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Abstract

The non-conservative nature of the circular dichroism (CD) spectrum of the Q,, spectral
region of the D1/D2/Cytbsso reaction center complexes of photosystem II is investigated.

Our theory, in addition to the usual excitonic couplings between the Q,, transitions of the
chlorophyll and pheophytin pigments, takes into account the coupling of the Q,, with the
higher-energy By, B, and N, ,,, transitions of these pigments and with S5 — S, transitions of
the two 3-carotene pigments close to the reaction center. The higher-energy transitions are
parameterized by quantum chemical calculations and an analysis of the experimental
oscillator strength of the isolated pigments. The excitonic couplings between pigments are
obtained with the Poisson-TrEsp method. The coupling between exciton and charge transfer
states in the central Ppi-Pp2 dimer is implicitly taken into account by a scaling factor of the
excitonic coupling. The observed non-conservativity of the Q,, CD spectrum can be
qualitatively understood by the above described mixing of Q,, and higher-energy transitions.
The analysis suggests that the non-conservativity may be enhanced by coupling to charge
transfer states. We expect that the present study will stimulate explicit microscopic studies of
the charge transfer states in the reaction center of photosystem II.
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1. Introduction

A very attractive feature of circular dichroism (CD) spectra of molecular aggregates in
general and photosynthetic pigment-protein complexes (PPCs) in particular is that these
spectra are often dominated by the chirality of the exciton wavefunction rather than by the
chirality of the pigments themselves. The planar chlorin pigments of photosynthesis in
general have a very small intrinsic rotational strength; but, because of the partial
delocalization of the excited states over different pigments, the exciton states gain the
significant rotational strength that is displayed in the CD spectrum. This feature makes the
CD spectrum particularly sensitive to the relative orientations and distances between

chromophores within a PPC.

The PPC structure determines the mutual orientation of the transition dipole moments of the
pigments entering the rotational strength of exciton states explicitly (see below), whereas the
molecular structure determines the local excitation energies of the pigments, termed site
energies [1]. These factors combine to influence the delocalization of the exciton states and
thereby their rotational strength. Therefore, CD spectra provide valuable data for the

evaluation of exciton Hamiltonians of PPCs [2].

If two optical transitions on different pigments occur at very different energies, their quantum
mechanical mixing, and hence the influence of their coupling on the CD spectra, will be
small. For this reason, to a good approximation, the low energy region of the CD spectrum of
PPCs can often be described well by considering the Qy transitions of the chlorin pigments
and their mutual couplings alone. A good check of the limitations of such a description is to
take the integral over the low energy region of the CD spectrum. If this integral is zero, the
spectrum is termed conservative and it can be assumed that neither the intrinsic CD of the
pigments nor the excitonic coupling between Qy and high-energy transitions has a

contribution in the low energy region.

There are, however, cases where the regions of positive and negative CD are not equal, and
the spectrum becomes non-conservative. We have recently presented an extension of the
standard model and explained the strongly negative integral over the Qy CD spectrum of the
CP29 complex of higher plants, by taking into account the coupling between Qy and high-
energy transitions of the pigments [3]. Another example of a complex with a strongly non-
conservative low-energy CD spectrum is the D1/D2/Cytbsso reaction center complex of

photosystem II of higher plants [4, 5], shown in Fig. 1.
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Fig. 1: Upper part: Structure of the D1/D2/Cytbsso complex based on the data by Kern et al.
[5] and visualized using VMD [6]. The protein backbone corresponds to D1, D2, Cytbsso,
and Psbl. Chl a pigments are shown in green, Pheo a pigments in blue, [-carotene in yellow,
and the Cytbsso heme in red. Also shown are the redox-active tyrosines Tyrz and Tyrp as well
as the Mn4CaO:s cluster and the quinones Q4 and Qg (surrounding the none-heme iron Fe
with bound bicarbonate), which are missing or inactive compared with the same redox
component in an intact PSII core complex. Lower part: Low temperature (1.8 K) absorption
(black solid line, left-hand scale) and CD (red solid line, right-hand scale) with its
accompanying integral (vellow dashed line) of the PSII reaction center showing not only the
low-energy Q bands, but also the high-energy B and N bands.

The reaction center contains two quasi-symmetric branches (D1 and D2) of cofactors that

determine the optical spectra in the visible spectral region and the electron transfer properties



[7]. The low temperature (1.8 K) linear absorption and CD spectra of this complex in the
UV/VIS spectral region are shown in the lower part of Fig. 1. The low-energy band around
650 nm is due to the Qy transitions of the chlorines (Chls and Pheos) and the second major
band around 430 nm is termed the Soret band. Between these two bands, some minor
additional bands appear in the absorption spectrum, e.g., due to the Qx transitions of the
chlorine pigments. In the CD spectrum these minor bands are suppressed because of the low
intrinsic CD of the underlying transitions and their small excitonic couplings resulting from
the small oscillator strength. The focus of the present work is on the analysis of the Qy region
of the CD spectrum. It exhibits a strongly positive integral, see Fig. 2, that requires

explanation.

The Qy exciton Hamiltonian of this complex is well understood from fitting of experimental
spectra [8-11] and from independent quantum chemical/electrostatic calculations [12]. In this
asymmetric exciton model the pigments in the two quasi-symmetric D1 and D2 branches,
except for the central Ppi / Pp2 dimer pigments, have different site energies. The chlorophyll
Chlp; in the D1-branch is the pigment with the lowest site energy and the pheophytin of the

D2-branch, Pheopy, has the second lowest site energy.
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Fig. 2: Enlarged view on the experimental CD spectrum (left-hand scale) of D1/D2/Cytbsse
in the Qy spectral region [13]. The strongly non-conservative nature is displayed by the
ratios of positive (blue) to negative (red) areas. The integral of the CD is shown with a
vellow dashed line (right-hand scale).



A key point that needs to be better understood is how the optical spectra of this complex are

influenced by the coupling between exciton and charge transfer (CT) states.

In functionally intact PSII core complexes derived from higher plants, cyanobacteria and red
algae, a broad ‘red tail’ extending out to 730 nm has been observed. This spectral feature is
homogeneously broadened [14-17]. It has been suggested that the close proximity of Ppi and
Pp2 may enable electronic overlap between these pigments to the extent that a CT state
borrows oscillator strength from the excited states and becomes weakly optically allowed.
Stark spectra of D1/D2/Cytbsso complexes helped Novoderezhkin et al. [10] to include a Pp-
Pp2 CT state close in energy to the lowest exciton state. This state was proposed to exhibit a
strong inhomogeneous broadening. It was coupled by ~35 cm™! interaction to the excited
states of the Ppi-Pp2 special pair. The authors of this paper stated that this CT state is
consistent with the ‘red tail’ observed in PSII core complexes. However, experimental
observations [18] show that (1) no equivalent ‘red tail’ is observed in experiments on isolated
D1/D2/Cytbsse complexes and (2) the low energy ‘red tail” band observed on PSII core
complexes is homogeneously rather than inhomogeneously broadened. Gelzinis et al. [11]
reanalyzed the Stark spectra, using a different lineshape theory, and came to the conclusion
that the low energy band in the Stark spectrum is influenced by the Chlp;*-Pheop;” CT state,
which is red-shifted by ~ 500 cm™ with respect to the lowest exciton state and coupled to the

localized excited states of Chlp; and Pheop; by a 125 ¢m'-magnitude interaction.

A related and open question concerns the strength of the excitonic coupling between the Qy
transitions of Ppi and Ppo. Because of the small intermolecular distance, the point-dipole
approximation (PDA) becomes invalid [19] and short-range contributions, which are due to
wavefunction overlap giving rise to electron exchange, have to be taken into account [20].
Error compensation in the PDA modelling leads to excitonic coupling parameters that give
reasonable agreement with experimental data [10]. From quantum chemical calculations on
the entire Pp1-Pp2 dimer and the same pigments as isolated monomers, a short-range
contribution of 70 to 140 cm! to the excitonic coupling in the special pair has been
determined [20]. This estimate takes into account a superexchange type mixing with a high-
energy CT state. Including long-range and short-range excitonic coupling processes in the fit
of optical spectra revealed an optimal range of the interaction parameter between 140 and
170 cm™ [9]. In the present work we will use a value of 160 cm! for this coupling, which is

roughly twice the long-range contribution, that is due to the Coulomb interaction between



transition densities, obtained with the Poisson-TrEsp method. We also consider a related

enhancement of the Ppi-Pp2 excitonic couplings involving higher-energy transitions.

An important component of this work is that computationally derived absorption and CD
spectra are compared to experimental data, for which CD and absorption have been measured
simultaneously. This approach avoids ambiguities and errors related to sample variability,
resolution and calibration differences, which are inherent when CD and absorption are
measured on different instruments. By means of simultaneous measurement, absorption and
CD spectra can confidently be compared absolutely. This leads to an extra check of our
model: as well as the calculated spectral profiles in absorption and CD being compared to

data, the relative amplitude of the CD to absorption can also be compared.

In this work we first provide a summary of our earlier theory [3] on non-conservative CD
spectra and discuss the parametrization of the extended exciton Hamiltonian by quantum
chemical/electrostatic calculations and an analysis of optical spectra of the isolated pigments.
Next, the theory is applied to calculate low temperature (1.8 K) CD and absorption spectra of
D1/D2/Cytbsso complexes and the results are compared with experimental data. We provide
an explanation of the non-conservative nature of the Qy CD spectrum and consider the role of

CT states implicitly by rescaling the intra special pair excitonic couplings.

2. Experimental methods

The single spectrometer system used here [21] has the advantage that simultaneous and/or
parallel spectroscopic measurements can be made on a single biochemical sample.
Photosynthetic protein preparations can be both variable and fragile. Being able to measure
the same sample in the same spectrometer system, without having to thermally cycle or
otherwise change the sample is a significant advantage. Spectra collected in this manner are
directly comparable to each other. Furthermore, protocols, procedures, and sample handling
systems have been developed to prevent the sample from being degraded by exposure to

light, air or ambient temperatures.

The properties and biochemical preparation of D1/D2/Cytbsso samples sourced from spinach
have been described in detail [22]. The samples used for optical experiments were diluted to
55% with a 1:1 glycerol/ethylene glycol mixture (v/v) as glassing agent. Specialized strain-
free, cylindrical fused-quartz sample cells of 12 mm diameter and 0.2 mm to 1mm in

pathlength were used. These cells have also been described [23].



3. Theory
The Hamiltonian of the pigment-protein complex contains three contributions
H = Hex + Hex—vipb + Hyip (1)

The electronic degrees of freedom of the pigments are contained in the excitonic Hamiltonian
H.y, the coupling between the electronic and the nuclear degrees of freedom is described by

the exciton-vibrational Hamiltonian Hqy_ip, and the dynamics of nuclear degrees of freedom
is given by Hy;,. Explicit expressions for Hy;p, and Hey_yip are given in refs [24] and [3]. The

excitonic Hamiltonian is split into three contributions

Q)

Hox = Hoy” + HGY + Vg, 2)

where H contams the Q, transitions of the 6 chlorophyll @ (Chl a) and 2 Pheophytin a
(Pheo a) pigments of the D1/D2/Cytbsso complex, which are characterized by their local

transition energies E %) and excitonic couplings V(Qy ),

HY) =3 E\mym] + $mzn v [myn] 3)

Here, |m) denotes an electronic excited state of the complex, in which pigment m is in its

first excited state (S1) and all other pigments are in their electronic ground state (So).

Q y)are givenas [M©@) =¥, C(M)Im). The

The eigenstates of the Q,, exciton Hamiltonian H,
Hamiltonian of the high-energy states H ®)of the reaction center pigments, which include

two B-carotene (Car) molecules besides the Chl a and Pheo a pigments, reads
HED = S B |ka)kal + TE7 Sap iasa lka)(1b] (4)

where k counts the pigments and a counts the high-energy excited states. In the case of the Chls

and Pheos, we take into account the By, B, and Ny, states, and for the Cars, the S, state,
which will be characterized by quantum chemical calculations and experimental data below.
The eigenstates of Hg:e)are given as |M ) = Xka cka) |ka). The last term in Eq. 2 contains the

couplings between the Q,, transition and the high-energy transitions of different pigments

m,ka

Qy,h
VQy,he ZmZab ( i e)|m><ka| + h.c. (5)



(@he)

ka is the excitonic coupling between the Q,, transition of pigment m and the excitation

of the ath excited state of pigment £.

We use first-order perturbation theory to treat the couplings in Eq. 5 and obtain the following
mixing between the eigenstates of the bare Q,, exciton Hamiltonian (Eq. 3) and the
eigenstates of the high energy exciton Hamiltonian (Eq. 4): |[M) = |M (0)) + Y5 n(N, M) |M ),

with the mixing coefficient

n(N, 7T) = I (6)

Em—Eg

Here, Viy i = Ymka € ¢ ,EIZ)Vn(iya describes the coupling between exciton states |[M©)

of the Q, and |M1) of the high-energy state manifold y (b

> "'mka

()

is the coupling between the

local excited states |m) and |ka) in Eq. 5, and C ) and Crq  are the coefficients of the

eigenstates of |M (0)) and |1VI ), respectively. The use of first-order perturbation theory is

justified by the fact that n(N M ) « 1. The numerical values of the excitonic couplings
V(Qy.he)

mka | are given in a supplementary data file. Because of these couplings, the Q,, electric

and magnetic transition dipole moments are modified. Taking into account these
modifications and neglecting the intrinsic magnetic transition dipole moments of the

pigments, the following expression for the CD spectrum ensues [3]

m>n

8m3n,,0 0 > - . .
CD(w) = 5 =2 Z Dy () (Z e e (R = Ra) - G X i)

+ 2550 (M, 1) S e 0 i (Brn = Ric) - Gl X fia)) (7

where n,,1, 1 and c¢ are the molecular density, the refractive index of the sample and the
velocity of light in vacuum, respectively. The CD calculated using Eqn. 7 becomes zero in

the absence of excitonic couplings.

The lineshape function Dy, (w) takes into account exciton-relaxation-induced lifetime
broadening and excitation of vibrational sidebands, as described in refs [24] and [3]. The
coefficients c,(nM) of the Q,, exciton states and the c,gf) of the high-energy exciton states are
obtained from the diagonalization of the respective exciton Hamiltonians (Eqgs. 3 and 4) and

ﬁl denotes the center of pigment [. The center of each Chl @ and Pheo a is taken as the

midpoint of the line connecting their Ng and N atoms, while the center of the Cars is



defined as the center of the C7-C27 axis of the polyene chain. The Q,, transition dipole
moment fi; of pigment [ is assumed to be oriented along the y-axis, defined by the Ng — Np-
direction, and the magnitude is estimated from experiment as described below. The transition
dipole moment fi;, of the excitation of the ath high energy state of pigment k is obtained
from quantum chemical calculations and experimental data, as will be described below.
Finally, the wavelengths A, and A are average wavelengths of the Q, and of all the relevant
transitions, respectively, of the pigments. The ratio 1,/A is approximately 1.5 using a 4, in

the 670 nm range, and a A, which is dominated by the high-energy transitions, of about 450

nm.

The first term in Eq. 7 contains the conservative part of the CD spectrum and the second line

contains the influence of higher excited states that leads to a non-zero integral I over the Q,,

spectral region of the CD spectrum

CD(w)
I = jdw "

8 mo
= ;,; ;ZMZMU(M M) YmkaC (M)Cka)(R _Rk) (fim X fgeq) (8)

To see more clearly which factors lead to a non-conservative CD spectrum, we approximate

the mixing coefficient in Eq. 6 as

%4

MM _ _ZnZlb C(M) (M)V(Qy he)/AE (9)

77(N M)—ﬂz nlb

Em—Eg

where AE is an average energy gap between the high energy and the Q,, transitions. By

introducing this approximate 17(N M ) in Eq. 8, and taking into account that )y, C(M) (M)

(M) (M) _

Ommn and X5 Crp €y~ = Ok, 104 b, the integral becomes
8 mo (Q ,he)
I'~~= 3hT£nnAAL? kaa mk}cll (R - Rk) (fim X fixa) (10)

It is thus seen that the non-conservativity of the CD spectrum depends neither on the
excitonic Hamiltonian of the Qy transitions, nor on that of the higher-energy transitions but
rather on the coupling between them and on the relative orientation and magnitudes of the
transition dipole moments of these transitions. Note, that the approximation in Eq. 9 is only

used for the interpretation of the results, which are obtained using the original expression for

n(N, M) (Eq. 6).
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Along the same lines as for the CD spectrum, the linear absorption spectrum is [3]

2 2 . .
a(w) = T2 5, Dy () ([u] + 2 Zan (N MY - s (an

3hcny

where ﬁz(v?) =Ym CT(nM) [i,(,? ») is the transition dipole moment of the Mth eigenstate of the bare

Q, exciton Hamiltonian (Eq. 3) and similarly fiz = Y 4 C,EIZ) ﬁ,(:;e) is that of the Mth

eigenstate of the high energy exciton Hamiltonian (Eq. 4).

4. Computational Methods and Parameterization of Hamiltonian

The local Q,, transition energies E,EnQy ) of the pigments were taken from earlier work [12],
having been obtained from quantum chemical/electrostatic calculations and a fit of optical
spectra, albeit with one alteration: all site energies are blue-shifted by 1.5 nm, an adjustment
that leads to an improved fit of the present low-temperature optical spectra. The site energies
are given in Table S5 of the Supplementary Information (SI). Since in the present study the
influence of the higher excited states on the non-conservativity of the CD spectrum in the Q,,

spectral region is of main interest, the exact values of the excitation energies E ,Ea)are not

needed. It is important to keep in mind that the integral over the CD spectrum in Eq. 10 only

depends indirectly and weakly on the E ,Ea), via the average energy AE (Eq. 9). For simplicity,

Chla,
we assume the same hc/E,EChla’B") =420 nm, hc/E( @By)

. = 420 nm, and

(Chla,Ny4+xy)

hc/E,

= 400 nm for the B,, B, and N, ,,, transitions respectively, for all Chl a

pigments. The corresponding wavelengths for the two Pheo a pigments are E ,EPheO'B") =

(Pheo,By)

P =415 nm, and E (PheoNze+-xy)

415 nm, hc/E e

= 400 nm. Finally, the S; = S,

transition wavelength is given as hc/E ,Ecar) = 490 nm. An estimate of these energies was

obtained from spectra of the isolated pigments in solution, which were also used to calibrate
the dipole strengths of these transitions, as will be discussed below and in the SI. The exact
values of the excitation energies of these high-energy transitions have practically no

influence on the spectra in the Q,, spectral region (Fig. S7).

The excitonic couplings y (&) and V"%

m a1 O€tween the Q,, transitions and between the high-

energy transitions, respectively, is obtained with the Poisson-TrEsp method [25, 26]. In this

method, atomic transition charges are determined from a least-mean square fit of the
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electrostatic potential (ESP) of the transition density obtained with quantum chemical
calculations on the isolated pigments. These transition charges are rescaled to yield the
correct vacuum transition dipole moment that can be estimated from the oscillator strength of
the relevant pigment transition in different solvents [27]. In this way, a vacuum transition
dipole of 4.58 D was obtained for the Q,, transition of Chl a [27]. The vacuum dipole
strengths of the remaining transitions of Chl a and of the transitions of the other pigments are
obtained from their relative dipole strength with respect to Chl @ in a given solvent and
assuming that the same ratio applies to the vacuum dipole strengths. More details on this
estimate can be found in ref [3] and in the SI. The vacuum transition charges are placed into
molecule-shaped cavities representing the pigments with optical dielectric constant 1 inside
and 2 outside the cavities. A Poisson equation is solved for the ESP of the transition density,
and from that ESP of one pigment, and the transition charges of the other, the coupling
between transition densities of the two different pigments in the dielectric environment is
obtained. The geometry optimization of the isolated pigments was done with density
functional theory (DFT) using the B3LYP exchange correlation (XC) functional and a 6-
31G** basis set.

The calculation of the transition densities was performed with time-dependent DFT and
different XC-functionals (B3LYP, BHHLYP, the long-range corrected CAM-B3LYP) within
the random phase approximation, and also with the wavefunction-based HF/CIS method,
using a 6-31G* basis set in all excited state calculations. All computations have been carried
out using the program Q-Chem [28] and using the crystal structure of the RC of PSII based
on PDB 3WU2 at 1.9 A [4]. The excitonic couplings between Q, transitions obtained in this

way are given in SI Table 4. The couplings between the Q,, and the high energy transitions,

as well as the couplings between the high-energy transitions themselves are available in a

data file in the SI.

Because of the wavefunction overlap between the special pair pigments Ppi and Ppy, their
excitonic coupling contains a significant contribution from short-range interactions. A value
of 140-170 cm™! has been estimated previously [9] from a fit of several linear optical spectra.
A value of 160 cm™ is used here instead of the purely Coulombic part, for which, with the
Poisson-TrEsp method, we obtain a value that varies between 72 cm™' from TDDFT with the
B3LYP XC-functional, and 95 cm™! obtained with HF-CIS. Please note also, that a short-
range contribution of 70 — 140 cm™ has been estimated from quantum chemical calculations

[20] as mentioned above. Similar effects were reported for the special pairs of purple bacteria
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and photosystem I [29]. As discussed above, there is a ~2x enhancement of the excitonic
coupling between the Q,, transitions of Ppi and Pp> caused by the coupling to charge transfer
states. It is very likely that the excitonic couplings involving higher-energy transitions of the
special pair are also affected by coupling to intermolecular charge transfer states. For
simplicity, we assume that all the couplings between Pp; and Pp are enhanced by the same
factor x. We further study the effect of this enhancement factor on the non-conservativity of

the CD spectrum.

The electrostatic potentials of the Q,,, By, By, and the Ny, transition densities of Pheo a, and
the Sy = S, transition of B-carotene are shown in Figs. S3 and S4. In both Pheo a and Chl a,
two strong and nearly orthogonal higher-energy transitions (B, B,,) as well as a transition
with mixed xy polarization (N, ) are found. Other transitions are expected to only make
small contributions to the optical spectra discussed below, either because of their small dipole
strength (e.g. Q) or because they are further off-resonant with respect to the Q,, transition
than the Soret transitions. The transition charges for all transitions included in our analysis
are rescaled to yield the dipole strength obtained from the experimental absorption spectra on
the isolated pigment measured in 80% acetone, as described above, and the resulting vacuum
transition dipole strengths for the transitions of Pheo a and the B-carotene Sy — S, transition
are given in SI Tables S2 and S3, respectively. For simplicity, the Q,, and B,, transition dipole
moments are oriented approximately along the y-axis of Chl a and Pheo a, which is defined
by their Ng-Np atoms (in PDB nomenclature) and that of the B,, transition along the x-axis,
which is defined by the No-N¢ atoms. The Ny, transition dipole moment is found to be
rotated by approximately 30° with respect to the y-axis, and the [-carotene Sy — S,
transition dipole moment is oriented along the polyene chain defined by the C7-C27 axis (in

PDB nomenclature).

5. Results

The coupling between the Q,, and the high-energy transitions indeed leads to a non-

conservative CD spectrum, as seen in Fig. 3 (lower panel). In particular, the strongly positive
low-energy part of the experimental CD spectrum between 676 and 686 nm is well described
by the calculations. Deviations between the calculations and experiment [13] remain between
672 and 676 nm, where the experimental spectrum is still positive and the calculations give a

weak negative CD signal. The absorption spectrum (Fig. 3 upper panel) is less affected by the
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higher-energy transitions than the CD spectrum. There is a slight broadening and a
redistribution of oscillator strength from the central region (672-676 nm) towards the blue
wing (662-668 nm). Both calculations (with and without the coupling to high-energy
transitions) yield a somewhat too large oscillator strength of the low energy peak (around 678
nm) and a somewhat too small oscillator strength of the high energy peak/shoulder, as

compared to the experimental data [13].
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Fig. 3: Low-Temperature (1.8 K) absorption (upper) and CD (lower) spectra calculated with
(red dashed line) or without (blue dotted line) the excitonic couplings between the

Qy transitions and the high-energy transitions of the pigments taken into account, compared
to experimental data (solid black line [13].

To analyze the influence of the high-energy transitions on the non-conservativity of the CD
spectrum, we use the ratio of areas above and below the zero line of the CD curve (A+/A.- see

Fig. 1) as a metric. Besides the coupling between Q,, transitions, we determined the
coupling of the Q,, transitions to each particular type of higher-energy transition of the

pigments (Fig. 4). There is no particular coupling dominating the non-conservativity of the

CD spectrum; although the couplings to B,, and B, transitions of the chlorins give a
somewhat larger contribution than the couplings to Ny, transitions and to the Sy —
S, transitions of the Cars. Whereas the smaller couplings are explained by the smaller dipole

strength in the case of the N ,, transitions, it is the inter-pigment distance and orientation in
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the case of the carotenoids. If all high-energy transitions are included, a ratio A+/A-=2.6 1s
obtained for the CAM-B3LYP XC-functional, whereas the experimental value A+/A.=3.6 is
somewhat larger. Different quantum chemical methods give rise to very similar values of

A+/A. (Fig. S6).

3.0

Fig. 4: Analysis of the influence of the coupling of Q, to particular high-energy transitions
By, By and Ny, on the non-conservativity of the CD spectrum, quantified by the ratio A+/A-
as described in the text.

Additionally, we investigate how the non-conservativity of the Q,, CD spectrum depends on
the enhancement of the excitonic couplings between Ppi and Pp2 by coupling to CT states.
Since the enhancement factor between the Q,, transitions of Ppi and Pp2 has been estimated
from a fit of optical spectra [9] and is supported also by independent quantum chemical
calculations [20], we have not varied this factor, but considered different enhancement
factors x for those intra special pair excitonic couplings that involve high-energy transitions.
Here x = 1 corresponds to the long-range Coulombic part of the excitonic coupling.
Interestingly, the non-conservativity A+/A. can be enhanced by the coupling to CT states
(Fig. 5). It increases from A+/A.= 2.0 for x = 0.1 (corresponding to a suppression of the

excitonic coupling by the CT states) to A+/A=2.9 for x = 3.
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Fig. 5: Non-conservativity of the CD spectrum obtained using different enhancement factors
X for the intra special pair excitonic couplings involving high-energy transitions. The
corresponding CD spectra are shown in Figure S6.

As expected from Eq. 10, the CD spectra calculated for the Q,, spectral region are insensitive

to the exact energies of the high-energy transitions, as demonstrated for the B-transitions in

Fig. S7.

6. Discussion and Conclusions

The non-conservative nature of the low energy CD spectrum of D1/D2/Cytbsso complexes
can be semi-quantitatively understood using the parameterized model presented. The model
specifically takes into account the excitonic coupling between the Q,, states and the higher-
energy transitions of the pigments. An important subtlety of the model concerns the way it
introduces an effective treatment for coupling between exciton and charge transfer states. The
process of fitting optical spectra [9] along with quantum chemical calculations [20] indicate a
two-fold enhancement of the excitonic coupling between the Q,, transitions of Ppi and Pp> by
short-range effects due to electron exchange between these two pigments. We propose an
extension of the same enhancement to the excitonic coupling between the other local
excitations in Ppi-Pp2. Although a crude approximation, it is perhaps the simplest possible
choice, as it could be expected that the increased overlap of higher excited state
wavefunctions leads to a larger enhancement of the excitonic coupling in higher excited

states.

Assuming that excitonic couplings between Pp and Pp2 involving at least one high-energy
transition are enhanced by a factor x = 3, the ratio A+/A. increases to 2.9 compared to the

value of 2.6 obtained for x =2. The former ratio is closer to the experimental value of 3.6. A
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quantitative description of the non-conservative spectrum most likely requires the explicit

inclusion of charge transfer states in the exciton Hamiltonian.

Recently, methods were developed that enable the extraction of an effective Frenkel-charge-
transfer Hamiltonian from quantum chemical calculations on molecular dimers [30].
Although these optically dark CT states have no direct influence on the CD spectrum
(because of their vanishing transition dipole moments, see Eq. 10) they effectively change the
excitonic couplings between the optically allowed transitions by mixing with them. This
mixing can be very complex and the enhancement factor for every excitonic coupling can
therefore be different. In fact, in extreme cases, the short-range contributions could
compensate or overcompensate the long-range part of the excitonic coupling [31, 32]. In the

case of overcompensation, the excitonic coupling would even switch sign.

Future work envisaged would be the investigation of how the individual CT coupling terms
affect the relative intensities of optical absorptions. The present calculations suggest that
there is a strong effect of the CT state coupling on the CD spectra. Exploring this effect in
greater detail will help us to further refine the exciton Hamiltonian of PSII reaction centers.
A better characterization of the charge transfer states will ultimately enable us to study the
charge transfer processes in this system, as many mechanistic and kinetic details are still not

well understood [7].

Another challenging problem is the calculation of the full UV/VIS CD spectrum associated
with all Q, B and N transitions (Fig. 1, lower part). At present we have used approximate and
averaged energies of high-energy transitions, since, in our perturbative model of the coupling
between these transitions and the Qy transitions, their exact energies do not matter (see Eq. 10
and Fig. S7). A first glance at the extended CD spectrum in Fig. 1, which includes
contributions from both, B and N bands, suggests that the overall CD spectrum ultimately
becomes conservative near 330 nm and hence additional electronic excitations might not
have to be included to describe the UV/VIS spectrum by an exciton theory. On the other
hand, there seems to be a systematic negative contribution to the CD spectrum from excited
states at shorter wavelengths that need to be resolved and understood better. At present, we
cannot exclude that ultimately also the optical excitations of the protein will have to be

included in the model for a full understanding of the CD spectrum shown in Fig. 1.

It will be a challenge to extend the asymmetric Q,, exciton Hamiltonian of PSII reaction

centers to include the higher-energy states of the pigments in more detail. This will require
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the estimation of site energies for the higher excited states of each pigment in D2/D2/Cytbsso
as well as their transition dipole characteristics. Quantum chemical calculations on isolated
pigments, even those made using relatively high-level DFT and other methods, have been
shown to give the wrong order of some of those transitions [33]. An alternative approach is to
extract these values experimentally from an extrapolation of the transition energies of
relevant pigments measured in different non-polar solvents and then parameterize the
extended exciton Hamiltonian based on calculated site-specific shifts using our electrostatic
methods, and a fit of the CD and absorption spectra of D1/D2/Cytbsso complexes over the

entire spectral range from 300 to 720 nm, shown in Fig. 1.
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Determination of Oscillator Strength of Pheophytin a and -Carotene

Ab initio calculations often do not yield the magnitude of the transition dipole moments of
pigments that are known from experiment and the calculated transition densities have to be re-
scaled to obtain reliable excitonic couplings. Knox and Spring [Knox03] have performed an
analysis of the dipole strength of the @, transition of Chl a in different solvents and have
extrapolated a linear model fit to obtain the vacuum transition dipole moment. Since such an
analysis is cumbersome and not yet available for Pheo a or f-carotene, we assume that the ratio
of the transition dipole moments of either pigment with the Chl a Qy transition dipole moment
is the same in a specific solvent with optical dielectric constant n? and in vacuum (denoted as
vac below)

(ny)
(vac) __ 'u0—>ra (vac) 1

0-a — /lg;r) Qy

For [-carotene the vacuum transition dipole moment of the S, — S, transition is obtained by
describing the absorption spectrum of the isolated pigment in 80% acetone by a superposition
of four Gaussian functions to account for the vibrational transitions (see Figure S1, right), which
are included as separate states in the exciton Hamiltonian. The oscillator strength of these
Gaussians is compared to the oscillator strength in the absorption spectrum of Chl a in 80%
acetone to obtain the appropriate transition dipole moments using eq. 1. The dipole strength of
the low energy Q,, transition of Pheo a is obtained in the same way (Figure S2).

For the high-energy transitions of Pheo a, three different transitions with large oscillator
strength are obtained by our quantum chemistry calculations in the Soret-band region between
345 nm and 440 nm. To estimate the vacuum dipole strengths of these transitions the calculated
transition densities are scaled by a factor that is obtained from the ratio of the experimental
absorption spectrum in the Soret-band region to that of the @, region (Figure S2). Thus, we
assume that the influence of the solvent on the dipole strength of the high energy transitions is
the same as for the Q,, transition.

The numerical values of the transition dipole strengths for Chl a were obtained previously and
are given in Table S1. The transition dipole strengths for Pheo a and [-carotene that are
obtained in the present work are given in Table S2 and Table S3. Absorption spectra of isolated
pigments have been taken from the literature and were normalized to the experimental
extinction coefficients [1-3]
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Figure S1: Absorption spectra of Chl a and B-carotene measured in 80% acetone. The Q,,

absorption spectrum of Chla (left) is used to determine the experimental ratio between the
oscillator strengths of Q,, and the B-carotene Sy — S, transition and its vibrational transitions

using eq. 1 in the text. The 3-carotene spectrum is described by four Gaussian functions where
the red curve (right side) describes the 0-0 transition and the blue curves the excitation of
intramolecular vibrational quanta. The experimental ratio Q, /' Sy = S, is used to scale the
transition densities obtained by quantum chemical methods.
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Figure S2: Absorption spectrum of Pheophytin a that is used to determine the vacuum
transition dipole strength of the electronic transitions in the Soret region of the spectrum. The
area under the Q,, transition (red) is compared to the area of Soret transitions (blue) to
obtain an experimental ratio that is further used to scale the sum dipole strength of the
calculated Soret transitions By, By, and the Ny, by the same factor, as shown in the inset.
The strength of the Pheo Q,, transition is determined beforehand using the Chl a absorption
spectrum in Figure S1 in the same way as for [f-carotene.



CAM-B3LYP | B3LYP [D] BHHLYP [D] | HF-CIS [D]
[D]
Q, 4.58 4.58 4.58 4.58
B, 7.14 6.79 7.38 7.57
B, 7.27 7.79 731 6.82
Nysry 4.13 3.76 3.61 3.91

Table S1: Chlorophyll a transition dipole strengths in Debye obtained using eq. 1

CAM-B3LYP | B3LYP [D] BHHLYP [D] | HF-CIS [D]
[D]
Q, 3.58 3.58 3.58 3.58
B, 8.63 9.22 8.5 8.99
B, 7.76 7.3 7.81 7.19
Ny iy 4.18 3.72 432 4.41

Table S2: Pheophytin a transition dipole strengths in Debye obtained using eq. 1 and the
procedure depicted in Figure S2.
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8.52

0.82

0.61

0.39

Table S3: B-carotene transition dipole strength in Debye and Franck-Condon factors for the

vibrational Progression obtained using eq. 1 and the procedure depicted in Figure S1.




Figure S3: Electrostatic potentials from the transition densities of Pheo a obtained by TD-
DFT with the CAM-B3LYP XC functional. The transitions have been assigned according to
their dipole strengths and orientation of the transition dipole moment.

Figure S4: Electrostatic potentials of the transition densities of [-carotene obtained by TD-
DFT with the CAM-B3LYP XC functional.
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Figure S5: Non-conservativity of the CD spectrum obtained using excitonic couplings
calculated with different quantum chemical methods.
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Figure S6: The low temperature (1.8 K) experimental CD spectrum (black solid line) is
compared with calculations, where the enhancement factor x of the excitonic coupling
between the Qy transitions and high-energy transitions, as well as that between the latter, of
the special pair pigments Pp; and Pp> is varied as indicated in the legend. The red dashed
line contains the conservative CD spectrum calculated without including any coupling to
high-energy transitions.



== wm wm By =424nm By=416 nm
= === By=416nm By=424 nm
By = By =420 nm

— Experiment

CD / a.u.

llllllllllllllllllllll

670

680

wavelength / nm

Figure S7: Dependence of the calculated CD spectrum on the energies of the high-energy B-
transitions (colored lines). The transition energies are given in the figure legend, all other
parameters as for the red dashed line in Fig. I of the main text. The black solid line shows the
experimental spectrum for comparison.

Pigment m

Pigment n

(Qy)

(Qy)

(Qy)

(Qy)

VoY (CAM- | V2 . V%) (HF-
B3LYP)/ | (B3LYP)/ |(BHHLYP) |CIS)
cm’! cm’! / cm’! / cm™!
Pp Pp2 82,40 72,12 82,77 94,74
Ppi Chlp; -35,17 -30,27 -34,34 -43.27
Ppi Chlpz -44.73 -43,00 -45,41 -50,15
Ppi Pheop: -3,00 3,04 -3,08 -2,18
Ppi Pheop: 11,49 -12,49 11,54 9,24
Ppi Chlzp; 0,40 0,42 0,40 0,43
Ppi Chlzps 0,62 0,56 0,62 0,55
Ppo Chlp; -43.83 -43.93 -44.70 -48,18
Ppo Chlpz -28.74 -24.75 -27,98 -35,50
Ppo Pheop: 13,00 -14,60 13,12 10,11
Pp> Pheono -2,31 2,39 -2,39 -1,20
Ppo Chlzp, 0,63 0,60 0,64 0,58
Ppo Chlzps 0,63 0,64 0,63 0,68
Chlp; Chlpz 4,05 3,95 4,18 391
Chlp; Pheop: 46,00 -42.,02 46,21 53,15
Chlp; Pheop: -2,25 2,35 -2,24 -2,29
Chlp; Chlzp; 1,48 1,52 1,50 1,39
Chlp; Chlzps -0,09 -0,07 -0,09 -0,09
Chlpz Pheop: -2,46 2,58 -2,45 -2,53




Chlp Pheons 44,69 -40,68 44,78 49,52
Chlp Chlzp; -0,05 -0,03 -0,05 -0,06
Chlp Chlzp, 1,67 1,65 1,67 1,55
Pheop Pheons 1,55 1,68 1,53 1,73
Pheop Chlzp; -2,41 2,50 -2,41 -2,26
Pheop Chlzp, -0,15 0,16 -0,15 -0,15
Pheop; Chlzp; -0,16 0,17 -0,16 -0,16
Pheop2 Chlzp -2,41 2,50 -2,41 -2,28
Chlzp; Chlzp, 0,13 0,13 0,13 0,13

Table S4: Excitonic couplings between Qy transitions obtained with the Poisson-Tresp
method, using different quantum chemical methods, as described in the main text.

Pigment Site energy (nm) Width (cm-1)
PDI1 666.5 180
PD2 666.5 180
ChID1 676.5 180
ChiD2 668.5 180
PheoD1 668.5 180
PheoD2 673.5 180
ChlzD1 668.5 180
ChlzD2 663.5 180

Table S5: Site energies and widths (FWHM) for the Gaussian site energy distribution
functions used in the simulation of the Qy absorption and CD spectra
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-142.627
-50.1793
-8.39291
5.08247
-5.63191
-0.675857
-15.3468
-49.1843
-86.7592
-1.82926
-3.57853
-12.3374
-28.1731
-2.89662
-2.78395
-4.31839
1.79049
-0.242108
-215.052
-231.908
943.074
81.4286
-1.91467
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-2.52824
-7.36284
-18.9411
30.7366
47.0779
24.3044
-0.061144
1.81342
6.3329
3.48328
138.308
422.256
195.132
120.539
0.301984
-0.36565
-2.95853
-1.53726
2.32033
1.90539
1.41293
0.91293
0.898652
0.737948
0.547222
0.353573
0
-16.16
-48.487
-67.561
-20.8706
7.41568
23.5474
-3.95152
12.634
14.5413
-3.61764
-91.5189
-30.2018
7.20805
-4.00133
-38.1768
-13.4009
-2.66666
-4.35471
1.3511
-0.407371
-267.844
-167.192
768.886
220.154
-1.92567
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24.1006
13.3238
18.0061
51.9169
44.3129
-7.30591
0.54957
1.39709
6.28798
2.69374
214.824
382.778
109.728
40.3334
0.829001
1.07122
-2.44621
-0.659213
3.14775
2.58484
1.91678
1.23848
0.294444
0.241789
0.179298
0.115849
0
-31.2023
-50.2452
-148.616
-39.6803
-9.20428
3.09458
-0.007431
0.782656
-15.8208
-54.2312
-88.4973
-8.46046
-3.49651
-13.3797
-28.743
-5.27803
-2.89369
-4.58304
1.909
-0.475707
-230.836
-241.418
979.492
-7.64466
-1.97281

50.3614
7.84411
14.8013
34.087
66.3872
-15.0655
1.23121
0.944983
6.08602
-2.82124
304.842
492.982
-53.537
-64.1146
1.24073
2.13638
-1.29379
0.136454
3.87324
3.18059
2.35856
1.52392
-0.260601
-0.213998
-0.15869
-0.102533
0
-52.3492
-18.6564
-204.251
51.0274
-23.5501
-19.862
4.50954
3.25512
-14.0251
-25.8827
-95.3724
7.39821
-0.945535
1.1789
-24.7617
-3.34484
-2.63389
-4.65985
2.25703
0.101974
-145.233
-403.258
1115.19
-35.1166
-1.88562
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-3.27576
-1.98786
-1.73351
-2.58645
-2.12392
-1.57498
-1.01763
2.7583
2.26504
1.67963
1.08525
-22.3422
-29.8044
-104.417
-35.8584
-24.3614
-64.8886
85.3037
17.5951
-7.89516
-24.4374
-36.2548
1.19093
4.22835
10.5595
-3.53429
-6.75272
-1.0948
-1.55474
2.15911
0.608069
-151.448
-171.538
350.908
3.3477
-0.583919
-1.19313
-2.04855
-1.26303
-0.415024
-0.340806
-0.252723
-0.163291
2.19038
1.79868
1.3338
0.861802
0
0
0
4.04964
7.85864
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-3.72518
-0.949607
-1.33824
-3.02612
-2.48496
-1.84272
-1.19062
3.31297
2.72052
2.01739
1.30348
-24.2662
-67.6071
-114.607
-50.5988
-15.1968
-22.8718
32.3358
26.7648
7.83339
-6.77446
-35.9558
-13.4783
-1.90207
6.43429
-3.67458
0.760028
-1.38434
-1.71769
2.44837
0.754011
-79.9174
10.9307
321.22
96.8726
-0.716858
-1.65904
-1.22925
-0.98785
-0.903345
-0.741801
-0.55008
-0.35542
1.88785
1.55025
1.14958
0.742772
0
0
0
3.94689
4.49766
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-3.38644
-2.19526
-1.6868
-2.69307
-2.21147
-1.63991
-1.05958
2.92946
2.40559
1.78386
1.15259
-20.1026
-27.8065
-94.4962
-24.3809
-25.2019
-72.1864
94.1843
9.97481
-6.64011
-21.5797
-28.8031
-0.879986
4.86541
12.5193
-0.639534
-6.35297
-0.8667
-1.25228
2.15861
0.469897
-137.097
-163.464
274.468
-20.2794
-0.419056
-0.885021
-2.02649
-1.00015
-0.181299
-0.148878
-0.1104
-0.071332
1.99726
1.64009
1.2162
0.785819
0
0
0
4.17804
8.23478

-2.48062
-3.20713
1.9483
-1.87994
-1.54375
-1.14476
-0.739659
2.40902
1.97822
1.46694
0.947825
26.5993
6.13949
108.281
-26.4732
28.0995
88.245
-92.4721
7.31263
5.34999
10.9988
30.0877
-3.75587
-4.26874
-13.5154
-6.9716
7.83951
0.730751
1.57444
-2.2274
0.581434
116.256
187.268
-278.95
-53.3288
0.366341
0.235114
2.25259
-1.05338
-0.145124
-0.119172
-0.088371
-0.057099
-1.99494
-1.63819
-1.21479
-0.784906
0
0
0
3.90552
10.4821
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11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
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32
33
34
35
36
37
38
39
40

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28

-14.0895
-3.18842
45.9996
75.0218
-55.2222
-42.1491
-2.25309
-6.36164
-12.4652
-1.17539
1.48234
2.2242
-1.99444
-0.509483
-43.8312
-93.9772
-23.4397
-60.6231
-0.094888
0.019325
1.42951
0.675535
-0.375572
-0.308409
-0.2287
-0.147768
-0.544566
-0.447182
-0.331606
-0.214259
0
0
7.66498
14.1649
-21.9184
-4.63561
85.1836
156.877
-78.007
-85.5158
-3.66441
-10.2619
-18.8409
-1.42106
2.83882
4.17221
-4.47852
-1.24609
-75.3729
-158.78
-28.274
-121.779
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-13.9405
-6.70259
-42.0197
92.1195
-36.3882
17.9578
2.354
-0.597315
-13.3096
-4.4396
1.51665
2.2493
-2.85748
-1.00875
-43.9345
-100.2
-11.795
-30.1283
-0.067685
0.326743
1.38284
0.732764
-0.299961
-0.246319
-0.182657
-0.118019
-0.576902
-0.473736
-0.351297
-0.226981
0
0
4.20525
3.06889
-24.7892
-12.9471
-78.4637
178.716
-22.5682
48.9541
2.9545
1.53685
-23.028
-6.88199
2.66253
291653
-7.69854
-3.21612
-73.822
-166.137
-14.6085
-49.54

Page 4

-14.5041
-1.90056
46.2062
72.5904
-57.7416
-45.6945
-2.23735
-6.83129
-12.2119
-1.96451
1.50106
2.43374
-2.11035
-0.30573
-44.7041
-95.47
-26.6945
-61.8947
-0.091811
-0.003234
1.48131
0.5565
-0.364267
-0.299126
-0.221816
-0.14332
-0.538142
-0.441907
-0.327694
-0.211731
0
0
8.0554
15.1419
-22.9689
-2.62654
85.3065
152.36
-82.6381
-87.8645
-3.70414
-11.1959
-19.0219
-2.78473
2.82089
4.44897
-4.71809
-0.83313
-79.3371
-166.78
-35.4911
-130.249

-13.4192
1.47488
53.1464
95.0589

-39.7359
-40.617

-2.29105

-2.77915

-14.5268

-0.448538
1.38644
2.59627

-1.68498

0.3723

-48.1783

-85.0013

-43.7628

75.28
-0.092792
-0.388585

1.49591

-0.563313

-0.449135

-0.368817

-0.273495

-0.176711

-0.599575

-0.492354

-0.365103

-0.235902

0
0
10.5821

21.4818

-15.1989

-0.638626

97.3528
182.458

-65.2726

-81.7051
-4.4103

-7.22854
-19.817
1.90235
2.60056
4.48417

-1.00827

-0.151937

-74.8191

-132.232
-61.843
148.162
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29
30
31
32
33
34
35
36
37
38
39
40

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40

10
11
12
13
14
15

-0.097907
0.121171
2.34762
1.13094
-0.200164
-0.164369
-0.121887
-0.078754
-1.01722
-0.835312
-0.619423
-0.400224
0
-14.8925
-22.3763
-13.1088
-9.86673
-21.4609
-6.05449
71.5286
11.6604
4.11801
8.54295
-9.83084
-8.5918
-0.364186
-1.45003
-8.36168
-4.06185
19.8662
42.5209
10.1175
77.8941
-0.998997
-1.52066
1.0853
0.09324
-1.47068
-1.20768
-0.895551
-0.578637
-3.62896
-2.98
-2.20981
-1.42781
-3.49508
-4.74848
-9.81434
-4.68075
-11.8529
-9.63205
16.288
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-0.30362
0.317175
2.60878
1.30005
-0.553137
-0.45422
-0.336825
-0.217631
-1.92758
-1.58287
-1.17377
-0.758403
0
-14.5904
-25.2337
-3.86729
-5.54451
36.4906
-75.2796
72.5011
-2.31523
-4.46793
11.7604
-3.40586
2.5365
-0.631339
-3.67077
-6.48074
-3.76557
37.4534
76.3599
17.1514
35.785
-0.857632
-1.2255
0.76839
0.031868
-0.524046
-0.430332
-0.319111
-0.206185
-3.12277
-2.56433
-1.90157
-1.22865
-6.97659
-12.9148
-5.86417
-4.53026
1.1524
0.158944
20.4296
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-0.108002
0.064654
2.45959
0.941201
-0.305272
-0.250681
-0.185891
-0.120109
-1.0008
-0.821829
-0.609424
-0.393763
0
-15.3188
-23.336
-13.564
-9.29141
-23.1685
-3.10277
77.446
19.7767
4.32418
8.52352
-10.0394
-9.03119
-0.286804
-1.33114
-9.12524
-3.54823
22.4316
47.0604
16.7068
85.8983
-1.02922
-1.58136
1.15398
-0.013809
-1.46983
-1.20698
-0.895033
-0.578302
-3.74957
-3.07904
-2.28325
-1.47526
-2.13143
-2.6811
-9.23021
-3.20955
-9.55581
-6.76725
11.2518

0.137814
-0.118744
2.15768
-0.932017
0.136702
0.112256
0.083243
0.053785
-0.065396
-0.053701
-0.039822
-0.02573
0
-14.3381
-15.8431
-22.5319
10.8555
-18.4085
16.4173
96.0692
-21.5984
2.96205
10.0512
-10.2135
-9.18625
0.181679
2.00587
-10.0771
3.57825
2.03568
4.97048
13.705
-70.0692
-0.97953
-1.82768
1.3807
-0.104315
-2.14114
-1.75824
-1.30382
-0.842428
-4.07394
-3.3454
-2.48077
-1.60289
1.72474
-0.454942
10.7217
-3.24591
10.6848
5.57151
-11.0018
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16
17
18
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24
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29
30
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38
39
40
10
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13
14
15
16
17
18
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20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36

0.552385
0.76347
0.9302
-8.49065
-3.808
1.51368
1.77527
-6.49529
-2.59279
-6.70432
-14.1208
-3.76297
7.0763
-0.418328
-0.569046
1.03376
0.326869
-0.188592
-0.154866
-0.114841
-0.074201
-1.72807
-1.41904
-1.05229
-0.679906
0
0
0
-2.46148
-6.99812
-12.7926
-1.09116
44.6936
77.5952
-49.4505
-44.0982
-0.049919
0.046478
1.39928
0.652376
-28.7378
-43.8211
-40.3881
-23.5078
1.66649
2.27378
-1.27913
-0.344793
0.67906
0.557625
0.413505
0.267175
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5.91812
-1.64648
6.4957
-6.95989
-0.225714
0.511228
-0.666455
-4.80932
-2.42669
15.0752
52.8197
27.9534
29.1641
-0.510147
-0.564674
0.966109
0.29938
-0.23254
-0.190955
-0.141602
-0.091493
-1.88886
-1.55108
-1.1502
-0.743169
0
0
0
2.57759
-0.929465
-13.8987
-4.72347
-40.6768
91.2249
-30.3244
19.4554
-0.030368
0.335067
1.34707
0.726532
-24.7502
-49.5739
-25.5461
-24.2899
1.65303
2.42044
-2.32069
-0.733416
0.640993
0.526365
0.390324
0.252198
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-0.28522
0.409059
-0.158591
-7.6968
-3.44313
1.62655
2.15399
-6.1798
-1.78642
-8.714
-18.8695
-5.02733
0.1985
-0.332099
-0.449576
1.00646
0.248929
-0.044423
-0.036479
-0.027051
-0.017478
-1.45425
-1.19419
-0.885546
-0.572172
0
0
0
-2.44935
-7.50048
-12.5542
-1.94793
44.7752
75.385
-51.5051
-46.4207
-0.049802
0.017441
1.44984
0.532671
-27.9837
-42.3894
-41.0054
-20.2508
1.66791
2.43921
-1.3723
-0.220498
0.680591
0.558882
0.414437
0.267777

6.23524
0.036093
-1.70924

8.37967

2.75856
-1.84397
-3.99019

5.76952
-1.61424

14.7247

25.2607

11.3196
-8.07731
0.297012
0.658446
-1.05615
0.284058
0.266145
0.218551
0.162065
0.104714

1.48407

1.21868
0.903705
0.583905

0
0
0

-2.53383
-3.40878
-15.2119

-0.229798

49.5177

96.0975
-30.9292
-44.6935

-0.057807
-0.360763

1.46167
-0.53198
-35.4998
-41.1781
-58.7617

23.9036

1.55455

2.44532

-0.892238
0.351004
0.697331

0.572628

0.42463
0.274364
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38
39
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22
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24
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26
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37
38
39
40
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19
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21
22
23
24
25
26
27
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6.89978
5.6659
4.20153
2.71471
0
0
-4.06552
-11.593
-21.1434
-1.78319
75.4429
138.618
-76.1895
-79.3062
-0.102809
0.03633
2.24373
1.03481
-33.8449
-48.885
-52.3352
-28.2216
2.73831
3.54083
-3.6901
-1.34068
1.07264
0.880822
0.65317
0.422029
13.6103
11.1764
8.28781
5.35495
0
3.94682
8.28756
-9.09076
-8.41234
-24.2287
-15.8436
79.3272
18.4507
-0.9249
-1.40904
1.09474
0.124361
-133.785
-205.817
-138.56
-95.6585
-0.134088
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6.87524
5.64575
4.18659
2.70505
0
0
3.41998
1.34258
-25.3997
-7.69603
-68.0775
157.095
-22.8082
42.1474
-0.29205
0.228891
2.5157
1.25346
-60.9524
-118.665
-56.9073
-60.068
2.5996
2.50591
-7.32952
-3.14182
0.729899
0.599372
0.444462
0.287178
18.7617
15.4066
11.4247
7.38176
0
-4.38696
11.3939
-2.54292
2.69698
36.8467
-81.741
76.7511
-2.65013
-0.794401
-1.09674
0.776023
0.077028
-115.053
-209.349
-71.4977
-101.323
-0.417933
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6.95256
5.70925
4.23367
2.73547
0
0
-4.10206
-12.6268
-21.2629
-3.33465
75.3257
134.174
-79.7705
-81.1994
-0.114181
-0.028795
2.34238
0.843514
-34.3534
-49.2919
-54.5205
-25.0101
2.69918
3.76818
-3.89513
-1.02776
1.07406
0.881988
0.654035
0.422587
13.7324
11.2767
8.36216
5.40299
0
4.14725
8.27356
-9.27541
-8.8485
-26.1183
-14.0936
84.9497
26.3513
-0.954286
-1.45636
1.16351
0.017231
-133.64
-209.241
-143.373
-86.0199
-0.054623

7.65324
6.28462
4.66034
3.01116
0
0
-4.77953
-7.80938
-22.5461
1.74354
86.3811
169.854
-64.6036
-81.1862
0.100934
-0.207241
2.02337
-0.816584
-7.30383
-5.31981
-20.8708
2.6219
2.42982
3.53647
0.135182
0.049747
1.30284
1.06986
0.793347
0.5126
8.46589
6.95195
5.15519
3.33089
0
2.61376
9.21735
-10.0814
-8.85677
-20.8168
-3.90277
93.1201
-8.04506
-0.910518
-1.7217
1.35593
-0.117496
-138.01
-173.432
-193.508
96.2226
0.324033



11
11
11
11
11
11
11
11
11
11
11
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
13
13
13
13
13
13
13
13
13
13
13
13
13

30
31
32
33
34
35
36
37
38
39
40
13
14
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18
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25
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30
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40
14
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18
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-1.1795
-9.57049
-4.53315
-1.19568

-0.981859
-0.728093
-0.470438

20.8292

17.1043

12.6837

8.19522
0.619165
0.536579
-8.96316

-3.9221
-14.3811
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21.4259
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-0.405583
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-44.4249
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-50.2403
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1.43717
-7.37766
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12.025
8.91709
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0
0
0
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4.02545

6.21991
0.296734
-2.41484
-4.08104

-0.317946
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-0.799522
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17.6325
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6.39512
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-0.273715
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21.9751
3.61643
-0.484055
-0.538339
0.935713
0.300867
-54.9229
-95.506
-20.2867
-43.4608
0.549465
-0.853592
-5.34179
-2.68501
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0
0
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-8.25701
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-0.097097
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5.18762
0
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4.21368
6.00498
0.693998
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14.1505
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-9.9328
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33.4182
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49.9878
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6.69218
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-0.018831
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-3.3786
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0.410875
0.304683
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0
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4.13746
10.7167
16.5857
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-5.44817
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-1.50989
-3.82288
37.3408
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-12.9247
28.1309
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-0.696057
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-9.24874
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-3.6389
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39.7035
-2.12505
11.5027
-0.51119
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0
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-5.72909
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-0.053083
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-6.56561
-5.39149
-3.99804
-2.58323
-4.70484
-3.86348
-2.86495
-1.85111
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0.443579
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0.5901
0.839189
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-14.5855
-2.0886
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0.554475
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1.46144
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-2.24101
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0
0
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Sheetl

-1.146
0.322464
0.474076
-0.534108
-0.188818
-8.28553
-6.80384
-5.04536
-3.25993
-4.77479
-3.92092
-2.90754
-1.87863
-2.62521
0.978663
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19.9328
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-0.256187
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0
0
0
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0.59302
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7.71386
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0.499628
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0
0
0
-0.161446
-0.324419
-0.705218
-0.363538
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-3.73063
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-17.8017
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0
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-0.596102
-0.489502
-0.362988
-0.234535
-3.66571
-3.01018
-2.23219
-1.44227
0
0
-0.344736
-0.705311
-1.46507
-0.891664
-4.00141
-4.34241
-48.8956
-23.9742
-5.54091
-9.51844
-1.52318
-4.02714
-1.34843
-1.10729
-0.821108
-0.530538
-7.43598
-6.10622
-4.52804
-2.92567
0
0.154909
0.252124
-0.129472
0.015227
23.9253
34.2321
-88.1712
-38.3792
-5.17244
-9.38404
-7.40858
-6.3144
-0.50056
-0.411046
-0.304809
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-2.16789
-1.78021
-1.32011
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0.478208
0.354613
0.229124
3.66078
3.00613
2.22918
1.44033
0
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-0.437441
-1.19524
-1.11634
-0.789414
-15.3663
-24.6711
-2.77538
-5.71672
-3.0134
-4.42034
1.66191
-0.688996
-1.02094
-0.838367
-0.621688
-0.401687
-6.41437
-5.2673
-3.90595
-2.52372
0
0.069036
0.107873
-0.530869
-0.272364
20.8398
8.58981
-95.2986
-37.4108
-6.51141
-13.9472
-4.95134
-5.32788
-0.857786
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-2.58845
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-0.489235
-0.36279
-0.234408
-3.6642
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0
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-3.22968
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0
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-0.103753
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34.2575
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-5.02235
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-7.72143
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-1.41521
0
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2.61116
-1.26279
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-0.768959
-0.496843
-6.03592
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-3.67549
-2.37482
0
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0.205568
-0.558918
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22.2134
62.2417
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33.1635
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-8.49759
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6.81935
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0.472653
0.698566
0.465493
10.9007
14.5262
-2.31662
0.6755
0.397579
0.590336
-1.48268
-0.295297
0.51447
0.422468
0.31328
0.202417
2.15417
1.76894
1.31175
0.847555
0
0
0
0.633315
0.904637
-1.73836
-0.448703
0.129311
0.224899
0.215752
0.160822
52.8858
43.4283
32.2041
20.8078
-0.412205
-0.338491
-0.251007
-0.162181
0
0
0.952358
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-0.906316
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0.343794
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-0.334996
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-4.72139
-31.2029
-13.6509
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-0.584618
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-0.355995
-0.230017
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-1.85914
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0
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0
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-1.78059
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0.133835
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0.157983
0.141264
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41.1333
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0
0
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-3.52424
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0.679039
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0.022912
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0
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0
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0
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0
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0.133724
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34.3492
22.1938
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0
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-0.482614
-0.357881
-0.231235
0
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-1.80747
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-1.81909
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0.303418
-0.094701
0.041764
7.01891
5.76373
4.27407
2.76158
1.00084
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0.393779
-0.151431
-0.47643
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0.151527
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35.1237
28.8426
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-2.13878
0
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-1.6486
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-1.00389
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0
0
0
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0.094744
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-11.615
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0
0
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0.248813
2.60366
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3.70416
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-0.905802
-0.671694
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-6.1569
-5.05587
-3.74916
-2.42242
0
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-2.00702
-1.29678
-0.162341
-0.13331
-0.098855
-0.063873
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0
0
0
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-19.8596
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0
0
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-1.46613
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-1.28625
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1.52192
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0
0
0
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0.102774
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-14.5959
-10.8235
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0
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0.350582
0.259973
0.167975
-34.8906
-28.6512
-21.2462
-13.7277
0
0.406311
0.333651
0.247418
0.159862
39.1671
32.1629
23.8503
15.4102
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0.250709
0.185912
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5.58747
4.58827
3.40242
2.19838
0
0
0
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-0.102646
-0.076117
-0.049181
0
0
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-0.08429
-0.062505
-0.040386
0
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-0.046351
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-0.040386
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0

S O O O

Sheetl
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0.429731
0.318666
0.205897
-27.5327
-22.6091
-16.7657
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0
0.33396
0.274238
0.20336
0.131396
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0.110646
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0
0
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0
0
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0
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-0.095721
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-0.045863
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0.350755
0.260101
0.168058

-35.834
-29.4259
-21.8206
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0
0.422932
0.3473
0.257539
0.166402
40.7601
33.471
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16.037

0.27772
0.228056
0.169114
0.109269
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1.20843
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0

0
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-0.075935
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0

0
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-0.084089
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-0.040289

0
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-0.33987
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0
0
0
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0
0
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0
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-0.005663
-0.009301
-0.007637
-0.005663
-0.003659
0

S O O O



39

40

Sheetl

Page 16



Sheetl

Order of Pigments in the RC

PD1
ChiD1
ChlD2

PheoD1
PheoD2
CHIzD1

PD2
ChlzD2
BCRI1
BCR2

O 00 1 O L B W N —

—_
()

For every Chl a, Pheo a and BCR 4 transitions
Example: The numbers m and n correspond to

m transition

1 PD1-Qy

2 PD1-Bx

3 PD1-By

4 PDI1-Nxy

5 ChID1-Qy

6 ChlD1-By
40 BCR2 So-S2, Vibo-3
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