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Oxygenic photosynthesis, the conversion of sunlight into 
chemical energy by plants, algae and cyanobacteria, under-
pins the survival of almost all forms of life. By producing 

oxygen and assimilating carbon dioxide into organic matter, pho-
tosynthesis determines—to a large extent—the composition of our 
atmosphere and provides essential food and fuel. Various pigments, 
mostly chlorophylls of photosystems II and I (PSII and PSI), cap-
ture light photons that are eventually utilized for the formation 
of nicotinamide adenine dinucleotide phosphate (NADPH) and 
adenosine triphosphate (ATP). PSII oxidizes water to produce oxy-
gen, and PSI produces NADPH through its electron acceptor ferre-
doxin. Recent studies have shown how the basic building blocks of 
photosynthesis have been structurally arranged in a modular man-
ner in different organisms to maximize the efficiency of sunlight-
driven energy conversion1–3.

X-ray crystallography provided the first detailed structural 
information about the four large membrane complexes that catalyse 
oxygenic photosynthesis. The recent developments in electron cryo-
microscopy (cryo-EM) have facilitated a leap in structural biology, 
and structures of macromolecules are no longer the prerogative of 
X-ray crystallography4,5. Cryo-EM has been successfully applied 
to elucidate photosynthetic structures from algae and plant thyla-
koids2,6–12. On the technical level, although X-ray crystallography is 
instrumental in the determination of high-resolution structures13,14, 
cryo-EM has an advantage of enabling the characterization of less-
stable complexes in a close-to-native environment. Thus, the com-
bination of both of these techniques is a powerful method.

The green alga D. salina is a unicellular organism that is unique 
in its ability to adapt to hypersaline environments and light 
stress15,16. For this reason, it is a model organism to study acclima-
tion in response to abiotic environmental stresses that inhibit cell 
proliferation and growth in photosynthetic organisms, such as high 
salinity, high light, temperature changes and drought15–19. D. salina 

is also a source of natural antioxidants and biofuel production that 
are driven by photosynthesis20–22. However, fundamental under-
standing of the photosynthetic complexes and their organization in 
D. salina is lacking. To provide the first insights into the organiza-
tion and evolution of the green alga D. salina PSI, we report high-
resolution structures of PSI–light-harvesting complex I (LHCI) that 
we resolved using X-ray crystallography and cryo-EM.

Structure determination
To obtain PSI–LHCI from D. salina, we cultured the cells in a 
medium with an intermediate salinity of 1.5 M NaCl and purified 
PSI–LHCI consistently using established protocols14,23,24 (Methods). 
The purified complex showed high activity in NADP photoreduc-
tion and exhibited rates that are comparative to other PSI–LHCI 
complexes purified from plants, green algae and cyanobacteria in 
our laboratories. This preparation allowed crystallization, and opti-
mized crystals diffracted to ~3 Å anisotropically, with a space group 
P21 (Extended Data Fig. 1). The crystal structure was determined 
(Supplementary Table 1), and the same preparation was analysed 
using cryo-EM. A total of 470,368 particles were picked using ref-
erence-based picking, followed by reference-free two-dimensional 
(2D) averaging that resulted in 219,302 particles that were used for 
3D classification. Homogeneous classes were selected, combined 
and the resulting 132,017 particles were refined to the nominal 
resolution of 3.2 Å, with local resolution reaching 2.6 Å in the core 
(Extended Data Figs. 1–3 and Supplementary Table 2).

The model building was complicated by the fact that the genomic 
sequence for D. salina has only a preliminary sequence annotation, 
and the UniProt database did not contain the sequence of all of 
the proteins. We therefore performed mass spectrometry analysis 
of the sample (see Methods; Supplementary Table 3) and used the 
identified protein peptides to detect sequences in closely related 
green algae Volvox carteri, C. reinhardtii and Chlorella sp., which 
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we used to guide the model building. This was complemented by 
direct identification of the side chains from the density map and 
comparison with previously reported sequences in the literature. As 
the D. salina whole-genome shotgun sequence is only preliminary 
annotated25, the remaining sequences were determined using small 
segments of the identified peptides to search the genome for the 
potential sequences (Supplementary Tables 3 and 4).

Overall structure
The structure revealed two unexpected observations regarding the 
overall organization of PSI in D. salina. First, it fits only seven sub-
units of the PSI core complex (PsaA–F and PsaJ), whereas an addi-
tional six expected subunits are missing (PsaG, PsaH, PsaI, PsaK, 
PsaL and PsaO; Figs. 1 and 2a). Second, it contains four LHC pro-
teins, Lhca1–4; by contrast, a chemical cross-linking study in the 
green alga C. reinhardtii suggested that C. reinhardtii has ten LHC 
proteins26. Therefore, the overall structure of the D. salina ‘mini-PSI’ 
contains only 11 protein subunits (Fig. 1), which might represent an 
acclimation response to the salinity conditions. We modelled 134 
chlorophyll (Chl) a molecules, 11 Chl b molecules, 31 carotenes, 3 
Fe4S4 clusters and 2 quinones. In addition to the protein subunits and 
pigments, one of the pronounced effects of the cryo-EM approach is 
a well-resolved membrane region that enabled the assignment of 16 
lipids (8 phosphatidylglycerols, 5 monogalactosyldiacylglycerols, 2 
digalactosyldiacylglycerol and 1 phosphatidylethanolamine). Four 
of the lipids appear to have specific roles in coordinating chloro-
phylls with its polar head groups (Fig. 2b). Thus, lipids have a bio-
logical function of affecting the energy transfer of PSI. Furthermore, 
six discrete densities were identified in the membrane bilayer that 
do not represent a protein moiety and could not be unambiguously 
assigned (Extended Data Fig. 4).

To confirm that the mini-PSI is not a degradation product of 
the biochemical preparation, we checked the protein composition 
throughout the experiment, beginning with the gentle detergent 
solubilization step (Extended Data Fig. 5). Immediately after solu-
bilization, only weak bands for the missing subunits were visible 
in the crude sample. We then ran a native gel directly after mild 
solubilization of the thylakoid membrane with two different deter-
gents, and both suggested the presence of two PSI subpopulations 
(Extended Data Fig. 6a,b). Moreover, we analysed the sample using 
a sucrose gradient and protein gel; this showed a co-presence of 
the mini-PSI and a larger complex containing additional canoni-
cal subunits Lhca5, Lhca6, PsaL, PsaG, PsaH, PsaI, PsaK and PsaO 

(Extended Data Fig. 6c,d). It is unlikely that the mild procedure that 
we used removed the missing subunits; PsaK in particular has been 
able to sustain harsher purification procedures in all of the reported 
PSI complexes from various organisms27. Taken together with the 
presence of the native loosely associated Lhca proteins, these data 
suggest that the structurally identified mini-PSI represents a natu-
ral-state assembly product. It is less likely that the isolated complex 
represents a maturation intermediate, as Arabidopsis mutants of 
PsaG, PsaH and PsaL can still grow photoautotrophically28; there-
fore, these subunits do not play a role in PSI accumulation. It was 
also shown that PsaG and PsaK can bind to the PSI–LHCI complex 
in green algae29. Finally, recent transcriptomics analysis using RNA 
sequencing has shown that—in certain physiological conditions, 
such as high irradiance levels—the RNA that encodes photosystem 
I subunits in D. salina is downregulated to different levels29; there-
fore, our structural information is in line with these data, suggest-
ing that mini-PSI represents a functional form in which the missing 
subunits are downregulated.

Functional implications of mini-PSI
Although the position of LHCI is not affected in mini-PSI, our 
structure suggests that the supramolecular organization is probably 
affected due to the missing core subunits (Fig. 2a). The supramolec-
ular organization of PSI is defined by additional Lhca proteins that 
are laterally bound to the core. In the green alga C. reinhardtii, these 
proteins bind to PsaG, PsaI and PsaL25, in red alga Cyanidioschyzon 
merolae they bind to PsaI and PsaL2, in moss Physcomitrella patens 
they bind to PsaK and PsaL1,3, and in plant Zea mays they bind to 
PsaH, PsaL and PsaO9; this binding has been optimized to achieve 
efficient excitation energy transfer in different physiological condi-
tions. All of those core protein subunits are missing in the mini-PSI 
of D. salina. Therefore, owing to the structural constraints, mini-PSI 
is unlikely to be involved in state-transitions. However, state tran-
sitions have been suggested in a closely related species Dunaliela 
tertiolecta. Particularly, fluorescence-based measures of relative 
electron-transport rates in algae treated with CO2 compensation 
through medium with no inorganic carbon showed flexible regula-
tion of state transitions in response to photon flux30. Furthermore, 
after phosphate starvation, rapid quenching of Chl a fluorescence 
was reported, presumably due to the state transitions31. This sug-
gests that different configurations of PSI can occur in Dunaliella 
species regulated by metabolic demands32.

Flexibility of phylloquinone PQN2001/A
To reveal alterations in the PSI core region, we compared our 
cryo-EM and X-ray crystal structures. In proximity to the cata-
lytic centre, we observed a feature that is different between the two 
density maps (Fig. 3a). The isoprenoid tail of the phylloquinone 
(PQN2001/A) coordinated by PsaA—which acts as a secondary 
electron acceptor from A0 and as an electron donor to the Fe4S4—
appeared to adopt altered conformations. In the cryo-EM structure, 
the isoprenoid chain is correlated with a different conformation of 
the phytol chains of the adjacent chlorophylls that relaxes the struc-
tural constraint. Recently, the crystal structure of a mesophilic cya-
nobacterium Synechocystis sp. PCC6803 revealed a similarly altered 
conformation of the phylloquinone isoprenoid tail27,33. Thus, the 
comparison between the structures suggests that this region adopts 
an increased conformational flexibility (Fig. 3b). Owing to the cen-
tral role and high conservation of this region, it might be a universal 
mechanistic feature of PSI.

Diversity of Lhca proteins
With respect to the LHCI, although the positions of the four light-
harvesting proteins correspond to the configuration of a plant PSI–
LHCI, the protein sequence has diverged substantially. The most 
intriguing is the pigment protein Lhca4, which is located onto the 
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Fig. 1 | The structure of the mini-PSI. Left: cut though the cryo-EM map 
coloured by local resolution. Right: the overall structure of the D. salina PSI 
composed of seven core subunits PsaA, PsaB, PsaC, PsaD, PsaE, PsaF and 
PsaJ, and Lhca1–4, each of which are represented by a different colour.
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PsaF side and which was proposed to play a role in stabilizing the 
organization of a plant PSI34. We show that Lhca4 is not as con-
served in the LHCI belt of D. salina, and it exhibits high homology 
to C. reinhardtii Lhca2 (Extended Table 5). Recently, it has also been 
proposed that green alga C. reinhardtii Lhca1 does not form a cross-
linked product with Lhca4 and, instead, Lhca8 was a candidate26. 
PSI from the moss P. patens also lacks an orthologue for Lhca4, 
which is replaced by an unidentified protein3. Taken together, these 
data indicate that D. salina represents an example of diversity of 
PSI antenna organization and that the position of Lhca4 is the most 
mobile in this system.

Notable differences from plants are also found in LHCI pig-
ments (Supplementary Table 6). The four Lhca proteins contain 56 
chlorophyll molecules, 10 of which are Chl b. Our analysis shows 
changes of two types—energy transfer pathways from Lhca1, Lhca2 
and Lhca4 to the PSI core, and between the neighbouring Lhca 
molecules. An apparent difference in interactions between Lhca1 
and the PSI core is caused by the absence of lutein Lut621 (PDB, 

5ZJI, plant PSI–LHCI). Lut621 is important because it is associated 
with Chl a615 (PDB, 5ZJI, a616), which forms an excitation-energy 
transfer pathway from Lhca1 to Chl a1302 of PsaF on the luminal 
side, namely 1Fl (ref. 13). The absence of Lut621 in D. salina can be 
rationalized by the lack of lipid LMG622, which is important for 
the coordination (Fig. 4). As a result, a conformational change has 
occurred in the C-terminus of Lhca1 that brings Chl a615 towards 
a1302 to maintain the 1Fl pathway, despite the absence of a plant-
like structural scaffold. Furthermore, the acceptor a1302(F) also 
moved closer to a615, reducing the edge-to-edge distance from 
8.2 Å in plants to 7.8 Å in D. salina, providing additional compensa-
tion for the lack of LMG622 and Lut621 (Fig. 4).

Energy transfer pathways
Examination of neighbour chlorophyll relations between Lhca2  
and PSI core revealed an example of convergent evolution between 
D. salina and plants. We found that Chl a616 correlates with  
plant-specific PsaN linker Chl a1002 (Fig. 4b). PsaN was fully 
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resolved in the cryo-EM structure of Z. mays PSI–LHCI–LHCII, 
and was previously shown to mediate the excitation energy  
pathway from Lhca2 to the PSI core9. The arrangement of chloro-
phylls in our structure effectively compensates for the lack of PsaN 
in D. salina and, therefore, forms the energy pathway 2Bl (Extended 
Data Fig. 7).

A new energy transfer pathway between the LHCI and the PSI 
core is found in Lhca4. As D. salina Lhca4 is more closely related to 
C. reinhardtii Lhca7, it has a C-terminal extension that is absent in 
plant Lhca4 (Supplementary Table 5). Together with the modelled 
carotene BCR4001, Lhca4 provides a binding site for Chl a616 
with a shortest edge-to-edge distance of 9.1 Å from PsaJ Chl a1302 
(Fig. 4b). Therefore, a potentially new pathway is formed, namely 
4J1 (Extended Data Fig. 7), which is the first report of a direct 
interaction between Lhca4 and the PSI core. The homology to 
Lhca7 suggests that a similar contact could exist in C. reinhardtii.

Although energy transfer from LHCI to the PSI core has evolved, 
including new carotenes (Extended Data Fig. 8 and Supplementary 
Table 6), our structure shows that the intracommunication between 
neighbouring Lhca proteins is weaker than in plants. For example, 
Lhca4 is missing Chl a617 and a618 that bridge with Lhca1 in plants, 
whereas Lhca2 is missing a618 that bridges with Lhca4 in plants.

Finally, our research also contributes to a better understanding 
of the universal features of LHCI. For example, we unambiguously 
identified Lhca3 Chl a607 in the density map (Extended Data  
Fig. 9a) and, although its coordination is highly conserved35, this 

chlorophyll was not resolved in either the 3.3-Å-resolution struc-
ture of plant PSI–LHCI–LHCII (ref. 9) or the 2.8-Å-resolution 
X-ray crystal structure of plant PSI–LHCI (ref. 13; Extended Data 
Fig. 9b,c).

LHCI belt
During the preparation of this manuscript, the structures of PSI 
from green algae C. reinhardtii11 and Bryopsis corticulans36 have 
been published. Both of which show significantly larger antennae  
compared with the plant PSI–LHCI and D. salina mini-PSI. 
Particularly, they form a double semi-ring with four additional 
light-harvesting proteins bound to the plant-like LHCI belt. This 
is possible due to the C-terminal extensions of the inner belt pro-
teins, primarily Lhca7 and Lhca2, that form an interacting surface 
for the outer belt proteins on the luminal side of the membrane. 
We performed a search in the genomic sequence of D. salina25 and 
found that additional putative Lhca proteins might exist, although 
the sequences are not as abundant as in C. reinhardtii. To identify 
whether a similar structural arrangement can occur in D. salina 
mini-PSI, we superimposed the corresponding light-harvest-
ing proteins of the inner ring with C. reinhardtii (Extended Data  
Fig. 10). The comparison revealed that D. salina proteins have 
shorter C terminus and, therefore, do not possess the structural 
elements that bind to the outer belt proteins in C. reinhardtii and  
B. corticulans. This might rationalize why mini-PSI does not form a 
second LHCI belt in contrast to the other reported green algae11,12,36.

Conclusion
Mini-PSI from D. salina grown at intermediate salinity conditions 
has the lowest number of subunits, featuring the smallest complex 
of its kind identified up to date. It has been resolved with a high 
level of detail, including new suggested energy pathways, previously 
unidentified pigment binding sites and phospholipids. In contrast 
to all of the other monomeric PSI complexes that offer surfaces as 
a means of structural adaptation, such as state transitions, mini-PSI 
lacks the core protein components that would be involved in inter-
actions with additional light-harvesting partners. This observation 
suggests a possible regulatory mechanism that either reduces the 
association of additional Lhc pigment proteins under certain physi-
ological conditions or forms a distinct type of interactions. Future 
studies in combination with transcriptomics37 and proteomics38 
analyses under different physiological conditions will explore the 
functional advantages of these newly identified adaptations.

Methods
Puri!cation of PSI. D. salina cells were cultured in 10 l of BG11 medium 
supplemented with 1.5 M NaCl, 6 µg ml!1 ferric ammonium citrate and 50 mM 
NaHCO3. Cells were grown with constant stirring and air bubbling under 
continuous white light (80 µE) at 25 °C for about 1 week untill they reached 
absorbance of 1.3 optical density at 730 nm. !e culture was aerated using a Big 
Boy 8000 at a rate of 1 l min!1, and stirred at 200 r.p.m. Cells were collected using 
centrifugation (10,500g for 10 min, F10-4 " 1 l LEX) and were washed once with 
STN1 bu"er (30 mM Tris-tricine pH 8, 15 mM NaCl and 10% sucrose). !e cells 
were resuspended in 50 ml of STN1 and then broken by an Avestin EmulsiFlex-C3 
(two cycles at 1,500 psi). !e lysate was cleared by centrifugation using a SS34 
rotor for 10 min at 17,000g. Membranes in the supernatant were pelleted using 
ultracentrifugation (Ti70 rotor, 208,000g for 2 h), and were resuspended in 50 ml 
STN2 (30 mM Tris-tricine pH 8, 150 mM NaCl and 10% sucrose). A#er suspension 
in STN2, the membranes were incubated on ice for 30 min, then collected again 
(Ti70 rotor, 208,000g for 2 h), and resuspended in approximately 15 ml of STN1. 
n-Dodecyl #-$-maltoside (#-DDM, A"ymetrix) was added to the membranes 
(from a 10% stock solution in water) at a ratio of 15:1 #-DDM:chlorophyll. 
!e suspension was gently mixed by hand a few times and then incubated on 
ice for 30 min. A#er solubilization, the insoluble material was discarded using 
ultracentrifugation (Ti70, 208,000g for 30 min). !e solubilized membranes 
were loaded onto a DEAE column (TOYOPEARL DEAE-650C; Tosoh), column 
volume was adjusted to the chlorophyll content of the sample (0.8–1.0 ml DEAE 
per 1 mg chlorophyll). !e column was equilibrated with 15 mM Tris-tricine pH 8 
and 0.2% #-DDM and eluted using a linear NaCl gradient (15–300 mM NaCl) in 
30 mM Tris-tricine pH 8 and 0.2% #-DDM. Dark-green fractions were collected 
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and precipitated using PEG 6000 (Hampton research) at a %nal PEG concentration 
of 9% and then centrifuged using the SS34 rotor at 3,000g for 5 min. !e green 
precipitate was resuspended in 30 mM Tris-tricine pH 8, 0.05% #-DDM and 15 mM 
NaCl, and loaded onto a 10–30% sucrose density gradient, prepared in 30 mM 
Tris-tricine pH 8, 0.05% #-DDM and 15 mM NaCl. A#er centrifugation (SW40 
rotor, 243,000g for 16 h) the appropriate green band containing PSI was collected 
and loaded onto a Tricorn 10/100 column (SOURCE 15Q, polystyrene/divinyl 
benzene polymer matrix, GE healthcare) using AKTA prime plus. !e column 
was equilibrated with 15 mM Tris-tricine pH 8 and 0.2% #-DDM and eluted with 
0–0.3 M NaCl (linear gradient, 50 ml gradient length); dark-green fractions were 
collected and applied onto a 10–30% sucrose gradient and centrifuged at 400,000g 
for 4 h (SW60-Ti rotor, Beckman Coulter). !e puri%ed PSI that appeared as a  
dark band was collected. !e PSI supercomplex was precipitated by the addition  
of 100 mM NaCl and 12% PEG 6000 and was centrifuged using an Eppendorf F45-
30-11 rotor at 20,000g for 5 min. !e pellet was dissolved in a solution containing 
3 mM Tris-tricine pH 8 and 0.05% n-dodecyl-#-$-thiomaltopyranoside (#-DTM) 
and adjusted to a chlorophyll concentration of 2.5 mg ml!1.

X-ray crystallography and data processing. Crystallization experiments were 
conducted with fresh protein using the sitting-drop variant of the vapour-diffusion 
technique. Initial hits were obtained using the following screening kits (Molecular 
Dimensions): MemGold transmembrane protein crystallization screen and ProPlex 
protein complexes crystallization screen. The individual solutions in the kits were 
diluted twofold. The different solutions of the kits (100 $l) were poured into 96-well 
plates (Croning Crystal Ex, 96-well flat-bottom treated plates) and mixed 1:1 with 
1.5 $l of purified PSI using a mosquito HV robot (TTP Labtech). After crystallization 
at 4 °C for 14 d, crystals were formed in 50 mM sodium cacodylate pH 6.5 and 
12% PEG 1500 and further optimized manually. To grow larger crystals for high 
resolution, 24-well plates (Charles Supper) were used. Purified PSI (4 $l) was mixed 
with equal volumes of a reservoir solution containing 50 mM Na cacodylate pH 6.5 
and 8–10% PEG 1500. The quality of the initial crystals was further improved by 
addition of 100 mM MgCl2 to the reservoir solution. The optimized crystals formed 
during incubation at 4 °C for 14 d. The crystals were cryo-protected by a solution 
containing 50 mM sodium cacodylate, 100 mM MgCl2 and 30% PEG 1500, and 
then flash-frozen in liquid nitrogen. X-ray diffraction images were recorded at a 
wavelength of 1.0 Å with 0.01° oscillation using an EIGER detector at the Swiss Light 
Source (PXI). Phases for molecular replacement were derived from plant PSI–LHCI 
model PDB 5L8R (ref. 13) using Phaser in the CCP4 suite39. X-ray data collection  
and refinement statistics are summarized in the Supplementary Table 1.

Cryo-EM and image processing. Purified PSI (3 µl) was applied on glow-
discharged holey carbon grids (Cu Quantifoil R1.2/1.3), before vitrification using a 
Vitrobot MKIV (2.5 s blot at 4 °C and 100% humidity). The images were collected 
using a 300 kV FEI Titan Krios electron microscope, with a slit width of 20 eV on 
a GIF-Quantum energy filter (ESRF). A Gatan K2-Summit detector was used in 
counting mode at a magnification of "130,000 (yielding a pixel size of 1.065 Å) 
with a total dose of 41.6 e Å!2. EPU was used to collect a total of 3,272 images, 
which were dose-fractionated into 40 video frames with defocus values ranging 
from 0.9 $m to 3.0 $m, with increments of 0.3 $m. The collected micrographs were 
motion-corrected and dose-weighted using MotionCor2 (ref. 40). The contrast 
transfer function parameters were estimated using GCTF-0.5 (ref. 41). An initial  
set of 19,415 particles were manually picked using Xmipp3 (ref. 42) and processed 
for reference-free two-dimensional class averaging using RELION v.2.1 (ref. 43)  
before being used as references for automatic picking in RELION. A total of 
470,368 particles were picked using reference-based picking. All of the previously 
described steps were performed using the Scipion44 package. The picked particles 
were processed for reference-free 2D averaging, resulting in 219,302 particles 
for 3D classification; both steps were performed using CryoSPARC45. Six classes 
containing a total of 132,017 particles were pooled together and processed for 3D 
homogeneous refinement using CryoSPARC and postprocessing using RELION. 
The reported resolutions are based on gold-standard refinement, applying the 
0.143 criterion on the FSC between reconstructed half-maps.

RNA preparation. The cells were pelleted, resuspended in 1 ml of TRI reagent 
(Sigma) and incubated for 5 min at room temperature. The homogenate was 
centrifuged at 12,000g for 10 min at 4 °C to remove the insoluble material 
(extracellular membranes, polysaccharides and high-molecular-mass DNA). After 
adding 0.2 ml chloroform, the sample was vortexed vigorously for 15 s and allowed 
to stand for 10 min at room temperature. The resulting mixture was centrifuged 
at 12,000g for 15 min at 4 °C. The upper aqueous phase (containing RNA) was 
transferred to a fresh tube and 0.5 ml of 2-propanol was added and mixed. The sample 
was allowed to stand for 10 min at room temperature and then centrifuged at 12,000g 
for 10 min at 4 °C. The RNA pellet was washed by adding 1 ml of 75% ethanol. The 
sample was vortexed and then centrifuged at 7,500g for 5 min at 4 °C. The RNA pellet 
was briefly dried for 10 min by air drying and was then dissolved in 200 µl of diethyl 
pyrocarbonate water. The RNA concentration was measured using a Nanodrop46.

cDNA synthesis. PolyT18 base primer (1 µg) in a total volume of %15 µl was  
added into a sterile RNase-free microcentrifuge tube containing 2 µg of total RNA. 

The tube was heated to 70 °C for 5 min to melt the secondary structure within the 
template and was then cooled immediately on ice to prevent the secondary structure 
from reforming, followed by a brief centrifugation. The following components were 
added to the tube: M-MLV 5X Reaction Buffer (5 µl), dATP (1.25 µl, 10 mM), dCTP 
(1.25 µl, 10 mM), dGTP (1.25 µl, 10 mM), dTTP (1.25 µl, 10 mM), Recombinant 
RNasin Ribonuclease (Promega) Inhibitor (25 U) and M-MLV RT (200 U) 
(Promega). The tube was incubated for 60 min at 42 °C (ref. 47). The second strand 
was synthetized using gene-specific primers. After synthesis, the cDNA was inserted 
into a pJet 1.2 cloning vector using the CloneJET PCR Cloning Kit (Thermo 
scientific). The plasmids were transformed into DH5& E. coli cells and the plasmid 
DNA was extracted using the HiYield Plasmid Kit (Real Genomics) and sequenced. 
Partial sequences and primers are provided in Supplementary Table 7.

Mass spectroscopy analysis. Purified PSI was dissociated and run on an SDS 
polyacrylamide gel. The gel was briefly stained with Coomassie Brilliant Blue, 
destained for 10 min and washed 5 times and analysed using mass spectrometry. 
We searched the whole-genome shotgun contigs (32,771) of the D. salina strain 
CCAP 19/18 for sequences of known Lhca proteins and assembled probable 
Dunaliella-specific Lhca1 to Lhca4 in accordance with the plant corresponding 
polypeptides. A small gap, which was found in Lhca4, was filled using blast48 
against all homologues proteins, resulting in a consensus sequence RTL that 
showed a great fit to the EM map.

Model building. The initial model was built into the X-ray density map with 
MOLREP49 using the plant PSI–LHCI model PDB 5L8R (ref. 13) as the search 
model. The side chains were mutated on the basis of the information obtained 
from the mass spectrometry analysis, databases and previous reports, and the 
model was manually rebuilt using Coot50. This model was then fitted onto the 
cryo-EM density map using rigid-body docking in UCSF Chimera51 and manually 
rebuilt using Coot50. Information on built proteins is provided in Supplementary 
Table 4. The quality of the cryo-EM density map enabled us to identify and correct 
sequencing misannotation, which is summarized in Supplementary Table 3. 
Stereochemical refinement was performed using phenix.real_space_refine in the 
PHENIX suite52. The final model was validated using MolProbity53. The refinement 
statistics are provided in Supplementary Table 2. The local resolution map was 
determined using CryoSPARC45, and the figures were generated using PyMOL54, 
UCSF Chimera51 and UCSF ChimeraX55. Sequence alignments were performed 
using Blast46.

Native gel. Thylakoid membranes purified as described above, were solubilized 
in either &-DDM or #-DDM at a final concentration of 1.5%. The suspension 
was gently mixed before incubation on ice for 30 min. The insoluble material 
was discarded using ultracentrifugation with a TLA120.2 rotor at 149,000g for 
10 min. The supernatant was loaded onto a NativePAGE Novex 3–12% Bis-Tris 
gel and ran at 4 °C. The gel was then stained with Coomassie Brilliant Blue. For 
the second Blue native gel, D. salina membranes (Chl concentration of 1 mg ml!1) 
were solubilized on ice in 1.5% #-DDM for 30 min, then centrifuged at 20,000g for 
15 min at 4 °C to discard the insolubilized material. The soluble fraction was loaded 
onto a blue native polyacrylamide gel electrophoresis (BN-PAGE).

PSI analysis in thylakoids. Membranes containing 2 mg ml!1 Chl were incubated on 
ice with 1.5% &-DDM. After removing the debris, the supernatant was centrifuged 
using a Ti-75 rotor at 378,000g for 4 h. The pellet was resuspended in 20 mM 
Tris-tricine pH 8 containing 0.1% &-DDM. The solution was applied on a sucrose 
gradient of 15–50% in a buffer containing 20 mM Tris-tricine (pH 8) and 0.05% 
&-DDM, and centrifuged using a SW-60 rotor at 310,600g for 15 h. The indicated 
bands 1 and 2 were run on a 20% polyacrylamide urea gel. Each lane was scanned 
using ImageJ56 and the area under the various bands was quantified. Density tracing 
suggests that, in fraction 2, more than 50% of the population is represented by the 
mini-PSI. The experiment was repeated five times with similar results.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
All data generated or analysed during this study are included in this Article and  
its Extended data and Supplementary tables. The cryo-EM map has been deposited 
into the Electron Microscopy Data Bank with accession code EMD-4883. The 
atomic models have been deposited in the PDB under accession codes 6QPH  
and 6RHZ.
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Extended Data Fig. 1 | X-ray crystal structure determination. (a) Polypeptide composition of D. salina mini-PSI used for crystallization, and comparison with 
related organisms. The experiments described were independently repeated at least three times (b) activity in NADP photoreduction. (c) Crystals of PSI. 
Over one hundred of similar wells were generated in the crystallization plates. (d) A representative diffraction pattern showing single spots reaching ~ 3!Å 
resolution anisotropically.
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Extended Data Fig. 2 | Cryo-EM data processing workflow.
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Extended Data Fig. 3 | Quality of the cryo-EM map. (a) The final map colored by local resolution and viewed from the surface and cut- through. Examples 
of the best (b) and worst (c) modeled densities for ligands.
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Extended Data Fig. 4 | Unassigned densities. Six discrete weak densities were identified in the membrane bilayer that could not be unambiguously 
assigned. The densities likely represent non-protein components that do not affect the overall conclusions.
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Extended Data Fig. 5 | Purification profile of PSI-LHCI from D. salina thylakoids. MW; lane 1: thylakoid membranes after solubilization; lane 2: dark-green 
fraction of TOYOPEARL DEAE-650C; lane 3: fraction eluted from sucrose gradient; lane 4: elution from FPLC SOURCE 15Q; lane 5: after second sucrose 
gradient. A subunit distribution of PSI is indicated according to MS data. The experiment was repeated at least three times.
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Extended Data Fig. 6 | Mini-PSI analysis. (a) Mild solubilization of the thylakoid membrane with two detergents. Lane 1: MW, lane 2: D. salina thylakoid 
membranes solubilized in &-DDM, lane 3: D. salina thylakoid membranes solubilized in #-DDM. Both preparations indicate that PSI is found in two different 
forms. The experiment was repeated twice. (b) Comparison of the mildly solubilized D. salina PSI with purified mini-PSI indicates that the complexes 
correspond to each other, and small differences in migration can be explained by presence/absence of lipids. Lane 1: MW, lane 2: D. salina thylakoids 
membranes solubilized in #-DDM, lane 3: purified D. salina PSI-LCHI. This experiment was repeated 5 times. (c) Solubilized membranes were applied on 
a sucrose gradient 15 to 50% The indicated bands 1 and 2, representing two forms of PSI were run on 20% polyacrylamide urea gel for protein separation. 
(d) Quantification of the bands from (c). The data suggests that fraction 2 is enriched with mini-PSI, lacking some of the core subunit. The experiment was 
repeated 5 times with similar results.
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Extended Data Fig. 7 | Major energy pathways. (a) Major energy pathways are shown with dashed lines, distances are magnesium to magnesium (Å). 
The newly identified potential energy pathways are shown in orange and black. (b) Names and locations of the pathways are shown in the table and the 
newly identified potential energy pathways are shown in orange as highlighted in A.
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Extended Data Fig. 8 | Identification of new carotenes in Lhca3. Chlorophylls are shown in green, conserved carotenes are colored in dark orange, 
represented in yellow are the newly identified carotenes in D. salina and in dark grey is chlorophyll a313 present in plant (PDBID:4KX8) but not in D. salina.
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Extended Data Fig. 9 | Identification of Lhca3 Chl a607. Comparison of the density for the highly conserved Chl a607 between (a) the current work,  
(b) 3.3!Å resolution structure of plant PSI-LHCI-LHCII9, (c) 2.8!Å resolution X-ray crystal structure of plant PSI-LHCI12.
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Extended Data Fig. 10 | Comparison of the structures and sequences of LHCI between green algae. The superposition between LHCI proteins of D. salina 
and C. reinhardtii shows that C-terminus extensions of Lhca7 and Lhca3 responsible for the binding the outer belt are missing in D. salina.
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Supplementary Table 1. X-ray data collection and refinement statistics. 
 
  
	
	 PDB	6QPH	
Data	collection	 	
Space	group	 P1 21 1	
Cell	dimensions  	 	
				a,	b,	c	(Å)	 158.881, 100.506, 191.04	
    a, b, g 	(°)		 90	91.7335	90	
Resolution	(Å)	 49-3.4	
Rsym	or	Rmerge	 1.435	
I	/	sI	 0.8	
Completeness	(%)	 99.6	
Redundancy	 7.3	
	 	
Refinement	 	
Resolution	(Å)	 49-3.4	
No.	reflections	 688522(33502)	
Rwork	/	Rfree	 0.336/0.356	
No.	atoms	 	
				Protein	 21861	
				Ligand/ion	 9009	
				Water	 0	
B-factors	 	

				Protein	 120.97	
				Ligand/ion	 119.45	
				Water	 0	
R.m.s.	deviations	 	
				Bond	lengths	(Å)	 0.008	
				Bond	angles	(°)	 1.876	
*Values	in	parentheses	are	for	highest-resolution	shell.	
	
The	X-ray	dataset	was	generated	by	merging	two	independent	datasets	with	similar	unit	cell	
dimensions.	Combination	of	the	two	datasets	and	an	inherint	anisotropicity	caused	the	Rfree	and	
clashscore	values	to	be	higher	than	expected,	but	still	within	a	reasonable	range	for	the	reported	
resolution.		
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 Supplementary Table 2. Cryo-EM data collection and model building. 
	
	 	

EMDB-4883 
PDB 6RHZ	

	

Data	collection	and	processing	 	 	
Magnification				 130000	 	
Voltage	(kV)	 300	 	
Electron	exposure	(e–/Å2)	 41.6	 	
Defocus	range	(μm)	 0.9-3.0	 	
Pixel	size	(Å)	 1.065	 	
Symmetry	imposed	 No	 	
Initial	particle	images	(no.)	 470,368	 	
Final		particle	images	(no.)	 132,017	 	
Map	resolution	(Å)	
				FSC	threshold	

3.2	
0.143	

	

Map	resolution	range	(Å)	 ~2.7-4.0	 	
	 	 	
Refinement	 	 	
Initial	model	used	(PDB	code)	 5L8R	 	
Model	resolution	(Å)	
				FSC	threshold	

3.2	
0.143	

	

Model	resolution	range	(Å)	 	 	
Map	sharpening	B	factor	(Å2)	 -70.5	 	
Model	composition	
				Non-hydrogen	atoms	
				Protein	residues	
				Ligands	

	
31,888	
2767	
197	

	

B	factors	(Å2)	
				Protein	
				Ligand	

			
15.52	
21.57	

	

R.m.s.	deviations	
				Bond	lengths	(Å)	
				Bond	angles	(°)	

	
0.006	
1.175	

	

	Validation	
				MolProbity	score	
				Clashscore	
				Poor	rotamers	(%)				

	
1.17	(99th	Percentile)	
1.51	(99th	percentile)/5	
0	

	

	Ramachandran	plot	
				Favored	(%)	
				Allowed	(%)	
				Disallowed	(%)	

	
96.2	
3.73	
0.07	
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Supplementary Table 3. Peptides detected in Mass-spectroscopy analysis 
Mass-spectroscopy analysis of various Dunaliella salina subunits. Underlined 
sequences indicate peptides detected in MS.        
>chain ' 1' 
MAHQYHWELKSFPSCACSNFAPGSEPKEYLNDLPGNFNFDPLELGKEKGTLQ
RYREAELIHCRWAMLGAAGCLAVEVLGLGNWYDAPLWAVTGDKPTWFGIE
VPFDIATILGVEVVAMAVAEGLRNDNQDMEKRLYPGGAFDPLGFSKDPKSFE
DKKLKELKNGRLAMVACLGFAGQHAATGKPILAALGDHLSSPFFNNFATNG
VSVPGL 
>chain ' 2' 
MSALVNKSVSLQAVTKAPLAARSIAPRSVASRTRNVALRAGADRPLWSPGSE
PPAWLDGSLAGDYGFDPLHLSEEPEMRKWMVQAELVHARWAMLGVAGILF
TSIAAKTGAPFPDWYDAGKEAIKTSHPSLIFTELLLFGWVETKRLYDLRNPGS
QGDGSFLGITDGLKGKENGYPGGMSKNEASYKEAKVKEIKNGRLAMLAFVG
FIAQHHATHKSPIDNLLDHVADPFHVTFATNGVSIPHFTEF 
>chain ' 3' 
SKDFLYVGSDAAALKYLDGTLPGDYGFDPLGLLDPTVSNGQGAGGFVNPRW
LQYSVIHARWAMLGAAGCIAPEILGKAGVIPAETAVDWFRTGVIPPAGVYKD
FWADPFTLFFIEVVAIQFAELKRLQDYKNPGSQSRQYFLGLEGLFKGSDNPAY
PGGPFFNFANFGKTEAEMKKLKLNEIKNGRLAMLAMFGYGAQAVITGDGPF
DNLLAHLADPTGANLITNLGGKFGQ 
>chain ' 4' 
DREMWYPGATPPAHLDGSMLGDYGFDPLRLGTNPDRMKWFREAELTNGRW
AMAAVVGILFTDVFTSIGLVGLPKWWEAGAQTYPIDNQTLAIIEFLLFGWVET
KRLYDLRNPGSQGDGSFLGITDGLKGKENGYPGGMSKNEASYKEAKVKEIK
NGRLAMLAFDGFIAQHHATHKSPIDNLLDHVADPFHVTFATNGVSIPHFTEF>
chain ' C' 
MAHVVKIYDTCIGCTQCVRACPLDVLEMVPWDGCKAAQMASSPRTEDCVG
CKRCETACPTDFLSVRVYLGNESTRSLGLAY 
>chain ' D' 
VRAEAAPPAAGAPPEPKAAGAPPAAPKKKAPPPPWKQPELDPDTPSPIFGGST
GGLLRKAQVEEFYVITWESPKEQIFEMPTGGAAIMRKGPNLLKFARKEQCMA
LTTQLRSKFRQTPCFYRVYADGKVQYLHPKDGVCPEKVNAGRVGVNQNMR
SIGKNVDPIKVKFTGSEPFEI 
>chain ' E' 
MLAAKPQRTRLIVRAEGEAPPAAPKQAPAEAKAAPKGEAKAAPKKKEIGPKR
GSLVKVLRPESYWYNQVGKVVSVDQSGIRYPVVVRFENQNYAGVSTNNYAL
DEIEVTDPPSK 
>chain ' F' 
PAQNLGAVACATALALTMGLTADVQPASADIAGLTPCSESKAYNKLERKEL
KVLDKRLKQYEPGSAPYLALQATKERTENRFKTYAKQGLLCGNDGLPHLISD
PGLALRFNHAGEVFITFGFLYVAGYIGHVGRQYIILSKEDAKPTDKEIILDVPL
ALKLAFQGWAWPLASIQELRNGSLLEKDENITV 
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Supplementary Table 4. Model information.  
 

Protein Chain 
ID 

Accession 
Number 

Built 
crystal 
model 

Built 
cryo-EM 
model 

Remarks 

Lhca1 1 ACN94453 36-220 32-228 In database annotated as Lhca2 

Lhca2 2  62-254 64-269 Mass spec & GenBank: 
NSFN01000125.1  
 

Lhca3 3 ACN94454 74-272 73-282 Mass spec & GenBank: 
NSFN01000125.1  

Lhca4 4  123-328 123-331 Mass spec & GenBank: 
NSFN01000125.1  
Gap  

PsaA A YP_005089772 13-751 13-751   

PsaB B YP_005089813 2-735 6-735   

PsaC C YP_005089787 2-81 2-81   

PsaD D  71-212 69-209  Mass spec & GenBank: 
NSFN01000125.1  

PsaE E  65-128 65-128  Mass spec & GenBank: 
NSFN01000125.1  

PsaF F  78-240 78-240  Mass spec & GenBank: 
NSFN01000125.1  

PsaJ J YP_005089780 1-41 1-40   
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Supplementary Table 5. Sequence alignment of Lhca proteins.  
D. salina (Ds) Lhca1-4 were aligned against C. reinhardtii (Cr) Lhca1-8. The table 
summarizes the percentage of identity and similarity (in parenthesis). Ds-Lhca2 and 
Ds-Lhc4 appear to be similar to Cr-Lhca7. 
 
Ds/Cr Lhca1 Lhca2 Lhca3 Lhca4 Lhca5 Lhca6 Lhca7 Lhca8 
Uniprot 
code 

A8J249 A8IKC8 A8JF10 A8I000 Q75VY8 Q75VY6 A8ISG0 Q75VY7 

Lhca1 65%(75%) 38%(49%) 36%(48%) 38%(53%) 39%(52%) 36%(48%) 39%(53%) 39%(50%) 

Lhca2 41%(53%) 41%(51%) 41%(54%) 45%(59%) 46%(59%) 46%(53%) 63%(77%) 57%(69%) 

Lhca3 36%(43%) 33%(45%) 71%(83%) 40%(55%) 38%(52%) 36%(47%) 42%(55%) 40%(51%) 

Lhca4 38%(50%) 60%(67%) 38%(53%) 44%(59%) 39%(55%) 45%(57%) 53%(68%) 48%(64%) 
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Supplementary Table 6. LHCI chlorophylls nomenclature. 
 

Chain Ligand D. salina 5ZJI 4XK8 

  
 
 
 
 
 
 
 
 
 
 
 

1 
  
  
  
  
  
 
 
 
 
  

 

LUT 501 617 316 

XAT 502 618 317 

BCR 503 619 318 

CLA 601 610 310 

CLA 602 612 312 

CLA 603 613 313 

CLA 604 602 303 

CLA 605 603 304 

CLA 606 604 305 

CLA 607 611 311 

CLA 608 614 314 

CHL 609 601 302 

CHL 610 607 307 

CLA 611 608 308 

CLA 612 609 309 

CLA 613 606 306 

CLA 615 616 315 

LHG  801 620 319 
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Chain Ligand D. salina 5ZJI 4XK8 

  
 
 
 
 
 
 
 
 
 
 
 

2 
  
  
  
  
  
 
 
 
 
  

 

LUT 501 619 615 

XAT 502 620 616 

BCR 503 621 617 

CLA 601 610 609 

CLA 602 612 611 

CLA 603 613 612 

CLA 604 602 602 

CLA 605 603 603 

CLA 606 604 604 

CLA 607 611 610 

CLA 608 614 613 

CHL 609 601 601 

CHL 610 607 606 

CHL 611 608 607 

CLA 612 609 608 

CHL 613 606 605 

CLA 616 1002(N)   

LHG 801 622 618 
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Chain Ligand D. salina 5ZJI 4XK8 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

3 
  
  
 
 
 
 
 
 
 
 
  
  
  
  
  

 

LUT 501 618 316 

XAT 502 619 317 

BCR 503 620 318 

BCR 504     

BCR 506     

CLA 601 610 309 

CLA 603 613 312 

CHL 604 602 302 

CLA 605 603 303 

CLA 606 604 304 

CLA 607   310 

CLA 608 614 313 

CLA 609 615   

CLA 610 607 306 

CLA 611 608 307 

CLA 612 609 308 

CLA 613 606 305 

CLA 614 612 311 

CLA 615 617 314 
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Chain Ligand D. salina 5ZJI 4XK8 

  
 
 
 
 
 
 
 
 
 
 
 
 

4 
  
  
  
 
 
  
  
  

 

LUT 501 619 616 

XAT 502 620 617 

BCR 503 621 618 

CLA 601 610 609 

CLA 602 612 611 

CLA 603 613 612 

CLA 604 602 602 

CLA 605 603 603 

CLA 606 604 604 

CLA 607 611 610 

CLA 608 614 613 

CLA 609 601 601 

CHL 610 607 606 

CHL 611 608 607 

CLA 612 609 608 

CHL 613 606 605 

CLA 616     
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Supplementary Table 7. cDNA primers designed according to the C. reinhardtii 
sequences. 
 

Gene name Primers completion 

lhca8 
 

Fwd: GCATGGCTGGACGGCAGC 

partial 
 Rev: AATCGGCCGTTCTTGATCTCCTTCAG 

lhca2 
 

Fwd: GACGGCAGCTTGGCAGGC 

partial 
 Rev: GGGGACTTGTGGGTGGCG 

lhcb1 
 

Fwd: AAAGATGCATGGCTGGACGGCA 

partial 
 Rev: GGCCGTTTTGATCTCCGCG 

lhcb2 
 

Fwd: GAAAGATCCCTGAACCTGGGCGC 

partial 
  Rev: GGGGTCAGCCAGGTGGTCC 

  
Lhca8 (partial) 
GCATGGCTGGACGGCAGCAAGGTGCCTGCCCACCTGCAGAACGCCAAGCT
GCCAGGCAACTTTGGCTTTGACCCCCTGAACCTGGGCGCTGAGCCTGAGG
CCCTGCGCTGGTACCAGCAGGCTGAGCTGATCCACTCCAGGACTGCCATG
ATGGCCGTGGCAGGCATCATCATCCCAGGGGTGTTCATCAAGCTGGGCGC
CCTGAAGCTGCCCCAGTGGTACGAGGCTGGCAAGGTGTACATCAGCCAGC
CAGGCGCCATCCCCTTCGGCACCCTGCTGATGAGCATGTTCTTTGCCTACG
CCTTCGTGGAGGGCAAGAGGTGGCAGGACTTCCGCAAGCCTGGCAGCCAG
GCTGAGCCAGGCACCTTCTTCGGCCTGGAGAGCCAATTCAAGGGCACCGA
GGTGGGCTACCCCGGCGGCCTGTTCGACCCCCTGGGCTACTCCAAGACCA
GCCCCGAGAAGCTGGATGAGCTGAAGCTGAAGGAGATCAAGAACGGCCG
ATT 
 
Lhca2 (partial) 
GACGGCAGCTTGGCAGGCGATTATGGCTTTGACCCACTGCACCTGAGCGA
GGAGCCTGAGATGAGGAAGTGGATGGTGCAGGCCGAGCTGGTGCACTGC
CGCTGGGCCATGCTGGGCGTGGCAGGCATCCTGTTCACCTCTATTGGCGCC
AAGGCGGGCGGCAACTTCCCTGACTGGTACGACGCGGGCAAGGAGCTGC
AGAAGAACTCTGACATTCCCCTAGGCTCCCTGATCTTCACCGAGCTGCTGC
TGTTCGGATGGGTGGAGACCAAGCGCCTGTATGACCTGCGCAACCCCGGA
TCCCAGGGCGATGGCTCCTTCCTGGGCATCACTGACGGCCTGAAGGGCAA
GGAGAACGGCTACCCTGGTGGCCTGTTCGACCCCATGGGCATGAGCAAGA
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ACGAGGCCAGCTTCAAGGAGGCCAAGCAGAAGGAGGTCAAGAACGGCCG
TCTGGCCATGCTAGCCTTCGTGGGCTTCATCGCGCAGCACCACGCCACCCA
CAAGTCCCCA 
 
Lhcb1 (partial) 
AAAGATGCATGGCTGGACGGCACCCTGCCTGGCGACCGTGGCTTCGATCC
TCTGGGCCTGGCCAAGCCCAAGGAGTTCGTGCTGATCGGCGTGGATGAGG
AGGACCAGAACAAGGCCAAGAACCAGAAGGGCAGCGTGGAGGCCACCTT
CGTGCCCGACTCCGACTCCATTGACACGGAGCAGAACAAGCTGGCGCCCT
ACTCCGAGGTCTTCGGCCTGGCGCGCTTCCGCGAGACCGAGGTCATCCAC
AGCCGATGGGCCATGCTGGCCGCGCTGGGCGTGTTCGTCAGCGAGGCCAG
CACCGGCGTGTCCTGGGTGGACGCTGGCAAGGTGGAGCTGGATGGCGCAA
GCTACCTGGGCTTCCCTCTGCCCTTCTCCATCACCCAGCTGCTGTGGATTG
AGGCCATCCTCATGGGTGGCGTGGAGATCCTGCGCAACAACGAGCTGGAC
CTAGAGAAGCGCATCTACCCTGGCGGTGCCTTCGACCCCCTGAACCTGGC
CTCTGAGGACGACCCCGAGCGCGCCTtCCGCCTGAAGACCGCGGAGATCA
AAACGGCC 
 
Lhcb2 (partial) 
GAAAGATCCCTGAACCTGGGCGCTCTGTCTGGCGAGCCCCCTTCCTACCTG
ACTGGCGAGTTCCCTGGTGACTACGGATGGGACTCCGCTGGCCTGTCTGC
GGACCCTAACACCTTCGCCCGCTACAGGACCATCGAGCTGATCCACGCTC
GCTGGGCTCTGCTGGGTGCTCTGGGCATCGTCACCCCTGAGCTGCTGGCCA
AGAACGGCGTGCCTTTCTCCGAGGACGCTGCAGTCTGGTTCAAGGCTGGC
TCTGAGATCTTCAAGGAGGGCGGCCTGAACTACCTGGGCAACGAGAACCT
GATCCACGCCCAGAACATTGTGGCCACCCTGGCTGTCCAGGTCATTGTGA
TGGGCGCAGCTGAGGGCTTCCGCGCCAACGGCGAGGCTCCAGGTGTGGAG
GGCGTTGAGGACCCCCTGTACCCTGGTGGCCCCTTCGACCCCCTGGGCCTG
GCTGACGACCCCGACACCTTCGCTGAGCTGAAGGTCAAGGAGATCAAGAA
CGGCCGCCTGGCTATGTTCTCATGCTTCGGCTTCTTCGTGCAGGCCATCGT
CACTGGCAAGGGCCCCATCCAGAACCTGCAGGACCACCTGGCTGACCCC 
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