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ABSTRACT: Absorption, fluorescence, and fluorescence excitation spectra have been measured from CP26,
CP29, and monomeric and trimeric LHCIIb light-harvesting complexes isolated from Photosystem II
subchloroplast particles from spinach. The complexes were purified using a combination of isoelectric
focusing and sucrose gradient ultracentrifugation. The chlorophyll (Chl) and xanthophyll pigment
compositions were measured using high-performance liquid chromatography (HPLC). Using the pigment
compositions from the HPLC analysis as a starting point, the absorption spectral profiles of the complexes
have been reconstructed from the individual absorption spectra obtained for each of the pigments. Also,
the fluorescence excitation spectra of the complexes have been deconvoluted. The data reveal the energy
transfer efficiencies between Chlb and Chla and between specific xanthophylls and Chla in the complexes.
The spectral analyses reveal the underlying features of the highly congested spectral profiles associated
with the complexes and are expected to be beneficial to researchers employing spectroscopic methods to
investigate the mechanisms of energy transfer between the pigments bound in these complexes.

The light-harvesting apparatus in photosynthetic organisms
is comprised of several membrane-bound pigment-protein
complexes that absorb photons of light and transfer the
energy to the reaction center (1-5). In higher plants, the
light-harvesting assemblies associated with Photosystems I
and II (PSI and PSII)1 are denoted LHCI and LHCII (6).
LHCII is assembled from the products of the Lhcb genes
and consists of four different chlorophyll (Chl)- and xan-
thophyll-binding pigment-protein complexes known as
LHCIIa, LHCIIb, LHCIIc, and LHCIId (1, 7-9). LHCIIb
is the most abundant and is present in a vast stoichiometric
excess over the PSII reaction center. In its native form, it is
a trimeric complex and binds over half of the Chl in PSII
(8, 10, 11). LHCIIa, LHCIIc, and LHCIId are familiarly
known as the minor Chla/b complexes CP29, CP26, and
CP24, respectively, based on their apparent molecular
weights from nondenaturing SDS-PAGE (12-16). These
minor complexes exist in roughly a 1:1 stoichiometric ratio
with the PSII reaction center (17).

A structural model of the LHCIIb protein has been
obtained from electron microscopic studies (10). The model
shows the relative positions of 12 Chls and 2 xanthophylls,
assigned as luteins in sites denoted L1 and L2, bound to a
single polypeptide of 232 amino acids. The structure was
not sufficiently resolved to distinguish between Chlsa and
b, and the xanthophylls, neoxanthin and violaxanthin, also
known to be present in the complex (11, 18), were not
observed. The structures of the CP29, CP26, and CP24
complexes have not been solved to atomic resolution, but it
is known from biochemical studies that they are between
210 and 257 amino acids in length, bind 6 Chla and between
2 and 4 Chlb molecules, and have between 29.2% and 48.7%
sequence homology with LHCIIb (19). It is also known that
there is considerable variability in the xanthophyll composi-
tion among these complexes (1, 8, 9). In particular, the minor
complexes are enriched in violaxanthin compared to LHCIIb
(7, 9, 20). Violaxanthin can be reversibly de-epoxidized to
antheraxanthin and zeaxanthin in the so-called xanthophyll
cycle which has been implicated in the regulation of energy
flow in the antenna systems of higher plants and algae (21-
24). Under conditions where light is limiting, the efficiency
requirement for light-harvesting is at a maximum, and the
violaxanthin content is high. Under high light conditions,
de-epoxidation of violaxanthin to zeaxanthin occurs as light-
harvesting efficiency is down-regulated. The presence of
zeaxanthin has been correlated with nonradiative energy
dissipation observed as nonphotochemical quenching (NPQ)
of Chl fluorescence (25, 26). Because the majority of the
xanthophyll cycle pigments have been found in the minor
complexes, the suggestion has been made that the molecular
site for NPQ resides within these proteins (27). Further
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support for this assignment has emerged from the identifica-
tion of protonation sites in CP26 and CP29 (28-30), thought
to correspond to the low luminal pH requirement for NPQ,
and from the fact that CP29 is reversibly phosphorylated
under stress conditions, suggesting an involvement in stress
resistance (31).

Understanding how the LHCII proteins operate in the roles
of light-harvesting and energy flow regulation requires a
precise knowledge of the relationship between the pigment
composition of the complexes and their photochemical
properties. In steady-state absorption and fluorescence
excitation spectroscopic studies on light-harvesting pigment-
protein complexes prepared from bacterial photosynthetic
organisms, the efficiency of energy transfer between the
bound carotenoids and the bacteriochlorophylls has been
shown to be dependent on the carotenoid composition (32,
33). In those systems, the optical transitions associated with
the various bound pigments are spectrally well-resolved,
facilitating the assignment of the photochemical properties
of individual molecules. This is not the case for the higher
plant pigment-protein complexes which exhibit highly
congested spectral profiles. The absorption spectral transi-
tions associated with the various pigments in the LHCIIb
and the CP complexes overlap significantly in the 400-550
nm visible wavelength region, making it very difficult to
correlate the spectral properties of the pigments with their
photochemical behavior. Also, because of this overlap, it is
very difficult to excite sole xanthophyll molecules and deduce
energy transfer efficiencies between them and Chl. Any
quantitative evaluation of the spectral properties and energy
transfer efficiencies of specific pigments in the complexes
will necessarily require some form of spectral deconvolution
(9, 34-38).

In this work, we have isolated CP26, CP29, and mono-
meric and trimeric LHCIIb antenna complexes from spinach
using a combination of isoelectric focusing (IEF) and sucrose
gradient ultracentrifugation and have measured the Chl and
xanthophyll pigment compositions of the proteins using high-
performance liquid chromatography (HPLC). We have also
measured the absorption and fluorescence excitation spectra
of the proteins. Using the pigment compositions determined
from the HPLC analysis as a starting point, we have
reconstructed the absorption spectral profiles of the com-
plexes using the spectral line shapes associated with each
of the individual pigments. In addition, we have deconvoluted
the fluorescence excitation spectra of the complexes. The
data reveal the energy transfer efficiencies between specific
xanthophylls and Chla in the complexes. In addition to
providing information on light-harvesting by the xantho-
phylls, the spectral analyses reveal which pigments are
absorbing at specific wavelengths. The data are expected to
be beneficial to researchers employing steady-state and
transient optical spectroscopic methods to investigate the
mechanisms of energy transfer between the pigments bound
in these complexes (9, 34, 39-62).

MATERIALS AND METHODS

Sample Preparation and Analysis

Thylakoid Membranes.Fresh spinach was dark-adapted
for overnight in the cold room. Approximately 500 g of
leaves was washed, destemmed, and ground with 400 mL

of grinding buffer (0.4 M NaCl, 20 mM HEPES, 4.0 mM
MgCl2‚6H2O, 5 mM EDTA, 1 mg/mL BSA, pH 7.6, with
NaOH) at 4°C in a blender at a high speed. The ground
spinach was filtered through 5-6 layers of cheesecloth, and
the filtrate was centrifuged at 6000g for 8 min in a Sorvall
SS-34 rotor. The pellet was resuspended in wash buffer (0.15
M NaCl, 20 mM HEPES, 4 mM MgCl2‚6H2O, 1 mM EDTA,
1 mg/mL BSA, pH 7.6, with NaOH) to a total volume of
120 mL. After a short slow spin of 30 s at 500g to sediment
the nonchloroplast material, the supernatant was centrifuged
for 10 min at 7000g. The pellet was collected and resus-
pended in ethylene glycol (EG) suspension buffer [15 mM
NaCl, 20 mM MES, 5 mM MgCl2‚6H2O, 1 mM EDTA, 1
mg/mL BSA, 30% EG (v/v), pH 6.0, with NaOH] to∼80
mL and centrifuged for 10 min at 12000g. The last step was
repeated and the pellet was resuspended in 20 mL of EG
suspension buffer to a chlorophyll concentration not less than
3 mg/mL.

BBY Particles. The subchloroplast BBY particles (63) were
prepared according to the following procedure. The chloro-
phyll concentration was measured in assay buffer following
the equation: chlorophyll concentration (mg/mL)) [(1.01
× 10-2)(OD at 645 nm)+ (1.45× 10-2)(OD at 652 nm)+
(4.01× 10-3)(OD at 663 nm)]. The volumes of suspension
buffer (15 mM NaCl, 20 mM MES, 30% EG, pH 6.0) and
Triton X-100 buffer [15 mM NaCl, 20 mM MES, 5 mM
MgCl2‚6H2O, 1 mM EDTA, 1 mg/mL BSA, 20% (v/v)
Triton X-100, a small amount of catalase, pH 6.0 with
NaOH] necessary for the next step were calculated from the
chlorophyll concentration and the initial volume of the
thylakoids from the formulas:

The thylakoid membranes were stirred in on ice, and the
calculated amount of suspension buffer was added. Then the
calculated amount of Triton X-100 buffer was added drop-
wise and stirred for 20 min in an ice bath in the dark. After
the incubation period, the solution was put in centrifuge tubes
and centrifuged for 20 min at 37000g. The pellet was
collected gently with a paintbrush and resuspended in a
minimal amount of suspension buffer. The chlorophyll
concentration was determined following the same equation
mentioned above. Again, the amount of suspension buffer
and the Triton X-100 buffer to be added in the next step
were calculated using the equations:

These were added to the sample by the same procedure
as before without the final incubation. The solution was

suspension buffer (mL))
[3/8 × (Chl concn in mg/mL)- 1] ×

(volume of thylakoids in mL)

Triton X-100 buffer (mL))
[(Chl concn in mg/mL)/8]×

(volume of thylakoids in mL)

suspension buffer (mL))
[19/40× (Chl concn in mg/mL)- 1] ×

(volume of thylakoids in mL)

Triton X-100 buffer (mL))
[(Chl concn in mg/mL)/40]×

(volume of thylakoids in mL)
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poured into 50 mL centrifuge tubes and centrifuged for 20
min at 39000g. The supernatant was discarded, and the pellet
was resuspended in suspension buffer. The total volume after
suspension was 2 times the total volume of sample and buffer
in the previous step. Again, the solution was centrifuged for
20 min at 39000g. The collected pellet consisted of BBY
particles which were used in the preparation of major and
minor LHCII light-harvesting complexes.

Fractionation of BBY Particles by Sucrose Density Gradi-
ent Centrifugation.BBY particles were washed in 1 mM
EDTA, pH 8.0, then suspended in water at 2 mg of
chlorophyll/mL, and solubilized by adding an equal volume
of 2%n-dodecyl-â-D-maltoside (DM, Calbiochem) in water.
The solubilized sample was spun for 2 min at 10000g at 4
°C and rapidly loaded onto a continuous sucrose density
gradient prepared by freezing and thawing a 0.5 M sucrose
solution containing 10 mM HEPES, pH 7.6, and 0.06% DM.
The gradient was then spun in a Beckman SW40 rotor at
285000g for 23 h at 4°C. The second band containing the
CP complexes and monomers of LHCIIb and the third band
containing the LHCIIb trimers were harvested carefully with
a syringe.

Isoelectric Focusing.The LHCIIb and CP complexes were
separated by nondenaturating isoelectric focusing (IEF) using
procedures similar to those previously described (17, 64). A
slurry of volume 100 mL containing 4% Ultrodex, 2%
Ampholine carrier ampholites (pH 3.5-5.0), 1% glycine, and
0.06% DM was prepared. The IEF electrode strips were cut
into six 10.5 cm lengths, soaked in a 2% Ampholine solution,
and placed in the 26.0× 11.0 cm tray of a Pharmacia
Multiphore II Electrophoresis system. The slurry was poured
into the tray to form a homogeneous layer. After carefully
removing the air bubbles, the tray was placed 100 cm below
a small fan on a balance to allow control of the weight of
the evaporated water; 15 g of water was evaporated in nearly
2 h. The tray with prepared gel was placed onto the cooling
plate (cooled to 4°C) and was focused for∼1.0 h at 8.0 W.
A film of water containing a nonionic detergent (e.g., 0.1%
Triton X-100) was used to aid thermal conductivity.

Freshly prepared PSII antenna complexes from the sucrose
density gradient centrifugation step (∼1.0 mL) having a total
chlorophyll concentration of 5.0 mg/mL were mixed with 1
mL of deionized water and 0.5 mL of 3% DM. The sample
was kept on ice and occasionally stirred for 30 min. The
final chlorophyll concentration was∼2.0 mg/mL. The sample
was centrifuged at 39000g, and the supernatant (∼2.0 mL)
was applied 2 cm from the cathode to the precooled and
prefocused gel using a 10× 2 cm sample applicator. To
apply the sample, the applicator was pressed through the gel
bed at the desired position. The gel inside the applicator was
scraped out and mixed with the prepared sample. The gel
slurry with the sample was poured back into the applicator,
the applicator was removed, and the bed was allowed to
equilibrate hydrostatically for 3 min. The electrode holder
with the IEF electrodes was placed onto the electrode strips
to start the focusing. The focusing procedure was continued
for 15 h at a constant power of 8.0 W at 4°C. The initial
and the final current values were normally 13 and 5 mA,
respectively. After the completion of the focusing, a small
amount of gel from each of the green bands was dissolved
in 1 mL of deionized water, and the pH was measured using
a microelectrode. Each green band in the gel was separated

using the fractionating grid frame and was collected by a
spatula. The sample was eluted using columns with a
minimum volume of a solution containing 100 mM HEPES
(pH 7.6) and 0.06% DM. The pI values for the LHCIIb,
CP26, and CP29 complexes were 4.12, 4.45, and 4.68,
respectively. The uncertainties in these values are(0.04 on
the gel.

Ultracentrifugation.The samples were further purified by
ultracentrifugation on a continuous sucrose density gradient
prepared by freezing and thawing a 0.5 M sucrose solution
containing 10 mM HEPES, 0.06% DM at pH 7.6. The run
was for 18-20 h at 285000g in an SW40 rotor at 4°C.

SDS-PAGE. SDS-PAGE was performed in a Hoefer
SE600 vertical electrophoresis unit (Amersham Pharmecia
Biotech) with a 1.5 mm thick slab gel using 14% total
acrylamide and bisacrylamide (denoted T) and 3% of the
cross-linker, bisacrylamide (denoted C), calculated from the
formulas:

as a uniform separating gel overlaid by a 4% T, 3% C, 2 cm
stacking gel. The separating gel solution contained 14%
acrylamide, 11% sucrose, 0.04% TEMED in 1 M Tris, at
pH 8.4. The stacking gel solution contained 4% acrylamide
and 0.005% TEMED in 0.74 M Tris, pH 8.4. The gels were
polymerized together, without prior degassing, by adding
0.05% ammonium persulfate. Sucrose in the separating gel
solution prohibits mixing with the stacking gel solution
during polymerization. The Tris-Tricine buffer system was
that described by Scha¨gger and Von Jagow (65): anode
buffer, 0.2 M Tris, pH 8.9; cathode buffer, 0.1 M Tris, 0.1
M Tricine, 0.1% SDS, 1 mM EDTA, pH 8.2. Samples
containing 5µg of chlorophyll were denatured in a buffer
containing 2% SDS, 60 mM Tris, pH 6.8, 10% glycerol, 2%
mercaptoethanol, and 0.05% (w/v) bromophenol blue, by
placing them in boiling water for 2 min. Afterward, 30µL
of solution was placed in each channel of the gel. The gels
were run at a constant current of 30 mA at 4°C. Apparent
molar masses were estimated using the markers phosphor-
ylaseb (94 kDa), albumin (67 kDa), ovalbumin (43 kDa),
carbonic anhydrase (30 kDa), trypsin inhibitor (20.1 kDa),
andR-lactalbumin (14.4 kDa). The gels were stained for 6
h in 30% methanol, 10% acetic acid, 0.1% Coomassie
brilliant Blue (R-350), and then destained with a solution
containing 16% methanol, 7% acetic acid in distilled water.
A typical result is shown in Figure 1.

Pigment Analysis.The Chl a, Chl b, and xanthophyll
compositions of the different chlorophyll-protein complexes
were obtained from HPLC analysis. A sample chromatogram
from the pigment extract of LHCIIb is shown in Figure 2.
Samples of approximately 0.1 mL were dissolved in 1:1
methanol and acetone (v/v), and the pigments were extracted
after careful homogenization. The extracts were injected into
a Millipore Waters 600E HPLC using a Nova-Pak C18
column employing solvents A) acetone, B) methanol,
and C) water in the mobile phase. The run was programmed
as follows: 0-10 min, isocratic 58% acetone/17% methanol/

% T ) [(acrylamide+ bisacrylamide) in grams×
100]/100 mL

% C ) [(bisacrylamide) in grams× 100]/
[(acrylamide+ bisacrylamide) in grams]
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25% water; 10-20 min, linear gradient to 60% acetone/20%
methanol/20% water; 20-50 min, linear gradient to 75%
acetone/20% methanol/5% water. The eluent was monitored
using the single diode array detector, and the fractions were
identified by their absorption spectra recorded separately in
the similar solvent compositions. The relative compositions
of the pigments in the complexes were computed by
comparing the areas under the chromatographic peaks of the
extracts with area vs concentration calibration curves con-
structed from control experiments where different concentra-
tions of the purified pigments were injected into the HPLC.
The solvents were acetone (99.6%), methanol (99.9%), and
distilled water from Fisher, and ethanol (100%) from
AAPER.

Absorption and Fluorescence Spectroscopic
Measurements

The spectroscopic experiments were carried out at room
temperature unless otherwise noted. Absorption spectra were
recorded at room temperature using a Milton Roy Spectronic
3000 Array photodiode array spectrometer. Fluorescence
spectroscopy was carried out at 12°C using an SLM
Instruments, Inc., model 8000C spectrofluorometer employ-

ing a 450 W ozone-free xenon arc lamp and a monochro-
mator with a grating having 1500 grooves/mm for excitation.
The sample emission passed through a 665 nm cut-off filter,
and into another monochromator positioned 90° to the
excitation beam. For fluorescence excitation spectroscopy,
the spectral profile of the incident light was monitored using
1,1′,3,3,3′,3′-hexamethylindotricarbocyanine perchlorate
(HITC) in acetonitrile (0.5 g/100 mL) as a quantum counter
(66). The emission and incident light were detected by two
independent Hamamatsu model R-928 photomultiplier tubes.
Fluorescence spectra were corrected for the wavelength
dependences of the optical components using a correction
factor generated by a Spectral Irradiance 45 W quartz-
halogen tungsten-coiled filament lamp standard. The con-
centration of the samples was kept below 10-6 M, which
corresponds to an optical density at 680 nm less than 0.05.
All spectral analyses including addition, subtraction, multi-
plication, differentiation, and integration were done using
Origin version 6.0 software (67).

RESULTS AND DISCUSSION

Pigment Compositions

The pigment compositions of the CP26, CP29, and
monomeric and trimeric LHCIIb complexes determined by
HPLC (e.g., see Figure 2) are given in Table 1. The results
are presented as relative molar amounts with respect to Chl
a. In agreement with previous findings (7, 17, 20, 68), the
data in Table 1 show that the proportion of Chlb is a
maximum in LHCIIb, less in CP26, and a minimum in CP29.
Lutein and neoxanthin are present in maximum proportions
in LHCIIb compared to the other complexes. Also, in
agreement with previous findings, violaxanthin is found in
higher amounts in the minor complexes than in the LHCIIb
complex. Small discrepancies between the present data and
the previously reported results (summarized in Table 1) may
be attributed to differences in the growth conditions of the
plants, different extents of dark-adaptation, or the methods
of purification of the complexes. Although the IEF proce-
dures for the purification of the complexes used here were
similar to those previously published (17, 64), redistribution
in pigment composition may occur during thylakoid frac-
tionation with Triton X-100 (69). It is also important to note
that the various pigments have different binding affinities
(68) that may affect the extent to which they are retained
during the preparation of the complexes. The binding affinity
is in the following order from strongest to weakest: Chlb
> neoxanthin>Chl a > lutein > zeaxanthin> violaxanthin
(68). The absence of any detectable amounts of zeaxanthin
in these complexes is suggestive of its nearly complete
conversion to violaxanthin in the dark-adapted spinach from
which all the complexes were prepared and/or its removal
from the complexes during detergent treatment and purifica-
tion.

Spectroscopic Measurements

Absorption Spectroscopy.Figure 3 shows the absorption
spectra in the region 400-700 nm of the LHCIIb trimer,
LHCIIb monomer, CP26, and CP29 antenna complexes
suspended in 100 mM HEPES (pH 7.6) buffer containing
0.06% DM. The absorption spectra differ primarily in the

FIGURE 1: SDS-PAGE revealing the polypeptide composition of
the pigment-protein complexes used in the spectroscopic experi-
ments. The lanes are as follows: A, BBY particles; B, CP29; C,
CP26; D, LHCIIb monomers; E, LHCIIb trimers; F, molecular mass
standards. The details of the buffer system and procedure are
described under Materials and Methods.

FIGURE 2: HPLC analysis of the pigments extracted from the
LHCIIb complex showing baseline separation between peaks. The
relative compositions of the pigments in the complexes were
obtained by comparing the areas under the chromatographic peaks
with area vs concentration calibration curves constructed from
control HPLC runs using different concentrations of the purified
pigments.
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Chl b Soret/xanthophyll region (450-500 nm) and in the
Chl b Qy region near 645 nm, consistent with differences in
the pigment composition among the complexes (Table 1).
The characteristic trends are as follows: (i) There is an
decrease in the intensity of the prominent Chlb Soret peak
at∼472 nm in the order LHCIIb> CP26> CP29. (ii) There
is a decrease in the intensity of the Chlb Qy band at
approximately 650 nm in the same order, LHCIIb> CP26
> CP29. (iii) In the region 450-500 nm, there is a gradual
broadening of the spectral profile in going from LHCIIb to

CP26 to CP29. These trends are indicative of lesser relative
amounts of Chlb and increased relative amounts and a more
even distribution of the various xanthophylls in the minor
complexes, especially in CP29 compared to LHCIIb.

DeconVolution of Absorption Spectra.One goal of the
present study is to deconvolute the absorption profiles of
the complexes to reveal the spectral features associated with
each of the bound pigments. The absorption region between
630 and 720 nm associated with the Chla and Chlb Qy

transitions in these complexes has already been spectrally
deconvoluted and discussed in great detail by previous
workers (35, 36, 70). The results show that the absorption
features in this wavelength region can be understood by linear
combinations of very similar sets of Gaussian bands for all
the complexes. This suggests that the spectra in this region
are inhomogeneously broadened either by differences in the
energies of the chromophore binding sites or by differences
in the distribution of protein conformational states. Here we
focus on the region of the Chla and Chl b Soret and
xanthophyll transitions from 400 to 530 nm (Figure 4). The
solid lines are the experimentally observed absorption spectra
from the complexes suspended in buffer. The long dashed
lines are spectral profiles corresponding to Chla in the
protein, and the dotted lines correspond to the absorption
spectra of Chlb in the protein. These spectral line shapes
were obtained from the difference between the absorption
spectra of fully reconstituted recombinant LHCII antenna
proteins and those missing individual Chl pigments (37). For
the absorption spectra from all the samples, the xanthophyll
plus Chl line shapes were constructed from a sum of the
absorption spectra of Chla, Chl b, lutein, neoxanthin, and
violaxanthin, first taking into consideration the pigment
composition of the samples revealed by the HPLC analysis
(Table 1) and then allowing further small variations in
composition to render the constructed absorption line shapes
consistent with the experimental absorption spectra. For the
monomeric and trimeric LHCIIb and for CP26, two Chla
and three Chlb spectra were required to obtain good
agreement between the computed and experimental line
shapes. For the CP29 absorption spectra, two Chla and two

Table 1: Pigment Composition Expressed in Molar Amounts Relative to Chla of the LHCIIb Trimer, LHCIIb Monomer, CP26, and CP29
Light-Harvesting Complexes Associated with PSII

complex source Chla Chl b lutein neoxanthin violaxanthin Chla/ Chl b method reference

LHCIIb spinach 1.00 0.78( 0.06 0.25( 0.04 0.12( 0.03 0.03( 0.01 1.28 HPLC this work
(trimer) spinach 0.80( 0.05 0.23( 0.04 0.08( 0.03 0.03( 0.01 1.25 spectral decon this work

spinach 0.72( 0.05 0.22( 0.03 0.11( 0.02 0.025( 0.004 1.38 HPLC (9)
spinach 0.75 0.28 0.15 0.03 1.33 HPLC (68)
barley 0.75 0.25 0.125 0.062 1.33 HPLC (7)

LHCIIb spinach 1.00 0.75( 0.05 0.22( 0.04 0.10( 0.03 0.04( 0.02 1.33 HPLC this work
(monomer) spinach 0.77( 0.04 0.24( 0.03 0.08( 0.02 0.03( 0.01 1.29 spectral decon this work

spinach 0.88( 0.04 0.26( 0.03 0.11( 0.02 0.01( 0.005 1.14 HPLC (9)
barley 0.75 0.25 0.125 0.062 1.33 HPLC (7)
Zea-mays 0.74 0.24 0.062 0.01 1.36 HPLC (20)

CP26 spinach 1.00 0.44( 0.04 0.19( 0.04 0.06( 0.02 0.08( 0.02 2.27 HPLC this work
(LHCIIc) spinach 0.48( 0.05 0.15( 0.03 0.08( 0.02 0.06( 0.02 2.08 spectral decon this work

spinach 0.40 0.16 0.13 0.12 2.50 HPLC (68)
barley 0.57 0.28 0.14 0.07 1.75 HPLC (7)
Zea-mays 0.52 0.23 0.054 0.087 1.92 HPLC (20)

CP29 spinach 1.00 0.33( 0.04 0.23( 0.04 0.05( 0.02 0.10( 0.02 3.03 HPLC this work
(LHCIIa) spinach 0.40( 0.06 0.20( 0.05 0.08( 0.02 0.10( 0.02 2.50 spectral decon this work

spinach 0.29 0.13 0.09 0.18 3.45 HPLC (68)
barley 0.44 0.22 0.11 0.22 2.27 HPLC (7)
Zea-mays 0.39 0.21 0.074 0.14 2.57 HPLC (20)

FIGURE 3: Absorption spectra of (A) LHCIIb trimers, (B) LHCIIb
monomers, (C) CP26, and (D) CP29 light-harvesting complexes
recorded in 100 mM HEPES (pH 7.6) containing 0.06% DM at
room temperature.
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Chl b spectra were needed. The bandwidths of these
component spectra were held constant, but they were shifted
in wavelength to account for the different environments of
the Chl pigments in these complexes. The combination
dashed/dotted or small dashed lines represent the absorption

spectra of the various xanthophylls taken in ethanol and
shifted by between 18 and 22 nm to accommodate the large
spectral shift associated with the change in polarizability of
the medium (71, 72). No changes in the overall line shapes
of the spectra of the xanthophylls were required to simulate
the absorption profiles of the complexes. This is consistent
with previous work which has shown that for xanthophylls
lacking carbonyl functional groups, little effect on the width
or vibronic structure is associated with changes in solvent
environment (72). The peak positions needed to reproduce
the experimental spectra are summarized in Table 2.

For the LHCIIb complexes, two different lutein spectra
separated by∼5 nm were used to reproduce the absorption
spectrum shown in Figure 4. This result is in agreement with
findings (73) that the two luteins in the binding sites, L1
and L2, of the LHCIIb protein are occupying separate protein
environments having different polarizabilities. The notation
of L1 and L2 on the spectra in Figures 5 and 8 is based
solely on the assignment by Croce et al. (73) of these spectra
to luteins in specific protein binding sites. For the CP

Table 2: The Peak Maxima of the Chls and Xanthophylls in the Reconstructed Absorption Spectra of the Protein Complexesa

protein complex Chla Soret (nm) Chlb Soret (nm) lutein (nm) neoxanthin (nm) violaxanthin (nm)

LHCIIb (trimer) 439 (Chla1) 483 (Chlb1) 500, 472, 450 (L1) 491, 462, 447 491, 460, 438
432 (Chla2) 476 (Chlb2) 495, 467, 445 (L2)

467 (Chlb3)

LHCIIb (monomer) 439 (Chla1) 483 (Chlb1) 499, 471, 449 (L1) 491, 462, 447 491, 460,438
432 (Chla2) 476 (Chlb2) 494, 466, 444 (L2)

467 (Chlb3)

CP26 439 (Chla1) 482 (Chlb1) 498, 470, 448 490, 461, 446 493, 463, 440
431 (Chla2) 477 (Chlb2)

464 (Chlb3)

CP29 439 (Chla1) 477 (Chlb1) 495, 467, 445 489, 460, 445 490, 460, 437
432 (Chla2) 463 (Chlb2)

a The uncertainties in the peak positions are approximately(2 nm based on the variation in the goodness-of-fits of the computed spectra.

FIGURE 4: Reconstruction of the room-temperature absorption
spectra from (A) LHCIIb trimers, (B) LHCIIb monomers, (C) CP26,
and (D) CP29 light-harvesting complexes in the Soret and xantho-
phyll absorption region from 400 to 530 nm. The solid lines
correspond to the experimental absorption spectra of the complexes.
The dashed lines correspond to the absorption spectra of Chla in
Lhc protein. The dotted lines correspond to the absorption spectra
in the Soret region of Chlb in the protein. The peak maxima used
for the Soret band of two Chlsa were 431( 1 and 439( 1 nm,
and for three Chlsb were 465( 1, 476( 1, and 481( 1 nm to
account for the small effect of environment on the Chl peak
positions and to align the spectra better with the absorption maxima
of the complexes. The overall absorption line shape used for each
form of Chl a or Chl b was the same. The dashed/dotted lines
represent the absorption spectra for lutein taken in ethanol and
shifted by between 18 and 22 nm to accommodate the large spectral
shift associated with the change in polarizability of the medium.
Similarly dashed/double-dotted and short dashed lines represent the
absorption spectra for neoxanthin and violaxanthin, respectively.
The short dotted lines are simulations of the experimental line
shapes generated by summing the absorption spectra of Chla, Chl
b, and xanthophylls in the amounts represented in the figure.

FIGURE 5: Expansion of the scale of Figure 4 showing only the
spectra of the xanthophylls used to fit the experimental spectra of
the light-harvesting complexes. L1 and L2 refer to lutein molecules,
and N and V refer to neoxanthin and violaxanthin, respectively.
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complexes, only one lutein was needed to fit the absorption
spectra (Figure 4C,D). Attempts to reconstruct the absorption
spectra of the complexes using lesser numbers of component
spectra of Chla or b were unsuccessful (data not shown).
Computed spectra derived from multiple Chla and b line
shapes are consistent with the pigment compositions deter-
mined by HPLC and provide good fits to the experimental
spectral line shapes. The stoichiometric ratios of Chla, Chl
b, and xanthophylls deduced from reconstructing the absorp-
tion spectra shown in Figure 4 are given in Table 1. The
wavelengths of the peaks associated with the individual
pigments giving rise to the absorption spectral line shapes
are summarized in Table 2. The data are consistent with the
stoichiometries of the complexes previously determined by
other workers (7, 19, 20, 68, 74). Second derivatives of the
absorption line shapes were also used to test the goodness
of fit (data not shown). Using these criteria, excellent
agreement was indicated between the experimental and
computed spectra.

Emission Spectroscopy.Upon excitation at 620, 630, 650,
or 660 nm, all of the samples display a prominent emission
peak at 682( 1 nm. This peak corresponds to the spectral
origin and maximum in the emission spectrum of Chla (13,
75). Figure 6 shows the instrument-corrected emission spectra
from all the complexes excited at 660 nm. A lower energy
vibronic band occurs in the emission profile at∼740 nm.
The emission spectra of the complexes show no dependence
in their bandwidth or band maximum on excitation wave-
length, but they do differ in their relative emission intensities
with excitation in the range 430-500 nm. This is due to the
fact that the complexes have different absorbances of the
Chl a, Chl b, and xanthophyll constituent pigments in this
wavelength range as well as different efficiencies of energy
transfer from the xanthophylls to Chla (see below). Chlb
emission is usually not detected in steady-state fluorescence
experiments on highly purified complexes owing to the rapid
and efficient transfer of energy from Chlb to Chl a. The
absence of Chlb emission in all the antenna complexes
indicates that the efficiency of energy transfer from Chlb
to Chl a is very high.

Quantum Yields.The fluorescence quantum yields of the
complexes were measured by integrating the spectra shown
in Figure 6. The values were calculated relative to the
quantum yield of Rhodamine 800 in methanol, which is

known to be 0.086 (76). The evaluation of the quantum yields
is based on the equation:

whereφf is the fluorescence quantum yield,Df is the intensity
of the excitation beam at wavelengthλ, I fλ is the optical
density at wavelengthλ, andAfλ is the integrated area of the
corrected emission spectrum (77). φr, Dr, Irλ, andArλ are the
corresponding quantities for the rhodamine reference.nf and
nr are the refractive indexes of HEPES buffer, assumed
identical to that of water and ethanol, respectively.

The quantum yields of fluorescence were determined to
be 0.085( 0.005, 0.096( 0.005, 0.058( 0.005, and 0.055
( 0.005 for the LHCIIb trimer, LHCIIb monomer, CP26,
and CP29 complexes, respectively. There are many factors
that could account for the fact that CP26 and CP29 have
comparable fluorescence yields with both of these being
lower than those from the LHCIIb complexes. These include
differences in structure, pigment composition, and/or ag-
gregation state. The lower quantum yield of LHCIIb trimers
compared to the LHCIIb monomers has been attributable to
the aggregated nature of the trimeric protein preparation (78).

DeconVolution of Excitation Spectra.The excitation
spectra in the region of the Chl Soret and xanthophylls
absorption bands are shown in Figure 7 (solid lines). These

FIGURE 6: Instrument-corrected emission spectra of the light-
harvesting complexes, LHCIIb trimers (solid line), LHCIIb mono-
mers (dash), CP26 (short dash), and CP29 (dash/dot) were taken
in 100 mM HEPES (pH 7.6) containing 0.06% DM using 660 nm
excitation. The intensities of the bands were normalized in the figure
to the value of absorption of the sample at the excitation wavelength.

FIGURE 7: Reconstruction of the room-temperature excitation
spectra from (A) LHCIIb trimers, (B) LHCIIb monomers, (C) CP26,
and (D) CP29 light-harvesting complexes in the Soret and xantho-
phyll absorption region from 400 to 530 nm. The solid lines
correspond to the experimental excitation (A-D) spectra of the
complexes. The dashed lines correspond to the excitation spectra
of purified Chl a in ethanol. The dotted lines correspond to the
excitation spectra in the Soret region of purified Chlb in ethanol.
The dashed/dotted lines represent the absorption spectra for the
various xanthophylls taken in ethanol. The details given in the
legend of Figure 4 describing the procedure for fitting the absorption
spectra also pertain here.

φf ) φr

DfIrλArλnf
2

DrIfλAfλnr
2

(1)
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spectra were measured by monitoring the Chla emission at
680 nm for all the complexes. The deconvolution of the
excitation spectra followed the same procedure as described
above for the absorption spectra. The contribution of each
pigment to the overall spectral line shape was initially
assigned based on the values used for the absorption spectral
analysis. Using these as the starting points, adjustments in
the component intensities were made to render the computed
excitation spectra consistent with the experimental spectra.
These final adjustments in the excitation spectra were critical
in revealing the energy transfer efficiencies of the pigments
to Chl a. Figure 8 is presented as an expansion of the scale
given in Figure 7 to reveal more clearly the spectra of the
xanthophylls. In all cases, the spectra of the constituent Chl
a, Chl b, and xanthophylls were shifted by the same amount
as was needed to generate the absorption spectra.

Energy Transfer Efficiencies.By comparing the integrated
areas of the Chlb and xanthophyll bands in the absorption
and excitation spectra, the efficiencies of energy transfer
between these pigments and Chla can be calculated. The
concentrations of the samples were kept very low (OD∼
0.05) to ensure a linear relationship between absorbance and
excitation intensity. Because the emission from the LHCII
complexes at∼681 nm (Figure 6) derives essentially entirely
from Chl a, only the energy transfer efficiencies to that
pigment may be determined from these experiments. The
absorption and excitation spectra shown in Figures 4 and 7
were normalized to the integrated area of the Chla spectral
line shapes. Comparing the integrated areas of the absorption
and excitation line shapes revealed 95( 5% efficiency of
energy transfer between Chlb and Chla in all the complexes.
A similar analysis using the line shapes of the xanthophylls
shown in Figures 5 and 8 revealed values of 90( 10% for
the efficiencies of energy transfer between all the xanthophyll
molecules and Chla. The present work and previous steady-

state and dynamic spectroscopic investigations of xantho-
phylls bound in the central protein binding sites of native
and recombinant pigment-protein complexes have not
revealed significant differences in the energy transfer ef-
ficiencies among xanthophylls (73, 79, 80). Thus, a change
in the structure or excited state energy of a xanthophyll does
not lead automatically to an alteration in light-harvesting
efficiency.

In summary, the studies reported here have done the
following: (1) revealed the Chl and xanthophyll pigment
compositions of the proteins from HPLC analysis; (2)
reconstructed the absorption and fluorescence spectral pro-
files of the complexes using the line shapes associated with
each of the individual pigments and the pigment composi-
tions determined by HPLC; (3) deconvoluted the fluorescence
excitation spectra of the complexes to reveal the energy
transfer efficiencies between Chlb and Chla and between
specific xanthophylls and Chla in the complexes. Data from
previous studies have also been summarized and should
provide a useful resource for researchers employing spec-
troscopic methods to investigate the mechanisms of energy
transfer between the pigments bound in these complexes.
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