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ABSTRACT: In this study, two gene products (Lhca2 and Lhca3), encoding higher plants (Arabidopsis
thaliana) Photosystem I antenna complexes, were overexpressed in bacteria and reconstituted in vitro
with purified chloroplast pigments. The chlorophyll-xanthophyll proteins thus obtained were characterized
by biochemical and spectroscopic methods. Both complexes were shown to bind 10 chlorophyll (a and
b) molecules per polypeptide, Lhca2 having higher chlorophyllb content as compared to Lhca3. The two
proteins differed for the number of carotenoid binding sites: two and three for Lhca2 and Lhca3,
respectively.â-carotene was specifically bound to Lhca3 in addition to the xanthophylls violaxanthin and
lutein, indicating a peculiar structure of carotenoid binding sites in this protein since it is the only one so
far identified with the ability of bindingâ-carotene. Analysis of the spectroscopic properties of the two
pigment proteins showed the presence of low energy absorption forms (red forms) in both complexes,
albeit with different energies and amplitudes. The fluorescence emission maximum at 77 K of Lhca2 was
found at 701 nm, while in Lhca3 the major emission was at 725 nm. Reconstitution of Lhca3 without Chl
b reveals that Chlb is not involved in originating the low energy absorption forms of this complex. The
present data are discussed in comparison to the properties of the recombinant Lhca1 and Lhca4 complexes
and of the native LHCI preparation, previously analyzed, thus showing a comprehensive description of
the gene products composing the Photosystem I light harvesting system ofA. thaliana.

The outer antenna system of higher plant Photosystem I,
LHCI,1 is composed of four proteins (1-3), the products of
the genes Lhca1-4 (4), which coordinate Chla, Chl b, lutein,
violaxanthin, andâ-carotene (5, 6). These complexes are
present in dimeric form in vivo (7), and they are located on
one side of the PSI core complex (8), in connection with
PsaF, PsaG, and PsaK subunits (9, 10). The sequence
homology with Lhcb proteins suggests that they share
structure similarity with LHCII complex (11, 12). Thus, their
structure is proposed to include three membrane spanning
helices and one amphipatic helix on the lumenal side of the
membrane.

The purification of each Lhca gene product to homogeneity
has proven problematic because of strong interactions
between subunits in the heterodimers, which require harsh
detergent treatments to be broken, yielding into denaturation.

Most of the studies on the complexes purified from thyla-
koids membrane have therefore been achieved on heteroge-
neous preparations containing several polypeptides (3, 7, 13-
16) leading to determination of the average properties of the
complexes. A possible solution to this problem has been
offered by overexpression of the genes in bacterial systems
and reconstitution in vitro of the apoproteins with pigments
(17). Biochemical and spectroscopic data are now available
for Lhca1 and Lhca4 subunits (7, 18-22).

The major characteristic of LHCI is the presence of
significant absorption in the low energy side of the spectrum
because of Chl spectral forms red-shifted at energies lower
than the Photosystem I primary donor, P700. These forms
were found to be associated to a LHCI subfraction named
LHCI-730, which contains Lhca1 and Lhca4 (3, 13, 14, 23).
In vivo and in vitro analyses have demonstrated that the red
absorption originates mainly from Chls associated to the
Lhca4 subunit (18, 24). The presence of low energy forms
in Lhca2 and Lhca3 complexes is more controversial. In the
early purifications of LHCI antenna, these two complexes
were found in a fraction showing a low-temperature emission
peak at 680-690 nm (named LHCI-680) (3, 13, 14, 23). It
was argued that no red-shifted Chl forms were associated to
these two subunits. More recently, analysis of a LHCI
preparation containing all four Lhca proteins revealed the
presence of a 702 nm fluorescence emission component that
was attributed to Lhca2 and/or Lhca3 dimers (15, 16).
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Purification of a dimeric fraction enriched in Lhca2 and
Lhca3 also suggested that red forms could be associated to
these complexes (6, 7). A similar proposal came from the
analysis of antisense plants depleted in Lhca2 and Lhca3
subunits (25). In fact, these plants showed a blue-shifted 77
K fluorescence emission spectrum as compared to WT plants
and decreased absorption at 695 and 715 nm. The in vitro
reconstitution of monomeric Lhca2 and Lhca3 appears to
confirm the presence of low energy forms in these two
subunits (22).

The aim of this work is to provide information on Lhca2
and Lhca3 complexes, which are at present the lesser known
antenna proteins of higher plants. In this study, Lhca2 and
Lhca3 apoproteins ofArabidopsis thalianaoverexpressed in
Escherichia coliwere reconstituted in vitro with pigments,
and the refolded complexes were characterized by biochemi-
cal and spectroscopic methods to give a complete picture of
their properties. The results are discussed in comparison with
the data previously obtained for Lhca1 and Lhca4 and for
the native LHCI dimeric preparation (7) with major emphasis
on the low energy spectral forms.

MATERIALS AND METHODS

DNA Constructions.Plasmids were constructed using
standard molecular cloning procedures (26). cDNA of Lhca2
and Lhca3 fromA. thalianawere supplied by Arabidopsis
Biological Resource Center (ABRC) at the Ohio State
University. The coding regions for the putative mature
polypeptides were amplified by PCR (Lhca2: forward
primer, GGGGTCGACCAGTCGCAGCTGATCCAG, re-
verse primer, GGGAAGCTTCTTGGGTGTGAAAGC;
Lhca3: forward primer, CGAGGATCCGCTGCAGCTC-
CACCTGTC, reverse primer, CGGAAGCTTGTGGAACT-
TGAGGCTGGTC). The amplified regions were cloned in
the pQE-50 (Qiagen) expression vector.

Isolation of OVerexpressed Lhca Apoproteins from Bac-
teria. Lhca apoproteins were expressed and purified from
E. coli, using BL21 and SG13009 strains respectively for
Lhca2 and Lhca3 constructs, following a protocol previously
described (27, 28).

Reconstitution and Purification of Lhca-Pigment Com-
plexes.These procedures were performed as described in (29)
with the following modifications: 420µg of apoprotein, 240
µg of chlorophylls, and 35µg of carotenoids were used in
the reconstitution. The Chla/b ratio in the pigment mixture
used for the reconstitution of the control samples was 4. To
obtain complexes enriched in Chlb, a Chl a/b ratio of 0.2
was used. The reconstitution in the absence of Chlb was
performed with purified Chla from Sigma. All reconstitu-
tions were performed in the presence of all carotenoids of
the thylakoid membrane. The pigments used were purified
from spinach.

Pigment Analysis.The pigment complement of the holo-
protein was analyzed by HPLC (30) and fitting of the
absorption spectra of the acetone extracts with the spectra
of the individual pigments (31).

Spectroscopy.The absorption spectra at RT were recorded
by SLM-Aminco DK2000 spectrophotometer, in 10 mM
HEPES pH 7.5, 20% (v/v) glycerol (70% for LT), and 0.06%
â-DM, using a step of 0.45 nm. The fluorescence emission
spectra were measured on a Jasco FP-777 fluorimeter and

corrected for the instrumental response. The samples were
excited at 440, 475, and 500 nm. The bandwidths were 5
nm in excitation and 3 nm in emission. For the excitation
spectra, the emission was at 700 nm. All fluorescence spectra
were measured at 0.02 OD at the maximum ofQy transition.
For the low-temperature measurements, the samples were
in 70% glycerol, 10 mM HEPES pH 7.5, 0.03%â-DM.

The CD spectra were measured at 10°C on a Jasco 600
spectropolarimeter. The samples were in the same solution
described for the absorption. All the spectra presented were
normalized to the same polypeptide concentration, based on
the Chl binding stoichiometry (32).

Denaturation temperature measurements were performed
by following the decay of the CD signal at 470 nm when
increasing the temperature from 20 to 75°C with a time
slope of 1°C/min and resolution of 0.2°C. The thermal
stability of the protein was determined by finding theT1/2 of
the signal decay.

RESULTS

Lhca2 and Lhca3 apoproteins were overexpressed inE.
coli, and the complexes were reconstituted in vitro by
refolding in the presence of the full pigment complement
extracted from chloroplasts. Both proteins yielded a green
band upon sucrose gradient ultracentrifugation. The recon-
stituted products were then purified from unfolded polypep-
tides and unspecifically bound pigments by anionic exchange
chromatography. The aggregation state of the complexes was
investigated by glycerol density gradient ultracentrifugation,
a method previously shown to be effective in separating
monomers from dimers and free pigments (21). As compared
with Lhca1 monomer and Lhca1-4 dimer, Lhca2 and Lhca3
were shown to be obtained in monomeric state (Figure 1).

Pigment Composition.The pigment composition of
Lhca2 and Lhca3 was determined by HPLC analysis and
fitting of the absorption spectrum of the acetone extracts
with the spectra of individual pigments in the same solvent.
The results are presented in Table 1. Although the recon-
stitution of both proteins was performed with the same
pigment mixture, the Chla/b ratio was lower in Lhca2
with respect to Lhca3 (1.84 vs 6.0), indicating higher affinity
for Chl b of the former complex. The Chl/car ratio was
also different in the complexes, being 5.0 for Lhca2 and 3.4
for Lhca3. Lutein and violaxanthin were found associated
to both proteins, whileâ-carotene was specifically bound
to Lhca3. The neoxanthin, although present in the recon-

FIGURE 1: Aggregation state of Lhca2 and Lhca3. The mobility of
the two complexes upon ultracentrifugation in glycerol density
gradient is compared to the mobility of Lhca1 monomer and
Lhca1-4 dimer.
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stitution mixture, was absent from both complexes in
agreement with the composition of native LHCI prepara-
tion (7) thus confirming the specificity of the in vitro
refolding procedure.

Absorption Spectra.The absorption spectra at room
temperature (RT) and at 77 K (LT) of the complexes are
reported in Figure 2 along with the second derivatives of
the LT spectra. The absorption maximum of Lhca2 in the
Qy region was at 676.5 nm (679.0 at RT). The second
derivative analysis of Lhca2 showed minima at 678.5 nm
(682.1 nm at RT), 671 nm (673 nm) in theQy region of Chl
a, and at 651 nm (652.4 nm) and 642 nm (643 nm) in the
Chl b region. In the blue region of the spectrum, the
minimum at 495 nm (492 nm) is related to the carotenoids
red most transition and the two minima at 477 and 468 nm
to the S0-S3 transitions of Chlsb. In the case of Lhca3, the
absorption maximum was at 678.5 nm (679.4 nm at RT),
and in the second derivative the values found for the
components inQy range were of 679 nm (682.1 nm at RT)
and 672 nm (671 nm) for Chla, while in the Chlb absorption
range a small signal was observed at 648 nm (651 nm). In
the blue range, Lhca3 showed two signals, at 507 and 491
nm, which can be attributed to carotenoid transitions, while

components at 475 and 465 nm could be tentatively attributed
to different forms of Chlb S0-S3 transitions. Besides that,
the second derivative analysis of the Lhca3 spectrum also
showed a 704.6 nm signal, which could not be resolved in
the case of Lhca2.

The most interesting feature is the presence of absorption
at wavelengths longer than 700 nm, clear indication for red
forms in both complexes, albeit with different intensities:
the absorption above 700 nm represents at RT the 2.7%
(1.1% at LT) of theQy absorption in Lhca2 and 5% (5.4%
at LT) in Lhca3.

Fluorescence Spectra.The fluorescence emission spectra
of the two samples, recorded at RT and 77 K, are shown in
Figure 3. At room temperature, Lhca2 fluoresced with a
single peak at 688 nm, and the band was asymmetrically
broadened, showing contributions at lower energy (Figure
3A). At 77 K, the peak shifted to 701 nm, but a contribution
at 688 nm was still present in the high-energy side of this
band (Figure 3A). Lhca3 at RT exhibited the emission
maximum at 685 nm and strong red emission at wave-
lengths longer than 705 nm. At low temperature, the
spectrum was dominated by a broad signal at 725 nm, while
a 688 nm peak was still detectable (Figure 3B). These data
are in perfect agreement with the absorption spectra and
confirm that both complexes have Chl forms absorbing at
low energy.

Table 1: Pigment Composition of Reconstituted Complexesa

sample Chla/b ratio Chl/car Chlb viola lute b-car
Den T
(°C)

Lhca2 1.85( 0.15 5.0( 0.2 54.3( 2.9 7.2( 1.4 23.5( 1.6 53.3( 1.9
Lhca3 6.0( 0.8 3.5( 0.2 16.8( 2.0 7.8( 0.6 18.9( 0.5 6.7( 2.3 45.6( 1.4

a The data are the average of four reconstitutions. The values are considered for 100 molecules of Chla.

FIGURE 2: Absorption spectra at RT (dashed) and LT (solid) of
reconstituted Lhca2 (A) and Lhca3 (B). The spectra are normalized
to the total area. In panel C, the second derivative of the spectra at
LT is presented: Lhca2 (solid) and Lhca3 (dashed).

FIGURE 3: Fluorescence emission spectra at RT (dashed) and 77
K (solid) of Lhca2 (A) and Lhca3 (B). The spectra are normalized
to the maximum.
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The excitation spectra of the complexes at RT are shown
in Figure 4. Comparison between the Soret region of the
absorption and the excitation spectrum allowed calculating
the carotenoid to chlorophyll energy transfer efficiency in
the complexes (31). To this end, the absorption spectra of
Lhca2 and Lhca3 were described in terms of sum of
absorptions of individual pigments, using the spectra of
pigments in protein environment (33). The same description
was applied to the excitation spectra: the position of the
maxima of the pigments obtained by the analysis of the
absorption spectrum was fixed, and only the amplitudes were
used as free parameters. The comparison of the areas of the
individual pigments in the absorption and excitation spectra
yielded the transfer efficiency for each species. The results
for Lhca2 indicated an overall carotenoid to Chl energy
transfer yield of 75%, a value similar to other Lhc proteins.
The error is around 5% assuming for Chla 100% transfer
efficiency.

Surprisingly, in Lhca3 the transfer efficiency from caro-
tenoid to Chl was as low as 55%. From the comparison of
the absorption and excitation spectra it was observed that a
carotenoid absorbing at higher energy (red most peak at
485-489 nm) does not transfer energy to Chla.

CD Spectra.The CD spectra of the two complexes are
reported in Figure 5. Lhca2 showed negative components
in the Qy region at 687 and 652 nm and a positive one at
669-670 nm. In the spectrum of Lhca3 complex, three
negative signals were present in this range at 691, 668, and
653 nm and a positive one at 678 nm. In this case, a negative

component at wavelengths longer than 700 nm was also
observed, reflecting at least part of the red forms absorption.

In the blue region, a strong and broad negative band, with
three minima of similar intensity at 498, 474, and 462 nm,
characterizes Lhca2. The Lhca3 spectrum in the blue showed
two contributions at 467 nm (-) and 500 nm (-).

Protein Complex Stability.The stability of the complexes
was measured following the CD signal decay with increasing
temperature. The sigmoidal fit of the curves (Figure 6)
indicated that the denaturation temperatures for Lhca2 and
Lhca3 were of 53.3( 1.9 and 45.6( 1.4 °C, respectively.

Reconstitution with Different Chl Species.Chlorophyll b
has been proposed to be involved in the red-shifted spectral
forms of LHCI (34). This finding was supported by the loss
of red forms upon reconstitution of Lhca4 (35) and Lhca1
(7) with Chl a plus xanthophylls but without Chlb. It is
interesting to assess whether the red forms found in Lhca3,
which are quite similar to the ones of Lhca4, are also
dependent on the presence of Chlb. A positive answer would
support a similar origin for red forms in all Lhca gene
products. To assess the dependence of the spectral properties
of Lhca complexes on Chlb, in vitro reconstitution of the
Lhca3 complex was performed either in the absence of Chl
b or in the presence of a Chlb excess with respect to the
control conditions above-described. Beside, we have recon-
stituted Lhca4 in the same conditions to obtain comparative
results. In the absence of Chlb, both proteins yielded a stabile
monomer (Lhca3-a; Lhca4-a), which did not contain Chlb
as assessed by HPLC analysis, but still coordinates Chla
and carotenoids. The reconstitution in the presence of excess
of Chl b also gave a stable product for Lhca4 (Lhca4-b, Chl
a/b 0.18), while Lhca3 was unstable in these conditions,
confirming that this protein requires high Chla occupancy.
The absorption and the emission spectra at low temperature
of the three holoproteins obtained are presented in Figure 7.
The spectra of Lhca3-a were very similar to the spectra of
the control Lhca3, with respect to the amplitude of the red
forms. TheQy transition showed a peak at 679 nm, and strong
absorption at wavelengths longer than 700 nm was detected.
The presence of the red forms was confirmed by the emission
spectrum, which showed the maximum at 725 nm (Figure
7A) and a second peak at 685 nm, reproducing the spectrum
of the control (see Figure 3B for comparison). In the case
of Lhca4-a the situation was different: both absorption and
emission showed a decrease in the amplitude of the red

FIGURE 4: Fluorescence excitation spectra of Lhca2 (solid) and
Lhca3 (dashed). The spectra are normalized to the maximum.

FIGURE 5: CD spectra at RT of Lhca2 (solid) and Lhca3 (dashed).
The spectra are normalized to the Chl concentration.

FIGURE 6: CD signal at 470 nm of Lhca2 (solid) and Lhca3 (dotted)
vs temperature. The experimental data were fitted with a sigmoidal
curve, and the denaturation temperature determinate asT1/2.
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spectral forms. The fluorescence spectrum showed a 690 nm
peak, although a residual weak emission at around 730 nm
was still detectable. Moreover, this complex also showed
emission contribution around 675 nm, indicating the presence
of Chls that do not transfer energy efficiently, and then
suggesting that this sample is less stable than the control.
The Lhca4-b complex had different spectroscopic properties
as compared to both the control and the sample reconstituted
with Chl a only: its absorption spectrum was characterized
by three main bands at 646, 654, and 670 nm, reflecting the
high content in Chlb (8.5 Chls b vs 1.5 Chlsa), but
absorption above 700 nm was still present. The fluorescence
emission spectrum showed that most of the energy in this
sample is emitted from red-shifted forms, peaking at 719
nm, thus shifted by 11 nm to the blue as compared to the
control Lhca4.

DISCUSSION

Lhca2 and Lhca3 are two pigment-protein complex
components of the Photosystem I antenna system of higher
plants, together with Lhca1 and Lhca4. The predicted size
of the Lhca2 polypeptide is of 212 amino acids for a
molecular mass of 23 kDa, while Lhca3 is longer (232 AA)
and has a molecular mass of 25 kDa(4). Little is at present
known about these complexes because of difficulties in
purification. The possibility to overexpress the apoproteins
in E. coli and to reconstitute the complexes in vitro with
pigments represents at the moment a unique tool to study
the properties of these LHCI subunits. In the following, we
discuss the major biochemical and spectroscopic features of
Lhca2 and Lhca3 as compared to those of Lhca1 and Lhca4,
the two LHCI subunits previously described in detail (7, 18).

Pigment Composition.Pigment/protein stoichiometry mea-
surements on the native LHCI preparation, containing all four

Lhca complexes, have shown that 10 Chls are bound in
average to each Lhca protein. The analysis of Lhca1 and
Lhca4 monomers reconstituted in vitro actually indicated that
both complexes coordinate 10 Chls (7) (Table 2). Therefore,
a similar stoichiometry is expected for Lhca2 and Lhca3. In
all antenna complexes analyzed so far, an integer number
of tightly bound carotenoids has always been observed, either
two or three depending on the protein (36). The Chl/Car ratio
of Lhca2 is 5.0, then assuming a Chl to polypeptide
stoichiometry of 10, the complex would accommodate
exactly two xanthophylls. In Lhca3, the Chl/Car ratio is 3.4,
which would be consistent with the binding of three
carotenoids per polypeptide. On the basis of these observa-
tions, we propose that each Lhca2 and Lhca3 monomeric
complex binds 10 Chls and respectively two and three
xanthophyll molecules.

A similar study on the pigment complement of Lhca
complexes was recently performed on tomato Lhca com-
plexes (22). Although the results are consistent, differences
between the data presented here and the ones by Schmidt
and co-workers can be appreciated, especially in the comple-
ment of carotenoid binding to each gene product. Discrep-
ancies may be due to species-specific differences as we
clearly show in the case ofZea maysversusA. thalianaLHCI
preparations (7). Another source of variability can be the
different methods used for the purification of the reconsti-
tuted complex from unspecifically bound pigments following
reconstitution (cfr. refs22 and7).

The primary structure analysis indicates that all the
residues, which have been proven to be Chl binding ligands
in Lhcb1, are conserved in the Lhca2 and Lhca3 proteins.
The only difference is the substitution of glutamine with
glutamate as a ligand for Chl B6. This is likely to be a
conservative substitution since it was previously shown that
Glu can coordinate Chl in both CP29 and Lhca1 (21, 37).
In the case of Lhca3, an additional substitution is found at
the putative Chl A5 binding site whose binding residue is
asparagine, while histidine is found at this position in all
Lhc complexes but Lhca4. The Asn versus His substitution
was previously reported to be a conservative change for site
A2 in Lhcb1 versus Lhcb4 since both amino acid residues
were found to be active in the coordination of Chla
chromophores. We conclude that Chl binding sites A1, A2,
A3, A4, A5, B3, B5, and B6 are present in both Lhca2 and
Lhca3. On the basis of sequence analysis, we also suggest
that a ninth Chl is accommodated in site B2. In fact, mutation
analysis of LHCII has shown that Chl B2 is coordinated via
the Chl ligand in site A2 (11, 38) when asparagine is the
ligand of Chl A2 (as in Lhcb1, Lhcb5, and Lhca1), while
site B2 is empty when histidine is the A2 ligand as in the
case of Lhcb4 (21, 37, 38). It was suggested that Chl A2

FIGURE 7: Absorption (dashed) and fluorescence emission (solid)
spectra at 77 K of Lhca3-a (A), Lhca4-a (B), and Lhca4-b (C).

Table 2: Comparison between the Pigment Complements of the
Four Lhca Recombinant Complexesa

sample Chla Chl b viola lute b-car refs

Lhca1 8( 0.04 2( 0.04 1.05 1.81 7
Lhca2 6.5( 0.2 3.5( 0.2 0.47 1.52 this paper
Lhca3 8.6( 0.2 1.4( 0.2 0.66 1.62 0.57 this paper
Lhca4 7.0( 0.2 3( 0.2 0.5 1.5 7

a The number of Chls was determined on the basis of the Chl/Car
ratio (see text). The values reported indicate the number of pigments
per polypeptide.

4230 Biochemistry, Vol. 42, No. 14, 2003 Castelletti et al.



may assume different orientations, which allows (Asn) or
inhibits (His) in the coordination of the additional Chl in
site B2 (32). Identification of the location for the tenth Chl
ligand can only be tentative. In Lhca1, a Chl binding site
has been proposed to be located near Chl A4 (21). Because
of the high homology between Lhca proteins, it is possible
that this Chl is present in all Lhca complexes.

The carotenoid composition of Lhca2 and Lhca3 is similar
except for the presence ofâ-carotene in Lhca3 (0.5 molecules
per polypeptide). The main xanthophyll is lutein, accounting
for 1.5 and 1.65 molecules per polypeptide in Lhca2 and
Lhca3, respectively, while 0.5 molecules of violaxanthin
per monomer were found in Lhca2 versus 0.7 in Lhca3
(Table 2).

The analysis of the Lhcb antenna complexes has identified
four carotenoid binding sites. Two of these sites, namely L1
and L2, are located in the center of the molecule and are
occupied in all Lhc complexes analyzed so far (11, 36). The
third site, N1, located in the C-helix domain, is available
only in LHCII and possibly in Lhca1 complex (21, 39), while
the loosely binding fourth site, V1, was so far only found in
LHCII (40, 41). It seems thus likely that Lhca2 accom-
modates its two xanthophylls in sites L1 and L2. Site L1
has been shown to be occupied by lutein in all Lhc proteins
so far analyzed. The high amount of lutein detected in Lhca2
is consistent with lutein occupancy of site L1 in this protein.

Three carotenoids are coordinated to Lhca3. While it is
likely that two of them are accommodated in the L1 and L2
sites, the localization of the third xanthophyll can be
discussed. Two sites are the possible candidates: location
in site N1 would yield a strong red-shift of the ligand
spectrum and an efficient energy transfer to Chl (42), while
location in site V1 (40, 41, 43) would induce a smaller
spectral shift without energy transfer to Chla. The analysis
of the excitation spectrum of Lhca3 revealed that one
xanthophyll molecule, absorbing around 485-489 nm, does
not transfer energy to Chls. This picture fit the characteristics
for site V1 described in LHCII (41) thus suggesting this is
the site occupied in the Lhca3 monomer. Although this third
carotenoid is not active in light-harvesting, its binding to
the complex appears to be rather specific: in fact, this site
is able to exclude neoxanthin, which was present in the
reconstitution mixture, from binding.

RecombinantVersus NatiVe.The Chla/b ratio of the native
LHCI preparation fromA. thaliana, which contains all four
Lhca complexes, is 3.3 (30.7 Chlsa and 9.3 Chlsb in a
minimal unit including one polypeptide for each of the four
Lhca) (7). Lhca1 and Lhca4 have been previously reconsti-
tuted in vitro using the same procedure here applied to Lhca2
and Lhca3. This led to recombinant proteins with a Chla/b
ratio of 4 and 2.3, respectively (see Table 2 for a summary
of the pigment complement of the Lhca complexes) (7).
Allowing for the presence of an identical number of
individual Lhca per P700, we can calculate an averaged Chl
a/b ratio for the reconstituted complexes of 3.04 (30.1 Chls
a and 9.9 Chlsb), which closely reproduces the value
obtained on the native LHCI purified from chloroplasts (7).

Similar calculation for carotenoids shows that the four
recombinant complexes bind together 10 carotenoid mol-
ecules, while nine were found to be associated to the native
LHCI preparation. Possible explanations for this discrepancy
include: (i) the native complexes are present in dimeric form,

while calculation is based on recombinant monomers. It is
thus possible than the third xanthophyll-biding site of Lhca3
is occupied in monomers but not in the native dimers. (ii)
Alternatively, we note that detergent treatment removes the
xanthophyll in the site V1 of LHCII. Considering that the
purification of native LHCI antennas requires harsh detergent
treatment (0.5% zwittergent+ 1% DM) and repeated
freezing-thawing, it is likely that this site can be emptied
in the purification of the native complex.

Previous comparison of the native LHCI preparation with
the recombinant Lhca1-4 dimer has suggested that the sum
of the spectroscopic properties of Lhca2 and Lhca3 has to
be similar to that observed for the native LHCI preparation
(7). The comparison of the absorption spectra is presented
in Figure 8, where the sum of Lhca2 and Lhca3 spectra,
obtained upon normalization to the protein concentration, is
compared to the spectrum of the native preparation fromA.
thaliana(7). The two spectra are practically identical except
for the range above 700 nm, where the native complex shows
higher amplitude in the red tail. This difference can be
ascribed to the fact that here we are analyzing monomers,
while in the native preparation all complexes are in dimeric
form. This is consistent with the previous finding that
dimerization of Lhca1 and Lhca4 seems to increase the
amplitude of the red-shifted spectral forms (7).

Red Forms.The absorption spectra of Lhca2 and Lhca3
are characterized by significant amplitude in the low energy
tail, indicating the presence of red spectral Chl forms. This
red tail is more pronounced in Lhca3 as compared to Lhca2,
suggesting that the energy levels and/or the amplitude of the
red forms in the two complexes are different. A similar
difference was observed in the case of Lhca1 and Lhca4
proteins, the latter complex exhibiting more intense absorp-
tion at lower energy (18). In Figure 9, the absorption spectra
at 77 K of the four Lhca complexes are presented. Lhca3
and Lhca4 show an intense red tail, while with different
shapes. In Lhca1, the absorption at wavelengths longer than
700 nm is very small, and in Lhca2 a strong absorption
component can be detected around 690 nm. Unfortunately,
the absorption is structureless in this low energy region and
does not allow determining with certainty the properties of
each red absorption band. However, information about the
energy levels can be obtained from the analysis of the
fluorescence emission spectra, in which the contribution at
low energy is strongly enhanced. In Figure 10, a comparison

FIGURE 8: Comparison between absorption spectrum of the LHCI
native fraction (solid) and the sum of Lhca2 and Lhca3 reconstituted
monomers (dashed). The spectra of Lhca2 and Lhca3 normalized
to the protein content before performing the sum.
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of the fluorescence emission spectra at low temperature of
the four Lhca complexes is presented. The emission peaks
at 77 K of Lhca complexes are 686 nm for Lhca1, 701 nm
for Lhca2, 725 nm for Lhca3, and 730 nm for Lhca4.
Contributions at 701 nm for Lhca1, at 688 nm for Lhca2,
and at 685-690 nm for both Lhca3 and Lhca4 can also be
detected. It is thus clear that, although red forms are a
common characteristic of the Lhca branch of Lhc family,
their energy levels and their intensities differ in each
complex. This heterogeneity may derive from different
mechanisms: (i) the low energy absorptions originate in all
complexes from the same pigment pool, and the differences
in transition energies and/or intensities of the red forms in
each complex are modulated by small changes in the protein/
chromophore environment; (ii) two pigment pools, located
in different protein environments, are responsible for the red
emissions at 701-702 and 725-730 nm, and while in Lhca1
and Lhca2 only the higher energy form is present, in Lhca3
and Lhca4 both are present. Mutational analysis of Lhca1
indicates that the low energy forms of this complex originate
from interactions between Chls in the domain formed by sites
A5, B5, and B6 (21). The decrease of red forms upon
mutation at site B5 and deletion of the N-terminal in Lhca4
suggest that the same domain is responsible for the low

energy absorption in Lhca4 (44, 45). While these results seem
to indicate that the Chls absorbing at low energies are
accommodated in the same sites in all Lhca complexes, more
detailed analysis is required to support this hypothesis.

Role of Chl b in the Red Forms.It has been proposed that
the large bathochromic spectral shifts of red forms may be
due to strong Coulombic interactions between Chl molecules,
leading to excitonic band splitting, with the red forms
representing the low energy excitonic band of a Chl dimer
(46-48). In the case of Lhca4, it has been shown that
reconstitution in the absence of Chlb yields a complex that
does not contain red forms, and it was proposed that Chlb
can be one of the terms of the interaction leading the low
energy absorption (35). Here we have performed the same
experiment for Lhca3, which shows an intense red emission
and used Lhca4 as control. Besides, we have also obtained
a Lhca4 complex binding excess of Chlb. The choice of
using a low Chla/b ratio instead of reconstituting with only
Chl b is based on preliminary experiments that have shown
that reconstitution in the total absence of Chla does not yield
stable complexes for Lhca3 and Lhca4 (22, 35). In the case
of Lhca3, neither the reconstitution with Chlb only (22) nor
the complex in which Chlb is in strong excess (Chl a is
still present in limiting amounts) yielded a folded protein.
This indicates that several Chl binding sites need to be
occupied by Chla to obtain a stabilization of the complex.
Reconstitution with only Chla gives a stable product, which
has properties similar to the control sample, in particular with
respect to energy and amplitude of the red forms thus
showing that Chlb does not play any role in determining
the red absorption of Lhca3.

The situation appears different in the case of Lhca4. The
sample reconstituted with only Chla shows the emission
maximum at 690 nm, but red emission at 730 nm is still
detectable, although less intense than in the control sample.
The presence of the 730 nm emission in Lhca4-a indicates
that this form originates from Chla molecules. The ratio
between the emissions from the bulk and the red forms
suggests that the preparation of Lhca4-a is heterogeneous.
In fact, because of the high energetic difference between the
bulk and the low energy forms, it is expected, for an
equilibrated system, that the energy is emitted from the red
forms. This is not the case at 77 or at 4 K (35), clearly
indicating that there are at least two populations in the
sample, one containing red forms, and the other depleted of
this property. The presence of at least two conformations,
having different fluorescence lifetimes, was previously
described in the case of Lhc complexes (49). In Lhca4-a,
the changes in the bound chromophores may have affected
the equilibrium between the two conformations thus stabiliz-
ing the conformation with lower wavelength emission.

When Lhca4 is reconstituted with an excess of Chlb
(Lhca4-b), the emission is still red, although the maximum
is shifted 11 nm to the blue as compared to the control. This
difference can be easily explained by hypothesizing that one
of the two Chlsa chromophores interacting in the control
complex is substituted by a Chlb in Lhca4-b. Even in the
case that the two Chls maintain the same relative distance,
the same geometry, and the other partner of the interaction
(a Chl a) has the same monomeric absorption as in the
control sample, the presence of the Chlb as a second member
of the interaction would reduce the excitonic shift in the

FIGURE 9: Comparison between the absorption spectra at 77 K of
Lhca1 (dotted), Lhca2 (dash-dot), Lhca3 (dashed), and Lhca4
(solid). The spectra are normalized to the protein concentration.

FIGURE 10: Comparison between the fluorescence emission spectra
at 77 K of Lhca1 (dotted), Lhca2 (dash-dot), Lhca3 (dashed), and
Lhca4 (solid). The spectra are normalized to the maximum.
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absorption because of two factors: (i) the value for the
transition moment for Chlb is smaller than for Chla, and
this would reduce the value of the interaction strength (J);
(ii) because of the larger energetic distance between the two
monomers, the shift of each forms would be smaller. Another
possible explanation is that the 719 nm emission form is
already present in the control Lhca4 complex and that in
the Lhca4-b the red most shifted forms, originating the 730
nm emission, is lost. This seems unlikely since the 719 nm
emission was never detected in previous work (15, 19).
However, this possibility cannot be ruled out at present.

The maintaining of the Chl-Chl interactions responsible
for red-shifted forms in Lhca4-b despite major changes in
the sites occupancy, while in the Lhca4-a complex these are
strongly reduced and the complex destabilized, suggests that
the role of Chlb is structural. The presence of a Chlb in
one of the sites (possibly B6 according to the mutational
analysis of Lhca1 (21)) is needed to keep the complex in
the right conformation leading to the red forms. It is
interesting to note that the stability of Lhca3 and Lhca4
proteins exhibiting strong red-shifted fluorescence emission
is substantially lower (by approximately 10°) with respect
to Lhca1 and Lhca2, while this effect does not depend on
the number of carotenoids bound to each holoprotein. It thus
appears that the maintaining of the special pigment-pigment
interactions requires the adoption of a less stable conforma-
tion.

Do Lhca2 and Lhca3 Form Homo- or Heterodimers?It
has been shown that all Lhca complexes are dimers in vivo
(7). While in vitro reconstitution has shown that Lhca1 and
Lhca4 forms heterodimers and that the energy is efficiently
transferred from one subunit to the other (18, 20), it is at
present not known whether Lhca2 and Lhca3 form homo-
or heterodimers. Reconstitution of Lhca2 and Lhca3, in the
same conditions leading to the formation of Lhca1-4 hetero-
dimer, does not induce dimerization of these complexes
(22), probably indicating that an unknown component is
needed to stabilize the dimer but leaving the question open.
Ihalahinen et al. (15) showed that two low energy emitters
at 702 and 730 nm, respectively, were present in the LHCI
preparation containing all four complexes. The 730 nm
emission was assigned to the Lhca1-4 heterodimer, in
agreement with previous data, while the 702 nm was assigned
to Lhca2 and/or Lhca3 homo/heterodimer(s).

The data in the present work show that the 701 nm
emission originates from Lhca2 complex, while Lhca3 shows
emission at 725 nm. If a heterodimer would be formed
between these two complexes, then only the 725 nm emission
is expected in the native preparation because of effective
energy transfer between the two subunits as observed for
the Lhca1-4 complex. The fact that the 702 nm component
is detectable in the LHCI native preparation, where all
complexes are in dimeric form, suggests that at least part of
the Lhca2 and Lhca3 population forms a homodimer. This
hypothesis is supported by the analysis of the lifetime decay
of the LHCI native preparation (16) that suggests the
presence of three different types of dimers.

CONCLUSIONS

In this work, we have obtained recombinant Lhca2 and
Lhca3 holoprotein by refolding apoproteins overexpressed
in E. coli with purified pigments. The pigment-protein

complexes were characterized for their biochemical and
spectroscopic properties allowing a comparative study of the
four gene product components of LHCI. These proteins are
able to modulate the absorption/emission properties of
specific Chls and to produce red-shifted spectral forms. While
this seems to be a characteristic of all Lhca, it appears that
the amplitude and the transition energy of these forms are
different in the four complexes. Reconstitution of Lhca3 and
Lhca4 with different Chl complements led to the conclusion
that the red absorption originates from interaction between
Chl a molecules and that any direct or indirect involvement
of Chl b can be excluded for Lhca3. In Lhca4, Chlb may
contribute to stabilization of a protein conformation allowing
for the right geometry between Chla molecules involved in
the excitonic interaction yielding to red forms.
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