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Abstract

A theoretical model of the far-red-light-adapted photosystem I (PSI) reaction center (RC)
complex of a cyanobacterium, Acaryochloris marina (AmPSI), was constructed based on the
exciton theory and the recently identified molecular structure of AmPSI by Hamaguchi et al
(Nat. commun., 2021, 12, 1-10.). A. marina performs photosynthesis under the visible to
far-red light (400-750 nm), which is absorbed by chlorophyll d (Chl-d). It is in contrast to the
situation of all the other oxygenic photosynthesis of cyanobacteria and plants, which contains
chlorophyll a (Chl-a) that absorbs only 400-700 nm visible light. AmPSI contains 70 Chl-d,
1 Chl-d’, 2 pheophytin a (Pheo-a), and 12 carotenoids in the currently available structure.
A special pair of Chl-d/Chl-d’ acts as the electron donor (P740) and two Pheo-a act as the
primary electron acceptor, Ag as the counterparts of P700 and Chl-a, respectively, of Chl-
a-type PSI’s. The exciton Hamiltonian of AmPSI was constructed considering the excitonic
coupling strength and site energy shift of individual pigments using the Poisson-TrESP (P-
TrESP) and charge density coupling (CDC) methods. The model was constructed to fit the
experimentally measured spectra of absorption and circular dichroism (CD) spectra during
downhill/uphill excitation energy transfer processes. The constructed theoretical model of
AmPSI was further compared with the Chl-a-type PSI of Thermosynechococcus elongatus
(TePSI), which contains only Chl-a and Chl-a’. The functional properties of AmPSI and
TePSI were further examined by the in silico exchange of Chl-d by Chl-a in the models.

INTRODUCTION

Oxygen-evolving photosynthesis in cyanobacteria and plants converts the solar energy into chemical
energy and fixes CO, to sugars. The absorption of a photon of 400-700 nm visible light excites one of
the antenna pigments, and the electronic excitation energy is subsequently transferred to the major
pigment chlorophyll a (Chl-a) and to the special pair of Chl-a on the edge and center, respectively,
in the photosystem I or IT (PSI or PSII) reaction center (RC) complex. The physical properties and
spatial arrangements of the pigments in the antenna/RC complexes seem to optimize the efficiencies
of excitation energy transfer (EET) and electron transfer (ET)." Extensive experimental /theoretical
studies of the elementary processes in RCs have revealed optimization mechanisms under diverse
natural environments.*™,

PSI?™ and PSII® work sequentially in oxygenic photosynthesis.?” Both PSI and PSII have been
known to use Chl-a as the major pigment that absorbs 400-700 nm visible light. This is in contrast
to the type-I and type-II RCs of anoxygenic photosynthetic bacteria, which use bacteriochlorophylls
(BChl) to absorb 400-900-nm visible and far-red light. Therefore, it has been assumed that a higher
photon energy of visible light is indispensable for the oxygenic photosynthesis.

A marine cyanobacterium, Acaryochloris marina (A. marina), and a few other species in this
family were found to use a new type of pigment Chl-d, that absorbs 400-750-nm light in the oxygenic
photosynthesis.?® Chl-d was shown to play an essential role in the photoreaction,? % although A.
marina contained a small content of Chl-a (about 5%) in addition to Chl-d. Chl-d in A. marina
can harness far-red light with a photon energy lower than that of visible light, and drives similar
photoreactions in both PSI and PSII. Chl-d has a Q, absorption peak at ~697 nm in methanol,
which is ~30 nm longer than the 665.2 nm Q, peak of Chl-a, and produces ~80 mV (10%) lower
excitation energy. The mechanisms of the photochemical reactions occurring in PSI and PSII of
A. marina (AmPSI and AmPSII), which produce outputs of chemical energy similar to those of
Chl-a-based PSI and PSII, respectively, are not yet fully determined. Purified AmPSI had a protein
subunit composition similar to that of Chl-a-based PSI.?#5%" The three-dimensional structure of
AmPSI has been clarified recently® at a high-resolution of 2.6 A by cryo-electron microscopy (cryo-
EM), as shown in Figure 0. It revealed 70 Chl-d, 1 Chl-d’, 2 Pheo-a, and 12 carotenoids bound to
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Figure 1: Superposition of pigment arrangements of AmPSI (transparent multicolored) with those of
TePSI (transparent grey). Pigment colors indicate the ligand amino acid residues and lipids: green,
His; brown, probable water molecule; red, Asp; blue, Gln; magenta, Glu; cyan, phosphatidylglyc-
erol. The dashed black line shows a region where the arrangement of pigments differs from that
in TePSI because of the difference in the amino acid residues in the corresponding regions in the
subunits Psa27 (Psal) and PsaL. The dashed blue line shows the disordered region of A. marina
PsaB. Pigments identified in AmPSI are numbered.

11 protein subunits that are very similar to those in the other PSI as typically seen in the PSI of
a cyanobacterium Thermosynechococcus elongatus (TePSI) that binds 95 Chl-a, 1 Chl-a/, and 22
[p-caroten. The currently available structures of AmPSI, however, still seem to lack some pigments
as described in Discussion section. Therefore, pigment usage in AmPSI is different from that in
other type I RCs.

To date, several structures of type I RCs have been determined for the Chl-a-using PSI in higher
plants,? 5% green algae,*" red algae,* diatoms,* cyanobacteria, ™% including PSI with a low
content of Chl-f,™855% and for the type I RCs of BChl-g-using anoxygenic bacterium Heliobac-
terium modesticaldum,™ and BChl-a-using green sulfur bacterium Chlorobaculum tepidum.*™ All
PSI structures, including Chl-f-carrying one™5%5% except for AmPSI, have Chl-a as the major
antenna and the electron transfer components as a Chl-a/Chl-a’ couple, i.e., P700, and Chl-a as
Ay. The type-1 RC of H. modesticaldum has BChl-g as the major antenna, with BChl-g/BChl-¢" as
P800 and 8'-OH-Chl-a as Ag.*™ The type-I RC of C. tepidum has BChl-a as the major antenna, with
BChl-a/BChl-a’ as P840 and 8'-OH-Chl-a as Ay."™” All of them, thus, use Chl-a-type Ag. In our
recent study of AmPSI structure,” P740 was identified as a special pair of Chl-d/Chl-d’, in contrast
to the Chl-a/Chl-a’ pair (P700) in the Chl-a-based PSI.?” P740 was named after its 740-nm peak of
light (oxidation)-induced difference absorption spectrum in analogy to P700.?* The redox potential
of P740 was found to be similar to that reported for P700.?%%%%% The primary electron acceptor
Ay in AmPSI, however, was identified as pheophytin a (Pheo-a), in contrast to all the other type-I
RCs, which use Chl-a type pigments as Ag. P740 gives the longest wavelength absorption band
among all the Chl-d molecules in AmPSI. It makes a contrast to the majority of Chl-a-type PSI,
in which a small portion of antenna Chl-a molecules that are known as "red-Chls” give absorption
peaks at wavelengths longer than 700 nm and work for the "uphill” excitation energy transfer to



P700. The functional mechanism of AmPSI, thus, is interesting.

Recent studies revealed another new type of PSI that uses Chl-f, which shows a Q, absorp-
tion peak at approximately 720-750 nm, to capture far-red light in a variety of cyanobacterial
species.®™ ™ Chl-f, however, is produced in amounts less than 10% of the total Chl-a in PSI
(PSI in Halomicronema hongdechloris contains 7 Chl-f and 83 Chl-a™) only after growth under
far-red light.**" The locations of Chl-fs in PSI of some species, identified by cryo-EM analyses,
indicated that Chl-f functions as the peripheral antennae and neither the special pair nor the
primary electron acceptor.™5 Studies on high-resolution structures®™ and ultrafast spectroscopy™
have revealed the function of Chl-f in the light-harvesting system in PSI. The roles of Chl-f (and
also Chl-d) in PSII are not fully clear yet due to the lack of structural information.%" Tt has
been known that Chl-f is produced only during the growth under far-red light in a wide variety of
species of cyanobacteria. ™8E8282895T Thig clearly contrasts with the case of Chl-d in A. marina,
which consistently produces Chl-d both under white and far-red light as the major pigment in PSI
and PSII. The usage of Pheo-a as Ay in A. marina PSI resembles that in type I RCs, namely PSII
and bacterial type II RCs, which use Pheo-a and bacteriopheophytin a, respectively, as the primary
electron acceptors. The Chl-d-driven PSI system that can use photons of low-energy far-red light
is unique. Therefore, the photoreaction mechanism in AmPSI is interesting.

Recent structural studies of the type-I RCs have progressed the theoretical and computational
studies of the light-harvesting and electron-transfer processes on the RCig. 2% 54,86-59,810,87,6263
Adolphs et al.® reproduced the absorption, circular dichroism (CD) and linear dichroism (LD)
spectra of TePSI with a high accuracy using the Poisson TrESP (P-TrESP) method and charge
density coupling (CDC) method, and identified the spatial distribution of site energy shift at each
pigment location, which is essential for the EET process on Chl-a-based PSI of a cyanobacterium
TePSI. Using the same strategy, we have constructed the exciton models of natural /modified photo-
synthetic systems of PST and Heliobacterial RC (hRC) in silico and studied the structure—function
relationship. ™™™ As a result, our exciton model reproduced the absorption, CD, and decay-
associated spectra of hRC and revealed that hRC processes a funnel-like distribution of site energy,
in contrast to the non-funnel-like one in TePSI.™

In this study, we elucidate the light harvesting mechanism of AmPSI based on its structural
information and examine its functional and evolutionary differences. The P-TrESP/CDC method
was used to obtain the excitonic coupling strength and site energy shift of the exciton Hamiltonian of
AmPSI to reproduce the absorption/CD spectra. After the investigation of the physical properties
of the exciton Hamiltonian of AmPSI, we calculated the light-induced time-resolved absorption
spectra to compare the energy transfer dynamics with the experimental observations.>*>* The model
predicted the short EET time constant of the light-harvesting process and the spatial progression
of the reaction well. The model was also used to compare different AmPSI structures, which have
been reported by two groups®® with different numbers and locations of the identified Chl-d. To
carefully compare the features of AmPSI and TePSI, we re-evaluated the AmPSI structure (PDB
code: 7COY) and cryo-EM map of Hamaguchi et al., and compared its Chl-binding sites with those
in another AmPSI structure (PDB code: TDWQ) and TePSI structure. The model also allowed for
us to test virtual pigment exchanges on RCs. Using the constructed models, we virtually exchanged
all Chl-d in AmPSI including P740 into Chl-a to evaluate the parameters in exciton Hamiltonian
and the EET dynamics. The functional (evolutional) differences between the two RCs and the
diverse type-I RCs are discussed based on the results.



Method

The exciton Hamiltonian is written by

ZEX]m mH—Z VX Im)(n (1)

m#n

Here, X = Am/Te represents AmPSI/TePSI. |m) represents the localized (first)excited state of
the m-th pigment in X. Vrffn represents the excitonic coupling between the m-th and n-th pig-
ment pairs. Here, EX represents the site energy of the m-th pigment. We used the quantum
chemical/electrostatic P-TrESP and CDC methods to calculate V,X, and EZX | respectively. The
calculations were based on the cryo-EM structure (PDB code: 7COY) of AmPSI monomer. Sec-
tion S1.1 in the Supporting Information explains the preparation of the structure for the calculations
in detail. The Vgen and E® were reported in the previous papers™™ and are used in this study
too.

Section S1.2 in Supporting Information describes the P-TrESP method™"" to obtain the excitonic
coupling strength VX, in eq. M. We derived the transition ESP charges (TrESP) of the heavy
atoms of Chl-d, Chl- d’ and Pheo-a from time-dependent density functional theory with the CAM-
B3LYP functional®™ using locally modified GAMESS 2016.°® We rescaled the resultant TrESP
using the ratio of the experimental to calculated strength of the vacuum transition dipole moment
(TDM) for each pigment. We adopted 5.3 Debye for Chl-d and Chl-d’ as the strength of the TDMs
for scaling based on their experimentally obtained absorption spectra.®™®™ Similarly, we used 4.06
Debye as that of Pheo-a for scaling. For the electrostatic calculations, we used Adaptive Poisson —
Boltzmann Solver (APBS) version 1.4.2%" with an optical dielectric constant €,p; = 2. Section S1.2
in Supporting Information provides the details of the P-TrESP calculations.

The CDC method evaluates site energy value EX in eq. I as Ef* + AEX, where EJ' represents
the excitation energy of the m-th pigment in vacuum. AEX is the site energy shift caused by the
pigment—protein interactions in the X RC and is approximated as:

%66

v 1 i i Ag™ e
AE1m = - m dy (2)
Ceft 51 721 |R(1 ) - Rf]bg)|
Agi™ = g™ (1,1) — ¢"™(0,0), (3)

where q§m)(0, 0) and qgm)(l, 1) in eq. B are the restricted ESP (RESP) charges on the I-th atom of the
m-th pigment in the ground and first excited states, respectively. Rgm) represents the I-th atomic
coordinate of the m-th pigment. ngg ) represents the RESP charge of the J-th background atom. We
derived ¢\™(0,0) and ¢™(1,1) for Chl-d, Chl-d’, and Pheo-a using (TD-)CAM-B3LYP/6-31G(d,p)
calculations with the range-separated parameter of w = 0.14" with the Q-CHEM 5.2 program of
the suite.™ q(Jbg) in eq. @ is derived from the AMBER ff14SB force field®™ for protein and quantum
chemical calculations of the cofactors. The details of the CDC calculations are given in Section
S1.3 of Supporting Information.

We calculated the exciton states in AmPSI by solving the eigenvalue problem with HA™ as
follows: H e‘;m\IfV = F,V¥, where F, is the eigenvalue of the v-th exciton state, and its exciton state
U, is expressed as the following eigenvector: ¥, = (Cl ... .C™ ... CN)! where C"™ denotes the
probabilistic amplitude at the m-th site in the r-th exciton state at the m-th site. The inverse
of the participation ratio N, = (3, |C|*)~* can be used to estimate the pigment number of the
delocalization in the exciton state v.

The absorption, CD, and transient absorption difference spectra are, expressed as follows, respec-



tively:

B)x B 12Dy (B), o
CD(E) EZ Z Cl O - (m X pn) Dy (E), (5)
AA(E,t) x =B ||’ pu(t) Dy (E). (6)

In eq. B, we neglected the bleaching of absorption bands of ground state and the appearance of
excited state bands to highlight the dynamics of excitation process, although the experimentally
available transient absorption spectra include the bleaching of ground state, fluorescence emission,
and the appearance of absorption due to the transient excited state. The TDM p, for each exciton
state v in egs. A, B and B is expressed as a linear combination of the transition dipole moments g,
of the m-th pigment using site representation as follows: p, = Zgﬂ C' . The distance vector,
Tmn, 18 Obtained from the position of the Mg atom in n-th pigment to that of m-th pigment. We
define the density of the exciton state D, (F) by assuming the Markovian limit as:

D,(E) = o o Ik, (7)
S Vro? (E+E — E,)? + h2kE? /4

where k[f is the lifetime of v-th exciton state defined as k[ =37 kL. D,(E) in eq. @is averaged
over the static disorder weighted by the Gaussian distribution function of dispersion 0. We assume
that the probability of the v-th exciton state satisfies the master equation based on the Redfield

equation as follows: p,(t) = >, kl,p,(t). The Redfield rate formula®™ is expressed as:

R _or Z Q2 (Cremy?
X [J (Qvu)< (o) + 1) + J(Qu)n(Q)], (8)

where J(€2,,) in eq. B is the density of the states with exciton-phonon interactions, n(£,,) is the
Bose-Einstein distribution function, and 2, is defined as (E, — E,)/h.

An analysis was performed for the structure of the AmPSI monomer (7COY), which contains 73
pigments in total. The TDMs of all Chl-d and Chl-d" were set as 5.3 Debye and that of Pheo-a as
4.06 Debye. Note that the P-TrESP method is not applicable to short-range excitonic coupling in
P740.™ Therefore, in this study we simply set the coupling to 168.2 cm™!. The value was scaled
from the excitonic coupling strength in P800 of the hRC, considering the ratio between the TDMs
of Chl-d and BChl-g. The effective dielectric constant was set to €.y = 1.4 in the evaluation of the
site energy shift. The site energies of Chl-d (Chl-d’) and Pheo-a in a vacuum were set to E" ¢
= 700 nm and E(I)D heo=a — 666 nm respectively, to reproduce the peak positions and widths of the
experimental absorption/CD spectra. We use the function J(w) in eq. B as follows:

Jw)y= Y sl wbe @ 9)

19, 4
Sy 712w%

where the parameters are defined as s; = 0.8, s, = 0.5, hw; = 0.069 meV, and hwy = 0.24 meV."®
The width o, which represents the static disorder, was set at 160 cm™! at 5 K and 170 cm™! at
room temperature to reproduce the experimental spectra.

6
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Figure 2: (a) Pigment arrangement in AmPSI. The green lines represent the excitonic coupling
strength V,{;‘}; between the pigments. The red/blue color of the pigment represents the nega-
tive/positive site energy shift AEA™ of each pigment. The size of the Mg spheres represents the
extent of the distribution of the excitation energy in the lowest (red), 2nd (orange), 3rd (green),
and 4th (blue) exciton states. (b) Dependencies of site energy shifts on distance from the center of
P740 in AmPSI (red circles) and P700 in TePSI (blue squares).

RESULTS

Figure Pa shows the sign and value of site energy shift A EA™ for each pigment in AmPSI calculated
by eq. B, expressed in red (negative) and blue (positive). The squared value of the excitonic coupling
strength, ]Vﬁf; 2 in each pigment pair is indicated by the width of the green line. Each line
corresponds to the pair with the maximum absolute value of excitonic coupling strength between
the selected pigment and the others. The number of pigments in Figure B is given after numbering,
according to Hamaguchi et al.” The values of site energy shift AEA™ are are listed in Table [I.
The values of excitonic coupling strength V,ffél are listed in Supporting Information.

The distributions of the excited states are shown in Figure Pla by the sphere size on central
Mg atom of each pigment for the lowest (red), 2nd (orange), 3rd (green), and 4th (blue) exciton
states. The distributions of excitation energy on all the 73 exciton states are shown in the movie
in Supporting Information. In the lowest exciton state, the excitation energy was mostly located
on the 50th and 51st Chl-d. The site energy shift of the 51st Chl-d, in particular, is negatively
shifted as AEA™ = —420 cm™!; thus, it should be the most excited pigment in the lowest exciton
state. In the second and third exciton states, the 3rd, 32nd, 33rd Chl-d, and special pair P740 were
likely to be in the excited states. In the 4th and 5th exciton states, the 38th, 52nd, 53rd, and 84th
Chl-d were likely to be in the excited states. The large negative values of the site energy shift in
the model indicate high excitation distributions of the excitation on these pigments in the lower
exciton states.
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Figure 3: Absorption spectrum measured at 5K, and CD spectrum at room temperature of AmPSI
where we set artificial parameters nghl*d, Eg heo=a “and €. to 700 nm, 666 nm, and 1.4. The static
disorder o is set to 160 ecm™! at 5 K and ¢ = 170 ecm™! at 300 K. Theoretically calculated line
spectrum, absorption spectrum and CD spectrum are also shown.

Figure B shows the numerical calculations of the absorption spectrum by eq. @ of AmPSI at 5 K
and the CD spectrum at room temperature by eq. B together with the experimentally measured
ones.* The artificial parameters (Ey, e, and o) were adjusted to reproduce the experimental peak
and shoulder of the absorption/CD spectra at approximately 700 nm. The absorption strength
at longer wavelengths, for example, 730 nm, could not be reproduced well, as experienced in the
analysis of TePSI for the reproduction of Chl-a longwavelength bands.® The negative CD values,
calculated at approximately 720 nm, are larger than the measured values. A proper correction of
the parameters in exciton Hamiltonian, which contributes to these exciton states should lead to

better simulation of the absorption and CD spectra in the future.
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Figure 4: (a): Relation between the values of site energy shifts AE~X for AmPSI and TePSI. (b)
Distribution of ESP difference charges Ag; in Chl-d and Chl-a, calculated by the CDC method.

The correlation between the values of site energy shift AEX for AmPSI and TePSI obtained
using the CDC method of eq. B is shown in Figure Ba to understand their functional/evolutional
differences. Each pigment in AmPSI located at its counterpart position in TePSI is defined as shown
in Table M. Positive correlation was found between the pigments in AmPSI and TePSI regardless
of their different molecular arrangement. It is contrary to the weak correlation detected between

hRC and TePSI.™



Table 1: Site energy shift values AEX (cm™!) for AmPSI and TePSI. Asterisks on
pigment number indicate the seven Chl-d sites newly identified in Ref. b3.
represents “not applicable”.

”»

Pig# | AEA™ | AEF | AmPSI | TePSI Pig# | AEA™ | AET | AmPSI | TePSI
1[-111.125 | -50.088 | A3101 | A1011 49 | 11.745 | -101.603 | B3005 | B1203
2| 49.771 | 68.487 | B3003 | B1021 50 | -346.897 | -216.474 | B3006 | B1204
3 | -377.329 | -106.471 | B3002 | B1012 51 | -587.381 | -464.225 | B3007 | B1205
4| -237.438 | -58.755 | A3103 | A1022 52 | -390.908 | 52.571 | B3008 | B1206
5| 228.728 | 175.298 | A3102 | A1013 53 | -202.677 | -136.638 | B3009 | B1207
6 | 193.427 | 204.819 | B3004 | B1023 54 | 11.406 | 3.619 | B3010 | B1208
7| 98.584 | 106.683 | A3104 | A1101 55 — 118.662 — | B1209
8 |-238.341 | 0.45 A3105 | A1102 56 — -87.017 — | B1210
9 | -269.907 | -117.243 | A3106 | A1103 57 | 62.063 | 73.312 | B3011 | B1211
10 | -240.858 | -94.658 | A3107 | A1104 58 | -97.97 | -91.873 | B3012 | B1212
11 — -31.212 — | A1105 59 | -393.441 | 42.191 | B3013 | B1213
12 | -162.259 | -234.19 | A3108 | A1106 60 | -17.971 | 46.718 | B3014 | B1214
13 | -83.784 | 22.504 | A3109 | A1107 61 | -363.301 | -235.876 | B3015 | B1215
*14 — 103.249 — | A1108 62 — -163.933 | — | B1216
15 | -10.448 | -14.628 | A3110 | A1109 63 — -138.155 |  — | B1217
16 | 161.984 | 194.898 | A3111 | A1110 64 — -177.299 | — | B1218
“17 — -107.422 | — | Al111 65 — -263.277 |  — | B1219
*18 — -35.38 — | Al1112 66 — -222.658 |  — | B1220
19 | -167.644 | -38.749 | A3112 | A1113 67 — -398.455 |  — | B1221
20 — 18.597 — | Al114 68 | -232.483 | -114.223 | B3016 | B1222
21 | -48.388 | -132.987 | A3113 | Al115 69 | -30.007 | -27.323 | B3017 | B1223
22 | 204.148 | 174.016 | A3114 | A1116 70 | -225.76 | -48.456 | B3018 | B1224
23 | -199.906 | -175.662 | A3115 | A1117 71 | -198.102 | -203.359 | B3032 | B1225
24 | 12.443 |-158.268 | A3116 | A1118 72 | -132.401 | -192.838 | B3019 | B1226
25 | -33.596 | -125.901 | A3117 | A1119 73 — 32.816 — | B1227
*26 — -4.051 — | A1120 74 | 239.695 | 153.598 | B3020 | B1228
27 | 103.484 | -37.3 | A3118 | Al121 75 | 44.717 | -42.309 | F 201 | B1229
28 | -109.404 | -80.328 | A3140 | A1122 76 | -345.495 | -159.319 | B3021 | B1230
29 | -37.512 | -100.495 | A3119 | A1123 7 — -168.576 | — | B1231
30 | -64.293 | -16.144 | A3120 | A1124 78 — -96.274 — | B1232
31| -96.516 | 104.46 | A3121 | A1125 79 — 83.511 — | B1233
32 | -356.68 | -42.876 | A3141 | A1126 80 | -94.34 |-189.108 | B3022 | B1234
33 | -322.369 | -121.215 | A3122 | A1127 81 | -245.008 | -144.151 | B3023 | B1235
34 | -389.418 | -145.767 | A3142 | A1128 82 | -123.237 | -82.024 | B3024 | B1236
35 | 35.461 | 113.023 | A3123 | A1129 83 | 157.095 | 65.264 | A3133 | A1237
36 | 17.876 | 44.673 | A3124 | A1130 84 | -441.033 | -214.719 | B3025 | B1238
37 | 62.368 | 55.678 | A3125 | A1131 85 | 93.596 | 44.248 | B3026 | B1239
38 | -170.406 | -158.117 | A3126 | A1132 *86 — 108.035 — | F1301
39 | -101.013 | -73.395 | A3127 | A1133 87 | -131.424 | -5.509 | H 101 | J1302
40 — -20.692 — | Al1134 88 — -27.693 — | B1303
41| -26.739 | 52.458 | A3128 | A1135 89 | -70.488 | -179.221 | A3146 | K1401
42 | -232.392 | -123.931 | A3129 | A1136 90 | -82.908 | 36.978 | 1101 | A1402
43 | -106.629 | -115.656 | A3130 | A1137 91 | -19.659 | 16.922 | J 202 | L1501
44 | 58.645 |-158.916 | A3131 | A1138 92 | -112.595 | 57.841 | J 203 | L1502
45 | -131.877 | -138.776 | A3132 | A1139 93 | -87.674 | 87.733 | J204 | L1503
46 | 122.362 | 115.005 | A3143 | A1140 *94 — 212.749 — | M1601
47 | -103.555 | -6.787 | B3030 | B1201 95 — -97.361 — | X1701
48 | 42.624 | -216.98 | B3031 | B1202 96 | 16.11 | 145.564 | A3134 | A1801
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In Figure Bb, the value of the negative or positive site energy shifts AEX for each pigment was
plotted against the distance from the center of a special pair, shown as a red circle or a blue square
in AmPSI and TePSI, respectively. The distance distributions of the site energy shift are compared
between AmPSI and TePSI in Figure 2b. By fitting a straight line to the scattered points, it can
be seen that the distribution of the site energy shift is not funnel-like in AmPSI. This is similar
to the case of TePSI, although the gradient was larger in AmPSI. Some Chl-d in AmPSI had
larger negative values of site energy shifts compared to Chl-a at the corresponding locations in
TePSI. These Chl-ds point outside the standard deviation range of the fitting line in Figure 2. The
spatial distributions of excitation energy in some lower exciton states of AmPSI resemble those of
TePSI. This is due to the positive correlation between the site energy shift values in AmPSI and
TePSI. However, the present models do not reproduce the exciton states, responsible for the ’long
wavelength shifted’ states at 730 nm in AmPSI and the Red-Chl-a states in TePSI.
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Figure 5: (a): Correlation between the values of excitonic coupling between pigments on AmPSI,
calculated by P-TrESP and d-d approximation methods. (b) Distribution of transition ESP charges
in Chl-d and Chl-a

Figure B shows the correlation between the excitonic coupling strength values Vn‘iﬂ? numerically
calculated by the P-TrESP method of eq. S3 and the simpler dipole-dipole (d-d) approximation
method in AmPSI. The fitting lines to the distribution show the better correlation between the
excitonic coupling strength and the d-d approximation in AmPSI than that in TePSI. Correlation
between the excitonic coupling strengths in AmPSI calculated by TrESP method and P-TrESP
method is analyzed. As shown in Figure S1, the dielectric screening effect, which is almost equal to
inverse of e.¢, was estimated as a factor of 0.714. Therefore, the simple d-d approximation method
also gives rather reliable exciton coupling strength for Chl-d molecules in AmPSI compared to the
case of Chl-a molecules in TePSI.

The inverse of the participation ratio of the exciton states in AmPSI was also calculated (Figure S2
in Supporting Information). The largest delocalized pigment size in all the excited states amounted
to 16 % (12 pigments) of the whole system in AmPSI. The number is nearly equal to that of 16
found in hRC and is smaller than 25 found in TePSI.™
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Figure 6: Estimated transient absorption change AA(\,t) of AmPSI after 630 nm (a) and 740 nm
(b) laser pulse excitation.

Transient absorption spectra induced by 630 and 740 nm laser pulses were recorded for
AmPSIL.*5 We calculated these spectra with eq. B, as shown in Figure B. The calculation in-
dicated the spectra after the 630 nm excitation, as shown in Figure Ba. Pheo-a is excited first,
giving rise to the absorption change around 670 nm, as observed experimentally (although the
presence of Pheo-a in AmPSI was not known when the experiment was performed).*5 The excita-
tion energy transfer from the excited Pheo-a to Chl-d in the lower exciton states at approximately
710 nm was reproduced on the time scale of about 1 ps, producing a rather long-lived excited state
at 710 nm, as seen in the measurement.

DISCUSSION

Optical properties and EET mechanism in AmPSI calculated by the
exciton model

We constructed an exciton model of AmPSI, based on structure-based theoretical calculations,
using the P-TrESP/CDC methods. AmPSI is a unique RC. It uses Chl-d as the major antenna
pigment and as the special pair P740, and uses two Pheo-a as the electron acceptor Ay to perform
photoreactions using far-red light. It demonstrates a clear contrast with all the other PSI using
Chl-a as the major antenna, the special pair P700, and Ay. Therefore, the functional mechanism of
the Chl-d-using AmPSI was tested by constructing the theoretical model in this study. The model
reproduced the observed spectral bands of absorption/CD spectra around the peaks and shoulders,
as shown in Figure B. The exciton model assuming the constant site energy values (703 nm) for all
the pigments including Pheo-a gave the absorption line-spectrum plotted in Figure S3. Although
the model assuming the extremely large disorder at o = 250 cm ™! gave a bandwidth which is similar
to the experimental one as shown in Figure S3, the calculated line spectra somewhat deviated from
those of Figure B. The constant site energy model with the extremely large disorder, however,
did not fit the peak positions and bandwidths of the experimental CD spectrum correctly. Hence,
the proper estimations of excitonic coupling strengths and the site energy shifts are important for
the correct reproductions of the absorption/CD spectra. The model also reproduced the transient
spectral changes during the ultrafast EET process measured after the pulse laser excitation of
AmPSI, as shown in Figure B. The model calculation indicated the appearance of a quasi-stationary
state at approximately 1 ps at around 710 nm in the downhill EET. The predicted 710 nm peak
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interprets the quasi-stationary state measured at approximately 730 nm. It should be also noticed
that the analysis of exciton dynamics in AmPSI would be more appropriate to use a combination
of Redfield and generalized Forster theory in order to avoid an artificial delocalization of excited
states due to the dynamical disorder.®® By contrast, the current model could not reproduce the
"long wavelength Chl-d” bands at around 730 nm detected either in the absorption or the CD
spectra, and the excited state of special pair P740. The ability of the model to correctly reproduce
the long wavelength bands should be increased in refined models in the future.

It was concluded that the optical properties and exciton dynamics of the Chl-d-based AmPSI
system can be reproduced by the current theoretical model, as previously reported for TePSI.®
The two types of models qualitatively reproduced the exciton states and EET dynamics of AmPSI
and TePSI rather well, except for the longer wavelength bands. The exciton Hamiltonians and
light-harvesting mechanisms of AmPSI and TePSI are further examined below.

Difficulty in the reproduction of the long wavelength side absorption
bands

The current exciton model of AmPSI poorly reproduces the absorption band at approximately 730
nm, as shown in Figure B. The situation resembles the case reported in TePSI, in which reproduction
of the "red-Chl-a” bands with peak wavelengths longer than that of P700 was attempted by the P-
TrESP/CDC methods. Almost all the longer wavelength Chl-d peaks in AmPSI are at wavelengths
shorter than the 740-nm peak of P740, as shown in Figure B. It seems necessary of either application
of a more accurate quantum chemical calculation method to modify the exciton model, or better
structural considerations of AmPSI. The calculated absorption spectra showed intensities that were
higher and lower than those in the measured spectrum at about 710 and 730 nm, respectively.
Therefore, if we can shift the site energy values of the pigments, which contribute to the extra
intensities at around 710 nm in the model, it will better reproduce the bands above 720 nm in
the absorption and CD spectra of AmPSI. It is also noted that 50th and 51st Chl-ds are excited
in the lowest exciton state, and that Chl-d/Chl-d’ in the special pair P740 are excited in the 2nd
and 3rd lowest exciton states, as shown in the Supporting Information movie. However, these
exciton states do not contribute to the absorption intensity at 730-740 nm in the model, where
absorption change at about 740 nm is shown to be induced by the P740 oxidation.”®%" Therefore,
a more advanced quantum chemical calculation method, as well as the additional information for
the location/exciton state of individual pigments, especially for special pair of Chl-d/Chl-d’, is
required for the calculations of the exciton states of the electron transfer components in AmPSI as
treated elsewhere. The electron exchange interaction between the closely contacted pigments such
as the special pair pigments will give significant contributions to the value of site energy shifts and
excitonic couplings and will contribute to the future better calculation of the red-shifted transitions
that were not reproduced well in the current model. Although the static disorder was considered
empirically in this study, local fluctuations of the protein scaffold will also affect the CDC/P-TrESP
calculations. These effects might be more critical for the case of pigment-exchange calculations,
where the protein structure would most likely relax somehow to accommodate such fluctuations.

Evaluation of the structures proposed by the two recent Cryo-EM stud-
ies

Following the report on the 2.6 A-structure of AmPSI by Hamaguchi et al.,”® which was used in
this study, Xu et al. reported the AmPSI structure with 3.3 A resolution by cryo-EM analysis™
(PDB code: 7TDWQ). The 3.3 A-structure included 1 Chl-d’, 76 Chl-d (more Chl-d compared to the
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2.6 A—structure), 2 Pheo-a. Thus, we calculated a difference map, the F, - F, difference map, using
the cryo-EM map (two-half maps) of Hamaguchi et al.”® and carefully re-identified Chls and their
binding sites. This procedure added 7 more Chl-d positions to the former 2.6 A-structure, as shown
in Figure S4, although some more Chl-d molecules seem to be still missing even in this analysis. It
is, however, difficult to calculate site energy shift and excitonic coupling for these 7 Chl-d molecules
by CDC/P-TrEPS methods because of the lack of information for the precise structure of protein
moiety due to the low resolutions.

We then estimated the values of site energy shifts for the newly identified seven Chl-d, which are
comparable to the Chl-a molecules situated at corresponding positions in TePSI. Asterisks have
been added to their pigment numbers in Table M. The newly identified Chl-d sites have rather
low absolute values of the site energy shift so that they do not seem to correspond to the sites
of long wavelength Chl-d or the red-Chl-a sites in TePSI. On the other hand, the large negative
site energy shifts of the 62nd-67th Chl-a in TePSI distribute their excitations in the 2nd exciton
state in TePSI, as shown in Figure Sbb. However, these Chl-a sites have no counterparts among
the new Chl-d sites. Hence, the exciton Hamiltonian that includes the excited states of the newly
identified 7 Chl-d should increase the absorption intensity around the 700-nm peak, and do not
seem to contribute to the absorption band at 730 nm in AmPSI at present.

It is interesting that both the two 2.6 and 3.3 A cryo-EM structures indicated Ay as Pheo-a because
they lacked the Mg?*-derived map density. The conclusion was also supported by the chemical
analysis of the extracted pigments in the report of 2.6 A structure.” It has long been known that
the chemical identities of the primary electron acceptor Ag in type-I RCs (PSI, heliobacterial, and
green sulfur bacterial RCs) are Chl-a species until the determination in the AmPSI structure. ?*%#2
The ET mechanism in AmPSI should be different from the other type-I RCs. Thus, it is necessary
to analyze the ET mechanism in AmPSI that uses Pheo-a instead of Chl-a as Ay. Theoretical
estimations of the values of the oxidation-reduction potential of the special pair (P740), Ay (Pheo-
a), and A; (phylloquinone) are currently underway based on the present model.

In all the other PSI, S-carotene, but not a-carotene, is used. It is another mystery in the EET
mechanism of AmPSI since the first report of PSI purification by Hu et al.,”* who chemically
identified a-carotene in purified AmPSI. Hamaguchi et al. analyzed the arrangement of identified
carotenoids together with the protein structure around them in AmPSI, focusing particularly on
the ring (« or €) of Car4007 and the 38th, 52nd, and 53rd Chl-d because the protein structure sur-
rounding them are slightly different from the corresponding one in TePSI. Xu et al. did not describe
the details of the structural identification of a-carotene (different - and e-rings of carotenoids).
The features of the EET around Car4007 and Chl-d molecules in AmPSI are also very interesting.

Car4007 has been shown to contribute significantly to the site energy shift of the 53rd Chl-d,
AES™ by the component decomposition analysis in this study. The 53rd Chl-d participates in the
4th and 5th lowest exciton states. It is also found that Car4007 contributes to the site energy shift
of 53rd Chl-d in the top 20 of all 2185 molecules in the component decomposition analysis. The
top 20 molecules are located on the His95 side, as shown in Figure S6 in Supporting Information.
There are a few components (amino acid residues) on the other side, except for Car4007, which
contributes to the site energy shift of the 53rd Chl-d. This high contribution may be due to the
steric hindrance caused by this carotenoid, which has an electrostatic interaction with the 53rd
Chl-d weaker than His95. The study of the EET dynamics from carotenoids to Chl-d in lower
exciton states may further reveal the functional roles of carotenoids in AmPSI and TePSI in future.
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Analysis of ”Chl-a-containing AmPSI” produced by the virtual in-silico
pigment exchange

The excitonic coupling strengths of Chl-d molecules in AmPSI, calculated using the P-TrESP
method of eq. S3, show a positive correlation with those calculated using the simple d-d approx-
imation method, as shown in Figure Ha. It is slightly different from the observation in TePSI,
indicating that the distribution of the TrESP charge in Chl-d can be expressed well by the transi-
tion dipole in the Q, direction in contrast to that in Chl-a. Figure Bb compares the distributions
of transition ESP charges in Chl-d and Chl-a, where Tables S4 — S6 in the Supporting Information
list the scaled TrESP charges for Chl-d, Chl-d’, and Pheo-a, respectively. The charge on carbon
C4C in Chl-d is clearly more positive than that in Chl-a. This indicates that the excitonic coupling
between Chl-a molecules is affected more strongly by the charge distributions in the Q, direction
compared to that between Chl-d molecules. It interprets that even the approximation by the simple
d-d method yielded reasonable results in AmPSI. The distributions of ESP difference charges in
Chl-d and Chl-a structures are also shown in Figure @b, where Tables S1 — S3 in the Supporting
Information list the Ag; for Chl-d, Chl-d’, and Pheo-a, respectively. The charge on the carbon CHC
in Chl-d is more negative than that in Chl-a due to the more symmetrical charge distribution along
the Q, axis. This indicates that the site energy shifts of Chl-a molecules are more affected by the
charge distributions along the Q, direction than those of Chl-d molecules. This induces different
site energy shifts between Chl-a and Chl-d, even in similar protein environments of AmPSI and
TePSI, as shown in Figure Bb.

We then studied the effects of virtual exchange of Chl-d by Chl-a on the excitonic coupling
strength, site energy shift, and exciton dynamics in AmPSI. We replaced the formyl group on Chl-d
with a vinyl group first, and then the two carbons and a hydrogen in the vinyl group in the resultant
Chl-a were structurally optimized. After the pigment exchange and structure optimization, all
the parameters in the exciton Hamiltonian of eq. I were numerically recalculated using the P-
TrESP/CDC methods. The absolute values of the excitonic coupling strength and site energy shift
obtained after the pigment exchange were not significantly different, indicating that each Chl-d in
AmPSI can be changed to Chl-a in silico without significant steric hindrance. We then compared
the Hamiltonian of Chl-a introduced AmPSI, designated as AmPSI(Chl-a) hereafter, with that of
native AmPSI or native TePSI.
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Figure 7: (a): Correlation between the values of excitonic coupling strength calculated by P-TrESP
and d-d approximation methods in TePSI, AmPSI, and AmPSI(Chl-a). (b) Relationship between
the site energy shift and the distance from the center of the special pair in TePSI, AmPSI, and
AmPSI(Chl-a). (c¢) Transient difference absorption spectrum of AmPSI(Chl-a).

The correlation between the values of the excitonic coupling strength calculated by the d-d ap-
proximation and the P-TrESP methods in the Chl-d- and Chl-a-containing AmPSI’s is evaluated,
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as shown in Figure [Ma. The correlations with the fitting line were 0.964, 0.996, and 0.915 for
AmPSI(Chl-a), native Chl-d-containing AmPSI, and native Chl-a-containing TePSI, respectively.
The high correlations indicate that Chl-a can replace Chl-d in AmPSI without significant problems
on the functional properties and that the calculation by the d-d approximation method was less
reliable for the Chl-a containing AmPSI compared to that for (native) Chl-d containing AmPSI.
This is due to the different distributions of the transition ESP charges on Chl-a and Chl-d. The
different physical properties of the pigments result in different excitonic couplings. The virtu-
ally produced “Chl-a-introduced AmPSI” thus produced the physical property closer to the native
(Chl-a containing) TePSI than to the “native Chl-d-containing AmPSI”

Figure [b shows the relation between the site energy shifts and the distance from the special pair
in the TePSI, AmPSI, and AmPSI(Chl-a). Although some pigments showed significantly different
values or inverted signs of site energy shift, suggesting variations in interactions with their protein
environments, the whole relationship is almost similar to that of native TePSI. The correlation
between the site energy shifts in AmPSI(Chl-d) and AmPSI(Chl-a) calculated by CDC method was
also analyzed. As shown in Figure S7, there is a positive correlation between them. It indicated
positive correlations between the site energies of individual pigments in AmPSI(Chl-a) and their
counterparts in TePSI. It is, therefore, concluded that the Chl-d to Chl-a exchange modified the
parameters of the exciton Hamiltonian of AmPSI to be closer to the Chl-a-containing (native)
TePSI rather than to the Chl-d-containing (native) AmPSI.

We found that Chl-a-containing AmPSI has a distribution of exciton states similar to that of
native TePSI, as shown in Figure S4. This is because of the significant changes in the negative site
energy shifts and the rescaling of the excitonic coupling strength caused by the pigment exchange
from Chl-d (with a transition dipole moment of 5.8 Debye) to Chl-a (4.8 Debye). The lower
exciton states in AmPSI(Chl-a) are distributed closer to the main absorption peak because of the
smaller absolute value of the negative site energy shift than that of AmPSI. The line absorption
spectrum of AmPSI(Chl-a) resembles that of TePSI, as shown in Figure S4, because the widths
of the stronger excitonic bands are qualitatively proportional to the strengths of the excitonic
coupling. Consequently, we found that the electrostatic interactions between pigment charges and
protein environments in AmPSI are almost similar to those in TePSI.

Analysis of EET dynamics in AmPSI containing Chl-a or Chl-d

Transient difference absorption spectra induced by the 630 nm pulse excitation are calculated for
AmPSI(Chl-a), as shown in Figure [c. In this analysis, the site energy values of Pheo-a was adjusted
to yield a peak at 666 nm to fit the experimental spectrum. The 630 nm laser pulse, then, excites
Pheo-a mainly and induces a fast decrease in absorption at 670 nm. The Chl-d to Chl-a exchange
in AmPSI shifts the peak of the quasi-stationary exciton state to the shorter wavelengths and
decreases the exciton band gap by approximately 20 nm (= 400 cm™'). This accelerates exciton
relaxation to result in a short transition time. Then, the EET from Pheo-a* to the exciton states
at approximately 690 nm of Chl-a occurred faster in less than 0.1 ps. The site energy values in
vacuum were used for Chl-d (ES™~? = 700 nm) and Chl-a (E™% = 680 nm), so that the different
molecular properties of Chl-a and Chl-d are the main source of this faster downhill EET from the
excited Pheo-a to the quasi-stationary exciton state in the Chl-a-containing AmPSI. Chl-a appears
to properly bind to the Chl-d binding sites in AmPSI judging from the similar site energy shift
values (energy required to exchange each Chl-d by Chl-a in the protein electrostatic environments
in AmPSI). This is probably due to the functional and evolutionary close relationship between the
protein structures and pigment arrangements between AmPSI and TePSI. It is surprising that the
structures of these RCs are optimized to efficiently harvest photon energy, even in different light
environments. It shows that the differences between physical properties of Chl-d and Chl-a alter
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the quality of photon absorption with rather small effects on the total EET efficiency.

CONCLUSION

The exciton model for the far-red light adapted AmPSI was constructed using the P-TrESP/CDC
methods and the high-resolution structure of AmPSI obtained by cryo-EM analysis.” The model
enabled an analysis of the light-harvesting mechanism on AmPSI, numerically calculated the exper-
imental absorption/CD spectra of AmPSI, as well as the transient absorption spectra that reflect
the excitation energy transfer dynamics. However, it is still a little difficult to reproduce the long
wavelength absorption bands around 730 nm correctly by the model. We then evaluated the struc-
tures proposed by two recent cryo-EM studies and newly identified 7 Chl-d-binding sites did not
seem to contribute to the long-wavelength absorption bands at around 730 nm. The electrostatic
contribution of a-carotene to the site energy shift of the Chl-d molecules in the lower exciton state
was also discussed.

The excitonic coupling strength and site energy shift were compared between the theoretical
models of AmPSI and TePSI. High correlations between the parameters of the two exciton models
are shown. Different distributions of transition ESP charges and difference ESP charges in Chl-d
and Chl-a mainly interpret the stronger exciton coupling strength between Chl-d and the larger
site energy shifts in each Chl-d in AmPSI. It interprets that the simple d-d approximation method
provides a more reliable calculation for AmPSI compared to that for TePSI.

We further changed the parameters of Chl-d to those of Chl-a in the exciton Hamiltonian of AmPSI
to perform pigment exchange in silico. Then, the virtually produced Chl-a-containing AmPSI
exhibited physical properties of the exciton Hamiltonian closer to the native Chl-a-containing TePSI
than to the native Chl-d-containing AmPSI. The contribution of the protein moiety of AmPSI to
the exciton Hamiltonian is similar to that of TePSI. Therefore, the physical properties of Chl-d and
Chl-a themselves, namely, the in situ site energy values in vacuum and the TDM strengths, are
found to mainly determine the distribution of the exciton states that control the features of the
light-harvesting mechanisms in AmPSI and TePSI.

The study indicates that the electronic feature of Chl-d is a key factor for the harvesting of far-
red light. The transition dipole strength on Chl-d that is stronger than that on Chl-a allows the
absorption of the far-red light. It also gives the stronger excitonic interaction between the pigments
and induces the longer-wavelength exciton bands. The proteins of AmPSI, which are essentially
homologous to, but somewhat different from, those of TePSI provide the proper arrangement of
Chl-d to the locations giving similar site energy shifts distribution, and supports the efficient EET.
The reactions of P740, Ay as well as the output redox powers in AmPSI will be studied elsewhere
based on the current model.

We assume that the light-harvesting mechanisms in the RCs have been optimized function-
ally /evolutionally by the selection of pigments to fit different light environments. We propose
that the adaptation of PSI to the far-red light environments was achieved mainly by the intro-
duction/production of Chl-d, into the type-I-RC protein environments, which has been optimized
evolutionally for the other chlorophylls.
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