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Summary

Thylakoid membrane biogenesis is a multdimensional process involving the
concerted assembly of proteins and pigments into large membranategral
complexes, as well as the architectural shaping of an intricate membrane network that
organizes hese protein complexes in space and time. In recent years, several proteins
have been suggested to play crucial roles in thylakoid membrane biogenesiesicle
inducing protein in plastids 1 (Vipp1l) is one of the best known proteins that is essential
for thylakoid biogenesis in both chloroplasts and cyanobacteria. The molecular

structure and the exact function of Vippl is not yet known.

Due to its strong affinity for lipid, Vippl has been proposed to bind to
membranes and participate in vesicle transportabn and shaping membrane
architecture. To explore these proposed functionswe performed anin vitro study of
Vippl protein from the green algaChlamydomonasreinhardtii (CrVippl). CrVippl
predominantly oligomerized into extended hollow rods. Using ayo-electron
tomography and subtomogram averaging, we showed that CrVippl rods can engulf
liposome membranes containing phosphatidylinositol4-phosphate (P14P)We also

found that CrVippl assembles into rods of variable symmetries and diameters.

To resolve themolecular structure of Vippl, we studiedVippl protein from the
cyanobacterium Syrechocystissp. PCC 6803 ynVippl) using singleparticle cryo-
electron microscopy. SynVippl predominantly assembled into barrdike rings. We
were able to reconstruct electon density maps of five distinctrotational symmetries
of Vipp1 (C14 to C18) with resolutions varying from 3.8 to 5 AThe densitymaps below
4 A allowed us to build atomic models of VippIMonomers were found to interweave
with each other, giving a baskelike appearance. By comparing the different
structures, we identified several regions of flexibilitythat allow Vippl monomers to
assemble into rings of variable rotational symmetry. These highesolution structures
also reveal a potential nucleotide biding site in one layer of the Vipp1 ring and provide
A OOOOAOOOAT AAOEO A O |1 EPEA AET Aterinigal ET OE A 4
Helix-1.



Zusammenfassung

Die Biogenese von Thylakoidmembranen ist ein multidimensionaler Prozess,
der die Assembligung Proteinen und Pigmenten zu grof3en membranstéandigen
Proteinkomplexen  beinhaltet, sowie die Bildung eines komplizierten
Membrannetzwerks, das diese Proteinkomplexe reguliert. In den vergangenen Jahren
wurden einige Proteine als zentrale Regulatoren der Biogenese von
Thylakoidmembranen diskutiert. Eines der am besten erforschten Proteine ist das
Vesiketinduzierende Protein in Plastiden (Vippl), das essenziell fir die Thylakoid
Biogenese sowohl in Chloroplasten als auch in Cyanobakterien ist. Die molekela

Struktur und die genaue Funktion von Vippl sind bislang unbekannt.

Aufgrund seiner starken Lipophilie,ist Vippl ein Kandidat um Membranen zu
binden und zu formen und am Vesikeltransport beteiligt zu sein. Um diese Funktionen
zu besser zu verstehen haben wir eine in vitro-Studie an Vippl aus der Grinalge
Chlamydomonas reinhardti{CrVippl) durchgefuhrt. CrVippl neigt vorrangig dazu in
lange Hohlzylinder zu oligomerisieren. Mit Hilfe der Kryoelektronentomographie und
der Untertomogrammmittelung, konnten wir zeigen, dass CrVippizylinder in der
Lage sind, Liposoren bestehend aus Phosphatidylinosite¥4- Phosphat (P14P)
einzuhullen. Wir konnten ebenfalls feststellen dass CrVippl in Zylindenit variablen

Symmetrien und Durchmesserrassembliert

Um die mole&ulare Struktur von Vippl aufzulésen, untersuchten wir Vippi
Protein aus dem CyanobakteriunSynechocystis sp. PCC68&¥ynVippl) mit Hilfe von
Einzelpartikel Kryoelektronenmikroskopie. SynVipplassembliert bevorzugt in Form
fassformiger Ringe. Wir waren in der Lage die Elektronendichte von finf
unterschiedlichen Symmetriestrukturen von Vippl (C14 bis C18) mit einer Auflésung
von 3.8 bis 5 A zu berechnen. Die Elektronendichtekarten mit einer Auflésung von
unter 4 A erlaubten uns die Erstellung eineatomaren Modells von Vippl. Wir stellten
fest, dass Monomere sich in eine korbférmige Struktur miteinander verweben. Durch
den Vergleich der verschiedenen Strukturen, konnten wir flexible Regionen
identifizieren, durch die Vippl-Monomere sich in Ringe von untersdedlicher
Rotationssymmetrie zusammenfiigen kann. Weiterhin zeigen diese hochaufgel6sten
2



Strukturen ein Nukleotid-bindendes Motiv in einer Schicht des Vipp:Rings und heten
aulBerdem die strukturelle Basis fur Lipidbindung durch die N-terminale Helix-1 im

Lumen des Vippl Rings.
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1 Introduction

1.1 Vippl, avery important protein in plastids

Photosynthesis produce food and oxygen which make heterotrophic life
possible on Earth. The protein complexes that powerphotosynthesis are embedded
within the thylakoid membranes of cyanobacterig algag and plants. However, not
much is known about the mechanisns that drive the assembly of thylakoid
membranes. This is a crucially important gestion, as the reactions of photosynthesis,

and thus most of the life on our planet, rely on these membranes

Thylakoid membrane biogenesis is a multdimensional process, involvingthe
synthesis oflipid s, proteins, and pigments, as well as theircoordin ated transport and
integration to form an intricate membrane architecture densely populated with
membrane-integral complexes (Vothknecht et al., 2012) In recent years, several
proteins have been suggested to plagcrucial role in thylakoid membrane biogenesis.
Some examples includ€URTI1(Armbruster et al., 2013), PratA(Klinkert et al., 2004),
Alb3.2 (Gohre et al., 2006) DnaK proteins(Rupprecht et al., 2010)and a prohibitin
homolog (Bryan et al., 2011) Another protein that has been strongly implicated in

thylakoid membrane biogenesiss the Vesicleinducing protein in plastids 1 (Vippl).

Vippl is an essential protein for thylakoid biogenesis in chloroplast and
cyanobacteria. The exact function, however, is notet known. Originally named as
inner membrane-associated protein of 30kDa (IM30)(Li et al.,, 1994) Vippl is
conserved from cyanobacteria to higher plantgKroll et al., 2001; Westphal et al.,
2001a) and appears to have c@volved with thylakoid membranes(Vothknecht et al.,
2012). In higher plantsand algaeit is a nuclearencoded proteinthat contains an N
terminal signal sequencgVothknecht et al., 2012) After being translated by cytosolic
ribosomes, Vippl is imported into the chloroplast by the TOGTIC general import
pathway (Schnell et al., 1997)



1.1.1 Vippl, an essential protein in the plant kingdom

Vippl, first identified biochemically in 1994, wasfound to be located in the
inner envelope of the chloroplast and thylakoid membrane ofPisum satiwm, a pea
plant (Li et al., 1994) Later, the Vippl gene was identified inthe cyanobacterum
Synechocystisp. PCC6803 (hencefortidynechocystisand other higher plants such as
Arabidopsis thaliana(Kroll et al., 2001; Westphal et al., 2001b)

Figure 1: Role of Vippl in thylakoid morphology.

A. Vippl-kd (middle) and Vipp1-ko (right) mutants in Arabidopsisshow balloon-like chloroplasts
(red arrows) with reduced chlorophyll content (green) in comparison to the wild-type
chloroplast (left) (modified from Zhang et al., 2012 Scale bars =10 um.

B-C.EM imaging of Arabidopsisshows a typical chloroplast of the wildtype strain (B) and the
Vippl-kd (knockdown to 20%) mutant (C). Thylakoid membranes are almostompletely absent
in the Vippl-kd mutant (modified from Aseeva et al., 200).

D-G.EMimaging of Vippl-amiRNA strains ofChlamydomonagF-G),and of control strains (D-E).
An overviewimage is shown on the lefiside, and a zoorrin of the region demarcated by thdvlack
box is shown on the rightside. When cells are shifted to higiight growth condition s, extremely
swollen thylakoids are observed in VipptamiRNA strains (FG) comparel to control strains (D-
E) (modified from Nordhues et al., 2012
In SynechocystisVippl could not be deleted completely because it is an essential
protein. However, prolonged depletion of Vippl leads to severe phenotypes such as
strong reduction of thylakoid membranes and decreasedevels of active photosystems
thus leading toa deficiency in oxygenic photosynthesigFuhrmann et al., 2009a; Gao
and Xu, 2009; Kroll et al., 2001; Westphal et al., 2001nockdown (kd) and knockout
(ko) mutants of Arabidopsis Vippl were unable to grow photoautotrophically and
caused seedlingdthality. The mutants could be maintained orsucrose supplemented
agar, growing into palegreen plants Kroll et al., 2001) In theseArabidopsisVIPP1
mutants, vesicles were no longer found irthe chloroplasts upon cold treatment, thus
leading to the name Qresicle-inducing protein in plastidsd (Kroll et al., 2007).
7



Furthermore, the Vippl mutants have swollen, balloodike chloroplasts due to
increased osmoticstress on the plastid envelope Figure 1A) (Zhang et al., 2012)

Further effects of kno&kdown mutants are shown inFigure 1B-G.

1.1.2 PspA, a bacterial homolog of Vippl

PspA is the bacteriahomolog of the Vippl protein. Vippl likely evolved in a
cyanobacterial ancestor from PspA via gene duplicatiorfHeidrich et al., 2017;
Westphal et al., 201b). PspA, discovered in 1990, is a member tie phage shock

protein system andis involved in the bacterial stress response.

Cyanobacteria hae both PspA and Vippl gene§Zhang and Sakamoto, 2015)
Genomic analysissuggested that the evolution of thylakoid in photosynthetic
organisms coincides with the acquisition of Vipp1, whereas PspA has been lost in land
plants and only Vippl remains (Zhang and Sakamoto, 2015)Furthermore, PspA isa
non-essentialprotein in bacteria, whereas Vipp1l is essential for normatlevelopment
of both cyanobacteria and higher plantgAseeva et al., 2007; Fuhrmann et ak009a;
Kroll et al., 2001; Weiner and Model, 1994; Westphal et al., 20010)ue tothe common
origin of Vippl from PspA, they share a similar structure and many similar functions.
These includea® OA AT | E i-halicaDstructurg, the formation of oligomeric high
molecular weight complexesan affinity for membranes and an apparent role in coping
with membrane stress (Aseeva et al., 2004; Bultema et al., 2010; Fuhrmann et al.,
2009b; Hankamer et al., 2004)

Vippl-family proteins from the following organisms hae been studied to

understand their structure and function:

1. Bacterial PspA

2. Vippl from cyanobacteria, such as Synechocystis s@CC 6803 protein
henceforth referred to as SynVippl)

3. Vippl from green algae,such as Chlamydomonas reinhardtii(protein
henceforth referred to as CrVipp1)

4. Vippl from higher plants, such asArabidopsis thaliana(protein henceforth

referred to as AtVippl) andPisum sativum



1.1.3 Vippl is primarily localized to the thylakoid membranes and

inner membrane of the chloroplast

Vippl was identified to be baind specifically to membranes wih high curvature
stress (Gutu et al., 2018; McDonald et al., 2015nd was found to co-localize with
CURT1, a proteirbelieved to inducethylakoid membrane curvature (Armbruster et al.,
2013; Heinz et al., 2016)However, no evidence of diect Vipp1l-CURT1 interaction ha
been found (Bryan et al., 2014; Heinz et al., 2016)thus the co-localization is likely
caused by the merbrane curvature itself. Vippl wasalso suggestedto function as a

membrane chaperore at the curvedmembraneregion (Thurotte et al., 2017).

Figure 2: In vivohigher-order assembly and localization of Vippl

A-C.Light microscopy studies revealed that VippiGFP formedvarious supercomplexes along
the chloroplast envelope inArabidopsissuch as adot (A), line (B) and fork (C) (modified from
Zhang et al., 2012

D-F. Lattice-like structures of Vipp1l-GFP occasionally formed alonthe chloroplast envelope of
Arabidopsis(modified from Zhang et al., 2012

G-J Vippl1zGFP was found to be redistributedunder high-light in Synechocystis Confocal
microscopy imagingof Vipp1l-GFP showedthat cellsgrown in low light conditions had few puncta
(G-H), but when shifted to high light conditions, many Vippl puncta were formed (I-J). The
overlay of chlorophyll (red) and Vippl:GFP (green)signal is shown in Gl, and the localized
puncta of GFP fluorescence aiiedicated with red dots in H-J(modified from Bryan et al., 2014.

K. Subcellular localization of Vippl inSynechocystieas been shown bymmunogold labding of
6EDPDpPpZ' &0 AT EMimdgiAgd6 EXEEBOPEZ ' & 0 | Al AwaE obletvai tox leA AA O Q
enriched near the edges of thylakoidghigh curvature regions) (modified from Fuhrmann et al.,

2009b).

Light microscopy studies revealed that VippiGFP formed various
supercomplexes along the chloroplast envelope inArabidopsis (Figure 2A-C).
Fluorescence microscopybasedin vivostudies in cyanobacteria showdthat Vippl has
two discrete localization patterns: puncta located atthe inner membrane and freely

9



diffuse in the cytoplasm. This distribution wasproposed to be dynamic, as a shift in
localization was clearly visible when the cells were transferred from the low light
(mainly diffuse) to high light (stable punctanear the inner membrane) (Figure 2G-J
(Bryan et al. 2014). Amore recent super-resolution light microscopy study of
cyanobacteriafound that Vippl puncta were located to regions of high curvatureon
thylakoid membranes In growing celk, these punctawere short-lived (1-2 min),
whereas in nongrowing cells they appeaed to be stable (Gitu et al. 2018. In an
interesting parallel, PspA and LiaH (PspArthologue in Bacillus subtilig were found
evenly distributed throughout the bacterial protoplasm under non-stress conditions
but formed discrete puncta under defined stress conditions(Engl et al. 2009;
Yamaguchi et al. 2013; DomingueEscobar et al. 2014; Gutu et al. 2018; Manganelli &
Gennaro 2017)

Early electron microscopy (EM) studies showed that thylakoid centers in
cyanobacteria(regions where multiple thylakoid membranes converge)contain rod-
shaped structures of 50 to 1000hm length and 30 to 50nm width (Kunkel 1982; Van
De Meene et al. 2006; Ritgers & Schroda 2013). Similar structuresferred to as
microtubule-like structures (MTLS), havre been observed in plastids of diverse alg and
plant species.MTLs have diameters of 15 to 40 nm, reach lengths @D OT v t 1 h Al
appear to bridge inner envelope and thylakoid membranefLawrence & Possingham
1984; Schnepf 1961; PicketHeaps 1968; Newcomb 1967; Ritgers & Schroda 2013).

In vitro-assembledVippl rings/rods resemble MTLs and the structures found
within the cyanobacterial thylakoid centers. In support of this, GFRagged Vippl in
Arabidopsiswas found to organize into rod-like structures alongthe inner envelope
(Figure 2B) (Zhang et al. 2012a)lt has beendebated whether Vippl 1ods ae similar
to these cytoskeletonlike structures and whether they provide a ®ailx A Udr the
transport of proteins and lipids (Liu et al. 2007). In another proposed function, these
rods were hypothesized to serve asan inert storage box inside cyanoacteria and
chloroplasts (Liu et al. 2007).However, a recent cryeelectron tomography study of
Synechocystifailed to find large rings or rodsin vivo, and instead showed that the large
rod-like strucutures previously described in cyanobacteria are in f&@ membrane

tubules that connect thylakoid membranes to the plasma membran®ast et al., 2019)

10



1.2 The structure of Vippl
1.21 TheVipplmi T 1T 1T AO AT 1T OEGHeIdesT £ OAOAT

SynVippl is a protein of 267 amino acidsThe CrVippl protein is 251 amino
acids long excluding its signal peptide (Figure 3A). At the secondary structue level,
Vippl has two major domainsan N-terminal PspA-like domain and a @&erminal helix
of 16-20 amino acids separated by a nker region of variable length Eigure 3B)
(Heidrich et al., 2017; Otters et al., 2013; Vothknecht et al., 2012; Westphal et al.,
2001b).

25 84 164 193 206
PspA 1 222
2 6 1867 2017 2

1 80 15 17
3 25 84 163 193 205 250
synvipp1 + ST T T - -
21 80 157 189" 198 217 264
3 26 70 84 164 193 205 243
crvipp1 + (TN £ T T G5 -
22 66" 80 156 187" 198 223 256

B

PspA domain C-terminal domain
A
Oligomer formation Coiled-coil formation, Oligomer Negative regulation
& membrane structural core in the supercomplex formation of supercomplex
interaction formation +

DnaK recognition

Figure 3: Secondary structure elements of PspA, SynVippl and CrVippdnd the predicted
functions of each of the domains.

A. This domain model is based on results from several prediction programs (Phyre, JPred3,
NSP@, Predator, GORIV, PSIPred). Numberiafgrs to amino acid residues of the mature igp1l
without its transit sequence (modified fromOtters et al., 2013.

B.4 EA /EE-Odbdds 0OEp@L are homologous to PspA and form the PspA domain (pink line).

Vippl has an additional helix (H7) of 1620 amino acids separated by a linker region of variable

length (sky-blue line). Reported and proposed functions of corgponding Vippl heliceqH1-H7)

are mentioned (modified from Heidrich et al., 2017.

4EA 00DP! AT 1T AET 1 /£ 6E béigl sécandapySstuctke AT 1T OA

with the bacterial PspA protein (Bultema et al., 2010; Fuhrmann et al.2009b;
Hankamer et al., 2004; Otters et al., 2013)Vhile the amino acid sequence is not strictly
conserved between the proteins, these proteins share a highly conserved secondary

structure. Various computational methods were used to predict the secondar
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structure of Vippl to consist of seven|-helixes (Figure 3! 8 4 hdic@dplay a
crucial role in the structural stability, macromolecular assembly and potential function

of Vippl. Some of these functions are summarized kigure 3B.

The conplete structures of PspAand Vipp1 are not yet known. Recentlythe N-
terminal fragment of PspA (amino acid 3144) was solved by Xray crystallography and
found to have a coiledcoil structure (Osadnik et al., 2015) This structure was
consistent with the computationally predicted secondary structure of PspAAs PspA
and Vipp1l share similarsecondarystructure, the crystal structure of PspA was used to
model Vippl(Saur et al., 2017)

1.2.1.1 N-terminal Helix -1 of Vippl (Helix-1)

N-terminal Helix-1 (henceforth H1 or Helix-1) is an amphipathic | -helix with
sevaal highly conserved amino acidpositions (Westphal et al., 2001b) Structurally,
H1 plays a crucial role in the stability of Vippl higheworder assemblies Figure 6). The
helical wheel projectionof H1 shows that hydrophobic amino acidresidues clearly fall
on one side of the helix and thusre proposed to be involved in lipid interactions
(Figure 4A and Figure 8) (McDonald et al., 2015; Otters et al., 2013Jhe H1 domains
of PspA andVippl exhibit high affinities for membranesthat contain lipid -packing
defects (i.e., membranes exhibiting stored curvature elastic [SCE] stre¢§)cDonald et
al., 2015, 2017)

Strong evidencehas been foundto support a direct lipid interaction by the N-
terminal H1 of PspA and Vippl(McDonald et al., 2017)In this study, the individual
peptides of PspA (24 amino acids) and Vipp1(1z24 amino acids) were analyzed for
their effect on membrane stability. The binding of these peptides destabilized
membrane vesicles. Howeverthe PspAiz24V11E mutant did not have such an effect.
The destabilizing nature of this interaction seems counteintuitive for a membrane
maintenance role of PspA and Vippln vivo. It was proposed thatPspA and Vippl
higher-order oligomers may function to limit the number of contacts that can be made
with the membrane (McDonald et al., 2017)Point mutant substitutions such asF4E,
V11E,and N14D have been shown todecreasethe membrane interaction ability of
PspA.Additionally, a P25A mutant was shownto severely compromise membrane
12



binding. Proline was proposed to playan important role in proper positioning of H1
onto the membrane and, possibly, higlorder oligomer formation (Jovanovic et al.,
2014).

@ Acidic

@ Basic

() Hydrophobic
(0 Hydrophilic
@ Neutral

Figure 4: Helical wheel projecion of the amino acids oVippl Helix-1 and Helix-7.

A. Helical wheel projection of the Nterminal Helix-1 (residues from 2 to 19) of SynVippl. Three
positively charged amino acics face one side and the hydrophobic amino acidsall face the
opposite side making it an amphipathicj -helix (modified from McDonald et al., 201Y.

B. Helical wheel projection of the consensus sequences of thelix-7. This is also predicted to be
an amb E E b A -QdtixEMth aismall hydrophobic patch facing on one side of the helix (indicated
by a green arch)modified from Vothknecht et al., 2012.

1.2.1.2 Ctermi nal Helix -7 of Vipp1 (Helix -7)

The Gterminal domain is an additional fedure of Vippl that is absentfrom
PspA. A multiplesequence alignmen of Vippl homologs in cyanobacteria, algae and
plants revealed the conserved nofpolar, amphipathic properties of the extra G
terminal Helix-7 (hereafter H7 or Helix-7), even though most amino acids are not
strictly conserved (Figure 4B) (Vothknecht et al., 2012) H7 was proposed to fa@
outward and upward in a Vippl ring structure, providing an interaction surface for
proteins, lipids or membranes(Aseeva et al., 2004; Vothknecht et al., 201.2The G
terminal H7 is na required for oligomerization and stability of the Vippl
macromolecular assembly Figure 6) or for membrane interaction (Figure 8). Rather,
it is assumed to be resposible for a Vippl-specific function (Aseeva et al., 2004, 2007,
Liu et al., 2007; Otters et al., 2013)and recently, H7 was found to be involved in the

negative regulation of Vippl oligomerization(Zhang et al., 2016a)
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1.2.2 Vippl oligomerizes to make higher -order assembl ies

Both PspA and Vippl form large homaligomeric rings with molecular mas®s
of more than 1 MDa(Figure 5). Their ring dimensions, however,differ significantly.
Vipplassembles intorings of different rotational symmetries (C12-C17) (Bultema et
al., 2010) whereas PspA appeato make asingletype ofring with nine -fold rotational
symmetry (Hankamer et al., 2004) The height ofthe PspA ringis ~8.5 nm, which is
considerably smaller than that of Vipp1l rings (~22 nm)(Bultema et al., 2010)

In vivo, Vippl existsin an equilibrium between soluble and membranebound
forms (Fuhrmann et al., 2009b) In anArabidopsismutant strain where Vipp1l levels are
low, no oligomeric structure of Vippl was found. Itwas proposed that a critical
concentration of Vippl is needed forthe formation of higher-order structuresin vivo
(Aseeva et al., 2007)

Figure 5: PspA and Vippl assemblinto higher oligomeric structures in vitro.

A-C.Negative stain EM of PspA shows a mixture of risgand rod-like structures (A). A closeup
on a rodlike structure showed the indentations and striations (B). A close up of PspA ring
structure (C), indicating that the stacking of rings results in a rodike PspA structure(modified
from Male et al., 2014.

D. Negative stain EM image of CrVippl shawd that it assembles into rings (arrowhead) and rod
like structures in vitro (modified from Ritgers and Schroda, 2013

E.Negative stain EM revealed that SynVippfbrm rings of variousrotational symmetriesin vitro
(modified from Fuhrmann et al., 2009b; Heidrich et al., 2007
Furthermore, in vivo Synechocystistudies showed that Vippl is distributed
between cytosol, cell ,rembrane and thylakoid membrane depending on the light

intensity used to grow cells (Bryan et al., 2014) Little is known about whether
14



oligomeric Vippl assemblies such as rings or rodare present inthe cell, either in
solution or bound to membranes. It has beenspeculated that ring formation is crucial
for membrane binding (Heidrich et al., 2017) In vitro, Vippl from several species has
been observed to form rings and rod# solution (Aseeva et al., 2004; Fuhrmann et al.,
2009b; Gao et al., 2015; Heidrich et al., 2016; Liu et al., 2007; Otters et24113; Zhang
et al., 2016a)

PspA hal been identified in two forms: a hexamer inthe solution that interacts
with the transcription factor PspF and 36merring that interacts with membranes
(Jovanovic et al., 2014; Kobayashi et al., 2007b; Osadnik et2015). In contrast, Vippl
hasnot been identifiedin ahexamer form(Heidrich et al., 2017) However, Vippl might
exist in a highly oligomerized state (potentially rings or rods) when removed from
membranes (Fuhrmann et al., 2009b) This theory is supported by thein vitro EM
observation that Vippl rings can attach peripherally to liposomes containing
negatively charged lipics (Figure 7E-G) (Hennig et al., 2015) However, the rings

disappeared from the liposomes after prolonged incubation with Vippl and Mg.
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Figure 6: Effects of Helix-7 and Helix-1 on the stability of higher-order oligomeric structure of
AtVipp1l.

A. Sizeexclusion chromatography profile of wildtype AtVippl (Vippl) and Cterminally

0001 AAGAA ' O6 E DD pelefios & BRminat HejixT dloed riotlaffedt the higher
order oligomeric structure of AtVippl.

B. Sizeexclusion chromatography profile of wild-type AtVippl (Vippl) and N-terminally

0001 AAOAA | O6 E Phe geletjors of Nbt&rmpinabHelx-0 Saused the disappearance of
higher-order oligomeric species from the high molecwdr weight range. Ths demonstratesthat
Helix-1is required for Vippl to form heavy oligomers(A-B are modified fromOtters et al., 2013.

Low-resolution 3D structures of synVippl ringsin multiple symmetries were

determined by negative stainEM (Figure 7A-D). Vippl monomers were proposed to
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assemble into tetramers whichthen oligomerize vertically to make a Vipp1 ring(Saur
et al., 2017)

Chaperores may play a crucial role in Vippl assembiyl and disassembly.For
example, Vippl oligomerization in C. reinhardtii chloroplasts was proposed to be
regulated by the Hsp70B-CDJ2 CGE1 chaperersystem (Liu et al., 2005) In vitro
experiments showed that CrVippl rings/rods are disassembled inthe presence of
these chaperores and ATP (Liu et al., 2007) This ATRdependent interaction of

chaperones with Vippl is proposedto regulate Vippl oligomerizationin vivo.

Figure 7: Negative stain EM study oSynechocysti¥ippl in vitro.

A. 3D reconstruction showing that SynVippl assembles into rings of variable symmetry but
similar morphology. One side of theing is more constricted (defined as the bottom of the ring)
than the other (defined asthe top). Scale bar £0 nm

B. The full-length structure of wild-type SynVippl was computationally predicted with the help
of the Resetta program using the partial crysal structure of PspA.

C.The predicted Vippl monomer modelwas fitted into the 3D volumeof a Vippl ring. The red
circle and the skyblue circle illustrate the N-terminal H1 and the Gterminal domain (including
H7), respectively. The black circle marks e Loop 2 region. According to this model, the N
terminal H1 faces outwards and the @erminal H7 faces upwards.

D. Model showing that four Vippl monomers can fill the EM densitylce A AAOAl OET ¢ OOAOQE
blocko (B-D are modified fromSaur et al., 2017.

E-F.The membranebinding affinity of SynVippl. When SynVippl was incubated with liposomes,
extra electron densities were found on membrane surfaces (E). Zoem of the boxed area (F).
This extra density was superimposedvith a Vippl ring having C18 rotational symmetry (G)
(modified from Hennig et al., 2015.
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1.3 Proposed physiological functions of Vippl

The precise physiological function of Vipp1l is notyet known. However, knock
down and knockout mutants from multiple species haveshown altered thylakoid
structure and morphology (Figure 1). In the last two decades studies have linked
Vipp1l to a variety of processeswhere Vippl may play either direct or indirect roles.

Many of these functions are summarized below:
1.3.1 Thylakoid biogenesis

In cyanobacteria, OOA DT AO | AT AOAT AO AAT 1T AA OATT OF

(Ghylakoid centerO &losely tether the tips of multiple thylakoid membranes to the

plasma membrane. While the thylakoids and plasma membrane remain discrete
membrane systems, the close tethamg likely allows the exchange of proteins, lipids

and other components needed for the formation of thylakoids (Frain et al., 2016;

Kunkel, 1982; Nickelsen and Rengstl, 2013; Rast et al., 201%18}el et al., 2012)Vippl

is proposed to be a structural core component withirthesethylakoid centers, which is

further supported by the observation that GFHRabelled Vippl localizes selectively at

the cell periphery (Bryan et al., 2014; Ritgers and Schroda, 2013)

Chloroplasts also have convergence zones where multiple thylakoid tips face
the plasma menbrane. However, there is not convergence membrane and thus, the
thylakoids are not closely tethered to the plasma membran€Engel et al., 2015;
Heidrich et al., 2017) Exchange of materiaimay take place via vesicle transfer or
transient membrane fusion(Heidrich et al., 2017;Lindquist et al., 2016) although both
of these events are seldom seen i€hlamydomonagEngel et al., 2015) Vippl was
proposed to play an important role in thylakoid membrane biogenesis by mediating
the transport of protein complexes and structural lipics via vesicle formation or

membrane fusion eventgHeidrich et al., 2017; Nordhues et al., 2012)

An interplay between Vippl-HSP70BCDJ2 chaperoa system and membrane
integrase ALB3.Zhas also been suggested. The downregulation of ALB3.2 deto the
upregulation of Vippl and the chaperones (Gohre et al, 2006). The aldition of
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recombinant Vippl to thylakoid membranes was shown to increase TAImediated
protein import in vitro (Lo and Theg, 2012) The depletion of Vippl in higher plants
and cyanobacteria affect thylakoid membrane assembly resulting in photosynthetic
defects (Kroll et al., 2001; Westphal et al., 2001b) The cpletion of Vippl in
Synechocystidirst led to a loss of the photosystems from thylakoid before the
thylakoid membranes, themselves were affected (Gao and Xu, 2009)In Arabidopsis
depletion of Vippl causeddysfunction of the entire photosynthetic electron transport
chain (Kroll et al., 2001). Vippl was suggested to play a role not dy in thylakoid
membrane formation but also in the biogenesis and maintenance of photosystem core
complexes (Aseeva et al., 2007)Photosystem lwas drastically reduced upon Vippl
depletion in cyanobacteria(Fuhrmann et al., 2@9a; Zhang et al., 2014)However, in
Chlamydomonas the depletion of Vippl lel to the reduced levels of photosystem I
Therefore, Vippl was proposed to besignificantly involved in photosynthetic complex

formation and/or transport (Heidrich et al., 2017; Zlang and Sakamoto, 2015)

1.3.2 Affinity of Vipp1l for lipids and membranes

1.3.2.1 Membrane binding and transport of lipids and proteins

Binding of Vippl to membranesis affected by the physical properties of the
membranes includingthe surface charge and stored curvaire elastic stress(Heidrich
et al., 2017) Interaction between A D Ol @baitlvdlyécliarged amino acidsand a
i Al A OAredafivély charged lipids ha been shown tomediate the membrane
binding of many peripheral membrane proteins(McLaughlin and Aderem, 1995; Zhou
et al., 1994)

SynVippl has been shown to interact withdioleoylphosphatidyglycerol
(DOPQ (Hennig et al., 2015; McDonald et al., 2018nd sulfoguinovosyl diacylglycerol
(SQDG (Hennig et al., 2015) Similarly, bacterial PspA was shown to interact wit
negatively-charged lipids such asphosphatidylglycerol (PG and phosphatidylserine
(P9 (Kobayashi et al., 2007b; McDonald et al., 2015The &yl chain length does not
seemto be important for the Vippl-membrane interaction, as Vippl interacs with
both 1,2-dimyristoyl -sn-glycero-3-phosphoglycerol (DMPQG and DOPQGHeidrich et al.,
2016). However,it remains unknown whether the interactions of PspA and Vipp1 with
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negatively-charged membrane surfacesre simply due to electrostatic attractions, or
whether these interactions require specific hydrophobic or amphiphilic protein
regions (Heidrich et al., 2017)

Figure 8: Vippl has a strong affinity for lipids.

Lipid binding affinity of Vippl, studied by Attenuated Total ReflectanceFourier Transform
Infrared Spectroscopy (ATRFTIR).

A. CompleteATR-FTIR spectra ofVippl before (black line) and after (red line)lipase treatment.
Peaks corresponding to specifitipid features areannotated with colored arrows.

B. Selected ATR-FTIR spectra of Vippl before (black line) and after (red line) lipase treatment.
Distinct peaks are marked with green and graywhich are further compared for other Vippl
mutants.

C.Comparison of IRdifference spectra of Vippl before/after lipag treatment of Vippl/Vippl
s(x ATA 1T £ 6EPPpT6EDPDPp 3(p OEI xO A Al AAO 1100 1T £ 1
D. No change is observed in ATRTIR spectra of Vippla ( p AAZAI OA | Al AAE 1 ETAQ A

line) lipase treatment, indicating that lipid binding affinity is greatly reduced for the mutant(A-
D are modified fromOtters et al., 2013.

It was suggested that the Nerminal amphipathic H1, conservedbetween PspA
andVippth AET A0 DPAOAI T Al O1 OEA 1 EPEA AEI AUAO ~
19


































































































































































































































































