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ABSTRACT In this work the spectroscopic properties of the special low-energy absorption bands of the outer antenna
complexes of higher plant Photosystem I have been investigated by means of low-temperature absorption, fluorescence, and
fluorescence line-narrowing experiments. It was found that the red-most absorption bands of Lhca3, Lhca4, and Lhca1–4 peak,
respectively, at 704, 708, and 709 nm and are responsible for 725-, 733-, and 732-nm fluorescence emission bands. These
bands are more red shifted compared to ‘‘normal’’ chlorophyll a (Chl a) bands present in light-harvesting complexes. The low-
energy forms are characterized by a very large bandwidth (400–450 cm�1), which is the result of both large homogeneous and
inhomogeneous broadening. The observed optical reorganization energy is untypical for Chl a and resembles more that of BChl
a antenna systems. The large broadening and the changes in optical reorganization energy are explained by a mixing of an
Lhca excitonic state with a charge transfer state. Such a charge transfer state can be stabilized by the polar residues around Chl
1025. It is shown that the optical reorganization energy is changing through the inhomogeneous distribution of the red-most
absorption band, with the pigments contributing to the red part of the distribution showing higher values. A second red emission
form in Lhca4 was detected at 705 nm and originates from a broad absorption band peaking at 690 nm. This fluorescence
emission is present also in the Lhca4-N-47H mutant, which lacks the 733-nm emission band.

INTRODUCTION

Photosystem I (PSI) is a plastocyanin/ferredoxin oxidore-

ductase. It is a multiprotein complex located in the stroma

lamellae of higher plants and it can be divided into two

moieties: the core complex which contains all the cofactors

of the electron transport chain, 100 chlorophylls (Chls) and

22 b-carotene molecules, and the outer antenna system,

composed of four Lhca complexes, which coordinates Chl a,
Chl b, lutein, violaxanthin, and b-carotene (1).
A remarkable spectroscopic characteristic of PSI is the

presence of Chls, which absorb at energy lower than the

primary donor (red forms) (2,3). The transfer of excitation

energy from these low-energy forms to the reaction center,

where the energy is used for charge separation, is a thermally

activated process (4,5). In higher plants most of the red forms

are associated to the outer antenna system, composed of four

Lhca complexes arranged on one side of the core (6,7). The

genes coding for these proteins (Lhca) belong to the light-

harvesting complex (Lhc) multigenic family, which also con-

tains all the antenna complexes of Photosystem II (PSII;

Lhcb) (8). From the resolution of the structures of PSI-light-

harvesting complex I (LHCI) (7) and light-harvesting

complex II (LHCII) (9), it can be inferred that these

complexes share a high structural homology and have very

similar Chl organization. Despite the high similarity, the

spectroscopic properties of the complexes differ strongly:

although all Lhcb complexes show low-temperature emis-

sion maxima at 680 nm (10), in the case of Lhca complexes

the situation is different, with Lhca1 and Lhca2 showing the

red-shifted emission at 702 nm, Lhca3 at 725 nm, and Lhca4

at 733 nm (11–14). Moreover the fluorescence band shape of

the long wavelength chlorophyll state has a large full width

at half-maximum (FWHM) at room temperature (e.g., 55 nm

for Lhca4), which represents the broadest Qy Chl fluores-

cence band ever reported (15). These differences indicate

that small changes in the structural organization of the

complex can have a strong influence on the spectroscopic

properties.

The origin of the low-energy absorption forms of Lhca

complexes has been investigated by mutation analysis and

refolding in vitro (16–19). It has been suggested that the red

forms in all complexes represent the low-energy band of an

excitonic interaction involving Chls in sites 1015 and 1025

(nomenclature from Ben-Shem (7)). It was also demon-

strated that asparagine as a ligand for Chl 1015 in Lhca3 and

Lhca4 is necessary to produce the strong absorption shift

(20). Although the detection of the red forms is easy in fluo-

rescence at low temperature, because these Chls represent an
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‘‘energy sink’’ for the system and their contribution is

strongly enhanced in the fluorescence spectra, detailed

information about the absorption band responsible for these

emissions is still lacking, mainly due to the lack of structure

of the red absorption tail. Most data about the spectroscopic

characteristics of the low-energy absorption bands have so

far been obtained by analyzing a preparation containing all

four Lhca complexes in a dimeric state (21–23). It has been

proposed that the 733 nm emission originates from an

absorption band centered at 710–711 nm (21). This band shows

very different characteristics with respect to the ‘‘normal’’

absorption band of a Chl in a protein environment: large

homogeneous broadening and Stokes shift, and a very large

value for the electron-phonon coupling. It was proposed that

the red excited states can be interpreted as excimer states (24).

It has also been shown that there is a strong correlation

between the presence of red fluorescence and the fluores-

cence lifetime: the complexes with the reddest emission

show shortened lifetimes, suggesting that the low-energy

forms can act as quenchers (25).

Recently, the origin of the 702-nm fluorescence emission

band of Lhca2 has been determined by a combined approach

of mutation analysis and spectroscopy (18). The absorption

form responsible for this emission shows a maximum at 690

nm and represents the low-energy band of the excitonic inter-

action between Chl 1015 and 1025. A value of 150 cm�1 for

the interaction energy has been proposed (18).

The aim of this work is to determine the absorption bands

that give rise to the red emission in Lhca3, Lhca4, and the

Lhca1-4 dimer and the physicochemical characteristics of

their low-energy absorption forms. To check a recent sug-

gestion that a second red form is present in the Lhca4 com-

plex (26), we also analyzed a mutant of Lhca4 (N-47H),

which completely lacks the 733 nm emission.

MATERIALS AND METHODS

Sample preparation

Lhca polypeptides were reconstituted and purified as in Croce et al. (13) and

Castelletti et al. (14). The pigment content of the complexes was determined

by high performance liquid chromatography and fitting of the acetone

extracts (13). The pigment content of the complexes was identical to what

was reported before, except for the Lhca1–4 dimer, which was showing a Chl

a/b ratio of 2.5 instead of 3.0. The samples were diluted in a buffer containing

10 mM Hepes (pH 7.5), 0.03% b-DM (n-dodecyl-b-D-maltoside) and were

supplemented with 66% (w/w) glycerol for low-temperature measurements.

Spectroscopy

The optical density of the samples was 0.05 cm�1 at the maximum in the Qy

region for most of the fluorescence emission spectra and around 1 cm�1

when the red-most band was investigated. The measurements were per-

formed in acryl cuvettes with a path length of 1 cm. For cooling of the

samples, a Utreks (Ukraine) cryosystem was used. Absorption spectra at 4 K

were obtained using a home-built spectrophotometer. Fluorescence emission

spectra upon nonselective and selective excitation were measured with a

cooled charge-coupled device camera (Chromex Chromcam 1, Albuquer-

que, NM) equipped with a 1/2-m spectrograph (Chromex 500 IS). The

spectral resolution for detection was 0.16 nm. Detection of the fluorescence

was at 90� with respect to the direction of the excitation beam.

For temperature-dependent fluorescence, a 150-W tungsten halogen lamp

in combination with two filters was used for broadband excitation. The

infrared output of the lamp was blocked by a cutoff filter, which was made of

heat-resistant glass and blocks light above 800 nm. In addition, an inter-

ference filter was used, transmitting light at 420, 475, or 506 nm (each with

a FWHM of 20 nm). For fluorescence line-narrowing spectroscopy, a

continuous wave dye laser (Coherent (Santa Clara, CA) CR-599) with 4-

dicyanomethylene-2-methyl-6-p-dimethylaminostyryl-4H-pyran dye, pumped

by an argon ion laser (Coherent Innova 310) was used as an excitation source.

The spectral bandwidth of the laser was ,0.1 nm; the excitation power was

regulated by neutral density filters and was kept below 150 mW to minimize

hole-burning effects. Polarized fluorescence data were obtained by using

polarizers in the excitation and emission beams. Fluorescence emission spectra

were recorded with polarization direction oriented parallel, at magic angle or

perpendicular, relative to the polarization of the excitation light. The

anisotropy of the emission induced by the excitation light is defined as

r ¼ VV � VH

VV1 2VH
;

where VV and VH are the fluorescence intensities of the vertically and

horizontally polarized emissions, respectively, upon excitation with ver-

tically polarized light. Fluorescence anisotropy was corrected for the

polarization-dependent efficiency of the monochromator.

RESULTS

Absorption

The absorption spectra of Lhca3 and Lhca4 monomeric

complexes and the Lhca1-4 dimer at 4 K are reported in Fig. 1

together with their second derivatives (multiplied by �10).

The absorption spectrum of the Lhca4-N-47H mutant, which

lacks the red-most forms (20), is also shown. In Table 1 the

absorption forms deduced from the second derivative

analysis are presented.

The absorption maxima are at 680 nm for Lhca3, 675 nm

for Lhca4 and Lhca4-N-47H, and 677.5 nm for the Lhca1-4

dimer. The main Chl b form peaks at 644.5 nm in Lhca4,

Lhca4-N-47H, and Lhca1–4 and at 650 nm in Lhca3. An

additional Chl b contribution at 653 nm is visible in Lhca4,

Lhca4-N-47H, and the Lhca1-4 dimer. The Chl a absorption
region is dominated by forms at 674 and 680 nm, which are

present in all complexes. The three wild-type (WT) com-

plexes show absorption at wavelengths longer than 700 nm,

but due to the lack of spectral structure in this region, it was

not possible to clearly determine the maximum and width of

the low-energy band. The low-energy absorption is not

present in Lhca4-N-47H for which the absorption above 700

nm is only 0.2% of the absorption in the Qy region. For the

WT Lhca3, Lhca4, and Lhca1-4 complexes this value is

7.4%, 5.5%, and 5.4%, respectively.

Fluorescence

The fluorescence emission spectra at 4 K of the WT com-

plexes are reported in Fig. 2 A where they are normalized to
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their maxima. Lhca3 and Lhca4 show maxima at 725 and

733.5 nm, respectively, and in both samples a contribution

around 690 nm is detectable, possibly representing the

emission of some of the ‘‘bulk Chls’’ (the Chls which

contribute to the main absorption band of the complexes

around 670–680 nm), which do not transfer energy to the red

forms, suggesting the presence of heterogeneous popula-

tions. The emission spectrum of the Lhca1-4 dimer is similar

to that of Lhca4, although it is narrower and the contribution

at shorter wavelengths is strongly reduced as compared to the

monomeric complexes.

To detect other possible emission forms, second derivative

analysis was performed on the emission spectra (Fig. 2 B).
Lhca3 shows mainly one red component at 725 nm, corre-

sponding to the maximum of the spectrum. In the case of

Lhca4 and Lhca1–4 the second derivative shows, in addition

to the minimum at 732 nm, minima at 705 nm and at 725 nm.

A blue component at 687–690 nm is present in all com-

plexes.

The emission spectra of Lhca4-N-47H at different tem-

peratures are reported in Fig. 2 C. Two components can be

observed at 687 and 704 nm, and they are easily distin-

guishable in the spectrum at 130 K, whereas upon lowering

the temperature a red shift of the blue-most component is

observed, making it more difficult to resolve the two

emissions. The relative intensity of the two forms changes

very little with temperature, indicating that there is no energy

transfer between the Chls responsible for these two emis-

sions, which thus implies heterogeneity of the sample.

Site-selected fluorescence

To investigate the nature of the red emission of the com-

plexes, the fluorescence of the samples was analyzed at 4 K

upon selective laser excitation in the red tail of the absorption

spectrum. Similar experiments on the PSI core complex of

Synechocystis PCC 6803 and the PSI-LHCI complex from

spinach were reported by Gobets et al. (27), on PSI cores

of Synechococcus elongatus by Palsson et al. (28), on the

native LHCI preparation by Ihalainen et al. (21), and on the

PSI-LHCI complex from Chlamydomonas reinhardtii by

Gibasiewicz et al. (29).

In Fig. 3 B a selection of the emission spectra of Lhca4

after different excitations is presented. The shape of the

emission spectrum changes with the excitation wavelength.

In addition to the main red emission peaking at 725–750 nm,

two other emission forms can be detected in the spectra:

i) around 688–690 nm, whose relative amplitude is maximal

for excitation around 680 nm; and ii) around 705 nm, which

becomes prominent for excitation at 690 nm. Similar results

FIGURE 1 Absorption spectra at 4 K of the four com-

plexes together with their second derivative spectra multi-

plied by �10.

TABLE 1 Second derivative components of the absorption spectra of the complexes in nm

Chl b Chl b Chl b Chl a Chl a Chl a Chl a Chl a Chl a

Lhca3 649.5 656 665 668.5 674 680.5 688 704–6

Lhca4 644.5 653.5 662 671 674.5 680.5 689 .700

Lhca4N-47H 644.5 653.5 662 675 680.5

dim 644.5 653 662 674.5 679.5 688 708

2420 Croce et al.

Biophysical Journal 93(7) 2418–2428



were obtained for Lhca1–4 (Fig. 3 C), whereas Lhca3 shows
only the 690 nm emission in addition to the red-most one.

These data suggest that the 688–690 nm emission originates

from bulk Chls, which are not transferring energy to the red-

most forms, and the 705 nm emission originates from pig-

ments in Lhca4 absorbing around 690 nm, which are at 4 K (at

least partially) uncoupled from the red-most emitting forms.

In the case of the Lhca4 N-47H (Fig. 3 D), excitation of

the bulk Chls leads to the emission of both forms (688–690

and 705), in agreement with the presence of two subpopu-

lations one of which possesses the red-most form (emission

at 704 nm). For excitation wavelengths $690 nm only the

subfraction emitting at 704 nm becomes excited.

In Fig. 4 the various fluorescence spectra of Lhca4 upon

excitation at different wavelengths in the far-red region of the

absorption spectrum are shown. The spectra are shifted in

such a way that the excitation is set to 0 cm�1. We conclude

that the shape and width of the emission spectra are identical

for excitations above 720 nm, an indication that maximal

selectivity has been reached. Moreover, for far-red excitation

the gap between excitation and emission maximum, which

represents the energy gap between the zero-phonon line and

its phonon wing (i.e., the optical reorganization energy), is

very large and has a value around 350 cm�1 (see Discus-

sion). Similar results were obtained for Lhca3 and Lhca1–4,

for which values of 280 cm�1 and 325 cm�1 were found. It is

worth noticing that this last value is identical to the one

which can be calculated from fluorescence line narrowing

(FLN) experiments for the native LHCI preparation (24).

Smaller values were found for the red forms of Synechocystis
(115 cm�1), Synechococcus (200 cm�1), and PSI-LHCI from

spinach (240 cm�1) (27,28). This value is 150 cm�1 for

Lhca4-N-47H, in which case the spectra are identical for

excitation above 690 nm.

FIGURE 2 (A) Emission spectra of Lhca3, Lhca4, and Lhca1–4 com-

plexes at 4 K upon excitation at 506 nm. The spectra were normalized to the

maximum. (B) Second derivative of the spectra in panel A. (C) Emission

spectra of Lhca4-N-47H complex at different temperatures (4 K, 40 K, 77 K,

100 K, and 130 K), with 420 nm excitation.

FIGURE 3 Selection of the emission spectra of (A) Lhca3, (B) Lhca4,
(C) Lhca1–4, and (D) Lhca4-N-47H at 4 K for selective laser excitations in

the 680–720 nm range. The sharp peak is due to the elastic scattering of the

excitation light. The spectra were normalized to the maximum.
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In Fig. 5 the dependence of the fluorescence emission

maximum (lem) on the excitation wavelength (lex) is shown
for the three WT complexes. It is clear that the lem strongly

depends on lex. For all WT complexes, the lem is blue

shifted compared to that of the nonselectively excited

emission if lex is between 690 and 705 nm. Excitation at

wavelengths longer than 705 nm results in a gradual red shift

of lem. The blue shift of lem while lex is moved to the red

between 690 and 705 nm is due to preferential excitation in

the blue wing of the inhomogeneous distribution of the red

forms, which is selectively contributing to the emission

(27,30). This blue shift is more pronounced for Lhca4 and

the Lhca1–4 dimer, which exhibit a close to 7-nm maximal

blue shift. Upon 705–708 nm excitation, the lem/lex relation
becomes linear, with a slope (calculated as cm�1 per cm�1)

of 0.67 for Lhca4 and 0.7 for Lhca3 and 0.53 for the dimer,

an indication of a large contribution of the inhomogeneous

width to the total width of the red-most band for all samples

(see Discussion). These values are in agreement with the

value obtained from the analysis of an LHCI preparation

which contains all four Lhca complexes (21). For the

excitation in the very red edge of the band the slope becomes

1, thus indicating that we are exciting the zero-phonon lines

directly and that the maximum selectivity has been reached.

Also in the case of the Lhca4-N-47H complex the emission is

shifting to the red with the excitation, and for excitation

above 688 nm the slope is 1.05 (data not shown).

The site-selected measurement also allows us to obtain an

estimation of the absorption maximum of the red-most form.

Following Gobets et al. (27) the absorption maximum of the

emitting band corresponds to the excitation value at which

the emission maximum has the same value as observed for

nonselective excitation (see Gobets et al. (27) for details).

Accordingly, the maximum of the red-most absorption forms

of Lhca3, Lhca4, and Lhca1–4 was determined to be 705 nm,

708 nm, and 709 nm, respectively.

Anisotropy measurements

To get information about the relative orientation of the absorb-

ing and emitting dipoles, polarized fluorescence measure-

ments were performed and the anisotropy at the maximum of

the emission was calculated for each excitation wavelength.

The results are presented in Fig. 5 (open circles). The an-

isotropy values reach a maximum (0.32) between 705 nm

and 710 nm excitation for all samples (note that a value of

0.32 for a low-temperature experiment is already very high

and close to 0.4; the deviation from 0.4 could be due to

experimental imperfections like birefringence in the cryostat

and cuvette windows). There are two possible interpreta-

tions: i), all excitations with l . 705 nm are trapped on the

red-most form(s); and ii), the absorption in this region is due

to two or more Chls connected by energy transfer with the

same orientations of their Qy transitions. Although the

second possibility cannot be completely ruled out, it is hard

FIGURE 4 Emission spectra of Lhca4 for excitation at 716 nm, 720 nm,

724 nm, and 730 nm. The spectra are shifted in a way that the excitation

wavenumbers correspond to 0 cm�1. The spectra were normalized to the

maximum.

FIGURE 5 Emission and absorption characteristics at 4 K of the red tail

of (A) Lhca3, (B) Lhca4, and (C) Lhca1–4 complexes. (Solid squares) de-

pendence of the emission maximum on the excitation wavelength. (Open
circles) values of the anisotropy of the emission detected at the emission

maximum (e.g., 725 nm for Lhca3, 733 nm for Lhca4, and 732.5 nm for

Lhca1–4 dimer). (Line) red tail of the absorption spectrum at 4 K. The

straight line represents the value of the emission maximum for nonselective

excitation.

2422 Croce et al.
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to imagine that the low absorption intensity above 705 nm

contains the contribution of two Chls, which in addition

should have the same orientation. Moreover, the absorption

spectrum of the N-47H mutant of Lhca4, which completely

lacks the 732 nm emission, is almost zero at 705 nm. This

mutant coordinates the same number of Chls as the WT, and

it has been shown that the mutation only changes the position

of a single Chl, 1051, thus suggesting that the absorption

above 705 nm originates from only one state (20). For the

Lhca4-N-47H mutant the maximum is reached for excitation

at 694 nm.

Description of the absorption spectra

To get further insight into the low-energy bands, the absorp-

tion spectra at 4 K of the three complexes were fitted in terms

of Gaussians, using as starting parameters the values obtained

by second derivative analysis. Due to a lack of structure

in the red absorption tail, several fits of similar quality can

be found for this region. However, the fitting has to satisfy

three criteria, which come from the fluorescence measure-

ments: 1) The maxima of the red-most absorption band

should be in the range suggested by the site-selective fluo-

rescence measurements (e.g., 704–705 nm for Lhca3, 708–

709 nm for Lhca4, and 709 nm for the Lhca1–4 dimer). 2)

The red-most band should show absorption at the wave-

lengths where the red shifting of excitation induces a blue

shift of the emission peak (e.g., 690 nm for Lhca1–4), dem-

onstrating that at these wavelengths we start exciting the red-

most absorption form. 3) A band absorbing up to 705 nm

should be present in the description to satisfy the constraints

from the anisotropy data (only above 705 nm there is ex-

clusive excitation of the red-most band, below this wave-

length the lower anisotropy values indicate excitation energy

transfer to the red-most pigments).

The Gaussian fits which obey these three restrictions are

presented in Fig. 6 for the three WT samples. The red-most

forms of Lhca3, Lhca4, and Lhca1–4 dimer are located

around 705 nm, 708 nm, and 709 nm, respectively (see Table

2 for the characteristics of the bands). The error is larger in

the case of Lhca4 due to the fact that its spectrum is com-

pletely lacking structure in the red tail. The amplitude of the

bands is similar for Lhca4 and Lhca1–4 dimer (6.1%–6.3%

of the absorption in the Qy region) and it is higher for Lhca3

(9.7%). In all cases the red-most bands exhibit a very large

bandwidth.

In addition to the red-most band, in all complexes a second

form, peaking at 689–691 nm was required to describe the

red absorption tail. This band is rather broad (around 15 nm)

and it accounts for 6%–7% of the absorption in the mono-

mers and 4% in the dimer. However the errors for this band

are quite large due to the lack of structure in this spectral

region. The fitting of the absorption spectrum of Lhca4-

N-47H is presented in Fig. 6 D. The fitting still requires a

broad band with maximum around 690 nm, although its

intensity (3% of the absorption in the Qy region) is smaller

compared to the WT complex.

DISCUSSION

Site-selection fluorescence measurements and Gaussian anal-

ysis suggest that the absorption maxima of the red-most band

is around 705 nm for Lhca3 and 708 and 709, respectively,

for Lhca4 and the Lhca1–4 dimer at 4 K. The associated

bandwidths are far larger than what is typically found for

antenna Chls in a protein environment (e.g., (31,32)), though

most BChl a antenna systems have bandwidths comparable

to the ones observed here (e.g., the ‘‘deconvoluted’’ mono-

mer band of B820 has a width of 400 cm�1 at 77 K (33)).

One difference between BChl a and Chl a is the much higher

difference dipole moment that is observed for BChl a (2.6 D)
(34) as compared to Chl a (0.6 D) (35). Since it is in first

approximation the coupling between the difference dipole

moment and the environment (protein, solvent) that gives

rise to spectral broadening, it is not surprising that BChl a in

general has stronger electron-phonon coupling than Chl a.
Generally, the absorption spectrum of a pigment in a pro-

tein coordination site consists of a very narrow zero-phonon

line (ZPL), which corresponds to the pure electronic transi-

tion, and a blue-shifted broad phonon band, which is asso-

ciated with low-frequency vibrations of the protein matrix,

coupled to the electronic transition. The energy distance

between the ZPL and its phonon wing is approximately

identical to a parameter known as optical reorganization

energy (Sn) where S is the strength of the electron-phonon

coupling (or Huang-Rhys factor) and v is the mean frequency

of the protein matrix phonons (36). This broadening is often

referred to as homogeneous broadening, and it is temperature

dependent. The spectral broadening for an ensemble of pig-

ments coordinated to a protein also involves a second factor,

the inhomogeneous broadening. This is due to the fact that the

protein is not a rigid matrix. Single-molecule fluorescence

experiments allow one to observe the spectral fluctuations

resulting from sudden changes in the realization of the dis-

order in real time (37). These (relatively slow) structural

fluctuations in the protein modify the binding site of the pig-

ments and generally lead to a Gaussian distribution of the

frequency of the optical transition. This statistical distribution

is usually considered to be temperature independent (38).

An estimation of the homogeneous (Ghom) and inhomo-

geneous (Ginh) bandwidth can be obtained from the plot of

lem versus lex (29). The slope, in the wavelength range of

the absorption of the red-most band, is approximated by

G2
inh=ðG2

inh1G2
homÞ; where G2

inh1G2
hom ¼ G2

tot (Gtot is the

FWHM of the absorption band assumed to be a Gaussian

(see Gobets et al. (27) for details). The obtained values for

the red-most band of the three complexes are reported in

Table 2. All complexes show high values that are very

similar to the values obtained for the red forms in the native

LHCI preparation (24).

The Red Forms of Lhca Complexes 2423

Biophysical Journal 93(7) 2418–2428



Homogeneous broadening

The Stokes shift (i.e., the energy separation between the ab-

sorption and the emission maximum of a pigment) is directly

related to the homogeneous width of the band and thus to the

optical reorganization energy (Stokes shift approximately

equal to 2Sn). In general for bulk Chl associated to an an-

tenna system the Stokes shift is around 2 nm (with S ¼ 0.8

and n ¼ 20 cm�1). In the case of the red forms of Lhca3,

Lhca4, and the Lhca1–4 dimer these values are 20 nm, 25 nm,

and 23 nm, respectively (Table 3).

An independent determination of the value of the optical

reorganization energy was obtained from the site-selected

fluorescence emission measurements, being the energy gap

between the excitation and the emission wavelength, for

excitation in the very red part of the absorption band (Fig. 4).

Values between 280 and 325 cm�1 (Table 3) were obtained.

The data indicate that, independent from the applied cal-

culation method, the Sn value for Lhca4 and the Lhca1–4

dimer are very similar to each other. It is smaller for Lhca3,

in agreement with the narrower bandwidth. However, it is

also clear that the two methods lead to quantitatively

different results (see Table 3). We note that a similar dis-

crepancy was present also in the native LHCI preparation

(24). At least two effects can contribute to this discrepancy.

First of all it should be noted that the lifetime is progressively

shorter for the redder forms (25), and therefore the quantum

yield of the redder forms in the ensemble will be reduced.

Thus the redder forms are less important in determining the

average, bulk excited, emission spectrum, leading to a re-

duced Stokes shift. Second, we have to take into account that

although the Sn value calculated from the Stokes shift re-

presents an average value for the entire red band, the value

obtained upon selectively exciting the zero-phonon lines

refers to a low-energy subpopulation of the red band. If the

value of Sn is not constant over the entire band, then neither

is the Stokes shift. Large values for Stokes shifts are usually

attributed to the presence of interacting dimers (39–41). In

this case it appears that the pigments absorbing at the red

edge of the inhomogeneous distribution possess a higher

value for the optical reorganization energy than the pigments

absorbing on the blue edge.

Exciton coupling and charge transfer states

It has been shown that the red-most band of Lhca complexes

represents the low-energy band of an excitonic interaction

FIGURE 6 Gaussian analysis of the 4 K absorption

spectra of (A) Lhca3, (B) Lhca4, (C) Lhca1–4, and (D)

Lhca4-N-47H. Note that the fitting is mainly meant to

extract the characteristics of the red bands, using the

restrictions as explained in the text.

TABLE 2 Characteristics of the red-most absorption bands of

red-emitting Lhca proteins

Sample

Max

(nm)

Amplitude

(%)

Gtot

(cm�1)

Ghom

(cm�1)

Ginh

(cm�1)

Lhca3 704.8 6 0.4 9.7 415 6 8 228 347

Lhca4 707.8 6 2.2 6.3 468 6 34 297 362

Lhca1–4 709.3 6 0.4 6.1 424 6 11 290 309

The errors of the fit are reported.

TABLE 3 Characteristics of the red-most band of Lhca3, Lhca4,

and the Lhca1–4 dimer

Sample

Absorption

(nm)

Emission

(nm)

Sn (from gap ex

vs. em)

(cm�1)

Sn (from the

Stokes shift)

(cm�1)

Lhca3 704.8 725 280 200

Lhca4 707.8 733 325 (350) 240

Lhca1–4 709.3 732.5 325 230

The gap between the excitation and the emission maximum upon excitation

at the very red edge of the absorption spectra (region where the slope s ¼ 1)

provides the values for the reorganization energy. Sn from the Stokes shift

was calculated using Stokes shift ¼ 2Sn (see text).
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involving the Chls in sites 1015 and 1025 (17–20). This

interaction alone would neither explain the red shift (in

LHCII, which has very similar pigment organization and in

which the interaction energy is half of what is observed

in Lhca4—120 cm�1 vs. 260 cm�1—the red-most transition

is around 681 nm (42,43)) nor explain the large bandwidth

observed for the red forms, because exciton coupling per se

in Lhcs primarily gives rise to narrowing of absorption

bands. This was, e.g., observed for the B820 subunit of LH1,

in which a dimer of BChl shows clear signs of exchange

narrowing (33). However, the formation of a dimeric species

can also lead to broadening of the spectra, since bringing the

monomers close together enhances the possibility of electron

transfer processes between them. As a result charge transfer

states become of importance. Because these charge transfer

states are generally close in energy to the singlet-excited

states of the dimer, they will tend to mix into the excited state

(44,45). For a dimer of identical monomers in a symmetric

environment this need not be too important. As long as the

two possible intradimer charge transfer states are degenerate,

their mixing into the excited states of the dimer will be bal-

anced, and the excited states do not acquire a polar character

(46). However, when this symmetry gets broken, the two

CT-states need not be isoenergetic anymore, and as a con-

sequence the unbalanced mixing of these states into the

excited state will result in an excited-state dipole moment.

The ground state is energetically too far away from the CT-

states and will be left unchanged. Therefore the mixing of

CT-states will result in a difference dipole moment (Dm)
between ground and excited state.

Since the difference dipole moment is responsible for the

coupling between the optical transition and (polar) phonon

modes of the environment, this will result in an increase in

the exciton-phonon coupling. Stark experiments on the exci-

tonic states of Chl a in LHCII have shown that in that case

the LHCII excitonic states probably behave like monomeric

Chl a being characterized by a rather small difference dipole

moment (35), typically ;0.5 D, whereas corresponding

values for monomeric BChl a are 2–4 times larger (47).

Since the Stokes shift caused by the difference dipole

moment scales with (Dm)2 (48,49), this is a significant dif-

ference. Therefore, for an excitonically coupled dimer of Chl

as coupled to a charge transfer state, the acquired difference

dipole moment can cause a significant change in its spe-

ctroscopic properties (line broadening, large Stokes shift),

making it more similar to BChl a antenna systems. Note that

in the Lhcas, as in the BChl a antenna systems, in addition to

the broadening prominent red shifts also occur as a conse-

quence of the coupling of the excitonic states to CT-states (50).

In Lhca3 and Lhca4 the environment of the two

interacting Chls is indeed very different, with the Chl 1025

being located in a polar environment (ligand Glu with an Arg

and a second Glu nearby), whereas no charged amino acids

are located in the surrounding of the Chl 1015. Therefore it is

highly likely that this dimer has acquired a charge transfer

character, which explains the dramatic increase in the

exciton-phonon coupling.

We found strong indications that the Stokes shift is not

constant over the absorption band of the red forms but in fact

increases upon redder excitation although it seems to reach

a maximum around 720 nm and it is constant above this

wavelength, which could indicate that the mixing of the

excited state and the charge transfer state reaches a maximum

around 720 nm. The changes in Stokes shift is partly ex-

plained within the context of the disordered dimer model

(39), which predicts that the red tail of the inhomogeneous

distribution contain dimers, which are relatively more local-

ized and consequently have a stronger electron phonon

coupling. By combining Redfield theory with the disordered

exciton model, a very good description of the change in

shape in the fluorescence spectrum from single LH2 and

LH1 complexes as a function of the emission wavelength

was obtained (51,52).

Since the spectral properties of the red states of Lhca differ

so much from those of monomeric Chl a (as a consequence

of the acquired difference dipole moment), we consider the

possibility that the inhomogeneity over the band is also di-

rectly related to the difference dipole moment. Such a

correlation is not part of the disordered dimer model. Then

the variability over the band is natural given the fact that the

dipole moment depends on the degree of asymmetry of the

environment of the two Chl a molecules and on the distance

between them. The same symmetry breaking (with respect to

the energetics of the two Chl a sites) that produces states in

the red tail of the distribution of the disordered dimer model

would then be responsible for an increase in the difference

dipole moment, resulting in a correlation between the spec-

tral position within the band, the difference dipole moment,

and thus the spectroscopic characteristics.

This correlation can be observed in our site-selection

experiments. In the Lhca4-N-47H mutant and in the Lhca2

complex, both exhibiting a 702–705 nm emission (18), the

energy of the emission maximum as a function of excitation

frequency (energy) had a slope that exceeds unity, which

could be explained by presuming that redder species from

the ensemble had a relatively stronger exciton-phonon

coupling. Note that the slope can be at most equal to one.

For the red pigments of Lhca4, the most red-shifted member

of this family of complexes, we obtained a slope of 1, which

gives us no direct proof of disorder in the coupling strength.

This could be an indication that the red pigments of Lhca4

are in a less flexible/variable environment than the ones in

Lhca2 and Lhca4-N-47H. Considering that the red form of

Lhca4 is at lower energy than the one of Lhca2 and Lhca4

N-47H, it can be suggested that the red-most forms have a

well-defined configuration/structure, whereas the intermedi-

ate red forms are more in a variable environment.

Thus we propose that for the Lhca complexes the exci-

tonic state is mixed with a charge transfer state, giving a high

value for the reorganization energy and thus for the Stokes
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shift. The same suggestion was made for the red forms in the

PSI core of Synechocystis (41,53) and Synechococcus (28)
on the basis of fluorescence line-narrowing experiments.

Using Stark spectroscopy it was later shown that indeed the

red states are strongly mixed with charge transfer states (53).

Furthermore, the fact that the red forms of LHCI exhibit a

large frequency shift under pressure lends additional support

for the proposed mixing of excitonic and charge transfer

states in the peripheral Lhcs of PSI (24).

A second red emission form in Lhca4

It has recently been proposed that besides the red-most

emission band in Lhca4, there is a second emission form

peaking at 713 nm in Lhca4 at room temperature, which

partly transfers its energy to the red-most one. This energy

transfer is not accompanied by any depolarization which was

explained by a parallel orientation of the corresponding tran-

sition dipole moments (26). In our experiments at 4 K we did

not find any evidence for an emission band at 713 nm in

Lhca4, but a band was observed at 705 nm. Also in the

Lhca4-N-47H mutant, which is lacking the red-most band,

only a band at 704 nm was observed. The fluorescence-

polarized experiments show that this form is still transferring

to the red-most one, but the transition dipole moment of the

two forms are differently oriented.

Stoichiometry of the red forms

An estimation of the oscillator strength of the red-most band

can be obtained from the Gaussian analysis. Considering a

stoichiometry of 10 Chls per polypeptides for monomeric

Lhca3 and Lhca4 and of 21 Chls per Lhca1–4 dimer, the

analysis indicates that the 705-nm absorption form of Lhca3

corresponds to the absorption of almost 1 Chl molecule. A

lower value of 0.6 Chl was obtained for the 708-nm absorp-

tion form of Lhca4. In the case of the dimer, the amplitude of

the red-most band corresponds to the absorption of 1.2 Chls.

In the native preparation containing all Lhca complexes, the

red absorption tail represents 5% of the absorption, which

should correspond to the absorption of 2–2.5 Chl molecules.

This is in agreement with the data on the recombinant pro-

teins with an oscillator strength of 1.2 Chl associated to the

Lhca1–4 dimer and 1 associated to Lhca3.

The data indicate that the intensity of the red-most band of

the Lhca1–4 dimer is double compared to the Lhca4 mono-

mer. The difference absorption spectrum Lhca1–4 minus the

sum of Lhca1 and Lhca4 is reported in Fig. 7. The spectrum

shows positive amplitude with a maximum at 710.5 nm and a

bandwidth of 430 cm�1. Both the absorption maximum and

the bandwidth are in agreement with the data obtained by

FLN and Gaussian deconvolution. The origin of the dif-

ference between the dimer and the sum of the monomers is

not clear; the characteristics of the band in Lhca4 and Lhca1–

4 are very similar, thus suggesting a similar origin. More-

over, the dimer of Lhca4-N-47H with Lhca1 WT does not

show red forms (T. Morosinotto, R. Bassi, R. Croce, un-

published results), thus indicating that this increase is not due

to a new form which arises from protein-protein interaction

or to a change in the environment of one Lhca1 chromo-

phore. Another possibility is that due to the monomer-

monomer interaction there is a change in the orientation of

one of the Chls responsible for the red form in the monomer,

which would change the distribution of the excitation over

the two exciton bands. The fact that there is a negative band

in the difference spectrum at 682 nm, where the high-energy

band of the excitonic interaction is located (20), supports this

interpretation.
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