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Abstract—The paper reports on the absorption dynamics of chlorophyll ¢ in a symmetric tetrameric complex of the wa-
ter-soluble chlorophyll-binding protein BoWSCP. It was measured by a broadband femtosecond laser pump-probe spec-
troscopy within the range from 400 to 750 nm and with a time resolution of 20 fs-200 ps. When BoWSCP was excited in
the region of the Soret band at a wavelength of 430 nm, nonradiative intramolecular conversion S;— S| was observed with a
characteristic time of 83 £ 9 fs. When the complex was excited in the region of the Qy band at 670 nm, relaxation transition
between two excitonic states of the chlorophyll dimer was observed in the range of 105 & 10 fs. Absorption spectra of the ex-
cited singlet states S and S; of chlorophyll @ were obtained. The delocalization of the excited state between exciton-coupled
Chl molecules in BOWSCP tetramer changed in time and depended on the excitation energy. When BoWSCP is excited in
the Soret band region, an ultrafast photochemical reaction is observed. This could result from the reduction of tryptophan

in the vicinity of chlorophyll.
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INTRODUCTION

Analysis of the photochemical reactions of energy
transfer and charge separation in photosynthetic pig-
ment—protein complexes is challenging due to their com-
plicated molecular organization and a large number

Abbreviations: BoWSCP, water-soluble chlorophyll-binding
protein (WSCP) from Brassica oleracea var. botrytis; Chl, chlo-
rophyll.

* To whom correspondence should be addressed.

of exciton-coupled chlorophyll (Chl) molecules. Fur-
thermore, interpretating the absorption dynamics of
photosynthetic complexes registered by femtosecond
laser spectroscopy is a challenging methodological is-
sue [1,2]. Water-soluble chlorophyll-binding pro-
teins (WSCP) from higher plants represent an ideal
model system to study the mechanism of photochem-
ical reactions [3-6]. These proteins are water-soluble,
photostable and thermally stable, and can be effective-
ly modified and produced through genetic and protein
engineering methods. In a plant cell these proteins are
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located outside the thylakoid membranes of chloroplasts
and do not contribute to photosynthesis. Their physio-
logical functions are thought to be related to the activity
of the cells anti-stress systems [4, 7, 8].

Compared to the photosynthetic pigment—protein
complexes, WSCP protein structure is relatively simple.
WSCP holoforms are water-soluble homotetramers with
a molecular weight of 69-80 kDa. Each complex contains
up to four noncovalently bound Chl molecules. Depend-
ing on homology of the primary apoprotein structure,
WSCP proteins are subdivided into classes I and II, and
the latter has subclasses IIa and IIb by different affinity
of apoproteins for Chl @ and b [6, 9]. It was shown that
upon photoexcitation of Chl in WSCP, energy migration
occurs both within the dimer and between dimer pairs
[10, 11]. This makes class IT WSCP a promising model
for studying the mechanisms of pigment—pigment and
pigment—protein interactions, which will enable re-
search into the mechanisms of excitation energy transfer
between pigments [12-14] and interaction of the excited
pigments with surrounding proteins [15-17].

In this paper, a broadband femtosecond laser pump-
probe spectroscopy was used for studying photochemi-
cal processes in a symmetric tetrameric complex of the
water-soluble chlorophyll-binding protein BoWSCP
(subclass 11a) from Brassica oleracea var. botrytis, which
mainly binds Chl q, i.e., its pigment composition can be
considered as almost homogeneous [5]. The tetrameric
Chl complex in BOWSCP is in the form of two dimers,
and the angle between porphyrine nuclei of pigments
in the dimer is about 30° [18]. Taken together, the two
dimers in a holoprotein macromolecule form a non-co-
valent tetrameric structure, where Chl dimer pairs are
connected by phytol tails [19]. The exciton interac-
tion energy of monomers in the dimer is approximate-
Iy 100 cm~!, while the interaction between dimers is an
order of magnitude weaker [13, 20]. It has recently been
shown that Chl forming part of this structure manifests
photocatalytic activity in redox processes [21].

This work aims to quantitatively analyse the pro-
cesses of nonradiative intramolecular conversion from
the third excited state to the lowest one, and electron-
ic transitions between exciton substates of the Q, band
of the Chl a tetramer when BoWSCP is excited in the
region of the Soret band and the Q, band, respective-
ly. Spectral characteristics are considered, which allow
the determination of the degree of exciton delocalization
between Chl molecules in the BOWSCP tetrameric com-
plex and the detection of electron transfer reactions in-
volving excited Chl molecules.

MATERIALS AND METHODS

BoWSCP apoprotein preparations were obtained
by expression of genes encoding this protein incorpo-
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rated in a plasmid, by which cells of Escherichia coli
BL21(DE3) producer strain were transformed, in ac-
cordance with the protocol [5, 6, 22]. Due to six histi-
dine residues (6xHis) on N-terminal domains of apo-
proteins, their preparations were purified using affinity
chromatography on a Ni-agarose column with a subse-
quent preparation dialysis. Preparation purity was test-
ed using denaturing polyacrylamide gel electrophoresis
[5, 6]. Self-assembly of BoWSCP holoforms was per-
formed in vitro by joint incubation of apoproteins and
isolated thylakoid membranes of spinach [4-6, 8, 22].
Taking into account high thermal stability of WSCP
protein tetramers, the obtained holoform preparations
were heated (95°C, 10 min) to remove unnecessary pro-
teins. The final purification of BoOWSCP was then car-
ried out on the Ni-agarose column [1, 23]. The purified
preparation was dialysed against 10 mM Tris-HCI buf-
fer, pH 8.0. Quality of BOWSCP tetramer preparations
was tested using native polyacrylamide gel electropho-
resis, absorption spectroscopy, fluorescence spectros-
copy and circular dichroism spectroscopy. Denaturating
and native electrophoresis of proteins was carried out in
Mini PROTEAN Tetra System (Bio-Rad, USA). Pro-
tein content in samples was measured using the Brad-
ford assay [24]. The absorption spectra of the samples
were registered using Cary-50 (Agilent, USA) and
Shimadzu-1601PC (Shimadzu, Japan) spectrophotom-
eters. Circular dichroism (CD) spectra were registered
using Chirascan circular dichroism instrument (Applied
Photophysics, USA). Signal amplitude (Ae) was con-
verted into units of ellipticity (0) for circular dichroism
spectra in accordance with [23].

Preparations for femtosecond spectroscopy were
concentrated by centrifugation in Amicon Ultra-15 cen-
trifugal devices with 30 or 50 kDa filters. Concentration
was achieved by centrifugation of BoWSCP prepara-
tions (several times) in 10 mM Tris-HCI buffer, pH 8.0,
with addition of up to 150 mM NaCl or 10% glycerine
to prevent protein aggregation in the highly concentrat-
ed solution. The concentrate was diluted with the same
buffer with NaCl or glycerine to obtain 1 ml of solution
with OD673 = 5.

Ultrafast absorption changes AA(\;,#,) were record-
ed by the femtosecond pump-probe laser spectroscopy
in the spectral range of 400 < A < 780 nm and time de-
lays from 20 fs to 200 ps. The experimental setup and
measurement methodology were described earlier [25].
The excitation of the BowSCP was achieved by fem-
tosecond pulses with a maximum at 430 nm (duration
40 fs, energy 20 nJ) and 670 nm (duration 16 fs, energy
15 nJ). Absorption changes were enquired by the broad-
band pulses at the polarization angles of 0, 54.7, and
90 degrees relative to the exciting pulse polarization.
The difference absorption spectra in the range of 400-
780 nm were registered using the CCD-camera (Roper
Scientific SPEC-10, USA), connected to the polychro-
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mator (Acton SP-300, USA). The experiments were car-
ried out at a temperature of 6°C in a circulating opti-
cal cell 0.5 mm thick, the diameter of optical windows
0.2 mm, the optical density of the sample 10 cm™.
The rate of sample circulation (9 ml/min) was high
enough to avoid multiple excitations of the same sample
volume. The spectra were corrected by the group delay
dispersion, as previously described [26, 27]. Deconvo-
lution of the instrumental function accounting for the
coherent artifact in the region # = 0 was carried out ac-
cording to the method proposed in the works [26, 28].
For this purpose, the absorption changes caused by
nonlinear interactions of overlapping pump and probe
pulses (coherent spike) were approximated by the basic
gaussian function (1):

G() = 1/\N2xd” exp[—%(t/d)], (1)

and its derivatives in time G’ and G”, where the width
of the pump pulse d was determined by the absorption
changes of the pure solvent [29]. The signal related to
changes in the electronic states of pigments was approx-
imated by convolution of the basic Gaussian function
G(1) and the step function of Hevisaid H(?) (2):

x(0) = GO *H(t) = KErfe[—1/N2nd?], 2

as well as convolutions of G(f) and exponential func-
tions (3):

e(t, ) = G(t) *exp(—t/1) = 3)
= Yhexp|%(d/T)? — t/rd] Erfe|(d/ 1 — t/d) /V2].

The amplitudes A«(A;) were determined by linear
regression and the characteristic times 7, by nonlinear
minimization.

The mathematical analysis of the absorption dynam-
ics included approximation of spectral-temporal ma-
trices AA(M,t,) by a linecar combination of n discrete
exponential functions (4):

Olt](A,7) = D.Du(A)-exp(—t/7)+ D1 (1), (4)
k=1

under the assumption that the characteristic times
1 = {ri} do not depend on the probe wavelength A and,
therefore, can be considered as “global” parameters de-
termined by nonlinear minimization of the normalized
discrepancy (5):

M
D [AAs 1)~
m=1 (5)
— O[] (A, t) 1.

L
Rlt] = (L~M—n)";

The wavelength-dependent amplitudes Dx(4), which
were calculated by the linear regression method for each
exponential function k, represent decay associated spec-
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tra (DAS). When the optimal values {7} of characteristic
times are found, the standard errors of their estimation
can be evaluated using the Jacobi matrix J (6):

_ 00|

Ji = o1 (6)

Here the index j runs over L X M experimental
points of the spectral-temporal matrix AA(A, ) [30].
The numerical assessment of Jacobian can be obtained
by decomposing the expression Qj[t] in a Taylor series of
the first order (7):

00)[tr] Q[T+ Ate] — Q) [t — Ate]
ot QAT '

Here T is a set of optimal values of characteristic
times {74}, ex is the k™ single vector, and At is a small in-
crease of T (the value of 0.015t was used for a numerical
assessment). Standard errors ox of characteristic times
estimation can be obtained from the diagonal elements
of the covariance matrix C = R[t]|x(JTJ)~! (8):

o1 = V Cu. ®)

(7

The values of oy are standard deviations character-
izing the uncertainty of {r,} assessments. According to
the Student’s #-distribution, 95% reliability is obtained
with the doubling of standard deviations, so the trust in-
tervals are 7, = 20y, respectively.

RESULTS

Using the method proposed by Hughes et al. [20],
the pigment composition of the obtained BoWSCP ho-
loform preparations was determined by decomposing
its absorption spectrum in the Soret band region (360-
500 nm) into relative contributions of Chl a and Chl »
using the absorption spectra of individual pigments
in 90% acetone [31]. Figure la shows comparison of
BoWSCP absorption spectrum with the spectra of Chl a
and Chl b. In the absorption spectrum of free Chl a, the
Soret and Q, absorption bands with peaks at approxi-
mately 430 and 663 nm have a comparable amplitude;
in the spectrum of Chl b, these bands are located closer
to each other at 458 and 645 nm, respectively, and the
amplitude of the Soret band is increased, whereas that
of the Q, band is reduced in relation to the Chl a bands.
The presence of Chl b in the BOWSCP spectrum is de-
tected based on a small “arm” in the region of 470 nm,
while absorption in the interval of 380-430 nm is related
mainly to Chl a. Comparison of the spectra of BoWSCP
and free Chl a shows a significant effect of surround-
ing protein in the region of 360-450 nm. Firstly, Chl a
bands are shifted to the red by ~8 nm. Secondly, the in-
tensities of the two main transitions of Chl a in the Soret
region (the Bx band with the peak at 430 nm corresponds

BIOCHEMISTRY (Moscow) Vol. 88 No. 10 2023
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Fig. 1. Determination of the contributions of Chl @ and Chl b to the absorption spectrum of BOWSCP. a) Comparison of the absorption spectrum
of BOWSCP holoform in the buffer solution (/) with the spectra of Chl a (2) and Chl b (3) in 90% acetone (based on the open spectral database
[31]). b) Modelling of BoWSCP spectrum (/) using Chl @ (2) and Chl b (3) spectra modified in accordance with the equation (9). In the re-
gion of 500-720 nm, the amplitude of Chl @ spectrum is increased by 15%. Relative contributions of Chl a and Chl 4 to the model spectrum (4)

are 89% and 11%, respectively.

to the S¢—S; transition, and the By band with the peak
at 380 nm corresponds to the Sy—S4 transition [32]) are
changed significantly in favour of the band with the peak
at ~380 nm. The electronic structure of the absorption
spectrum of Chl a in the Soret region cannot be de-
scribed properly by the Gouterman four-orbital mod-
el [33], because there are non-Gouterman states be-
tween the excited By and B, states, mixed with vibronic
substates of the By band. Consequently, energy and
dipole power of these states depend on dielectric sur-
rounding of the pigment [32, 34, 35].

As follows from Fig. 1a, the relative probability of
So—S; transition of Chl a in BoWSCP is reduced, while
the probability of Sy~ S, transition is increased compared
to the properties of free Chl a in solution. For this rea-
son, the BOWSCP absorption spectrum was modelled by
the empirical expression representing a sum of modified
absorption spectra of Chl a and Chl b, and taking into
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account the redistribution of Chl a bands intensity in
the region of 360-500 nm:

AA) = a- Acwa(A — 04) - [1 — y-tanh((A — A/ A)] +

+ B-Acn(h — By). ©)

Here, a and 5 are the relative fractions of Chl a and
Chl b in the BoWSCP tetramer, Acu, and Acuy are the
spectra of Chla and Chl b in 90% acetone, d, and &,
show how the spectra of Chl ¢ and Chl » in BoWSCP
are shifted relative to their spectra in the solution.
The empirical function y-tanh((1—A,)/A) describes
changes in the ratio of the By and B, bands of Chl a
intensities in the spectral interval centered at the wave-
length A, and the width A. Values of these parameters
determined by non-linear minimization amounted
to: a=89.2%; =10.8%; 0.=9.2nm; 0, = 1.4 nm;
y = 0.67; A, = 413 nm; A = 50 nm; the model spectrum
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Fig. 2. Location of chlorophyll molecules in the BoWSCP tetramer-
ic complex according to the X-ray crystallographic structure PDB ID:
6s2z [18], where Chl b is replaced by Chl a. Arrows show the directions
of vectors ux (k = 1,...,4) characterizing the So—S: transition dipole
moments of four Chl monomers, and dipole moments of four exciton
states E, of the tetrameric complex.
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is shown in Fig. 1b by a thin solid line. Relative contri-
butions of Chl @ and Chl b were equal to 89% and 11%,
respectively. The ratio between Chl a/b pigments of 8§ : 1
corresponds to the range of values 6-10 : 1 obtained in
various papers for BOWSCP native protein [3].

Absorption of BoWSCP in the Q, band region
(660-700 nm) is related primarily to Chl @, while the
Chl b contribution is negligible in this interval (Fig. 1b).
The BoWSCP spectral properties are adjusted by the
molecular structure of the pigment—protein complex:
four identical subunits form a tetramer in which three or-
thogonal axes of rotational symmetry C,(X) C,(Y) Ci(Z)
define the coordinate system XYZ [18]. Four chloro-
phyll molecules in the hydrophobic locus form a dou-
ble dimer: interactions between dimers are much weak-
er than interactions between monomers within a dimer
(Fig. 2).

The effect of exciton interaction between Chl mol-
ecules within the dimer predominates in the region of
660-700 nm, while the interaction between dimers is
much weaker. The shape of BOWSCP absorption spec-
trum in the Q, band region (Fig. 3a) indicates the presence
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Fig. 3. The absorption spectrum (a), its second (b) and fourth (c) derivatives of BOWSCP holoform (dots). Solid lines represent a model spectrum,
and dashed lines show its main Gaussian components. Vertical dashed lines show the maxima of the fourth derivative of the absorption spectrum.
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Fig. 4. Absorption changes of BOWSCP at the wavelengths of 450 nm (a) and 670 nm (b), induced by the pulse at 670 nm with a duration of 16 fs
(the black solid line). The coherent artifact was approximated by superposition of the Gaussian function G(¢) (Eq. 1) and its derivatives G” and
G” (the dashed line), while the BOWSCP absorption changes were modelled by a combination of functions y(#) and &(#,7«) (the dot-dash line),
with the parameter value d = 24 fs. The BoOWSCP absorption response was obtained by subtraction of the coherent artifact (the red solid line).

of two exciton bands with peaks at 672 and 684 nm,
corresponding to the minima of the second derivative
(Fig. 3b) and maxima of the fourth derivative (Fig. 3c).
Using the method proposed for analyzing WSCP spec-
tra [20], the parameters of Chl a exciton interaction
were determined by decomposing the BoWSCP absorp-
tion spectrum in the Q,(0,0) band region into Gauss-
ian components. For an appropriate approximation
of the Q,(0,0) band with intramolecular vibrational
modes of the Chl tetrapyrrole macrocycle taken into
account, additional Gaussian components were used in
the high-energy region of the Q,(0,0) band [20, 36, 37].

BIOCHEMISTRY (Moscow) Vol. 88 No. 10 2023

The relative intensity of the main E, band peaking at
672 nm was 79%, while the contribution of the sec-
ond E, band peaking at 684 nm was about 21%. Spec-
tral characteristics of the E; state were not determined,
and the E, state has zero intensity in the approximation
of point dipoles.

Broadband femtosecond laser pump-probe spec-
troscopy was used for measuring the absorption dynam-
ics of BOWSCP holoform, induced by excitation in the
region of wavelengths of 430 and 670 nm. Excitation in
these spectral regions is related mainly to Chl a (quan-
tum yield is >98%) and only marginally to Chl b (<2%).
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Fig. 5. Transient absorption spectra of BOWSCP at time delays of 50 fs (a) and 200 ps (b) induced by excitation at 430 nm (/) and 670 nm (2).
The spectra are scaled in the Soret band region of 400-500 nm at the delay of 200 ps. The polarization angle is 54.7°. The inset shows the anisotro-

py coefficient in the Qy band region

Figure 4 shows the coherent artifact (coherent spike)
arising at short time delays due to nonlinear interactions
of overlapping pump and probe pulses. The contribution
of the coherent spike was divided from the absorption
changes of the pigments according to the procedure
described in “Materials and Methods”. The BoWSCP
absorption changes, starting from the time delay 7= 0,
were assessed by deconvolution of the resulting signal
in accordance with equations (2) and (3).

Figure 5a shows transient absorption spectra of
BoWSCP at a time delay of 50 fs, induced by the puls-
es at 430 nm (/, the solid line) and 670 nm (2, the dot-
dash line). The 430 nm excitation is related mainly to

the Chl transition So—S; into the third excited singlet
state (the By band), while the 670 nm excitation produc-
es the S, state (the Qy band). This assignment is con-
firmed by a negative anisotropy observed in the region
of the Q, band upon excitation at 430 nm, where the
anisotropy coefficient is close to the theoretical limit
of —0.1 (see the inset in Fig. 5a).

The amplitude of the Q, band bleaching in the
BoWSCP transient absorption spectra in Fig. 5 is
3-5 times higher than that of the Soret band, while the
amplitude of the Q, band in the BoOWSCP linear absorp-
tion spectrum in Fig. la is comparable to that of the
Soret band. A transient absorption spectrum observed

BIOCHEMISTRY (Moscow) Vol. 88 No. 10 2023
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Fig. 6. Decay associated difference spectra of BOWSCP in the range of 100 fs (a) and 10 ps (b) after excitation at 430 nm (/, 3) and 670 nm (2, 4).
Characteristic times: 7) 83 fs, 2) 105 fs, 3) 19 ps, 4) 14 ps. The marks on the graphs in the Qy band area show the confidence intervals calculated

using equation (8).

in the femtosecond measurements is the sum of three
contributions. First is the spectrum of bleaching, which
results from the disappearance of the ground state S,
and its form corresponds to the inversed linear absorp-
tion spectrum. Second is the absorption spectrum of the
emerging excited state S°, and its contribution is always
positive. Third is the spectrum of the reverse S*— Sy tran-
sition, stimulated by emission, and for the lowest excited
state its shape is close to the spontaneous fluorescence
spectrum; its contribution is always negative. The main
difference between the spectra (/) and (2) in Fig. 5a
is visible in the Q, band region, where the stimulated
emission of the S;— S, transition is observed, which does
not exist during the lifetime of the S; state produced by
the excitation at 430 nm. The less considerable differ-
ence between the spectra (/) and (2) in the region of
420-500 nm can be due to the stimulated emission of
the S;—S, transition.

Figure 5b shows transient absorption spectra at
a time delay of 200 ps using the same notations: /) —
excitation at 430 nm, 2) — 670 nm. Within this time
range the processes of S;— S, intramolecular conver-
sion and thermal equilibration between the four ex-
citon states E, of the tetrameric complex should be
completed. The observed final spectra are close in the

BIOCHEMISTRY (Moscow) Vol. 88 No. 10 2023

entire range, except for the Q, band, where the bleaching
amplitude after the excitation at 670 nm is much larg-
er than that of the bleaching induced by the excitation
at 430 nm.

The most significant BOWSCP absorption changes
are related to the amplitude of the Q, band bleaching
after excitation at 430 nm. Its quantitative characteris-
tics were determined by decomposing the absorption
dynamics into exponential components (decay associ-
ated spectra, DAS, see “Materials and Methods”); de-
composition revealed spectral transitions in the range
of 100 fs and 10 ps (Fig. 6).

Figure 6a shows the difference decay spectra for
the femtosecond range. After excitation at 430 nm the
main spectral changes occur with the characteristic
time of 83 = 9 fs. They can be attributed to the nonra-
diative intramolecular S;—S; conversion, as a result of
which the stimulated emission disappears in the Soret
band region (450-480 nm) but appears in the region of
the Qy band (670-690 nm). When BoWSCP is excited
in the Q, band region at 670 nm, clearly distinguishable
small spectral changes occur with a characteristic time
of 105 £ 10 fs, and they can be attributed to the relax-
ation transition between the two excitonic substates E,
and E, of the Q, band of Chl a dimer.
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In the picosecond range, significant absorption
changes occur with a characteristic time of ~16 ps.
The DAS calculated for excitation at 430 nm (charac-
teristic time 19 & 3 ps) and 670 nm (characteristic time
14 £ 2 ps) are close throughout the entire spectral range
(Fig. 6b) and are associated with insignificant absorp-
tion recovering in the region of the Q, band with a max-
imum around 675 nm. Possible interpretations of these
changes will be considered further.

To provide quantitative characteristics of photo-
chemical processes observed by means of femtosecond
measurements in the system of excitonically coupled
pigments, transient absorption (TA) was decomposed
into three components: ground state bleaching (GSB),
excited state absorption (ESA), and stimulated emis-
sion (SE). The probability of light absorption with the
quantum energy /iw, by a separate pigment molecule
is proportional to square of the dipole moment |uf* for
its transition from the ground state to the excited state
(dipole strength of the transition). For Chl @ monomer
in protein, the dipole moment of Sy—S,; transition is
equal to 5.5 D [38]. The pump pulse causes transition
of AN molecules in the sample from the ground state
to the excited state. The probe pulse is split into two
beams: one beam passes through a non-excited sam-
ple, and another beam passes through the excitation
region. The difference in beams intensity determines
the difference absorption. In the excitation region the
number of molecules in the ground state is decreased
by AN. Therefore, absorption at the frequency wy in this
region is proportional to the transition dipole strength,
AAgsp < |u’. At the same time, there is light emission of
the reverse S;— S, transition stimulated by the light wave,
its probability is also proportional to the dipole moment
strength, so the absorption at the frequency w is addi-
tionally decreased by the same value, Adsg o |u>. For an
ideal two-level system, the ratio = AAsg/AAcss is equal
to one [39]; for Chl a in various solvents the estimate
was 3 = 0.9 [40, 41].

For excitonically coupled pigments the situation is
way more complex. The dipole moment of excitonically
coupled pigments represents a linear sum of the dipole
moments of monomers [42]. In the BoWSCP crystal-
lographic structure [18], the dipole moments of mono-
mers W are almost parallel to the crystallographic axis X,
while projections of the moments to axes Y and Z are
much smaller in terms of absolute values [13]. In the first
approximation they may be assumed to be equal to zero.
Projections of the monomer dipole moment to crystallo-
graphic axes are shown schematically in Fig. 2.

Quantitative description of light interaction with
Chl molecules in the BOWSCP tetramer raises a question
of basic nature: is the emerging excited state localized
within the dimer (the coupling energy of ~100 cm™'),
or is it delocalized across the entire tetrameric complex
(the coupling energy of ~10 cm™')? The femtosecond
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measurements enable determining the degree of excited
state delocalization, i.e., the number of Chl molecules
effectively involved in the exciton coupling.

For a symmetric dimer, the dipole moments of the
transitions to two possible excited states E+ and E- are
equal [43] (10):

1
M. = N (W + w). (10)

It should be noted that the excitonic interaction of
monomers does not change the total dipole strength of
the complex: |M.> + |M-]> = 43 + 13, therefore, the in-
tegral amplitude of the linear absorption spectrum re-
mains constant. Due to the geometry of the BoWSCP
tetramer, the dipole strength of the transition to the E-
state is equal to M4 = u? + u} = 2u3, while the dipole
strength of the transition to the E- state is close to zero;
therefore, when BoWSCP is excited by a broadband
pulse centered at a wavelength of 670 nm (half-width of
50 nm, time duration of 16 fs), in the initial distribution
of arising exciton states, the E. state significantly pre-
dominates.

In this case, the total amplitude of bleaching AAp,
in the initial transition spectrum near the exciton split-
ting band at frequency wy is (11):

AAp = Adgss + AAsp o< (1 + B)2ui = dus. (11)

In the rest of the spectral range, the bleaching of
the ground state is proportional to the dipole strength of
the free monomer (12):

AAGSB(C()) oc ,Ll%. (12)

For a symmetric tetramer, the transition dipole
moments of four possible exciton states are found by a
unitary transformation [42], the moment with the larg-
est amplitude is equal to (13):

M = V(i + po — ps — pa). (13)

In this case, the total bleaching amplitude of the
transition spectrum near the exciton splitting band
is (14):

AABL o 8/4 % (14)

In general, the number of excitonically coupled
molecules, #eied, between which the excited state is
delocalized, can be determined by the ratio of the total
bleaching amplitude of the transition spectrum at the
frequency of the exciton transition wo and the amplitude
of the linear spectrum, which does not take into account
the selective nature of the complex excitation (15):

Hexcited = V2 AAprL / AAgss. (15)
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Fig. 7. Decomposition of the BOWSCP transient absorption spectrum (/ — Transient Absorption, 7A4) into components of ground state bleach-
ing (2 — Ground State Bleaching, GSB), excited state absorption (3 — Excited State Absorption, ESA) and bleaching in the stimulated emission
region (4 — Bleach, BL). Transient absorption spectra were obtained at a delay of 50 fs after excitation at 430 nm (a) and 670 nm (b). The bleach-
ing spectrum (2) was normalized based on the TA spectrum (/) in the region of 400-500 nm, taking into account approximation of the excited
state spectrum by a cubic polynomial function (X). The model bleaching spectrum in the region of 650-700 nm near the stimulated emission
(4) in the range AAs. = AAcss+ AAse was represented by a sum AApr = Hexciea (AAcss+ AAse) of the linear absorption spectrum and its mirror re-
flection relative to the maximum of the absorption band Qy peak and the Stokes shift AA. The model spectrum amplitude sexiea Was determined
by linear regression using polynomial approximation of the excited state spectrum (o). The thick gray line shows the result of such decomposition.

When BoWSCP is excited at 670 nm, the amplitude
of the ground state bleaching AAgsg can be determined
from the Soret band. In Fig. 7 dots show the transition
spectra of BOWSCP at a time delay of 50 fs after exci-
tation at wavelengths of 430 nm (a) and 670 nm (b).

In the region of 400-500 nm, the transition spec-
tra (1) are close in shape to the absorption spectrum
of BoWSCP (2), with the exception of the region of
450-480 nm, where absorption of Chlb and stimu-
lated emission of Chl a from the S; state predominate.

BIOCHEMISTRY (Moscow) Vol. 88 No. 10 2023

Assuming that the absorption spectra of the excited
states S; and S; are smooth functions in the specified
wavelength range and can be correctly described by
third-degree polynomials Ps(4), the transition spectra
were approximated by the expression (16):

AAry(A) = §-Adess(A) + P5(4), (16)
in which the scaling factor £ and the coefficients of
the cubic polynomial P; were found by the standard
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solution to the linear regression problem. The absorp-
tion spectra of excited states in the region where the
stimulated emission is absent are found as the differ-
ence AAgsa(A) = AArs(A) — E-AAgss(A). Figure 7 shows
the obtained bleaching spectra of the ground state (2),
the polynomial functions P; (%), and the absorption
spectra of excited states (3).

The model bleaching spectrum near the Qy
band (4) was represented by the sum of the linear ab-
sorption spectrum taken with the opposite sign AAdgss(A),
and its mirror reflection relative to the maximum of the
Qy band AAsz(4). Since the position of the 0-0 transi-
tion remained unknown, the value of the Stokes shift A1
of the SE spectrum was found by nonlinear minimiza-
tion of the total model spectrum (17):

AA74(A) = Hexcitea” E- [AAgsp(A) +

+ Mass(ho + AL — )] + Ps(A). a7

The effective number of excitonically coupled mol-
ecules nexciea and the coefficients of the polynomial func-
tion P; were found by linear regression. Gray thick line
in Fig. 7 presents the result of this decomposition. When
excited at 430 nm, the observed Q, band bleaching
amplitude AAp; is only slightly larger than the ground
state bleaching amplitude AAgsg, while when excited at
670 nm, the AAp, amplitude is three times the ampli-
tude AA(;SB.

Figure 8a shows time dependence of the bleach-
ing amplitude of the Soret band (7, 2) and the Q,
band (3, 4), induced by BoWSCP excitation at 430 nm
(solid lines) and 670 nm (dot-dash lines). Absorption
changes in the time range of 100 fs with excitation at
430 nm (3) reflects stimulated emission which appears
as a result of electronic transition S;—S;, with a charac-
teristic time of 80 fs. As it was noted above, the bleach-
ing amplitude of the Q, band after excitation in the re-
gion of 430 nm remains much lower throughout the time
interval than the amplitude of this band after excitation
at 670 nm. The high bleaching amplitude of Q, band af-
ter excitation at 670 nm throughout the time interval is
another feature: its amplitude is three times higher than
that of the Soret band.

Figure 8b shows changes in the effective number
Nexcitea Of €xciton-coupled Chl molecules in the course
of time, which is calculated according to the equa-
tion (15) for two BoWSCP excitation variants. Between
these molecules, the excited state of the tetramer is de-
localized. For short delays in the case of excitation at
670 M, Aexcirea 18 close to 2, i.e., BOWSCP acts as an ex-
citon-coupled dimer. In case of excitation at 430 nm at
short delays, #exitea 1S close to 0.5. As it was noted above,
this means that the excited state S; prevails in these
conditions.

Finally, Fig. 8c shows changes in the anisotropy
coefficient, r= (A4y — AA.) / (AA, + 2AA.), calculat-
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Fig. 8. Changes in the main parameters characterizing the excited state
of BoWSCP tetrameric complex in the course of time. a) Bleaching
amplitude of the Soret band (7, 2) and the Qy band (3, 4) after exci-
tation at 430 nm (/, 3) and 670 nm (2, 4). b) The effective number of
excitonically coupled Chl molecules calculated by to the equation (15)
for excitation at 430 nm (/) and 670 nm (2). ¢) The anisotropy coeffi-
cient calculated in the Qy band region for excitation at 430 nm (/) and
670 nm (2).

ed in the Q, band region for two excitation variants.
The changes in the Q, band bleaching amplitude at
the timescale of ~100 fs are almost unrelated to the an-
isotropy changes.

DISCUSSION
WSCP proteins represent a uniquely organized
model system of exciton-coupled chlorophyll mole-

cules [11], which allows research into the mechanisms
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of excitation energy transfer between pigments [12-14]
and the interaction of excited pigments with surround-
ing proteins [15-17]. Energy exchange between the
electron subsystem and nuclei vibration triggers the
evolution of electronic states [44, 45]. The efficiency
of energy exchange between exciton states and phonon
modes depends on spectral density of nuclei vibration-
al states. To determine this experimentally, spectral hole
burning [46-48] and time-resolved fluorescence spec-
troscopy [10] were used. Chl a vibron bands comprise
over 40 modes within the range of 1500 to 260 cm™!
[49-51]. The dipole—dipole interaction of adjacent
Chl a molecules in the BOWSCP tetramer obtained by
joint decomposition of absorption and circular dichro-
ism spectra is ~100 cm™' [20], which allows considering
the delocalized excited states of pigments in terms of the
exciton theory [42]. The value of exciton interaction of
dimers of WSCP tetramer calculated using the X-ray
structure of the complex is ~10vem™' [13], which allows
describing energy transfer between dimers using Forster
theory [52].

Measurement of absorption dynamics of WSCP
proteins of subclasses Ila (BoWSCP, from Brassica
oleracea) and I1b (LvWSCP, from Lepidium virginicum)
in the femtosecond range had been carried out in the Q,
band region using pump-probe spectroscopy [14] and
2D spectroscopy [12, 13]. Theiss et al. measured absorp-
tion changes in the BoWSCP complex contained 20-30%
Chl b, and in that system, transfer of excitation from
Chl b to Chl a with a characteristic time of 400 fs was
registered [14]. That process was considered as an exci-
ton relaxation of heterodimer Chl a-Chl b, but later the
exciton relaxation of the heterodimer was shown to oc-
cur faster than in 100 fs, and processes with the time of
250-400 fs were ascribed to the energy transfer between
dimers [12]. The methods of 2D spectroscopy were used
for studying absorption dynamics of LvWSCP and
BoWSCP homotetramers containing 100% Chl a [13].
In both systems monoexponential absorption dynamics
with characteristic times of 70 and 100 fs, respectively,
were observed in the subpicosecond scale; these pro-
cesses were interpreted as the E;—E, relaxation to the
lowest exciton state [13]. Calculations with the modified
Redfield theory predict that equilibrium between exci-
ton states should be achieved within this time range [15].
The spectral transition with the time of 110 fs, observed
in case of BOWSCP excitation at 670 nm (Fig. 6a, spec-
trum 2) matches the previously obtained data.

In this work the absorption dynamics of Chl a te-
trameric complex was first measured in the wide spec-
tral range of 400-750 nm with a time resolution of 20 fs.
This made is possible to register the intramolecular con-
version of Chl a from the excited state S; to Sy, to ana-
lyze relaxation dynamics of exciton-coupled molecules
of Chl a, and to provide quantitative characteristics of
distribution between the E, and E, excitonic states relat-
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ed to the Q, band of Chl @ dimer. All that was possible
within a single experimental system.

Quantitative comparison of absorption dynamics in
the Soret and Q, band regions is required for properly
interpreting the data obtained with large photosynthetic
complexes. For instance, the bleaching amplitude of
Chl a in the Q, band region in primary transient ab-
sorption spectra of photosystem I from cyanobacterium
Thermosynechococcus elongatus in case of excitation in
the far-red region [53], and of Chl a and Chl fin similar
spectra of photosystem I from cyanobacterium Fisch-
erella thermalis PCC 7521 [54] is 3-6 times higher than
the bleaching amplitude of Soret bands. Meanwhile,
in similar spectra of photosystem I from cyanobacteri-
um Synechocystis sp. PCC 6803 the bleaching amplitude
of the Q, band is only slightly higher than that of the
Soret band [55]. Van Stokkum et al. assumed that the
high amplitude of the Q, band in the primary spectra
of photosystem I is an evidence for quenching of most
excited states by preoxidized chlorophyll of the special
pair P700 [56]. However, the light-harvesting complex-
es of photosystem I of cyanobacteria 7. elongatus and
F thermalis PCC 7521 contain exciton-coupled dimers
and trimers of Chl with maximum absorption in the far-
red region, as distinct from Synechocystis sp. PCC 6803
[57-60]. The results obtained in this paper regarding the
impact of exciton coupling on the bleaching amplitude
of the Q, band (Fig. 8) explain the observed effects by
structural features of the light-harvesting complexes.

Presented in Fig. 8, the dependencies of the bleach-
ing amplitude of the Soret band and the Q, band togeth-
er with the determined nexiea coefficient representing the
number of exciton-coupled Chl molecules provide sev-
eral conclusions about the physical and chemical prop-
erties of BOWSCP excited states.

1. In case of BOWSCP excitation in the Q, band
region, the highest excitonic state E, with the peak at
672 nm is predominantly formed. The thermal equilibri-
um between the E; and E, states (peak at about 684 nm)
is established at the characteristic time 7, = 105 &+ 10 fs.
However, the contribution of the high-energy E; state
prevails over the low-energy E, state in the entire time
interval of hundreds of picoseconds (the relative contri-
bution is >80%). The population inversion can be due
to a considerable contribution of entropy to the differ-
ence in free energy of the E, and E, states. This impli-
cates a strong electronic interaction between BoWSCP
monomers, which takes place in case of considerable
overlapping of wave functions of excited states. In such
strongly coupled dimers, resonant charge-transfer states
arise, which determine a strong electron-phonon cou-
pling [61, 62].

2. When BoWSCP is excited in the Soret band
region, the electronic state S; (also designated as B,)
is predominantly produced, which is transformed to
the S, state by a process of intramolecular conversion
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with the characteristic time of 83 & 9 fs. However, the
stimulated emission in the later state is characterized by
the amplitude which is almost halved compared to the
equilibrium S, state formed after excitation at 670 nm.
The decreased stimulated emission amplitude can re-
sult from an ultrafast photochemical reaction of Chl
oxidation and reduction of a tryptophan residue, “com-
peting” with the intramolecular conversion reaction.
In this case a reverse recombination reaction of Chl*Trp~
ion-radical pair can take more than 200 ps. The pho-
toreduction of tryptophan Chl’~ Chl*Trp~ was registered
for LYWSCP by spectral hole burning at the temperature
of 4 K in an hour timescale and with a low quantum
yield [47]. It can thus be assumed that spectral changes
with the characteristic time 7, = 16 = 3 ps (Fig. 6b) can
result from acceleration of this photochemical reaction
at the temperature of 279 K.

3. An increased bleaching amplitude of the Q, band
in relation to the Soret band was observed in transient
absorption spectra of photosystem I of various cyanobac-
teria with specific excitation of long-wavelength chloro-
phyll forms [53, 54, 63]. Long-wavelength chlorophyll
forms in the light-harvesting antenna and the reaction
center of photosystem I arise due to formation of exciton-
ically coupled Chl dimers and trimers [60, 64, 65], which
obviously has the molecule structure similar to the archi-
tecture of chlorophyll molecules in the WSCP complex.
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