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Spain; {Departments of Biology and Chemistry, Washington University in St. Louis, St. Louis, Missouri; and kItalian Institute of Technology and
Department of Physics, Politecnico di Milano, Milan, Italy

ABSTRACT Energy transfer processes in photosynthetic light harvesting 2 (LH2) complexes isolated from purple bacterium
Rhodopseudomonas palustris grown at different light intensities were studied by ground state and transient absorption spectros-
copy. The decomposition of ground state absorption spectra shows contributions from B800 and B850 bacteriochlorophyll (BChl)
a rings, the latter component splitting into a low energy and a high energy band in samples grown under low light (LL) conditions.
A spectral analysis reveals strong inhomogeneity of the B850 excitons in the LL samples that is well reproduced by an exponen-
tial-type distribution. Transient spectra show a bleach of both the low energy and high energy bands, together with the respective
blue-shifted exciton-to-biexciton transitions. The different spectral evolutions were analyzed by a global fitting procedure. Energy
transfer from B800 to B850 occurs in a mono-exponential process and the rate of this process is only slightly reduced in LL
compared to high light samples. In LL samples, spectral relaxation of the B850 exciton follows strongly nonexponential kinetics
that can be described by a reduction of the bleach of the high energy excitonic component and a red-shift of the low energetic
one. We explain these spectral changes by picosecond exciton relaxation caused by a small coupling parameter of the excitonic
splitting of the BChl a molecules to the surrounding bath. The splitting of exciton energy into two excitonic bands in LL complex is
most probably caused by heterogenous composition of LH2 apoproteins that gives some of the BChls in the B850 ring B820-like
site energies, and causes a disorder in LH2 structure.
doi: 10.1016/j.bpj.2009.09.023
INTRODUCTION

Absorption of solar energy by photoactive pigments and

energy transfer through a cascade of antenna complexes

to the photosynthetic reaction center (RC) represent the

earliest reactions in photosynthesis. In purple photosynthetic

bacteria, there are two main types of light harvesting com-

plexes, LH1 and LH2 (1). The crystal structures of a few

of these LH complexes isolated from purple nonsulfur

bacteria have been solved by x-ray crystallography, e.g.,

the LH2 complex from Rhodopseudomonas (Rps.) acido-
phila 10050 (2), the LH2 from Rhodospirillum molischia-
num (3), the LH3 (LH2 version from low light) from Rps.
acidophila 7050 (4) and the LH1-RC complex (core-

complex, LH1 with photosynthetic reaction center) from

Rhodopseudomonas palustris (5). The LH2 complex from

Rps. acidophila consists of nine a- and b-apoprotein dimers

arranged in a highly symmetric ring. Each heterodimer binds

three BChl a molecules, one which is monomeric and two of

which are strongly coupled. The overall complex contains

nine monomeric and 18 strongly coupled BChl a molecules.

The nine monomeric BChls absorb in the NIR at 800 nm and

are called B800, the 18 tightly coupled BChls absorb at

850 nm (B850). The LH1 complex isolated from the Rps.
palustris consists of 15 a/b-heterodimer subunits that form

Submitted July 24, 2009, and accepted for publication September 10, 2009.

*Correspondence: gbta18@udcf.gla.ac.uk

Editor: Leonid S. Brown.

� 2009 by the Biophysical Society

0006-3495/09/12/3019/10 $2.00
an ellipse that surrounds the RC. LH1 only has the tightly

coupled BChl a molecules absorbing at 875 nm (B875).

Light energy absorbed by B800 is transferred to B850,

then on to B875 in LH1 from where it is finally transferred

to BChls in RC (6).

The knowledge of these structures has allowed the energy

transfer (ET) processes that take place in and between them

to be understood in great detail (7). It has been found that

some purple bacteria adapt to growth at lower light intensities

by synthesizing LH complexes with modified spectral proper-

ties (8). It is not yet clear what the differences are in the ET

processes taking place in these complexes in comparison to

their high light (HL) counterparts. When growing at low light

(LL) intensities, the bacterium Rps. palustris changes the

spectral properties of its LH2 complexes. Compared to the

HL form of LH2 the absorption spectrum of LL LH2

complexes has a lower, broader absorption at 850 nm and

a broader, relatively higher absorption peak at 800 nm

(9,10). Tadros et al. (11) and Tadros and Waterkamp (12)

identified multiple genes encoding LH2 a- and b-apoproteins

in Rps. palustris. Different members of this multigene family

are expressed depending on the growth conditions (13,14). It

has also been shown that both the HL and LL LH2 complexes

from Rps. palustris contain multiple antenna apoprotein

types, suggesting the possibility of LH2 rings with mixed

populations of polypeptides giving different spectral proper-

ties to B850 BChls (15). This idea was supported by a reso-

nance Raman spectroscopy study on LL LH2 complexes,
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where in B850 ring B820-like characteristics were observed

beside B850-like BChls (16). The CD spectrum of the LL

LH2 complexes also showed an additional band located at

~820 nm compared with HL LH2 (17,18).

At the time of writing, few time-resolved studies have

looked at the energy transfer reactions that take place within

the LL LH2 complexes from Rps. palustris. Hess et al. (19)

described the energy transfer in bacterial membranes isolated

from Rps. palustris grown at low light conditions measured by

picosecond pump probe spectroscopy. A more detailed tran-

sient spectroscopic study on extensively purified LL LH2

complexes was conducted by Nishimura and colleagues

who found a B824 component and suggested several possible

kinetic models for the energy transfer pathways present (20).

This study is focused on a detailed analysis of femtosecond

pump-probe spectra obtained from LH2 samples isolated

from Rps. palustris grown at four different light intensities,

as well as on the analysis of their ground state absorption

spectra. Recently, direct evidence has been found for the pres-

ence of BChl a molecules with both B850 and B820 site ener-

gies in individual LL LH2 complexes from Rps. palustris by

use of single molecule spectroscopy (21). This information

has been used to help interpret the data from this study and

explain the ongoing specific spectral changes in LH2

complexes during low light adaptation.

MATERIALS AND METHODS

Bacteria growth conditions

Cells of Rps. palustris strain 2.1.6. were grown photoheterotrophically in

Böse medium (22) at 30�C in flat-sided glass bottles. Four different light

intensities were used: 220 Lux for HL and 10 Lux for LL, and two interme-

diate intensities, 90 Lux for intermediate 1 low light (LL1) and 20 Lux for

intermediate 2 low light (LL2). The light was provided by incandescent

bulbs, all the LL conditions were obtained by moving the cultures further

away from the light source with the same spectral composition.

Membrane isolation and purification of LH2
complexes

Cell cultures were harvested and LH2 complexes isolated and purified from

photosynthetic membranes as described previously (23). Briefly, cells were

harvested, homogenized, and disrupted by passage through a French press.

Broken membranes were collected by differential centrifugation. They were

then solubilized in 2% of LDAO and the core LH1/RC and LH2 complexes

were separated by sucrose gradient centrifugation. The LH2 complexes were

further purified by anion exchange chromatography (DE52 exchanger,

Whatman International Ltd., Maidstone, UK) and gel filtration. Samples

were kept frozen (�20�C) until used.

Steady-state absorption measurements

For steady-state spectroscopy, concentrated LH2 samples were mixed in

buffer containing 0.1% LDAO in Tris-HCl (20 mM, pH 8.0), and for low

temperature measurements, glycerol was added to a final concentration

66%. Low temperatures were obtained by the use of a liquid nitrogen cryo-

stat (OptistatDN, Oxford Instruments, Bucks, UK). Absorption spectra were

recorded using a PerkinElmer, Lambda 950 spectrophotometer (Waltham,

Massachusetts).
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Transient absorption measurements

The transient absorption difference DA/A spectra were recorded using

a conventional pump-probe set-up (24). The ultrafast spectroscopy configu-

ration used in these experiments started with a regeneratively amplified

mode-locked Ti:Sapphire laser (Clark-MXR Inc., Dexter, Michigan) deliv-

ering pulses at 1 kHz repetition rate with 790 nm center wavelength, 150 fs

duration, and 500 mJ energy. The pump energy was reduced to 50 nJ

(0.03 mJ cm�2). A fraction of the pulse energy was focused onto a thin

sapphire plate to generate the white light broadband probe pulse. The NIR

range from 790 to 950 nm was used. The pump pulse was provided by

the driver laser, its second harmonic or an optical parametric amplifier.

We used the NIR part of white light as a probe and fundamental wavelength

of Ti:Sapphire laser as pump. The pump beam was modulated at 500 Hz by

a mechanical chopper. After the probe pulse has traversed the sample, a two-

dimensional DA/A readout as a function of pump-probe delay time was

measured using optical multichannel analyzer in a single shot configuration.

The chirp of the white light supercontinuum has been corrected for in the

displayed spectra as described previously (24).

Global analysis

The global fitting procedure was carried out by minimizing the square of

the error between the measured matrix, DAexp(E,t) and the calculated one,

DAcalcðE; tÞ ¼ d �
P

i sði;EÞ � cði; tÞ, by optimizing the absorption cross-

sections s(i,E) and the populations c(i,t) for all photoexcitations Pi,

as defined in a standard kinetic equation scheme of the form

GS !pump
P1 !

k1ðtÞ
P2 !

k2ðtÞ½P3 !
k3ðtÞ

GS� , where GS refers to the molecules in the

ground state. The optimization is done iteratively by varying ki(t);i ˛
{1,2,3}, whereas at each iteration step, s(i,E) is found by a Gaussian elim-

ination. The sheet thickness is given by d. This approach is a generalization

of the method described by van Stokkum and colleagues (25) where time-

dependent rate constants have been included.

RESULTS AND DISCUSSION

Analysis of ground state absorption spectra

The ground state NIR absorption spectra of the LH2 com-

plexes were measured at 77 K and 293 K (Fig. 1, left and

right columns, respectively). Common features are observed

in all spectra. At 1.55 eV, there is a relatively sharp absorp-

tion band with a vibronic replica at 1.62 eV. Both of these

can be assigned to the Qy band of the BChl a molecules in

the B800 ring (26). At lower energy, there is a broader tran-

sition the position of which is clearly temperature dependent:

1.43 eV at 77 K, and 1.45 eV at 293 K. This transition is

labeled G1L and can be assigned to the transition from the

ground state to the low energy one-exciton band of the

B850 ring (26). The thermally induced blue-shift of G1L

can be explained by a temperature-induced weakening of

the excitonic interaction, and hence a reduction of exciton

splitting. Recently, similar temperature dependence of

B850 blue-shift was observed in LH2 complexes from other

bacteria when studied in the framework of the modified Red-

field theory (27).

Growth of the bacterium under reduced illumination leads

to characteristic changes in the ground state absorption

spectra: G1L loses oscillator strength, whereas the B800 band

apparently becomes stronger and larger. This progression

holds for both low and high temperature measurements
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FIGURE 1 Ground state absorption spectra (thick red

lines, normalized to BChl a Qx band) as a function of

growth conditions (rows) measured at two different

temperatures (left column, 77 K; right column, 293 K).

Thick green lines: calculated spectra according to the

model explained in the text; thin red lines: calculated

G1L; thin green lines: calculated G1H; thin black lines:

molecular transition of Qy band in B800 molecule

including vibronic progression. See D for labeling of the

transitions that is used in the text.
(compare Fig. 1, A, C, E, G and B, D, F, H for low and high

temperature, respectively). Furthermore, G1L becomes more

asymmetric in the samples from cells grown at lower light

intensities. As discussed below, it is a reasonable assumption

that the apparent increase of both intensity and width of the

B800 transition is in reality caused by a superposition of the

(unchanged) B800 absorption with changes in the spectral

properties in the B850 ring.

The absorption spectra of LH2 under all conditions were

simulated using the following model: the B800 transition

is regarded as a molecular transition together with its

vibronic progression of one prominent normal mode; the

B850 molecules form two excitonic bands, G1L close to

1.43 eV (867 nm) and G1H at 1.53 eV (810 nm). Both bands

were assumed Lorentzian and inhomogeneous broadening

was introduced by an exponential distribution with charac-

teristic distribution energies of t800 for the B800 band and
t850 for the one-exciton bands. Hereby, the distribution of

states was assumed to decay exponentially toward higher

energies.

The simulated spectra shown in Fig. 1 (thick green lines)

closely reproduce the measured spectra (thick red). The indi-

vidual contributions to the calculated spectra are shown as

thin lines. The best fitting parameters as function of growth

conditions are given in Table 1. Going from HL to LL, the

ratio r(G1H/G1L) increases from 1:5 to nearly 1:1. This is

a clear sign of a change in the B850 molecules, leading to

a different excitonic splitting. The exponential broadening

parameter t850 for the B850 excitonic features increases

strongly under low light conditions, whereas it is only

weakly temperature dependent. In contrast, the broadening

t800 is not significantly dependent on the growth conditions

but rather on the temperature. This clearly distinct behavior

of the broadening parameters can be related to different
Biophysical Journal 97(11) 3019–3028
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broadening mechanisms affecting the monomeric and exci-

tonic bands, respectively. According to the available litera-

ture, the B800 ring seems to be not influenced by growth

conditions, so a dependence of the broadening parameter

t800 on growth conditions is not expected (4,9,28). The

temperature dependence of t800 can be assigned to dynamic

disorder, caused by temperature-induced occupation of low-

energetic intramolecular vibrational modes. The thermal

occupation is governed by Boltzmann law, hence the expo-

nential broadening (29).

Transition absorption spectra measurements

Pump-probe spectra of HL, LL, and two intermediate (LL1,

LL2) samples of LH2 complexes from Rps. palustris were

measured in the near infrared region to trace energy transfer

and relaxation processes. Excited states in B800 were created

by pumping at 795 nm (1.6 eV). An overall view of the pump

probe spectra of LH2 samples (HL, LL1, LL2, and LL) is

shown in the contour plots in Fig. 2, A–D, respectively.

Photo-induced absorption (positive values, red color) pro-

gressively disappears when going from HL to LL samples;

at the same time, the transient bleach (green and blue) of

G1L broadens. The changes in the higher energy region of

pump-probe spectra point to the presence of a higher exci-

TABLE 1 Fitting parameters for the reproduction of ground

state absorption spectra (Fig. 1) at 293 K

HL LL1 LL2 LL

E(B800) 1539 (1535) 1536 (1536) 1536 (1537) 1539 (1539)

E(G1L) 1439 (1422) 1437 (1421) 1435 (1419) 1436 (1421)

E(G1H) 1569 (1562) 1511 (1530) 1511 (1521) 1512 (1515)

r(G1H/G1L) 0.20 (0.20) 0.21 (0.73) 0.34 (0.74) 0.90 (0.95)

t800 6 (9) 24 (10) 21 (10) 14 (9)

t850 11 (9) 25 (21) 38 (32) 50 (50)

All data are in meV except the ratio r(G1H/G1L), which has no unit. Values

for 77 K are in parentheses.
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tonic band in the LL LH2 exciton manifold. These features

are also very clear in curves in Figs. 3 and 4 showing vertical

and horizontal cuts of contour plots from Fig. 2. Fig. 3 shows

pump-probe spectra at different pump-probe delay times,

coded by color. In the case of the HL LH2 complexes

(Fig. 3 A), at t ¼ 0 (during the pump pulse), the spectrum

shows the presence of a transient bleaching of both B800

and the G1L ground state absorption bands, together with

the excitonic state transition GL2, i.e., from the lowest one-

exciton level to the two-exciton level (30). The presence of

excitonic B850-related features before energy transfer from

B800 to B850 can be explained by a resonant generation

of B850 excited states by the 1.6 eV pump pulse (Fig. 3 A,

black line). Within 3 ps, the photobleaching signal from

excited B800 completely disappears, whereas the photo-

induced absorption (GL2) and ground state bleaching (G1L)

of B850 increase strongly. This is a well known process

and is due to energy transfer from B800 / B850. It is

important to note that during this ET process, the increase

of G1L is much stronger than the concomitant bleaching

recovery of B800. This clearly shows the excitonic nature

of the B850. After 3 ps, no further spectral changes are

observed in HL sample until much longer times (magenta,

yellow, and green curves in Fig. 3 A are almost identical).

All the curves in Fig. 3 A show a very clear isosbestic point

at 1.44 eV that reflects the simple A / B reaction for ET

from B800 to B850 in the absence of further spectral

changes.

Pump-probe spectra of the LL samples at t ¼ 0 are similar

to those of the HL sample, compare Fig. 3, B–D to Fig. 3 A,

respectively. The spectral evolution after the pump pulse is,

however, dramatically different for the LL samples. The

positive DA band at t ¼ 3 ps decreases on going from LL1

to LL2, and no positive signal can be observed at all in the

fully LL sample (Fig. 3, magenta curves). This loss of the

positive band can be explained by superposition of positive
A B

C D

FIGURE 2 Contour plots of measured transient absorp-

tion spectra of LH2 complexes from Rps. palustris grown

at four different illumination; changes in differential

absorption (color scale is identical in all four panels) depen-

dent on pump probe delay and probe energy are shown in

(A) high light (HL), (B and C) two intermediate (LL1,

LL2), and (D) low light (LL) sample, respectively. Red,

photo-induced absorption; green and blue, transient bleach.
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FIGURE 3 Differential absorption spectra of LH2 com-

plexes at individual pump-probe delays. HL complex (A)

shows G1L transition, there is no change after 3.2 ps

(pink curve), LL complex (D) presents an additional transi-

tion G1H changing till ~10 ps (yellow and olive curves);

panels of intermediate samples (B) LL1 and (C) LL2,

respectively, represent increasing contribution of G1H

band to the spectra. All panels: solid lines, measured

values; dashed lines, global fit.
and negative bands in close proximity. There is a positive

GL2 band at 1.48 eV and a negative signal from the G1H

band, resulting in a local minimum at 1.53 eV. This provides

evidence of a second, higher excitonic band of B850 in LL

LH2 complexes in the region of 810 nm (Fig. 3 D). These

findings are in agreement with the spectral assignment of

the room temperature ground state absorption spectra (see

Fig. 1). Finally, the positive (DA) band for the transition

from the high-energy one-exciton band to the two-exciton

band GH2 can be observed at 1.56 eV. In the lower light

samples the presence of delayed kinetics is observed on

the high energy side of the G1H bleach (1.53 and 1.48 eV)

(Fig. 3, B–D, magenta and olive curves). The shapes of the
spectra on the low energy side are very similar for individual

pump-probe delays (Fig. 3).

To illustrate more clearly the kinetics of the spectral evolu-

tions in the LL samples, Fig. 4 presents time traces obtained

as horizontal cuts through Fig. 2 at following probe energies:

1.35, 1.48, and 1.54 eV. In the HL sample, all time traces

show mono-exponential behavior. In contrast, the LL

samples show a clearly delayed contribution in the range

from 1.48 to 1.54 eV, where several photo-induced features

are superposed, namely B800, GL2, and G1H. In principle, the

observed slow kinetics could be due to delayed ET from

B800 to B850, causing a slow decrease of B800 and

a concomitant slow build-up of the GL2 and G1H transitions.
A B

DC

FIGURE 4 Time traces of differential absorption spectra

of LH2 complexes from (A) HL, (B) LL1, (C) LL2, and (D)

LL samples at three representative probe energies: 1.54 eV

(805 nm), 1.48 eV (838 nm), and 1.35 eV (918 nm) (green,

red, and black lines, respectively). Panels: processes from

t ¼ 0 until 20 ps; insets: processes until 200 ps. All panels:

solid lines, measured values; dashed lines, global fit.
Biophysical Journal 97(11) 3019–3028
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However, no corresponding slow kinetic phase in the build-

up of the G1L bleach can be observed in time traces at

1.35 eV, where the signal is caused nearly exclusively by

the G1L transition (Fig. 4, black lines). Instead there is

mono-exponential behavior for all samples. The picosecond

spectral evolutions of B850 in the LL samples should there-

fore be associated with B850 exciton relaxation dynamics

after B800 / B850 energy transfer. This picture is con-

firmed by a global fitting procedure (see below).

FIGURE 5 Photophysical model of energy transfer paths and associated

rate constants between BChl a molecules in the B800 and the B850 ring.

Processes for HL and LL samples are given as solid and dashed arrows,

and the population probes that can be detected in transient absorption are

given as dot-dashed and dotted lines.
Biophysical Journal 97(11) 3019–3028
In the insets of Fig. 4, the same time traces are shown but

on a longer timescale. It is evident that the decay of the B850

excitons to the ground state occurs significantly faster in the

LL samples than in the HL sample. This difference is not due

to exciton annihilation because in both cases the kinetics

have been shown to be independent of the pump energy at

pump intensities used here (data not shown). In LL samples,

the forbidden transition from the B850 exciton back to the

ground state is more allowed probably because of a disorder

introduced into the LL LH2 structure due to the presence of

different apoproteins (15).

ET rate constants for HL from global fitting

A global fitting procedure has been carried out to properly

characterize the time-resolved measurements (see Materials

and Methods for details). Perfect fits have been obtained

for all measurements (Figs. 3 and 4, dashed lines). The fits

are rationalized by a photophysical model that is shown in

Fig. 5. For the HL sample, two basis spectra and two simple

exponential rate constants are required. The first basis spec-

trum (Fig. 6 A, dotted curve) is assigned to the B800 excited

state, created by resonant excitation by the pump pulse. The

negative absorption feature at 1.55 eV is caused by transient

bleaching of the respective ground state transition. The fitted

absorption cross-section of this band is ~3 � 10�16 cm2,

which is close to the literature value of 2.3 � 10�16 cm2

for this ground state transition (31). The first spectrum con-

verts into the second spectrum in the process assigned to

B800 / B850 energy transfer with decay constant k1. The

second basis spectrum (Fig. 6 A, solid curve) represents

the excited state spectrum of the B850 exciton that decays

with the rate constant k3 to the ground state. It is character-

ized by a negative absorption band, centered at 1.42 eV,
A B

DC

FIGURE 6 Photoexcitation spectra of LH2 complexes

calculated by global fitting of pump probe spectra. Abso-

lute absorption cross-section spectra are given for the

initial, intermediate, and final photoexcitation (dotted,

solid, and dashed lines, respectively) of (A) HL, (B) LL1,

(C) LL2, and (D) LL complexes, respectively.
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and a positive absorption band at 1.47 eV. The observed

transfer times ti ¼ 1/ki are in line with literature data where

B800 / B850 transfer times of ~0.9 ps have been widely

published for a variety of purple bacterial LH2 complexes

(32–37). The shape of this second basis spectrum can be rep-

resented by a superposition of two Lorentzian bands of equal

integral area, where the negative Lorentzian is centered at

1.45 eV, and the positive one at 1.46 eV (fit not shown).

They are assigned to the G1L and GL2 transitions, respec-

tively. The slight blue-shift of the two-exciton transition

versus the one-exciton transition is typical for strongly delo-

calized molecular excitons. From the lowest one-exciton

state, the transition strength into higher exciton states is

negligible because both transitions have equal oscillator

strengths. This behavior is predicted for the k ¼ 0 exciton

(38). Because the resonance energy transfer from the B800

state should result in the creation of a hot, k s 0, exciton,

it can be concluded that exciton relaxation is much faster

than the B800 / B850 transfer rate, and cannot be observed

in these time-resolved spectra. The values of the rate

constants are summarized in Table 2. Interestingly, in

Fig. 5, the dotted spectrum contains the same features as

the solid one in the B850 region, compressed by roughly

a factor of 3. It is possible to conclude that under current

experimental conditions ~25% of the total B850 population

is not created by energy transfer but by direct excitation.

Relaxation and dispersive decay of B850 excited
states in LL samples

The absence of isosbestic points in Fig. 3 and the presence of

slow transients in Fig. 4 suggest that more than two states are

necessary for the global fit of the low light samples LL1, LL2,

and LL. Indeed, for a good fit we need three basis spectra,

coupled with three processes out of which the second and

third ones are dispersive with time-dependent rate coefficients

of the form kiðtÞ ¼ k0
i � ðt=t0ÞgðiÞ; i˛ 2; 3 ; t0 ¼ 1 psgf . The

fitted values are in Table 2. The basis spectra for the first

photoexcitation (k1, ET from B800–B850) are similar for

LL and HL samples, containing contributions of both B800

bleach and B850 excitonic features (Fig. 6, dotted curves).

In analogy to the HL sample, the first process is assigned

TABLE 2 Rate constants from global fitting of transient

absorption spectra

Sample 1/k1
y (ps) 1/k2

z (ps) g2 1/k3
x (ps) g3

HL 0.91 — — 1 250 0*

LL1 1.10 2.00 �1.00 280 �0.16

LL2 1.00 1.60 �0.93 300 �0.16

LL 1.00 2.10 �0.94 220 �0.16

—, process not considered. Perfect fit obtained without this process, so

inclusion was not justified.

*Value fixed.
yk1 for energy transfer B800 / B850 is not dispersive.
zk2 for the process of exciton relaxation has the dispersive parameter g2.
xk3 for exciton decay to the ground state with dispersive parameter g3.
with the rate constant k1 to B800 / B850 ET, and therefore

the second basis spectrum represents the B850 exciton. Inter-

estingly, the ET rate constant k1 is only reduced by ~10% in

LL samples with respect to the HL sample (Table 2). Because

spectral overlap changes dramatically, this is strong evi-

dence for a non-Förster type mechanism governing energy

transfer (39).

By comparing the second and the third basis spectra, it is

possible to characterize the slow spectral changes typical for

low light samples. In contrast to the HL sample, the low light

samples show a negative band at 1.53 eV. In agreement with

Fig. 1, this band can be assigned to the G1H transition,

increasing in the order LL1 / LL2 / LL in both Figs. 1

and 6. The transition from the second to the third basis spec-

trum (Fig. 6, dashed curves) is characterized by a strong

decrease of this G1H transition, accompanied by a slight

red-shift of the G1L transition. The respective difference

spectra are shown in Fig. 7 to show the differences between

the second and third photoexcitation more clearly. In all

cases, it is clear that the G1H transition is weakened, and

that there is no contribution of the B800 bleach to the

observed spectral changes. This excludes the assignment of

this process to a delayed ET from B800 / B850. According

to the photophysical model suggested here and used for this

analysis (Fig. 5), this process can be assigned to slow exciton

relaxation from the initially populated higher exciton band

(that is in resonance with B800 emission) to the lower one.

If this is correct then it should be possible to observe the pop-

ulation transfer by a decrease of stimulated emission (SE)

from the higher exciton, correlated with an increase of SE

from the lower exciton. This is exactly what is observed in

Fig. 6 D. The SE features occur slightly red-shifted against

the bleaching, due to a small Stokes shift.

FIGURE 7 Differential spectra for LL, LL2, and LL1 samples (solid,

dashed, and dotted line, respectively), calculated from second and third

photoexcitation spectra. A clear signature of G1H band in each LL sample

and no change in B800 bleach contribution (no sign of delayed B800 /
B850 ET) suggesting B850 exciton relaxation.
Biophysical Journal 97(11) 3019–3028
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The observation of a time-dependent (dispersive) rate

coefficient k2(t) in the low light samples supports its assign-

ment to an exciton relaxation. The k ¼ 0 exciton is reached

via a cascade of intermediate steps, additionally superposed

by vibronic relaxation (38). This sequence of elementary

transfer steps with progressively increasing transfer times

is the reason for the observed time-dependent relaxation

coefficient. The possible reason for a much slower exciton

relaxation in LL than in HL samples could be weaker elec-

tronic coupling between BChl a molecules in the LL B850

ring, where some of these molecules have B850-like and

some others B820-like spectral properties due to a more

complex apoprotein composition. In the LH2 complexes in

general, the pigment binding apoproteins provide a quasi-

continuum (bath) of states and the coupling of the BChl

a to this bath causes fluctuations in the exciton energy. It

has been pointed out that the coupling parameter (the ampli-

tude of the bath-induced fluctuations of the Bchl a molecules)

determines the time of exciton relaxation in different light

harvesting systems. For LH1 complexes in Blastochloris vir-
idis, a value of 490 cm�1 for this parameter has been

obtained, resulting in a relaxation time below 100 fs (38).

The loss of excitonic coherence in HL LH2 samples of

Rps. acidophila strain 10050 has been measured to 160 fs

(40). Justifying relaxation times in the picosecond time

regime, as obtained here, requires a coupling term of

<50 cm�1. The bath in the case of the LH2 complexes

consists of the many degrees of freedom of the binding apo-

proteins; the resulting dynamical fluctuations of atomic posi-

tions lead to a change in exciton splitting and/or site energies

for the single BChl a molecules.

LH2 apoproteins versus spectral properties
of B850 BChl a in LL

Previous studies have identified two key amino acid residues

in LH2 a-apoprotein that are associated with the blue spec-

tral shift of the B850 absorption band depending on light

intensity during bacterial growth (4,8). In HL Rps. acido-
phila, Tyr44 and Trp45 form two hydrogen bonds that hold

two carbonyl oxygen atoms in planar orientation with respect

to the two B850 bacteriochlorin rings. In LH2 complexes

isolated from Rps. acidophila strain 7050 grown at LL con-

ditions, Tyr44 and Trp45 are replaced by Phe and Leu, respec-

tively. Phe and Leu do not form hydrogen bonds with the

carbonyl oxygens, leaving them out of the plane of the bac-

teriochlorin rings. This reorientation of the carbonyl groups

results in lower degree of conjugation in the bacteriochlorin

rings followed by the blue-shift of B850 band from 850 nm

to 820 nm. When Rps. palustris is grown at LL one of the

LH2 a-apoproteins that is expressed also has these ‘key’

amino acid residues replaced by Phe and Met (15). Under

LL conditions, HL-type a-apoproteins are also expressed.

This suggests that LL LH2 complexes could have BChl

a molecules with mixed site-energies (both B820-like and
Biophysical Journal 97(11) 3019–3028
B850-like) in the same individual LL LH2 complex. Indeed,

in our experiments with LL LH2, both a higher exciton state

G1H and a lower exciton state G1L have been observed. This

result fits well with previous spectroscopic data that have

been published suggesting the presence of mixtures of

BChl a molecules with ‘B820-like’ and ‘B850-like’ site

energies in one LH2 ring (12,16–18). Formally, this spectro-

scopic data does not distinguish between mixed rings and

mixtures of different but homogenous B850 rings. However,

a recent single molecule spectroscopic study on individual

LL LH2 isolated from Rps. palustris provides direct proof

that there are single LL LH2 complexes from Rps. palustris
that do contain mixed rings (21). In this single molecule

study, it was shown that in HL LH2 complexes, all exciton

states where k > 2 are optically forbidden. In the case of

LL LH2 complexes, the k ¼ 3 exciton was significantly

allowed, which explains the redistribution of oscillator

strength toward higher energies seen in the absorption

spectra of the LL complexes. In this analysis, the measure-

ments represent an ensemble of energy bands, the single

(k ¼ 1, 2, and 3) exciton bands cannot be observed individ-

ually. Therefore, the decrease of oscillator strength toward

higher energies is smooth and can be approximated by an

exponential function that has been used in the kinetic model

described above. It is not yet clear whether all the LL LH2

complexes have the same internal organization of the

different antenna apoproteins that are present in the ensemble

population. To help to answer this question more detailed

quantitative analyses of the apoprotein composition are

required.

CONCLUSIONS

Our study of LH2 complexes isolated from Rps. palustris
grown at different light conditions has revealed what we

believe to be novel characteristics of the ring of strongly

coupled BChl a molecules in LL samples. In the case of

HL LH2 complexes the spectroscopic properties of the

B850 ring can be satisfactorily accounted for by assuming

the presence of one major exciton band G1L. In contrast,

a second, higher energy exciton band G1H is required to

account for the properties of the LL LH2 complexes. The

presence of the G1H feature in the LL case is also supported

by the decomposition analysis of the ground state absorption

spectra of the LL samples.

The mono-exponential rate constant k1 for ET from B800

to B850 is only slightly reduced (by ~10%) in LL samples in

comparison to HL ones. The rate constant k2 for the exciton

relaxation from G1H to G1L is only seen in LL samples and is

strongly dispersive. The decay of the B850 exciton back to

ground state is faster in the LL samples by about a factor

of 5, however, the decay remains very slow. The rate

constant k3 for this process is mono-exponential in the case

of the HL complexes but is weakly dispersive in the LL

ones. A simple photophysical model has been used to fully



Pump-Probe Study of Rps. palustris LH2 3027
reproduce the transient absorption spectra of LH2 com-

plexes.
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