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Excitation energy transfer from the bacteriochlorophyll Soret
band to carotenoids in the LH2 light-harvesting complex
from Ectothiorhodospira haloalkaliphila is negligible

A. P. Razjivin'
A. A. Ashikhmin?

- E. P. Lukashev* - V. O. Kompanets® - V. S. Kozlovsky" -
- S. V. Chekalin® - A. A. Moskalenko? - V. Z. Paschenko*

Received: 24 October 2016 / Accepted: 18 January 2017 / Published online: 16 February 2017

© Springer Science+Business Media Dordrecht 2017

Abstract Pathways of intramolecular conversion and
intermolecular electronic excitation energy transfer (EET)
in the photosynthetic apparatus of purple bacteria remain
subject to debate. Here we experimentally tested the pos-
sibility of EET from the bacteriochlorophyll (BChl) Soret
band to the singlet S, level of carotenoids using femtosec-
ond pump—probe measurements and steady-state fluores-
cence excitation and absorption measurements in the near-
ultraviolet and visible spectral ranges. The efficiency of
EET from the Soret band of BChl to S, of the carotenoids
in light-harvesting complex LH2 from the purple bacterium
Ectothiorhodospira haloalkaliphila appeared not to exceed
a few percent.
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Abbreviations

BChl Bacteriochlorophyll a
Car(s) Carotenoid(s)

EET Excitation energy transfer

Ec,_pcn Efficiency of EET from carotenoids to BChl

Eg,.ei—cor Efficiency of EET from BChl (Soret) to
carotenoids

LH2 Light-harvesting complex 2

RC Reaction center

Introduction

Primary processes of photosynthesis in purple bacte-
ria (excitation energy migration via the light-harvesting
antenna system to the reaction centers (RCs) and energy
conversion in the RCs) are based on two types of pig-
ment molecules. The main pigment is bacteriochlorophyll
a (BChl), and auxiliary pigments are carotenoids (Cars).
BChl has four bands (Qy, Q,, B,, and By) in the visible and
near-infrared regions of the absorption spectrum. The over-
lapping bands B, and By in the near ultraviolet are often
referred to as a single band (Soret band, Scheer 2006).
Carotenoid molecules show an absorption band in the
400-550 nm region corresponding to the transition S, —
S, (llAg_ — 1'B,7). The lowest singlet excited state, S,
(21Ag'), is optically forbidden because it has the same sym-
metry as the ground state (Polivka and Sundstrom 2004).
Absorption of light quanta by antenna pigment mol-
ecules leads to processes of intramolecular conversion and
intermolecular excitation energy transfer (EET). These
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processes continue until the excitation appears on the long-
est-wavelength absorption band of the RC.

The photosynthetic apparatus absorbs light from ultra-
violet to infrared. Since light quanta can be absorbed by
different bands of two pigment types, internal conversion
and EET occur via several pathways. There are many pub-
lications on EET from Cars to BChl (see reviews Polivka
and Sundstrom 2004; Polivka and Frank 2010; Frank and
Polivka 2008; Sundstrom 2008; Slouf et al. 2013). Transfer
of energy from BChl to Cars is significantly less-studied.
Several studies investigated EET from BChl Q, to Car mol-
ecules (Cong et al. 2008; Macpherson et al. 2001; Frank
and Polivka 2008). Excitation energy transfer from LH2
Q, (BChl B800) to the S (21Ag_) level of Car molecules
with n<12, where n is the number of conjugated double
bonds, is also theoretically possible. But, according to the
data of Thiess et al. (2008), EET between BChl B800 and
the S, (21Ag‘) level of rodopin (n=11) in LH2 of Allochro-
matium minutissimum is absent. Also, there are only a few
papers that mention EET from the BChl Soret band to Cars
(Gotze et al. 2014; Amarie et al. 2010; Limantara 1998).
Gotze et al. (2014) proposed that xanthophylls, and Cars
in general, may mediate EET from the chlorophyll Soret
band to the Q, at least in LHCII. Excited state dynamics of
wild-type and mutant of Rh. rubrum following excitation
of the BChl Soret band (388 nm) were reported (Amarie
et al. 2010). Excitation energy transfer from the BChl Soret
band to spirilloxanthin is shown in Fig. 7 of that paper, but
the efficiency of EET via this pathway and its time con-
stant was not reported. BChl-to-Car singlet-energy trans-
fer, which is based on instantaneous interaction between
the transition dipoles of the BChl and Car molecules, was
used to explain the rapid generation of triplet states and
fast decay of singlet states of BChl a and spheroidene upon
photoexcitation of the Car-containing LH2 complex (Lim-
antara 1998).

Steady-state absorption and fluorescence excitation
spectra allow calculation of the efficiency of EET between
pigment bands down to the fluorescence emitting Q, band
(Magdaong et al. 2014, 2016). Although the authors of
those papers do not consider the issue of EET from the
BChl Soret to Cars, the results of their measurements indi-
cate the absence of such EET (Fig. 5 in (Magdaong et al.
2014) and Fig. 3 in (Magdaong et al. 2016), consistent with
our results in this article, see below). The quite opposite
opinion was expressed by authors of a theoretical paper
(Tretiak et al. 2000). They stated that “the energy transfer
pathway from the Soret states of BChl a to the 1B, state
of lycopene should be extremely efficient and may effec-
tively compete with the internal conversion on the indi-
vidual BChls-a”. However, experimental evidence of this
transfer is scarce. In this study, we investigated the poten-
tial involvement of Cars in EET from the BChl Soret band
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using LH2 from wild-type cells of the purple bacterium
Ectothiorhodospira haloalkaliphila.

Materials and methods

Preparation of the wild-type light-harvesting LH2
complexes

Ect. haloalkaliphila cells (Imhoff and Siiling 1996) were
grown phototrophically under anaerobic conditions in flat
glass bottles on modified Pfenning medium (Imhoff and
Triiper 1977) at 26 +2 °C. As the light source, 75 W incan-
descent lamps were used. The average light intensity was
about 10 W/m? as described earlier (Makhneva et al. 2008).
The collected cells were disintegrated by sonication, mem-
branes were isolated by ultracentrifugation (Moskalenko
et al. 1997), and LH2 complex was isolated with prepara-
tive electrophoresis in polyacrylamide gel (Moskalenko and
Erokhin 1974). Dodecyl maltoside at concentration 2-2.5%
was used to solubilize the membranes. After electrophore-
sis, the LH2 complex was dissolved and concentrated by
centrifugation in an Amicon Ultra 50 K filter (Millipore,
USA).

The spectrum of the total carotenoids in n-hexane was
measured after their extraction from the LH2 sample as
reported (Ashikhmin et al. 2014). The molar Car content
in the LH2 complex from Ect. haloalkaliphila (Table 3,
control column) (Ashikhmin et al. 2014) was the following:
lycopene 17.2% (n=11, where n is the number of conju-
gated double bonds), thodopin 13.5% (n=11), anhydrorho-
dovibrin 37.1% (n=12), spirilloxanthin 29.8% (n=13), and
didehydrorhodopin 2.2% (n=12).

Spectroscopic methods

Transient absorption spectroscopy measurements were
done using a spectrometer based on a TOPAS optical par-
ametric amplifier pumped at 790 nm by a Spitfire Ti:Sa
regenerative amplifier (Spectra Physics, Mountain View,
CA). Pulses from the optical parametric amplifier with
1 kHz repetition rate and tunable wavelength were used
for sample excitation. Part of light from the regenerative
amplifier was also focused into a sapphire plate to gener-
ate a white-light continuum used for probing absorption
changes. In addition to the probe beam, a probe-reference
beam was passed through the sample outside the area of
excitation. The absorption changes spectra AA(A) were
recorded as AA=1g[(L,ppe/lrepex of/ (Lprope/Iredex onl- The
polarization between the pump and probe pulses was set to
the magic angle (54.7°). The duration of the pump pulse
was about 70 fs and remained constant over the entire
wavelength range.
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The sample was diluted to optical density ~0.3 in a 1.5-
mm cell at wavelength 850 nm. During transient absorption
measurements, the sample was pumped/probed through a
1.5-mm quartz rotating cell. After each transient absorption
measurement, the steady-state absorption spectrum was
recorded to make sure that there was no degradation of the
sample.

All steady-state spectroscopic experiments were con-
ducted at room temperature in a 1-cm pathlength quartz
cell. Absorption spectra were recorded using a Hitachi
557 UV-Visible spectrophotometer. When necessary, the
absorption spectra were converted to 1-T (where T is trans-
mittance) spectra.

Fluorescence emission and excitation spectra were
obtained using a Fluorolog-3 fluorimeter (Horiba Jobin
Yvon) equipped with an Osram XBO 450 W xenon arc
lamp, a Hamamatsu R5509 PMT detector, and double exci-
tation and emission monochromators having 600 grooves/
mm gratings. The fluorescence spectra were recorded with
samples having optical density of 0.03 measured in a 1 cm
cell at the maximum of the BChl Q, band. The spectra
were recorded using excitation into the BChl Soret band
at 340 nm. The slit widths of the emission and excitation
monochromators were set to correspond to bandpasses of
2 and 8 nm, respectively. Fluorescence excitation spectra
were recorded by monitoring the emission intensity at the
wavelength corresponding to the emission maxima, which
was 865 nm for the wild-type LH2 complex. For this exper-
iment, the slit widths of the emission and excitation mono-
chromators corresponded to bandpasses of 8 and 2 nm,
respectively.

Fig. 1 A simplified diagram

of EET pathways of LH2
complexes. Excitation in the
Soret band (S, — B,,B,) and
transitions S; — S shown

by solid arrows. The EET
pathways from the Soret band to
Car S, and then to Q, are shown
by bold solid arrows, and inter-
system crossing transitions are
shown by dashed arrows. The
optical absorption spectrum of
LH2 complex of Ect. haloalka-
liphila is shown on the right

Results and discussion

A simplified diagram of possible EET pathways of LH2
complexes is shown in Fig. 1. The energy of a light quan-
tum absorbed in the BChl Soret band can reach BChl Q,
via two pathways. First, by intramolecular conversion Soret
— Q,; second, by EET Soret — S, (1'B,”) level of the
nearest carotenoid molecule followed by transfer from Car
S, to Q,. To test for excitation energy transfer from BChl
(Soret band) to Car molecules, pump—probe measurements
with femtosecond time resolution and steady-state meas-
urements were carried out on the LH2 complexes from
wild-type Ect. haloalkaliphila cells.

Transient absorption spectroscopy

The spectrum of transient absorption changes of the LH2
complex from wild-type Ect. haloalkaliphila upon exci-
tation by 70-fs 340-nm laser pulses is shown in Fig. 2.
A bleaching band with extremum around 590 nm (Q,), a
bleaching band within 450-550 nm (Car S, — S, transi-
tion), and a significant increase in absorption over the
whole range due to transitions from the first excited sin-
glet state of BChl to higher excited states. For this reason,
bleaching bands of Cars and BChl are displaced upwards.
Therefore, we determined the magnitude of bleaching in
the Car band and Q, band as shown by arrows in Fig. 2.
The observed Car band bleaching can be caused both
by direct excitation of Car molecules at 340 nm and by
EET from the BChl Soret band. In the former case, it is
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Fig. 2 Spectrum of transient absorption changes in LH2 complex
from wild-type Ect. haloalkaliphila cells induced by 340-nm pump
pulses (red curve), The spectrum corresponds to maximum absorp-
tion changes in the LH2 complex at time delay ~1 ps. The down-
ward arrows show AA values in the Car band and the BChl Q, band.
Magenta lines show the zero levels in the Car and Q, bands. Concave
curves show the calculated spectra in the Car band and in the BChl
Q, band for EET efficiencies: black 3%, green 5%, blue 7%

necessary to determine the fraction of light absorbed by
the Cars at 340 nm, and in the latter—the efficiency of the
EET.

To evaluate the contribution of direct excitation of Car
molecules at 340 nm, we compared the optical absorp-
tion spectrum of LH2 complex from wild-type Ect.

1,04

Absorbance, norm.
o
(&)}
1

0!0 T T T T T 1 M 1 M T M 1
300 400 500 600 700 800 900
Wavelength, nm

Fig. 3 Steady-state absorption spectrum of the LH2 complex from
wild-type Ect. haloalkaliphila cells (black curve) and the total
absorption spectrum of Cars extracted from this complex (red curve).
The vertical line corresponds to the wavelength of the femtosecond
excitation pulses (340 nm)
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haloalkaliphila cells (Fig. 3, black curve) and the total
absorption spectrum of Cars extracted from this com-
plex by n-hexane (Fig. 3, red curve). The spectra in Fig. 3
allowed us to estimate the Car absorption as ~5% of the
total absorption at 340 nm.

The value of bleaching in the absorption band of Cars
and the Q, band of BChl of LH2 from Ect. haloalkaliph-
ila can be calculated (see detailed calculation in "Appen-
dix" Section). Figure 2 shows the calculated curves of the
expected bleaching in the Cars band and the Q, band at 3,
5, and 7% contribution of Cars to the total absorbance at
340 nm. The experimentally measured bleaching was close
to the 5% contribution. This value is consistent with the
estimate of the contribution of Cars to the total absorption
at 340 nm (see Fig. 3).

Although these data convincingly indicate the direct
excitation of Car molecules at 340 nm, let us suppose that
the total Car absorption curve for this complex (red curve
in Fig. 3) overestimates the Cars contribution to the total
absorption at 340 nm. Then the observed bleaching in the
Car band would be due to transfer of the energy absorbed
by BChl molecules in the Soret band with efficiency of
about 5%. It is important to stress that in any case the effi-
ciency of EET from the BChl Soret band to Cars does not
exceed 5%.

The data presented in Fig. 4 support the hypothesis of
direct excitation of Cars. If changes in the Car absorption
band are due to direct excitation of Car molecules, then its
wavelength dependence must correlate with the absorption
spectrum of Cars within the spectral range of the excitation.
If, however, Car absorption changes are due to EET from
BChl to S, of Cars, then there must be a correlation with
the absorption spectrum of BChl. The experimental points
tend, at least qualitatively, to correspond to the absorption

7 000241012 o

€ = 070 =
£ = =
e 9 ©
5 000181009 5 2
° o 065 3
: d
< 000121006 § 8
2 060 &
[*] Ke]
m S
0,0006 1 0,03 3 2
<

- o 1055

T0,00

T T T T T T T
315 320 325 330 335 340 345 350
Wavelength, nm

Fig. 4 Fragments of the absorption spectra shown in Fig. 3: LH2

dashed curve; total Cars solid curve. Open circles correspond to the
maximum transient absorption changes near 480 nm (see Fig. 2) for
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spectrum of Cars and thus to the assumption of direct Cars
excitation by femtosecond pulses (Fig. 4).

Steady-state absorption and fluorescence spectroscopy

Excitation energy transfer from the BChl Soret band
to the Cars band in the LH2 complex can be exam-
ined based on the steady-state optical absorption spec-
trum, A(A), and BChl fluorescence excitation spectra,
F..(A). The wavelength dependence of EET efficiency is
E(4) = F (1)/[1 = T(1)] where T(\)=10"2® —sample
transmittance.

The efficiency of EET from Car molecules to BChl
depends on the type of bacteria (depending on the carot-
enoid composition). This efficiency varies over a wide
range from 20 to 100%. Frank and Polivka 2008) esti-
mated the values of efficiency in LH2 to be within 30-70%.
According to Koyama et al. (2004) for LH2 of Rhodobac-
ter sphaeroides G1C, Rba. sphaeroides 2.4.1, and Rsp.
molischianum the transfer efficiency is 88-92, 84-89, and
51-53%, respectively. It is ~40% in LH2 from Allochroma-
tium vinosum (Magdaong et al. 2016) and 26% in LH2 from
Thermochromatium tepidum (Niedzwiedzki et al. 2011).

Reduced transfer efficiency is seen as a trough on the
curve E(A) in the Car absorption region 425-570 nm. The
depth of this trough for the LH2 complex Ect. haloalkaliph-
ila (Fig. 5, green curve) is about 55%, which corresponds to
Ecu—pom ~45%. The fact that 55% of the excitation energy
is not transferred from the Cars to BChl allows evalua-
tion of the efficiency of EET from high levels of BChl (B,,
B,) to the S, level of Cars, Eg,,,_c,,- Let us assume 100%
efficiency of this transfer. Then the E(A) curve must have

1,0+
4

0,54

Normalized values

0,0 T T T T T

300 400 500 600
Wavelength, nm

Fig. 5 Efficiency of excitation energy transfer, E(A), for LH2 com-

plex from wild-type Ect. haloalkaliphila (green curve), fluorescence
excitation spectrum (red curve), and (1-T) (black curve)

the same 45% level in both Soret and Car S, bands. If the
transfer is completely blocked, the curve E(A) will be at the
same 100% level in the Soret and Q, bands and at 45% in
the Car band. All the intermediate values of Eg,,,,_c,, Will
give E()) levels from 45 to 100% in the BChl Soret region.
The E(M) curve for LH2 from Ect. haloalkaliphila passes
approximately at 100% level in Soret band, decreases to the
level of 40-50% in the Car S, band, and then rises again to
the level of 100% in the Q, band (Fig. 5).

We conclude that the results of our measurements show
EET from the BChl Soret band to the second singlet excited
state of Cars, Eg,,,,_c,- 1S blocked or occurs with efficiency
not exceeding a few percent. The same very low Eq .., c.r
can be obtained on the basis of F.,(A) and (1-T) curves
for LH2 from Allochromatium vinosum (Magdaong et al.
2016) and LH2 from Rhodoblastus acidophilus (Magdaong
et al. 2014).

As is well known, one of the main functions of Cars in
photosynthesis is improvement of light harvesting. Carot-
enoids increase the absorption cross section of photosyn-
thetic organisms by absorbing light in the region where
BChl is not efficient, and transfer the excitation energy to
neighboring BChl molecules. However, the efficiency of
EET from Car molecules to BChl in the LH2 complex of
many bacteria is rather low. Thus, about half or more of the
light energy absorbed by carotenoids does not reach BChl.
The same energy loss will occur in the case of EET from
the BChl Soret band via Car S,. Therefore, this pathway
must be either disabled or strongly limited. Our experi-
mental data show that the efficiency of EET from the BChl
Soret band to Cars does not exceed a few percent of the
energy absorbed in the Soret band. Carotenoid and BChl
molecules are located very close to each other in the light-
harvesting complexes. Very low efficiency of energy trans-
fer from BChl Soret to Cars raises a question about the
mechanism preventing the transfer, which would seem to
be a disadvantage for the bacterium.
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Appendix

We estimate the degree of sample bleaching when short
laser pulses A=350 nm pass through the rotating cell with
L=1.5 mm layer of LH2 preparation.

Excitation laser pulse energy was measured to be
W=0.24 uJ, it thus including ny=W/(hc/A)=0.41x 10"
quanta. Since absorption at 340 nm is D;,;=0.350,
the number of quanta absorbed in the cell is
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n=n,(1-1077%%)=0.227x10'>.  These quanta were
absorbed within the cylindrical volume containing the LH2
sample; since the cylinder diameter d=0.3 mm, the illu-
minated cylinder volume V=1.06x1077 liter. Although
the exact composition of the LH2 complex of Ect. haloal-
kaliphila is not known, it is assumed to be similar to LH2
composition of Rps. acidophila, which includes p=18 mol-
ecules of BChl B850, q=9 molecules of BChl B800, and
r=9 molecules of Cars.

Only BChl B850 molecules absorb light at 846 nm, so
with the known molar extinction coefficient £ =1.33x 10°
and measured absorbance Dg,=0.457 we calculate
the molar concentration of BChl B850 in the sample,
Cpgso=Digse/(gas L) =22.9%x107° M, and the number of
BChl B850 and B800 molecules in the illuminated volume:
Nigso=Cpsso Ny V=1.46x10"2, N, being Avogadro’s
number, Nygoo=Npgso-q/p=0.731x10'2, total BChl num-
ber Ngcp =Nggso+ Npgoo=2.19x 10", Similarly, Car mol-
ecules number N =Npgso1/p=0.731x 10",

Both BChl and Car molecules contribute to the
absorbance at 340 nm, the contribution of Car mol-
ecules being about f=0.05 (see Fig. 4). This means that
nc=nf=1.14x 10'° quanta were absorbed by Car mol-
ecules, while the remaining ng=n-(1-p)=2.16x10"!
quanta were absorbed by BChl molecules.

Absorption of excitation quanta by some Car molecules
appears as a proportional reduction in the Car absorp-
tion band centered at 500 nm, where the LH2 prepara-
tion absorbance was measured to be Ds,,=0.287. Obvi-
ously, the excitation of f-=F-/n-=0.0155 fraction of
Car molecules would result in ADsy=f-D5,=0.00446
bleaching at 500 nm. Indeed, the calculated bleaching
ADs,,=0.00446 is close to the experimentally measured
value AAs),=0.00416, differing by only 6-7%.
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