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Abstract

Water soluble chlorophyll-binding proteins (WSCP) are interesting model systems for the
study of pigment—pigment and pigment—protein interactions. While class Ila WSCP has been
extensively studied by spectroscopic and theoretical methods, a comprehensive spectroscopic
study of class IIb WSCP was lacking so far despite the fact that its structure was determined
by X-ray crystallography. In this paper results of two-dimensional electronic spectroscopy
applied to the class IIb WSCP from Lepidium virginicum are presented. Global analysis of
2D data allowed determination of energy levels and excitation energy transfer pathways in
the system. Some additional pathways, not present in class Ila WSCP, were observed. The
data were interpreted in terms of a model comprising two interacting chlorophyll dimers. In
addition, oscillatory signals were observed and identified as coherent beatings of vibrational

origin.

Introduction

Water soluble chlorophyll-binding proteins (WSCP) are a group of non-membrane bound pro-
teins found in some plant families.!=> Interestingly, WSCPs contain no carotenoids, unlike the
vast majority of other chlorophyll (Chl)-binding proteins. Functions of WSCP are not known with
certainty, although sequestration, temporal storage and/or transport of Chls and biosynthetic pre-
cursor molecules of Chl were suggested.*® A direct participation of WSCPs in photosynthetic
light-harvesting and energy conversion processes is not likely.*® Two classes of WSCPs, oc-
curring in different plant families, are known.* The two classes exhibit different photophysical
properties: whereas class I WSCP (e.g. from Chenopodium album) may undergo photoconversion
upon illumination, ' class Il WSCPs (e.g. from Brassica species) are not photoconvertible. Class
IT WSCP can be further sub-divided into class Ila (e.g. from Brassica oleracea var. Botrys) and
IIb (e.g. from Lepidium (L.) virginicum). High resolution structure of class IIb WSCP from L. vir-
ginicum has been determined by X-ray crystallography’ (Figure 1). The structure of this complex

is tetrameric with each of the four apo-proteins binding one Chl molecule. The four Chls, enclosed



and efficiently shielded from the environment in a hydrophobic cavity in the center of the complex,
form two “open sandwich” dimers. The structure of class Ila WSCP is not known although it is
assumed to be very similar to the structure of class IIb. Interestingly, there are some significant
differences between class Ila and class IIb WSCPs. Namely, the positions of the Qy absorption
band, comprising of the lowest transitions of individual Chls, differ considerably, 674nm in ITa>
vs. 662nm in IIb> at room temperature. Moreover, the two WSCP classes appear to have different
contents of Chls per complex (two Chls on average for tetrameric reconstituted Ila vs. four for

native IIb).”~?

Figure 1: Structure of class ITb WSCP from L. virginicum.” (Left) The pigment-protein complex in
different orientations. (Right) The central chromophore core comprising four Chl @ molecules in
two different orientations with individual sites marked with numbers. Note, that in native WSCP
some of the Chl a are substituted by Chl b. The figure was created from PDB file 2DRE using
PyMOL. 10

Although WSCPs do not directly participate in photosynthesis, the content of very few struc-
turally well ordered Chl molecules renders WSCPs ideal model systems for the study of pigment—
pigment as well as pigment—protein interactions. Renger and co-workers have extensively stud-
ied recombinant class IITa WSCP from cauliflower, using a broad range of steady state and time-
resolved spectroscopy techniques as well as theoretical calculations.'! Class IIb WSCP, however,
has attracted much less attention. Because of the presence of four Chls in WSCP type 1Ib, more
complex interaction patterns between the pigments have to be expected, which can be readily stud-
ied by non-linear time-resolved spectroscopic methods. In this paper we present results of coherent

two-dimensional electronic spectroscopy (2DES) applied to class 1Ib WSCP from L. virginicum.
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From the thus obtained data, the excitonic structure and excitation energy transfer pathways have

been determined with the help of a global analysis.

Material and Methods

WSCP isolation

Class ITb WSCP was isolated from Virginia pepperweed (L. virginicum) as described previously.’
For 2DES measurements at 77 K the sample was mixed with 68% (v/v) of glycerol, to a final OD

of 0.24 at the Qy maximum.

Spectroscopy setup

2D spectra were obtained using the double-modulation lock-in technique described previously. 2
Briefly, a 200kHz repetition rate, KGW amplified laser system (PHAROS, Light Conversion) was
down-sampled to 2kHz to prevent accumulation of long-lived (probably triplet) excited states in
the sample and used to pump a homemade NOPA that produced broadband 15fs (full width at
half-maximum, FWHM, measured by autocorrelation) pulses centered at 656nm with spectral
width (FWHM) of ~ 50nm. Using a plate beam splitter and a transmissive diffraction grating,
the initial beam was split into four beams arranged in the boxcar geometry. One of the beams,
the local oscillator, was attenuated by a 3 OD filter. The other three beams were used to excite
the sample in a transient four-wave mixing arrangement. Excitation density at the sample was
1.7 x 10'* photons/(pulsecm?). The first beam and the second beam were modulated at different
frequencies, using optical choppers. Accurate time delays of the first two pulses were introduced
by moving fused silica wedges with motorized translation stages. Delays and CCD detector were
calibrated by using procedures outlined previously. !> Signal, emitted from the sample in the phase-
matched direction, was mixed with the collinear local oscillator beam and detected in a spectral

interferometry scheme. Separation of the third-order signal from scattered light was performed by



locking to the sum and difference of the chopper modulation frequencies. All measurements were
done at 77K, employing Janis STVP-400 flow cryostat.

Interferometric detection allows determination of amplitude and phase of the 2D signal; the real
part of the total response, corresponding to a spectrally resolved transient absorption measurement,
is shown in 2D spectra in this paper. The resolution of the originally collected data was 67cm~! on
the excitation (®;) and 59cm ™! on the detection axis (@3), however, 2D spectra as shown below

were interpolated for better clarity.

Results and Discussion

Linear spectroscopy

WSCP can bind both, Chl a and Chl b, with their ratio depending on growth conditions and plant
tissue of origin.*!® The linear absorption spectrum of WSCP in the visible spectral region exhibits
typical spectral features of Chl a and b (Figure 2). A band comprised of Qy transitions of both
Chls peaks at 663 nm. Multiple bands, Qy transitions and vibrational progression of Qy transitions
of both Chls, can be observed in the region between 550nm and 650nm.'*!> Soret bands of both
Chls are observed at wavelengths shorter than 500nm. Although spectral features of both Chls
overlap, the distinctive band peaking at 470nm is due to the Soret transition in Chl b.>

The absorption spectrum measured at 77 K exhibits narrower peaks and a slight blue shift of
the Qy band (to 659nm) as compared to the room temperature absorption spectrum. Moreover,
an additional weak band at ~ 693 nm is resolved. A possible origin of this peak may be due
to excitonic interaction(s). However, the observed splitting from the center of the Qy band (~
700cm ") would be much larger than expected for WSCP (cf. a splitting of ~ 200cm™!, which
was observed for reconstituted class Ila WSCP from cauliflower'4). Moreover, as the lowest state
of the excitonic manifold, this peak should receive all excitation energy, and fluorescence should
emanate from this state. However, fluorescence was observed from a higher level (Figure 2) thus

rendering excitonic origin of the 693 nm peak unlikely. Another possible origin might be a Chl-
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Figure 2: Low temperature (77 K, green solid line) and room temperature (300 K, blue dashed line)
linear absorption spectra, and low temperature fluorescence emission spectrum upon excitation at
415nm (77K, red dash-dotted line) of WSCP. The fluorescence maximum is normalized to the
absorption maximum at 77K. The black dotted line represents the spectrum of excitation laser
pulses used in the 2DES experiments.

like molecule (a precursor or catabolite) with red-shifted absorption of the Qy band as compared
to Chl a, which might be present in small amounts. However, such molecules (e.g. pheophytin)
usually lack the central Mg ion and do not bind to WSCP.? The peak was not observed in the 2D
spectra. This was most likely caused by the non-linear nature of 2DES, which suppresses weak
peaks relatively to stronger peaks, and prevents drawing any direct conclusions about the nature of
this peak. Currently, we lack a credible interpretation of this peak. However, due to the fact that it
is not observed in the 2DES measurements and it is disconnected from the other transitions, it does
not play any role for interpretation of the data presented here. Individual peaks within Qy band are
not well resolved, however, their positions can be approximately determined by second derivative
analysis (Figure S1): 646nm, 659nm, and 668nm (15480cm~!, 15175cm~!, and 14970cm™!
respectively). These three peaks can be assigned to exciton levels based on the analysis of the 2D
spectra (see below).

The low temperature (77 K) fluorescence spectrum is shown in Figure 2. The maximum of



the fluorescence is at 670nm. The less pronounced peaks (to the red) correspond to transitions
to vibrational levels of the ground state of Chl a (Figure S2). The spectrum was measured upon
excitation at 415nm, where Chl a is predominantly excited. However, if Chl b is predominantly
excited (at 470nm) the fluorescence changes only very slightly, showing a ~ 1nm shift toward
shorter wavelengths (Figure S2). This indicates efficient excitation energy transfer from Chl b to

Chl a, consistent with previous results. !’

2DES

Typical 2D spectra of class [Ib WSCP measured at 77K at different population times (¢,) are shown
in Figure 3. The spectra are dominated by ground-state bleaching (GSB) and stimulated emission
(SE) signals and exhibit a complicated network of diagonal peaks and cross-peaks. The dominating
feature is a strong central diagonal peak at @; = @3 = 15175cm™! (659 nm), corresponding to the
absorption of the Qy band. Weaker, overlapping cross-peaks appear above and (at later population
times) below the diagonal. The broad positive signal above the diagonal, comprising several cross-

peaks, indicates significant excitonic coupling between some of the Chls.
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Figure 3: Evolution of the 2D spectrum of WSCP with increasing population time (#;). The spectra
were normalized to the maximum of the signal at 1, = 60fs. The guide-lines indicate positions of
the levels in the Qy band determined by second derivative analysis of the linear absorption spectrum
and the diagonal. The arrow marks the most prominent cross-peak, which indicates occurrence of
excitation energy transfer.

To illustrate this, vertical cuts obtained close to the red edge of the 2D spectrum at 1, = 1200fs
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are shown in Figure 4. These cuts correspond to the transient absorption spectra (with the conven-
tion of positive GSB) detected after excitation at the @, frequency of the cut. Thus, only the states
with the lowest energy were excited in cuts taken at the red edge of the 2D spectrum. However,
clearly bleaching of higher excited states also appeared. This is only possible if the higher states
share a common ground state with the lower (excited) state.

The ground state is shared for all electronic states of a single molecule and their vibrational
progressions. Note however, that the left-most peak in Figure 4 shifts with excitation frequency
(i.e. excitation selects sub-populations of an inhomogeneously broadened transition) whereas the
central peak is stationary and, therefore, cannot be part of the vibrational progression of the left
peak. Moreover, the energy separation of the peaks (~ 200cm™!) is much smaller than the sep-
aration of two lowest electronic states of Chl (700cm™! or more'®). Thus, the involved states
cannot belong to a single molecule and have to be excitonic states of multiple, excitonically cou-
pled molecules. This does not exclude the possibility that part of the observed bleaching is due to
a vibrational progression.

Analogous cross-peaks appear also below the diagonal. At early population times the below-
diagonal cross-peaks are masked by excited state absorption from the higher exciton state.

We performed a calculation based on a simple point dipole approximation using the pigment
positions from the high resolution structure (for details, see Supporting Information). The calcula-
tion shows that, unsurprisingly, the strongest excitonic interaction is between the molecules in the
two “open sandwich” dimers (sites 1-2 and 3-4 in Figure 1). Other couplings are much weaker,
amounting to ~ 20% of the strongest coupling between ‘“‘vertically adjacent” sites 1-4 and 2-3,
and ~ 8% between “diagonal” sites 1-3 and 2-4, respectively. Consequently, we can consider the

system as consisting of two dimers which are only weakly coupled to each other.

2D global analysis

Data measured for very early population times during the overlap of excitation pulses (f, < 50fs)

were found to be “contaminated” by non-resonant signals originating from interaction of the pulses
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Figure 4: Cuts in the red edge of the excitation frequency of the (uninterpolated) 2D spectrum at
tp = 1200fs (Figure 3). The cuts correspond to transient absorption-like signals after excitation at
the @, frequency (which is given in the legend and marked by arrows). Vertical lines indicate posi-
tions of the levels in the Qy band determined by second derivative analysis of the linear absorption
spectrum.

with sample solvent and cuvette walls and were omitted from the analysis. The analyzed data
set consisted of 2D spectra measured for population times from 60fs to 1200fs, in 20fs-steps.
Kinetics of selected diagonal peaks and cross-peaks are shown in Figure 5. The most prominent
cross-peak (marked by an arrow in Figure 3) at @ = 15175 cm~! (659nm), w3 = 14970cm™!
(668nm) appears below the diagonal peak at @ = w3 = 15175 cm~! (659nm). Kinetic traces
associated with those peaks (solid blue and dashed green lines in Figure 5) reveal excitation energy
transfer from the 15175cm™! (659nm) level to the 14970cm ™! (668 nm) level on a sub-100fs
timescale. Other dynamic processes are less evident; however, at least two other lifetimes can be
discerned. Additionally, weak oscillating signals (approximately 5% of the maximum amplitude)
can be observed in various regions of the 2D spectra and will be discussed below.

A simplified global analysis '®!? (with oscillating signals not included into the model) was used
to unravel population relaxation, resulting in a 2D version of the decay associated spectra (DAS).

The global analysis reveals two components with lifetimes of ~ 50fs, ~ 250fs and a component
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Figure 5: Evolution of the 2D signal with population time at main diagonal peaks and sub-diagonal
cross-peaks. Note, that the visible oscillations are due to coherent beatings, not noise.

with a lifetime much longer than the scanned population times, > 1 ps (Figure 6).

The shortest lifetime resolved by global analysis, 50fs, corresponds well to the previously
calculated lifetime of the exciton relaxation in homo-dimers of Chl a in class Ila WSCP!!, 50 —
80fs. Indeed, the shape of the DAS also suggests excitation energy transfer from the state at
~15175cm™! (659nm) to the one at ~ 14970cm ™! (668 nm). The second component (250fs) is
markedly weaker (note the color scales in Figure 6) and contains characteristic features of multiple
excitation energy transfer processes. The longest component can be assigned to the relaxation from
the lowest state of the excitonic manifold to the ground state, which for class IIb WSCP at room
temperature has lifetime of 3.6 ns 17 and for class ITa WSCP at 10K has lifetime of 6 — 7ns. 2% Note,
that we cannot determine such a long lifetime with the used apparatus. The repetition rate of 2kHz
had to be used in the current experiments to prevent accumulation of long-lived (triplet) species in
the sample. The triplet states have typical lifetimes on the order of a few ms.2! Thus, some part of
the signal could be decaying on the corresponding time scale.

Based on the analysis of DAS we propose a tentative model of excitonic levels and excitation

energy transfer in the class IIb WSCP. In the following subsections we present the global modeling
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and the diagonal. See text for details.
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of the 2D spectral shapes and population dynamics as well as examination of the coherent dynamics

with the help of Fourier-transform analysis.

Modeling of DAS

To gain an insight to the relaxation processes in WSCP, we have created a simple, qualitative model
and calculated associated DAS (see Figure 6). The modeling is somewhat complicated by the fact
that the Chl a@ and Chl b occupancy in each of the individual WSCP complexes is not known. Most
likely the sample consists of a mixture of complexes with different occupancies of the binding sites
with Chl @ and b. In the model we assume that all four Chl-binding sites in the tetrameric complex
have the same affinity for Chl a or Chl b, and that differences between binding-sites are negligible.
By comparing the absorption spectrum of our sample with spectra published previously,? we can
estimate the Chl a to Chl b ratio of our sample as ~2.4:1. Under these assumptions, we consider
the sample as a mixture of complexes with different pigment compositions (sites 1,2:3,4): AA:AA
(25%), AA:AB (41%), AB:AB (17%), AA:BB (9%), AB:BB (7%), and BB:BB (1%), where A
and B stand for Chl a and Chl b, respectively.

Inhomogeneous broadening was simulated as independent fluctuations of site energies. Since
the relative order of individual levels on the energy scale can change for some realization of site
energies, the direction of energy flow between dimers is ambiguous and had to be determined for
each realization of the site energies independently. However, relaxation rates were not calculated
on a case-by-case basis. Effective excited state lifetimes were assumed instead: short lifetimes
were assumed for exciton relaxation in dimers, somewhat longer ones for excitation energy transfer
between dimers, and very long ones for relaxation from the lowest excited state to the ground state.
Lifetimes determined by the global analysis, 50fs and 250fs, were used for “fast” and “medium”
lifetimes, respectively. A lifetime of 10ps was used as the “slow” lifetime; the model is not very
sensitive to this value as long as it is much larger than 1 ps.

Each excited state of each possible complex gives rise to a contribution with a corresponding

lifetime. Individual contributions were weighted by the relative occurrence of the complexes they
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originate from and sorted into a “fast”, “medium”, or “slow” DAS (Figure 6). To test the idea of
two weakly-coupled dimers in WSCP, suggested by inter-pigment coupling strengths as inferred
from the structure, a model without inter-dimer excitation energy transfer was tested, but could
not explain the experimental data. Therefore, inter-dimer energy transfer pathways were included.
The resulting model is depicted in Figure 7. For more details about the model, see the Supporting
Information. The model successfully reproduces major spectral and dynamic features of the ex-
perimental data, supporting the idea of inter-dimer excitation energy transfer. In particular, it can
explain the presence of multiple peaks in 250fs DAS (compare experimental and calculated DAS
in Figure 6).

Transfer rates
—> fast

—» medium "
—> slow \
<

| <1

<+

v v \ 4 v \4 A\ 4

AA:AA 25% AB:AA41% AB:AB 17%

1 e Patt

—_ —_ «—>

Nz |\

y

v v v v v v

BB:AA 9% BB:AB 7% BB:BB 1%

Figure 7: Schematic representation of the model of excited states and excitation energy transfer
pathways in WSCP. The system is a mixture of complexes with different Chl @ and Chl b compo-
sition (A and B, respectively, with indicated probability of occurrence). Each complex is formed
by two dimers. Each dimer is formed by a pair of excitonically coupled Chls. Relatively weaker
interaction and energy transfer occurs between the two dimers. See text for details.

The model predicts that six levels should be present in the system, two for each Chl a ho-

modimer (AA), Chl b homodimer (BB), and Chl a—Chl b heterodimer (AB). However, only three

13



distinct bands are observed in the experimental data. This is mainly due to the fact that inhomoge-
neously broadened spectral bands overlap and cannot be distinguished even with spectral narrow-
ing at low temperature (77 K). Another reason is that BB homodimers occur with a low probability,
with corresponding diminishing of its spectral features. The experimentally observed bands and
the exciton states from the model can be assigned as follows: the 15480cm™! (646nm) band is
due to the higher state of AB (15380cm ™) and both states of BB (15440cm ™!, 15260cm ™), the
15175cm™! (659nm) band is due to the higher state of AA (15170cm™!), and the 14970cm™!
(668 nm) band is due to lower states of AA (14970cm™") and AB (15050cm ™).

Note, that Renger et al.!! assigned a lifetime of 400fs to the relaxation within an AB het-
erodimer. However, our model requires that exciton relaxations in all dimers are “fast”. Using
a lifetime of 400fs for AB relaxation would lead to inclusion of several additional contributions
to the “medium” DAS and, consequently, to changes incompatible with experimentally observed
behavior. Therefore, we conclude that the exciton relaxation in the AB heterodimer is faster than
250fs in class IIb WSCP.

Some details of the modeled DAS are apparently inaccurate. More specifically, the peaks in the
50fs DAS are broader in the experimental data, suggesting that a more appropriate lineshape should
be used and/or a vibrational progression should be included in the model (compare with Figure 4).
Another possibility might be that interactions between the dimers are strong enough so that these
cannot be considered independent and each complex should be treated as an excitonic tetramer,
with corresponding spread of GSB signals. Additionally, the relative amplitudes of individual
peaks are not always quantitatively reproducible; these depend strongly on energy transfer rate

constants and on transient dipole moments, which were just estimated in our model.

Coherent beatings

In recent years, coherent phenomena have attracted a lot of attention — especially with regard
to 2DES of photosynthetic light-harvesting and reaction center complexes. The observation of

oscillatory features (dynamical coherences) in 2D data of such systems was generally interpreted
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in terms of electronic coherences. Moreover, it was speculated that natural systems utilize quantum
mechanical effects (i.e. coherent transfer of delocalized excitations) to enhance the efficiency of
photosynthetic light-harvesting. ?>?3 In the current study, long-lived oscillations were observed for
WSCP, which certainly does not function as a light-harvesting complex.

Residues remaining after subtraction of the population evolution (as three exponential decays)
from the experimental data clearly exhibit oscillations, indicating the presence of coherent beat-
ings. Frequencies of the oscillations (@) can be determined by Fourier-transform analysis of the
residues along the population time. Plotting the amplitude of a particular frequency in each point
of the 2D spectrum results in an oscillation map of this frequency. The oscillation maps of two
dominant frequencies (o = 265cm™!, @ = 750cm ™) are shown in Figure 8, bottom. By integrat-
ing the corresponding oscillation map, the magnitude of the oscillation is obtained (Figure 8, top,
and Table S2). 2D oscillation maps have been shown to be very helpful for determining the origin
of the coherent oscillations. 242

To investigate the origin of the observed oscillations, we first consider the possible occur-
rence of electronic coherences. Such coherences would occur between excitonic levels and the
frequencies of the observed oscillations would match the energy gaps between these levels. Our
model predicts energy gaps of ~ 180cm™!, ~ 200cm™!, and ~ 330cm™! for individual exci-
tonic dimers. Given the qualitative character of the model, some of the observed oscillations
(~200cm~!, ~265cm~!, ~350cm™!, see Figure 8, top) can be considered to match these energy
gaps. However, dynamic electronic coherences would produce oscillation maps with the rephas-
ing part consisting of two peaks, one above and another one below the diagonal, which were not
observed in the current study. On the contrary, all strong oscillations produce rephasing oscillation
maps with a five peak structure (Figure 8), which is typical for vibrational coherence signals.?*
A missing (upper-right) peak would require an interaction at > 16470cm™!, which is outside of
the spectral range covered by the used laser spectrum. Moreover, the determined frequencies are
in a good agreement with published vibrational frequencies of Chl a?’ (Figure 8, top, and Table

S2) and of class ITa WSCP28 (Table S2, see also below). Therefore, a contribution of electronic
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Figure 8: (Top) Magnitude of observed coherent beatings. Vertical red lines indicate strong ground
state vibrational frequencies of Chl a. (Bottom) Rephasing part of the oscillatio nmaps for the two
strongest beatings, 265cm~! and 750cm ™! (normalized to the maximum of the 265cm™"! oscil-
lation map). An oscillation map shows parts of the 2D spectrum, where coherent beatings of a
particular frequency are observed. Amplitude of the peaks in an oscillation map correspond to the
amplitude of the beatings. Red contour lines depict the position of the 2D signal at #; = 1200fs.
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coherences to the observed signals is unlikely.

Vibronic or “mixed” type coherences?®~!

cannot be completely ruled out, because they pro-
duce similar oscillation maps to those caused by purely vibrational coherences.?! However, judg-
ing by the small amplitude of the oscillatory signals, as discussed above, we do not observe sub-
stantial vibronic enhancement of the vibrational coherences signals.32 Hence, it can be concluded
that vibronic contributions can be only marginal. Thus, a vibrational origin is attributed to all dy-
namical coherences observed in the current 2D experiments on WSCP. In fact, in any biological
complex containing pigments with non-zero coupling between electronic and vibrational transi-
tions, vibrational coherence beatings will be observed.

Although it allows determination of vibrational frequencies in this manner, 2DES does not
achieve the sensitivity or the resolution of more dedicated techniques. For example, the frequencies
determined here match equally well (within experimental error) to vibrational frequencies of class
ITa WSCP reconstituted with either Chl a or Chl 5.2 The 265cm~! mode seems to be stronger in
class IIb than in Ila WSCP. Due to the low resolution, it is impossible to determine directly from
the comparison of determined and previously published vibrational frequencies?333 (Table S2)
whether the coherences are on the ground state or on the excited state. However, it is expected that
mostly ground state vibrational wavepackets contribute to the oscillating signals, because excited
states should quickly dephase along energy relaxation and energy transfer in WSCP. Note, that
we have excluded data for #, < 50fs from the analysis and therefore did not consider any signals
(including possible excited state vibrational or electronic coherences) from this short time period.

In conclusion, we show that class [Ib WSCP from L. virginicum shares many spectroscopic
and dynamic properties with class [la WSCP. However, it also exhibits additional excitation energy
transfer pathways that were not observed for class Ila WSCP, mainly due to the presence of four
Chls per tetrameric complex. WSCP complexes from different plants thus cover a broad range
of pigment—pigment interaction patterns, from weakly coupled monomers and strongly coupled
dimers, '! to interacting dimer pairs (or, possibly, even excitonically coupled tetramers). As such

they represent very good model systems for the study of pigment—pigment interactions of different
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coupling strengths. We did not observe any significant, long-lived dynamic electronic coherences
and therefore conclude that WSCPs cannot be used as a model system in this regard. On the other
hand, vibrational coherences were clearly visible. The comprehensive spectroscopic data in the
current study were obtained on the same system for which a high-resolution structure has been
determined.” Determination of the full third order response of a pigment-protein complex with

known high resolution structure forms an ideal basis for more detailed theoretical investigations.
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Second derivative analysis
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Figure S1: Low temperature (77 K) absorption spectrum (black line) of WSCP from L. virginicum
and its second derivative (green line). Approximate peak positions are marked by lines and listed
in the accompanying table.
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Figure S2: Low temperature (77 K) fluorescence spectrum of WSCP from L. virginicum upon exci-
tation at 415 nm (black line) and its second derivative (green line). Approximate peak positions are
listed in the accompanying table. Positions corresponding to the strongest ground state vibrations
of Chl a (260, 350, 390, 470, 520, 570, 745, 755, 915, 985, 1185, 1325, 1385, and 1525cm '),
relative to the expected origin at 14970cm ™!, are marked by vertical lines. The origin is marked
by a dotted line. The lines should intersect the minima of the second derivative spectrum if the
peak corresponds to fluorescence to the ground state vibrational levels. The second derivative of
the fluorescence spectrum obtained upon excitation at 470nm is also shown (blue line).
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Pigment—pigment couplings

1 0 | | | | | | | ]
L | — 1-2
0.8} — 1-3 4
— 14
0.6 2.3
0.4 — 24
x \ 3-4
< 0.2 "/
N
0.0} -
_02 = -
_04 = -

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
a [rad]

Figure S3: Dependence of the relative coupling strengths between the four pigment-binding sites
in WSCP on orientation of the dipole moment in the chlorophyll plane. The shaded area represents
the most likely orientation. The calculation was based on the X-ray structure.? All chlorophylls
were considered to be equivalent. Couplings were calculated in point dipole approximation as
Jip = ﬁllgfz _3 (i 'R72]25(ﬂ'2'R72)
where a)éizs X is deﬁne(li2 by atoms NA and NC (axis ¥ by atoms NB and ND), as labeled in the
crystal structure. The strongest coupling is observed between the two “open sandwich” dimers
(1-2, 3-4). Coupling between “vertically adjacent” sites (1-4, 2-3) is ~ 20%, coupling between
“diagonal” sites (1-3, 2-4) is ~ 8% of the strongest coupling (indicated in the figure by horizontal
lines).

, with the transient dipole moment fi = u(cos(a)x+ sin(@)y) ,
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DAS model

The DAS model was calculated as follows. Contributions of different complexes (AAAA, ABAA,
ABAB, BBAA, BBAB, BBBB) were calculated separately. First, site energies of all Chls in the
complex were taken from a normal distribution with a standard deviation of 90cm™! (for both
Chls) around the central position (the same for all four sites) of Chl a and Chl b, estimated to be
15070cm ™! and 15350cm™!, respectively. Exciton levels were calculated for both dimers using
published values for interdimer couplings? (84cm™! AA, 76cm~! AB, 72cm~! BB).

An appropriate energy relaxation scheme was chosen (from six possible) according to the en-
ergy order of exciton levels. For an example consider AB:AA complex, with population of the
lower exciton level of AB dimer marked as a(¢) and population of higher exciton level marked
as b(t) (similarly c(¢) and d(t) for the AA dimer). Then, for the possible (albeit unlikely) energy

order of exciton levels &, > &, > €; > &, the kinetic equation for populations can be written as

b(t) ~kpa — kpa — ke 0 0 0 b(t)
i a(t) _ kpa —kag —kag —kae 0 0 a(t) n
ol W0 Kpa Kad —kse 0 d(t)

c(1) ke Kac kac  —keg c(t)

where k,, is a rate constant for transfer from level x and y (g stands for the ground state). The

equation can be written in a shorter form

EX (1) =MX(t) (2)
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It can be shown that for U such that UMU ~!

is diagonal with diagonal elements k;

exp(—kit) 0 0 0

0 exp(—kat 0 0
X(n)=U"! (hat) Ux(0) (3)

0 0 exp(—kat) 0

0 0 0 exp(—kat)
Individual diagonal elements are responsible for individual DAS. It follows that
4 4

DAS 601 (03 Z Z U;, m€XCm (01) ®d€tl(w3) “4)

where exc, () is the excitation profile of level x (absorption from the ground state) and det,(®3)
is the detection profile of level x (including GSB, SE, and ESA of level x as well as GSB of
the other level in the same exciton dimer). The homogeneous spectral profiles were modeled as
Gaussians with standard deviation of 50cm ™! for both, Chl @ and Chl b, and with published relative
transient dipole strengths* (Table S1). Inhomogeneous broadening was introduced by averaging
resulting DAS over 10000 samples of site energies. Finally, contributions of different complexes
were summed up with weights reflecting their probability of occurrence.

)); this will affect

The model does not correct for the excitation intensity profile (E?(w;)E (@3

relative amplitudes of peaks and could result in some small (~ 5cm™!) shifts of peak positions.

Table S1: Relative dipole strengths of the transitions for individual Chls dimers used in the
model: the ground state to the lower exciton state (GL), the lower exciton state to the double-
excited state (LD), the ground state to the upper exciton state (GU), and the upper exciton
state to the double-excited state (UD).

| AA | AB | BB
GL| 3 [12]3
LD| 3 | 9|3
GU | 26 | 17 | 26
UD | 26 | 20 | 26
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Chlorophyll vibrational frequencies

Table S2: Vibrational frequencies (in cm 1) of the first excited state @; and ground state o,
and their intensity / observed for Chl a in solution! (W signifies a wide peak), *recombinant
class IIa WSCP (containing either only Chl a or only Chl »)>% and **the present study, for
native class IIb WSCP.

Chl a Chl a WSCP* Chl b WSCP* native WSCP**
w | 1 | o, w | o | o W | o | o W, | I
263 | 3 | 260 264 | 268 | 259 275 | 272 | 269 266 1
285 | 283 283 | 283
302 | 302 300 | 298 | 298 308 0.3
325 | 325 | 327 325 | 325 | 325
348 | 4 | 350 358 | 359 | 356 350 | 348 | 352 352 0.7
381 | 381 | 384 369 | 378 | 366
390 | 2W | 390 404 | 402 406 405 397 0.7
426 | 435 428 430
465 | 2W | 470 469 | 465 470 455 0.5
496 481 479 488 492 0.3
515 1 |520 520 | 520 | 520 514 515
541 547 536 537 537 04
570 | 2 | 570 572 574 569 572
583 1 584 584 598 584 0.3
600 | 1 609 617 620
635 1 629 04
656 653 641 657 0.2
670 | 1 662 0.2
688 | 1 683 690 685 700 696 0.2
708 703
718 718 713
734
740 | 4 | 745 739 742 744 746
748 | 3 | 755 754 757 754 749 1
765 | 1
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