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ABSTRACT: The Fenna-Matthews-Olson (FMO) trimer (composed of identical subunits) from the green sulfur bacterium
Chlorobaculum tepidum is an important protein model system to study exciton dynamics and excitation energy transfer
(EET) in photosynthetic complexes. In addition, FMO is a popular model for excitonic calculations, with many theoretical
parameter sets reported describing different linear and nonlinear optical spectra. Due to fast exciton relaxation within each
subunit, intermonomer EET results predominantly from the lowest energy exciton states (contributed to by BChl a 3 and 4).
Using experimentally determined shapes for the spectral densities, simulated optical spectra are obtained for the entire
FMO trimer. Simultaneous fits of low-temperature absorption, fluorescence and hole-burned spectra place constraints on
the determined pigment site energies; providing a new Hamiltonian that should be further tested to improve modeling of 2D
electronic spectroscopy data and our understanding of coherent and dissipation effects in this important protein complex.

Introduction

The Fenna-Matthews-Olson protein complex (FMO) is
found mainly in green sulfur bacteria (GSB) and facilitates
excitation energy transfer (EET) from light-harvesting chloro-
somes to the reaction center."” It was the first pigment-protein
complex to have the crystal structure determined’ and X-ray
crystallography data for FMO from several GSB are availa-
ble,*® which reveal very similar features for FMO of Chloro-
baculum (C.) tepidum, Prosthecochloris (Pr.) aestuarii and
Pelodictyon phaeum. That is, FMO is a homotrimer with each
monomer binding seven to eight bacteriochlorophyll (BChl) a
pigments enclosed in a series of P sheets. The existence of
BChl a 8 was discovered more recently’ and its occupancy in
isolated complexes is known to vary.**"

The wealth of crystallography data on FMO is particularly
appealing for structure-based calculations. Recent studies have
been undertaken to calculate pigment site energies based sole-
ly on chlorophyll conformations using quantum chemical and
optimization approaches.”'’ While such atomistic studies rep-
resent important advances in structure-based modeling, the
reported energies (and ordering) for FMO’ cannot explain
experimental data as of yet. However, such studies reveal that
site energies critically depend on the protein binding pocket
and pigment conformations. Therefore, at this point the best
approach for elucidating site energies is simultaneous calcula-
tions of optical spectra using an optimization algorithm (vide
infra).

Much of the interest in FMO is due to the results of pump-
probe and 2D electronic spectroscopy (2DES) measurements,
where quantum beats were observed in the 19 K polarized
pump-probe signal'' and 2D maps at 77 K'* and room temper-
ature.” The relaxation of localized and delocalized states can
be treated by Forster'*"” and Redfield'®'"® theories, respective-
ly. Since photosynthetic complexes often fall within an inter-

mediate regime between the two limits of weak and strong
coupling, various other theoretical methods have been pro-
posed, often with FMO as a model system. For example, Red-
ﬁeld,lgf21 modified Redﬁeld,22 correlated driving-dissipation
equation,” zeroth order functional expansion master equa-
tion,”** equation-of-motion phase-matching,”® hierarchical
equations-of-motion,”’ ** and numerical path integral’** ap-
proaches have been applied in the interpretation of population
dynamics and coherent oscillations involved in EET within
FMO.

While fast timescale kinetics (on the order of femtoseconds)
can be described with only intramonomer exciton relaxation,
intermonomer EET is important when considering steady-state
and frequency-domain spectra, e.g., fluorescence and hole-
burned (HB) spectra.”” In order to generate the most physically
realistic Hamiltonian possible, as many constraints need to be
placed on the fitting process as possible. That is, the entire
trimer has to be taken into account in order to properly de-
scribe various optical spectra simultaneously.””* For example,
linear absorption spectra have been shown to differ for various
FMO complexes reported in the literature,” suggesting that
site energies generated from simulations of only absorption
spectra can vary for different samples or laboratories.

In this work, Redfield theory is applied in order to generate
an optimized Hamiltonian for the FMO trimer from C. fepi-
dum. Since the intermonomer dipole coupling is weak, Gener-
alized Forster theory’™ is used to describe three excitonic
domains (corresponding to the pigments bound by each pro-
tein subunit). That is, exciton delocalization is restricted to a
single domain and interdomain EET between lowest energy
excitons of each domain is described by the Forster rate equa-
tion.'*!? However, BChl a 8 is included in the domain of the
neighboring protein monomer, as this pigment has a larger
intermonomer coupling constant with BChl a 1 of the adjacent
subunit than any intramonomer couplings.
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Theory

Simulated spectra are calculated following Generalized
Forster '[h(:ory,36‘37 with exciton lineshapes and relaxation
within excitonic domains described by a non-Markovian den-
sity matrix approach.'® Exciton delocalization is restricted to
three distinct domains with each domain corresponding to the
pigments bound by a protein subunit (with the exception for
BChl a 8 mentioned above). BChl a atomic coordinates are
taken from the X-ray structure (PDB ID: 3ENI)* and Model A
neglected BChl a 8 while Models B and C included full occu-
pancy of BChl a 8.° Electronic coupling constants (V) are cal-
culated using the TrEsp method® with an effective transition
dipole strength |u[* = 25.2 D* (which includes contributions of
the relative dielectric of the rnedium).33 This value was chosen
in order to yield coupling constants similar to those in column
4 in Table 1 of ref 19. In addition, BChl a ground state vibra-
tional modes determined from the AFLN spectrum®’ were in-
cluded (S, = 0.4) by convolution of Lorentzian peaks with the
excitonic lineshape.

Three models are considered in the following sections, with
the spectral density (weighted one-phonon profile) assumed to
be a lognormal distribution.”® In Model A, the spectral density
shape is site-independent and is determined from difference
fluorescence line narrowing (AFLN) da‘ra,40 with w, = 38 cm'l,
o=0.77and S = 0.3, where w,., o and S correspond to the
cutoff frequency, standard deviation, and Huang-Rhys factor,
respectively. S is defined as the area of the spectral density at
zero temperature, that is,

s= [ J(w)dw )

Inhomogeneous broadening is site-dependent for Model A.
In Model B, inhomogeneous broadening is site-independent
while S = 0.3 and 2.2 for BChl ¢ 3 and all other BChl a, re-
spectively.

Finally for Model C, BChl a 3 has the same spectral density
shape (with § = 0.4) as the previous models, but for higher
energy pigments, a broader spectral density shape is used, i.e.,
w, =45 cm™, o= 0.85 and S = 0.4. These parameters are de-
termined from excitation-dependent FLN calculations of the
B777 complex*' (BChl a bound to a single a helix protein),
while S is assumed to be site-independent.

The fwhm of inhomogeneous broadening for BChl a 3 (75
cm™') is constrained by the width of the 825 nm absorption and
fluorescence (0,0) bands. All other BChl @ have fwhm of 125
cm’', in order to better fit the high-energy absorption features.
Pigment site energies are adjusted to provide simultaneous fits
to absorption, fluorescence and persistent nonresonant HB
spectra. In order to optimize the fits to experimental data, a
Nelder-Mead simplex™ algorithm was utilized to search the
solution space and minimize the root-mean-square deviation

T — 3%
RMSD = JE[:""W?_}“FJ :
N )
where N is the total number of compared points, yy., and
Yexp are the corresponding theoretical and experimental y-
values, respectively.

HB spectra were best fit assuming a 60 cm™ blue-shift of the
post-burn site energy distributions;”* suggesting that the
main energy tier in the FMO protein energy landscape is about

60 cm’'. The spectral contributions of BChl a pigments to the
absorption spectrum can be calculated according to

(@) = @(Zpgl g |*1as 2Dy (@) 4o, 3)

where Dy(w) is the lineshape of exciton state M, |cpy|” is the
contribution number (squared eigenvector coefficient) of site
m to state M, |uy|* is the transition dipole strength of state M,
and <...>y, indicates disorder averaging. The contribution
numbers also define the delocalization length (inverse partici-
pation ratio) by

1
Ly=g7—— (€)]
M Tulemul
The equations describing intradomain rates for exciton relaxa-
tion are given in ref 19. This work considers excitation by a
femtosecond laser pulse and includes orientation averaging

with respect to the laser polarization.

Results and Discussion

Frames A-C of Figure 1 show experimental and calculated
absorption, fluorescence and persistent nonresonant (Ag =
496.5 nm) HB spectra for Models A-C, respectively. The
shape of the HB spectra was independent of laser fluence used
(i.e., no shift of the lowest energy bleach was observed), indi-
cating that this FMO sample was intact and not a mixture of
intact and destabilized proteins (for details see ref 35). Frame
C shows the results of simulated absorption (curves a’), fluo-
rescence (curve b’) and nonresonant HB (curve c’) spectra
using the Hamiltonian presented in Table 1 (Model C) com-
pared to the respective experimental data (curves a-c). The
lowest energy absorption (12,110 e¢m™) and fluorescence
(12,086 cm'l) bands, in addition to the lowest energy hole, are
well-fit by considering the entire FMO trimer, as shown previ-
ously for a simplified model consisting of only BChl a 3 and
4.>*** In addition, only a reorganization energy (E,) of ~15 cm’
" can describe the small Stokes shift” and fit the narrow ab-
sorption band at 12,110 cm™ (due to weaker coupling to pho-
non modes).

While the simulated absorption, fluorescence and nonreso-
nant HB spectra for Model A fit the experimental curves well
(frame A), the resulting population dynamics (see Figure 2)
are not consistent with time-resolved spectra,”* where the
excitation energy is mostly located on the lowest energy exci-
ton state within 1-10 ps. The latter indicates that the weak el-
ph coupling determined experimentally for the lowest exciton
state (mainly localized on BChl a 3) is not applicable to all
higher energy states; as the slow dynamics are due to the nar-
row spectral density, which determines what phonon modes
are available to participate in energy transfer. That is, stronger
el-ph coupling is a necessary condition in order to properly
describe the exciton population dynamics of FMO. The initial
populations are calculated assuming excitation by a 50 fs laser
pulse at 12,626 cm™.'”** States 6, 7 and 8 have the largest
initial populations, with the lowest energy state 1 having neg-
ligible initial population. By 5 ps the population of state 1 is
approximately 70% via relaxation from state 2 (ky; = 1.7 ps™).
As reported previously,'** state 3 decays rather slowly due to
the small spatial overlap with exciton states 1 and 2.** The
relative populations in Figure 2B are consistent with experi-
mental data, which observed relaxation to the lowest energy
state within 1-10 ps.®*
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18 Figure 1. 5 K experimental® (solid) and simulated (dashed) absorption (black curves a/a’), emission (blue curves b/b’) and non-
19 resonant HB (red curves c/c’) spectra. Frame A shows simulated spectra assuming a site-independent spectral density and site-
20 dependent fwhms (Model A). Frame B shows fits for Model B with only one spectral density shape but two S factors and site-
21 independent fwhms. Fame C shows the results for two spectral density shapes and site-dependent fwhms (Model C).
22
gi Table 1. Model C Frenkel exciton Hamiltonian for the FMO trimer in the site representation®
25 BChl a 1 2 3 4 5 6 7 8
g? 1 12405 87 42 52 55 14 6.1 21
28 2 12505 28 6.9 1.5 8.7 4.5 4.2
29 3 12150 -54 -0.2 -7.6 1.2 0.6
30 4 12300 -62 -16 -51 -1.3
g; 5 12470 60 1.7 33
33 6 12575 29 -7.9
34 7 12375 -9.3
35 8 12430
36 - - =
37 *All values in units of cm
38 Due to the issues presented in Figure 2, the experimental da- peak®**%) is reproduced and the intensity of the 12,260 cm™
39 ta were again fit using Redfield theory and Model B. The fits peak is found to be critically dependent on the energy values
40 are shown in frame B of Figure 1, and for simplicity all pig- of pigments strongly coupled to BChl a 4 (i.e., BChls 3, 5 and
a1 ments have the same inhomogeneous broadening (fwhm = 75 7). Oscillator strength can be redistributed between BChl a 4
cm™). The presence of stronger el-ph coupling increases the and BChl a 3, 5 and 7; suggesting that BChl a 4 plays an im-
42 exciton relaxation rates as shown in frame B of Figure 2. portant role in the FMO absorption differences between spe-
43 However, the increased S value enhances the temperature- cies of GSB. Note that in this work the Q, region is well-fit
44 dependent broadening of the absorption spectrum which is with 3 BChl a 8 per trimer. However, this assignment could be
45 inconsistent with the experimental data (see Figure 3). While lower as mass spectrometry results indicate both detergent-
46 the experimental spectra show only small temperature effects and sodium carbonate-extracted FMO complexes have on
47 (even at 150 K the three bands can still be somewhat re- average 2-3 BChl a 8 per complex.® An occupancy of ~80%, is
48 solved), the simulated curves in frame B change more noticea- a more likely scenario, but determining the exact spectroscop-
49 bly at higher temperatures. For example, the calculated spec- ic contribution of BChl a 8 is beyond the scope of this work.
50 trum at 50 K is similar to the experimental 150 K spectrum. Figure 4 shows triplet minus singlet (T-S), circular dichro-
51 S‘%Ch a dlsgrepancy 1ndlcates that Fl\l/g[% 416135 weak el-ph cou- ism (CD) and linear dichroism (LD) spectra calculated using
52 pling, consistent with literature data, ™" and only a broader the Model C parameters from Table 1 compared to the low-
53 specj[ral density shape of Model. C can improve exciton dy- temperature, experimental data.”' The comparisons can only
54 namics and describe the absorption temperature erendence. provide a qualitative assessment of the simulation parameters,
55 The temperature range was chosgp such that addltlgrigl effects as the absorption spectrum of ref 51 is blue-shifted compared
due to crossing the glass transition (150-200 K)™™ can be to the absorption spectrum fitted in the main text. The implica-
56 T d . 35
57 1gnored. tions of such shifts are described in more detail elsewhere.
58 The “type 2” absorption spectrum of C. tepidum (where the Even so, the main features are reproduced, although some
59 12,430 cm’ peak is more intense than the 12,260 cm’! bands are shifted. For example, the low-energy bleach in the
60
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T-S spectrum is more red-shifted for the simulated curve (a’),
consistent with the above-mentioned shifts of the 825 nm ab-
sorption band. Interestingly, the low-energy fits of CD and LD
are much better. In order to have a more meaningful compari-
son, multiple spectra (i.e., absorption, fluorescence, HB, T-S,
and CD) need to be measured on a single sample in a relative-
ly short timeframe so as to prevent destabilization of the pro-
tein. However, given uncertainties in the electron-phonon (el-
ph) coupling parameters of high-energy pigments, the simulat-
ed spectra in Figure 4 fit the experimental data reasonably
well.
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Figure 2. 5 K exciton population dynamics after initial excitation by a 50 fs laser pulse (12,626 cm™).
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Figure 3. Experimental (top frames) and simulated (bottom frames) temperature-dependent absorption spectra measured at 5, 25,
50, 75, 100 and 150 K. Frames A-C correspond to Models A-C, respectively.
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Figure 4. Frame A: 6 K experimental51 (solid) and simulated (dashed) T-S (black curves a/a"), CD (blue curves b/b’) and LD (red
curves c/c') spectra. Frame B: Calculated AA spectra (dashed lines) assuming the triplet state resides on various BChl a compared
to 20 K experimental DADS (data points).” AA; corresponds to the long-lived T—S spectrum, while AA,_; is the bleach resulting
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from triplet energy transfer from BChl a i to BChl a 3. All curves are simulated using Model C parameters.

Table 2. Comparison of Model C FMO site energies and various literature Hamiltonians

BChl a Model C Ref 51 Ref 22 Ref 19 Ref 55 Ref 54
1 12405(4) | 12400 (3) | 12420(4) | 12410(3) | 12468 (6) | 12 566(6)
2 12505 (7) | 12600(7) | 12560 (7) | 12530(6) | 12466 (5) | 12461(3)
3 12150 (1) | 12140(1) | 12140(1) | 12210(1) | 12129(1) | 12381(1)
4 12300(2) | 12280(2) | 12315(2) | 12320(2) | 12410(4) | 12494(5)
5 12470 (6) | 12500 (5) | 12460 (5) | 12480(5) | 12320(2) | 12445(2)
6 12575 (@8) | 12500(5) | 12500 (6) | 12630(7) | 12593 (7) | 12469(4)
7 123753) | 12430(4) | 12400(3) | 12440(4) | 12353 (3) | 12873(8)
8 12430 (5) — - - - 12 598(7)

The numbers in parenthesis rank site energies from lowest (1) to highest.

In addition to the low-temperature data shown in Figure 4A,
low-temperature triplet energy transfer has recently been stud-
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AA spectra for the same triplet energy transfers as reported in
ref 52. That is, AA; is curve a’ from Figure 4A, while AA; ,; =
AA; — AA;, where i =4, 5 or 6 corresponds to the calculated
bleach assuming BChl « i is in the triplet state. As with the T—
S spectrum of ref 51, the low-energy bleach of the simulated
AA; spectrum is red-shifted compared to experiment (see red
dots), reflecting different spectral positions of the §25 nm ab-
sorption band. However, the AAs — AA; and AAg — AA; spec-
tra agree with experimental results, as the absorption peak
position near 805 nm (mainly contributed to by BChl a 5 and
6) is not as sensitive to the sample preparation as the 825 and
814 absorption peaks.”® Overall the simulated AA curves using
the parameters of the Model C Hamiltonian (see Table 1)
agree with the conclusions of ref 52. In summary, simulated
bleaching due to triplet energy transfer along the BChl a 5/6
— 4 — 3 pathway is consistent with experimental DADS.

Table 2 shows the site energies for the BChl a pigments of
FMO proposed for Model C and several Hamiltonians from
the literature."””>*"***> Columns 2-6 correspond to energies
found by fitting optical spectra, while the values of ref 54 in
column 7 are calculated by molecular dynamics simulations.
Overall the energy sets have similar trends, e.g., BChl a 2 has
a higher site energy than BChl a 1. Important to notice is that
only in refs 54 and 55 is BChl a 4 not the second lowest in
energy. Figure S3 in the SI shows that such an assignment, for
example ref 55, is inconsistent with HB data, which requires a
smaller energy gap between BChl ¢ 3 and 4 than 281 cm™.

The pigment spectral contributions for Model C are shown
in Figure 5. In agreement with the current consensus,”°
BChl a 3 is the most red-shifted pigment and contributes
~85% to the lowest energy exciton state, while BChl a 4 con-
tributes (~50%) mainly to the second exciton state at ~12,260
cm’' (see Table 3). As BChl « 6 is located near the baseplate,*
it has the highest site energy and is the main contributor to the
highest energy exciton state; with minor contribution from
BChl a 5. Note that a higher site energy of BChl a 5 is con-
sistent with its position with respect to a helices 4 and 5.%°
The positive ends of the a-helix dipoles are in the vicinity of
the positive difference of the electrostatic potential of BChl a
5 between the S; and S, states, potentially raising the pigment
site energy.

It is possible that the site energy of BChl @ 5 differs in other
species of GSB; that is, as mentioned previously, the intensity
of the low-temperature absorption band at 12,260 cm™ was
found to be sensitive to the site energy of pigments strongly
coupled to BChl a 4. For example, as reported in Table 1 |V
=60 cm™', which is the second largest off-diagonal element in
the Hamiltonian. Thus, a different energy gap between BChl «
4 and 5 will have significant impact on the shape of the ab-
sorption spectrum. In addition, while the local protein envi-
ronment of most binding sites is highly conserved among spe-
cies, there are differences near the binding site of BChl @ 5 in
C. tepidum™ which could result in a significant change in the
site energy. Note that changes in the site energy of BChl a 7
could have similar effects, although the binding site is very
homologous between various GSB species.*’

(@)

o
-
——,
apm——" e
e
_

LA A6

[

Figure 5. Model C BChl a contributions to absorption (dp(w))
calculated with eq 3.

Table 3. Contribution numbers (lcliz) of sites m for states
M from a simultaneous fit of spectra shown in Figure 1C.

m M 1 2 3 4 5 6 7 8
1 0.00 | 0.07 | 0.45 | 0.13 | 0.05 | 0.03 | 0.21 | 0.05
2 0.01 | 0.02 | 0.15 | 0.06 | 0.04 | 0.07 | 0.51 | 0.14
3 0.84 | 0.13 | 0.02 | 0.01 [ 0.00 | 0.00 | 0.00 | 0.00
4 0.14 | 0.49 | 0.08 | 0.10 | 0.08 | 0.06 | 0.02 | 0.02
5 0.00 | 0.07 | 0.04 | 0.12 | 0.19 | 0.31 | 0.10 | 0.17
6 0.00 | 0.00 | 0.01 | 0.02 | 0.10 | 0.15 | 0.12 | 0.60
7 0.01 | 022 | 0.12 | 036 | 0.19 | 0.07 | 0.01 | 0.02
8 0.00 | 0.01 | 0.13 | 0.19 | 0.35 | 0.30 | 0.03 | 0.00
Ly | 1.39 | 230 | 2.10 | 2.56 | 233 | 2.25 | 2.21 | 1.93

Due to its relatively recent discovery and seemingly partial
occupancy, BChl @ 8 has gained much interest into its occu-
pancy in isolated versus in vivo FMO complexes and its role
in EET. Since a small occupancy was predicted based on elec-
tron density of the X-ray structure’ and the suggestions that
BChl a 8 may be removed from the protein detergent® or poly-
ethelyne glycol,® many studies neglect its presence by assum-
ing only a negligible amount remains after protein purifica-
tion. However, Wen et al.* showed that significant populations
of BChl a 8§ exist in various isolated FMO samples from C.
tepidum in both detergent- and sodium carbonate-extracted
samples. While theoretical studies often assign BChl a 8 a
very blue shifted site energy (12,600-12,700 cm™),*"** a spec-
tral position of ~806 nm (12,407 cm™") was proposed based on
absorption changes induced by chemical oxidation at 77 and
293 K.** Below we report on the 5 K oxidation of FMO by
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potassium ferricyanide and compare to the spectral contribu-
tion of BChl a 8 from Redfield calculations.

Figure 6 shows a comparison of two absorption spectra for
FMO; chemically neutral (curve a) and oxidized (curve b).
The oxidized sample had a concentration of ~2 M ferricya-
nide, which was much larger than used in the previous study.™
The difference curve (c) indicates that a small population of
the low-energy BChl a 3 and 4 pigments are oxidized, but the
main feature is the bleach at 12,420 cm™. Bina and Blanken-
ship®® proposed that BChl a 8 should be preferentially oxi-
dized due to its location at the interface of two protein subu-
nits and, similar to Figure 6, observed the largest bleach
~12,400 cm™. The green curve in Figure 5 is the spectral con-
tribution from Figure 4 for BChl a 8 inverted and scaled for
comparison. The distribution matches the bleach at 12,420 cm
! quite well and suggests that BChl a 8 contributes to the most
intense 12,430 cm’ band in C. tepidum. The relative absorp-
tion changes in the 12,420 cm™ region indicate that curve b
represents ~30% oxidation of the BChl a 8 population (as-
sumed to be 3 per protein trimer). In this case, it is unlikely
that BChl a 8 plays a role in the intensity of the 12,260 cm™
absorption peak,’ as a Qy energy shift of 200 em™ due to the
coordination state of the central magnesium ion is unlikely.”
Based on extensive model simulations, the difference between
types 1 and 2 absorption spectra for FMO of various GSB
results from differing interactions of BChl a 4 with nearby
pigments (vide supra).

Calculated Redfield rate constants for intramonomer exciton
relaxation in Model C are shown in Table 4. Redfield EET
occurs between two states whose energy difference matches
some phonon frequency of the bath.'®'” Thus, the rates depend
on the spectral density used in calculations. Therefore, we
emphasize that the spectral density shape must be experimen-
tally established for the particular pigment-protein complex
under study (e.g., in this work FMO). Only then can a reliable
rate matrix be used to calculate exciton population dynamics
(see Table 4). In ref 39 it was shown that the lognormal distri-
bution for FMO (after multiplying by »”) can be compared to
an Ohmic function with parameters from ref 22. The Ohmic
parameters were determined by fitting 2D photon echo spectra
(with E; = 35 cm™), but should not be used in calculations as
the Ohmic function cannot properly describe the phonon side-
band. However, the lognormal spectral density used in this
work for high-energy pigments (E; ~ 25 cm™') is capable of
describing both the absorption lineshape and exciton popula-
tion dynamics; although E; ~ 15-20 cm™ is necessary to de-
scribe the lowest energy state.
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Absorbance/A Absorbance
—

Figure 6. Absorption spectra for FMO in neutral (a) and oxidizing
(b) conditions, i.e., after the addition of potassium ferricyanide.
The red curve ¢ = b — a. The green curve labeled 8 is the inverted
and scaled BChl a 8 spectral contribution from Figure 2 with a
peak position of 12,422 cm’.

Table 4. Rate constant matrix calculated for Model C (ps™)

M 1 2 3 4 5 6 7 8

1 0 -1.7 | -0.2 | -0.1 | -0.1 0 0 0

2 0 1.7 | -07 | -1.7 | -0.8 | -0.5 | -0.2 | -0.1
3 0 0 09 | -06 | -08 | -05 | -1.5 | -0.2
4 0 0 0 24 | -06 | -0.7 | -0.7 | -0.4
5 0 0 0 0 23 | -04 | -0.7 | -0.9
6 0 0 0 0 0 22 | -08 | -1.6
7 0 0 0 0 0 0 39 | -0.7
8 0 0 0 0 0 4.0

In regards to the photosystem of GSB, Figure 7 shows the
energy levels of FMO calculated in this work compared to the
5 K fluorescence spectrum of the chlorosome—-baseplate com-
plex of C. tepidum.”® The FMO absorption covers the region
from 12,100 to 12,600 cm’' and exhibits spectral overlap with
both the chlorosome and baseplate (BChl a—CsmA) fluores-
cence bands. The baseplate, which is spatially close to BChl a
1 and 6, has an emission band coinciding with the spectral
position of the lowest energy states of FMO. However, at
room temperature this fluorescence band broadens significant-
ly and shifts to ~12,430 ecm™,*"" which increases spectral
overlap with the higher energy exciton levels. This increased
spectral overlap can promote more efficient EET, as incoher-
ent hopping is distance dependent and BChl a 6 and 8 have
been proposed as excitation entrances to FMO due to their
close proximity with the baseplate.'”*"*" Such an arrangement
is consistent with the “downhill energy funnel” model of
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FMO.” Although the exact structure of the chlorosome—
baseplate—-FMO-RC (including BChl «a distances and orienta-
tions) is not known, recent studies have reported that within 10
ps 60-70% of the exciton transfers from the chlorosome to
FMO via the baseplate,” while FMO — RC EET is on the
order of hundreds of ps.”

13000
Chlorosome
Emission
= 6 p—
5
= 12500 -
22 —
ol — 8 —
g 7 —
B —
— 3
12000 BCHhl a Site FMO Trimer
Energies Exciton States

Figure 7. Energy levels of the eight BChl a site energies and 24
exciton states. The spectrum is the experimental fluorescence for
the chlorosome—baseplate system,” with horizontal grey bars
indicating the maxima of the zero-phonon hole action spectra for
the chlorosome® and baseplate® pigments.

Conclusions

The present study (see also Supporting Information) has
shown that the whole trimer, and presence of uncorrelated
EET between monomers of the trimer, must be considered to
explain various linear optical spectra. The Model C pigment
site energies elucidated from simultaneous fits of 5 K absorp-
tion, fluorescence and persistent nonresonant HB spectra are
also consistent with previously reported exciton population
dynamics revealed by time-domain spectra.* ** BChl a 8 con-
tributes to the absorption spectrum at ~12,420 cm™'. This as-
signment contrasts the high energy values previously proposed
by theoretical considerations,”** but is consistent with exper-
imental data for oxidized FMO reported in this work and ref
58. Note that Pr. aestuarii may have a different site energy
assignment of BChl a 8 as evidence by the differences in, for
example, absorption and CD spectra (research in progress).
More detailed experimental studies (including studies of dif-
ferent FMO mutants) are needed to provide additional evi-
dence about the spectral contribution of BChl a 8 to optical
spectra.

A more accurate description of the site-dependent el-ph
coupling is of interest, as dynamics and extracted site energies
critically depend on the shape of the spectral density. In this
work, a minimum of two spectral density shapes were neces-
sary in order to describe the exciton population dynamics and
temperature-dependent broadening. Even though molecular
dynamics simulations can provide information on spectral

densities,” " care must be taken if using analytical forms of
the energy gap correlation function; as the resulting spectral
density may not describe the phonon sideband and define the S
factor.” In addition, a recent study has shown the effects of
force fields and quantum mechanical approaches on the spec-
tral density shapes.”” To date only the spectral density shape of
the lowest energy state can be measured experimentally. Thus,
more work is needed to extract site-dependent spectral densi-
ties from experimental data. In order to further test the Hamil-
tonian and el-ph coupling parameters proposed in this work,
theoretical descriptions of pump-probe and 2DES frequency
maps are needed to provide more insight on the population and
coherence dynamics for the FMO complex, in particular on the
time evolution of the 2DES rephasing and non-rephasing spec-
tra of the FMO trimer when treated separately (research in
progress).
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