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Abstract

High-light-inducible proteins (Hlips) are single-helix transmembrane proteins that are essential for the survival of cyanobac-
teria under stress conditions. The model cyanobacterium Synechocystis sp. PCC 6803 contains four Hlip isoforms (HliA-D)
that associate with Photosystem II (PSII) during its assembly. HIiC and HIiD are known to form pigmented (hetero)dimers
that associate with the newly synthesized PSII reaction center protein D1 in a configuration that allows thermal dissipation of
excitation energy. Thus, it is expected that they photoprotect the early steps of PSII biogenesis. HIiA and HliB, on the other
hand, bind the PSII inner antenna protein CP47, but the mode of interaction and pigment binding have not been resolved.
Here, we isolated His-tagged HliA and H1iB from Synechocystis and show that these two very similar Hlips do not interact
with each other as anticipated, rather they form HIiAC and HIiBC heterodimers. Both dimers bind Chl and f-carotene in a
quenching conformation and associate with the CP47 assembly module as well as later PSII assembly intermediates contain-
ing CP47. In the absence of HIiC, the cellular levels of HliA and HIiB were reduced, and both bound atypically to HIiD. We
postulate a model in which HIiAC-, HIiBC-, and HliDC-dimers are the functional Hlip units in Synechocystis. The smallest
Hlip, HIiC, acts as a ‘generalist’ that prevents unspecific dimerization of PSII assembly intermediates, while the N-termini
of ‘specialists’ (HIliA, B or D) dictate interactions with proteins other than Hlips.
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Introduction

The structure and function of photosynthetic reaction cent-
ers are highly conserved between all oxygenic phototrophs.
Photosystem I (PSI) consists of two large pigment-binding
reaction center proteins (PsaA and PsaB) and ten to four-
teen smaller subunits depending on the species (Jordan et al.
2001; Ben-Shem et al. 2003; Mazor et al. 2017; Malavath
et al. 2018). Photosystem II (PSII) reaction centers, on the
other hand, contain four major pigment-binding proteins
(D1, D2, CP43, CP47) in addition to sixteen smaller mem-
brane spanning subunits and three extrinsic lumenal subunits
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of the oxygen-evolving complex (Umena et al. 2011; Wei
et al. 2016). The PSII reaction center proteins D1 and D2
contain the chlorophylls (Chls) and pheophytins responsible
for primary charge separation, while the two inner antenna
proteins, CP43 and CP47, transfer captured light energy to
the reaction center. Both photosystems utilize additional
light-harvesting antenna systems to increase their light-
harvesting capacity. Cyanobacteria contain the peripheral
phycobilisome antennae, whereas in plants and different
types of algae, the outer light-harvesting antennae of PSI
and PSII are composed of membrane embedded light-har-
vesting complex proteins (LHCs). LHCs belong to the LHC
superfamily, which is characterized by a highly conserved
Chl-binding motif (ExxN/HxR; Engelken et al. 2010). LHCs
contain this motif in two of their three transmembrane heli-
ces. The conserved Glu and Arg residues from one helix
form salt bridges with the Arg and Glu residues of the other
helix, respectively, locking the helices in a cross formation
that is further stabilized by associated carotenoid (Car) and
Chl molecules (Kiihlbrandt et al. 1994; Bassi et al. 1999;
Liu et al. 2004).

@ Springer


http://orcid.org/0000-0002-6363-1470
http://orcid.org/0000-0002-6401-6648
http://orcid.org/0000-0001-8652-5323
http://orcid.org/0000-0001-5909-3879
http://crossmark.crossref.org/dialog/?doi=10.1007/s11120-022-00904-z&domain=pdf

318

Photosynthesis Research (2022) 152:317-332

LHC superfamily proteins are present in all oxygenic
phototrophs, but they vary in the number of transmembrane
helices and Chl-binding motifs, and not all of them function
in light harvesting (Engelken et al. 2010). The most ancient
LHC proteins are cyanobacterial high-light-inducible pro-
teins (Hlips), which contain a single transmembrane helix
with the ExxNxR motif. Homologues of Hlips called one-
helix proteins (OHPs; an alternative name Ycf17 is used in
some algae) also seem to be ubiquitous in oxygenic eukar-
yotes (Engelken et al. 2010). The model cyanobacterium
Synechocystis sp. PCC 6803 (hereafter Synechocystis) con-
tains four Hlip isoforms (HliA-D) and one Hlip-like domain
fused to the ferrochelatase enzyme (Pazdernik et al. 2019).
Based on known LHC structures, it has been proposed that
Hlips and OHPs form pigment-binding dimers (Staleva et al.
2015; Hey and Grimm 2018). Indeed, pigment binding has
been demonstrated experimentally for purified Synechocystis
HI1iC- and HIiD-dimers (Staleva et al. 2015; Shukla et al.
2018) and in vitro refolded plant OHPs (Hey and Grimm
2020).

Expression of Hlip genes is highly induced by stress con-
ditions (Dolganov et al. 1995; He et al. 2001) and, as shown
by studies made on AHlip strains, Hlips are essential for
cell survival already under moderately high light intensities
(He et al. 2001; Havaux et al. 2003). The exact mechanism
of how Hlips ensure cell survival under adverse conditions
remains unclear, but all four Synechocystis Hlips have been
indicated in one way or another in PSII assembly (Komenda
and Sobotka 2016). PSII assembly is a complicated and
highly regulated process that is initiated by the formation of
four separate PSII assembly modules. Each module contains
one major Chl-binding PSII subunit (D1, D2, CP43 or CP47)
preloaded with pigments and subjoined by small PSII subu-
nits. The modules then assemble in a stepwise manner form-
ing several distinct PSII assembly intermediates (Komenda
et al. 2012b). First, the D1 and D2 modules dimerize to form
the PSII reaction center core (RCII). Next, the CP47 mod-
ule (CP47m) attaches to RCII, yielding the RC47 assembly
intermediate (Dobakova et al. 2009; Boehm et al. 2012). The
addition of the CP43 module to RC47 results in the mono-
meric (non-oxygen-evolving) PSII reaction center core com-
plex (RCCII). Finally, the lumenal oxygen-evolving complex
is assembled and the resulting PSII-monomers dimerize to
the fully active PSII-dimer (Becker et al. 2011).

In addition to de novo biosynthesis, PSII also under-
goes rapid repair cycles in the cell due to its susceptibil-
ity to photo-oxidative damage (Vass 2012). It is likely
that PSII assembly and repair utilize, at least partially, the
same accessory proteins and involve similar intermediary
complexes (Komenda et al. 2012b; Jarvi et al. 2015). Both
PSII assembly and repair rely on the assistance of various
proteins (assembly factors) that are not part of the active
PSII complex. These factors bind to the assembly or repair
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intermediates during different stages: for instance, the RCII
complex is associated with lumenal proteins Ycf48 and
CyanoP, whereas the later PSII intermediates contain Psb28
and Psb27 factors connected to CP47 and CP43 antenna
subunits, respectively. Synechocystis HIiC and HIiD form
a heterodimer that binds tightly to the PSII assembly fac-
tor Ycf39; the resulting HIiCD-Ycf39 subcomplex interacts
with RCII, giving rise to a complex called RCIT* (Knoppova
et al. 2014). The HIiCD-dimer is capable of quenching light
energy via energy transfer from Chl to f-carotene (f-Car)
(Staleva et al. 2015), and thus very likely protects the newly
forming reaction center against photo-oxidation. Moreover,
it has been proposed that HIiCD-Ycf39 aids in the delivery
of Chl to the nascent D1 reaction center protein, as another
protein partner of HIiCD is the Chl synthase enzyme (ChlG)
(Chidgey et al. 2014). In the course of PSII biosynthesis,
the HIiCD-Y cf39 subcomplex is detached prior to the for-
mation of RC47 (Knoppova et al. 2014). Similar to HIiC
and HIiD, plant OHPs bind the plant homologue of Ycf39
(HCF244) and associate with RCII (Myouga et al. 2018; Hey
and Grimm 2018; Li et al. 2019).

In contrast to HIiC and H1iD, much less is known about
the HliA and HIiB proteins. In Synechocystis, HliA, HliB,
and HIiC associate with the CP47 antenna, but the stage(s)
of PSII biogenesis at which this occurs remain to be clarified
(Promnares et al. 2006; Yao et al. 2007; Pascual-Aznar et al.
2021). In addition, whether HliA and HIiB bind pigments or
interact with other Hlips is not known. In this study, we char-
acterized HliA- and HliB-associated protein complexes puri-
fied from Synechocystis. We found that both HIiA and HliB
form heterodimers with HIiC and that the resulting HIiAC
and HIiBC pairs bind Chl and f-Car in a quenched configu-
ration. Both dimers associate with the CP47m as well as
later PSII assembly intermediates, RC47 and RCCII. Using
a detailed mass spectrometry analysis of the isolated HIiA/B
complexes, we identified several previously uncharacterized
proteins that potentially participate in PSII biogenesis. The
results presented here make a complete picture of the Syn-
echocystis Hlip ‘interactome.’

Results

HIiAC and HIiBC heterodimers bind pigments
in an energy-dissipating configuration

To study the biochemical properties of HIiA and HIiB, we
expressed N-terminally His-tagged recombinant proteins
(9.0 kDa and 8.7 kDa, respectively) in Synechocystis cells
under the strong, high-light-inducible psbA2 promoter and
deleted the respective native genes to create the strains his-
hliA/AhliA and his-hliB/AhliB. We tested the accumulation
of recombinant proteins by shifting the cells from normal
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light (40 umol m~2 s~ to high light (500 umol m~2 s~!) for
up to 5 h. Cellular levels of His-HIiA and His-HliB proteins
were comparable with their native counterparts in wild-type
cells (WT) (Supplemental Fig. 1) confirming that the ectopi-
cally expressed His-HliA/B were present in membranes at
physiologically relevant concentrations. For all of the fol-
lowing experiments, we used a membrane fraction isolated
from cells treated by high light for 3 h.

In order to establish whether HliA and HliB bind pig-
ments, we first purified the His-tagged Hlips from n-dodecyl
p-p-maltoside (DDM)-solubilized membranes in phosphate
buffer (pH 7.8) containing no Mg?>* and Ca* ions; these
conditions, according to our previous results, destabilize the
interaction between Hlips and PSII subunits allowing isola-
tion of free Hlip-dimers (Shukla et al. 2018). His-HIiA/B
eluates showed a similar yellow-green color and, as revealed
by 2D clear native (CN)/SDS-electrophoresis, they con-
tained mostly free Hlip-dimers composed of the His-tagged
bait proteins in complex with HliC (5.2 kDa; Fig. 1). Quan-
tification of the proteins from the Coomassie-stained 2D gel
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Fig.1 Two-dimensional CN/SDS-PAGE separation of Ni-NTA
pull-downs from his-hliA/AhliA (a) and his-hliB/AhliB (b) strains
Hlip complexes were purified in phosphate buffer from the mem-
brane fractions of high-light -treated cells and separated by 2D CN/
SDS-PAGE. The pigment—protein bands containing (His-)HIiAC and
(His-)HIiBC heterodimers that were cut for absorption spectrum and

yielded a ratio of 1:0.6 for His-HIiA and HIiC (Fig. 1a), and
1:0.7 for His-HIiB and HIiC (Fig. 1b). We did not detect
the native HIiA in His-HIiB pull-down nor the native HIiB
in His-HIiA pull-down. HliD was not present in either elu-
ate. Based on these results, we concluded that HIiC is the
preferred Hlip interacting with HliA and HIiB in vivo. The
eluates also contained low amounts of the RCCII and RC47
assembly complexes, as revealed by Chl fluorescence imag-
ing of the CN strips and the pattern of PSII reaction center
proteins on the 2D gels. Importantly, free Hlips co-migrated
with pigments but did not show any Chl fluorescence in the
CN gel, indicating that they were present in a quenched
conformation.

To characterize the (His-)HIiAC and (His-)HIiBC-dimers
further, we cut the Hlip-bands from the CN gel strips as indi-
cated (Fig. 1) and measured their in-gel absorption spectra
(Fig. 2a). The spectra were almost identical with Chl absorp-
tion maxima at 437 nm and 677 nm and a Car peak around
488 nm with a shoulder at 520 nm (Fig. 2a). Next, we eluted
the Hlips from the gel, extracted pigments into methanol
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pigment measurements (Fig. 2; Table 1) are indicated by dashed-line
boxes. His-HIiA, His-HIiB, and HIiC abundances were quantified
from the Coomassie-stained gels and the raw intensities were normal-
ized to the molecular weights of the proteins. The molar ratios of the
proteins are indicated in brackets. CBB coomassie stain, Fluor Chl
fluorescence, u.p. unbound pigments
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Fig.2 Absorption spectra (a) and pigment analysis (b) of purified
Hlips. a (His-)HIiAC- and (His-)HIiBC-dimers were cut from CN-
PAGE (see Fig. 1) and in-gel absorption spectra recorded. Spectra
were normalized to Chl Qy band (677 nm). Absorption maxima of
Chl a (437 nm and 677 nm) and Cars (488 nm and 520 nm) are indi-
cated above the spectra. Spectra represent an average from three inde-
pendent purifications. b Pigments were eluted from the CN-PAGE
separated Hlips (see Fig. 1) and analyzed with HPLC. The eluted pig-
ments were quantified (see Table 1) and the relative amounts com-
pared to Chl calculated (indicated in brackets). Ech echinenone, a.u.
arbitrary units

and quantified individual pigment species by HPLC (Fig. 2b,
Table 1). In addition to Chl and f-Car as the main pigments,
both Hlip-dimers contained small amounts of echinenone
and p-cryptoxanthin. The Chl to total Car ratio in (His-)
HIiAC- and (His-)HIiBC-dimers was 1:0.6.

HIiA and HIiB are specifically associated
with the assembling PSIl complexes

To clarify the association of HIiA and HI1iB with differ-
ent PSII (sub)complexes, we separated solubilized cellular
membranes by 2D CN/SDS-PAGE and immunodetected
both Hlips and their expected interaction partner, CP47
(Supplemental Fig. 2). However, this time we used a mildly
acidic MES buffer (pH 6.5) supplemented with Mg** and
Ca”* for membrane isolation and solubilized the thylakoids
using a combination of DDM together with the very mild
detergent glycodiosgenin (GDN) in order to stabilize pro-
tein—protein interactions (Chae et al. 2012). The majority
of Hlips in WT co-migrated with the RCCII complex and
CP47m (Supplemental Fig. 2a) in agreement with previ-
ous findings (Promnares et al. 2006). Notably, CP47m was
observed as at least three distinct spots with Hlips present
as a diffuse signal around the two higher molecular weight
forms. According to published results (Boehm et al. 2011;
Pascual-Aznar et al. 2021), the fastest migrating CP47m
spot corresponds to a ‘standard” CP47m complex containing
CP47 subjoined with the small PSII subunits PsbH, PsbL,
and PsbT. A fraction of CP47m further associates with the
small Psb35 protein and the mass difference between the
RC47m and RC47m-Psb35 complexes is clearly resolved
by CN gel (Pascual-Aznar et al. 2021). Thus, it seems likely
that the higher MW CP47m forms detected here represent
CP47m + Hlips with and without Psb35. Minor HIiA/B sig-
nals were also observed around the RC47 complex and in
the high molecular weight region. Notably, almost no Hlips
were detected as free dimers, indicating that our solubiliza-
tion conditions preserved the native interactions of Hlips.
To differentiate between the highly similar HIiA and
HIiB, which react with the same antibody, we also utilized
the single-mutant strains AhliA and AhliB (Supplemental

Table 1 Pigment composition of the purified (His-)HIiAC- and (His-)HIiBC-dimers Purified proteins were separated on CN-PAGE and gel
bands containing Hlip-dimers (see Fig. 1) were cut for pigment analysis by HPLC (Fig. 2b)

Protein complex Pigment

Chlorophyll a p-carotene Echinenone p-cryptoxanthin Chl:Car ratio
His-HIIAC 1.000 0.524 (+£0.005) 0.061 (£0.000) 0.021 (x£0.001) 1:0.6
His-HIiBC 1.000 0.515 (+£0.006) 0.070 (x£0.004) 0.021 (x0.001) 1:0.6

Pigment stoichiometries were normalized to Chl=1. The relative pigment quantifications are an average (+standard deviation) of three inde-

pendent pull-downs
Car total carotenoids
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Fig. 2b, c). Both Hlips had a very similar distribution in the
gel, with the majority of the protein found in RCCII and
CP47m. Both Hlips were also observed in the two higher
molecular weight spots of CP47m as in WT. Interestingly,
a significant amount of HIiA was also observed in the high
molecular weight region at the top of the gel, whereas HIiB
was more enriched around CP47m. Neither Hlip was present
in high quantities in the dimeric PSII, suggesting a preferen-
tial binding to assembly and/or repair complexes. To study
the effect of HIiC on HIiA/B localization, we created AhliA/
AhliC and AhliB/AhliC strains and repeated the experiment
(Supplemental Fig. 2d, e). The signal of immunodetected
Hlips was very faint, indicating an important role of HliC for
the stability of HIiA/B (see later). The Hlips also dispersed
to multiple (unidentified) protein complexes that seemed to
be distinct from their native localization, suggesting that
HIiC is important not only for HIiA/B accumulation, but
also for their proper targeting in the cell.

To obtain more detailed insight on the HIiA/B interac-
tomes and their dependency on H1iC, we isolated thylakoid
membranes and performed pull-downs from high-light-
treated WT, his-hliA/AhliA, his-hliB/AhliB, his-hliA/ AhliA/
AhliC, and his-hliB/AhliB/AhliC strains. In order to preserve
a maximal amount of native interactions, we performed the
pull-downs in similar mild conditions as was used for the
2D-analysis of thylakoids (solubilization with DDM/GDN
in MES buffer). The membranes were first analyzed by 1D
SDS-PAGE followed by immunodetection to compare the
levels of (His-)HIiA/B proteins in the strains (Fig. 3a). Nota-
bly, the presence of His-HIiA and native HliA in the mem-
branes lowered dramatically after deletion of the hliC gene.
Amounts of His-HIiB and native HliB were also significantly
reduced in AAliC, but to a lesser extent than (His-)HIiA.
We then analyzed the Ni-NTA pull-downs by CN-PAGE
(Fig. 3b). Four green bands co-eluted specifically with His-
HIiA and His-HIiB proteins and an additional, fast migrating
green-yellow band was visible in the His-HIiB eluate. In
accordance with the dramatic reduction in His-HIiA/B levels
upon deletion of AliC, the eluates from AhliC background
contained significantly less pigment—protein complexes;
while some complexes were still present in the his-hliB/
AhliB/AhliC pull-down, no visible bands were detected in
the CN-separated his-hliA/AhliA/ARIiC eluate (Fig. 3b).

The eluates obtained from his-hliA/AhliA and his-hliB/
AhliB were further separated by 2D CN/SDS-PAGE (Fig. 4).
The green bands co-eluting with the Hlips were identified
as RCCII, RC47, and CP47m assembly intermediates; the
small green-yellow band in his-hliB/AhliB was identified as
free Hlip-dimers. In both eluates, the CP47m was present as
two distinct bands: with and without Hlips. This implied that
a fraction of Hlips was stripped out from the CP47m dur-
ing CN-PAGE; indeed free (His-)HIiAC- and (His-)HIiBC-
dimers were detectable on the Coomassie-stained 2D gels
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Fig.3 Accumulation of Hlips in the thylakoid membranes (a) and
CN-PAGE separation of Ni-NTA pull-downs (b) from WT, his-hliA/
AhliA, his-hliB/AQliB, his-hliAlAhlIA/ARLIC, and  his-hliB/AhliB/
AhliC strains. a Membranes from high-light-treated cells were iso-
lated in MES buffer, separated on SDS-PAGE and immunoblotted
using an antibody against HIiA/B. The different Hlip-forms are indi-
cated with arrows. Total staining of the gel with SYPRO® Orange
prior to blotting is shown as loading control. b Hlip complexes were
purified in MES buffer using a combination of DDM and GDN deter-
gents. The eluates were separated on CN-PAGE and the gel was
scanned. Protein complexes were identified based on 2D-analysis of
the gel strips (see Fig. 4). PSI[3] trimeric PSI, u.p. unbound pigments

(Fig. 4). Free (His-)HIiBC was more abundant, and the pig-
ments associated with the dimer were readily visible on the
CN gel (Fig. 3b). In agreement with preferential binding
of HIiBC to CP47m (Supplemental Fig. 2), the CP47m to
RCCII ratio in the His-HIiB preparation was much higher
than in the His-HIiA pull-down (Fig. 4). Even though the
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Fig.4 Two-dimensional CN/SDS-PAGE separation of His-HIiA and
His-HIiB pull-downs CN-PAGE strips from his-hliA/AhliA and his-
hliB/AhliB pull-downs (see Fig. 3b) were separated in the second
dimension with SDS-PAGE and the gels were stained with Coomas-

RC47 assembly intermediate was below/close to the detec-
tion limit in the 2D-blots from thylakoid membranes (Sup-
plemental Fig. 2), it was clearly visible in the His-HIiA/B
pull-downs (Fig. 4) demonstrating the presence of Hlips in
this complex as well.

To get a holistic view of all the HIiA/B interactors, we
repeated the pull-downs three times and analyzed the elu-
ates with mass spectrometry (Fig. 5, Supplemental Data 2).
PSII core subunits were clearly enriched in the pull-downs
from his-hliA/AhliA and his-hliB/AhliB (Fig. 5a and b),
while PSI was not significantly enriched, consistent with
the CN-PAGE analysis where PSI[3] was a contamination
present also in the WT control elution (Fig. 3b). In addition
to the PSII subunits (D1, D2, CP43, CP47, cytochrome bssg
a and B, and PsbH), the assembly factors Psb27, Psb28-
1, Psb28-2, Psb35, Ycf48, and CyanoP were significantly
enriched. Moreover, no oxygen-evolving complex proteins
were detected, confirming that the eluates consisted only of
PSII assembly intermediates or PSII repair complexes and
not of fully assembled PSII. As was already observed in the
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phosphate buffer preparations (Fig. 1), native HliB was not
present in the his-hliA/AhliA pull-down and vice versa. HIiD
was not detected in either eluate, whereas HliC was enriched
in both, confirming that HliA and HI1iB dimerize preferen-
tially with H1iC in vivo. A set of previously unknown inter-
actors were also detected. Most notably, the export proteins
SecD and SecF, and the uncharacterized proteins SIr2105
and SI11071 were enriched in both eluates. The his-hliB/
AhliB eluates contained an additional set of eighteen high
confidence interactors, most of which are uncharacterized
proteins (Supplemental Data 2).

MS analysis of his-hliA/AhliA/ARLiC and his-hliB/
AhliB/AhliC pull-downs (Fig. 5c, d; Supplemental Data 2)
was in line with the reduction of Hlips (Fig. 3a) and their
aberrant localization in the thylakoid membranes (Supple-
mental Fig. 2d, e) upon deletion of 4liC. Due to low accu-
mulation of the bait proteins, we obtained significantly
less interacting proteins compared to the preparations
containing HIiC. Intriguingly, both Hlips co-purified with
a significant amount of HIiD and HIiD-specific partners,
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Fig.5 Volcano plots of his-hliA/AhliA (), his-hliB/AhliB (b), his-
hliAIARLIAIARLIC (c), and  his-hliB/ARliB/ARLIC (d) pull-downs
analyzed by MS Pull-downs from WT thylakoids were used as a
negative control. The differences between the sample and control
(log,-transformed intensities) are plotted on the x-axis and the nega-
tive logarithms of p-values on the y-axis. All pull-downs were per-
formed three times. Cut-offs for high confidence (FDR=0.1%) and
low-confidence (FDR=1%) interactors are marked by solid and
dashed lines, respectively (lines in panels b and c are overlapping).
Individual proteins are indicated with gray squares. All proteins that

Ycf39 and ChlG. Deletion of HIiC resulted in the presence
of small amounts of native HIiB in the His-HIiA elution
and, analogously, HliA was co-purified with His-HIiB.
Overall, the MS results confirmed our observations from
the CN-PAGE analysis (Fig. 3b): the His-HIiA eluate did
not contain significant amounts of PSII core subunits nor

were enriched in both his-hliA/AhliA and his-hliB/AhliB, all Hlips
and the HliD-interactors Ycf39 and ChlG have been indicated with
different colors and symbols in each plot: Hlips are indicated with
orange circles, PSII subunits with green triangles, known PSII assem-
bly factors with magenta diamonds, and novel HIiA/B interactors
with blue crosses. Hlips and their direct interactors (ChlG, CP47,
PsbH, and Ycf39) as well as the novel co-eluted proteins (SecD,

SecF, SII1071, and SI2105) are additionally marked with corre-
sponding font colors

the novel interactors (Fig. 5c), whereas some PSII assem-
bly complexes were still enriched with His-HIliB, even in
the absence of HIiC (Fig. 5d). Moreover, some interaction

with SecD and SecF as well as S111071 was retained in
his-hliB/AhliB/AhliC.

@ Springer



324

Photosynthesis Research (2022) 152:317-332

Lysine 35 destabilizes HIiA in the absence of HIiC

HIiC and HIiD proteins form a heterodimer, but homodi-
mers of these Hlips can also accumulate in large quantities,
particularly if one of the two is eliminated (Staleva et al.
2015; Shukla et al. 2018). The amino-acid sequences of
HIiA and HIiB are very similar (87% amino-acid identity).
However, in contrast to HliB, which is still rather stable
in the absence of HIiC, the accumulation of HIiA depends
strictly upon HIiC (Fig. 3a). The most plausible explana-
tion for this result is a fast degradation of monomeric,
pigment-less HIiA produced in the absence of HIiC. As we
discuss later, HIiB is most likely able to form homodimers,

whereas HIiA seems to occur in the cell almost exclusively
in heterodimers with HIiC.

To clarify the mechanism of selective Hlip pairing, we
created point-mutated His-HIiA constructs at residues E22
and K35. These two sites are the most divergent between
HIiA and HIiB and therefore might be important for deter-
mining the difference between these proteins (Fig. 6). The
mutants His-HIiA(E22P) and His-HliA(K35E) were created
to mimic HIiB and the mutant His-HIiA(K35A) to mimic
HIiC (Fig. 6). All mutated His-HIiA variants were expressed
in the AhliA/AhliC background and membranes from high-
light-treated cells were analyzed with 1D-SDS-PAGE
(Fig. 7a). An immunoblot of the gel showed that the level
of His-HIiA(E22P) remained low in the membranes, while

a N-terminal extension ! C-terminal transmembrane helix

H1iA 1 MTTRGFRLDQDNRLNNFAIEP-EVYVDSSVQ TKY ASLET VIGHBVIGWLNSL 70
H1iB 1 MTSRGFRLDQDNRLNNFAIEP-PVYVDSSVQ TEY VSL VITGHGIVGWLLSL 70
H1iC 1 MNNE--—-———————————————————— N SSANILELVSGQBVLHFEFGIL 47
H1iD 1 MSEEL--—-—--—-———————- LLIEBVIEYFTNQGVLAWLGLR 57
b

H1iA 1 MTTRGFRLDOQ T -DSSVOAGWTKYAEKMNGRFAMIGFASELIMEVMVTGHGVIGWLNSL 70
H1iB 1 MTSRGFRLDQDN IEPP -DSSVQAGWTEYMAEKMNGRFAMIGFVSELAMEMITGHGIVGWLLSL 70
Psb34 1 --NYTKDDDG KI PSKADKRN¥L--IMAAITVVLVAGEIAVAMVASGAS-————- T 61

Fig.6 Sequence comparisons of Synechocystis Hlips and Psb34.
a Alignment of Synechocystis Hlips. The conserved LHC-motif is
underlined. b Alignment of Synechocystis HliA, HIiB, and Psb34

Fig.7 Stability of His-tagged a
Hlips including their mutant

variants and the level of co-
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both K35 variants were able to accumulate to a higher extent
—up to a comparable amount with His-HIiB expressed in the
AhliC background. We also investigated the effect of the
point mutations on protein—protein interactions by perform-
ing pull-downs in MES buffer (Fig. 7b). With the increased
accumulation of His-HIiA(K35A) and His-HliA(K35E)
in the thylakoid membranes, the proteins also co-purified
with more CP47. Interestingly, the amount of HliD was also
increased in both eluates.

Discussion

The universal and specific features of pigment
binding to Hlips

In this study, we isolated and characterized highly pure
(His-)HIiAC- and (His-)HIliBC-dimers by a combination of
nickel-affinity chromatography and CN-PAGE separation
(Fig. 1). The dimers were pigmented with a Chl:Car ratio
of 1:0.6, very close to the 1:0.57 reported previously for
homo-oligomeric HIiC isolated from the genetic background
accumulating HIiC as the only Hlip (Shukla et al. 2018).
The pigment configuration of dimeric HIiC, purified by a
combination of nickel-affinity chromatography and anion-
exchange chromatography in DDM, was accordingly sug-
gested to correspond to 4 Chls and 2 Cars (Shukla et al.
2018). Here, we utilized A8-35 amphipol for separation of
Hlip-dimers during CN-PAGE and analyzed the pigments
from gel-extracted proteins. This method prevented the com-
monly observed (unspecific) oligomerization of Hlips during
the gel run (see, e.g., Shukla et al. 2018, Fig. 1) and yielded
extremely pure and probably very well-preserved native con-
formations of Hlips. The observed Chl:Car ratio of 1:0.6
suggests the alternative possibility that dimeric HIiC as well
as HIiAC and HIiBC bind 5 Chls and 3 Cars, with the third
Car binding site being weaker. In contrast to other Hlip-
dimers, HIiCD contains 5-6 Chls per 2 Cars (ratio 1:0.36;
Niedzwiedzki et al. 2016) but, as demonstrated recently,
another (weak) xanthophyll-binding site in HIiCD facili-
tates its interaction with Chl synthase (Proctor et al. 2020).
Indeed, a small fraction of echinenone and f-cryptoxanthin
(~ 15% of total Cars), found in both HiAC and HliBC, might
partially replace f-Car in a less specific, more polar and
peripheral binding site.

Similar to HIiC (Hontani et al. 2018; Shukla et al. 2018)
and HIiD (Staleva et al. 2015), the HIiAC- and HI1iBC-
dimers were clearly in a quenching conformation, as
shown by the absence of Chl fluorescence from the puri-
fied dimers (Fig. 1). This result further corroborates that
constitutive quenching is a universal feature of Hlips. The
absorption spectra of HIiAC and HIiBC exhibit a typical
red-shift (> 520 nm) in Car absorbance, which appears to

be characteristic for all LHC-like proteins able of thermal
dissipation via Car S, state (Llansola-Portoles et al. 2017;
Hontani et al. 2018; Skotnicové et al. 2021). As shown by
Knoppovi et al. (2014), the HIiCD pair is able to dissipate
excitation energy from the RCII complex. It is tempting
to speculate that Hlips can also dissipate energy from the
CP47 antenna. However, one has to keep in mind that the
RCII complex contains only six Chl molecules, whereas the
CP47m binds 16 Chls. Effectively quenching such a com-
plicated pigment system would require a fast energy-transfer
channel from Chls in CP47 to a Car in the associated Hlips.
Whether CP47m can be photoprotected by Hlips, or HiAC
and HIiBC serve some different function (e.g., Chl delivery)
needs to be addressed in future work.

The Synechocystis Hlip-interactome

HIiA and HIiB were previously found to co-elute after sepa-
ration of thylakoid proteins by gel-filtration (He et al. 2001),
which led to the proposition that these proteins form a com-
plex. Based on 2D gel analysis of purified Hlips (Figs. 1 and
4) and MS analysis of His-HIiA and His-HIiB pull-downs
(Fig. 5), we demonstrated that HIiA and HliB form heter-
odimers specifically with HIiC. HIiC seems to be crucial
for the accumulation of HIiA/B (Fig. 3a) and for the correct
localization of these proteins in thylakoids (Supplemen-
tal Fig. 2). These results imply a very limited stability of
monomeric Hlips and we speculate that the only ‘surviv-
ing’ Hlips in AhliC mutant cells are those forming either
homodimers or heterodimers with other Hlips. Indeed, only
in the absence of HIiC does HliA/B interact mutually or with
HIiD (Fig. 5¢c, d). It should be noted that in contrast to the
aberrant interaction with HIiD, which could be detected by
immunoblotting (Fig. 7b), the formation of HIiAB heterodi-
mers was detectable only by the very sensitive MS approach
(Fig. 5c, d) and thus must be extremely rare even in the
AhliC mutant. Together, these results also explain the locali-
zation of HIiA/B in AhliC thylakoids (Supplemental Fig. 2d,
e): the unspecific pairing between HIiA/B and HliD might
lead to some HIiA/B binding to HliD-associated complexes
and vice versa.

The mechanism behind the strict selectivity of Hlip pair-
ing is enigmatic. To clarify the dimerization ‘rules’, we
mutated Lys35 of HliA into Glu (opposite charge) or Ala
(small, neutral residue). Importantly, we found that the affin-
ity of the K35E mutant protein to HliD and CP47 was sig-
nificantly increased, while the K35A mutation also slightly
increased the interactions (Fig. 7b). It seems plausible that
K35 mutation strengthens the interaction with HliD. Addi-
tionally, it might facilitate the formation of homodimers,
thereby increasing the stability of His-HIiA in the AAliC
background. As HIiB contains a Glu residue in the ‘-3’ posi-
tion before the Chl-binding motif, these results are consistent
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with the higher stability of this Hlip in the absence of HIiC.
It is also noteworthy that the N-terminal extensions of HIiA
and HIiB are relatively long in comparison to HIiC and HliD
(Fig. 6a). Indeed, both HIiC and HIiD are able to accumulate
as homodimers (Staleva et al. 2015; Shukla et al. 2018).
Thus, it is possible that the long N-terminal extensions of
HIiA and HliB could further hinder their mutual dimeriza-
tion. Based on these observations, we speculate that the very
short stromal-exposed N-terminus and a non-polar residue in
position -3’ are some of the key determinants for the ability
of HIiC to bind any other Hlip.

HIiB was previously shown to bind near CP47 and PsbH
(Promnares et al. 2006). Recently solved Thermosynecho-
coccus RCCII structures revealed the presence of a novel
Psb34 assembly factor next to PsbH and CP47 (Zabret
et al. 2021; Xiao et al. 2021). Interestingly, the N-terminal
sequence of this assembly factor shares significant similarity
with HliA and HI1iB N-termini (Fig. 6b). The N-terminus of
Psb34 forms a loop along the surface of CP47 with several
hydrogen bonds with PsbH, PsbL, and CP47 stabilizing the
interaction (Supplemental Fig. 3). As we did not observe
Psb34 in our MS data (Supplemental Table 1), it is likely
that both HliA and HliB compete with Psb34 for the same
binding site of CP47. Furthermore, Hlips were not detected
in FLAG-Psb34 affinity pull-downs even from high-light-
treated cells (Rahimzadeh Karvansara et al. accepted). Thus,
the N-terminal sequence of HIiA/B most likely mediates the
interaction between Hlip-dimers and CP47 in a manner simi-
lar to the Psb34 N-terminus. Because HIiD interacts with

Cytoplasm

Lumen

Fig.8 Scheme of PSII assembly intermediates involving Hlips The
PSII complex is assembled from four building blocks called modules
(D1m, D2m, CP43m, CP47m), each of which is preloaded with Chl
and Car cofactors before association to larger PSII assembly interme-
diates (Komenda et al. 2012b). During stress conditions, Hlips attach
to distinct assembly/repair intermediates, potentially protecting the
whole pathway. HIiAC- and HIiBC-dimers likely occupy the same
binding site as the Psb34 assembly factor (Zabret et al. 2021; Xiao
et al. 2021). Although both heterodimers bind to complexes contain-
ing CP47, HIiBC appears to have a higher affinity to ‘free’ CP47m
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Ycf39 even in the absence of HIiC (Staleva et al. 2015), this
interaction is also most probably mediated via the N-ter-
minal sequence of HliD. Based on these data, we propose
a model for Hlip-dimerization where HIiC functions as a
truncated ‘generalist’ helix that prevents aggregation of PSII
assembly complexes, while the role of the other ‘specialist’
Hlip partner is to target Hlips to the desired complexes.

HIiA and HliB in PSII biogenesis

All Chl-binding PSII core subunits as well as several known
PSII assembly factors co-purified with His-HIiA and His-
HliB (Fig. 5, Supplemental Data 2), whereas no oxygen-
evolving complex proteins were detected. The pattern of
the eluted complexes on CN- and 2D-PAGE (Figs. 3b and
4) in combination with the MS data gave strong evidence
that HIiA and HIiB associate with PSII assembly interme-
diates and not with the active complex. Based on the Hlip-
interactome data presented in this publication (Figs. 4 and
5) and previous data describing the roles of HliCD-dimers
during early steps of PSII biogenesis (Chidgey et al. 2014;
Knoppova et al. 2014), we prepared a model depicting the
participation of Hlips in PSII assembly/repair under stress
conditions (Fig. 8). Hlips are involved in PSII biogenesis
from the earliest steps: HliC and HIiD form a complex with
Chl synthase and Ycf39, which also associates with the
YidC insertase (Chidgey et al. 2014). Together, this com-
plex might assist Chl delivery to the newly formed D1 reac-
tion center protein (Chidgey et al. 2014). The HIiCD-Ycf39

while HIiAC might be more specific for later assembly steps. Small
PSII subunits PsbE (Cyt b559 a), F (Cyt b559 ), I, K, L, M, T, X,
Z and Ycfl2 have been omitted for clarity. Known assembly fac-
tors Ycf48 (Komenda et al. 2008), CyanoP (Knoppova et al. 2016),
Psb28 (Dobdkova et al. 2009), Psb27 (Komenda et al. 2012a) and
Psb35 (Pascual-Aznar et al. 2021) that were also identified in our
His-HIiA/B pull-downs are indicated. D/m D1 module, CP47m CP47
module, CP43m CP43 module, P CyanoP, H PsbH, 28 Psb28, 27
Psb27
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complex remains attached to the D1 module and the RCIT*
complex, which they protect against photo-oxidative damage
(Knoppova et al. 2014; Staleva et al. 2015). Upon CP47m
binding, the HIiCD-dimer and Ycf39 likely detach, as they
are not seen in the RC47 complex (Boehm et al. 2012; this
study Fig. 5a, b). HliAC- and HliBC-dimers pre-assemble
to the CP47m under stress conditions, remain bound until
formation of the monomeric PSII reaction center complex
(RCCII), and detach before/during oxygen-evolving complex
(OEC) assembly. We suggest that the protection of CP47m
and later assembly steps against photo-oxidation is the main
role of HIiA/B proteins. As shown by Rahimzadeh Karvan-
sara et al. (accepted), these Hlips have different dynamics
after light stress, with HIiB accumulating more transiently
(maximal expression after 2 h of high light stress) and HliA
showing more stable accumulation even after prolonged
(24 h) high light stress. The different affinity of HliA and
HIiB to ‘free’ CP47m reported here supports the fine-tuning
and specialized roles of these Hlips during stress conditions.

MS analysis of His-HIiA and His-HliB pull-downs
(Fig. 5a and b) revealed as yet unknown interactors for both
Hlip isoforms. The discovery of SecD and SecF translocon
proteins was especially interesting. In heterotrophic bacteria,
the SecDF-dimer utilizes the transmembrane proton gradi-
ent to promote protein export across the plasma membrane
(Gardel et al. 1990; Pogliano and Beckwith 1994; Arkow-
itz and Wickner 1994). Together with YidC, SecDF is also
a part of the holo-translocon complex, which is required
for efficient membrane insertion of polytopic membrane
proteins (Komar et al. 2016; Botte et al. 2016). Our results
suggest that the SecDF-dimer is also a component of the
thylakoid holo-translocon and might participate in PSII bio-
genesis. The other identified Hlip-interactors, S111071 and
SIr2105, are proteins of unknown function and thus candi-
dates for novel (possibly high-light-specific) PSII assembly
factors.

Materials and methods
Synechocystis strains

All mutant strains described in this work are constructed
using the Synechocystis WT-P substrain (Tichy et al. 2016).
To prepare a AhliA strain, we fully segregated the deletion
construct described in (Xu et al. 2002) in WT-P; the AhliB
and his-hliB/AhliB mutants were described in Promnares
et al. (2006). To construct his-hliA/AhliA, we transformed
the AhliA strain with the plasmid (pPD-his8-hliA) and seg-
regated transformants on plates with increasing kanamycin
concentration (starting with 10 pg ml~!' and doubling the
amount until full segregation was achieved). To create the
pPD-his8-hliA plasmid, the hliA gene was amplified from

the Synechocystis chromosomal DNA using primers his8-
hliA-fw and hliA-rev. The resulting insert was cloned into
the pPD-FLAG plasmid (Hollingshead et al. 2012) using
Ndel and BgllI restriction sites. The AliC gene was deleted
by chloramphenicol resistance cassette from the plasmid
pACYC184. The deletion construct was created by overlap
extension PCR (Lee et al. 2004) using the scpB1, scpB4,
ScpBCmb5, and scpBCm6 primers. The deletion construct
was transformed into Synechocystis and segregated with
increasing chloramphenicol concentration. Genomic DNA
from this strain was used to transform the his-hliA/AhliA
and his-hliB/AhliB strains to obtain his-hliA/AhliA/ARlIC
and his-hliB/AhliB/AhliC, respectively. The AhliA/AhliC
strain was created by transforming genomic DNA isolated
from AhliA into the AhliC strain and segregating transfor-
mants on plates with increasing erythromycin concentra-
tion (starting with 3 pg ml~! and doubling the amount until
full segregation was achieved). The AhliB/AhliC strain
was created by transforming genomic DNA isolated from
AhliC into the AhliB strain and segregating transformants
on plates with increasing chloramphenicol concentration
(starting with 10 ug ml~' and doubling the amount until
full segregation was achieved). His-HIiA point mutants
were constructed by mutating the pPD-his8-hliA plasmid
using the QuikChange II XL kit (Agilent) with primers
his-hliA(E22P), his-hliA(K35A), and his-hliA(K35E). The
mutated plasmids were sequenced and transformed to the
AhliA/ARLIC background. All primer sequences are listed
in Supplemental Table 1.

Growth conditions

Synechocystis cells were inoculated by suspending one
loop of cells to 50 ml of BG11 medium in 250 ml Erlen-
meyer flasks. Cells were grown under 40 umol m=2 s~! in
a shaker at+ 28 °C. The starting cultures were grown until
OD;50> 1.0 (WPA S1200 Spectrawave, Biochrom) and
used to inoculate experimental cultures at OD55, 0.1-0.2.
For the expression analysis of the His-constructs, the cells
were grown under the same conditions as above until loga-
rithmic growth phase and then transferred to high light
(500 pmol m~2 s‘l) for 1, 3, and 5 h; the control flask
(0 h) was kept in 40 umol m~2 s~!. Cells were harvested at
OD55, 0.8-1.0 by centrifuging at 10,000 rpm and+4 °C
for 10 min (Sigma 3K30, rotor 12,155) and resuspended
to MES buffer [25 mM MES-NaOH (2-(N-morpholino)
ethanesulfonic acid) pH 6.5, 10 mM CaCl,, 10 mM MgCl,,
25% glycerol] for storage. For localization of Hlips in
thylakoid membranes, the cells were grown as above and
treated with 3 h of high light before harvesting. For pull-
down assays, cells were grown in 1 1 cylinders with 600 ml
of BG11, air bubbling and mixing by magnetic stirrer with
40 pmol m~2 s~! illumination from the side at+ 28 °C.
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Cells were grown until OD,5, 1.0-1.5 and treated with
500 pmol m~2 s~! light for 3 h before harvesting. Cells
were harvested by centrifuging at 6600 rpm and +4 °C
for 20 min (Sigma 8KS, rotor 12505-H) and resuspended
either to phosphate buffer (25 mM Na-phosphate pH 7.8,
50 mM NaCl, 10% glycerol) or to MES buffer and pelleted
again by centrifuging at 10,000 rpm and +4 °C for 10 min
(Sigma 3K30, rotor 12155). Cells were resuspended to the
respective buffer for storage. Cells were frozen in N, and
stored in — 80 °C.

Thylakoid membrane extraction

Thylakoid membranes for expression analysis were extracted
by breaking the cells in MES buffer. Pelleted cells were
resuspended in 400 pl of MES buffer and mixed with
200 ul of glass beads (100200 pm) and cOmplete™ pro-
tease inhibitor cocktail (Roche) in 2-ml lysis tubes. This
suspension was vortexed 4 X 20 s and samples were cooled
on ice for 3 min between each cycle. After breaking, the
membranes were extracted by washing the glass beads with
200 ul MES buffer 4-5 times. The obtained suspension was
pelleted by centrifuging at 36,000 g and +4 °C for 20 min
and resuspended to 100 ul of MES buffer. Thylakoids for
localization studies were broken with Precellys® Evolution
(Bertin Technologies) in 2-ml lysis tubes in MES buffer.
Cells were pelleted in the lysis tubes and supplemented with
200 pl of buffer, 200 pl of glass beads (100-200 um) and
10 pl of 50 x cOmplete™ protease inhibitor cocktail (Roche)
(one tablet dissolved to 1 ml of H,0). Lysis program was set
to 320 s at 5 500 rpm with 120 s pause between the cycles;
cooling was set to 0 °C. The glass beads were washed repeat-
edly with 200 pl of buffer and thylakoids collected in 2-ml
eppendorf tubes. Thylakoids were pelleted by centrifuging
at 18,000 rpm and +4 °C for 30 min (Sigma 3K30, rotor
12131) and resuspended to ~ 100 pl of buffer for storage. For
pull-down assays, the cells were broken in 7-ml lysis tubes
either in phosphate or MES buffer. Cells were pelleted in
the lysis tubes and supplemented with 1 ml of buffer, 2 ml
of glass beads (100200 um) and 100 pl of 50X protease
inhibitor. The same lysis program was used as above, but
the program was run twice with 5 min incubation of samples
on ice between the cycles. The glass beads were washed
repeatedly with 1-2 ml of buffer and thylakoids collected in
30-ml centrifugation tubes. Thylakoids were pelleted by cen-
trifuging at 20,000 rpm and 44 °C for 30 min (Sigma 3K30,
rotor 12158) and suspended in a few ml of buffer for stor-
age. Membranes were frozen in N, and stored in — 80 °C
until use. After cell lysis, the samples were kept constantly
cooled and protected from light. Thylakoid Chl concentra-
tion was determined in methanol according to Lichtenthaler
and Wellburn 1983.
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Pull-down assays

Thylakoid membranes were solubilized using 1% DDM
(AppliChem). Thylakoid concentration was set to 0.5 g
ul~! Chl with phosphate or MES buffer and the membranes
were incubated with the detergent and SIGMAFAST™
EDTA-free protease inhibitor (Sigma-Aldrich) for 10 min
in+ 10 °C with gentle rotation. Insoluble membrane debris
was removed by centrifuging at 20,000 rpm and +4 °C for
30 min (Sigma 3K30, rotor 12131). For MES buffer pull-
downs, 1% glycodiosgenin (GDN, Anatrace) was added to
the solubilized membranes to stabilize protein complexes
(Chae et al. 2012). Solubilized membranes were mixed
with ~ 100 pl of pre-equilibrated Protino® Ni-NTA agarose
(Macherey—Nagel) per 1 mg of Chl in the starting mate-
rial (typically 1.5 mg Chl was used). 500 mM NaCl and
10 mM imidazole were added to reduce unspecific binding.
Proteins were bound to the Ni-NTA agarose by incubating
for 1 h at+ 10 °C with gentle rotation. All buffers used dur-
ing the purification were supplemented with 0.04% DDM
and MES buffer pull-downs with additional 0.04% GDN.
Purification was performed in 10 ml Poly-Prep® chromatog-
raphy columns (Bio-Rad). The nickel resin was washed with
20 column volumes (CV) of equilibration buffer (10 mM
imidazole, 500 mM NaCl in phosphate or MES buffer) and
20 CV of washing buffer (20 mM imidazole in phosphate or
MES buffer). Elution was performed with 5 or 10 CV of elu-
tion buffer (200 mM imidazole in phosphate or MES buffer,
respectively). The final eluates were concentrated using
50 kDa cut-off centrifugal columns (Vivaspin® 6, Sartorius
or Amicon® Ultra, Merck). All genotypes were purified in
parallel for the MS analysis, and the experiment was repli-
cated three times in total. First and second replicates were
purified with new Ni-NTA resin and the second replicate
with one-time-used and washed resin.

Electrophoretic methods

Clear native gel electrophoresis was performed as in
(Komenda et al. 2019) with minor modifications. CN
samples were prepared by solubilizing thylakoid mem-
branes in 1% DDM + 1% GDN at 0.5 pg pl~' Chl concen-
tration for 10 min on ice. We also omitted deoxycholate
from the cathode running buffer and added 1% amphipol
A8-35 (Tribet et al. 1996; Kameo et al. 2021) to the CN-
PAGE samples before loading. CN-run was performed at
constant current of 11 mA. 2D- and 1D-SDS-PAGE were
performed on 16-20% acryl amide, 0—10% sucrose gra-
dient gels prepared in 0.65 M Tris—HCI (pH8.6) (acryl
amide:bis acryl amide 60:1). Proteins were transferred
to PVDF membranes (Immobilon-P, Merck) in carbon-
ate buffer (3 mM Na,CO;, 10 mM NaHCO;) using Trans-
Blot® Cell (Bio-Rad). Blotting was performed at 850 mA
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for 3 h with water cooling at+4 °C and mixing with mag-
netic stirrer. Antibodies against HIiA/B (AS10 1603), HIiD
(AS10 1615), and CP47 (AS04 038) were purchased from
Agrisera and used as 1:4000 dilutions. Antibody against
HIiC (Moravian Biotechnology) was generated against a
synthetic N-terminal peptide (amino acids 1-17) in rabbit
and used as 1:500 dilution. All antibodies were diluted in
TTBS (10 mM Tris—HCI pH 7.6, 150 mM NacCl, 0.05%
TWEEN® 20) and incubated on the membranes overnight
at+ 10 °C with gentle shaking. For detection, proteins
were labeled with Peroxidase-conjugated goat anti-rabbit
secondary antibody (A6154, Sigma-Aldrich, 1:10,000
dilution) for 1 h at room temperature and incubated for
1 min in Immobilon® Crescendo Western HRP Substrate
(Merck). Chemiluminescence was detected with LAS-
4000 (Fujifilm).

Pigment analysis

To identify pigments associated with purified His-Hlips,
we cut a piece of CN gel (~3 X2 mm) containing sepa-
rated Hlips and cut it further into several smaller pieces.
Gel pieces were incubated in 200 pl of MES with 0.04%
DDM buffer overnight. After centrifugation, 150 pl of the
supernatant was injected into the Agilent-1260 HPLC sys-
tem equipped with a diode-array detector. Pigments were
separated on a reverse-phase column (Zorbax Eclipse C18,
5 pm particle size, 3.9 X 150 mm; Agilent) with 35% (v/v)
methanol and 15% (v/v) acetonitrile in 0.25 M pyridine (sol-
vent A) and 20% (v/v) methanol, 20% (v/v) acetone, 60%
(v/v) acetonitrile as solvent B. Pigments were eluted with a
linear gradient of solvent B (30-95% (v/v) in 25 min) in sol-
vent A followed by 95% of solvent B in solvent A at a flow
rate of 0.8 ml min™' at 40 °C. Chl a and Cars were detected
at 440 nm; the obtained peaks were integrated and the molar
stoichiometries calculated from calibration curves prepared
using authentic standards.

Absorption spectra

Absorption spectra of purified Hlips were measured by
cutting a piece from the CN gel containing the pigmented
Hlip complexes and setting it on a plastic slip attached to
a custom made adaptor to fit into a standard 1-ml cuvette
slot in a spectrophotometer. Spectra were recorded from 750
to 350 nm in 0.5 nm intervals with a Shimadzu UV-3000
spectrophotometer (slit width 5 nm); an empty gel was used
as blank. The spectra were normalized to the absorption
maximum of the red region of Chl a (Qy band). Three inde-
pendent pull-downs were analyzed per strain and the spectra
averaged.

Mass spectrometry

Concentrated Ni-NTA eluates (5 pl) were diluted with
45 pul of 50 mM ammonium bicarbonate supplemented
with 0.1% (v/v) Rapigest (Waters) surfactant and incubated
at+ 60 °C. After 45 min, proteomic grade trypsin (Sigma)
was added to a final concentration of 10 ng ul~! and incu-
bated at+ 37 °C. After 12 h, samples were acidified and
peptides were isolated by the StageTip procedure (Rapp-
silber et al. 2007) to produce 30 ul of sample. LC-MS/
MS analysis was performed on an UltiMate 3000 UHPLC
(Thermo Fisher Scientific) on-line coupled to a TimsTOF
pro (Bruker) mass spectrometer. Samples (2 pl) were
trapped for 1 min on a ThermoFisher trap (0.3 X5 mm,
C18, 5 um) column, then separated by reverse phase liq-
uid chromatography on a Acclaim PepMap RSLC column
(75 pm X 15 cm, C18, 2 pm, 100 /ok; Thermo Fisher Scien-
tific). During 30 min, peptides were eluted by increasing
ratio of acetonitrile (solvent B) in 0.1% formic acid (sol-
vent A) from 3 to 50% directly into the CaptiveSpray nano
ion source of the mass spectrometer. Spectra were acquired
in PASEF (Parallel Accumulation/SErial Fragmentation)
data dependent mode with an accuracy of 0.2 ppm for
precursors and 0.5 ppm for peptides. Each sample was run
twice (two technical repetitions). Raw data were processed
by the MaxQuant/Andromeda software (Cox and Mann
2008; Cox et al. 2011; Tyanova et al. 2016a) and compared
to a species specific Synechocystis protein database down-
loaded from Uniprot and Cyanobase.

Statistical analysis of protein groups obtained from
MaxQuant was performed in Perseus 1.6.14.0 (Tyanova
et al. 2016b). Proteins identified only by site or in the
reverse dataset and potential contaminants were removed.
Data were log,-transformed and inspected by hierarchical
clustering and one technical replicate was discarded due
to low quality of the MS run (WT replicate 1.2). Other
technical replicates were averaged with their respective
pairs and data filtered to include only proteins that were
detected in all three pull-downs at least in one genetic
background. Missing data was imputed from normal dis-
tribution for statistical analysis. Data was inspected for
significant background interactions (i.e., batch effect)
by hierarchical clustering and checking the correlations
between samples. A significant batch effect was detected
between the different pull-down batches and subsequently
removed using the Limma package (Ritchie et al. 2015) via
the PerseusR-plugin (Rudolph and Cox 2019). Significant
interactors were determined using the Hawaii plot function
in Perseus, which uses a global permutation-based false-
discovery rate (FDR) to detect significant hits (Rudolph
and Cox 2019). High confidence (Class A) FDR rate was
set to 0.1%, low-confidence (Class B) FDR rate was set to
1%, and s, was set to 2.
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In silico analyses

Coding sequences of Synechocystis Hlips (hliA, ss12542;
hliB, ssr2595; hliC, ssl1633 and hliD, ssr1789) and psb34
(ss11498) were obtained from the genomic sequence
(GenBank assembly GCA_000009725.1) and translated.
Sequences were aligned using the EMBL-EBI T-coffee
multiple sequence alignment tool (Madeira et al. 2019).

Image manipulation

Histograms of gel images were adjusted with Photoshop
CS2 (Adobe) to improve visual clarity. Volcano plots were
exported from Perseus v. 1.6.15.0 (Tyanova et al. 2016b).

Vector art was added and images were assembled in Corel-
DRAW X6.
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