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ABSTRACT The chromophore-binding properties of the
higher plant light-harvesting protein CP29 have been studied by
using site-directed mutagenesis of pigment-binding residues.
Overexpression of the apoproteins in bacteria was followed by
reconstitution in vitro with purified pigments, thus obtaining a
family of mutant CP29 proteins lacking individual chromophore-
binding sites. Biochemical characterization allowed identifica-
tion of the eight porphyrins and two xanthophyll-binding sites. It
is shown that the four porphyrin-binding sites (A1, A2, A4, and
A5) situated in the central, twofold-symmetrical domain of the
protein are selective for Chl-a, whereas the four peripheral sites
(A3, B3, B5, and B6) have mixed Chl-a–Chl-b specificity. Within
a site, porphyrin coordination by glutamine increases affinity for
Chl-b as compared with glutamate. Xanthophyll site L1 is
occupied by lutein, whereas site L2 can bind violaxanthin or
neoxanthin. The protein is relatively stable when site L2 site is
empty, suggesting that xanthophylls can be exchanged during
operation of xanthophyll cycle-dependent photoprotection mech-
anism. Differential absorption spectroscopy allowed determina-
tion of transition energy levels for individual chromophores, thus
opening the way to calculation of energy-transfer rates between
Chl in higher plant antenna proteins.

Light energy for photosynthesis of green plants is collected by an
antenna system composed of many homologous proteins belong-
ing to the Lhc (light-harvesting complex) multigene family (1).
These pigment–protein complexes are organized around photo-
synthetic reaction centers to form supramolecular complexes
embedded in the thylakoid membranes and account for '70% of
the pigments involved in photosynthesis. Understanding of en-
ergy-transfer processes in the antenna and reaction centers
requires knowledge of the topological organization of subunits
(2–4), of the distances between chromophores, and of their
mutual transition-dipole orientation and the absorption/
fluorescence energy levels. Although the resolution of the pho-
tosystem II LHC structure (LHCII) at 3.4-Å resolution (5) has
allowed localization of chlorophyll (Chl)-binding sites and their
relative distances, identification of transition-dipole orientation
and energy levels are precluded by insufficient resolution of the
structure thus far obtained or are not accessible by using struc-
tural analysis. We have used an alternative approach for the
identification of the Chl-a, Chl-b, and xanthophyll molecules
among the different binding sites and for determination of their
individual absorption spectra: a series of mutant apoproteins was
constructed by overexpression in bacteria of the Lhcb4 gene, in
which individual chlorophyll-binding residues (5) were substi-
tuted for by residues unable to coordinate porphyrins. On in vitro
refolding with purified pigments, proteins missing individual
chromophores were obtained for seven of eight chlorophyll-

binding sites and for one of the two xanthophyll-binding sites
present in this antenna protein. Biochemical analysis and differ-
ential absorption spectroscopy allowed determination of the
chemical nature and of the absorption properties of individual
chromophores. These results represent an important step toward
the understanding of energy-transfer processes within the higher
plant antenna systems.

In selecting a model system for the study of Lhc proteins,
LHCII, the major antenna complex of photosystem II, could be
considered because its structure has been experimentally deter-
mined and therefore can be used as a guideline for mutation
analysis. However, LHCII is a heterogeneous complex containing
the products of many highly homologous genes (6). Also, LHCII
is a heterotrimer, and influences of protein–protein interactions
on the biochemical and spectroscopic characteristics of the system
complicates identification of the primary effects of point muta-
tions. Finally, four chlorophyll-binding ligands and a xanthophyll-
binding site have not been identified by structural studies (5),
making it difficult to design mutagenesis strategies. Among the
members of the protein family, the chlorophyll–protein Lhcb4
(CP29), a minor photosystem II subunit, was chosen for this study
because it is homogeneous, monomeric, and has only two xan-
thophylls and eight chlorophyll-binding sites, whose probable
ligands are identified by homology with LHCII. Sequence ho-
mology between LHCII and CP29 in the transmembrane helices
A–C and the amphipathic helix D, where chlorophyll-binding
residues have been located, is very high (40–50% identity, 80%
conservation), strongly suggesting a common structure.

MATERIALS AND METHODS
DNA Constructions. Plasmids were constructed by using stan-

dard molecular-cloning procedures (7). Bacterial hosts were
Escherichia coli TG1 strain (8) and SG13009 strain (9). Mutations
were obtained according to ref. 10. The sequence was determined
by the dideoxy method (11) by using an automated apparatus
(Applied Biosystems Model 377).

Isolation of Overexpressed CP29 Apoprotein from Bacteria.
CP29 apoprotein was isolated from the SG13009 strain trans-
formed with the CP29 constructs following a protocol previously
described (12, 13).

Reconstitution of CP29 and LHCII–Pigment Complexes.
Complex-reconstitution procedures were performed as described
in ref. 14. LHCII was reconstituted in the same conditions, but the
Chlorophyll a/b ratio in the reconstitution mixture was set to 2.3
vs. 8.0 in CP29.

Purification of Reconstituted CP29 and LHCII. CP29 and
LHCII purification was performed by using ion-exchange chro-
matography (14). For determination of pigment-to-protein stoi-
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chiometry, it was necessary to obtain a fully purified protein that
did not contain any residual contamination by bacterial proteins.
The reconstituted CP29 was thus purified by preparative isoelec-
trofocusing (15) followed by ultracentrifugation in glycerol gra-
dients (15–40% including 0.06% dodecylmaltoside and 10 mM
Hepes, pH 7.6) for 12 hr at 60,000 rpm in a SW60 Beckman rotor
to eliminate ampholytes.

Protein and Pigment Concentration. The concentration of the
CP29 apoprotein purified from E. coli inclusion bodies was
determined by using the bicinchoninic acid assay (16). For
stoichiometric (pigments/protein ratio) determination, the pro-
tein concentration was determined by using the ninhydrin method
(17). Chlorophyll concentration was determined by the method
described in ref. 18. HPLC analysis was performed as described
in ref. 19.

Spectroscopy. Absorption spectra were obtained by using a
SLM-Aminco DW-2000 spectrophotometer at room tempera-
ture. Fluorescence excitation and emission spectra were obtained
by using a Jasco-600 spectrofluorimeter. CD spectra were ob-
tained at 8°C with a Jasco 600. Samples were in 10 mM Hepes,
pH 7.6/0.06% dodecylmaltoside/20% glycerol. Chlorophyll con-
centrations were '10 mg/ml for CD and absorption measure-
ments and 0.01 mg/ml for fluorescence measurements.

RESULTS
In vitro binding of pigments to Lhc proteins has been reported
since 1987 (20, 13). Subsequent work with recombinant Lhc
apoproteins has yielded pigment–protein complexes indistin-
guishable from the native proteins extracted from leaves (14, 21).
In particular, the recombinant and native CP29 proteins were
shown to bind six Chl-a, two Chl-b, and two xanthophyll mole-
cules per polypeptide, whereas absorption, fluorescence, and CD
spectra showed that pigment–pigment and pigment–protein in-
teractions were closely reproduced (22). In this study we inte-
grated site directed mutagenesis and in vitro reconstitution of
pigment–protein complexes to identify and characterize the in-
dividual chromophores bound to the eight chlorophyll- and two
xanthophyll-binding sites.

Chl-binding residues in LHCII have been localized in the
a-helical domains (5), which are highly conserved in the Lhc
family. Fig. 1 shows sequence comparison between LHCII and
CP29 within the a-helical, pigment-binding domains, and Table
1 shows the correspondence between porphyrin-binding residues
in LHCII and CP29. These are five single residues (three His, one
Gln, one Glu) and three glutamates whose charge is compensated
by arginines either in the same helix (Glu-174/Arg-177) or in
another. The ion pairs have been proposed to have the dual
function of binding pigments and of stabilizing the protein
structure. Porphyrin-binding residues are fully conserved be-
tween LHCII and CP29 except for substitutions of the glutamine
residue coordinating the porphyrin in site B6 of LHCII by
glutamate in CP29 and the asparagine residue of site A2 by
histidine.

The maize Lhcb4 cDNA (23) was used to generate a collection
of mutants coding for CP29 proteins in which each Chl-binding
residue was substituted by a nonbinding residue. In the case of
ion-pairing ligands, individually, the interacting residues or both
were mutated, as listed in Table 1. Lhcb4 clones with wild-type or
mutant sequences were overexpressed in E. coli, and the recom-
binant apoprotein was refolded in vitro as previously described
(14) to yield pigment–protein complexes whose biochemical
properties are summarized in Table 2.

Stability of Mutant Proteins. Of the 15 mutant CP29 proteins
produced in this work, 7 (R218L, E111V, R177L, R177L/E174V,
E213V, R116L, R116L/E213V) were either unable to refold in
vitro with pigments or were dissociated during the chromato-
graphic step of purification (Table 1). In particular, mutation of
either one of the residues forming the ion pair Arg-116/Glu-213
or both to nonionic residues prevented protein folding, suggesting
this ion pair is essential to the stabilization of helix A/helix B

interaction. Mutation of residues E111 or R218 forming the
other, symmetrical, interhelix ionic pair also (Fig. 2) prevented
refolding. However, when both residues were changed to non-
charged ones, a stable complex was obtained. This result indicates
that ion pairing of E111 and R218 is not essential for helix–helix
interactions, although the presence of noncompensated charges
within the hydrophobic protein core disrupts folding. Mutation of
both residues of the third ionic pair R177/E174 to L177/V174 or
to L177/E174 prevented protein folding, whereas the R177/V174
mutant was stable, even though one Chl molecule is lost (Table
2). The eight mutant proteins that resisted purification (H245L,
H216F, H114F, Q230L, E111V/R218L, E166V, E166Q, E174V)
were stable for at least 2 days at 4°C and for several hours at room
temperature as judged by absorption and fluorescence spectros-
copy. The wild-type and mutant proteins were efficient in energy
transfer from Chl-b to Chl-a. Heat denaturation of Chl–proteins
was monitored by the half-time of decay of the red-most (679 nm)
negative CD signal amplitude at 60°C. Stability was highest for
wild-type CP29, whereas mutants showed decreased stability the
most unstable mutants were those with decreased xanthophyll
content (E174V and E166V) or lacking Chl A5 (Table 2).

FIG. 1. Alignment of Lhcb1 (LHCII) and Lhcb4 (CP29) protein
sequences within the a-helical domains containing the Chl-binding
residues. Identity (homology) is 43(80)%, 40(63)%, 41(72)%, and
40(80) % for helices A, C, B, and D, respectively.

Table 1. Pigment-binding residues in the LHCII protein and in
the maize CP29 protein

Site Helix LHCII CP29 Mutated to

A1 AyB Glu-180yArg-70 Glu-213yArg-116 ValyLeu
A2 A Asn-183 His-216 Phe
A3 A Gln-197 Gln-230 Leu
A4 ByA Glu-65yArg-185 Glu-111yArg-218 ValyLeu
A5 B His-68 His-114 Phe
B3 D His-212 His-245 Leu
B5 CyC Glu-139yArg-142 Glu-174yArg-177 ValyLeu
B6 C Gln-131 Glu-166 Val, Gln
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Chl-Binding Sites. The wild-type CP29 protein bound six
Chl-a, two Chl-b, and two xanthophyll molecules per polypeptide.
Mutation of a Chl-a-binding site is therefore expected to change
the Chl-a/b ratio from 3 to 2.5, whereas removal of a Chl-b
molecule would yield a Chl-a/b ratio of 6.0. The Chl/xanthophyll
ratio in both cases should change from 4.0 to 3.5 and the

Chl/protein ratio from 8 to 7. Mutations at sites A2, A4, and A5
yielded proteins lacking a Chl-a chromophore because they all
have Chl-a/b ratios of 2.5, Chl/xanthophyll ratios of 3.5, and
Chl/protein ratios of 7. In contrast, none of the mutants exhibited
characteristics expected for mutants with an empty Chl-b site (i.e.,
Chl-a/b 5 6). Nevertheless, all mutations designed to affect

FIG. 2. Molecular model of the CP29 protein obtained by homology with LHCII (5) and on the basis of mutation analysis. Tetrapyrroles are
shown in dark gray for Chl-a and in light gray for Chl-b. Sites that can be occupied by either Chl-a or Chl-b have mixed filling. The portions of
helices A and B showing inner homology are contoured by a broken line. Putative xanthophyll-binding sequences are underlined, and the
phosphorylation site is in bold. Black lines connect chemical groups that are thought to closely interact in the folded protein.

Table 2. Biochemical properties of recombinant wild-type and mutant LHCII and CP29

Recombinant
protein

Binding
site

affected
Reconstitution
efficiency, %

Chl a1by
polypeptide Xanthophylls

Chlycarotenoid
ratio

Chl-ayb
ratio

Chl-a
polypeptide,

no.

Chl-b
polypeptide,

no.

Stability at
60°C t1y2,

min

CP29
Wild type — 100 8 2 4.00 3.00 6 2 4.2
H245L B3 94 7 2 3.50 4.35 5.7 1.3 2.0
H216F A2 75 7 2 3.10 2.53 5 2 4.0
H114F A5 53 7 2 3.47 2.42 5 2 0.5
Q230L A3 90 7 2 3.45 3.11 5.3 1.7 1.7
R218L A4 0
E111V A4 0
E111VyR218L A4 45 7 2 3.85 2.50 5 2 3.3
E166V B6 45 6 1 6.12 5.02 5 1 0.4
E166Q B6 90 8 2 4.00 2.34 5.6 2.4 5.2
R177L B5 0
E174V B5 55 7 1.5 4.75 3.91 5.6 1.4 0.5
R177LyE174V B5 0
E213V A1 0
R116L A1 0
R116LyE213V A1 0

LHCII
Wild type — 100 12 3 4.02 1.4 7 5 ND
Q131E B6 94 12 3 4.05 1.65 7.4 4.6 ND

Standard deviations: Chl-ayb ratio, 0.04 (8–12 independent measurements; Chlyxanthophyll ratio, 0.2 (six independent measurements).
Reconstitution efficiency represents the yield in CP with respect to wild type. In the case of LHCII, 25% of the wild-type apoprotein used in
reconstitution was recovered as CP. ND, not determined.
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pigment binding displayed decreased Chl content, confirming the
interpretation of structural analysis (5).

These results suggest that sites A3, B3, B6, and B5 can bind
both either Chl-a or Chl-b. Support for this conclusion is provided
by the Q230L (site A3) and H245L (site B3) mutant proteins,
which both bind seven Chl-and two xanthophyll molecules per
polypeptide with Chl-a/b ratios of 3.10 and 4.35, respectively. This
result is consistent with an average of 0.7 Chl-b and 0.3 Chl-a
molecules bound to site B3 and, conversely, 0.7 Chl-a and 0.3
Chl-b in site A3 (Fig. 2).

E174V (site B5) and the E166V (site B6) mutant proteins also
showed properties consistent with mixed Chl-a/Chl-b occupancy
of sites B5 and B6. E174V, in fact, binds seven Chl molecules per
polypeptide with a Chl-a/b ratio of 3.91, corresponding to 1.4
Chl-b and 5.6 Chl-a. The E166V mutant protein binds six Chl,
suggesting that both chromophores in sites B6 and B5 are lost in
this construct (see also below), whereas the Chl-a/b ratio of 5.0
shows that one Chl-a and one Chl-b are missing with respect to
wild-type CP29. This observation leads to the conclusion that site
B6 binds, on average, 0.6 Chl-a and 0.4 Chl-b. None of the three
mutations aimed to prevent pigment binding to site A1 yielded a
stable protein, thus preventing direct determination of compo-
sition at site A1. The assessments for the other sites described
above, however, accounting for five Chl-a and two Chl-b mole-
cules per polypeptide, are consistent with only Chl-a occupancy
at site A1.

Site Affinity for Chl-a vs. Chl-b Can Be Modulated by the
Liganding Residue. Among Lhcb proteins, CP29 and CP26 are
characterized by lower Chl-b content and have glutamate as a Chl
ligand in site B6, whereas LHCII and CP24, richer in Chl-b, have
glutamine in the corresponding position (2). Mixed Chl-a/Chl-b
occupancy for binding sites in a Lhc protein was unexpected. To
verify the binding of either Chl and to gain information on the
factors modulating site affinity for Chl-a vs. Chl-b, Glu-166 was
substituted by a Gln in CP29, whereas the corresponding Gln-131
residue in LHCII was mutated to glutamate. CP29 E166Q
showed the same total number (eight) of Chl molecules bound
per polypeptide but a higher Chl-b content with respect to the
wild-type protein (Table 2). The values obtained (Table 2) were
consistent with an increase of 0.4 Chl-b molecules per polypeptide
and a corresponding decrease of Chl-a. LHCII proteins bind 12
Chl molecules, but the Q131E protein had an increased Chl-a
content corresponding to 0.4–0.5 molecules per polypeptide
(Table 2). These data confirm that site B6 can be occupied by
either Chl-a or Chl-b in CP29, because an increased occupancy of
this site by Chl-b can be induced by the E166Q mutation, whereas
the Q131E mutation has the opposite effect in LHCII (Table 2).

Xanthophyll-Binding Sites. Besides Chl-a and -b, Lhc proteins
bind two xanthophyll molecules per polypeptide at two sites,
cross-bracing helices A and B (5). Xanthophylls are essential for
protein folding in both CP29 and LHCII (13, 14). The CP29
mutant protein E166V showed reduced xanthophyll content,
corresponding to one xanthophyll molecule per polypeptide
(Table 2). Inspection of the LHCII three-dimensional structure
(5) shows that the porphyrin bound to E166 residue in site B6 is
in close contact with the xanthophyll in site L2, thus suggesting
that the loss of this chromophore also destabilizes the xanthophyll
in site L2, leading to a protein with the L1 site occupied, while L2
remains empty. HPLC analyses of pigments extracted from the
wild-type and mutant proteins show that although lutein content
was not affected by the mutation, neoxanthin was almost absent,
and violaxanthin decreased by 80% (Table 3). This result indi-

cates that site L1 is occupied by lutein, whereas site L2 can be
occupied by either neoxanthin or violaxanthin (Fig. 2). The
properties of the E174V mutant protein, which also has reduced
xanthophyll content because of impaired L1 assembly in the
absence of a B5 site, support this interpretation.

Spectral Characteristics of Individual Chls Within CP29 Pro-
tein. Chromophore–protein interactions modulate spectroscopic

FIG. 3. Determination of the spectral characteristics of individual
chromophores within CP29 by difference spectroscopy. (A) Absorp-
tion spectra of wild-type CP29 (Top) and of the H216F mutant (broken
curve, Middle) lacking a single Chl-a molecule. The Bottom curve
represents the wild-type minus mutant difference spectrum that is
thought to represent the absorption spectrum of the individual Chl
molecule bound to the A2 site. A single peak in the difference spectra
was also obtained for mutations affecting sites A1, A2, and A5. (B)
Absorption spectra of wild-type CP29 (Top) and of the H245L mutant
(Middle) lacking the Chl-binding site B3 having mixed Chl-a/Chl-b
occupancy. Difference spectra (Bottom curve) with peaks in both the
Chl-b (630–660 nm) and the Chl-a (660–684 nm) spectral ranges were
obtained with mutations affecting sites A3, B3, B5, and B6.

Table 3. Pigment composition of the wild-type CP29 and of two mutant proteins with decreased xanthophyll content

CP29 Xanthhophyllypolypeptide Chlyxanthophyll Lutein Neoxanthin Violaxanthin Chlypolypeptide

Wild type 2 4.04 0.89 0.47 0.64 8
E166V 1 6.06 0.84 0.04 0.12 6
E174V 1.46 4.77 0.83 0.17 0.46 7

Data are expressed as no. of moles per mole of polypeptide.
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characteristics of individual Chls within the pigment–protein
complex, producing multiple Chl-a and Chl-b absorption forms in
the 630–680 nm range whose distribution and relative orientation
of transition-moment vectors determines excitation energy flow
within the protein (24). The absorption wavelengths of individual
Chl molecules are difficult to determine by using spectroscopic
methods because of the superimposition of their electronic
transitions. The collection of point mutants described above
provides a means to determine the absorption contributions of
individual chl molecules by simply measuring the wild-type CP29
minus mutant difference absorption spectra. The major problem
with this approach is the difficulty of normalizing the absorption
spectra before subtraction. From determination of the stoichi-
ometry of Chl-a and Chl-b to protein in wild-type and mutant
proteins (Table 2), normalization of spectra could be performed
for the total area over the Qy transition (630–700 nm), where
there is no interference by carotenoid absorption, assuming a
constant Chl-b/Chl-a extinction ratio of 0.7 (25, 22). An example
of the results obtained by using this procedure is shown in Fig. 3A
for the H216F mutant that we consider to lack the chromophore
in site A2. The difference absorption spectrum shows a single
peak at 680 nm with full-width half-maximum of 12 nm consis-
tently with the characteristics expected for absorption by a single
Chl-a molecule (26, 22). Similar results were obtained for mutants
at sites A4 and A5, consistent with the loss of a Chl-a chro-
mophore as deduced from the biochemical analyses. In the case
of mutations at sites A3, B3, B5, and B6, more complex difference
spectra were obtained, showing peaks in both the 630- to 660-nm
range and in the 660- to 680-nm range because of Chl-b and Chl-a
absorptions, respectively (22, 27). This is consistent with these
sites being occupied by both Chl-a and Chl-b. As an example, the
wild-type minus H245L difference spectrum is shown in Fig. 3B,
which exhibits two positive peaks at 639 and 679 nm in agreement
with Chl-b or Chl-a binding to site B3. Table 4 summarizes the
absorption forms associated with each site within the protein. In
the case of site A1, the determination is indirect because the
mutant complex was unstable. Therefore, the absorption transi-
tion level of the Chl in this site was obtained by difference
between wild-type spectrum and the sum of the spectra for the
seven sites whose absorption was determined experimentally
(data not shown). This procedure yielded a single 669-nm peak,
which we attribute tentatively to Chl-a in site A1.

DISCUSSION
Chl Ligands. The Chls of antenna complexes are noncovalently

attached to the polypeptides by coordination of the central
magnesium atom to polar side chains, eight of which have been
identified in LHCII (5). Mutation at these sites leads to loss of
Chl, confirming the assignments based on structural data. These
eight residues are well conserved in CP29 (see Table 1 and Fig.
2). Exceptions are His-216 (asparagine in LHCII) and Glu-166
(glutamine in LHCII). Three glutamates, acting in both LHCII
and CP29 as Chl ligands, are charge-compensated by nearby
arginine residues. The CP29 sequence, however, shows no posi-
tively charged residues around Glu-166. Mutant proteins R116L,
R177L, and R218L, which mimic noncompensated ions for the

three other glutamate ligands in CP29, are unable to fold. We
suggest that charge compensation of Glu-166 actually exists and
is provided by the recently detected tightly bound Ca21 that can
be displaced by dicyclohexylcarbodiimide binding to Glu-166 (C.
Jaegershold, M.C., A.M., and R.B., unpublished data) (Fig. 2).
Ion pairs, besides acting in Chl binding, seem to have a crucial role
in structural stabilization. Glu-111/Arg-218 and Arg-116/Glu-213
pairs lock helices A and B, but only the second pair is essential for
folding, because abolition of the Glu-111/Arg-218 ionic interac-
tion yields only a slightly increased susceptibility of the complex
to heat denaturation. The Arg-177/Glu-174 ionic interaction
takes places between residues located close to the stromal surface
of the membrane, probably acting in the end-capping of helix C,
as suggested by the inability of the double mutant 177V/174L to
fold properly. In the absence of the Glu-174, Arg-177 alone can
partially stabilize helix C, probably by anchoring to the hydro-
philic surface (28).

Site Specificity for Chl-a and -b. The structural differences
between Chl-a and -b are too small to be detected by electron
crystallographic analysis. The LHCII tetrapyrroles were tenta-
tively attributed to Chl-a and Chl-b from the assumption that
Chl-a molecules should be closer to the carotenoid molecules
because they have a high probability of forming harmful triplet
states that need to be quenched (5). The present analyses only
partially confirm the above hypothesis. Sites A1, A2, A4, and A5,
symmetrically arranged around the central two-fold axis in close
contact to the xanthophylls (Fig. 2), are found to be occupied by
Chl-a. However, sites A3 and B6, which lie at similar distances
from the xanthophylls, can be occupied by Chl-b, similar to sites
B3 and B5. This finding confirms a previous femtosecond tran-
sient-absorption study showing direct energy transfer to two
Chl-b molecules on xanthophyll excitation in LHCII (29), sug-
gesting that mixed occupancy of peripheral sites might be a
property not only of CP29 but also of LHCII complex. It should
be noticed that the four central Chl-a sites together with part of
helices A and B represent the central core of the complex, which
is conserved not only in Chl-a/b but also in Chl-a/c proteins. Helix
C and the luminal parts of helices A and B are more variable,
according to their ability to bind different amounts of Chl-b or
even Chl-c (2). Lack of specificity in ligand binding in the
peripheral sites seems to be a feature not only within different
members of the protein family but also of the individual sites such
that CP29 preparations, for example, appear to be a mixed
population in which four sites can be occupied by either Chl-a or
Chl-b with roughly equal probability. The degree of specificity of
an individual site depends, at least in part, on the nature of the
Chl-liganding residue, as shown by the results of mutating the
residue for Chl coordination in site B6 from Glu to Gln in CP29
and, conversely, from Gln to Glu in LHCII, with Gln determining
higher affinity for Chl-b than Glu. However, the protein envi-
ronment must also be important in specificity as shown by the fact
that sites A2, A5, and B3 have histidine ligands, and yet only site
B3 can bind Chl-b. Our results are consistent with previous work
with recombinant CP29 and CP24 showing that Chl-b can sub-
stitute for Chl-a to some extent and yet obtaining fully functional
antenna proteins (22). However, in the absence of sufficient
Chl-a, a few sites remain empty, indicating that certain sites
display higher affinities (27). CP29 was found to reconstitute in
vitro with the same pigment composition and spectra within a
range of Chl-a/b ratios in the reconstitution mixture (21). This is
somehow contrasting with the finding of four sites with mixed
Chl-a/b occupancy and can be explained by hypothesizing a
conformational change between sites A3/B3 and B5/B6 inducing
increased affinity for Chl-b in one site on binding of Chl-a to the
neighboring site. Long-range conformational change of CP29 was
previously described on reversible phosphorylation of Thr-83
residue (30).

Xanthophylls: Localization and Consequences for Regulation.
Besides its role in light harvesting and energy transfer, CP29 is
deeply involved in nonphotochemical quenching. This is a mech-

Table 4. Room temperature absorption of individual chromophores
in CP29

Site
Chl

species
Chl-a,

%
Chl-a

peak, nm
Chl-b,

%
Chl-b

peak, nm

A1 a 100 669 0 —
A2 a 100 680 0 —
A3 ayb 70 668 30 638
A4 a 100 676 0 —
A5 a 100 675 0 —
B3 ayb 30 679 70 639
B5 ayb 60 678 40 650
B6 ayb 40 678 60 652
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anism of regulation leading to heat dissipation of excitation
energy when irradiance is in excess with respect to the capacity for
electron transport (31, 32), thus protecting from photoinhibition.
Genetic dissection of the nonphotochemical quenching mecha-
nism has shown that both the rapid and slow kinetic phases of
nonphotochemical quenching rise are dependent on xanthophylls
(33). Moreover, it was shown that the rapid phase depends on the
protonation of a group with a pK of 4.5 and the release of a
divalent cation, which leads to the appearance of a binding site for
zeaxanthin (34). The cation release is needed for the establish-
ment of slow or sustained quenching (33). Mutation E166V yields
a pigment–protein complex with a single xanthophyll molecule
per polypeptide, and yet this complex is relatively stable, suggest-
ing that violaxanthin-to-zeaxanthin conversion may proceed via
diffusion of violaxanthin out of site L2 and replacement by
zeaxanthin de-epoxidized in the thylakoid lipid phase (ref. 31; see
Fig. 2). The recent finding that CP29 binds one Ca21 to multiple
acidic residues, including E166, suggests that luminal pH may
control the conformation of the helix A-to-helix C loop. Thus, the
diffusion of the xanthophyll molecule in site L2 would be facili-
tated by changes in coordination of Ca21 to glutamate residues
138 and 143, which are part of the putative xanthophyll-binding
site (Fig. 2; ref. 35). The quenching mechanism itself is likely to
derive from the protonation of Glu-166, a dicyclohexylcarbodi-
imide-binding site (36), leading to disconnection of the Chl in site
B6 and establishment of strong xanthophyll–Chl interactions (37).
The presence in site L2 of xanthophylls with different conjugation
lengths (i.e., with different energy levels for the lowest excited
state) (38) is likely to modulate the amplitude of the quenching.

Spectral Properties of Individual Chls. Detailed understand-
ing of energy transfer between chromophores within a chloro-
phyll–protein complex requires knowledge of their mutual dis-
tances, the spectral characteristics (absorption and fluorescence
energy levels) of the individual chromophores, and the mutual
orientation of transition-moment vectors. Although the first
parameter has been essentially elucidated by the structural studies
(5), the spectral properties of each chromophore are not acces-
sible by structural methods and are difficult to obtain by spec-
troscopic methods in the case of higher plant antenna because of
spectral overlap. The above-described identification of Chl-a and
Chl-b within the different sites also is not sufficient, because
pigment–protein interactions can efficiently affect Chl-a and
Chl-b electronic transitions that can be shifted within the 666- to
684-nm and 638- to 660-nm ranges, respectively, significantly
influencing spectral overlap and therefore efficiency of energy
transfer (39). The mutants obtained in this work allowed deter-
mination of absorption peaks for individual Chl molecules within
the CP29 structure (Table 4) by simply determining wild-type
minus mutant difference spectra. This simple approach is justified
from previous work (22) showing that, in CP29, pigment–protein
interactions rather than pigment–pigment interactions dominate
in generating spectral heterogeneity. Consistently, each mutant
protein was found to be depleted in a specific absorption form
whose amplitude and width is consistent with the expected
characteristics of a single chromophore as deduced by hole-
burning experiments (26). The present results support the view
that in CP29, each pigment conserves its individual characteristics
on protein interaction with protein, and strong coupling with
other chromophores is unlikely (22). It is not clear whether this
is a general characteristic of Lhc proteins, because CP29 is a
member of the family with fewer Chl molecules per polypeptide.
Chromophore density in LHCII can be significantly higher, thus
allowing stronger pigment–pigment interactions. For the first
time, the absorption spectra of individual pigments within a Lhc
protein has been resolved. The data of Table 4 are essential for
the analytical dissection of the energy-transfer pathway in higher
plant antenna proteins once the mutual orientation of transition-
dipole vectors is determined. Orientation could be obtained by
improved resolution of the complex structures beyond that of the
two-dimensional crystals thus far resolved (5). An alternative

approach is study the mutant collection described here by using
linear and CD spectroscopy.
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