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Summary  

Thylakoid membrane biogenesis is a multi-dimensional process involving the 

concerted assembly of proteins and pigments into large membrane-integral 

complexes, as well as the architectural shaping of an intricate membrane network that 

organizes these protein complexes in space and time. In recent years, several proteins 

have been suggested to play crucial roles in thylakoid membrane biogenesis. Vesicle 

inducing protein in plastids 1 (Vipp1) 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 Vipp1 is not yet known.  

Due to its strong affinity for lipid, Vipp1 has been proposed to bind to 

membranes and participate in vesicle transportation and shaping membrane 

architecture. To explore these proposed functions, we performed an in vitro study of 

Vipp1 protein from the green alga Chlamydomonas reinhardtii  (CrVipp1). CrVipp1 

predominantly oligomerized into extended hollow rods. Using cryo-electron 

tomography and sub-tomogram averaging, we showed that CrVipp1 rods can engulf 

liposome membranes containing phosphatidylinositol-4-phosphate (PI4P). We also 

found that CrVipp1 assembles into rods of variable symmetries and diameters.  

To resolve the molecular structure of Vipp1, we studied Vipp1 protein from the 

cyanobacterium Synechocystis sp. PCC 6803 (SynVipp1) using single-particle cryo-

electron microscopy. SynVipp1 predominantly assembled into barrel-like rings. We 

were able to reconstruct electron density maps of five distinct rotational symmetries 

of Vipp1 (C14 to C18) with resolutions varying from 3.8 to 5 Å. The density maps below 

4 Å allowed us to build atomic models of Vipp1. Monomers were found to interweave 

with each other, giving a basket-like appearance. By comparing the different 

structures, we identified several regions of flexibility that allow Vipp1 monomers to 

assemble into rings of variable rotational symmetry. These high-resolution structures 

also reveal a potential nucleotide binding site in one layer of the Vipp1 ring and provide 

Á ÓÔÒÕÃÔÕÒÁÌ ÂÁÓÉÓ ÆÏÒ ÌÉÐÉÄ ÂÉÎÄÉÎÇ ÉÎÓÉÄÅ ÔÈÅ ÌÕÍÅÎ ÏÆ ÔÈÅ ÒÉÎÇ ÂÙ 6ÉÐÐρȭÓ .-terminal 

Helix-1. 
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Zusammenfassung 

Die Biogenese von Thylakoidmembranen ist ein multidimensionaler Prozess, 

der die Assemblierung Proteinen und Pigmenten zu großen membranständigen 

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 

Vesikel-induzierende Protein in Plastiden (Vipp1), das essenziell für die Thylakoid 

Biogenese sowohl in Chloroplasten als auch in Cyanobakterien ist. Die molekulare 

Struktur und die genaue Funktion von Vipp1 sind bislang unbekannt.  

Aufgrund seiner starken Lipophilie, ist Vipp1 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 Vipp1 aus der Grünalge 

Chlamydomonas reinhardtii (CrVipp1) durchgeführt. CrVipp1 neigt vorrangig dazu in 

lange Hohlzylinder zu oligomerisieren. Mit Hilfe der Kryoelektronentomographie und 

der Untertomogrammmittelung, konnten wir zeigen, dass CrVipp1-Zylinder in der 

Lage sind, Liposomen bestehend aus Phosphatidylinositol-4- Phosphat (PI4P) 

einzuhüllen. Wir konnten ebenfalls feststellen dass CrVipp1 in Zylinder mit  variablen 

Symmetrien und Durchmessern assembliert.  

Um die molekulare Struktur von Vipp1 aufzulösen, untersuchten wir Vipp1-

Protein aus dem Cyanobakterium Synechocystis sp. PCC6803 (SynVipp1) mit Hilfe von 

Einzelpartikel Kryoelektronenmikroskopie. SynVipp1 assembliert bevorzugt in Form 

fassförmiger Ringe. Wir waren in der Lage die Elektronendichte von fünf 

unterschiedlichen Symmetriestrukturen von Vipp1 (C14 bis C18) mit einer Auflösung 

von 3.8 bis 5 Å zu berechnen. Die Elektronendichtekarten mit einer Auflösung von 

unter 4 Å erlaubten uns die Erstellung eines atomaren Modells von Vipp1. Wir stellten 

fest, dass Monomere sich in eine korbförmige Struktur miteinander verweben. Durch 

den Vergleich der verschiedenen Strukturen, konnten wir flexible Regionen 

identifizieren, durch die Vipp1-Monomere sich in Ringe von unterschiedlicher 

Rotationssymmetrie zusammenfügen kann. Weiterhin zeigen diese hochaufgelösten 
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Strukturen ein Nukleotid-bindendes Motiv in einer Schicht des Vipp1-Rings und bieten 

außerdem die strukturelle Basis für Lipidbindung durch die N-terminale Helix-1 im 

Lumen des Vipp1 Rings. 
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1 Introduction

1.1 Vipp1 , a very important protein in plastids  

Photosynthesis produces food and oxygen, which make heterotrophic life 

possible on Earth. The protein complexes that power photosynthesis are embedded 

within  the thylakoid membranes of cyanobacteria, algae, and plants. However, not 

much is known about the mechanisms that drive the assembly of thylakoid 

membranes. This is a crucially important question, as the reactions of photosynthesis, 

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

Thylakoid membrane biogenesis is a multi-dimensional process, involving the 

synthesis of lipid s, proteins, and pigments, as well as their coordinated 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 play a crucial role in thylakoid membrane biogenesis. 

Some examples include CURT1 (Armbruster et al., 2013), PratA (Klinkert et al., 2004), 

Alb3.2 (Göhre 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 biogenesis is the Vesicle inducing protein in plastids 1 (Vipp1). 

Vipp1 is an essential protein for thylakoid biogenesis in chloroplasts and 

cyanobacteria. The exact function, however, is not yet known. Originally named as 

inner membrane-associated protein of 30kDa (IM30) (Li et al., 1994), Vipp1 is 

conserved from cyanobacteria to higher plants (Kroll et al., 2001; Westphal et al., 

2001a) and appears to have co-evolved with thylakoid membranes (Vothknecht et al., 

2012). In higher plants and algae, it is a nuclear-encoded protein that contains an N-

terminal signal sequence (Vothknecht et al., 2012). After being translated by cytosolic 

ribosomes, Vipp1 is imported into the chloroplast by the TOC-TIC general import 

pathway (Schnell et al., 1997).  
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1.1.1 Vipp1, an essential protein in the plant kingdom  

Vipp1, first i dentified biochemically in 1994, was found to be located in the 

inner envelope of the chloroplast and thylakoid membrane of Pisum sativum, a pea 

plant (Li et al., 1994). Later, the Vipp1 gene was identified in the cyanobacterium 

Synechocystis sp. PCC6803 (henceforth Synechocystis) and other higher plants such as 

Arabidopsis thaliana (Kroll et al., 2001; Westphal et al., 2001b).  

 

Figure 1: Role of Vipp1 in thylakoid morphology. 

A. Vipp1-kd (middle) and Vipp1-ko (right) mutants in Arabidopsis show 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 µm. 

B-C. EM imaging of Arabidopsis shows a typical chloroplast of the wild-type strain (B) and the 
Vipp1-kd (knockdown to 20%) mutant (C). Thylakoid membranes are almost completely absent 
in the Vipp1-kd mutant (modified from Aseeva et al., 2007). 

D-G. EM imaging of Vipp1-amiRNA strains of Chlamydomonas (F-G), and of control strains (D-E). 
An overview image is shown on the left-side, and a zoom-in of the region demarcated by the black 
box is shown on the right-side. When cells are shifted to high-light growth condition s, extremely 
swollen thylakoids are observed in Vipp1-amiRNA strains (F-G) compared to control strains (D-
E) (modified from Nordhues et al., 2012). 

In Synechocystis, Vipp1 could not be deleted completely because it is an essential 

protein. However, prolonged depletion of Vipp1 leads to severe phenotypes such as 

strong reduction of thylakoid membranes and decreased levels of active photosystems, 

thus leading to a deficiency in oxygenic photosynthesis (Fuhrmann et al., 2009a; Gao 

and Xu, 2009; Kroll et al., 2001; Westphal et al., 2001b). Knockdown (kd) and knockout 

(ko) mutants of Arabidopsis Vipp1 were unable to grow photoautotrophically  and 

caused seedling lethality. The mutants could be maintained on sucrose-supplemented 

agar, growing into pale-green plants (Kroll et al., 2001). In these Arabidopsis VIPP1 

mutants, vesicles were no longer found in the chloroplasts upon cold treatment, thus 

leading to the name Ȱvesicle-inducing protein in plastidsȱ (Kroll et al., 2001). 
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Furthermore, the Vipp1 mutants have swollen, balloon-like chloroplasts due to 

increased osmotic stress on the plastid envelope (Figure 1A) (Zhang et al., 2012). 

Further effects of knockdown mutants are shown in Figure 1B-G.  

1.1.2 PspA, a bacterial homolog  of Vipp1  

PspA is the bacterial homolog of the Vipp1 protein. Vipp1 likely evolved in a 

cyanobacterial ancestor from PspA via gene duplication (Heidrich et al., 2017; 

Westphal et al., 2001b). PspA, discovered in 1990, is a member of the phage shock 

protein system and is involved in the bacterial stress response. 

Cyanobacteria have both PspA and Vipp1 genes (Zhang and Sakamoto, 2015). 

Genomic analysis suggested that the evolution of thylakoids in photosynthetic 

organisms coincides with the acquisition of Vipp1, whereas PspA has been lost in land 

plants and only Vipp1 remains (Zhang and Sakamoto, 2015). Furthermore, PspA is a 

non-essential protein  in bacteria, whereas Vipp1 is essential for normal development 

of both cyanobacteria and higher plants (Aseeva et al., 2007; Fuhrmann et al., 2009a; 

Kroll et al., 2001; Weiner and Model, 1994; Westphal et al., 2001b). Due to the common 

origin of Vipp1 from PspA, they share a similar structure and many similar functions. 

These include a ÐÒÅÄÏÍÉÎÁÎÔÌÙ ɻ-helical structure, the formation of oligomeric high 

molecular weight complexes, an 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). 

Vipp1-family proteins from the following organisms have been studied to 

understand their  structure and function:  

1. Bacterial PspA  

2. Vipp1 from cyanobacteria, such as Synechocystis sp. PCC 6803 (protein 

henceforth referred to as SynVipp1)  

3. Vipp1 from green algae, such as Chlamydomonas reinhardtii (protein 

henceforth referred to as CrVipp1) 

4. Vipp1 from higher plants, such as Arabidopsis thaliana (protein henceforth 

referred to as AtVipp1) and Pisum sativum. 
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1.1.3 Vipp1 is primarily localized to the thylakoid membranes  and 

inner membrane of the chloroplast  

Vipp1 was identified to be bound specifically to membranes with high curvature 

stress (Gutu et al., 2018; McDonald et al., 2015) and was found to co-localize with 

CURT1, a protein believed to induce thylakoid membrane curvature (Armbruster et al., 

2013; Heinz et al., 2016). However, no evidence of direct Vipp1-CURT1 interaction has 

been found (Bryan et al., 2014; Heinz et al., 2016), thus the co-localization is likely 

caused by the membrane curvature itself. Vipp1 was also suggested to function as a 

membrane chaperone at the curved membrane region (Thurotte et al., 2017). 

 

Figure 2: In vivo higher-order assembly and localization of Vipp1. 

A-C. Light microscopy studies revealed that Vipp1-GFP formed various supercomplexes along 
the chloroplast envelope in Arabidopsis such as a dot (A), line (B) and fork (C) (modified from 
Zhang et al., 2012). 

D-F. Lattice-like structures of Vipp1-GFP occasionally formed along the chloroplast envelope of 
Arabidopsis (modified from Zhang et al., 2012).  

G-J. Vipp1ɀGFP was found to be redistributed under high-light in Synechocystis. Confocal 
microscopy imaging of Vipp1-GFP showed that cells grown in low light conditions had few puncta 
(G-H), but when shifted to high light conditions, many Vipp1 puncta were formed (I-J). The 
overlay of chlorophyll (red)  and Vipp1:GFP (green) signal is shown in G-I, and the localized 
puncta of GFP fluorescence are indicated with red dots in H-J (modified from Bryan et al., 2014).  

K. Subcellular localization of Vipp1 in Synechocystis has been shown by immunogold labeling of 
6ÉÐÐρȤ'&0 ÃÏÍÂÉÎÅÄ ×ÉÔÈ EM imaging. 6ÉÐÐρȤ'&0 ɉÂÌÁÃË ÁÒÒÏ×ÈÅÁÄÓɊ was observed to be 
enriched near the edges of thylakoids (high curvature regions) (modified from Fuhrmann et al., 
2009b). 

Light microscopy studies revealed that Vipp1-GFP formed various 

supercomplexes along the chloroplast envelope in Arabidopsis (Figure 2A-C). 

Fluorescence microscopy-based in vivo studies in cyanobacteria showed that Vipp1 has 

two discrete localization patterns: puncta located at the inner membrane and freely 
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diffuse in the cytoplasm. This distribution was proposed 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 puncta near the inner membrane) (Figure 2G-J) 

(Bryan et al. 2014). A more recent super-resolution light microscopy study of 

cyanobacteria found that Vipp1 puncta were located to regions of high curvature on 

thylakoid membranes. In growing cells, these puncta were short-lived (1-2 min), 

whereas in non-growing cells they appeared to be stable (Gutu et al. 2018). In an 

interesting parallel, PspA and LiaH (PspA orthologue in Bacillus subtilis) 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; Domínguez-Escobar 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 1000 nm length and 30 to 50 nm width (Kunkel 1982; Van 

De Meene et al. 2006; Rütgers & Schroda 2013). Similar structures, referred to as 

microtubule-like structures (MTLs), have been observed in plastids of diverse algal and 

plant species. MTLs have diameters of 15 to 40 nm, reach lengths of ÕÐ ÔÏ υ ʈÍȟ ÁÎÄ 

appear to bridge inner envelope and thylakoid membranes (Lawrence & Possingham 

1984; Schnepf 1961; Pickett-Heaps 1968; Newcomb 1967; Rütgers & Schroda 2013). 

In vitro-assembled Vipp1 rings/rods resemble MTLs and the structures found 

within the cyanobacterial thylakoid centers. In support of this, GFP-tagged Vipp1 in 

Arabidopsis was found to organize into rod-like structures along the inner envelope 

(Figure 2B) (Zhang et al. 2012a). It has been debated whether Vipp1 rods are similar 

to these cytoskeleton-like structures and whether they provide a Ȱrail×ÁÙȱ for the 

transport of proteins and lipids (Liu et al. 2007). In another proposed function, these 

rods were hypothesized to serve as an inert storage box inside cyanobacteria and 

chloroplasts (Liu et al. 2007). However, a recent cryo-electron tomography study of 

Synechocystis failed to find large rings or rods in vivo, and instead showed that the large 

rod-like strucutures previously described in cyanobacteria are in fact membrane 

tubules that connect thylakoid membranes to the plasma membrane (Rast et al., 2019). 
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1.2 The structure of Vipp1  

1.2.1 The Vipp1 mÏÎÏÍÅÒ ÃÏÎÓÉÓÔÓ ÏÆ ÓÅÖÅÎ ɻ-helices 

SynVipp1 is a protein of 267 amino acids. The CrVipp1 protein is 251 amino 

acids long, excluding its signal peptide (Figure 3A). At the secondary structure level, 

Vipp1 has two major domains: an N-terminal PspA-like domain and a C-terminal helix 

of 16-20 amino acids separated by a linker region of variable length (Figure 3B) 

(Heidrich et al., 2017; Otters et al., 2013; Vothknecht et al., 2012; Westphal et al., 

2001b).  

 

Figure 3: Secondary structure elements of PspA, SynVipp1 and CrVipp1, and 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). Numbering refers to amino acid residues of the mature Vipp1 
without  its transit sequence (modified from Otters et al., 2013).  

B. 4ÈÅ ÆÉÒÓÔ ÓÉØ ɻ-helices of Vipp1 are homologous to PspA and form the PspA domain (pink line). 
Vipp1 has an additional helix (H7) of 16-20 amino acids separated by a linker region of variable 
length (sky-blue line). Reported and proposed functions of corresponding Vipp1 helices (H1-H7) 
are mentioned (modified from Heidrich et al., 2017). 

4ÈÅ 0ÓÐ! ÄÏÍÁÉÎ ÏÆ 6ÉÐÐρ ÓÈÁÒÅÓ Á ÃÏÎÓÅÒÖÅÄ ɻ-helical secondary structure 

with the bacterial PspA protein (Bultema et al., 2010; Fuhrmann et al., 2009b; 

Hankamer et al., 2004; Otters et al., 2013). While 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 secondary 



12 
 

structure of Vipp1 to consist of seven ɻ-helixes (Figure 3!ɊȢ 4ÈÅÓÅ ɻ-helices play a 

crucial role in the structural stability, macromolecular assembly and potential function 

of Vipp1. Some of these functions are summarized in Figure 3B. 

The complete structures of PspA and Vipp1 are not yet known. Recently, the N-

terminal fragment of PspA (amino acid 3-144) was solved by X-ray crystallography and 

found to have a coiled-coil structure (Osadnik et al., 2015). This structur e was 

consistent with the computationally predicted secondary structure of PspA. As PspA 

and Vipp1 share similar secondary structure, the crystal structure of PspA was used to 

model Vipp1 (Saur et al., 2017). 

1.2.1.1 N-terminal Helix -1 of Vipp1 ( Helix -1) 

N-terminal Helix-1 (henceforth H1 or Helix-1) is an amphipathic ɻ-helix with 

several highly conserved amino acid positions (Westphal et al., 2001b). Structurally, 

H1 plays a crucial role in the stability of Vipp1 higher-order assemblies (Figure 6). The 

helical wheel projection of H1 shows that hydrophobic amino acid residues clearly fall 

on one side of the helix and thus are proposed to be involved in lipid interactions 

(Figure 4A and Figure 8) (McDonald et al., 2015; Otters et al., 2013). The H1 domains 

of PspA and Vipp1 exhibit high affinities for membranes that contain lipid -packing 

defects (i.e., membranes exhibiting stored curvature elastic [SCE] stress) (McDonald et 

al., 2015, 2017). 

Strong evidence has been found to support a direct lipid interaction by the N-

terminal H1 of PspA and Vipp1 (McDonald et al., 2017). In this study, the individual 

peptides of PspA (1ɀ24 amino acids) and Vipp1 (1ɀ24 amino acids) were analyzed for 

their  effect on membrane stability. The binding of these peptides destabilized 

membrane vesicles. However, the PspA1ɀ24V11E mutant did not have such an effect. 

The destabilizing nature of this interaction seems counterintuitive for a membrane 

maintenance role of PspA and Vipp1 in vivo. It was proposed that PspA and Vipp1 

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 as F4E, 

V11E, and N14D have been shown to decrease the membrane interaction ability of 

PspA. Additionally , a P25A mutant was shown to severely compromise membrane 
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binding. Proline was proposed to play an important role in proper positioning of H1 

onto the membrane and, possibly, high-order oligomer formation (Jovanovic et al., 

2014). 

 

Figure 4: Helical wheel projection of the amino acids of Vipp1 Helix-1 and Helix-7. 

A. Helical wheel projection of the N-terminal Helix-1 (residues from 2 to 19) of SynVipp1. Three 
positively charged amino acids face one side, and the hydrophobic amino acids all face the 
opposite side, making it an amphipathic ɻ-helix (modified from McDonald et al., 2017). 

B. Helical wheel projection of the consensus sequences of the Helix-7. This is also predicted to be 
an amÐÈÉÐÁÔÈÉÃ ɻ-helix with a small hydrophobic patch facing on one side of the helix (indicated 
by a green arch) (modified from Vothknecht et al., 2012). 

 

1.2.1.2 C-termi nal Helix -7 of Vipp1 ( Helix -7) 

The C-terminal domain is an additional feature of Vipp1 that is absent from 

PspA. A multiple-sequence alignment of Vipp1 homologs in cyanobacteria, algae and 

plants revealed the conserved non-polar, amphipathic properties of the extra C-

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 face 

outward and upward in a Vipp1 ring structure, provid ing an interaction surface for 

proteins, lipids or membranes (Aseeva et al., 2004; Vothknecht et al., 2012). The C-

terminal H7 is not required for oligomerization and stability of the Vipp1 

macromolecular assembly (Figure 6) or for membrane interaction (Figure 8). Rather, 

it is assumed to be responsible for a Vipp1-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 Vipp1 oligomerization (Zhang et al., 2016a) 
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1.2.2 Vipp1 oligomerizes to make  higher -order assembl ies 

Both PspA and Vipp1 form large homo-oligomeric rings with molecular masses 

of more than 1 MDa (Figure 5). Their ring dimensions, however, differ significantly. 

Vipp1assembles into rings of different rotational symmetries (C12-C17) (Bultema et 

al., 2010), whereas PspA appears to make a single type of ring with nine -fold rotational 

symmetry (Hankamer et al., 2004). The height of the PspA ring is ~8.5 nm, which is 

considerably smaller than that of Vipp1 rings (~22 nm) (Bultema et al., 2010).  

In vivo, Vipp1 exists in an equilibrium between soluble and membrane-bound 

forms (Fuhrmann et al., 2009b). In an Arabidopsis mutant strain where Vipp1 levels are 

low, no oligomeric structure of Vipp1 was found. It was proposed that a critical 

concentration of Vipp1 is needed for the formation of higher-order structures in vivo 

(Aseeva et al., 2007).  

 

Figure 5: PspA and Vipp1 assemble into higher oligomeric structures in vitro . 

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

D. Negative stain EM image of CrVipp1 showed that it assembles into rings (arrowhead) and rod-
like structures in vitro (modified from Rütgers and Schroda, 2013). 

E. Negative stain EM revealed that SynVipp1 form rings of various rotational symmetries in vitro 
(modified from Fuhrmann et al., 2009b; Heidrich et al., 2017). 

Furthermore, in vivo Synechocystis studies showed that Vipp1 is distributed 

between cytosol, cell membrane and thylakoid membrane depending on the light 

intensity used to grow cells (Bryan et al., 2014). Little is known about whether 
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oligomeric Vipp1 assemblies such as rings or rods are present in the cell, either in 

solution or bound to membranes. It has been speculated that ring formation is crucial 

for membrane binding (Heidrich et al., 2017). In vitro, Vipp1 from several species has 

been observed to form rings and rods in solution (Aseeva et al., 2004; Fuhrmann et al., 

2009b; Gao et al., 2015; Heidrich et al., 2016; Liu et al., 2007; Otters et al., 2013; Zhang 

et al., 2016a).  

PspA had been identified in two forms: a hexamer in the solution that interacts 

with the transcription factor PspF and 36mer ring that interacts with membranes 

(Jovanovic et al., 2014; Kobayashi et al., 2007b; Osadnik et al., 2015). In contrast, Vipp1 

has not been identified in a hexamer form (Heidrich et al., 2017). However, Vipp1 might 

exist in a highly oligomerized state (potentially rings or rods) when removed from 

membranes (Fuhrmann et al., 2009b). This theory is supported by the in vitro EM 

observation that Vipp1 rings can attach peripherally to liposomes containing 

negatively charged lipids (Figure 7E-G) (Hennig et al., 2015). However, the rings 

disappeared from the liposomes after prolonged incubation with Vipp1 and Mg2+. 

 

Figure 6: Effects of Helix-7 and Helix-1 on the stability of higher-order oligomeric structure of 
AtVipp1. 

A. Size-exclusion chromatography profile of wild-type AtVipp1 (Vipp1) and C-terminally 
ÔÒÕÎÃÁÔÅÄ !Ô6ÉÐÐρ ɉ6ÉÐÐρ ɝ(χɊȢ 4ÈÅ Äeletion of C-terminal Helix-7 does not affect the higher-
order oligomeric structure of AtVipp1. 

B. Size-exclusion chromatography profile of wild -type AtVipp1 (Vipp1) and N-terminal ly 
ÔÒÕÎÃÁÔÅÄ !Ô6ÉÐÐρ ɉ6ÉÐÐρ ɝ(ρɊȢ The deletion of N-terminal Helix-1 caused the disappearance of 
higher-order oligomeric species from the high molecular weight range. This demonstrates that 
Helix-1 is required for Vipp1 to form heavy oligomers (A-B are modified from Otters et al., 2013). 

Low-resolution 3D structures of synVipp1 rings in multiple symmetries were 

determined by negative stain EM (Figure 7A-D). Vipp1 monomers were proposed to 
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assemble into tetramers, which then oligomerize vertically to make a Vipp1 ring (Saur 

et al., 2017). 

Chaperones may play a crucial role in Vipp1 assembly and disassembly. For 

example, Vipp1 oligomerization in C. reinhardtii chloroplasts was proposed to be 

regulated by the Hsp70B-CDJ2 CGE1 chaperone system (Liu et al., 2005). In vitro 

experiments showed that CrVipp1 rings/rods are disassembled in the presence of 

these chaperones and ATP (Liu et al., 2007). This ATP-dependent interaction of 

chaperones with Vipp1 is proposed to regulate Vipp1 oligomerization in vivo. 

 

Figure 7: Negative stain EM study of Synechocystis Vipp1 in vitro. 

A. 3D reconstruction showing that SynVipp1 assembles into rings of variable symmetry but 
similar morphology. One side of the ring is more constricted (defined as the bottom of the ring) 
than the other (defined as the top). Scale bar =10 nm  

B. The full-length structure of wild-type SynVipp1 was computationally predicted with the help 
of the Rosetta program using the partial crystal structure of PspA.  

C. The predicted Vipp1 monomer model was fitted into the 3D volume of a Vipp1 ring. The red 
circle and the sky-blue circle illustrate the N-terminal H1 and the C-terminal domain (including 
H7), respectively. The black circle marks the Loop 2 region. According to this model, the N-
terminal H1 faces outwards and the C-terminal H7 faces upwards. 

D. Model showing that four Vipp1 monomers can fill the EM density oÆ Á ÂÁÓÁÌ ÒÉÎÇ ȬȬÂÕÉÌÄÉÎÇ 
blockȭȭ (A-D are modified from Saur et al., 2017).  

E-F. The membrane-binding affinity of SynVipp1. When SynVipp1 was incubated with liposomes, 
extra electron densities were found on membrane surfaces (E). Zoom-in of the boxed area (F). 
This extra density was superimposed with a Vipp1 ring having C18 rotational symmetry (G) 
(modified from Hennig et al., 2015). 
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1.3 Proposed physiological functions of Vipp1  

The precise physiological function of Vipp1 is not yet known. However, knock-

down and knock-out mutants from multiple species have shown altered thylakoid 

structure and morphology (Figure 1). In the last two decades, studies have linked 

Vipp1 to a variety of processes, where Vipp1 may play either direct or indirect roles. 

Many of these functions are summarized below: 

1.3.1 Thylakoid biogenesis  

In cyanobacteria, ÔÕÂÕÌÁÒ ÍÅÍÂÒÁÎÅÓ ÃÁÌÌÅÄ ȰÃÏÎÖÅÒÇÅÎÃÅ ÍÅÍÂÒÁÎÅÓȱ ÏÒ 

Ȱthylakoid centerÓȱ closely tether the tips of multiple thylakoid membranes to the 

plasma membrane. While the thylakoids and plasma membrane remain discrete 

membrane systems, the close tethering 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., 2019; Stengel et al., 2012). Vipp1 

is proposed to be a structural core component within these thylakoid centers, which is 

further supported by the observation that GFP-labelled Vipp1 localizes selectively at 

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

Chloroplasts also have convergence zones where multiple thylakoid tips face 

the plasma membrane. However, there is not convergence membrane and thus, the 

thylakoids are not closely tethered to the plasma membrane (Engel et al., 2015; 

Heidrich et al., 2017). Exchange of material may 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 in Chlamydomonas (Engel et al., 2015). Vipp1 was 

proposed to play an important role in thylakoid membrane biogenesis by mediating 

the transport of protein complexes and structural lipids via vesicle formation or 

membrane fusion events (Heidrich et al., 2017; Nordhues et al., 2012). 

An interplay between Vipp1-HSP70B-CDJ2 chaperone system and membrane 

integrase ALB3.2 has also been suggested. The downregulation of ALB3.2 led to the 

upregulation of Vipp1 and the chaperones (Göhre et al., 2006). The addition of 
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recombinant Vipp1 to thylakoid membranes was shown to increase TAT-mediated 

protein import in vitro (Lo and Theg, 2012). The depletion of Vipp1 in higher plants 

and cyanobacteria affects thylakoid membrane assembly, resulting in photosynthetic 

defects (Kroll et al., 2001; Westphal et al., 2001b). The depletion of Vipp1 in 

Synechocystis first led to a loss of the photosystems from thylakoids before the 

thylakoid membranes, themselves, were affected (Gao and Xu, 2009). In Arabidopsis, 

depletion of Vipp1 caused dysfunction of the entire photosynthetic electron transport 

chain (Kroll et al., 2001). Vipp1 was suggested to play a role not only in thylakoid 

membrane formation but also in the biogenesis and maintenance of photosystem core 

complexes (Aseeva et al., 2007). Photosystem I was drastically reduced upon Vipp1 

depletion in cyanobacteria (Fuhrmann et al., 2009a; Zhang et al., 2014). However, in 

Chlamydomonas, the depletion of Vipp1 led to the reduced levels of photosystem II. 

Therefore, Vipp1 was proposed to be significantly involved in photosynthetic complex 

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

1.3.2 Affinity of Vipp1  for lipids and membranes  

1.3.2.1 Membrane binding and  transport  of lipids and proteins  

Binding of Vipp1 to membranes is affected by the physical properties of the 

membranes, including the surface charge and stored curvature elastic stress (Heidrich 

et al., 2017). Interaction between Á ÐÒÏÔÅÉÎȭÓ positively-charged amino acids and a 

ÍÅÍÂÒÁÎÅȭÓ negatively charged lipids had been shown to mediate the membrane 

binding of many peripheral membrane proteins (McLaughlin and Aderem, 1995; Zhou 

et al., 1994).  

SynVipp1 has been shown to interact with dioleoylphosphatidylglycerol 

(DOPG) (Hennig et al., 2015; McDonald et al., 2015) and sulfoquinovosyl diacylglycerol 

(SQDG) (Hennig et al., 2015). Similarly, bacterial PspA was shown to interact with 

negatively-charged lipids such as phosphatidylglycerol (PG) and phosphatidylserine 

(PS) (Kobayashi et al., 2007b; McDonald et al., 2015). The acyl chain length does not 

seem to be important for the Vipp1-membrane interaction, as Vipp1 interacts with 

both 1,2-dimyristoyl -sn-glycero-3-phosphoglycerol (DMPG) and DOPG (Heidrich et al., 

2016). However, it remains unknown whether the interactions of PspA and Vipp1 with 
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negatively-charged membrane surfaces are simply due to electrostatic attractions, or 

whether these interactions require specific hydrophobic or amphiphilic protein 

regions (Heidrich et al., 2017).  

 

Figure 8: Vipp1 has a strong affinity for lipids.  

Lipid binding affinity of Vipp1, studied by Attenuated Total Reflectance-Fourier Transform 
Infrared Spectroscopy (ATR-FTIR). 

A. Complete ATR-FTIR spectra of Vipp1 before (black line) and after (red line) lipase treatment. 
Peaks corresponding to specific lipid  features are annotated with colored arrows. 

B. Selected ATR-FTIR spectra of Vipp1 before (black line) and after (red line) lipase treatment. 
Distinct peaks are marked with green and gray, which are further compared for other Vipp1 
mutants.  

C. Comparison of IR-difference spectra of Vipp1 before/after lipase treatment of Vipp1/Vipp1 
ɝ(χ ÁÎÄ ÏÆ 6ÉÐÐρȾ6ÉÐÐρ ɝ(ρ ÓÈÏ×Ó Á ÃÌÅÁÒ ÌÏÓÓ ÏÆ ÌÉÐÉÄ ÁÂÓÏÒÐÔÉÏÎ ÂÁÎÄÓ ÉÎ 6ÉÐÐρ ɝ(ρȢ 

D. No change is observed in ATR-FTIR spectra of Vipp1 ɝ(ρ ÂÅÆÏÒÅ ɉÂÌÁÃË ÌÉÎÅɊ ÁÎÄ ÁÆÔÅÒ ɉÒÅÄ 
line) lipase treatment, indicating that lipid bind ing affinity is greatly reduced for the mutant (A-
D are modified from Otters et al., 2013). 

It was suggested that the N-terminal amphipathic H1, conserved between PspA 

and Vipp1ȟ ÂÉÎÄÓ ÐÁÒÁÌÌÅÌ ÔÏ ÔÈÅ ÌÉÐÉÄ ÂÉÌÁÙÅÒ ×ÉÔÈ ÔÈÅ ÈÅÌÉØȭÓ ÃÅÎÔÒÁÌ ÁØÉÓ ÌÁÙÉÎÇ ÂÅÔ×ÅÅÎ 












































































































































































