. Ne&tbacteria DNA mixture
underwent a heat shock: 45 se®@2n a water bath, 2 min°C. Subsequently, bacteria were mixed with 900
uL pre-warmed SOC medium and incubated for 1 h &iG3Wwith shaking. Transformed bacteria were plated
on LB-agar plates with supplemented antibiotic.

The cloning of the correct insert was checked by colony PCR. Eigbhims from each plate were trans-
ferred to a new LB-agar plate with antibiotics with a sterile tip that subsequeasywashed in 1L of PCR
mix. Tag polymerase (Qiagen) and vector specific primers (Tablé 2.1@)wsed for the colony PCR. Recipe
of the mix for 10 reactions is given in Takllle 2113 and the program used ie[Pabd. The resulting DNA was
checked for expected size using a 0.8% agarose gel.

Table 2.13: PCR reaction mixture for colony PCR

Component Volumey(L)
Deionized water 71
Forward primer 8

Reverse primer 8

dNTP (10 mM) 2

10x Taq buffer (Qiagen) 10

Tag polymerase (Qiagen) 1




2.2 Experimental methods 29

Table 2.14: PCR program for colony PCR

Step Time TemperaturéQ)
Initial denaturation 2 min 94
Denaturation 15 sec 94

Annealing 30 sec Tm-5
Elongation 15 sec/kb 72

Repeat 30 time

Storage 8

In order to isolate plasmids, two colonies that showed the correct insgthlemere inoculated into 6 mL
of ZYM505 medium with an appropriate antibiotic and incubated overnigh?&t 3vith shaking. Plasmids
were isolated using NucleoSpin Plasmid kit (Macherey-Nagel). Purifiexinites were checked by sequencing
(Eurofins, MWG Operon).

For the recombination of a pAcel-N-His vector with pDk-N-Strepll vettogenerate a pACEMBL plas-
mid, Cre recombinase was used. pDk and pAcel-N-His plasmids in amoliptgoéach were mixed together
with 2 uL of Cre recombinase and 2L of 10x Cre buffer in a 2QuL reaction mixture. The reaction was
incubated for 1 h at L. XL1-Blue bacteria were transformed with recombined vector and watedon
the LB-agar medium supplemented with kanamycin and ampicillin. Next day,dfotire resulting colonies
were inoculated in 6 mL ZYM505 medium with kanamycin for overnight growtlasmids were isolated and
checked for correct restriction digest pattern.

Mutagenesis of PaAtgl8 was done using the QuickChange Ligthning sietetirmutagenesis kit. The
PCR mix contained I 10x reaction buffer, 20 ng DNA template,td dNTP mix, up to 50ul H,O and 1ul
PfuUltra HF DNA polymerase (2.5 WI). The reaction volume was split in two and the PCR primer solution
volume corresponding to 125 ng oligonucleotide of fwd primer was addecifirt one and similarly, 125 ng
oligonucleotide primer was added in the second one. The PCR reactionmagh the program given in Table
[2.15. Afterwards, template DNA was digested by Dpnli-treatment. Finally, @ product was transformed
with E. coli XL1-blueGOLD supercompetent cells.

Table 2.15: PCR program for mutagenesis

Step Time Temperature’C)
Initial denaturation 30 sec 98
Denaturation 15 sec 98

Annealing 30 sec 55

Extension 35sec/ 1 kb plasmid size 72

repeat 5 times
mix the two reactions

repeat the above program 13 times
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Step Time Temperature’C)
Final extension 3 min 72
Storage 8

2.2.2 Protein expression and purification
2.2.2.1 Protein expression test

Proteins of interest were expressedEncoli strains in which the expression plasmid with the gene of
interest was transformed. Pre-culture was prepared by inoculatiosin§ie BL21(DE3) colony into 100 mL
of ZYM505 medium followed by overnight growth at 32 with shaking. Pre-culture (0.5 mL) was inoculated
into 200 mL of medium with antibiotic. LB, TB, ZYM5052 and MD5052 media weredio test expression
at different temperatures conditions. All cultures were grown &C3Intil induction time, i.e., their OFg
reached a value close to 0.6. Next, incubation temperature was chamgediagly. LB and TB cultures were
induced with 1 mM or 0.1 mM IPTG in the caseBf promoter or 0.01 mg/mL arabinose in the casar@BAD
promoter. 50 mL of cultures were harvested at different time points.

Harvested culture was centrifuged 4’000 rpm, 20 mitC 4Pellets were resuspended in 5 mL of the lysis
buffer. Resuspended cells were lysed by sonication (3 cycles ofc3ibngeilse and 30 sec rest on ice). Bac-
terial lysate (3 mL) were collected and centrifuged 13’000 rpm, 30 nfi@, After centrifugation, 2 mL of
supernatant were incubated with equilibrated*Nior GST-sepharose beads for 2 hours or overnight@t 4
Whole cell lysate (5QuL), supernatant after centrifugation (o) and beads sample were collected for the
SDS-PAGE analysis.

2.2.2.2 Protein expression and purification

Expression strains, media, temperatures and durations are summarizbte[@. I8 for all proteins used in
this study.

Table 2.16: Expression conditions for proteins used in this study

Protein Media TemperaturéQ) Duration
ScAtgl18 B 18 over night
ScAtg21 TB 18 over night
CtAtgl18 MD5052 18 over night
PaAtg18 (and mutants) ZYM5052 25 over night
KIAtg21 ZYM5052 22 over night
ScHsv2 (and mutants) ZYM5052 25 over night
MBP-CtAtg2(1-270) B 25 over night
MBP-CtAtg2(1-279) B 25 over night

AtAtgl8a MD5052 18 5h
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Protein Media TemperaturéQ) Duration
AtWRKY33 MD5052 18 5h

Pre-culture oE. coliBL21(DE3) was prepared in 100 mL ZYM505 medium by inoculating a singlergolo
After overnight incubation, 10 mL of pre-culture were inoculated into sixflaksks, in 1 L of medium each.
Expression was done, as optimized during the expression test, as sunarrafiakle tab:expressionconditions.

After incubation, cultures were harvested and centrifuged (4’000 géhmin, £C). Pellets were resus-
pended by shaking in 10 mL of lysis buffer without lysozyme. Cells wera@egeising microfluidizer M-110L
(Microfluidics Corporation) by pumping them through the system three timek lyGates were spun down at
14’000 rpm, 45 min, 4C. The supernatant, containaing the soluble protein fraction, was filtereaigthn 0.4
pm filter.

Filtered supernatant was loaded on the specific affinity column as followkts\& (and its mutants),
ScAtgl18 and ScAtg21 were purified using GSTrap, AtWRKY33 using g$tem, while the rest of the pro-
teins were purified using a HisTrap. Purifications were done using AktzeRsystem. The HisTrap purification
was a gradient elution. Its program is summarized in Teblel 2.17. The priddeithed on the StrepTrap and
GSTrap columns were eluted in a step elution as shown in Table 2.18.

Table 2.17: Purification program for HisTrap. X* - injected volume.

Step Breakpoint (mL) % Buffer B Flow rateFraction size Position
(mL/min) (mL)

Equilibration 0 0 5 0 Load
Sample inject 50 0 1 7 Inject
Wash 50 + X* 0 15 7 Load
1st gradient 150 + X 0 2 Load
2nd gradient 200 + X 20 2 Load
Elution 250 + X 100 1 2 Load
End 300+ X 100 1 2 Load

Table 2.18: Purification program for GSTrap and StrepTrap

Step Breakpoint (mL) % Buffer B Flow rateFraction size Position
(mL/min) (mL)

Equilibration 0 0 5 0 Load

Sample inject 50 0 1 7 Inject

Wash 50 + X* 0 15 7 Load

Step 150 + X 0 1 2 Load
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Step Breakpoint (mL) % BufferB Flow rateFraction size Position
(mL/min) (mL)

Elution 150.1 + X 100 1 2 Load

End 200+ X 100 1 2 Load

After the affinity chromatography, the collected samples were checkeB8yFRAGE. Fractions containing
the protein of interest were pooled together and concentrated to the vofdimelo Before loading the protein
sample on the gel filtration column, it was filtered through ayr®filter. Gel filtration was performed in order
to improve protein purity and remove aggregates. The gel filtration waerpetl as desribed in Takle 2119.

Elution fractions were analyzed by SDS-PAGE. The fractions containiagtbtein of interest were pooled
and concentrated to 10-40 mg/mL.

Table 2.19: Purification program for gel filtration

Step Breakpoint (mL) % BufferB Flow rateFraction size Position
(mL/min) (mL)

Inject 0 1 0 Inject

Void volume 7 0 1 0 Load

Elution 40 0 1 2 Load

End 127 0 1 2 Load

2.2.3 Biochemical methods

2.2.3.1 SDS-PAGE and Western Blotting

SDS-PAGE was done in two-phase polyacrylamide gels consisting of argig@6% stacking gel buffer,
61.4% water, 12.5% acrylamide, 1% APS, TEMED) and a resolving gel {25s%@ving gel buffer, 34% water,
40% acrylamide, 1% APS, TEMED). Before gel analysis, protein sampés diluted in 3x SDS loading
buffer (2:1) and incubated for 5 min at 95 with shaking. Electrophoretic separation was done in the running
buffer under voltage 120 V. \Voltage was switched to 150 V when the dyehlwereached the stacking gel.
Gels were resolved until the running front reached the very bottom afehe

After the gel was run, SDS-PAGE gels were stained using a Coomassiedigent (500 mg Coomassie
R, 500 mL KO, 400 ml ethanol, 100 ml acetic acid), heated in microwave for 1 min. Gels aestained in
10% acetic acid in dkD.

For Western Blotting analysis, resolved gels were blotted to nitrocellulose raeegrThe semidry transfer
was assembled from the anode side to the cathode side as follows: 2 fidvbatman filter paper - gel -
nitrocellulose membrane - 2 pieces of Whatman filter paper. All assembledysaepre-incubated in transfer
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buffer. Blotting was performed for 90 min at a constant voltage of 25 WtNeembranes was blocked with 5%
skim milk powder solution in PBS-T for 2 h af@. Membrane was washed in PBS-T buffer 5 times for 5 min
and incubated with primary antibody overnight &4 Membrane washing was repeated after incubation and
the membrane was left to incubate with secondary antibody for 2 tCatldcubation was followed by another
washing step. Excess of PBS-T was removed and membrane was washedlLirof ECL HRP substrate
solution. Chemiluminiscence signal was determined with Imageready LASQQG@camera (Fujifilm).

2.2.3.2 Protein stability assay

Protein stability in different conditions was tested by a thermofluor assalj.[Fyotein samples (16L
of at a concentration of M) were pipetted into a 96-well plate (Biozym Scientific GmbH). Water and
buffer controls were set in the last column. Each control was replicaedtimes. Conditions from pHat
or ADDit screens (Emerald Biosystems) were added into corresponditig (2 :L). The protein buffer was
added into wells A12:H12 in amount of /2. Sypro Orange dye was added into each welp2of 1:50
dilution of 10000x stock). 96-well plate was incubated into the CFX96 ReakETSystem (C1000 Thermal
Cycler, BioRad). The plate was heated fron?@%0 95C to monitor protein folding by changes in the
fluorescence intensity. The results were analyzed using the DSF Exceb,nvarsion 2.5 (available from:
ftp://ftp.sgc.ox.ac.uk/pub/biophysics).

2.2.3.3 Circular dichroism spectroscopy

Measurements were done with a Chirascan Circular Dichroism spectrafptgied Photophysics) using
a Hellma quartz cuvette with a path length of 0.1 cm. Samples were in a 30 mM sodasphatte buffer pH
7 containing 150 mM NaF. Far UV CD spectra of M protein were recorded between 200 and 260 nm with
a step size of 1 nm, a bandwidth of 0.5 nm and an averaging time of 3 searateogerature. Thermal melts
were carried out from 3 to 80C at 216 nm with a heating rate of 8@min with a temperature step of
0.5°C. Bandwidth was 0.5 nm and the averaging time was 3 s.

Data were analyzed with the manufacturer’'s ProView Software. Meltingesuwere fitted to a sigmoid
shape and melting temperatures were determined as the inflection point, xditifrtpdunction:

(Ar — Ap)

flz)=Ap+ A+ elm—n/my

2.1)

wherew is the width of the sigmoidal sloped;, the maximum ellipticity, corresponds to the unfolded
protein, whileA;, minimum ellipticity, corresponds to the fully folded protein.

2.2.3.4 Protein-lipid co-flotation assay and liposome preparation

Flotation assays with small unilamellar vesicles (SUV) were used to check ¢t thnding affinity in the
PaAtg18 mutants was maintained. For preparation of liposomes, a 1-mg cogtgirdmmix composed of 73%
(w/w) L-phosphatidylcholine isolated from chicken egg (840051C; AvBolar Lipids); 2% Texas Red-1,2-
dihexadecanoysn-glycero-3-phosphoethanolamine (DHPE), triethylammonium salt (T1393KVitrogen);
24% L- phosphatidylethanolamine (brain, porcine; 840022P; Avantr Rgdals); and 1% phosphatidylinositol-
(3,5)-biphosphate (1,2-dioleogkglycero-3-phospho-[1’-myo-inositol-3',5'-biphosphate]), ammanisalt (850154P
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Avanti Polar Lipids) was pipetted together and dried. Dried lipids werespended in with 15@L of HP150
buffer containing 3% cholate. Cholate was removed by size exclusiomeltography using a self-packed col-
umn filled with 0.5 g of Sephadex G50 (Sigma) resuspended in HP150 bLiffesome-containing fractions
were pooled and stored atd@.

Protein-lipid co-flotation assays were performed using 6f 2 uM protein incubated with 4%l of lipo-
somes for 15-30 min on ice in 7 x 20 mm PC tubes (Beckman). Next, the proteinhigosample was gently
mixed with 50ul of 80 % Nycodenz (w/v in HP150 buffer) and overlayed with/d®f 30 % Nycodenz. The
gradient was covered with 3@ HP150 buffer. Samples were spun at 55000 rpm (275000 g) fordubshat
4°C in a Sorvall Discovery M150 SE analytical ultracentrifuge (Thermo Scieptifsing a S55-S swinging
bucket rotor (Thermo Scientific). Afterwards, six g@laliquots were colected from top to bottom and analyzed
through western blot detected with a Penta His HRP conjugated antibody.

2.2.3.5 Fluorescence determination of PaAtg18 membrane orientatio

PaAtgl8 single cysteine mutants at a concentration of 1 mg/mL in HP150 buffier wcubated with
IANBD (Invitrogen) dissolved in DMSO to a concentration of 10 mM. For thetgin, 2 mL were used and
mixed with 30uL of NBD stock solution followed by a 2 h rotation at room temperature. Thegx&NBD
was removed using a PD10 desalting column. Protein fractions ofuh0@ere collected and their 280 nm
absorbance was measured using the Nanodrop.

Large unilammelar vesicles (LUVs) were generated by mixing chlorofotatieas of the different lipids
as follows: a 1-mg containing lipid mix composed of 72% (w/w) DOPC, 26% (W/PE and 2% (w/w)
PI(3,5)R. Lipids were dried from the organic solvent under a stream of oxygEnnitrogen, and then the last
traces of organic solvent were removed under vacuum for at leasbD4idd phospholipids were resuspended
in the corresponding buffers by vigorous vortexing and then largemanilar phospholipid vesicles of approx-
imatively 50 nm diameter were prepared by extruding (21 times) rehydratesppolipid suspensions through
a 0.1 and 0.05 tm polycarbonate membranes (Millipore Inc., Bedford, M3 )after 5 freeze-thaw cycles,

NBD fluorescence emission (515-620 nm) experiments were performa&loioromax-2 spectrophotome-
ter with a 5-nm slit width and 478-nm excitation at’87using 0.3uM PaAtg18 and 0.1 mM LUVs.

2.2.3.6 Isothermal titration calorimetry

ITC measurements was used to measure PROPPIN binding to liposomes ugingtticel previously op-
timized in our laboratory [155]. For preparation of liposomes, a 1-mg cantalipid mix composed of 72%
(w/w) L-phosphatidylcholine isolated from chicken egg (840051C; AvBolar Lipids); 2% Texas Red-1,2-
dihexadecanoysn-glycero-3-phosphoethanolamine (DHPE), triethylammonium salt (T1393Kitrogen);
24% L- phosphatidylethanolamine (brain, porcine; 840022P; Avantr Rgials); and 2% phosphatidylinositol-
3-phosphate (1,2-dioleogrglycero-3-phospho-[1’-myo-inositol-3’-phosphate]), ammoniurtt 60150P;
Avanti Polar Lipids) was pipetted together and dried. Dried lipids werespnded in with 15@¢L of HP150
(150 mM KCI, 20 mM HEPES, pH 7.4) buffer containing 3% cholate. Cholateremamved by size exclusion
chromatography using a self-packed column filled with 0.5 g of SephadexX®&§ma) resuspended in HP150
buffer. Liposome-containing fractions were pooled and stored@t 4
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| determined the phosphate content of the prepared liposomes using gEhphwlybdate method [156]
to calculate the phosphoinositide concentration. For the calculations, rhadsihat all phospholipids were
equally well incorporated into the liposomes and that 60% of the total phospditiiles are accessible on the
surface of the liposomes [155].

For isothermal titration calorimetry (ITC) measurements, proteins were dainte HP150 buffer. ITC
measurements were done with a VP ITC MicroCalorimeter (MicroCal) &€ 2Brotein was titrated into lipo-
somes. Titrations were usually carried out with 9-foldl4injections, followed by a 17-fold 1L injections.
The first injection was 2L and was always discarded for the data analysis. Protein concentratere de-
termined using UV absorbance at 280 nm. The protein concentration uaegdor measurements was 35-80
uM for the wild type proteins, while for the ScHsv2 mutants a range of 85:M0The calculated accessible
phosphoinositide concentrations were in the range of 4.pNMO0Data were fitted with a single-site binding
model using the MicroCal Origin 7.0 software. The final values giveritierthermodynamic parameters are
given as averages of several measuremerttse standard error of measurement (SE).

2.2.4 Crystallization and structure determination
2.2.4.1 Crystallization screen setup

Initial crystallization screening experiments were set up in 96-well sitting gtates (MRC, Hampton
Research). In each well, two drops of different protein concentraticere pipetted using the Cartesian Mi-
crosys (Cartesian Dispensing Systems) robot. The robot dispenBat_Idrops of protein per well and then
added 100 nL screening buffer (reservoir solution). After the réibisthed setting drops, the plate was covered
with a transparent sealing tape, in order to avoid that the drops dry oystaCplates were stored 20 °C in
an automated Formulatrix crystallization imager which imaged the plate on a psekhsstule. Images were
checked with the Rockmaker main Application software (Formulatrix). Thevidtig crystallization screens
were used: SaltRx (Hampton Research), AmS@nions, Cations, Classics I+ll, Compas, JCSG+, PACT,
PEGI+II, pHclearl+1l, ProComplex (Qiagen) and Wiz1+2, Wiz3+4esars (Emerald Biosystems).

In the case of additives or silver bullet screens used for the 96-wetlefip 100 nL protein and the 100 nL
reservoir is followed by 50 nL of the additive/silver bullet screen (100:30 nL program).

After the initial crystallization screens led to crystals, the crystallization comditias further optimized
in 24-well Linbro hanging drop pre-greased plates (Jena BioscieRoe)nitial trials, screening buffers were
self made, and if the crystals could not be reproduced, commercial sauwtiere purchased. For each well
1 mL of reservoir solution was prepared.uR protein and 2uL reservoir buffer were pipetted together on a
siliconized cover slip (22 mm diameter). Afterwards the slide was flipped egkid/n onto the greased well
to seal it air tight. When additives were used, Al5protein and 1.5.L reservoir buffer were pipetted together
on a siliconized cover slip and 02 additive was added.

Streak seeding of crystals was used for crystal optimization in 24-wetidor For this, a crystal was
crushed with an acupuncture needle or glass rod. Next, the needl¢raases through a newly set up drop.

One optimization strategy involved (random) microseeding. Microseedsepaned by adding 2L reser-
voir solution on top of a crystal condition on a 24-well plate and using a gtaggor finely crushing the
crystals. This is washed off the glass cover wittyA5mother liquor followed by another 4% mother liquor.
The resulting solution is moved to a 1.5 mL microreaction tube and a teflon beaddd.adhis is vortexed
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three times for 30 sec separated by 2 min ice cooling. The resulting microseedsed as seeds in both 96-
well format and 24-well format at different dilutions. For random mieeding, the commercial screens are
used with an addition of microseeding solution. The 100:100:50 nL prograseis for this purpose.

Another optimization method are 96-well plate refinement grid or randoressrd he screens were planed
using the RockMaker software while the Tecan robot was used to pipetserdens from stock solutions into
2 ml 96-well master blocks. From these 96-well MRC plates for crystallizatiere pipetted.

Finally, the PaAtgl8 crystals were obtained throuigtsitu proteolysis. This method is based on small
amounts of protease cleaving flexible protein regions to improve crystdingacontacts. Foin situ proteolysis
crystallization, PaAtg18 was mixed with Proteinase K, subtilisin or trypsin in 00 2@olar ratio and kept on
ice until setting of the crystallization plates.

2.2.4.2 Flash cooling of crystals

In order to prevent ice formation on the crystal, cryoprectants were faseflash cooling. Cryoprotac-
tants such as ethylene glycol, glycerol, xylitol, sucrose, PEG 400, PIBG ®@ére prepared, unless specified
otherwise, with the same solution as the reservoir solution (mother liquor) irhwihécrystals grew. After
crystals were fished, they were put in fresh mother liquor, then traesfarto a mixture of 1:1 mother liquor
and cryoprotectant and, finally to cryoprotectant. In the case of Pétlp&ials were directly moved through the
PFPE drop. Finally, crystals were flash frozen in liquid nitrogen.

2.2.4.3 Computational methods for structure determination

X-ray diffraction data were collected at 100 K at beamline X10SA (SwisktL$gpurce, Paul Scherrer Institute,
Villigen, Switzerland). Data were processed and scaled with the XDS sefweackage [157], which contains
three programs: XDS, XSCALE and XDSCONV. XDS performs eight subines:

e XYCORR, INIT and COLSPOT determine and correct the spots versusatiground of the dataset
o IDXREF indexes the spots

e INTEGRATE integrates the spots

e CORRECT refines unit cell dimensions and determined the space group

For XDS, the collection data parameters have to be offered as an inputedudntly, XSCALE is used
for scaling and merging of data, while XDSCONV converts the output to mdbneeded for the next step.
Processed data was converted to .mtz file format. For PaAtgl8, it was ssibjgoto perform molecular
replacement with KIHsv2, hence, phasing needed to be performed big singmalous diffraction (SAD).
Selenium incorporated in the protein as selenomethionine was used asmaal@m scatterer. The AutoSol
Phenix [158] program was used for phasing. After determination of¢h@oSitions, PHASER, another Phenix
program, was used for refining and density modification of the initial mapcedsorze manual model building
was done with Coot [159] while refinement was performed with Phenix.c&ire validation was done with
the tools available in Coot and Phenix [158].
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2.3 Theoretical methods

2.3.1 Introduction to molecular dynamics

Molecular dynamics (MD) is the most popular method of simulating macromolecutastion. MD tries
to describe time evolution of molecular systems based on Newton’s equatioraion such as equatign 2.2.
However, in doing so, it ignores the forces acting on electrons anddsyesach atom as represented only by
the position of the nucleus. This method is a good approximation of systems withat@ns and the result
is obtained in a small computer time. However, force field methods cannotatalquoperties that depend on
the electronic distribution of the molecule. For this level of calculations, onddveed quantum mechanical
molecular mechanics calculations.

At each time step, the acceleratiah pf the particle i is calculated using the Newton law shown in equation
2.2.

Fy = myd; (2.2)

In equatiori ZRF; is the force acting on particle i and; is the mass of the particle. The positio¥s of
the particle are obtained through numerical integration from equation 2.3.

L d*E
RS

(2.3)

The forceF; acting on particle i is computed, using equation 2.4, at each time step usingtéraiglo
energy,V.

F,=-VV (2.4)

The potential energyl” is calculated as a sum of terms describing interactions between atoms such as
covalent bond lengths, angles, torsion angles (proper dihedralsppepdihedrals (to maintain tetrahedral or
planar geometries such as stereochemistry or benzene rings), and errmimbn-bonded terms. The bonded
interactions are graphically depicted in Figlrel 2.1. In general, the nodeabterms include a Lennard-Jones
term and an electrostatic (Coulomb) contribution, and in some cases an exyticiigen-bonding term. The
calculation of the potentidl” due to bonded interactions is given in equalion 2.5.

ZV b, k), B0 +ZV +ZV‘1’) *) 30) +ZV Y, w)
(2.5)
The bond stretching potential energy is given by the sum of funciithsover all N (*) bonds in the system.
vV (®) is the function describing the potential energy associated with the stretdhéngjrgle bond. In general,
this function is a harmonic potential but can be also represented throughommplex functions. Bond length
b,, describes the'f bond. The quantities,(f) andb?l are force-field parameters, force constant and reference
bond length, respectively, characteristic for specific bond n.
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Figure 2.1: Introduction to MD simulations.
MD is based on a simple model of interactions between atoms describeshbyskretching, bond angles, torsion angles (dihedrals)
and improper dihedrals (to maintain tetrahedral or planar geometries).

Similarly, the bond-angle bending interactions potential energy is givenebguim of functiond’ () over
all N(@ covalent bond-angles present in the syst&ftf) is the function describing the potential energy asso-
ciated with the bending of a single bond-angle. In general, this functionasmadnic potential. Bond angts,
describes the'fi bond angle. The quantitiééf) andd? are force-field parameters, force constant and reference
angle, respectively, characteristic for specific bond angle n.

In a similar manner, the proper dihedral-angle torsion contribution to the fedtenergy is given by the
sum of functions/ (®) over all N(®) proper dihedrals present in the systdi®) is the function describing the
potential energy associated with the torsion of a single proper dihedyld-dbihedral angl&,, describes the
n* proper dihedral-angle. The quantitibg ) and®? are force-field parameters, force constant and reference
dihedral, respectively, characteristic for specific dihedral angle n.

The improper dihedral-angle bending energy term is given by the sumnetibns? (¥) over all N(¥)
improper dihedral-angles present in the syst&ftt) is the function describing the potential energy associated
with the bending of a single improper dihedral-angle. Improper dihedglkan, describes the*i improper
dihedral-angle. The quantitie!éf’) and ! are force-field parameters, force constant and reference dihedra
angle, respectively, characteristic for specific improper dihedrdkang

GROMACS (GROningen MAchine for Chemical Simulations) [160,/161] is a mdéaynamics simula-
tion package considered to be the fastest program for molecular simultdidate. The GROMACS project
was originally started to construct a dedicated parallel computer systemofecular simulations, based on a
ring architecture. However, from its start, GROMACS was continuouslyawgat and developed.
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2.3.2 Trajectory analysis
2.3.2.1 Root mean square deviation from a reference structure

The root mean square deviation (RMSD) is defined as the deformation ofigbeomolecular structure
with respect to a reference structure. The average value of thesdioles is calculated at each time frame
of the MD trajectory using equatidn 2.6. RMSD is calculated over all the atomsistthcture taking into
consideration thei massy;, their configuration at time, r;(¢) and their reference configuratiorgef. The
RMSD is normalized to the total mass of the systéin,

RMSD(t) = \/ % Z malrs(t) — 72 (2.6)

In general, in a MD simulation, in the first 5 ns it will be observed an increasee RMSD value, after
which an equilibration with small fluctuations around an average values wiliroés a rule of thumb, a struc-
ture can reach equilibrium and is considered stable under 2-3 A . RM&i@s/above 3-4 A show distortion
such as unfolding or conformational changes. However, this is natyaltvue, since a small rotation, for ex-
ample the rotation of one subunit of a protein relative to another or a hinge mo#éinrhead to large change in
RMSD, yet very little overall change in the structure. In order to distingh&tiveen these possibilities, other
analysis methods should be done in parallel.

2.3.2.2 Root mean square fluctuations from a reference structure

The root mean square fluctuation (RMSF) of each residiedefined as a measure of the dynamics of
each atom or residue in the protein structure. It is calculated using eq2afioft is an average over all the
considered framesy,..m.s, and takes into consideration the position of the respective resiavith respect
to its average position;. r; > within the simulation time.

1 2

Z[ri(t)— <7 >] (2.7)

Nframes

RMSF(i) = \/

As a general feature of theeddRMSF profile, there is a correspondence between the larger fluctuatidns
the loop regions of the structure. This is explained by the factdHalices and3-sheets show a much lower
fluctuation due to the internal hydrogen bonds.

2.3.3 MD simulations for the ligand docking and ligand dockirg studies with KIHsv2

The GROMACS 4.5.4 simulation package [160,|161] was used for all simusatiwith a united atom
GROMOS96 43a2 [162] force field and the SPC [163] water model. Hefiedindary conditions were applied
to the systems. Long-range electrostatics were calculated using the PMEdiEiH0 165] with a real-space
cutoff of 1 nm. For the van der Waals interactions, a cutoff of 1 nm wad. URee simulations were performed at
300 K, using the V-rescale, modified Berendsen thermastat [166] witbh@iog constant of 0.1 ps. A constant
pressure of 1 bar was maintained using a Parrinello-Rahman bariostair Hh isotropic coupling type with a
coupling constant of 2 ps and a compressibility of 4.5Xh@r . The integrator for the simulations was leap-
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Figure 2.2: MD simulation methodology schematic work flow.

frog integrator with a step of 2 fs. The LINCS method [168] was used tstcaim bond lengths. Coordinates
were saved every 2 ps for analysis. Analysis of all simulations wasnpegfbusing the GROMACS package.

The 3.35 A resolution KIHsv2 crystal structure (pdb accession numbé® 48) was used. This structure
contains residues 270-274, part of the loop connecting strands C arfidblade 6. Side chains, which are
disordered in the crystal structure, were added to the model with confiormadhat do not cause steric clashes
with Coot [159].

A schematic work flow for the MD simulation procedure is represented in E[@. For the MD sim-
ulation of the apo-protein, energy minimization was done in vacuo, first isgepest descent followed by
a conjugate gradient energy minimization. This was done in order to obtainatimg structure. In all the
simulations, the protein/ligand or apo-protein were solvated and chargealized. The system was then
energy-minimized and then two position restrained simulations of 100 ps eaehpedormed for tempera-

ture (canonical ensemble) and pressure (isothermic-isobaric ensembiration. Finally, the systems were
simulated for 30 ns.

2.3.4 Ligand docking studies in KIHsv2

A schematic work flow for the docking methodology is presented in Figuie I2.3hort, Autodock 4.2
[169] was used for the docking studies. The ligands were allowed taldieribility while the macromolecule
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was kept rigid. In order to sample the flexibility of the macromolecule, the ligamae docked in 7 snapshots
taken each 5 ns from a 30 ns MD simulation of KIHsv2. Grid boxes were mhia the two binding sites
(Figurel2.B). The default grid spacing of 0.375 was used. Lamarckéset®& Algorithm [170] with 2500000
evaluations and 100 runs was used for docking. The schematic diagfar®eain-ligand interactions were
visualized with LIGPLOT v.4.5.3 [171].

Extract 7 snapshots every 5 ns from MD
simulation

«In order to sample the dynamics of the binding sites

Prepare ligand
+Add polar hydrogens and charges using PRODRG server

Prepare receptor

+Add polar hydrogens and Gasteiger charges using
AutoDock Tools 1.5.6

Prepare grid

+Defining the binding pocket properties using
AutoGrid 4.0

Dock

2 ligands X 2 binding sites X 7 snapshots > 28 dockings
using AutoDock 4.0
«Each docking = 100 docking configurations

Figure 2.3: Ligand docking methodology schematic work flow.

2.3.5 PI3P and PI(3,5)R structures

The topology of PI3P and PI(3,5For GROMACS and docking studies was obtained using PRODRG
server [172], yielding to a total charge of -3 and -5, respectivelye atomic partial charges for PI3P were
determined by partitioning the molecule in known charge groups for whiclesalte found in literature [162,
173,174] (Figuré2]4). Using this charge parametrization scheme, tti@l pharges for all the other six forms
of phosphoinositides (P1(3,5PPI1(3,4,5)R, PI1(3,4)B, P14P, PI(4,5)R, PI5P) can be obtained by exchanging
a hydroxyl charge group (CH-OH) by a phosphate charge grobrpC()GP@*).

2.3.6 Protein preparation for coarse-grained molecular dpamics simulations of KIHsv2

The 3.35 A resolution KIHsv2 crystal structure (pdb accession numbé® £1) was used. For the coarse-
grained MD simulations, the Martini-Elastic protein model [175] was used. ignrépresentation, every four
atoms are grouped in a bead. For proteins this implies that each amino acieserpd by one backbone bead
and side chain particle(s) depending on the residue type. The struétine extended strands was stabilized



42 Materials and Methods

T PEHR
Femmmem s /l 0\' \OOéH \’I,‘
___________ L 140398 - - - PEXN A2
| 0398 H\O  0-398 5 ;098 ?0.58 >
1-0.548% | i -0364
0548 ;%‘Tésf to5ad Lo oo [0.16__0-" 038 ;
! 502 12CH0.15.0/ 4 ¢ \H,C”.- E
i -0.72>3 ~ ;-0. N . 7 7
‘_0'62 -0 \\‘?5'15 ;.(IEH.-.-o- (—)0.36 ~\A,~I|qi16 Ié fooe
j 29 oo W > S I
. SPO52 CHy~JCH P70ee CH,. “OT058CH;  N.00!
0727 0" 00 CH v N T 007 %036 700 - 7 CHg !
.0 036 7 :01536 00635
',4' o -0548 \',.‘.\_' _________________ N
'H70.308

Figure 2.4: Atomic partial charge parametrization of PI3P for GROMOS96 force field.

GROMOS96 building block definitions include charge groups (indicated dsheld boxes) and partial charges (indicated by real
numbers). Using this charge parametrization scheme, the partialeshfangall the other six forms of phosphoinositides (PI(3:5)P
PI(3,4,5)R, PI(3,4)R, PI4P, PI(4,5)R, PI5P) can be obtained by exchanging a hydroxyl charge groug8Hblue) by a phosphate
charge group, CH-O-PD (red).

by elastic bonds defined by a force constant of 1000 kJ fnoim—2 between all backbone particles that were
within 0.7 nm of each other. The backbones root mean square deviatioa pfoteins from the initial structure
did not exceed 5 A in any of the simulations performed. This was comparahfeatomistic simulation of the
protein in a water box.

2.3.7 Coarse-grained MD simulations of KIHsv2

For all coarse-grained MDs the Martini 2.1 force field [175] was usEte time step was 20 fs and the
coordinates were saved every 20 ps for subsequent analysis.diPdr@undary conditions were employed.
The temperature and pressure were kept constant at the values KfeB2i31 bar using the Berendsen ([176])
temperature and pressure coupling algorithms with a time constant of 1 pe fientiperature coupling, while
the pressure coupling time constant was 5 ps. Semiisotropic pressutsngouas used with the same com-
pressibility (4.5X10 bar!) in all directions. Lennard-Jones interactions were shifted to zero ket&and 12
A and electrostatics were shifted to zero between 0 to 12 A, with a relativectltieleonstant of 20. Central
of mass motion removal was done for linear translational movements of edwhthiee groups containing the
protein, DPPC (dipalmitoyl phosphatidyl choline), and solvent groupélkdgdons used for the system charge
neutralization.

2.3.8 DPPC bilayer formation around loop 6CD of KIHsv2

The GROMACS 4.5.4 simulation package [160,/161] was used for the eegaained membrane self-
assembly around the loop 6CD of KIHsv2. In this protocol [177/) 178] pitegein is positioned in the center
of a box and lipid molecules are randomly positioned in a cubic box, after wahlieepest descent energy
minimization is performed. In the present study, the starting dimensions of #hedre 10 X 10 X 10 nm and
256 dipalmitoylphosphatidylcholine (DPPC) lipid molecules were used. Watkclaloride ions were added
to fill the box (3263 molecules and 2 chloride ions) and another steepsstritecnergy minimization was
performed prior to the 100 ns simulation.
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2.3.9 Coarse-grained MD simulation of the membrane-KIHsv2ystem

The GROMACS 4.6.5 simulation package [160, 1161] was used forua Iong MD simulation of the
assembled bilayer-protein system in a triclinic box of dimensions 9.0556 X ®.B5E2 nm with all angles
of 90°. The final configuration of the DPPC bilayer formation around loop 6CEBIbfsv2 was stripped of
water and energy minimizeid vacuousing steepest descent algorithm. Water and chloride ions were added
to fill the box and charge neutralize the system. This was followed by a stedgscent energy minimization.
Three position-restrained equilibration simulations were performed. Bi@fie was to reach the temperature
of 323 K (canonical ensemble). The length was 100 ps, with a time step adridfgosition restraints on the
protein. Next the pressure of 1 bar was reached through a isotheri#ricensemble equilibration of 500 ps,
with a time step of 1 fs and position restraints on the protein. Next, the positivairgs on the side chains on
the protein were removed, and a 1 ns isobaric ensemble equilibration Wwasped with a time step of 20 fs.
Next, a production run was done fop.

2.3.10 Atomistic MD simulations of the KIHsv2-membrane sysm

The last frame of the coarse-grained MD simulation of the membrane-prgens was used in order to
produce an atomistic level coordinate file of the membrane-protein systegtbsi®ugar-Pie server [179].

Starting from these set of coordinates, the MD simulations were perforsied GROMACS 4.6.5 simu-
lation package [160, 161] together with GROMOS96 53A6 force field[b8&dified for Berger lipids/[1§1]
and SPC watel [163]. The histidines of the binding sites, H178 and H248 wetonated after which the
system was charge neutralized using five chloride ions. The system emasitergy-minimized, and two
position-restrained simulations of 100 ps each were performed for tetnpefaanonical ensemble) and pres-
sure (isothermic isobaric ensemble) equilibration. A production run was fiwri00 ns.

Periodic boundary conditions were applied to the system. Electrostaticaletdated using the particle
mesh Ewald (PME) method [164, 165] with a real-space cutoff of 12 A ti@wan der Waals interactions, a
cutoff of 12 A was used. The simulation was performed at 323 K using tiseMwover thermostat [182] with
a coupling constant of 0.5 ps. A constant pressure of 1 bar was maihtegirey a Parrinello-Rahman bariostat
[167]in a semiisotropic coupling type with a coupling constant of 2 ps anadrpoessibility of 4.5X10 bar!.
For the protein system, an isotropic pressure coupling was used. Theatotdgr the simulation was leap-frog
integrator with a step of 2 fs. The LINCS method [168] was used to condimaid lengths. Central of mass
motion removal was done for linear translational movements of each of treegroaps containing the protein,
DPPC, and solvent grouped to the ions used for the system chargalization. For the visualization of the
systems, VMDI|[183] and PyMOL. [184] were used.

2.3.11 Homology modeling

The steps in the homology modeling protocol are schematically summarized ire Edur The protein
sequences of KIAtg21 and ScHsv2 were each aligned with the sequékdelsy2 using T-Coffee server
[185]. Behind loop 6CD region, the alignment was manually adjusted. Thedpd9 structure of KIHsv2
was used [1] as template. Modeller v9.9 [186,/187] was used to genératé@idl models. The models were
compared using the DOPE score function of Modeller or PROCHECK [TH8} loops in the best model were
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Figure 2.5: Homology modeling methodology schematic work flow.

refined in successive cycles. After each cycle DOPE and PROCHE&IKations were performed. Finally,
the Pls were docked in the active sites of the resulting structures by salalignment in Pymol [184] with
the ligand docked structures of KIHsv2.



3 Computational studies of PROPPINs
membrane binding

3.1 Specific membrane binding of Hsv2

PROPPINs specifically bind PI3P and PI(3,5)Phe FRRG motif is highly conserved among PROPPINS
of different species and it is essential for phosphoinositide recogri@igin In this chapter, the details of the
recognition by PROPPINs of PI3P and PI(3,5)#ll be studied using computational methods such as ligand
docking and homology modeling. Special attention will be giveK.tactisHsv2 (KIHsv2) because its crystal
structure was determined in our lab [1].

In our KIHsv2 crystal structure [1], the two arginines of the FRRG motif ptmwards opposite directions.

In the vicinity of these arginines, there are two bound sulfates. Thes#tesulform salt bridges to highly
conserved residues in KIHsv2 (Figlrel3.1).
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Figure 3.1: Sulfate binding site 1 (A) and binding site 2 (B) in the KIHsv2structure.

Since sulfates and phosphates bound in crystal structures of Pl bpprditagns often reveal the positions of
phosphates of Pl headgroups, we hypothesized that these two satfatéslefine either one or two PI binding
sites. In the two binding sites hypothesis, the residues around these sdiéitang potential binding site 1
are H178, S198 and R205, while potential<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>