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Summary

The Vipp1 protein is essential in cyanobacteria and
chloroplasts for the maintenance of photosynthetic
function and thylakoid membrane architecture. To
investigate its mode of action we generated strains
of the cyanobacteria Synechocystis sp. PCC6803
and Synechococcus sp. PCC7942 in which Vipp1
was tagged with green �uorescent protein at the
C-terminus and expressed from the native chromo-
somal locus. There was little perturbation of function.

Live-cell �uorescence imaging shows dramatic relo-
calisation of Vipp1 under high light. Under low light,
Vipp1 is predominantly dispersed in the cytoplasm
with occasional concentrations at the outer periphery
of the thylakoid membranes. High light induces Vipp1
coalescence into localised puncta within minutes, with
net relocation of Vipp1 to the vicinity of the cytoplas-
mic membrane and the thylakoid membranes. Pull-
downs and mass spectrometry identify an extensive
collection of proteins that are directly or indirectly
associated with Vipp1 only after high-light exposure.
These include not only photosynthetic and stress-
related proteins but also RNA-processing, translation
and protein assembly factors. This suggests that the
Vipp1 puncta could be involved in protein assembly.
One possibility is that Vipp1 is involved in the forma-
tion of stress-induced localised protein assembly
centres, enabling enhanced protein synthesis and
delivery to membranes under stress conditions.

Introduction

Cyanobacteria and chloroplasts contain a complex inter-
nal membrane system – the thylakoid membranes –
which are the site of the photosynthetic light reactions.
Vipp1 (Vesicle-Inducing Protein in Plastids 1) has been
implicated in thylakoid membrane biogenesis in chloro-
plasts (Kroll et al., 2001) and cyanobacteria (Westphal
et al., 2001) based on mutant phenotypes. Vipp1 is a
member of the widespread PspA/IM30 family of bacterial
proteins (Westphal et al., 2001; Vothknecht et al., 2012),
many of which are implicated in the maintenance of mem-
brane integrity under stress conditions (Engl et al., 2009;
Yamaguchi et al., 2013; Domínguez-Escobar et al.,
2014). Disruption of the vipp1 gene in Arabidopsis results
in failure to develop normal thylakoids, and an absence of
vesicles that bud from the inner chloroplast envelope
membrane under certain conditions (Kroll et al., 2001),
while disruption of vipp1 in the cyanobacterium Synecho-
cystis sp. PCC6803 results in a partially segregated
mutant (i.e. surviving cells all retain at least one functional
vipp1 gene among their multiple copies of the chromo-
some) (Westphal et al., 2001), indicating an indispensable
function for vipp1. The partially segregated mutant shows
decreased thylakoid membrane content (Westphal et al.,
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2001). It should be noted, however, that a fully segregated
vipp1 mutant was recently produced by an indirect route
in the cyanobacterium Synechococcus sp. PCC7002: this
mutant lacks Photosystem I function but can grow heter-
otrophically (Zhang et al., 2014). Cyanobacterial vipp1
mutants show a speci�c defect in Photosystem I (PSI)
formation (Fuhrmann et al., 2009a; Zhang et al., 2014)
and loss of vipp1 results in loss of photosynthetic activity
before the thylakoid membranes themselves are affected
(Gao and Xu, 2009). This suggests that Vipp1 is more
directly involved with the biogenesis of photosynthetic
complexes than with the biogenesis of membranes them-
selves, although the two processes appear closely linked
(Barthel et al., 2013; Zhang et al., 2014). In the green alga
Chlamydomonas reinhardtii, partial depletion of Vipp1
results in a severe phenotype only under high light, and
the most direct effect is on the assembly of the photosyn-
thetic complexes, perhaps through the supply of structural
lipids (Nordhues et al., 2012).

Vipp1 is a hydrophilic protein that shows affinity for
membrane surfaces, since it can be found in thylakoid and
inner envelope membrane preparations in chloroplasts
(Kroll et al., 2001) and in thylakoid and cytoplasmic mem-
brane preparations in cyanobacteria (Srivastava et al.,
2005; Fuhrmann et al., 2009b). The �rst � -helical domain
of Vipp1 appears to be important both for oligomerisation
and for interaction with membranes (Otters et al., 2013).
The interaction of Vipp1 with membrane surfaces is con-
sistent with its involvement in vesicular transport between
the inner envelope/cytoplasmic membrane and the thyla-
koids; however, direct evidence for such vesicular trans-
port is lacking (Kroll et al., 2001; Vothknecht et al., 2012).

Immuno�uorescence microscopy indicates that Vipp1 is
concentrated in distinct puncta in the Chlamydomonas
chloroplast (Nordhues et al., 2012). GFP-tagging reveals
dynamic behaviour of Vipp1 in chloroplasts, with rapid
movement of Vipp1 complexes in the envelope region,
leading to the suggestion that Vipp1 plays a role in chlo-
roplast envelope maintenance in Arabidopsis (Zhang
et al., 2012). It has also been suggested that Vipp1 is
required for efficient thylakoid membrane protein translo-
cation (Lo and Theg, 2012) and that it might form a struc-
tural component of ‘thylakoid biogenesis centres’: putative
localised centres of biosynthesis of thylakoid lipids and
proteins in cyanobacteria and chloroplasts (Rütgers and
Schroda, 2013).

Here, we use GFP-tagging and confocal microscopy to
probe the dynamic behaviour of Vipp1 in vivo in two
species of cyanobacteria. High-light exposure results in
the rapid coalescence of Vipp1 into mobile puncta con-
taining up to several hundred Vipp1–GFP molecules. Bio-
chemical analysis of Vipp1 interaction partners in vivo
suggests that the puncta are associated with a large and
diverse collection of proteins, including a range of stress-

related proteins and components of the protein synthesis
and assembly machinery. This suggests a structural asso-
ciation between the Vipp1 bodies and sites of protein
synthesis. One explanation would be that Vipp1 partici-
pates in localised protein assembly centres, required for
the rapid production of new protein complexes under
stress conditions.

Results

GFP-tagging of Vipp1 in Synechocystis

We used primarily the unicellular model cyanobacterium
Synechocystis sp. PCC6803 (hereafter Synechocystis),
which has spherical cells and rather irregular thylakoid
membranes (Liberton et al., 2006; van de Meene et al.,
2006). Some additional work was carried out on Synecho-
coccus sp. PCC7942 (hereafter Synechococcus), which
has elongated cells with more regular thylakoid mem-
branes organised as concentric cylinders aligned along
the long axis of the cell (Mullineaux and Sarcina, 2002). To
ensure that expression of the C-terminal GFP fusions
were in context and physiologically relevant, the gfp gene
fusions were introduced into the native chromosomal
vipp1 loci (Fig. S1A). Segregation was complete (Fig.
S1B), in contrast to Synechocystis vipp1 null mutants
(Westphal et al., 2001; Fuhrmann et al., 2009a; Gao and
Xu, 2009). Immunoblots with anti-GFP antibody showed
that GFP is linked to a protein of the expected size (Fig.
S1C), while immunoblots with anti-Vipp1 antibody show
that most Vipp1 is present as full-length Vipp1–GFP
protein, under both low light (LL) and high light (HL) (Fig.
S2A and B). The minor fragments also detected (Fig. S2A
and B) are likely to be degradation products of Vipp1–
GFP, resulting from the extraction process. Such degra-
dation products were also seen in Arabidopsis (Zhang
et al., 2012). Segregation of vipp1–gfp indicates that the
GFP fusion protein retains its function. Consistent with
this, vipp1–gfp had the same growth rate as the wild-type
(not shown) and appeared phenotypically identical to the
wild-type when grown under LL, with no obvious altera-
tions in thylakoid membrane morphology (Fig. S3A–D).
Since Vipp1 appears particularly important under HL
(Nordhues et al., 2012) we also tested the tolerance of the
wild-type and vipp1–gfp cells to HL exposure (600 � E
mŠ2 sŠ1 white light for 30–60 min) by measuring light-
saturated oxygen evolution before and after HL exposure.
HL exposure on these timescales caused a signi�cant
decrease in oxygen evolution in all strains, indicating that
photodamage was faster than repair (Fig. S3E). There
was no signi�cant difference in the light-sensitivity of
oxygen evolution between Synechocystis vipp1–gfp and
the wild-type (Fig. S3E). By contrast, a Synechocystis
mutant de�cient in the PSII repair cycle due to loss of an
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