Biochimica et Biophysica Acta 1857 (2016) 1619-1626

Contents lists available at ScienceDirect

Biochimica et Biophysica Acta

journal homepage: www.elsevier.com/locate/bbabio

Cryo-EM structure of a tetrameric cyanobacterial photosystem I complex
reveals novel subunit interactions

@ CrossMark

Dmitry A. Semchonok ?, Meng Li ™, Barry D. Bruce >“%¢* Gert T. Oostergetel ?, Egbert J. Boekema ***

2 Department of Electron Microscopy, Groningen Biomolecular Sciences & Biotechnology Institute, University of Groningen, 9747 AG Groningen, The Netherlands
b Department of Biochemistry, Cellular, and Molecular Biology, University of Tennessee, Knoxville, TN 37996, USA

¢ Bredesen Center for Interdisciplinary Research and Graduate Education, University of Tennessee, Knoxville, TN 37996, USA

d Department of Microbiology, University of Tennessee, Knoxville, TN 37996, USA

€ Sustainable Energy and Education Research Center, University of Tennessee, Knoxville, TN 37996, USA

ARTICLE INFO ABSTRACT

Article history:

Received 19 May 2016

Received in revised form 25 June 2016
Accepted 28 June 2016

Available online 5 July 2016

Photosystem I (PSI) of the thermophilic cyanobacterium Chroococcidiopsis sp. TS-821 (TS-821) forms tetramers
Li et al. (2014). Two-dimensional maps obtained by single particle electron microscopy (EM) clearly show that
the tetramer lacks four-fold symmetry and is actually composed of a dimer of dimers with C2 symmetry. The
resolution of these negative stain 2D maps did not permit the placement of most of the small PSI subunits, except
for PsaL. Therefore cryo-EM was used for 3D reconstruction of the PSI tetramer complex. A 3D model at ~11.5 A
resolution was obtained and a 2D map within the membrane plane of ~6.1 A. This data was used to build a model
that was compared with the high-resolution structure of the PSI of Thermosynechococcus elongatus (T. elongatus)
at 2.5 A. This comparison reveals key differences in which subunits are involved in the two different interfaces,
interface type 1 within a dimer and interface type 2 between dimers. The type 1 interface in TS-821 is similar
to the monomer interface in the trimeric PSI from T. elongatus, with interactions between subunits PsaA, -B, -],
-Land M. In type 2 the interaction is only between PsaA, -B and -L. Unlike the trimeric PS], the central cavity of
the complex is not filled with the PsaL-derived helical bundle, but instead seems filled with lipids. The physiolog-
ical or evolutionary advantage of the tetramer is unknown. However, the presence of both dimers and tetramers
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in the thylakoid membrane suggest a dynamic equilibrium that shifts towards the tetramers in high light.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Photosystem 1 (PSI) is one of the main membrane proteins
involved in the primary steps in oxygenic photosynthesis. The protein
catalyzes the electron transfer from plastocyanin/cytochrome c to
ferredoxin/flavodoxin. Electrons are finally used to reduce NADP™ to
NADPH necessary for the reduction of CO, in the Calvin cycle. It is a
multi-subunit protein, of which the central subunits PsaA and PsaB are
by far the largest subunits and harbor most of the chlorophylls and
carotenoids of the antenna system. These two subunits are conserved
in evolution and are present in all organisms capable of oxygenic
photosynthesis, including cyanobacteria, algae and higher plants. One
monomeric unit of cyanobacterial PSI consists of 12 different subunits
(PsaA-PsaF, Psal-PsaM and PsaX), to which 127 cofactors are non-
covalently bound [2]. During the course of evolution the structure of
cyanobacteria and higher plants PSI diverged significantly.
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Much of our knowledge about PSI is based on high-resolution struc-
tures. A trimer structure of 2.5 A resolution from the cyanobacterium
Thermosynechococcus elongatus was obtained by X-ray crystallography
in 2001 [3], which was later followed by a plant monomeric PSI struc-
ture that could be successively improved [4,5]. From these and previous
studies [3,6,7], we know that PSI consists of a reaction center and elec-
tron transfer chain surrounded by a pigment antenna array of ~105
Chl a [8] held together non-covalently by a protein scaffold [9]. The
cyanobacterial PSI trimer has a cloverleaf structure with a diameter of
220 A and a transmembrane thickness of ~40 A. However, it has a stro-
mal “hump” that extends above the bilayer by about 50 A at the stromal
surface bringing the maximum thickness to ~90 A. The stromal hump is
formed by subunits PsaC, PsaD and PsaE, which provide the docking site
for the electron acceptors ferredoxin or flavodoxin. In the transmem-
brane region of trimeric PSI, the subunits PsaF, PsaJ, PsaK and PsaX are
located at the distal side of the PSI, while PsaL, Psal and PsaM are located
at the interface between the monomers, with Psal forming the connec-
tion domain that structurally and functionally links the monomers [2].
Psal is a small subunit of PSI containing one transmembrane helix and
does not bind chlorophyll. Instead it forms hydrophobic interactions
with carotenoid molecules and may further stabilize the trimerization
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between Psal and PsaM [2]. PsaM contains also only one transmem-
brane a-helix. It is the smallest subunit of PSI with a MW of 3.4 kDa. It
is located at the monomer/monomer interface, and forms interactions
with Psal and PsaB [10].

The Psal subunit is known to display important structural
differences between photosynthetic eukaryotes (plants/algae) and
cyanobacteria. In these eukaryotes, Psal is exposed on the surface of
PSI and is stabilization via interaction with PsaH [11] a protein of
subunit of PSI that is absent in cyanobacteria. The presence of PsaH
plus the absence of the PsaM subunit somehow prevent trimer forma-
tion in plant PSI [9]. In addition to PsaH, plant PSI contains some other
peripheral small subunits, including PsaN and PsaG. The last one creates
an anchoring point for 4 Lhca antenna pigment-protein complexes
(Lhcal-Lhca4) that are absent in cyanobacteria. PsaH, PsaG, PsaN and
PsaO are special to eukaryotes and are involved in binding the light
harvesting complexes as well [12,13]. In higher plants the peripheral
light-harvesting antenna complex I (LHCI) is restricted to four subunits
binding in a 1:1 ratio, but in some algae LHCI can consist of nine
different proteins [14]. Thus it is clear that the loss of the three fold
axis of symmetry in PSI in plants and algae has now provided two
opposing faces of PSI (the PsalL/H surface and the PsaF surface) that
individually can interact with additional yet distinct peripheral
pigment-proteins complexes, LHCI and LHCIL It has also been shown
that the placement of PsaH next to PsaL is key for state transitions in
plant photosynthesis [15].

Due to the initial characterization of a trimeric PSI complex in
cyanobacteria, it has been widely accepted that the trimer is
the only multimeric form of PSI found in cyanobacteria [16-19].
Recently, tetrameric forms of PSI association were found, as reported
in Anabaena sp. PCC 7120 [20,21] and Chroococcidiopsis sp. TS-821 [1],
hereafter called Anabaena and Chroococcidiopsis. Initial comparison of
the sequences of some small subunits indicated that at least PsaL and
Psal subunits of the tetramer-forming cyanobacteria are different in
respect to the trimer-forming species. Thus the trimeric or tetrameric
organization could be determined by the set of PsaL and Psal in the
PSI supercomplex [20]. Moreover, the low-resolution EM maps of

Anabaena and Chroococcidiopsis pointed out that the association of the
monomers into the tetramers is clearly different from the trimer associ-
ation [1,21]. In the case of the trimeric organization of T. elongatus, the
PsaL subunit of one monomer directly interacts with the PsaL subunits
of the other two monomers [3]. In this study we have applied cryo-
EM to obtain higher resolution EM structures to get insight in the details
of the tetramer and in particular of the subunits responsible for the con-
tacts between the monomers. By combining a 3D cryo-EM structure
with the high-resolution structure of the monomer from the trimer
[2] we are able to show that the small subunits PsaL and Psal make
different contacts within the two interfaces of the tetramer. We find
that Chroococcidiopsis is able to assemble small amounts of trimers, in
addition to the tetramers. We also observe that the ratio of tetramer
to trimer is variable and responsive to light levels. This change
is discussed in how cyanobacteria might regulate their oligomeric
state of PSI, as a primitive form of photo-adaptation and a possible
prerequisite for further evolutionary changes.

2. Materials & methods
2.1. PSI tetramer isolation

Isolation of Chroococcidiopsis sp. TS-821 PSI tetramers were
performed as described in the previous chapter and paper [1].
They were stored frozen in a buffer that contained 50 mM MES
(2-(N-morpholino)ethanesulfonic acid), pH 6.5, 10 mM MgCl, and
5 mM CaCl, at a concentration of 0.32 mg/ml Chl and 0.01%
3-dodecyl maltoside (3-DDM, Glycon Biochemicals, Luckenwalde,
Germany).

2.2. High light stress response analyses

TS-821 dense liquid culture (2 1) under continuous low light
(LL, 40 UE/m?/s) was divided into two cultures and then supplemented
with fresh BG-11 media for an additional two-day continuous growth
under different light intensities before harvesting. For low light

Fig. 1. 2D class averages of PSI tetramer projections from TS-821. Some classes represent top-views, with PSI seen as in the membrane plane (1-3), some others show the complex in
side-view position (12), whereas others represent particles in views intermediate between top- and side-views (in particular frame 11). Numbers of summed particles are
34,000-45,000 for classes 1-4; 17,000-25,000 for classes 5-10; 9000 for 11 and 3000 for 12. Scale bar is 100 A.
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Fig. 2. The 11.5 A structure of TS-821 tetrameric PSI from TS-821 with each of the 4 monomers in a different color. A - The PSI tetramer, as seen from the stromal side of the membrane. The
tetramer is comprised of two equal dimers: red-blue and green-yellow. B - View of the tetramer parallel to the membrane plane. Scale bar is 50 A.

condition, the culture was maintained in a 2 1 bottle with aeration at
0.5 VVM of filtered air in a growth incubator. However, to obtain the
high light conditions (HL, 800 uE/m?/s) growth was carried out in a
flat plate airlift 25 1 photobioreactor (Photon Systems Instruments,
Czech Republic) with LED illumination. Both cultures were maintained
at 45 °C. To analyze the PSI oligomer ratio shift, isolated thylakoids from
those cells were solubilized in varying concentration of 3-DDM with
final Chl concentration at 0.2 mg/ml and analyzed using BN-PAGE as
described before [1,22]. A parallel analysis was done using 10-30%
sucrose density gradient centrifugation by loading solubilized thyla-
koids (0.4 mg/ml Chl in 0.6% B-DDM). The result is shown in Fig. 8B
after spinning at 30,000 rpm (SW32 Ti rotor, Beckman) for 24 h.

2.3. Cryo-electron microscopy

Quantifoil holey carbon supported grids R 3.5/1 200 mesh were cov-
ered manually with a thin layer of carbon prepared using a carbon evap-
orator (Edwards). For cryo-EM samples containing ~0.02 mg PSI/ml.
Quantifoil grids were glow-discharged before sample application. For
plunge-freezing a FEI Vitrobot was used. The adsorption time of the
sample on the Quantifoil carbon coated grid was 1 min. Cryo-EM was
performed on a FEI G2 Polara microscope operated at 300 kV, with a
Gatan energy filter in zero-loss mode with a total dose approximately
25 e~ /A% Micrographs were recorded with a Gatan 2k x 2k CCD camera
at 115,000 x magnification at the camera level, corresponding with a
pixel size at the specimen level of 2.63 A. Micrographs were collected

in series with defocus values of 3.5 pm, 3 pm, 2.5 pm and 2 pum. GRACE
software was used for semi-automated data acquisition [23].

24. Data processing

Image analysis was performed on a cluster with 8 nodes (16 cores
per node, Intel(R) Xeon(R) CPU E5-2650 v2 @ 2.60 GHz) and 64 GB
memory per node. In total, 9005 micrographs were used for
extracting 338,027 single-particle projections. Image analysis
was done using both XMIPP and RELION-1.3 [24] software. 3D refine-
ment of the obtained structure was done using the “gold standard”
method in RELION-1.3 [24].

2.5. Molecular fitting and analysis

Fitting was done using UCSF Chimera software [25]. For fitting
purposes, the high-resolution crystal structure of Photosystem I
from T. elongatus (PDB entry: 1JB0O) was used. The PsaL subunit of
Chroococcidiopsis was modeled using its known protein sequence
(UniProtKB entry: V5JYEO) on the SWISS-MODEL [26] website. As a
template the 4xk8.1.L crystal structure of plant photosystem I-LHCI
super-complex at 2.8 A resolution was used. The template has 47.55%
identity to the modeling structure. The obtained PsaL subunit from
Chroococcidiopsis substituted the original PsalL of T. elongatus in 1JBO
crystal structure using UCSF Chimera [25]. The amino acid sequence
alignment of different PsaL subunits of PSI and investigation for

Fig. 3. 3D model of the TS-821 tetramer with the atomic structure of PSI from T. elongatus fitted in. A - Model with the crystal structure of T. elongatus fitted as a rigid body inside the 3D
volume map of TS-821, shown as a mesh. B - Model with the subunits of the crystal structure of T. elongatus fitted separately into the 3D volume. The PsaL subunit is the modeled structure
for TS-821 based on the a.a. sequence and PsalL from P. sativum as a template. The four monomers inside the TS-821 tetramer are named A, B, A’, B’ and the two interface types between
monomers T 1 and T 2. The models show a view from the stromal side. Pigments haven been omitted. 3D volume map is shown as a mesh. Colors of the subunits: PsaA - dark red; PsaB -
dark slate blue; PsaD - orange red; Psal (original) - orange; PsaL (modeled) - gold; Psal - forest green; PsaM — magenta; PsaK - plumb; PsaX — sandy brown. Scale bar is 50 A.
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Fig. 4. Comparison of TS-821 inter-monomer spaces. A - Interface type 1 with the crystal structure of T. elongatus fitted as a rigid body into the 3D volume map of TS-821. B - Interface type 2
with the crystal structure of T. elongatus fitted as a rigid body. C - Interface type 1 with the crystal structure of T. elongatus fitted into the 3D volume map of TS-821. The subunits were fitted
separately and PsaL is substituted by the modeled one from TS-821. D - Same as in C for interface type 2. Colors of the subunits as in Fig. 3. Scale bar is 50 A.

presence of contacts between different subunits in the intermonomer
space was made by UCSF Chimera [25].

3. Results

To obtain structural insight into the Chroococcidiopsis PSI tetramer
we used a large cryo-EM data set, which was first classified
using RELION applying standard procedures and routines, including
phase contrast transfer correction and particle alignments. The 12
most populated classes show 2D maps of intact tetramers in different
orientations, including top-views and side-views (Fig. 1). Collectively,
these 12 classes contained about 47% of the initial data set and were
used for getting an initial 3D model. The remaining 53% of the particles
were either poorly focused, aggregated or in some other way low-
quality and were discarded. In a next step, 3D classification was
performed for which an initial reference with imposed C2 symmetry
was used. As a result, twenty 3D classes were obtained that in total
included 157,845 particles. Among them one 3D class, which had the
highest resolution, included 23,145 particles. This most consistent 3D
class was further refined and post-processed with B-factor sharpening.
The resulting 3D structure had an overall resolution of 11.5 A by the
“gold standard” Fourier shell correlation (FSC) = 0.143 criterion
(Fig. 2). The best non-symmetrized 2D map of the tetramer, almost in

the plane of the membrane, showed ~6.1 A resolution and included
45,901 particles (Fig. 1).

The obtained 3D volume confirms that photosystem I from TS-821 is
a tetramer with C2 type of symmetry (Fig. 2). It means that the tetramer
is a dimer of dimers (red-blue and green-yellow, resp.) and that the
monomer can take two different non-equivalent positions (A and B in
Fig. 3) in the assembly. Neighboring monomers are related by a rotation
of 114° and 66°, respectively, resulting in two different monomer
interfaces, annotated as type 1 and type 2 (Fig. 3). To get further insight
into the orientation and interaction of the monomers in the tetrameric
PSI complex from TS-821, the crystal structure of the T. elongatus
monomer (PDB entry: 1]B0) was fitted into the 3D density, initially as
a rigid body. The overall fit suggests that there is no major rearrange-
ment of the subunits comprising the monomer. The main discrepancy
was an absence of density for the PsaL subunit in the C-terminal region
(Fig. 4A, B, region marked with a red asterisk). Therefore, it was decided
to try to model Psal based on the known primary structure and homol-
ogy with the pea Pisum sativum PsaL structure, and subsequently fit all
individual subunits into the TS-821 3D density.

The primary structure alignment of PsalL subunit from TS-821,
P. sativum and T. elongatus showed an absence of 9 amino acids in the
T. elongatus PsaL subunit sequence at position 112-123. This place is
filled by VATVTVPNP in TS-821 and APSLTLTGRKKE in P. sativum and

1 " 21 H Ll
Consensus . . . . . vvgPi ngDPfiGhLe TPissSpLvkwfisNLPAYROG QgisPI IRGI
4YQ. . . /VIQPI NGDPFIGSLE TPVTSSPLIAWYLSNLPAYRTAVSPLLRGI
[. elon: chain 1 AEEILVKPY NGDPFVGHLS T TPI SDSGLVKTFIGNLPAYRGQGGLSPILRGL
TS-821, chain L 19 . E IVMVYPSRRDPQIGNLE T TPINNSSLVKWFINNLPAYRPGITPLRRGL
51 61 7 81 91
Consensus EVGmMAHGY IL iGPfvKIGPLRdtdvAnqaG Il |l aaiglvviatloclaiYg.
S1I/EVGLAHGYLLVGPFVKAGPL RNTEIAGQAG SLAAGGLVVI LSLCLTI1YGI
49EVGMAHGYFL IGPWVKLGPLRDSDVANLGGLISGIALILVATACLAAYGL
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101 WMo o o oooooan 131 141
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Fig. 5. Aligned amino acid sequences of PsaL subunits from three different species. Consensus bar shows consensus in the presence of the conserved residues, if capitalized and shown in
red - the residues are the completely conserved (for three comparable species). The upper dashed red rectangular frame focused on the area with extra amino acid sequence presence in
P. sativum and TS-821. The lower one - on the long C-terminus of T. elongatus.
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Fig. 6. Ribbon view of secondary structure of PsaL subunits from some photosystems I. A - PsaL subunit from PS I of P. sativum (PDB entry: 4xk8.1.L). B - PsaL subunit from PS 1 of T. elongatus
(PDB entry: 1JB0). C - PsaL subunit from PS I of TS-821, modeled based on PDB entry: 4xk8. D - Overlapped PsaL subunits structures of A-C. The view is along the membrane plane. Top of

each ribbon - n-side (stromal), bottom - p-side (luminal). Scale bar is 25 A.

located on the stromal side of the PSI monomer (Fig. 5). Also there is
a difference in length of C-termini of Psal from these species:
T. elongatus has the longest C-terminus, whereas the C-terminus of
PsaL of P. sativum and TS-821 are shorter and comparable in length
(Fig. 5).

Based on the known amino acid sequence [1], the PsaL subunit of
TS-821 was modeled using PsaL subunit of P. sativum as a template
(PDB entry: 4Y28.L) (Fig. 6). The modeled PsaL subunit of TS-821 was
used to substitute the existing PsaL subunit in crystal structure of
T. elongatus (Fig. 3B) and most of the subunits from the crystal structure
of T. elongatus were fitted separately into the 3D volume map of TS-821
(Figs. 3B and 4C, D). The densities for PsaX in monomer A and PsaC
and PsaF in monomer B were not sufficiently well defined to allow
individual subunit fitting. They were placed based on the rigid body
PSI monomer fit.

The modeled PsaL fits much better in the experimental 3D density
than the homologous T. elongatus structure (Fig. 4). The main difference
is in the C-terminal PsaL-h helix in T. elongatus (marked with an asterisk
in Fig. 4A, B), which is absent in TS-821. A consequence of the 2-fold
rotational symmetry in the TS-821 PSI tetramer is the presence of 2
different types of interfaces between the monomers: type 1 between
monomers A and B, and type 2 between monomers A and B’ (Fig. 3).
Fig. 4 shows a closer look at the two interfaces for both the
T. elongatus crystal structure fitted as a rigid body and the T. elongatus
crystal structure with substituted TS-821 PsaL subunit and with each
subunit fitted separately.

The type 1 interface for the rigid body fitted structure revealed con-
tacts between subunits PsaL-PsaB, PsaL-Psal, PsaL-PsaL, PsaL-PsaM,
PsaA-PsaB, and PsaA-PsaM. After replacing Psal with the TS-821
modeled version and fitting all subunits individually only contacts
between subunits PsalL-Psal, PsaL-PsaL, PsaA-PsaB, and PsaA-PsaM
were apparent. However, in the type 2 interface shown (after fitting
the crystal structure as a rigid body) revealed only contacts between
subunits PsaA and PsaB. However using the modeled PsaL and after

additional individual fitting, an additional contact between PsaL and
PsaB was observed, shown in Fig. 4D with a green asterisks.

The type 1 interface in TS-821 is similar to the monomer interface in
the trimeric PSI from T. elongatus, in which all monomers are related by
a 120° rotation (Fig. 7) instead of 114°. The main difference is near the
center of the complex, where PsaL in T. elongatus makes contact with
subunits PsaA, PsaB, and PsaM in the neighboring subunit, in addition
to the contacts found in the TS-821 model. The more extended contacts
near the center in T. elongatus PSI is a consequence of the different
relative monomer orientation and also of the a-helical extension at
the C-terminus of the subunit, which penetrates into the neighboring
monomer. This results in the formation of a significant cavity in the
central part of the tetramer. This cavity occupies nearly 1800 A? of
surface area, yet it is not clear if this is filled with lipids or some other
lipophilic molecules like carotenoids.

To explore the physiological role PSI tetramer plays, the multimeric
state was investigated under two different growth conditions: low light
(LL, 40 uE/m?/s) and high light (HL, 800 pE/m?/s). The oligomeric
profiles under different light intensities were examined by BN-PAGE
analysis after thylakoid membrane solubilization with variable 3-DDM
concentrations (Fig. 8A). Under both conditions, PSI monomer, dimer,
and tetramer are dominant oligomeric states compared with a less
abundant trimeric PSI species. However, under LL, the amount of PSI tri-
mer is higher than that under HL (Fig. 8A). This is more easily observed
after staining with CBB (Fig. 8B). In contrast, cells grown under high
light contain a much higher amount of the PSI tetramer (Fig. 8A, B).
This difference can also be distinguished without BN-PAGE since the
increase in the amount of chlorophyll migrating as a tetramer is easily
observed using sucrose density gradient centrifugation (Fig. 8C). This
figure also shows an obvious increase of the trimer under low light
conditions as is clear from the new chlorophyll containing band. At
the same time, it seems that under the same detergent concentration,
dimeric PSI is less abundant under HL compared to those under LL. PSI
tetramer can dissociate into dimers and monomers upon detergent

Fig. 7. Comparison of trimeric interface of T. elongatus with interface type 1 of TS-821. A - Interface type 1 with the crystal structure of T. elongatus fitted into the 3D volume map of TS-821
where the subunits were fitted individually and PsaL subunit is substituted by the modeled one from TS-821. All atoms and bonds, including those from the pigments, are shown. B - Interface
of the trimeric PSI crystal structure fitted into the same 3D volume density map of T. elongatus at 11.5 A. Subunits colored the same as on previous figures. Scale bar is 50 A.
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Fig. 8. Comparison of Chroococcidiopsis PSI oligomeric profiles under different light intensities. A - The unstained BN-PAGE analysis of TS-821 thylakoid membranes solubilized with the
indicated % of DDM. The left lanes are the low light (40 ©E/m?/s) and the right lanes are the high light (800 pE/m?/s). B - This is the same BN-PAGE gel following staining with CBB to
enhance clarity. C - Sucrose density gradient centrifugation of solubilized TS-821 thylakoid membrane isolated from cells grown under different light conditions. Main bands
corresponding to carotenoids (Car), PSI monomer (Mon), dimer (Dim), trimer (Tri), and tetramer (Tet) are labeled.

treatment [1]. Another noticeable difference between LL and HL is that
PSI tetramer is more stable under HL, judging by its resistance to higher
detergent (3-DDM) concentration (Fig. 8A). Besides more PSI tetramer
and less trimer under HL, more carotenoids can also be found under
HL condition in the sucrose density gradient after centrifugation
fractioning (Fig. 8C).

Under LL, there are also traces of other bands that become better
visible after Coomassie staining (Fig. 8B). Single particle electron

microscopy plus classification was performed on negatively stained
specimens of the initially purified tetramer to reveal additional types
of multimers (Fig. 9). Analysis showed the expected tetramers
(Fig. 9A, B) and dimers (Fig. 9D). Although classical negative stain was
used, some classes show a very detailed map (Fig. 9A). Although these
were purified as tetramers, we also observed small numbers of trimers
(Fig. 9E). Further, some tetramers and trimers appear to have an extra
dimer associated (Fig. 9C, F). The extra trimer is only loosely bound to

Fig. 9. Analysis of multimers of TS-821 by single particle electron microscopy. A - Best tetramer 2D projection map from 3700 summed particles at 8.1 A resolution in negative stain from a
homogeneous preparation of tetramers. B - Tetramer map out of an analyzed data set of all possible multimers. C - tetramer with a dimer attached at the top. D - dimer map. E - trimer map.
F - trimer with a dimer attached at the left. The amount of detail visible in frames B-F reflects about the number of projections summed for each type of 2D map. Number of particles for
frames B-F was 1043, 519, 892, 657 and 487, respectively. Scale bar is 100 A.
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the tetramer, as the band disappears in gels at detergent concentrations
above 0.4% DDM. It is not known if these are functionally active
multimers or reflect some type of aggregation. The fact that only traces
are present suggests that these complexes are likely irrelevant for the
overall light-harvesting and PSI function.

4. Discussion

Our results confirm that the PSI supercomplex of TS-821 has a tetra-
meric organization with C2 symmetry. The absence of 4-fold rotational
symmetry leads to two different, non-equivalent, monomer positions in
the tetramer and to the existence of two different monomer interfaces.
One interface (type 1) is similar to that in trimeric PSI from T. elongatus.
The second interface is quite different in the contacts between subunits.
In preparations of TS-821 PSI, dimers have been observed in addition to
the tetramers (Fig. 9). These dimers were exclusively built from mono-
mers (A and B, Fig. 3A) connected by a type I interface. This suggests that
the type 1 interaction is stronger than the type 2, and that the tetramer
can be considered a dimer of (A-B) dimers.

To get more insight into the binding interactions in the two inter-
faces, a homologous high-resolution X-ray structure of PSI from
T. elongatus was fitted into our density map for TS-821. Initially as a
rigid body fit at the monomer level, but the position and orientation of
most subunits could be refined individually. Interactions could be
described at the level of secondary structure elements. The current res-
olution of 11.5 A is not sufficient to draw more detailed conclusions
about interactions at the amino acid level and the location of pigments
that play an important role in the transfer of energy.

Because the PsalL subunit from the crystal structure of T. elongatus
did not fit well inside the experimentally obtained 3D density map,
the Psal from TS-821 was modeled based on the amino acid sequence
using the P. sativum crystal structure as a template. This gave a much
better fit, but also shows the less close interaction between Psal
subunits from neighboring monomers due to the absence of the
C-terminal L-h helix from T. elongatus. PsaL plays a central role in the
trimer formation of T. elongatus PSI [2]. The absence of the C-terminal
L-h helix in TS-821 may explain the formation of tetramers, because of
a weaker binding between L subunits over the type 1 interface, allowing
for a second type of interaction via the type 2 interface.

Currently it is not understood what the potential advantage for
Chroococcidiopsis is in forming tetrameric PSI rather than solely trimeric
complexes as in T. elongatus. In T. elongatus there a dynamic equilibrium
between monomers and trimers, but under normal physiological condi-
tions the equilibrium is by far on the side of the trimers [27]. One option
for Chroococcidiopsis is that there is a dynamic equilibrium between
monomers, dimers and tetramers, which opens the possibility to
respond to changes in light level. As shown in Fig. 8, in response to
changes in light levels TS-821 seems to change the ratio of PSI
dimers to monomers plus tetramers. The tetramers are clearly more
abundant under HL conditions while the amount of trimer increases
under LL. Considering the presence of two copies of psal genes in
some cyanobacteria such as Chroococcidiopsis thermalis PCC 7203 [1],
it is relevant to consider if TS-821 may have two psal genes that are al-
ternatively expressed under different light conditions. We have recently
sequenced TS-821 genome with over 36 million MiSeq desktop se-
quencer reads of 300 bp. This has allowed us to assemble and annotate
a draft genome by shotgun sequencing (unpublished results). Analysis
of this genome shows no presence of a second copy of psal gene was
found in TS-821. We now speculate that TS-821 only has one form of
PsalL in all oligomeric forms of PSI. This means that the difference in
PSI tetramer and PSI trimer may result from other changes that could in-
clude changes in lipid composition, fatty acid profile, carotenoids or may
involve an unknown subunit in the complex. However, our ongoing
proteomic data does not support this latter explanation. At this
moment, we are not sure if other proteins are involved in stabilizing
the tetramer. We do not rule out the possibility, but currently favor

the modulation by the carotenoids, since we have also observed a
change in the carotenoid content in the thylakoid membrane under
high light growth conditions (Fig. 8B).

Analysis of negatively stained TS-821 trimeric particles (Fig. 9E) in-
dicates that their overall structure resembles the one of T. elongatus.
The trimeric PSI of T. elongatus has been shown to have cooperativity
among monomers [28,29], which suggests that trimeric PSI is an
adaptation to low light intensity. The fact that trimeric PSI is more
abundant under LL (Fig. 8) does support the hypothesis. In contrast,
the tetrameric PSI is more stable and dominant under HL (Fig. 8),
indicating that tetrameric PSI is more resistant to high light intensity.
As mentioned above, the observed elevated content of carotenoids
(Fig. 8B) may explain why tetrameric PSI is more suitable under HL
conditions. At the same time, carotenoids may be a stabilization cofactor
for the tetrameric PSI or could even be accumulating within the central
cavity of the tetramer. Other possibilities may include a more efficient or
rapid interaction with phycobilisomes during state transitions as has
been suggested by the prior identification of a bound PBS rod to the
tetrameric form [20,21]. A higher resolution structure is required to
explore this further and to understand the tetramer formation and
energy transfer in more detail.

A more general question concerns the distribution of tetramer-
forming PSI species within the phylum of cyanobacteria. The species
of this study, Chroococcidiopsis sp. TS-821, is a member of the unicellular
subsection II. The other PSI tetramer studied in detail is from Anabaena
sp. PCC 7120 [21], a heterocyst-forming cyanobacterium from the fila-
mentous subsection IV. The fact that both species were not originally
thought to be closely related suggests a wide distribution of the tetra-
meric PSI association, making further study to this particular PSI of in-
terest. It will be interesting to investigate a more wide range of
cyanobacteria to determine just how widespread this tetrameric form
of PSI is in cyanobacteria.
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