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Supplementary Text S1

Lack of excitonic interactions among PCBs and retrieval of parameters for modeling FRET in
FRL-AP.

The use of Forster theory was deemed to be appropriate for modeling EET dynamics in
FRL-AP helices because the absorbance peaks of the o and B-subunits (709 and 621 nm,
respectively) are very far apart in energy (~2,000 cm™) and huge electronic coupling values would
then be required in the system to induce any sizeable excitonic effects. For canonical AP trimers,
whose nearest distance between a- and B-PCBs is very similar to that of FRL-AP helices, the site-
energies of the two PCBs (15,300 and 16,060 cm™!, respectively) and the electronic coupling
between them (-163 cm™) has been determined using spectral modeling (42). In the framework of
Frenkel excitons, this implies almost fully (96%) localized excited states. Assuming then that the
electronic coupling between a/B-PCB pairs in the FRL-AP is on the same order of magnitude as
in canonical AP, and that the gap in site-energies is at least twice as large, we can exclude excitonic
effects and assume localized states.

Thus, the FRET rate (in ps') can be calculated in the following way:

kpa=118V?2]
The electronic coupling V (in cm™) is calculated according to the ideal dipole approximation:

HpHaK
VDA = 504‘ T
up = Transition dipole moment (TDM) of the donor in Debye
pua = TDM of the acceptor in Debye

R = center-to-center separation between the donor and acceptor in nm

K is the orientation factor and can be calculated as follows:
k= fpfa—3(p - Rpa)(fa- Rpa)
fp = Unit vector of the TDM of the donor
i, = Unit vector of the TDM of the acceptor
Rp 4 = Unit vector of the center-to-center separation of the donor and acceptor

J represents the spectral overlap integral for the fluorescence of the donor and the absorption of
the acceptor in which both spectra are normalized to an area of 1 on a cm™ scale:

Jon = f Fy(D A, () dv

The orientation of the TDM for the Si state of PCB is not as well established in the literature as it
is for some other chromophores (e.g., Chl molecules). For the closely related chromophore
phycoerythrobilin (PEB), the TDM orientation was calculated using a CIS/3-21g level of theory
to be oriented roughly along the CHD to the C4A atom (these refer to the atom names in the
coordinate files for PCBs) (40). In another recent work in which the EET dynamics of the
cyanobacterial PBS was modeled using Forster theory, the TDM was taken to be oriented along
the axis of the conjugated parts of the bilins (/7). We have calculated the orientation of the TDM
for the o-PCB and B-PCBs in our system using a TD-DFT B3LYP-D3BJ/TZ2P level of theory
(43-45) as described in Materials and Methods, which produces similar results. The calculated
orientations of the S1 TDM of the a-PCB and B-PCB are shown in fig. S11. The calculated TDMs
are almost parallel to the axis connecting the NA and the NB atom in the molecules, and this axis
was therefore used for the FRET calculations. The center-to-center separation was determined as
the axis connecting the CHA atoms of the donor and acceptor molecules.



Several values have been reported for the magnitude of the S1 TDM of bilins. In the EET
modeling of a cyanobacterial PBS a value of 15 D was used for AP chromophores (/7). Quantum
mechanical calculations of the S1 TDM magnitudes of the bilins in the PE545 complex, which
includes PEB and 15,16-dihydrobiliverdin, yielded magnitudes in the range of ~10-13.8 D in two
different studies (40, 46). In another study, quantum mechanical calculations were performed to
retrieve the S1 TDM magnitudes of the PCB pigments found in C-phycocyanin and magnitudes in
the range of 11.1-13.5 D were found (47). Spectral modeling of the C-phycocyanin complex
yielded transition dipole moments for the pigments in the range of 5.4-6.5 D. Overall, we therefore
assume that the TDM magnitude for the PCBs in FRL-AP are within the range 5.4-15 D (47). We
have therefore chosen to use a TDM magnitude that yields results that are closest to the results
obtained with the pump-probe experiment, which is 10 D.

Finally, the spectral overlap of the a-PCB and B-PCB is required to calculate FRET rates,
for which the emission and absorption spectrum of both are required. For the a-PCB emission
spectrum, we used the steady-state emission spectrum of the FRL-AP. This is appropriate because
the pump-probe experiment showed that excited-state decay arises only from a-subunits, and
because the site-energies of the a- and B-PCBs are at least 1,800 cm™! apart (~9 ksT at room
temperature). Thus, the steady-state emission spectrum of the FRL-AP contains contributions from
only the a-PCB. To obtain the steady-state emission spectrum of the B-PCB, we subtracted the a-
PCB emission spectrum (recombinantly expressed and isolated from Synechococcus 7002) from
the emission spectrum of FRL-AP containing a fraction of free P-subunits (recombinantly
expressed and isolated from E. coli). The steady-state emission spectrum of the a- and B-subunits
are shown in fig. S12A.

To obtain the absorption spectra of the o and B PCB chromophores, we have fitted to FRL-
AP the absorption spectrum with the reversed emission spectra of the a-PCB and B-PCBs (fig.
S12B), allowing the peak positions and relative amplitudes to vary. It was found that in the -PCB
absorption region the reversed disconnected B-PCB emission spectrum was not wide enough to
correctly fit the data. Therefore, as an additional parameter the width of the B-PCB absorption was
allowed to vary. The B-PCB emission spectrum that was used for the spectral overlap calculations
was then obtained by reversing the fitted B-PCB absorption spectrum while considering a Stokes
shift of 5 nm (which is the same as the determined Stokes shift of the a-PCB). The fitted
absorbance spectrum is shown in fig. S12B. The area normalized spectra used for the spectral
overlap calculations are shown in fig. S12C.

Using the above-mentioned parameters, formulas, and the FRL-AP structure, the Forster
rates between all the pigments in the system could be calculated. Given the initial distribution of
excited state populations for the pigments, the time-evolution of these populations could be
calculated by solving the following master equation:

dp,, 1
pdt(t) = z pn(t) ’ kn—>m - pm(t) ' {(2 km—m) + EI

n+m n+m
Pm(t) = excited-state population of pigment m as a function of time t

14 = excited-state lifetime of pigment m

The excited-state lifetime 4 of each pigment in the FRL-AP system was set to the value as
determined by the time-resolved absorption experiment (889 ps, Fig. 6).

To simulate the EET dynamics of the time-resolved absorption experiment, the master
equation was solved for the initial conditions in which the initial excitation distribution was equally
divided over all the B-PCBs as described in the main text. The total simulated time evolution for
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the excitation densities on the a- and B-PCBs is shown in fig. S1I3A. Using a TDM magnitude for
the PCBs of 10 D, the simulation nicely matches the experimental data. We also calculated the
time in which energy is transferred along a 13-protomer nanotube. The calculated time-evolution
of the excited-state populations of the a-PCBs in the system upon initial excitation of the W a-
PCB is shown in fig. S13B.

Supplementary Text S2

EET efficiency in FRL-AP nanotubes.

We have evaluated the overlap integrals for EET from a-PCBs to typical Chls a and to PSI
red-form Chls (fig. S15). In order to do so, we additionally needed to determine the absorption
spectra of Chl a and of the PSI red-form Chls. For the absorption spectrum of Chl a, the determined
spectrum of Chl a in an Lhcb environment was taken from Cinque et al. (48) and shifted to 680
nm. The absorption spectrum for a PSI red-form Chl was modeled as a charge-transfer state and
was taken from Novoderezhkin et al. (49). The peak of the spectrum was then shifted to 710 nm.
Considering the proposed positioning of the FRL-AP with respect to PSI, we imagine that the
energy must be extracted near the bottom of a nanotube. To estimate the upper limit of the FRL-
AP antenna efficiency, we connected one of the bottom a-PCB chromophores to a perfect trap,
i.e., a bottom a-PCB transfers energy with an infinite rate to the trap and there is no back-transfer.
For a situation in which a single a-PCB is initially excited, we can calculate the transient
population of the trap using our FRET model. The final population of the trap then represents the
efficiency of EET for the given initial condition. By averaging over all a-PCB chromophores that
can be individually initially excited, we find the total maximal EET efficiency of FRL-AP (fig.
S15). We have considered three locations for the trap: E, G or A (the isolated a-PCB). Their
calculated total maximal EET efficiencies are 40%, 46% and 32%, respectively. If we consider a
FRL-AP nanotube with half the length (only PCBs N-Z are present in the system), and the trap at
S, U and O, then we find EET efficiencies of 65%, 65% and 57%, respectively.
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Fig. S1. Purification and characterization of FRL-AP. (A) Solution of purified FRL-AP
(concentration ~10 mg mL™"). (B) and (C), SDS-PAGE of purified FRL-AP. Lane 1 contains
molecular mass standards. Masses in kDa are indicated in (C). Lane 2 contains 10 pg of FRL-AP
stained with Zn?* in (B) or Coomassie Blue in (C). The bands of greatest intensity correspond to
His-tagged ApcD4 and ApcB3, respectively, as labeled. The weak bands at ~36-38 kDa correspond
to minor populations of dimeric ApcD4-ApcB3 due to incomplete dissociation. (D) Absorbance
spectrum of purified helical FRL-AP. (E) 77 K fluorescence emission spectrum of purified FRL-
AP. The excitation wavelength was 590 nm. In (D) and (E), peaks are labeled in units of nm. These
differ from the absorbance maxima of AP (Amax =~650 nm and 617 nm); see Fig. 4B or S10C) and
AP-B (Amax =~670 nm and 617 nm; see Fig. 4B or S10C), which have their fluorescence emission
maxima at about 660 nm and 680 nm, respectively (4, 7).
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Fig. S2. Size exclusion chromatography of FRL-AP. (A) Absorbance spectra before and after
size exclusion chromatography. The slightly decreased peak at ~620 nm after size exclusion
chromatography (SEC) is likely due to the removal of some protomers that are not found in
oligomers. Spectra were normalized at 710 nm for improved comparison. (B) Size exclusion
chromatography chromatogram. A wide distribution of sizes was observed from which fractions
were used for cryo-EM.
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Fig. S3. Cryo-EM data processing. (A) Example micrograph collected during data collection.
One side view of a short helix and one top view are shown with green boxes. (B) Identical
micrograph as (A), but with selected autopicked particles. (C) 2D classes selected after manually
picking ~780 particles. (D) Selected 2D classes after autopicking. (E) Selected 3D class. (F)
Workflow of data processing in RELION 3.1 (28).
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Fig. S4. Cryo-EM data resolution. (A) Map-to-map Fourier shell correlation calculated by
RELION 3.1 (28). (B) Local resolution of a central three protomers in the helical map. The three
protomers are numbered and the central one is outlined with a dotted line for reference. ¢, Map-
to-model Fourier shell correlation calculated by Phenix (34, 35).
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Fig. S5. Comparison of FRL-AP and a PBS core. 12 protomers of a FRL-AP helical nanotube
are compared to a PBS core comprising 12 protomers (a stack of four AP trimers and related
complexes) from Synechococcus sp. PCC 7002 (PDB 7EXT) (10). a-subunits are colored green

and B-subunits are colored magenta. The length, diameter, and approximate volumes of each are
labeled.
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Fig. S6. Secondary structure nomenclature of PBPs used herein. The a-subunit of FRL-AP is
shown with helices colored and labeled according to the nomenclature defined previously (23).
This nomenclature is maintained throughout the manuscript for all discussions of PBPs.
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Fig. S7. Interactions in the FRL-AP structure between helix H of an a-subunit and helix H
of the B-subunit in the helical level above it. (A) The interface of interest, showing both subunits
in stick representation. The nearest charged or polar uncharged residues that may participate in H-
bonding interactions are labeled. (B) Partial sequence alignment of FRL-AP, AP-B, and AP.
Residues in bold correspond to the labels in panel (A). Clustal Omega sequence conservation
identifiers are shown below the alignment for each position.
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Fischerella thermalis PCC 7521 (WP_009453702.1)
Synechococcus sp. Al463 (WP_011431562.1)
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Chroococcidiopsis thermalis PCC 7203 (WP_015152396.1
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Calothrix sp. PCC 7507 (WP_015126817.1)
Thermosynechococcus vestitus BP-1 (WP_011056801.1)
Anabaena sp. PCC 7120 (WP_010994198.1)
Chlorogloeopsis sp. PCC 9212 (WP_026087462.1)

Sisisls

Chroococcidiopsis thermalis PCC 7203 (WP_015156256.1)

Fischerella thermalis PCC 7521 (WP_009457007.1)
Leptolyngbya sp. JSC-1 (WP_036003991.1)

Synechococcus sp. Al463 (WP_099812040.1)
Chroococcidiopsis sp. FACHB-1243 (WP_192159074.1

Chroococcidiopsis thermalis PCC 7203 (WP_015156293.1

Gloeocapsa sp. PCC 7428 (WP_015190166.1)
Chlorogloeopsis sp. PCC 9212 (WP_016874155.1
Halomicronema hongdechloris (WP_080809693.1)
Leptolyngbya sp. PCC 6406 (WP_008312402.1)
Xenococcus sp. PCC 7305 (WP_006512043.1)
Pleurocapsa sp. CCALA 161 (WP_106232622.1)
Synechococcus sp. PCC 7335 (WP_006454943.1)
Romeria gracilis (WP_193906454.1)
Gloeomargarita lithophora (WP_071455395.1
Synechococcus sp. PCC 7335 (WP_006455320.1)
Leptolyngbya sp. JSC-1 (IMG: 2022833634)
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ApcDl Chroococcidiopsis thermalis PCC 7203 (WP_015152396.1)
ApcDl Nostoc sp. PCC 7524 (WP_015139163.1)

ApcDl Anabaena sp. PCC 7120 (WP_010997797.1)

ApcDl Calothrix sp. PCC 7507 (WP_015130965.1)

ApcDl Chlorogloeopsis fritschii PCC 9212 (WP_016878526.1)
ApcDl Nostoc sp. PCC 7107 (WP_015113750.1)

ApcAl Anabaena sp. PCC 7120 (WP_010994626.1)

ApcAl Synechococcus sp. PCC 6301 (WP_011243498.1)

ApcAl Synechococcus sp. PCC 7335 (WP_006456136.1)

ApcAl Synechocystis sp. PCC 6803 (WP_010872503.1)

ApcAl Synechococcus sp. PCC 7002 (WP_012307540.1)

ApcAl Calothrix sp. PCC 7507 (WP_015126817.1)

ApcAl Thermosynechococcus vestitus BP-1 (WP_011056801.1)
ApcAl Anabaena sp. PCC 7120 (WP_010994198.1)

ApcAl Chlorogloeopsis sp. PCC 9212 (WP_026087462.1)

ApcAl Chroococcidiopsis thermalis PCC 7203 (WP_015156256.1)
ApcAl Fischerella thermalis PCC 7521 (WP_009457007.1)
ApcAl Leptolyngbya sp. JSC-1 (WP_036003991.1)

ApcD4 Synechococcus sp. Al463 (WP_099812040.1)
ApcD4 Chroococcidiopsis sp. FACHB-1243 (WP_192159074.1)
ApcD4 Chroococcidiopsis thermalis PCC 7203 (WP_015156293.1)
ApcD4 Gloeocapsa sp. PCC 7428 (WP_015190166.1)
ApcD4 Chlorogloeopsis sp. PCC 9212 (WP_016874155.1)
ApcD4 Halomicronema hongdechloris (WP_080809693.1)
ApcD4 Leptolyngbya sp. PCC 6406 (WP_008312402.1)
ApcD4 Xenococcus sp. PCC 7305 (WP_006512043.1)
ApcD4 Pleurocapsa sp. CCALA 161 (WP_106232622.1)
ApcD4 Synechococcus sp. PCC 7335 (WP_006454943.1)
ApcD4 Romeria gracilis (WP_193906454.1)
ApcD4 Gloeomargarita lithophora (WP_071455395.1)
ApcD2 Synechococcus sp. PCC 7335 (WP_006455320.1)
ApcD2 Leptolyngbya sp. JSC-1 (IMG: 2022833634)
ApcD2 Chroococcidiopsis thermalis PCC 7203 (WP_015153115.1)
ApcD2 Calothrix sp. PCC 7507 (WP_015126588.1
ApcD2 Chlorogloeopsis sp. PCC 9212 (WP_016873422.1)
ApcD2 Fischerella thermalis PCC 7521 (WP_009453700.1)

>. JSC-1 (MBF2050150.1)
7507 (WP_015126586.1)
PCC 9212 (WP_016873424.1)
PCC 7521 (WP_009453698.1)
(WP_00645 .1)
c thermalis PCC 7203 (WP_015153117.1)
ApcD5 Synechococcus sp. PCC 7335 (WP_006456289.1)
ApcD5 Chroococcidiopsis thermalis PCC 7203 (WP_015153113.1)
ApcD5 Leptolyngbya sp. JSC-1 (IMG: 2022833632)
ApcD5 Calothrix sp. PCC 7507 (WP_015126590.1)
ApcD5 Chlorogloeopsis sp. PCC 9212 (WP_016873420.1)
ApcD5 Fischerella thermalis PCC 7521 (WP_009453702.1)
ApcDl Synechococcus sp. Al463 (WP_011431562.1)
ApcDl Synechocystis sp. PCC 6803 (WP_010871516.1)
ApcDl Synechococcus sp. PCC 7002 (WP_012307741.1)
ApcDl Leptolyngbya sp. PCC 7376 (WP_015135290.1)
ApcDl Synechococcus sp. PCC 6301 (WP_011243585.1)
ApcDl Thermosynechococcus sp. CL-1 (QEQ1666.1)
ApcDl Arthrospira platensis NIES46 (GCE93786.1)
ApcDl Synechococcus sp. PCC 7335 (WP_006454063.1)
ApcDl Leptolyngbya sp. JSC-1 (WP_036003919.1)
ApcDl Chroococcidiopsis thermalis PCC 7203 (WP_015152396.1)
ApcDl Nostoc sp. PCC 7524 (WP_015139163.1)
ApcDl Anabaena sp. PCC 7120 (WP_010997797.1)
ApcDl Calothrix sp. PCC 7507 (WP_015130965.1)
ApcDl Chlorogloeopsis fritschii PCC 9212 (WP_016878526.1)
ApcDl Nostoc sp. PCC 7107 (WP_015113750.1)
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B-subunits (B3, B2, and B1)

ApcB3 Synechococcus sp. Al463 (WP_099812041.1)

ApcB3 Chlorogloeopsis sp. PCC 9212 (WP_016874154.1)

ApcB3 Chroococcidiopsis thermalis PCC 7203 (WP_015156292.1)
ApcB3 Synechococcus sp. PCC 7335 (WP_006453385.1)

ApcB3 Gloeocapsa sp. PCC 7428 (WP_015190165.1)

ApcB3 Gloeomargarita lithophora D10 (WP_071455396.1)

ApcB3 Halomicronema hongdechloris (WP_080809690.1)

ApcB3 Xenococcus sp. PCC 7305 (WP_006512042.1)

ApcB3 Leptolyngbya sp. PCC 6406 (WP_008312401.1)

ApcB2 Synechococcus sp. PCC 7335 (WP_006454442.1)

ApcB2 Leptolyngbya sp. JSC-1 (WP_036011375.1)

ApcB2 Chlorogloeopsis sp. PCC_9212 (WP_016873421.1)

ApcB2 Fischerella thermalis PCC 7521 (WP_009453701.1)
ApcB2 Chroococcidiopsis thermalis PCC 7203 (WP_015153114.1)
ApcB2 Calothrix sp. PCC 7507 (WP_015126589.1)

ApcBl Thermosynechococcus vestitus BP-1 (WP_011056800.1)
ApcBl Calothrix sp. PCC 7507 (WP_015126816.1)

ApcBl Chroococcidiopsis thermalis PCC 7203 (WP_015156257.1)
ApcBl Anabaena sp. PCC 7120 (WP_010994199.1)
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-MODTITSLINPADLRGKYLDNTELDKLRKYFQSGELRVKARATISENAANIVSQAVANS
-MODTITSVINPADRQGKYLDTPELEKLRKYFQTGELRVKARATISENASSIVSQAVANS
-MODTITSLINPADEKGQYLEGGDLDSLKQYLQSGATRVKAAGQIGDSAASIISKTVERS
-MODTITSLINPADQRGKYLETEELEKLRRYFQSGELRVKAASATISNNAANI IREAVANS
-MODTITSLINPADEQGQYLNAAALDQLNKYFQKGAVRVQAASTISDTASSIISKTVAKS
-MODIITAAINPADERCAYLEDSSLEKLRQYYQSGTLRLKAATQIGNSAASIISDAVRKS
-MODTITSLINPADEKGQYLEGQELDQLKKYFOSGSLRVKAADQIGSAAASI ITESVAKS
-MODTITATINPADEQGIYLEGEQLDALKAYFOSGTLRVKAASQIGDSAASI ISETVAKS
-MODAITTLINTSDAQGKYLDDSSLDTLQEYFRSGDLRAKAARMT I SANASTIVTKTVAKS
~MODAITALINSSDVQGRYLDNNGLDKLRSYFQSGEMRARAAITISANASSLVTQAVAKS
~MQDAITSLINSSDVQGKYLDNNSLDKLQHYYHTGDMRARAATATSANAKT IVTQTVAKS
~MQDAITSLINSSDVQGKYLDNNSLEKLQHYYHTGDMRARAATT I SANAKTIVTQTVAKS
~MODAITALINSSDVQGRYLDPSSLDKLONYFQSGDMRAKTATAVSANAKNIVTKTVAKS
~MODAITALINSSDVQGKYLDSSSLEKLQNYFHSGDVRARAATTVSANAKNIVTKAVAKS
~MODAITAVINASDVQGKYLDTAAMEKLKAYFATGELRVRAASVISANAANIVKEAVAKS
MAQDAITAVINSADVQGKYLDTAAIEKLKGYFSSGDLRVRAAGTISANAAVIVKEAVAKS
~MODAITSVINTSDVQGKYLDTAAMEKLKGYFQSGELRVRAATTIAANAAATVKEAVAKS
MAQDAITAVINSADVQGKYLDTAALEKLKAYFSTGELRVRAATTISANAAATVKEAVAKS

161
161
161
161
161
161
161
161
161
161
161
161
161
161
161
16l
16l
161

59
59
59
59
59
59
59
59
59
59
59
59
59
59
59
59
60
59
60
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ApcBl Chlorogloeopsis sp. PCC 9212 (WP_016874648.1) —MQDAITAVINSSDVQGKYLDTAALEKLKGYFSTGELRVRAATTIAANAAAIVKEAVAKS 59

ApcBl Fischerella thermalis PCC 7521 (WP_009457009.1) —MQDAITAVINSSDVQGKYLDTAALEKLKSYFSTGELRVRAATTIAANAAAIVKEAVAKS 59
ApcBl Synechococcus sp. PCC 6301 (WP_011243499.1) —MQDAITAVINASDVQGKYLDSSALDRLKSYFQSGELRVRAAATISANSALIVKEAVAKS 59
ApcBl Synechococcus sp. PCC 7002 (WP_012307539.1) -MQDAITSVINSADVQGKYLDGSAMDKLKAYFTTGALRVRAASTISANAAAIVKEAVAKS 59
ApcBl Synechococcus sp. PCC 7335 (WP_006456852.1) -MQDAITAVINASDVQGKYLDSSSMDKLKAYFQTGELRVRAATSISANAAEIVKEAVAKS 59
ApcBl Synechocystis sp. PCC 6803 (WP_010872504.1) -MQDAITAVINSADVQGKYLDGAAMDKLKSYFASGELRVRAASVISANAATIVKEAVAKS 59
ApcBl Leptolyngbya sp. JSC-1 (MBF2047188.1) ~MQDAITSVINSADVQGKYLDSTAMDKLKSYFSSGELRVRAATAISANAAAIVKEAVAKS 59

Sk Kk Kk ek 2 ks sk x T Sk

11111111111111]1EEEEEEEEEEEEEEEEEEEEEEE]111]11FFFF11111FFFFFFFF

ApcB3 Synechococcus sp. Al463 (WP_099812041.1) LLY@DITEPGGNMYBTRRYAACLRDLEYFLRYATYAMLANDPSILDERVLOGLKETYITL 119
ApcB3 Chlorogloeopsis sp. PCC 9212 (WP_016874154.1) LLYGDITCPGGNMYPTRRYAACLRDLTLFLRYATYAMLADDASVLDERVLDGLKETYNSL 119
ApcB3 Chroococcidiopsis thermalis PCC 7203 (WP_015156292.1) LLYGDITCPGGNMYPTRRYAACTRDLTLFLRYATYAMLADDPSIIEERVLEGLKETFSTL 119
ApcB3 Synechococcus sp. PCC 7335 (WP_006453385.1) LLYGDITLPGGNMYPTRRYAACLODLTYFLRYATYAMLADDASTIDERILNGLKDTYSSL 119
ApcB3 Gloeocapsa sp. PCC 7428 (WP_015190165.1) LLYGDITCPGGNMYPTRRYAACIRDLTLFLRYATYAMLAADPSTLDERVLDGLKETYNSL 119
ApcB3 Gloeomargarita lithophora D10 (WP_071455396.1) LLYGDITLPGGNMYPTRRYAACLRDLNYFLRYATYAMLAADASILDERVLNGLKETYAAL 119
ApcB3 Halomicronema hongdechloris (WP_080809690.1) LLYGTITEPGGNMYPWRRYAACLRDLNYFLRYATYAMLAADASIIDERVLNGLRETYLSL 119
ApcB3 Xenococcus sp. PCC 7305 (WP_006512042.1) LLYGDITLPGGNMYPTRRYAACLRDLTYFLRYAVYAMLADDPSILDERVLNGLKDTYLSL 119
ApcB3 Leptolyngbya sp. PCC 6406 (Wp_008312401.1) LLYGDITCPGGNMYPTRRYAACLRDLTYFLRYATYAMLAADASILDERVLNGLKETYSSL 119
ApcB2 Synechococcus sp. PCC 7335 (WP_006454442.1) LLYTDITGPGGNMYTCRRYAACIRDMDFFLRYGTYAMLAGDASILDERVLNGLKETYNSL 119
ApcB2 Leptolyngbya sp. JSC-1 (WP_036011375.1) LMYTDITAPGGNMYTCRRYAACIRDLDYFLRYATYAMLAGDPSILDERILNGLRETYNSL 119
ApcB2 Chlorogloeopsis sp. PCC_9212 (WP_016873421.1) LLYTDITAPGGNMYTCRRYAACVRDLDYFLRYATYAMLAGDPSILDERILNGLRETY] 119
ApcB2 Fischerella thermalis PCC 7521 (WP_009453701.1) LLYTDITAPGGNMYTCRRYAACVRDLDYFLRYATYAMLAGDPSILDERILNGLRETYNSL 119
ApcB2 Chroococcidiopsis thermalis PCC 7203 (WP_015153114.1) LLYTDITAPGGNMYTCRRYAACVRDLDYFLRYATYAMLAGDTSILDERILNGLRETYNSL 119
ApcB2 Calothrix sp. PCC 7507 (WP_015126589.1) LLYTDITGPGGNMYTCRRYAACIRDLDYFLRYATYAMLAGDPSILDERILNGLRETYNSL 119
ApcBl Thermosynechococcus vestitus BP-1 (WP_011056800.1) LLYSDITRPGGNMYTTRRYAACIRDLDYYLRYATYAMLAGDPSILDERVLNGLKETYNSL 119
ApcBl Calothrix sp. PCC 7507 (WP_015126816.1) LLYSDITRPGGNMYTTRRYAACIRDLDYYLRYATYAMLAGDASILDERVLNGLKETYNSL 120
ApcBl Chroococcidiopsis thermalis PCC 7203 (WP_015156257.1) LLYSDITRPGGNMYTTRRYAACIRDLDYYLRYSTYAMLAGDPSILDERVLNGLKETYNSL 119
ApcBl Anabaena sp. PCC 7120 (WP_010994199.1) LLYSDITRPGGNMYTTRRYAACIRDLDYYLRYATYAMLAGDPSILDERVLNGLKETYNSL 120
ApcBl Chlorogloeopsis sp. PCC 9212 (WP_016874648.1) LLYSDITRPGGNMYTTRRYAACIRDLDYYLRYATYAMLAGDPSILDERVLNGLKETYNSL 119
ApcBl Fischerella thermalis PCC 7521 (WP_009457009.1) LLYSDITRPGGNMYTTRRYAACIRDLDYYLRYATYAMLAGDPSILDERVLNGLKETYNSL 119
ApcBl Synechococcus sp. PCC 6301 (WP_011243499.1) LLYSDITRPGGNMYTTRRYAACIRDLEYYLRYATYAMLAGDTSILDERVLNGLKETYNSL 119
ApcBl Synechococcus sp. PCC 7002 (WP_012307539.1) LLYSDVTRPGGNMYTTRRYAACIRDLDYYLRYATYAMLAGDPSILDERVLNGLKETYNSL 119
ApcBl Synechococcus sp. PCC 7335 (WP_006456852.1) LLYSDITRPGGNMYTTRRYAACIRDLDYYLRYSTYAMLAGDPSILDERVLNGLKETYNSL 119
ApcBl Synechocystis sp. PCC 6803 (WP_010872504.1) LLYSDVTRPGGNMYTTRRYAACIRDLDYYLRYATYAMLAGDAS I LDERVLNGLKETYNSL 119
ApcBl Leptolyngbya sp. JSC-1 (MBF2047188.1) LLYSDITRPGGNMYTTRRYAACIRDLDYYLRYATYAMLAGDPSTLDERVLNGLKETYNSL 119

Kok ik KKKKKK  kkkkkksik:  sKKK | kkkkk K kiiakkaik Kk:ak: ok

111GGGGGGGGGGGGGGGGI 11 IHHHHHHHHHHHHHHAHAH L 1

ApcB3 Synechococcus sp. Al463 (WP_099812041.1) GVPIIRVIQALNAMKEVLTESLDTEASIEMAVYLDHIIAGLS— 161
ApcB3 Chlorogloeopsis sp. PCC 9212 (WP_016874154.1) GVPVDRTIQAVQAMKEVITRQVGAEAGEQVGRHLDHICNGLS— 161l
ApcB3 Chroococcidiopsis thermalis PCC 7203 (WP_015156292.1) GVPIQPTVQAIQALKEVTTRLVGAEAGQEVGTHLDHICSGLSQ 162
ApcB3 Synechococcus sp. PCC 7335 (WP_006453385.1) GVPVEPTIQATEAMKDVVSERVGTEAGQEVGKYLDHIIAGLR- 161
ApcB3 Gloeocapsa sp. PCC 7428 (WP_015190165.1) GVPIQPTIQATQAMKEVTTRLVGAEAGGEIGMYFDHICNGLS— 161
ApcB3 Gloeomargarita lithophora D10 (WP_071455396.1) GVPIDRVVEALNAMKEVLHGAVGAEAGQELGVYLDHITAGLA- 161
ApcB3 Halomicronema hongdechloris (WP_080809690.1) GVPIEPTIQATQAMKEVVTQRVGADAGQEMDVYLDHIISGLS— 161
ApcB3 Xenococcus sp. PCC 7305 (WP_006512042.1) GVPIEPTIQAVQAMKEVVTQRVGAEAGQEMDVYLDHIIAGLG- 161
ApcB3 Leptolyngbya sp. PCC 6406 (WP_008312401.1) GVPVEATIQAVQAMKEVVTHRVGADAGQEMDVYLDHIIAGLS— 161
ApcB2 Synechococcus sp. PCC 7335 (WP_006454442.1) GVPVGATIRAVQAMKEVVNDMLGAEAGKEVGYYFDHI L 161

ApcB2 Leptolyngbya sp. JSC-1 (WP_036011375.1) GVPIGATIRSVQAMKEATTDLVGAEAGKEMGVYFDYI 161l
ApcB2 Chlorogloeopsis sp. PCC_9212 (WP_016873421.1) GVPIGATIRAN SIVGAEAGKEMGVYF' 161l
ApcB2 Fischerella thermalis PCC 7521 (WP_009453701.1) GVPIGATIRA 161l
ApcB2 Chroococcidiopsis thermalis PCC 7203 (WP_015153114.1) GVPIGATIRS 161
ApcB2 Calothrix sp. PCC 7507 (WP_015126589.1) GVPVGATIRSVQALKEVSTSIVGADAGKELGVYFDYIASGLS- 161
ApcBl Thermosynechococcus vestitus BP-1 (WP_011056800.1) GVPIAATVQAIQAMKEVTASLVGADAGKEMGIYFDYICSGLS- 161
ApcBl Calothrix sp. PCC 7507 (WP_015126816.1) GVPVGATVQAIQAIKEVTAGLVGSDAGREIGVYLDYISSGLS- 162
ApcBl Chroococcidiopsis thermalis PCC 7203 (WP_015156257.1) GVPVGATVQAIQAMKEVTASLTGPDAGKEMGVYFDYICSGLS- 161
ApcBl Anabaena sp. PCC 7120 (WP_010994199.1) GVPVGATVQAIQAIKEVTASLVGADAGKEMGIYLDYISSGLS- 162
ApcBl Chlorogloeopsis sp. PCC 9212 (WP_016874648.1) GVPIGATVQAIQAMKEVTASLVGPDAGKEMGVYFDYISSGLS- 161
ApcBl Fischerella thermalis PCC 7521 (WP_009457009.1) GVPIGATVQAIQAMKEVTASLVGPDAGKEMGVYLDYICSGLS— 161
ApcBl Synechococcus sp. PCC 6301 (WP_011243499.1) GVPIGATVQAIQAIKEVTASLVGPDAGREMGVYLDYISSGLS— 161
ApcBl Synechococcus sp. PCC 7002 (WP_012307539.1) GVPVGSTVQAIQAMKEVTAGLVGADAGREMGVYFDYICSGLS— 161
ApcBl Synechococcus sp. PCC 7335 (WP_006456852.1) GVPVGATVQAIQAIKEVTASLVGADAGKEMGVYLDYICSGLS— 161
ApcBl Synechocystis sp. PCC 6803 (WP_010872504.1) GVPISSTVQAIQAIKEVTASLVGADAGKEMGVYLDYICSGLS- 161
ApcBl Leptolyngbya sp. JSC-1 (MBF2047188.1) GVPIAATVQAIQAIKEVTASLVGADAGKEMGVYLDYICSGLS- 161
ik T L otk ozn pr¥rk kv
a-subunit B-subunit

Helix X
Helix X

Helix Y

Fig. S8. Sequence alignments of a- and B-subunits for AP family members. All sequence
alignments were performed using Clustal Omega (50). (A) Sequence alignments for various o-
subunits. (B) Sequence alignments for various B-subunits. For (A) and (B), sequences are shown
and colored by their gene product name (e.g., ApcD4 is shown in red font). Sequences
corresponding to the FRL-AP structure (i.e., ApcD4 and ApcB3 from Synechococcus sp. A1463)
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are shown as the top sequence. Residues in ApcD4 or ApcB3 that appear distinct from other AP
sequences are highlighted in cyan. Residues that appear distinct to all FRL-AP sequences are
highlighted yellow in the ApcD4 or ApcB3 sequence. Above the alignments shown in (A) and (B),
letters correspond to either looping regions, labeled “/”, or helical regions according to the
nomenclature shown in fig. S7 (e.g., “A” = helix A). Below the alignments, the Clustal Omega
sequence conservation identifiers are shown. (C) ApcD4- and ApcB3-specific residues based on
sequence alignments. The a- and B-subunits of FRL-AP are shown with the corresponding subunits
from the structures of AP and AP-B. The PCB in shown with a red background. Residue positions
that appear specific to ApcD4 sequences and ApcB3 sequences are shown as spheres and
highlighted in cyan. Note that these correspond to the cyan highlights in panels (A) and (B).
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A o-Ser11  a-Glu21 o-Ser19

“Ifl.elix E

azsubunit)

R4\
N
Fig. S9. Specific interactions that are implicated in FRL-AP helical nanotube formation. (A)
The a-subunits of the FRL-AP, AP-B, and AP structures are superimposed using all atoms. The
Ser-Glu H-bond important for XY-domain positioning is shown with a black dashed line. H-
bonding interactions present in the AP-B and AP structures that are lacking in the FRL-AP
structure are shown with red dashed lines. (B) The B-subunits of the FRL-AP, AP-B, and AP
structures are superimposed using all atoms. The Thr-Ala H-bond important for XY-domain
positioning is shown with a black dashed line. The Pro residue that causes a bend in helix X in the
FRL-AP structure relative to the AP-B and AP structures is additionally labeled. (C) The B-
subunits of the FRL-AP, AP-B, and AP structures are superimposed using atoms in the XY domain
only, which allows for the visualization of the B-Tyr18 orientations differences. The H-bonding
interaction found in the AP and AP-B structures is shown with a red dashed line.
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Fig. S10. Absorbance spectra of AP, AP-B, and FRL-AP and their a- and B-subunits. (A)
Absorbance spectra for ApcAl from Synechocystis sp. PCC 6803 (black line) and ApcD1 (red
line) and ApcD4 (blue line) from the thermophilic cyanobacterium Synechococcus sp. A1463. (B)
Absorbance spectra for representative AP beta subunits, including ApcB1 (black line) and ApcB3
(blue line) from the thermophilic cyanobacterium Synechococcus sp. A1463 and ApcB2 (magenta
line) from Leptolyngbya sp. JSC-1. (C) Repeat of the absorbance spectra from Fig. 5B in the main
text for AP (ApcAl-ApcBl; black line) from Leptolyngbya sp. JSC-1 and for AP-B (ApcD1-
ApcB; red line) and FRL-AP (ApcD4-ApcB3; blue line) from the thermophilic cyanobacterium
Synechococcus sp. A1463.
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CHA CHA

ND NA ND NA

a-PCB B8-PCB

Fig. S11. Calculated orientation of the TDM for the two PCB chromophores found in FRL-
AP. The left panel shows the a-PCB and the right panel shows the B-PCB. The grey arrow shows
the calculated TDM. The names of the atoms that were used for the FRET calculations based on
the FRL-AP cryo-EM structural coordinates are also indicated.
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Fig. S12. Steady-state emission and absorption spectra for FRET calculations. (A) Emission
spectra. The green line shows the room temperature emission spectrum of the a-subunit and the
magenta line shows the emission spectrum of the -subunit. (B) Absorption spectrum of FRL-AP
(black) and the fitted spectra of the absorption of a-PCB (green), B-PCB (magenta) and of o + -
PCB (red). (C) Spectra used for determining the overlap integral value J (see Materials and
Methods).
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Fig. S13. Modeled EET dynamics. (A) Simulated time-evolution of the excited-state populations
of the a- and B-PCBs given that all B-PCBs were initially evenly excited. (B) The simulated decay
of the excited-state populations of the -PCBs (magenta), given that all B-PCBs were initially
t t

evenly excited, and the fitted tri-exponential curve (0.910e 488fs + 0.076e 397ps +
t

0.014e 8897vs) (black dashed). (C) Time-evolution of excited-state populations of a-PCBs after

excitation of the terminal a-PCB (W). This was calculated from a model containing 26 PCBs,
sequentially labeled A-Z.
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IsiX MNAKKMHPSGYPWWLGNARLMNLSNTFIVAHVAHAALIMAWAGGFTLFELAKFSPERPMY 60
IsiA MQTYNNPEVTYDWWAGNARFANLSGLEFIAAHVAQAALIMEFWAGAFTLYEISWLTADQSMG 60

* e . . * kk kkkk . Kkkk Kk Ak k ke kA Ak k KAk KAk o koo .. .. K

IsiX EQGLILLPHLATLGWGVGPGGQIVNTFPYVAIASIHLVAAGVLAGGAYFHQTQLPPSLDM 120
IsiA EQGLILLPHLATLGLGVGDGGQVTDTYPLFVVGAVHLIASAVLGAGALFHTFRAPSDLAA 120

*khkkhkhkhkkhkhkkhkkkk Kkkhkk Kkkhkk . ek ek . . ** ‘k ** KKk kK . K *

IsiX EFGRAAKFHFTWDDAKTLGVILGHHLLILGLGSLLLVAKAMVFGGLYDANTGQVRLVTAP 180
IsiA ASGAAKRFHFDWNDPKQLGLILGHHLLFLGVGALLLVAKATTWGGLYDAASQTVRLVTEP 180

Kk kK ekkk Kek kK AKkekAkAAAAKoekKkoe ke kA A A KKK s KKK KKK . KKK KK Kk

IsiX TLDFATLWNYRTHLFDVNNLEDLVGGHIYVGALLLLGGVWHILVPPFEWVKARFLFSADG 240
IsiA TLNPAVIYGYQTHFASIDNLEDLVGGHVYVGVMLIAGGIWHILVPPFQWTKKVLIYSGEA 240

Kke Kk sa kikks | sakkAkkkAKkKakAK sk Ak KKKKKKAK K K sk s
IsiX ILSYSLFGIALAGFAASYYCGFNSLAYPVEFYGPTLELKSAFTPYYFDPNQTGAWNYSSR 300
IsiA ILSYSLGGIALAGFVAAYFCAVNTLAYPVEFYGAPLEIKLGVTPYFADTVQLPFGAHTPR 300

* Kk Kk Kk k Kk ‘k‘k‘k‘k‘k‘k‘k ‘k ‘k * * KKK KKK KKK ‘k‘k * *** * * ..

IsiX VWLANAHFYLAFFFLQGSLWHFQRAMGFDVGKMLQLWQQSRQEMTSQSVYQVQFQCRPQP 360
IsiA AWLSNAHFFLAFFCLQGHLWHALRAMGFDFRRVEKALSSVEA —————————————————— 342

** **** Kkkkk Kkkk KKKk ******

IsiX DFATFYEPPFAGPEPLSVSPEDIYWYQPPKAPSSRSLSLINGVRQTLYEVNYTLRRWIFY 420
TSAA —mmmmm e 342

IsiX EPAREKIAFNRSDLKADYGSRKSRADFSKFARSLPKVEFYEPSRVQA 466
TSIA ———— e 342
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Fig. S14. IsiX comparison with IsiA and structural prediction. (A) Residues in IsiA involved
in providing axial ligation to Chl molecules (PDB 6KIG, (25)) are highlighted in yellow. Clustal
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Omega sequence conservation identifiers are shown below the alignment. The C-terminal
extension of IsiX is highlighted in orange. (B) AlphaFold (5/) model prediction (blue)
superimposed onto the structure if IsiA (PDB 6KIG). The structure corresponding to the C-
terminal extension of [siX is highlighted in orange. (C) Sequence coverage output from AlphaFold.
(D) IDDT score (52) output from AlphaFold.
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Fig. S15. Absorption spectrum of typical Chl @ and of a CT-state centered at 710 nm and of the
emission spectrum of a-PCBs. The far greater overlap between the emission spectrum of a-PCBs
and the absorption spectrum of the 710 nm CT state than between a-PCBs emission and the typical

Chl a absorption makes it likely that the FRL-AP emission is close to the absorption of PSI red-
form Chls.
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B Full FRL-AP

Trap-E Trap-G Trap-A
EET efficiency 40% 46% 32%
c Half FRL-AP

Trap-S Trap-U Trap-O
EET efficiency 65% 65% 57%

Fig. S16. EET efficiency of FRL-AP. (A) Model used for efficiency calculations. Only a-PCBs
are shown. (B) Average efficiency of energy transfer using a 26-pigment model with traps
connected to the a-PCB of E, G, and A. (C) Average efficiency of energy transfer using a 13-

pigment model with traps connected to the a-PCB of S, U, and O.
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Table S1.

Identification of protein subunits the FRL-AP protein purification by tryptic peptide fingerprinting
and MS/MS mass spectrometry. Only the top 10 most prevalent proteins are shown. The two most
prevalent proteins are shaded in orange.

Description Coverage (%) # Peptides
A1463_ApcB3 63 18
A1463_His_ApcD4 49 14
Elongation factor Tu OS=Synechococcus sp. (strain ATCC 27264 / PCC 7002 / PR-6) 13 9
Elongation factor tufA (Fragment) OS=Synechococcus sp. (strain ATCC 27264 / PCC 7002 / PR-6) 19 7
S-layer like protein probable porin OS=Synechococcus sp. (strain ATCC 27264 / PCC 7002 / PR-6) 17 9
1,4-alpha-glucan branching enzyme GIlgB OS=Synechococcus sp. (strain ATCC 27264 / PCC 7002 / PR-6) 14 9
Glutamine synthetase | beta OS=Synechococcus sp. (strain ATCC 27264 / PCC 7002 / PR-6) 8 6
Ribulose bisphosphate carboxylase large chain OS=Synechococcus sp. (strain ATCC 27264 / PCC 7002 / PR-6) 9 4
Outer membrane protein, OMP85 family OS=Synechococcus sp. (strain ATCC 27264 / PCC 7002 / PR-6) 7 4
Pentapeptide repeats protein OS=Synechococcus sp. (strain ATCC 27264 / PCC 7002 / PR-6) 4 1
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Table S2.

Cryo-EM data collection, refinement, and validation statistics for helical FRL-AP.
Data collection and processing

Magnification x105,000
Voltage (kV) 300
Electron exposure (e’A?) 59.8
Defocus range (um) —0.8t0-2.0
Pixel size (A) 0.413
Symmetry imposed helical
Initial particle images (no.) 601,552
Final particle images (no.) 74,095
Helical rise (A) 10.37
Helical twist (°) 101.57
Map resolution (A) 2.89

FSC threshold 0.143
Refinement
Initial model used (PDB code) 4P0O5
Model resolution (A) 2.9
FSC threshold 0.5
Map resolution range (A) 251033
Map-sharpening B factor (A?) -93.8
Model composition

Non-hydrogen atoms 7,968

Protein residues 954

Ligands 9
B factors (A?)

Protein 28.3

Ligands 14.6
R.m.s. deviations

Bond lengths (A) 0.011

Bond angles (°) 1.772
Validation
MolProbity 2.19
Clashscore 6.05
Rotamer outliers (%) 4.58
Ramachandran plot

Favored (%) 94.86

Allowed (%) 5.14

Disallowed (%) 0
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