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S1.MATERIALS AND METHODS

Sample Preparation. The LH2 complexes from Rba. sphaeroides G1C, Rba. sphaeroides 2.4.1, Thermochromatium (Tch.) tepidum and
Rhodopseudomonas (Rps.) palustris were prepared following previously reported protocols.5-5* The LH1-RC complexes from Tch.
tepidum and Rsp. rubrum were prepared as described in Refs S5 and S6. The LH1-only complex from Tch. tepidum and the LH1-RC
complex from Rfl. castenholzii were prepared according to Refs S7 and S8, respectively. The LH1' and LH1-RC complexes from Rss.
parvum 9301 were prepared following the procedures described in Ref S9. The anaerobic condition of the LH samples for time-
resolved spectroscopic measurement was achieved by adding 20 mM B-D-glucose, 5 U/mL glucose oxide and 5 U/mL catalase into
the sample solutions, and the adaption time was 15 min.

Steady-State and Time-Resolved Spectroscopies. Optical absorption spectra were measured with a Cary 60 spectrophotometer
(Agilent Technologies, Santa Clara, CA). Resonance Raman spectra were measured under laser excitation at 532 nm with a XploRA
PLUS spectrometer (Horiba, Japan).

The apparatus for measuring the ns-TA spectra up to a delay time of ~150 ns is described below. The pump pulses were provided
by a Q-Switched Nd:YVO, laser (532 nm, 800 ps; Picolo AOT MOPA, Innolas Laser), and the white-light supercontinuum probe was
obtained by focusing the femtosecond pulses from a regenerative amplifier (800 nm, 120 fs; SPTF-100F-KHPR, Spectra-Physics) into
water. A digital delay generator (SRS DG535, Stanford Research System) was used to regulate the delay time between pump and
probe pulses. The pump was chopped to a half repetition rate of the probe. The difference absorption (AOD) signal was detected by
a spectrometer (AvaSpec-UL2048x64-EVO, Avantes), and the AOD spectra were calculated from a pair of consecutive probe pulses
with pump ON and OFF, respectively. The AOD detection sensitivity was better than 10~* after averaging 1,000 ON-OFF cycles. The
kinetics of the S, «<-S; excited state absorption (ESA) of all-trans Lyc diluted in toluene was taken as the instrumental response
function (IRF), which is reasonable in view of the ultrashort S;-state lifetime (~5 ps). The time resolution was about 1.43 ns as
determined from the full width at half maximum (FWHM) of the IRF.

The time-resolved AOD spectra in the temporal regime of 0~100 us were measured with a time resolution of 50 ns by using an
independent setup, and the protocol for constructing a triplet excitation profile (TEP) was described elsewhere.51%511 Briefly, the
excitation wavelength (/) was tuned systematically to cover the interested spectral region of sample absorption, and the 3Car*
kinetics were probed at the maximal ESA wavelength of 3Car*. The TEP spectra of the LHs were constructed by plotting the maximal
ESA amplitudes in the kinetic traces (typically at ~100 ns) as a function of A.,. Since the excitation pulse energy was kept constant
upon varying Ae,, a TEP can be regarded as an actinic spectrum of 3Car*, reflecting the overall relative yields of 3Car* at different A,.

The fs-TA spectrometer is described briefly below.5'? An optical parametric amplifier (TOPAS-Prime, Light Conversion Ltd., Vilnius,
Lithuania) driven by the output from a regenerative amplifier (120 fs, 792 nm, 1 kHz; Uptek Solutions Inc., NY) provided the pump
light at a desired Aex with a pulse duration of 60 fs (FWHM). The supercontinuum white-light probe was generated by focusing a small
portion of the regenerative amplifier output into with a sapphire plate (5 mm thickness). A magic angle (54.7°) was set between the
polarization of the pump and probe light. The AOD signal was collected in a shot-to-shot manner by using a fast spectrometer
equipped with a CMOS detector (Tiger-Vis-4K, Tiger Instruments), and the fs-TA spectra were corrected against group velocity
dispersion.

In the TA measurements, the sample OD was adjusted to 0.3~0.5 at A, in terms of an optical pathlength of 1 mm. The excitation
photon fluence was kept below 1x10%* photons-cm=2-pulse~, so as to minimize the unwanted nonlinear response. The steady-state
absorption spectra of the LH samples before and after measurement were compared, and no significant sample degradation was
recognized. All of the spectroscopic measurements were carried out at room temperature (295 K). Curve fitting programs were coded
on the basis of Matlab2020a (MathWorks, Natick, MA), and the freeware Glotaran$'® was used for the global analysis of the TA spectra
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S2. Structures of Bacterial Light-Harvesting Complexes (LHs)
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Figure S1. Schematic illustration of the LH structures. c: Rfl. castenholzii LH1-RC (2.86 A/3.1 A; PDB codes 8IUG/8I5P),514515 e: Tch.
tepidum LH1-RC (1.9 A; PDB code 5Y5S),55 f: Rps. palustris LH2 (2.7 A; PDB code 7ZCU),% g: Tch. tepidum LH1-only (3.11 A; PDB code
81C8),5 i: Rss. parvum 9301 LH1' (2.35 A; PDB code 8ZJW), j: Rss. parvum 9301 LH1-RC (2.65 A; PDB code 82K2),% For clarity, o,p-
polypeptides of LH and RC were omitted, and the phytol chain of BChl a was truncated. Indexes for bacterial LHs (c, ¢, f, g, i, j) are
used throughout the paper.

S3. Carotenoid Composition Analysis for LHs

Pigments were extracted from whole cells with 200 puL of acetone/methanol (7:2, v/v), and then dried in vacuo. The extract was
dissolved in 100 pL of acetone/ methanol (7:2, v/v) at room temperature, and a 2 pL aliquot of this solution was subjected to ultrahigh
performance combined phase chromatography-mass spectrometry (UPCC-MS) analysis. All manipulations were performed in the
dark. For quantitative analysis, the molar extinction coefficient at the maximal wavelength of each Car in the UPCC eluent of methanol
was assumed to be the same. UPC2-MS/MS analysis for anthocyanins was performed using an ACQUITY Ultra Performance
Supercritical Liquid Chromatograph (UPC2 I-CLASS, Waters) coupled with a Xevo™ TQ-MS triple quadrupole mass spectrometer
(Waters, Milford, USA). Chromatographic separation was performed on an ACQUITY UPLC® HSS C18 SB column (3x100 mm, 1.8 um
internal diameter) at a flow rate of 1.5 mL min~t at 40 °C. The elution solvent comprised A (CO,) and B (ethanol). A gradient elution
protocol was performed as follows: 5% B at 0 min, 10% B at 9 min, 20% B at 12 min, 5% B at 13 min, and 5% B at 15 min. MS detection
conditions were as follows: positive ion model; capillary voltage, 3 kV; cone voltage, 20 V; desolvation temperature, 400 °C; source
temperature, 150 °C; desolation gas flow, 800 L/h; collision gas flow, 0.14 mL/min; collision energy, 2 eV; scan range 380-1000 (m/z).
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Figure S2. HPLC chromatograms and corresponding UV-visible absorption spectra of the pigment extracts of the LH2 complexes
from different bacterial species. (A-1,2) a: Rbs. Spaeroides G1C, (B-1,2) b: Rbs. Spaeroides 2.4.1, (C-1,2) f: Rps. palustris, (D-1, 2) d:
Tch. tepidum. The detection wavelength was 440 nm. The Car compositions are listed in Table S1.

Table S1. Car compositions (in %) of LH2, LH1-only and LH1-RC com

plexes from various bacterial species.

Car (n.) ™ References
Index LH complex (bacterium) Neu Sph Lyc Rhp y-Car Did Anh Rhv Spi
9@ (@0 @) (1) @11) (@12) (@12) (12) (13)
a LH2 (Rba. sphaeroides G1C) >90.0 This work
b LH2 (Rba. sphaeroides 2.4.1) >90.0 This work
c LH1-RC (Rfl. castenholzii) >88.0 S16
d LH2 (Tch. tepidum) 34 261 522 126 5.8 This work
e LH1-RC (Tch. tepidum) >90.0 S17
f LH2 (Rps. palustris) 214 304 42.9 4.5 0.9 0.01 This work
g LH1-only (Tch. tepidum) 1.4 4.4 0.7 37.7 6.4 49.4 S7
h LH1-RC (Rsp. rubrum) >90.0 S18
i LH1' (Rss. parvum 9301) >90.0 (*9 S19
j LH1-RC (Rss. parvum 9301) >90.0 (*9 S19

*

(

anhydrorhodovibrin; Rhv, rhodovibrin; Spi, spirilloxanthin.
**¥)Determined from intraplasmic membrane (ICM) fragments.
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S4. Additional Steady-State Spectra of LHs
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Figure S3. Steady-state optical spectra of LH2 and LH1-RC complexes at room temperature. (A) Ground-state absorption spectra
normalized at Q, maxima. (B) Raman spectra normalized at v; maxima. The following indexes for bacterial LHs are used throughout
the paper. f: Rps. palustris LH2; g: Tch. tepidum LH1-only; h: Rsp. rubrum LH1-RC; i: Rss. parvum 9301 LH1'; j: Rss. parvum 9301 LH1-
RC. See Figure 2 of the main text for the steady-state spectra of the other LH2 and LH1-RC complexes (a—e).

S5. Additional ns-TA Spectra of LHs within 150 ns
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Figure S4. ns-TA spectra of LHs at selected delay times (At). (A) f: Rps. palustris LH2, (B) g: Tch. tepidum LH1-only, (C) h: Rsp. rubrum

LH1-RC, (D) i: Rss. parvum 9301 LH1’, (E) j: Rss. parvum 9301 LH1-RC. Indexes (f—j) are used though out the paper. See Figure 3 for the
ns-TA spectra for the other bacterial LHs (a—e).
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S6. Near-Infrared Fluorescence Kinetics of LHs.
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Figure S5. Fluorescence decay kinetics of the bacterial LHs at room temperature. The kinetics were probed at (A, B) 860 nm for Rba.
sphaeroides G1C LH2 (a) and Rba. sphaeroides 2.4.1 LH2 (b), (C) 875 nm for Tch. tepidum LH2 (d), (D) 870 nm for Rps. palustris LH2
(f), and (E) 930 nm for Tch. tepidum LH1-only (g). Instrumental response functions (IRFs) are shown for reference. Solid lines in red
are fitting curves derived on the basis of a mono-exponential model function, and the fitting goodness (#?) and fluorescence lifetime
(7¢) are indicated in each panel. The kinetic traces were recorded on an FLS 980 spectrometer (Edinburgh Instruments, UK) equipped
with a time-correlated single-photon counting (TCSPC) module. The photomultiplier tube (PMT) detector was R5509-73 (Hamamatsu
Photonics, K. K., Japan). The maximal ODq, of a sample was ~0.04. The excitation wavelength was 475 nm (60 ps, 20 MHz). LH indexes

(a, b, d, f, g) are used throu

ghout the paper.
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S7. Time-Resolved Car(T,¢T;) Absorption Spectra in 0-100 ps
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Figure S6. Time-resolved absorption spectra at representative delay time (At) for the LHs under anaerobic condition. (A) a: Rba.
sphaeroides G1C LH2, (B) b: Rba. sphaeroides 2.4.1 LH2, (C) c: Rfl. castenholzii LH1-RC, (D) d: Tch. tepidum LH2, (E) e: Tch. tepidum
LH1-RC, (F) f: Rps. palustris LH2, (G) g: Tch. tepidum LH1-only, (H) h: Rsp. rubrum LH1-RC, (1) i: Rss. parvum 9301 LH1', (J) j: Rss. parvum
9301 LH1-RC. The excitation wavelength was 532 nm except in the case of Rfl. castenholzii LH1-RC where it was 500 nm. The indexes

(a—j) are used throughout the paper.
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Figure S7. Car triplet excited state properties. (A) Plot of the Car(T,<T,) transition energy of the LHs against 1/(2n...+1). The
transition energy were converted from the Car(T,4T;) absorption maximal wavelengths as determined from the corresponding
datasets in Figure S6. The solid line represents the fitting curve as described by the relation, Ex(T,4T;) = 12.18 + 140.51%(1/(2n-+1).
(B) 3Car* decay kinetics plotted at the Car(T,<T,) absorption maxima from the corresponding datasets of Figure S6. The lifetimes (t7)
of 3Car* were derived from the kinetic traces via exponential curve fitting. (C) Semilogarithmic plot of tr against 1/(2n.+1). The solid
line represents the fitting curve, Inzr = —1.45 + 69.15%(1/(2n.-c + 1). Indexes (a—j) are used throughout the paper. a: Rba. sphaeroides
G1C LH2; b: Rba. sphaeroides 2.4.1 LH2; c: Rfl. castenholzii LH1-RC; d: Tch. tepidum LH2; e: Tch. tepidum LH1-RC; f: Rps. palustris LH2;
g: Tch. tepidum LH1-only; h: Rsp. rubrum LH1-RC; i: Rss. parvum 9301 LH1'; j: Rss. parvum 9301 LH1-RC.

S8. ns-TA Kinetics Traces of LHs within 150 ns
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Figure S8. ns-TA kinetic traces for the LHs at the indicated probe wavelengths as plotted from the corresponding datasets of Figure
S4. (A) f: Rps. palustris LH2, (B) g: Tch. tepidum LH1-only, (C) h: Rsp. rubrum LH1-RC, (D) i: Rss. parvum 9301 LH1'. Insets show the
details in the initial 6 ns. See Figure 4 for the kinetic traces of the other bacterial LHs (a—e, j). Indexes for the bacterial LHs (f—i) are
used throughout the paper.

S7



S9. Kinetics Parameters Derived from Curve Fitting of the ns-TA Kinetics within 150 ns

Table S2. Kinetics parameters derived by simultaneously fitting the kinetic traces at the indicated probing wavelengths A (cf.
Figure 4 (a—e, j) of the main text and Figure S8 (f—i)) to a multiexponential model function.*) The rise components in form of
1-exp(-t/1) are indicated with ‘' in parentheses, the decay components are in form of exp(-t/t), A; presents the preexponential
factors, and t; associated with the 1—exp(-t/t) components are regarded with the TET time constant (with Car as an energy
acceptor).

Sample A, (nm) 441 (%) 7 (ns) A, (%) 7 (ns) 4; (%) 7 () 2, %) o
a iéé _110000 1.82+0.07 _110000(3) 19.45+0.16
b 2;38 floooo 1.85+0.09 _110000(8) 16.52+0.15
c 2;8 _7771'%8) 0.27 £0.04 _i'(iB 0.04 +0.00 _223;6((?) 13.69 +3.44 _9839'_52 474 (ps)
d igg Ejff)((rr)) 0.17£0.00 5444.14 0.33+0.03 f:éi((rr)) 3.34+0.34 f555‘?6 3.32 (us)
e i;ﬁ _85"59((?) 0.11+0.00 _4422‘.39 0.16+0.01 i;? g % 2.85+0.02 _5577‘.71 2.93 (us)
U igg _7754?7(8) 0.02 +0.00 _117:7 0.27 +0.03 _2;;3((% 3.85+0.23 _8823‘,?3 3.72 (ps)
9 i;g _55955((?) 0.09 +0.00 _1131'1 0.15 +0.07 fffs((rr)) 2424021 _886;2 3.10 (ps)
p e Bell awso B oxsam BAD amiem B0 200w
i e f;i‘o((?) 0225000 0 oagi00 ffﬂ% 159+ 0.05 _Zzofé((rr)) 31.2( x )1.05
J i;g ffgg((rr)) 0.29 £ 0.07 _110000 048 + 0.10 _1;2%5((?] 1804009 _3292.;'27(3) 51.5; r:_; )2.53

“Model functions:

For a, b: AOD(t) = A;-exp(-t/t1) + Az (1-exp(-t/T;));

For c—h: AOD(t) = Ay-(1—exp(-t/T1) + Az-exp(-t/12) + As-(1—exp(-t/13) + As-exp(-t/T4);
Fori,j: AOD(t) = Ay-(1-exp(-t/t1) + Ay-exp(-t/T;) + As-(1—-exp(-t/t3) + Ay (1—-exp(-t/T4).

$10. BChl-Car Distances in LHs

C LH1-RC Rfl. castenholzii € LH1-RC Tch. tepidum

f LH2 Rps. palustris

Figure S9. Comparison of the closest edge-to-edge distances between the conjugated backbones of Car and BChl. c: Rfl. castenholzii
LH1-RC (PDB code, 81UG/8J5P, 2.86 A/3.1 A),514:515 e: Tch. tepidum LH1-RC (PDB code, 5Y5S, 1.9 A),S f: Rps. palustris LH2 (PDB code,
72CU, 2.7 A),54 g: Tch. tepidum LH1-only (PDB code, 8JC8, 3.11 A),57 i: Rss. parvum 9301 LH1’ (2.35 A; PDB code 8ZJW),? j: Rss. parvum
930! LH1-RC (2.65 A; PDB code 87K2).5°
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S11. Time-Evolution Profiles Derived from Global Analysis
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Figure S10. Temporal evolution profiles of Tch. tepidum LH1-RC (e). These kinetic results, under excitation wavelengths (1,) of (A)
532 nmand (B) 910 nm, were derived by global fitting the fs-TA spectral datasets as shown in Figure 6A,B in the main text. See Figure
6C,D in the main text for the respective kinetics models used in target analysis, and for the species associated spectra (SASs).

$12. Conjugation-Length Dependent Car-to-BChl SET Efficiency
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Figure S11. Plot of the overall efficiency of Car-to-BChl SET (#ser) against Car conjugation length (n..). The statistics of 7ser was based

on the reported values (Table S3).

Table S3. List of literature-reported overall Car-to-BChl SET efficiency (#ser) for the LHs from various bacterial species binding Cars
with conjugation length (n..) varying from 9 to 13.

Carotenoid (n.-.)

LHs of Bacterial Species (index)

7ser (%) Ref

Neurosporene (9)

LH2 of Rhodobacter sphaeroides G1C (a)

88520/ 92521’ 88522' 91523’ 94524’ 87525

Spheroidene (10)

LH2 of Rhodobacter sphaeroides 2.4.1 (b)

84520’ 89521, 83522' 93523, 82524

yCar (11) LH1-RC of Roseiflexus castenholzii (c) 58516
Lycopene (11) . 64526
Rhodopin (11) LH2 of Rhodobacter sphaeroides G1C 6252
multi-compositional Cars (11-13) LH2 of Rhodopseudomonas palustris (f) 23-265%,

multi-compositional Cars (11-13)

LH2 of Thermochromatium tepidum (d)

30527’ 26528‘

Spirilloxanthin (13)

LH1-RC of Thermochromatium tepidum (e)

23529' 20830
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