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Supplementary Figure S1. Phylogenetic tree of PsbA sequences focused on the FRL sequences and basal clades.
The scale bar represents the number of substitutions per site. Blue numbers are branch support values calculated using
the average likelihood ratio test and ultrafastbootstrap methods, respectively (aLRT/UFbootstrap). Only those on the
major subgroups are shown for clarity. The sequence marked with an asterisk has over 98% sequence identity to that
of Synechococcus 7335, which is not shown in here due to redundancy curation. The orange circle denotes the most
recent common ancestor of FRL sequences used in the FaRLiP response.

0.1 1588_Calothrix_parasitica|\WWP_096658606.1
1608_Plectonema_radiosum|WP_193923206.1
I— 80.9/91

77.8/92



'2576_Pleurocapsa_sp._CCALA_161IWP_106235896.1
5988_Pleurocapsa_sp._SU_5_0INJK57227.1
478_Pleurocapsales_cyanobacterium_LEGE_10410IMBE9046803.1

96.3/100 584 _Pleurocapsa_minor_HA4230-MV1IMBW4537225.1
_murocapsalesIWP;m 5143536.1
639_Hydrococcus_sp._RU_2_2INJM87007.1 ®
2507_Leptolyngbya_sp._LCM1.Bin17ITVP64701.1
'2549_Nodosilinea_sp._LEGE_07088/WP_193966851.1

0.1

—1 88.6/99 '2618_Leptolyngbya_sp._DLM2.Bin27ITVQ11174.1
'2610_Leptolyngbya_ectocarpilWP_193993745.1 @
2552_Synechococcus_sp._PCC_7335|EDX84850.1 *
2612_cf._Phormidesmis_sp._LEGE_11477IWP_193856791
'2621_Phormidesmis_sp._RL_2_1INJM97201.1
H- 99.9/100 586_Romeria_gracilislWP_193909286.1
HE] 590_Leptolyngbya_sp._SIO1E4IMBE7379961.1
91.3/100 =] 82.1/97 ) 561_Halomicronema_hongdechlorisIWP_080806382.1

439_Calothrix_parasiticalWP_096658612.1
465_Plectonema_radiosumIWP_193923200.1
619_Mastigocoleus_testarumIWP_027843160.1

2269_Fischerella_thermalislWP_102173406.1
403_Fischerella_sp._PCC_9605/WP_026734729.1
'2493_Fischerella_sp._NIES-4106IWP_096680241.1

461_Chlorogloeopsis_fritschiil WP_016873425.1
2503_ChroococcidiopsisIWP_015153118.1
518_Scytonematopsis_contorta_HA4267-MV1IMBW4505220.1

2254 _Calothrix_sp._NIES-3974IWP_096620785.1
540_Rivularia_sp._IAM_M-2611GJD15957.1
366_Calothrix_sp._PCC_7507IWP_015126585.1
396_Leptolyngbyaceae_cyanobacterium_CSU_1_3INJR49104.1
'2573_Leptolyngbyaceae_cyanobacterium_SL_7_1INJN87202.1 ®
'2622_|eptolyngbyaceae_cyanobacterium_SM1_3_5INJL23072.1
587_Cyanobacteria_bacterium_RU_5_0INJO40007.1 ®
'2548_Synechococcales_cyanobacterium_M58_A2018_015IMBF2000036.1 @
583_Elainella_sp._C42_A2020_010IMBF2050149.1
'2629_Leptolyngbyaceae_cyanobacterium_RU_5_1INJP09550.1@
'2488_Leptolyngbyaceae_cyanobacterium_JSC-12I[EKQ66845.1
640_Aphanocapsa_sp._GSE-SYN-MK-11-07LIMBW4551292.1
033_Synechococcus_sp._65AY6A5IPIK84540.1
m——2215_8ynechococcaceae_cyanobacterium_SM2_3_1INJK62514.1

I-I_E51 4_Gloeabacter_violaceusIWP_011142319.1

96.6/

=@ 100/100

loeobacter_morelensis_D2
L 2529_Gloeobacter_kilaueensis|WP_023173916.1
2560_Gloeobacter_violaceus_SpSt-379IHGZ88065.1

_r251 0_Anthocerotibacter_panamensis|WP_218080404.1
"Aurora_vandensis_D2

Supplementary Figure S2. Phylogenetic tree of PsbD sequences focused around the FRL sequences and basal clades.
The scale bar represents the number of substitutions per site. Blue numbers are support branch support values
(aLRT/UFbootstrap). Only those on the major subgroups are shown for clarity. The green circle denotes the most
recent common ancestor of cyanobacteria, and the smaller orange circle denotes the most recent common ancestor of
FRL sequences used in the FaRLIiP response. The sequence with an asterisk is that from Synechococcus 7335, for

which a structure is available. Sequences marked with blue dots represent independent reversals from PsbD-Tyr161
to Phel61.
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Supplementary Figure S3. Phylogenetic tree of PsbC sequences focused around the FRL sequences and basal clades.
The scale bar represents the number of substitutions per site. Blue numbers are branch support values
(aLRT/UFbootstrap). Only those on the major subgroups are shown for clarity. The sequence with an asterisk is that
from Synechococcus 7335, for which a structure is available. The green circle denotes the most recent common
ancestor of cyanobacteria, and the smaller orange circle denotes the most recent common ancestor of FRL sequences

used in the FaRLiP response.
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Supplementary Figure S4. Phylogenetic tree of FRL-PsbB (red) and neighboring (gray) sequences. The scale bar
represents the number of substitutions per site. Blue numbers are branch support values (aLRT/UFbootstrap). Only
those marking the major subgroups are shown for clarity. The orange circle denotes the most recent common ancestor
of FRL sequences used in the FaRLiP response. The purple circle highlights the sequence from Fischerella
(multispecies), which does not group with other heterocystous sequences (e.g., Calothrix, Rivularia, Mastigocoleus).



-— -—
oY) o N

o]

Predicted AG (kcal/mol)
N o N b

1
£

52.6/94)

47_Chlorogloeopsis_fritschiil WP_016873428.1
17_Fischerella_thermalis_WC217IPLZ82039.1
'495_FischerellalWP_016868695.1
'290_Fischerella_thermalisIWP_102183421.1
'442_Fischerella_sp._PCC_9605/WP_026734732.1
'446_Fischerella_sp._NIES-4106IWP_096680247.1
39_Hydrococcus_sp._RU_2_2INJM87010.1
39_PleurocapsaleslWP_015143539.1
13_ChroococcidiopsisIWP_015153122.1
113_Pleurocapsa_sp._CCALA_161IWP_106235907.1
'591_Pleurocapsa_sp._SU_5_0INJK57230.1
4_Pleurocapsales_cyanobacterium_LEGE_10410IMBE9046800.1
'200_Pleurocapsa_minor_HA4230-MV1IMBW4537228.1
64_Aphanocapsa_sp._GSE-SYN-MK-11-07LIMBW4551296.1 @
01_Synechococcus_sp._PCC_7335/WP_006453648.1
02_cf._Phormidesmis_sp._LEGE_11477IWP_193856789.1
269_Leptolyngbya_ectocarpilWP_193996217.1
196_Leptolyngbya_sp._SIO1E4IMBE7379964.1
88_Romeria_gracilislWP_193909279.1
131_Leptolyngbyaceae_cyanobacterium_SM2_3_12INJL45336.1
50_Nodosilinea_sp._P-1105/WP_169614312.1
58_Leptolyngbya_sp._LCM1.Bin17ITVP64703.1
52_Halomicronema_hongdechlorisiWP_080806379.1
'462_Nodosilinea_sp._LEGE_07088IWP_193966849.1
74_Leptolyngbya_sp._DLM2.Bin27ITVQ11172.1
'401_Nodosilinea_sp._LEGE_07298/WP_194026003.1
15_Leptolyngbyaceae_cyanobacterium_JSC-12|[EKQ66849.1@
23_Synechococcales_cyanobacterium_M58_A2018_015IMBF2000032.1 ®
Fﬂg_ﬂainella_sp._C42_A2020_01 0IMBF2050146.1 @
05_Leptolyngbya_sp._PKUAC-SCTE4121QZZ19329.1 ®
1_Cyanobacteria_bacterium_RU_5_0INJO40003.1@®

52.1/

95.6/99

'583_Merismopedia_glaucalWP_106287178.1
'585_Cyanobacteria_bacterium_UBAS273IHBB35019.1

94_OscillatorialesIWP_068788403.1

53_Cyanobacteria_bacterium_SID2IMB09999271.1
11_Geitlerinema_sp._FC_IIIPPT08932.1

'420_Gloeocapsa_sp._PCC_73106/WP_006530589.1

'434_Gloeocapsa_sp._DLM2.Bin57ITVQ48092.1
2_LyngbyalWP_009782658.1

>364 Aphanocapsa_sp_GSE-SYN-MK-11-07L

| e e ) e e
nouonun

NRONN =
WN -0

20 40 60 80 100 120
Amino acid position

Predicted TM helices

Position
34-56 (2:3)
92-113 (22)

AG Sequence
-4.377 TAPLMVVLMLLFLVFLLIILQIF
-2.272 TGTSIFIGLVVFALTCLALIFY



Supplementary Figure S5. Phylogenetic tree of FRL-PsbH and neighboring sequences, and helical prediction. (A)
shows a phylogenetic tree of FRL-PsbH (red) and neighboring (gray) sequences. The scale bar represents the number
of substitutions per site. Blue numbers are branch support values (aLRT/UFbootstrap). Only those on the major
subgroups are shown for clarity. The orange circle denotes the most recent common ancestor of FRL sequences used
in the FaRLiP response. The blue circle highlights the sequences that contain a second transmembrane helix at the C-
terminus. (B) shows the prediction of AG for transmembrane helix insertion for a representative sequence [1], FRL-
PsbH from Aphanocapsa GSE. Y axis shows AG and X axis the amino acid position in the sequence. L=19 to 23
represent calculations using different transmembrane helix lengths.
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HYIPALACYMGRQWELSYRLGMRPWICVAYSAPLISTTSVFWIYPIGQGSFSDGLPMGIS
HYVPALCCYLGREWELSYRLGMRPWICVAFSAPLAATTSVFLIYPLGQGSFADGLPMSIS
HYIPALACYMGREWELSYRLGMRPWIAVAYSAPLAATTSVFLIYPIGQGSFSDGLPMGIS
HFLIGVFCYMGREWELSYRLGMRPWICVAYSAPVAAATAVFLIYPLGQGSFSDGMPLGIS
HFLIGVFCYMGREWELSYRLGMRPWICVAYSAPVAAATAVFLIYPLGOGSFSDGMPLGIS
HFLLGCACYMGRQWELSYRLGMRPWICVAYSAPLASATAVFLIYPIGQGSFSDGMPLGIS
HFLLGICCWMGRQWELSYRLGMRPWICVAYSAPLASAFAVFLIYPIGQGSFSDGMPLGIS
HFLLGVFCYMGRQWELSYRLGMRPWICVAYSAPVSAATAVFLIYPIGQGSFSDGMPLGIS
HFLLGVFCYMGRQWELSYRLGMRPWICVAYSAPVSAATAVFLIYPIGOGSFSDGMPLGIS
HFLIGCFCYMGRQWELSYRLGMRPWICVAYSAPLASATAVFLIYPLGQGSFSDGMPLGIS
HFLIGVFCYMGREWELSYRLGMRPWIAVAYSAPVAAATAVFLIYPLGQGSFSDGMPLGIS
HFLIGIFCWMGRQWELSYRLGMRPWICVAYSAPVAAATSVFLIYPIGQGSFSDGMPLGIS

*e Koo e KK AKKAKKARKARKA sk sk hk s 0 skE KAKAKKAK ARk KK
GTENFMFVFQAEHNILMHPFHMLGVAGVFGGSLFCAMHGSLVTSSLVRETTEQESQNYGY
GTENFMFVFQAEHNILMHPFHMLGVAGVLGGSLFCAMHGSLVTSSLVRETSDSQSONEGY
GTFNFMFVFQAEHNILMHPFHMLGVIGVEFGGSLFCAMHGSLVTSSLVRETTENESANLGY
GTFNFMEFVFQAEHNILMHPFHMLGVAGVEGGAFFCAMHGSLVTSSLIRETSENESQONYGY
GTENFMFVFQAEHNILMHPLHMIGVAGVLGGSLFCAMHGSLVTSSLIRETTELESQNYGY
GTENFMLVFQAEHNILMHPFHMLGVAGVEFGGSLFSAMHGSLVTSSLVRETTETESQNYGY
GTENFMLVFQAEHNILMHPFHMLGVAGVEGGSLFSAMHGSLVTSSLVRETTETESQNYGY
GTFNFMIVFQAEHNILMHPFHMLGVAGVEFGGSLFSAMHGSLVTSSLIRETTEVESANYGY
GTENFMFVFQAEHNILMHPFHMLGVAGVFGGSLFCAMHGSLVTSSLVRETSENESQNYGY
GTENFMFVFQAEHNILMHPFHMLGVAGVEFGGSLFSAMHGSLVTSSLVRETTETESQNYGY
GTENFMEVFQAEHNILMHPFHMLGVAGVEGGSLFSAMHGSLVTSSLVRETTETESQNYGY
GTFNFMIVFQAEHNILMHPFHQLGVAGVEFGGSLFCAMHGSLVTSSLVRETTETESQONYGY
GTEFNFMLVFQAEHNILMHPFHQLGVAGVFGGSLFSAMHGSLVTSSLVRETTETESQNYGY
GTEFNFMLVFQAEHNILMHPFHQLGVAGVFGGSLFCAMHGSLVTSSLVRETTENESVNYGY

KAAKA KK e kAKX KA A KA A A A A K ek ohkk hhkeoehkkeo ok *NAkAkAkAkhAkhAkhAkhkhkkokhkkoo ek Kk kK

KFGQEEETYNIVAAHGYFGRLIFQYNEKNNSRSLHFFLAAWPVVCIWFTALGISTMAFNL
KFGOEEETYNILAAHGYFGRLIFQYASFNNSRQLHFFLAAWPVVCIWEFVALGISTMAFNL
KFGQONETYNIVAAHGYFGRLIFQYASFNNSRSLHFFLGAFPVVCIWCTALGICTMGENL
KFGQEEETYNIVAAHGYFGRLIFQYASEFNNSRNLHFFLAAWPVICIWFTALGICVMAFEFNL
KFGQEQETYNIVAAHGYFGRLIFQYASEFNNSRSLHFFLAAWPVICIWGTAIGISTMAFNL

58
56
57
57
58
57
60
57
57
57
57
57
57
57

118
116
117
117
118
117
120
117
117
117
117
117
117
117

178
176
177
177
178
177
180
177
177
177
177
177
177
177

238
236
237
237
238
237
240
237
237
237
237
237
237
237

298
296
297
297
298



VL

VL

VL Aphanocapsa GSE
VL Pleurocapsa 7327
VL Pleurocapsa 7327
VL Pleurocapsa 7327
VL Fischerella 7521
VL Fischerella 7521
VL Fischerella 7521
FRL Ancestral

FRL Synechococcus 7335
FRL Aphanocapsa GSE
FRL Pleurocapsa 7327
FRL Fischerella 7521
VL Synechococcus 7335
VL Synechococcus 7335
VL Aphanocapsa GSE

VL Pleurocapsa 7327
VL Pleurocapsa 7327
VL Pleurocapsa 7327
VL Fischerella 7521
VL Fischerella 7521
VL Fischerella 7521
FRL Ancestral

FRL Synechococcus 7335
FRL Aphanocapsa GSE
FRL Pleurocapsa 7327
FRL Fischerella 7521
VL Synechococcus 7335
VL Synechococcus 7335
VL Aphanocapsa GSE

VL Pleurocapsa 7327
VL Pleurocapsa 7327
VL Pleurocapsa 7327
VL Fischerella 7521
VL Fischerella 7521
VL Fischerella 7521
PsbB

FRL Ancestral

FRL Synechococcus 7335
FRL Aphanocapsa GSE
FRL Pleurocapsa 7327
FRL Fischerella 7521
VL Synechococcus 7335
VL Aphanocapsa GSE

VL Pleurocapsa 7327
VL Fischerella 7521
FRL Ancestral

FRL Synechococcus 7335
FRL Aphanocapsa GSE
FRL Pleurocapsa 7327
FRL Fischerella 7521
VL Synechococcus 7335
VL Aphanocapsa GSE

VL Pleurocapsa 7327
VL Fischerella 7521
FRL Ancestral

FRL Synechococcus 7335
FRL Aphanocapsa GSE
FRL Pleurocapsa 7327
FRL Fischerella 7521

Synechococcus 7335 KFGQEEETYNIVAAHGYFGRLIFQYASFNNSRSLHFLLGAWPVVGIWFTALGISTMAFNL
Synechococcus 7335 KFGQEEETYNIVAAHGYFGRLIFQYASFNNSRSLHFLLGAWPVVGIWFTALGISTMAFNL

KFGQEQETYNIVAAHGYFGRLIFQYASEFNNSRSLHFLLGAWPVVGIWFTALGISTMAFNL
KFGQEEETYNIVAAHGYFGRLIFQYASFNNSRSLHFFLGAWPVVCIWEFTAMGVSTMAFNL
KFGQEEETYNIVAAHGYFGRLIFQYASFNNSRALHFFLGAWPVIGIWFTAMGISTMAFNL
KFGQEEETYNIVAAHGYFGRLIFQYASEFNNSRALHFFLGAWPVIGIWFTAMGISTMAFNL
KFGQEEETYNIVAAHGYFGRLIFQYASFNNSRSLHFFLAAWPVVGIWEFTALGISTMAFNL
KFGQEEETYNIVAAHGYFGRLIFQYASFNNSRSLHFFLAAWPVIGIWFTALGISTMAFNL
KFGQEQETYNIVAAHGYFGRLIWQYASFNNSRSLHFFLAAWPVVCIWFTALGISTMAFNL

KhKK e e kAKX KK e kAKX XK KKK K o XKk KhkkKk kkk ek Kekkoe Kk * ek . * Kk k Kk

NGENENQSVLDSQGRVINTWADVLNRANLGFEVMHERNAHNFPLDLAGGEAVPVALRAPA
NGFNEFNHSVLDSQGRVLPSWADVVNRASLGFEVMHERNAHNFPLDLASGESVQVAMRAPH
NGEFNEFNHSVLDSQGTVINTWADVLNRANLGFEVMHERNAHNFPLDLAGAEAVPVALSAPA
NGENEFNNSIHDAQGRVLPSWADVINQANLGFEVMHERNAHNFPLDLASGEAIPVALRAPA
NGENENNSILDSQGRVLPSWADVLNRANLGFEVMHERNAHNFPLDLAGGEAVPVAITAPS
NGEFNEFNQSIIDSQGRVIGSWADVLNRANLGMEVMHERNAHNFPLDLAAGEAAPVALTAPS

NGEFNENQSIIDSQGRVIGSWADVLNRANLGMEVMHERNAHNFPLDLAAGEAAPVALTAPS
NGENEFNHSVLDAQGNVINTWADLINRANLGMEVMHERNAHNFPLDLAAGEVAPVALTAPA
NGENENQSVLDSQGRVISTWADVLNRANLGFEVMHERNAHNFPLDLASGEATPIALTAPS
NGEFNEFNQSILDSQGRVINTWADVLNRANLGFEVMHERNAHNFPLDLASGEMAPVALSAPA
NGEFNENQSILDSQGRVINTWADVLNRANLGFEVMHERNAHNFPLDLASGEMAPVALSAPA
NGENENQSVIDSQGRVINTWADIINRANLGMEVMHERNAHNFPLDLASGDVAPVALTAPA
NGENENQSVIDSQGRVINTWADIINRANLGMEVMHERNAHNFPLDLASGDVAPVALTAPA
NGFNEFNQSILDSHGRIVNTWADILNRANLGMEVMHERNAHNFPLDLASGEAVPVAMNAPA
******:*: *::* [ :***::*:*.**:****************..: :*: * k
IAS-———--- 361

IGA-————- 359

IPSQSLASL 366

IAS-—---- 360

ITA-————- 361

INA-———-—— 360

INA-—---= 363

IHG-—----- 360

IEG-—————- 360

ING-——---- 360

ING-—---- 360

ING-—--—- 360

ING-—----- 360

IHG-—----- 360

MGLPWYRVHTVVLNDPGRLIAVHLMHTALTAGWAGSMALYELALFDPSDPVLNPMWRQGM
MGLPWYRVHTSVLNDPGRLIAVHIMHENALBAGEAGSMALFELABFDPSDPVLNPMWRQGH
MGLPWYRVHTVVLNDPGRLLAVHLMHNALCAGFAGSMLLYELALFDPTDPVLNPMWRQGC
MGLPWYRVHTVVLNDPGRLIAVHLMHENALCAGFAGSMLLFELALYDPSDPVLNPMWRQGC
MGLPWYRVHTVVLNDPGRLIAVHLMHENALCAGFAGSMLLFELALYDPSDPVLNPMWRQGC
MGLPWYRVHTVVLNDPGRLISVHLMHTALVAGWAGSMALFELATFDPSDPVLNPMWROGM
MGLPWYRVHTVLINDPGRLIATHLMHTALVAGWAGSMALYELAVFDPSDPVLNPMWRQGM
MGLPWYRVHTVVLNDPGRLISVHLMHTALVAGWAGSMALYELAIFDPSDPVLNPMWRQGM
MGLPWYRVHTVVLNDPGRLISVHLMHTALVAGWAGSMALYELAIYDPSDPVLNPMWRQGM

KAKKKAKAKAKAKAKX o e KAKKKAK e o Kekk Kk KKehAAAkKX Keoehkhkk okke kXXX XKK KK

FVMPFMARLGVTNSWGGWS I TGEEATDPGFWTFETVAVAHI ILSGLLFLAACWHWVYWDL
FEMrFlSRLGVVESWRGWSVTGETFTNPGFWHFETVABART IfSGLSFLAACWHWVYWDV
FLMPFVARLGVVNSWQGWS I TGGTVNDPGFWTLESVAIAHI IFSGLEFLAAVWHWNYWNI
FLMPFVARLGVTNSWQGWSITGETFDDPGFWTFETVAIAHIVFSGLEFLAATWHWVNWDL
FLMPFVARLGVTNSWQGWSVTGETFADPGFWTFETVAIAHIVFSGLEFLAACWHWEYWDL
FVLPFMTRLGVTGSWGGWDVTGATGISPGFWSFEGVALAHIVLSGLLFLAACWHWVFWDL
FVLPFMARLGITGSWGSWSITGETAVNPGFWSFEGVALAHIVLSGLLFLAAIWHWVNWDL
FVLPFMARLGVTGSWGGWSVTGETGVNPGFWSFEGVAAAHIVLSGLLFLAAVWHWVYWDL
FVLPFMARLGVVGSWGGWNVTGAANYDPGFWSFEGVAAAHIVLSGLLFLAAVWHWVYWDL

K e okKkeokhkKko * * * ek Kk KAkKAKe ok Kk KhkKeokkk *AkXkKk KKk k K. .

ELFTDSRTGEPALDLPKIFGIHLFLAGLLCFGFGAFHLTGIFGPGMWVSDPYGLTGHVQP
AlFlDPITDEPVIDLPKVFGIHLTLIGILCFGFGAFHLTGLFGPGMWVSDPLGLTGHIQG
STFFDPKTNKPILDLPRIFGIHLFLAGLACFGFGAFHLTGIFGPGMWVSDPEFGLTGHVQG
VIFFDEKTGEPTLDLPRIFGIHLFLAGLLCFGFGAFHLTGIFGPGMWVSDPYGLTGHVQG
ATFFDSKTGEPTLDLPKIFGIHLFLAGLLCFGFGAFHLTGIFGPGMWVSDPYGLTGHVQG
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297
300
297
297
297
297
297
297
297

358
356
357
357
358
357
360
357
357
357
357
357
357
357

60
60

60
60
60
60

60

120
120
120
120
120
120
120
120
120

180
180
180
180
180



VL
VL
VL
VL

FRL
FRL
FRL
FRL
FRL
VL
VL
VL
VL

FRL
FRL
FRL
FRL
FRL
VL
VL
VL
VL

FRL
FRL
FRL
FRL
FRL
VL
VL
VL
VL

FRL
FRL
FRL
FRL
FRL
VL
VL
VL
VL

FRL
FRL
FRL
FRL
FRL
VL
VL
VL
VL

FRL
FRL
FRL
FRL
FRL
VL
VL
VL
VL

Synechococcus 7335
Aphanocapsa GSE
Pleurocapsa 7327
Fischerella 7521

Ancestral
Synechococcus 7335
Aphanocapsa GSE
Pleurocapsa 7327
Fischerella 7521
Synechococcus 7335
Aphanocapsa GSE
Pleurocapsa 7327
Fischerella 7521

Ancestral
Synechococcus 7335
Aphanocapsa GSE
Pleurocapsa 7327
Fischerella 7521
Synechococcus 7335
Aphanocapsa GSE
Pleurocapsa 7327
Fischerella 7521

Ancestral
Synechococcus 7335
Aphanocapsa GSE
Pleurocapsa 7327
Fischerella 7521
Synechococcus 7335
Aphanocapsa GSE
Pleurocapsa 7327
Fischerella 7521

Ancestral
Synechococcus 7335
Aphanocapsa GSE
Pleurocapsa 7327
Fischerella 7521
Synechococcus 7335
Aphanocapsa GSE
Pleurocapsa 7327
Fischerella 7521

Ancestral
Synechococcus 7335
Aphanocapsa GSE
Pleurocapsa 7327
Fischerella 7521
Synechococcus 7335
Aphanocapsa GSE
Pleurocapsa 7327
Fischerella 7521

Ancestral
Synechococcus 7335
Aphanocapsa GSE
Pleurocapsa 7327
Fischerella 7521
Synechococcus 7335
Aphanocapsa GSE
Pleurocapsa 7327
Fischerella 7521

ELFRDPRTGEPALDLPKMFGIHLFLSGLLCFGFGAFHLTGLWGPGMWVSDPYGLTGHVQG
ELFRDPRTGEPALDLPKMFGIHLFLSGLLCFSFGAFHLTGLFGPGMWVSDPYGLTGSIQP
ELFTDPRTGEPALDLPKMFGIHLFLSGLLCFGFGAFHLTGLWGPGMWVSDPYGLTGHVQP
ELFQDPRTGEPALDLPKMFGIHLFLSGLLCFGFGAFHLTGLWGPGMWVSDAYGLTGHIAP

Kk ek ek ekkkeokhkhkkhkhkkhk keke KAk KAhkhkhkhkAhkko o kkAKkKAKKK Kk kK .

VAPEWGPDGEFNPFNPGGVVAHHIAAGIVGIIGGLFHITVRPPENLYRALRMGNIETVLAS
VAPEWGAAGFDPHNPGGVVAHHIALGIVAIIIGLFHIFVRPPEYLYKGLRMGNIEGTLIS
VAPDWGASGFNPFNPGGVVAHHIAAGIVGIVGGLFHMNVRPSENLYKGLRMGNLETVLAS
VAPVWGPEGEFNPYNPGGVVAHHIAAGIVGIIGGLFHIVVRPSEGLYRLLRMGNIEGVLAS
VAPVWGPEGFNPONPGGVVAHHIAAGIVGIIGGLFHIVVRPPEVLYRGLRMGNIETVLAS
VAPEWGPAGFNPFNPGGVVAHHIAAGIVGIVAGLFHLTVRPPQRLYKALRMGNIETVLSS
VAPAWGPDGFNPFNPGGIVAHHIAAGVVGIIAGLFHLIVRPPQRLYKALRMGNIETVLSS
VAPEWGPAGFNPFNPGGVVAHHIAAGIVGIIAGLFHLTVRPPERLYRALRMGNIETVLSS
VAPEWGPDGFNPEFNPGGVVAHHIAAGIVGIIAGLFHLSVRPPERLYKALRMGNIETVLSS

Kk Kk kK KK ek KAKKeAAXKAKAAKX Kok Ko KNAkhkKke *AkKXk o *Kkeo KNAKXKK ok * . Kk

ALATFFFAGFVVAGTMWYGSATTPIELFGPTRYQWDSGYFQOEIDRRVQANLAEGKSLSE
GHrVEFsGAF IBAGTMWYGEATTPIELGPTRYQWDQGFFQOATI SRQVKASISDGRSPSE
GLATFFFAAFVASGSMWYGTATTPVELWGPTRFQWDKGYFKHEIDRRVQASLAEGKSLSQ
SLAVFFFAGFIASASMWYGTATTPIELWGPTRYQWDRGYFQQOEIDRRVQAGLAEGKSLNQ
ALATFFFAGFVAAGSMWYGTATTPIELWGPTRYQWDQNYFKQEIDRRVQAGLDEGKTLSQ
SIAAVFFAAFIVAGTMWYGSATTPIELFGPTRYQWDGSYFAEEIDRRVQRDIANGASEED
SIAAVFFAAFVVAGTMWYGSAATPIELFGPTRYQWDGSYFNQEINRRVOTSLAQGASLSE
SIAAVFFAAFVVAGTMWYGSATTPIELFGPTRYQWDKGYFQQOEIQRRVEANLAAGDTLSE
SIAAVFFAAFVVAGTMWYGSATTPIELFGPTRYQWDQGYFKQEIQRRVQASLASGANLSE

.k * .k * kK ek . . * .

AWSSIPEKLAFYDYVGNSPAKGGLFRVGPMTKGDGIAQSWLGHPVFQDAEGRELTVRRMP
AWSEIPTKLAFYDYIGNSPAKGGLFRVGIMVIGDGLPTGWLGHPVFKDGEGRELTVRRMP
AWSAIPEKLAFYDYTGNNPAKGGLFRVGRMVDGDGVAQDWLGHPVEFTDQEGRELTVRRMP
AWSAIPPKLAFYDYIGNSPAKGGLFRVGRMVDGDGLATGWLGHPVFKDGEGRELTVRRMP
SWSAIPEKLAFYDYIGNNPAKGGLFRVGRMVDGDGVAQSWLGHPVFKDREGRELTVRRMP
AYAAIPEKLAFYDYVGNSPAKGGLFRVGPMNTGDGIATAWLGHPVFHDGDGRELTVRRLP
AWSAIPEKLAFYDYIGNNPSKGGLFRTGAMDNGDGIAKGWIGHATFRDAEGTELEFVRRMP
AWSKIPEKLAFYDYVGNSPAKGGLFRTGAMNSGDGIARAWLGHAVFRDGEGRELSVRRMP
AWSQIPEKLAFYDYVGNSPAKGGLFRTGPMVKGDGIAQSWDGHPVFKDAEGRELEVRRLP

KKk AKKAKKKAKKAKAKX KKk Kekkkkkk Kk Kk KKK . * kK K kK ek Ak KKK ek

NFFETFPVVLTDKDGIVRADIPFRRAESKYSFEQTGVTVSFYGGELDGQTFTDPATVKKY
NFFENFPVVLFDQDGIVRADI PFROAESKYGIEQTGVTVSFYGGELDGQTFSDPKDVKKY
SFFENFPVIFVDNDGVVRADIPFRRAAAKYSVEQTGVNVTFYGGELDGQTFTDPGMVKRY
NFFETFPVVMTDKDGVVRADI PFRRTDAKYSIDQTGVTVSFYGGLLDGQT I SDPALVKQY
TFFETFPVVLTDKDGVVRADI PFQRAEAKY SFEQTGVNVSFFGGILDGQTFTDPMTVKKY
NFFETFPVVLVDKDDNLRADIPFRRAESKYSFEQTGVVVDFYGGQLDGQHITDPAAVKRY
NFFETFPVILTDKDGDVRADIPFRRAESKYSFEQQGVNVSFYGGELDGQTFKDAPTVKKY
NFFETFPVVLTDSDGIVRADI PFRRAESKTSIEQTGTKVSFYGGILDGQTFSDPATVKQF
NFFETFPVILTDKDGIVRADIPFRRAESQNSFEQTGVTVSFYGGNLDGQTFTDPADVKKNW
.***.***:: *.*. :******::: 3 ..:* *. * *:** * Kk Kk Kk :.* **::
ARKAQLGEPFEFDRQILNSDGVFRTSTRGWFAFAHACFALLWFFGHIWHGSRTLFRDVFA
ARRAQLGEPFEFDRSVYDSDGLFRTSHRGFFEFEHVIFGLLEFFGHIWHGLRALFQDVFS
ARQAQLGEVFNFNRETYNSDGVFRTSNRGFFAFFHACFALVWFFGHLWHGSRTLFRDVFA
ARKAQLGEPFDFDRQAYNSDGVERTSNRGWFAFFHACFALVWFFGHVWHGARTLFRDVFA
ARQAQLGEPFKFDRTIHNSDGVFRTSNRGFFAFFHTCFALVWFFGHIWHGSRTIYRDVFA
ARKAQLGEPFSFDRETLDSDGVFRSSPRGWFTYGHAVFALLFFFGHIWHGARTLFRDVFA
ARKAQLGEQFEFDQETLSSDGILRTSPRGWFTYGHACFALLFFFGHIWHGARTLFRDVES
ARKAQLGESFDFDRETLNSDGVFRTSPRGWFTFAHACFALLFFFGHIWHGSRTLFRDVFA
ARKAQLGEVFEFDRETLNSDGVFRTSPRGWFTFGHACFALLFFFGHIWHGART IYRDVFA

Kk o kKKEAK K ks Kk ke kek kkakas ok ok ke akkkkakkKk Kessskkk:
GIDPDLDEEQVEFGVFQKVGDTTTRKKEAVAV-——-—-—-——————————— 512
GIDPSLSAEQVEWGYFKKVGDPTSQQTPA-—-——-—-—-—-—-—-—-———————— 509

GIDPELDEEQVEWGIFQKVGDKSSRKQRSLEPIPVPSASLPSQVSPQE 528

GINPDLDEEQVEFGVWQKVGDVTSRKRQVA-—-—-—-—-———————————— 510
GIDPELDE-QVEFGVFQKVGDTTTRKKQPVI-——----=—-—-———————— 510
GVDPDLSPQQVEWGFYQKVGDFSTKASK-———————-—-—-—-————————— 508
GIDPELSEEQVEWGFYQKLGDTSTRRKETV—-—--=-===——====————— 510
GIDPDLG-EQVEFGLFAKVGDVSTRKEGV-——=-=-==———————————— 508
GIDPDLE-EQVEFGVFAKVGDLSTRKKEAV-—----—-————-—-——————— 509

K e ook Kk KKK ek o K ekKk
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180
180
180
180

240
240
240
240
240
240
240
240
240

300
300
300
300
300
300
300
300
300

360
360
360
360
360
360
360
360
360

420
420
420
420
420
420
420
420
420

480
480
480
480
480
480
480
480
480



PsbC

FRL
FRL
FRL
FRL
FRL
VL
VL
VL
VL

FRL
FRL
FRL
FRL
FRL
VL
VL
VL
VL

FRL
FRL
FRL
FRL
FRL
VL
VL
VL
VL

FRL
FRL
FRL
FRL
FRL
VL
VL
VL
VL

FRL
FRL
FRL
FRL
FRL
VL
VL
VL
VL

FRL
FRL
FRL
FRL
FRL
VL
VL
VL
VL

FRL
FRL

Ancestral
Synechococcus 7335
Aphanocapsa GSE
Pleurocapsa 7327
Fischerella 7521
Synechococcus 7335
Aphanocapsa GSE
Pleurocapsa 7327
Fischerella 7521

Ancestral
Synechococcus 7335
Aphanocapsa GSE
Pleurocapsa 7327
Fischerella 7521
Synechococcus 7335
Aphanocapsa GSE
Pleurocapsa 7327
Fischerella 7521

Ancestral
Synechococcus 7335
Aphanocapsa GSE
Pleurocapsa 7327
Fischerella 7521
Synechococcus 7335
Aphanocapsa GSE
Pleurocapsa 7327
Fischerella 7521

Ancestral
Synechococcus 7335
Aphanocapsa GSE
Pleurocapsa 7327
Fischerella 7521
Synechococcus 7335
Aphanocapsa GSE
Pleurocapsa 7327
Fischerella 7521

Ancestral
Synechococcus 7335
Aphanocapsa GSE
Pleurocapsa 7327
Fischerella 7521
Synechococcus 7335
Aphanocapsa GSE
Pleurocapsa 7327
Fischerella 7521

Ancestral
Synechococcus 7335
Aphanocapsa GSE
Pleurocapsa 7327
Fischerella 7521
Synechococcus 7335
Aphanocapsa GSE
Pleurocapsa 7327
Fischerella 7521

Ancestral
Synechococcus 7335

METPFDRSVVTTETMSTTTIPDKTTKGTSITTAREGRDEASTGYAWWAGNARFINTELSG

METPLETIP----D---LSLSPTAEVGSILAPAS PGYD.TSGYAWWAGNARLITPELTG
————————————————————————————— MTTSRDGRDEASTGYAWWAGNARFIN--LSG
METPENSSTVKIG----TTVQDAPTRDVTFDLAREGRDEASTGYAWWAGNARFIN--LSG
METPFDSKVSKPKD------- EVQOKPAYIVNSPSEGRDEASTGYAWWAGNARFIN--QSG

——————————————————————— MVTLSNNSFVGGGRDQPSTGYAWWSGNARLID--LSG
——————————————————————— MVTLSSNSIVAGNRDQESSGFAWWAGNARLIN--LSG
——————————————————————— MVTLSNTSYAGGGRDLSSTGFAWWAGNARLIN--LSG
——————————————————————— MVTLSRPGVLGAGRDQDSTGFAWWAGNARLIN--LSG

* ce ke khkK e kKKK ok Bl

RFLGAHVAHAGLIAFWAGAMLLFEVAHYVPEKPMYEQGLILMPHIATLGFGVGHGGEVVD
RlLGAHVAHAGLVILWAGGMlLFEVSHFNLSKPMYEQGCILIPHIATLGIGVGQSGEITS
RFLGAHIAHAGLMAFWAGAMLLFEVSHFVPEKPMYEQGLLLMPHVATLGFGVGPGGVVND
KFLGAHVAHAGLIAFWAGAMLLFEVAHYVPEKPMYEQGCILMPHLATLGFGVGSGGQVVD
RFLGAHVAHAGLIAFWAGAMLLFEVAHYVPEKPMYDQGLILMPHIAALGFGVGPGGQVVD
KLLGAHVAHAGLIVLWTGAMTLFEVSHYIPEKPMYEQGCILLPHLATLGWGVGPGGEVIN
KLLGAHVAHAGLIVFWAGAMTLFEVAHFIPEKPMYEQGCILLPHIASLGWGVGPGGEVTD
KLLGAHVAHAGLIVFWAGAMTLFEVAHFTPEKPMYEQGLILLPHLATLGWGVGPGGEVVD
KLLGAHVAHAGLIVFWAGAMTLFEVAHFVPEKPLYEQGLILLPHLATLGWGVGAGGEVVD
Sk ARk LRk ARk Kk ak K KKKk k. UKk ak kK sk akk ok kk kAKX k.
IFPFFAIAVIHLIGSAVLGFGGLYHSLRGPEKL---SGFFDFDWSDKDKITTILGYHLIA
MFPFFIIGVAHLIISAVLGIGGMYHAIKGPEKL———YIFFQFDWTDRAKVAQILGFHIAI
IFPFFATAVIHLIGSAVLGFGGVFHSIKGPAIL---PGYYDIDYADKDKITDILAYNLEW
TFPYFAIAVIHLIGSAVLGIGGLYHSLRGPEKL---AGFFDFDWSDKDKMTSIIGYHLIA
IFPFFAIAVAHLIGSAVLGFGGIYHSLKGPQKL---PGFFNFDWSDKDKVTSILGYHLIA
LFPYFVVGVLHLVSSAVLGLGGVYHALRGPETLEEYSSFFSQDWKDKNOQMTNIIGYHLIL
IFPFFVVGVVHLISSAVLGLGGIYHAVRGPEVLEEYSSFFGYDWKDKNOQMTSILGFHLIV
TFPYFVVGVLHLISSAVLGFGGIYHALRGPETLEEYSSFFGYDWKDKNOMTNIIGYHLIL
TYPYFVIGVLHLISSAVLGFGGIYHAIRGPEVLEEYSSFFGYDWKDKNKMTNIIGFHLII

SRk sk Kk Kkkkkakksikssikk X P R U P
LGIAALLLVCKAMFWGGLYDTWAPGGGDVRLITNPTLNPLVIFGYLFRSPFGGSGWIVSV
LGIFALLFAAKAMYIGGLYDPWAPGGGDVRLVTNPTLDPRIIFGYLIKRPTGGEGWIVSV
LGVGAWLLVGKAMLWGGLYDTWAPGGGDVRLISHPTLNPLTIFGYLVRSPYGQEGWIVGV
LGIGAFLLVGKAMFWGGLYDTWLPGGGGVRLVTNPTLDPRVIFGYFFKSPLGGSGWIVSV
LGVAAFLLVGKAMLWGGLYDTWAPGGGGVRLVTNPTLDPRVIFGYLFKGFTGGAGNIASV
LGLGAFLLVIKACFLGGVYDTWAPGGGDVRVITNPTLNPGVIFGYLASSPFGGEGWIVGV
LGFGALLLVIKAMFVGGLYDTWAPGGGDVRLVTNPTLNPAVIFGYLVKSPFGGDGWAVSV
LGFGALLLVFKAMFFGGVYDTWAPGGGDVRVITNPTLNPAVIFGYLIKAPFGGEGWIISV
LGLGAFLLVLKAMFFGGVYDTWAPGGGDVRVITNPTLNPAVIFGYLLKSPFGGDGWIIGV

* ) * K. * ) KK ekk K KAKKX KAKe oo okkKk ok KKKK o * * *

NNLEDIVGGHIWMGSILIAGGIWHILTKPFKWIHKVFIWSGEAYLSQSLGNIAGQAFIAT
NNLEDIIGGHIWIGCIEIAGGIWHILVPPLRWEYNLFPWTGETYLS@SLGlvAB@ArIAA
NNMEDLVGGHIWIGTILILGGIWHYFTTPSKWTHKVFTWSGEAYLAQSLGNVCGQALIAT
DNLEDIVGGHIWMGGILIAGGIWHIFTKPWKWTDKVFIWSGEAYLSQSLGNIAGQAFIAA
DNLEDLVGGHIWIGSLLILGGIWHIVTKPFKWTHKAFIWSGEAYLSQSLGNVAGQAFIAT
NNMEDIIGGHIWIGLICIFGGVFHILTKPFGWARRALIWNGEAYLSYSIGAVSLMAFICS
DNLEDVVGGHIWIGLICIAGGIWHVLTKPFAWARRAFVWSGEAYLSYSLGALSLMAFIAT
DNMEDIIGGHIWVGLICIAGGIWHILTKPFGWARRAFIWSGEAYLSYSLGALSLMGFIAS
DNMEDIIGGHIWVGLICIFGGIFHILTKPFGWARRAFIWSGEAYLSYSLGALSLMGFIAS
:*:**::*****:* R * **::* . * *: . R *.**:**: *:* . .:*.:
CFIWFNNTAYPSEFYGPTAPEASQAQALTFLVRDQKLGANVASAQGPTGLGKYLMRSPTG
AF[WFNNTAYPSVFYGPTVPESSQAQSFVFLMRDQGMGADVASAQGPTGLGKYLORSPTG
AFIWFNTTAYPSEFYGPTAPESSQAQALTFLVRDQSLGANVASAQGPTGLGKYLMRSPTG
MFIWFNNTAYPSEFYGPTVPEASQAQALVFLARDQRLGADIGTAQSVTGLGKYLMRSPTG
MFIWENNTAYPSEFYGPTVAESSNAQALVFLVRDONLGANVASAQGPTGLGKYLMRSPTG
CYVWFNNTAYPSEFYGPTNAEASQAQAMTFLVRDORLGANIGSAQGPTGLGKYLMRSPTG
CFVWFNNTVYPSEFYGPTGPEASQAQAMTFLVRDQRLGANVGSAQGPTGLGKYLMRSPTG
VYVWENNTAYPSEFYGPTGMEASQAQAFTFLVRDQRLGANIASAQGPTGLGKYLMRSPTG
CFVWEFNNTAYPSEFYGPTNAEASQAQSFIFLVRDOKLGANVASAQGPTGLGKYLMRSPSG

e ekkk Kk kkhkk KkkhkkhkkKk KeXkehkkKeo KNk KAk ohkKko o .- kK khkkkhkhkkk Khhkk ok

EITFGGETMRFWDFRGPWLEPLRGPNGLDLDKLONDIQPWQIRRAAEYMTHAPLGSLNSV
EITFGGETMRFWDARAPWLEPLRGKNGLDLDKLOHDVQPWQLRRAAEYMTHSPIGSLNSV
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EITFGGETMRFWDFRGPWLEPLRGPNGLDLDKLRYDVQPWQIRRAAEYMTHAPLGSLNSV
EITFGGETMRFWDFRGPWLEPLRGTNGLDLKKLONDIQPWQIRRASEYMVHAPLGSINSV
EITFGGETMRFWDVKAPWLEPLRGPNGLDIDKLQHDVQPWQIRRASEYMTHAPIGSLNSV
EITFGGETMRFWDFDGPWLAPLRGTNGLDLDKLKNDIQPWQVRRAAEYMTHAPNASINSV
EITFGGETMRFWDFRGPWLEPLRGPNGLDLNKIKNDIQPWQARRAAEYMTHAPLGSLNSV
EITFGGETMRFWDFRGPWLEPMRGPNGLDLDKLRNDVQPWQVRRAAEYMTHAPLGSLNSV
EITFGGETMRFWDFRGPWLEPLRGPNGLDLDKIKNDVQPWQIRRASEYMTHAPNGSINSV

ER R R Rk ki KKK Kekk KAAKe Koo KeXXAkX KAKeXXKk Kok K e KKK

GGVATEINSENFVSPRTWLAAAHFIFAFLFLVGHLWHAGRARAAAAGFERGIDREDEPVL
AGLATESNAFNYVSPRTWLASAHFIIGFFFLVGHLWHAGRARAAAAGFETGLDREIEPVL
GGVATEVNSENEFVSPRSWLAASHEFVFAFLFLVGHLWHAGRSRAAAAGFARGIDPEDEPVL
AGLATDVNSEFNYVSPRTWMTASHLIFALFFLVGHWWHAGRARAAAAGEFVRGINREDEPVR
GGLATELNSEFNFVGPRAWLASAHFVFALLFLVGHLWHAGRARAAAAGFERGIDREDEPVL
GGIITEVNSVNEFVNPROQWLASFHEFVMAFFFLVGHLWHAGRARAAEGGFERGLNREAEPVL
GGVATEINSVNFVSPRSWLSTSHEVLAFFFLVGHLWHAGRARAAVAGFEKGIERETEPVL
GGVITDVNSEFNYVSPRAWLATSHEFVLGFFFLVGHLWHAGRARAAAAGFEKGIDRETEPVL
GGVITEPNSENYVNPRAWLATSHEVLAFFFLVGHLWHAGRARAAAGGFEKGIDRETEPVL

K e Ke ke Kek Kk Ko osoe * % * e e Kk KKk K

SMPDLD------ 483
SMAPIDPSLRSD 482
SMADIDS----- 453
SMGDID------ 477
SMPPLD------ 474
SMPDLD------ 461
SMPNLD------ 461
AMPDLD------ 461
FMKDLD------ 461

* .-k

MTIAIGRASQONRGWFSTLDDWLKRDRFVFIGWSGLLLEFPCAYLAIGGWFTGTTEVTSWY
MTITMGSL—GSARDWIKQLDDWLKRDRFVFIGWSGLLLFPCSFLAIGAWITGTTFVTSWY
MTIALKPARQ-WGDWVFTLDDWLKRDRFVFIGWSGLLLFPCSFLALGGWFTGTTEVSSWY
MTIAITR-ROPTQGWEFRTLDDWLKRERFVFIGWSGLLLEFPCAYLAIGGWETGTTEVTAWY
MTIAIRPSRTRGFEWFYVLDDWLKRDRFVFIGWSGLLLEPCAYLAIGGWFTGTTEVTSWY
MTIAMGQA-PAARGRFDVLDDWLKRDREFVFVGWSGLLLEFPCAFLAIGGWMTGTTEVTSWY
MTIAVGRA-QPTRGWFDVLDDWLKRDREFVFVGWSGILLFPCAFLALGGWMTGTAFVSSWY
MTIAMGRA-QAQRGWEDVLDDWLKRDREVFIGWSGLLLFPCAYLALGGWLTGTTEVTSWY
MTIAIGR--STTRGWEDVLDDWLKRDREFVEVGWSGLLLEFPCAYLALGGWLTGTTEVTSWY

KKK o o KAKXKAKAAK e AKX XK e KA XK e AXA XA K e e kX ek KehkhXehkeokk

THGLASSYLEGCNFLTAAVSTPADSMGHSLLLLWGPEAQGDFTRWCQIGGLWTFVAFHGA
THGLVSSYLEGCNFLTVAVSTPAESMGHSLLLLWGPEASGDEFVRWCQIGGLWTFTALHGV
SHGLATSYLEGCNFLTAAVSTPPDSMGHSLLLLWGPEAQGDFTRWCQLGGLWTEFVALHGA
THGLVSSYLEGCNVLTAAVSTPADSMGHSLLLLWGPEANWNETRWCQIGGLWTFTALHGA
THGIVSSYLEGCNFLTAAVSTPADSMGHSLLFLWGPEAQGDFTRWCQIGGLWNFVALHGV
THGLASSYLEGCNFLTVAVSTPADSMGHSLLLLWGPEAQGDEFVRWCQIGGLWAFVALHGA
THGLASSYLEGCNFLTVAVSTPANSMGHSLLLLWGPEAQGDFTRWCQLGGLWTFVALHGA
THGLASSYLEGCNFLTVAVSTPADAFGHSLLFLWGPEAQGNFTRWCQIGGLWPFVALHGA
THGLASSYLEGCNFLTVAVSTPADAMGHSLLLLWGPEAQGDFTRWCQLGGLWTFVALHGA

e kK. ckkkkhkkhkkhkk Khkhk Khkhkkhkkhkk oo okkhkkhkhkkhkoehkhkhAA kK ek kkkkoekkhkkhkk Kk KkokKk

LGLIGFMLRQIEIARLVGIRPYNAIAFSAPIAVFVSVFLIYPLGQSSWEFFAPSFGVAAIF
FGLIGFMLRQIEIARLVGIRPYNATIAFSAPIAVYCATFLIYPLGQSSWFFGPGFGVSAIF
FSLIGFCLRQLEIARLIGVRPYNALAFSAPIAVYVSVFLMYPIGQSSWEFFAPSFGVTAIF
LGLMGFMLRQLEIARLVGVRPYNAIAFSAPIAVYVSVFLVYPLFQSSWEFFAPSFGIAGIF
FGLIGFMLRQFEIARAVGVRPYNAIAFSAPISVEVSVFLIYPLGQOSSWEFAPSFGVAAILF
FGLIGFMLRQFEISRLVGIRPYNAIAFSGPIAVEFVSVFLMYPLGQSSWEFAPSFGVAAILF
FGLIGFMLRQFEIARLVGLRPYNAIAFSGPIAVEFVSVFLMYPLGQSSWFFAPSFGVAGIF
FGLIGFMLRQFEIARLVGIRPYNAIAFSAPIAVFVSVFLMYPLGQSSWEFFAPSFGVAGIF
FGLIGFMLRQFEIARLVGIRPYNAIAFSAPIAVEFVSVFLMYPLGQSSWEFFAPSFGVAALF
Sk akk Kk kaokk ek ok akkkkkakkk Kk aoks o kkakk: KAKKEAK K Kk Kk
RFELLFFQGFHNYTLNPFHMMGVAGVLGGALLCAIHGATVENTLFKDTKNEFNTFRGESPTQ
RFLLFFQGFHNITLNPFHMMGVTGVLGGALLCAIHGATVQNTLFRDNQSKNTFKIFITDQ
RFLLFFQGFHNYTLNPFHMMGVGGVLGGALLCAIHGATVENTLFEKTRGEFNTESGFSPTQ
REVLFFQGFHNYTNNPFHMMGVAGVLGGALLCATHGATVONTIFEDTKSENTFGGESPTQ
RFLLFFQAFHNYTLNPFHMMGVAGVLGGALLCAIHGATVENTLFRDTKSENTFGGEFSPTQ
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Supplementary Figure S6. Alignments of ancestral FRL-PSII sequences and selected extant FRL- and VL-specific
PSII sequences. The sequence with purple font (top) is the calculated ancestral FRL sequence. Sequences with dark
red font are FRL-specific sequences from four extant FaRLiP-capable cyanobacteria (Synechococcus 7335,
Aphanocapsa GSE, Pleurocapsa 7327, and Fischerella 7521). Sequences with black font are VL sequences from
those organisms. A residue is highlighted yellow in the ancestral sequence if it is identical to the FRL sequences from
extant cyanobacteria and dissimilar to the VL sequences. A residue is highlighted green in the Synechococcus 7335
sequences if it is identical to the other FRL sequences and dissimilar to the VL sequences. Thus, a residue position
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that is highlighted yellow in the ancestral sequence and green in the Synechococcus 7335 sequence is likely conserved
from the FRL-PSII ancestor that is found in extant FRL-PSII, implying important functional significance. Residues
that are highlighted green in the Synechococcus 7335 sequence but the same site is not highlighted in the ancestral
sequence are likely to be later adaptations, possibly enhancing FRL absorption. In the FRL-PSII sequences from
Synechococcus 7335, regions that were not modeled in the cryo-EM structure (PDB 7SA3 [2]) are shaded grey. In the
PsbH sequences, those residues that were not modeled due to low homology are also shaded grey. In all sequence
alignments, the Clustal Omega [3] sequence conservation identifiers are shown below the alignment.
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Most N-terminal residue of the FRL-

FRL-PsbH2 PsbH2 homology model (Val6)
homology model

\

Stroma

FRL-PsbH2
homology model

Supplementary Figure S7. Location of the FRL-PsbH2 homology model. On the left side, the Synechococcus 7335
apo-FRL-PSII structure is shown (colored) superimposed onto the structure of the PSII holocomplex from
Synechocystis 6803 [5]. The FRL-PsbH homology model (brown) was generated using Swiss Model [6] and
superimposed onto PsbH of the Synechocystis 6803 structure to approximate its location in the FRL-PSII complex.
The magnification on the right shows the residues of FRL-PsbH additionally as sticks. The N-terminal region is shown
extending across the stromal surface.
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A 132 methoxycarbonyl moiety B
of Pp, (Chl a)

FRL
FRL

FRL
FRL
VL
VL
VL
VL

PsbD-Tyr191 PsbD-Met286

Supplementary Figure S8. Conservation of FRL-PshD interactions near Pp2. In (A), the S. 7335 apo-FRL-PSII
structure (yellow), the homology model of the FRL-ASR (white), and two non-FaRLiP holocomplex PSII structures
(light and dark grey from T. vulcanus and Synechocystis 6803, respectively) are superimposed. It also shows the H-
bonding interaction involving the 132 methoxycarbonyl moiety with a dashed line with its distance in units of A. In
(B), two partial sequence alignments are shown that includes the FRL-ancestral sequence, FRL-specific sequences,
and VL sequences from three FaRLiP-capable cyanobacteria. Conserved FRL-specific residues in extant
cyanobacteria are highlighted in green in the sequence from Synechococcus 7335. If the same position is conserved in
the FRL ancestral sequence, it is highlighted in yellow. Vertical lines above residue positions in (B) correspond to
amino acids from the Synechococcus 7335 apo-FRL-PSII structure labeled in (A). The Clustal Omega [3] sequence

conservation identifiers are shown below the alignment.
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A B  The chlinsite 611 if it is modeled as Chi f

Possible Chl f611
in some species

i!:_ \

NoE il = o
DN N
\ L

Chl 507

Modeled PsbB-Thr244, assuming the same
rotamer position as is observed for PsbB-
Val244 in the apo-FRL-PSII structure

Supplementary Figure S9. Symmetry-related locations of Chl sites 507 and 611. In (A), a stromal view of the apo-
FRL-PSII structure from Synechococcus 7335 is shown with transparent cartoons. Only Chl and pheophytin
tetrapyrrole rings are shown, either as sticks, or spheres (507 and 611). In (B), the PsbB site 611 containing Chl a in
the apo-FRL-PSII structure was instead fit with a Chl f molecule, and the Val in position 121 was instead modeled as
a Thr with the same rotamer position. If the formyl moiety is directed toward the Thr sidechain, it is within H-bonding
distance of the hydroxyl moiety of the Thr. The distance is shown in units of A. Modeling was performed using Coot

[4].
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Supplementary Data

Supplementary Data S1. Sequence alignments with ancestral sequence reconstructions, and phylogenetic trees used
in this study. (external)
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