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Abstract Resonance Raman spectra of the native Lhcb4
antenna protein are compared with those of a recombinant
protein prepared by in vitro refolding of its polypeptide, over-
expressed in Escherichia coli, with added pigments [Giuffra et al.
(1996) Eur. J. Biochem. 238, 112^120]. The results indicate that
the native pigment conformation is reproduced almost perfectly
in the reconstituted protein, with only small differences which are
attributed to a slight shift in the Soret absorption peak of two or
more chlorophylls. This procedure therefore represents a model
system for the investigation of site-directed mutant LHC
proteins, which are otherwise very difficult to obtain. ß 2001
Federation of European Biochemical Societies. Published by
Elsevier Science B.V. All rights reserved.
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1. Introduction

The harvesting of light energy in green plants is carried out
by an extremely complex system of proteins. Among these, the
members of the light-harvesting complex (LHC) multigene
family, a set of homologous pigment-binding proteins, consti-
tute the outer antenna system, and are organized around both
photosystems I and II. An atomic model of the most abun-
dant LHC protein, the bulk photosystem II LHC antenna or
LHCIIb, presents the overall protein fold of the protein along
with the position of most of the bound cofactors (chlorophylls
(chl) a and b and xanthophylls ; [1]). In this structure, how-
ever, important information is lacking, such as the precise
position of most amino acid sidechains, the formal chemical
identi¢cation of the cofactor pigments, pigment^protein inter-
actions, and the detailed conformation of the di¡erent cofac-
tors. In the absence of a more detailed structure, a less direct
approach to de¢ne structural properties of these pigment co-
factors has been used ^ that of reconstitution of wild type and
mutated polypeptides in which pigment binding has been per-
turbed [2]. This system has been used to address, among other
issues, the chemical identi¢cation of the bound cofactor mol-
ecules seen in the structural model (such as the assignment of
chls a and b). These studies are particularly well advanced for

one of the minor LHCII proteins, Lhcb4, in which reconsti-
tuted mutant pigment^protein complexes have been produced
lacking each seven of the eight bound chl molecules [3]. How-
ever, assessing precisely to what extent the complexes recon-
stituted from wild type apoproteins are similar to puri¢ed
ones at a molecular level is particularly complex. First, the
factors in£uencing the electronic absorption properties of the
chl molecules bound to these complexes are little understood.
Moreover, as the di¡erent chl molecules bound to these com-
plexes share rather similar electronic properties, the fact that
the electronic properties of reconstituted complexes are similar
to that of puri¢ed ones does not constitute a formal demon-
stration that the reconstituted complexes are indeed identical,
at a molecular level, to puri¢ed ones.

Resonance Raman spectroscopy is an ideal tool for study-
ing these reconstituted proteins in terms of the molecular con-
formation of their bound pigments. It has been used exten-
sively in the characterization of physico-chemical mechanisms
underlying the absorption properties of bacteriochlorophyll
cofactors in bacterial light-harvesting proteins [4] and to eval-
uate the quality of such proteins reconstituted with extrinsic
pigments [5,6]. In particular, this technique allowed a quanti-
¢cation of the role of the di¡erent types of interactions in
tuning the electronic properties of these molecules. Up to
now, it has seen only limited use for chl-containing light-har-
vesting proteins, particularly because of the di¤culty of iden-
tifying, in the resonance Raman spectra, the individual con-
tributions of each of the bound chls a or b in the di¡erent
LHCs. However, this method can yield the same speci¢c in-
formation for chl molecules as for bacteriochlorophylls, i.e. on
the conformation of, and intermolecular interactions assumed
by, these pigments. Such information is of primary impor-
tance in evaluating the correctness of the refolding of the
reconstituted LHC complexes. In the same way, as the reso-
nance Raman technique is ideally suited to the study of the
precise conformation of protein-bound carotenoids [7], it can
also give information on how the latter cofactors are a¡ected
by the reconstitution procedure.

Recently we presented resonance Raman spectra for two of
the photosystem II LHC proteins, LHCIIb and Lhcb4 [8].
While these data allowed us to de¢ne binding site properties
for populations of bound chl molecules, it was not possible to
identify these populations with the supposed structural posi-
tions of each chl in the atomic model [1]. The availability of
mutant Lhcb4 proteins in which individual chl molecules are
missing, produced by reconstitution of recombinant genes ex-
pressed in Escherichia coli [3], permits us to continue this
work by carrying out such an identi¢cation. It is ¢rst neces-
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sary, however, to assess the quality of the wild type recombi-
nant protein as compared to the native complex. The reso-
nance Raman investigation of Lhcb4 reconstituted with the
wild type apoprotein presented in this work, yielding precise
information on pigment structure and interactions, is thus an
important step to understanding the impact of the reconstitu-
tion protocol on the function of the wild type protein.

2. Materials and methods

Native Lhcb4 was isolated from maize PS II membranes as de-
scribed previously [9,10]; reconstitution of the Lhcb4 protein has
also been described elsewhere [2,11]. All samples were present in
0.06% L-dodecyl maltoside (DDM), 10 mM HEPES pH 7.6; 60%
glycerol was added for low temperature absorption measurements.

4.2 K absorption spectra were recorded in a helium bath cryostat
(Utreks), using a Varian Cary E5 double-beam scanning spectropho-
tometer. Resonance Raman spectra were collected at 77 K as de-
scribed previously [8,12], on samples concentrated to an optical den-
sity in their Qy absorption maxima of 20^50 cm31 (V0.5 mg chl
ml31).

3. Results

3.1. Absorption spectra
Fig. 1 compares the 4.2 K absorption spectra of native and

reconstituted Lhcb4 complexes. The absorption spectrum of
the recombinant protein is virtually identical to that of the
protein isolated from maize thylakoids. There are, however,
some di¡erences observable in the spectra. In the Qy region,
the main chl a peak around 674 nm is slightly broader on the
blue side. In the Soret region there are larger changes which
can in the main be attributed to a slightly higher carotenoid
stoichiometry for the recombinant protein (2.18 xanthophylls
per 8 chls, as opposed to 2.05 for the native protein; data not
shown). These additional xanthophylls may also contribute to
much smaller di¡erences in overall bandshape in the envelopes

of bands around 460^490 nm, although slight alterations in
the absorption properties of one of the two chl b molecules
may also contribute to these changes. The bandshape of the
cluster at 420^440 nm shows no apparent di¡erences, indicat-
ing that the chl a molecules bound by the reconstituted pro-
tein have largely unaltered absorption properties, although if
only one of the six chls a present had its absorption peak
shifted by a very small amount (less than 0.5 nm) it may
not be observable.

3.2. Carotenoid molecules
Fig. 2 presents resonance Raman spectra of the two pro-

teins in conditions favoring excitation of their bound xantho-
phyll molecules (496.5 nm). As can be seen from Fig. 2, the
spectra are virtually identical and indicate that the carotenoids
in the recombinant complex attain a con¢guration as near to
the native conformation as can be measured by Raman spec-
troscopy. The same conclusions could be drawn for other
excitations in resonance with carotenoids, from 476.5 to
514.5 nm (data not shown). In particular, the reconstituted
protein shows all the features of protein-bound carotenoids
rather than those free in solution. Around 1200 cm31 in the X2

region, the minor bands at 1176 and 1203 cm31 (indicated by
dotted lines in Fig. 2) are present, whereas these are very small

Fig. 1. 4.2 K absorption spectra of native (full line) and recombi-
nant (dashed line) Lhcb4. Positions of the excitation wavelengths
used for resonance Raman spectra, at 496.5 nm (carotenoids), 457.9
and 441.6 nm (chl b), and 413.1 and 406.7 nm (chl a), are indicated
by dotted lines.

Fig. 2. Carotenoid resonance Raman spectra of native (a) and re-
constituted (b) Lhcb4, excited at 496.5 nm. Also shown is the spec-
trum of isolated lutein in pyridine, excited at the same wavelength
(c). Dotted lines at 1176 and 1203 cm31 indicate modes referred to
in the text. The X4 region (935^995 cm31) is shown enlarged in the
inset.
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or absent for the isolated carotenoids (Fig. 3c). The shape of
the X3 region around 1000 cm31 is more structured than for
xanthophylls in vitro. However, a slight reduction in the struc-
ture of the latter feature is probably associated with the pres-
ence of a very small amount of non-speci¢cally bound carot-
enoid, evidenced by the absorption spectra and pigment
analysis (see above). The X4 region, around 960 cm31 (see
inset to Fig. 2), is particularly sensitive to slight changes in
carotenoid con¢guration [13]. The fact that the bands are
nearly identical in this region indicates that the xanthophyll
molecules bound to the reconstituted complex adopt exactly
the same molecular con¢guration as those bound to the native
protein. Note that the same region for isolated lutein is small-
er and unstructured (upper trace). The spectra are also iden-
tical to that already published for spinach Lhcb4 prepared by
a¤nity chromatography [8].

3.3. Chl b molecules
Presented in Fig. 3a,b are resonance Raman spectra in con-

ditions favoring chl b excitation (i.e. 457.9 and 441.6 nm re-
spectively). The native protein measured here exhibits identi-
cal chl b spectra to those of spinach Lhcb4 [8]. In these
spectra, bands are seen at 1630 and 1649 cm31 which arise
from the formyl carbonyl groups of the two apparent popu-
lations of chl b present in the protein. As discussed in [8],
presence of these bands reveals that these groups are not in
the same interaction state, that of one population being H-
bonded with a neighboring amino acid sidechain, while that of
the other is either weakly interacting or free from interaction
in a rather polar environment. Presence of these two bands in
the reconstituted protein indicates that it contains two popu-
lations of chl b whose formyl groups are involved in the same
intermolecular interactions, and in similar immediate dielec-
tric environments, as those of the native complex. The inten-
sity of the 1649 cm31 band is, however, observed to be higher
in the recombinant protein. This cannot be explained in terms
of an increase in the number of chl molecules contributing to

this mode, as pigment analysis of the sample clearly shows
that the protein binds an equal number of chls a and b as the
native complex [2]. Such an e¡ect could easily be explained by
a small shift of the Soret transition of one population of chl b,
which would in turn modify the resonance conditions for this
pigment. This would be consistent with the observed small
changes in the Soret region of the absorption spectra, dis-
cussed above (see Fig. 1). We cannot formally rule out the
possibility that, upon reconstitution, some chls b enter protein
binding sites usually occupied by chl a, and which are unable
to provide an H-bonding partner to its formyl carbonyl. How-
ever, this should result in a broadening of this band, rather
than just an increase of its intensity, as these sites would not
be expected to exhibit exactly the same dielectric properties.

3.4. Chl a molecules
Also shown in Fig. 3 are Raman spectra in resonance with

the chl a molecules present (excited at 413.1 and 406.7 nm;
Fig. 3c,d, respectively). The spectra for the native complex are
again identical to Lhcb4 obtained from spinach thylakoids by
a¤nity chromatography [8]. A comparison of the spectra in
Fig. 3c and d indicates that the interactions assumed by the
di¡erent bound chl a molecules are similarly conserved in the
reconstituted protein. The position and width of methine
bridge modes at 1613 cm31 for the recombinant protein in-
dicate that, as for the native complex, all chls a are ¢ve-co-
ordinated, and that their macrocycle conformation is not sig-
ni¢cantly distorted when compared to the latter. The envelope
of keto carbonyl modes, in the 1650^1700 cm31 range, exhib-
its a similar distribution of carbonyl vibrators in the two
samples, so that at least the large majority of the bound
chls a in the recombinant protein ¢nd their native protein
binding site, and bind to it with the proper geometry. There
is, however, some di¡erence in the shape of the envelope for
the two complexes. It is di¤cult to judge whether this re£ects
small di¡erences in the binding-site environment of a small
number of the bound chl a molecules, or alterations in the
resonance conditions with respect to the absorption transi-
tions of some of the pigments concerned, as is the case for
chl b excitations (see above).

4. Discussion

The use of resonance Raman spectroscopy has allowed us
to investigate the result of in vitro reconstitution on detailed
structural properties of the Lhcb4 antenna protein. The Ram-
an bandshapes of the three types of pigment present (chls a
and b and carotenoids) provide a measure of the e¡ect of the
reconstitution procedure on the overall protein folding pat-
tern. No detectable deviations in xanthophyll conformation
and con¢guration were observed. The conformation of, and
the interactions assumed by, most of the chl molecules was
also identical in the refolded complex and in the native one.
There were, however, some small changes to the absorption
properties of a few chl molecules bound to the protein, result-
ing in small di¡erences in absorption spectra. Due to the
resonance phenomenon, in which the contribution of absorb-
ing pigments to Raman spectra is largely determined by their
relative extinction coe¤cient at the excitation wavelength
used, these small changes probably result in larger changes
in the bandshape of the measured chl Raman spectra. The
spectra nevertheless indicate that the reconstituted protein re-

Fig. 3. Resonance Raman spectra of native (full lines) and reconsti-
tuted (dashed lines) Lhcb4, excited at 457.9, 441.6, 413.1 and 406.7
nm (a^d respectively).
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folds to an excellent approximation of the wild type assembly.
Reconstituted complexes thus represent a model system of
choice for the precise, spectroscopic study of Lhcb4 proteins.
Characterization of the di¡erent mutants of this protein ob-
tained by reconstitution, particularly those lacking one chl a
or b, is likely to yield useful information on the molecular
mechanisms involved in tuning the properties of these mole-
cules, and thus the function of their protein host.

Acknowledgements: This work was in part funded by the CNR target
project fund for Biotechnology, and by MURST. A.P. was supported
by TMR Grant number ERBFMBICT983497. The authors wish to
thank A.V. Ruban for the spectrum of isolated lutein.

References

[1] Ku«hlbrandt, W., Wang, D.N. and Fujiyoshi, Y. (1994) Nature
Lond. 367, 614^621.

[2] Giu¡ra, E., Cugini, D., Croce, R. and Bassi, R. (1996) Eur. J.
Biochem. 238, 112^120.

[3] Bassi, R., Croce, R., Cugini, D. and Sandona©, D. (1999) Proc.
Natl. Acad. Sci. USA 96, 10056^10061.

[4] Robert, B. (1996) in: Biophysical Techniques in Photosynthesis
(Amesz, J. and Ho¡, A.J., Eds.), Adv. Photosynth., Vol. 3,
pp. 161^176, Kluwer Academic Publishers, Dordrecht.

[5] Gall, A., Fraser, N.J., Bellissent-Funel, M.-C., Scheer, H., Rob-
ert, B. and Cogdell, R.J. (1999) FEBS Lett. 449, 269^272.

[6] Lapouge, K., Na«veke, A., Robert, B., Scheer, H. and Sturgis,
J.N. (2000) Biochemistry 39, 1091^1099.

[7] Robert, B. (1999) in: The Photochemistry of Carotenoids (Frank,
H.A., Young, A.J., Britton, G. and Cogdell, R.J., Eds.) Adv.
Photosynth., Vol. 8, pp. 189^201, Kluwer Academic Publishers,
Dordrecht.

[8] Pascal, A., Wacker, U., Klaus-Dieter, I., Horton, P., Renger, G.
and Robert, B. (2000) J. Biol. Chem. 275, 22031^22036.

[9] Dainese, P. and Bassi, R. (1991) J. Biol. Chem. 266, 8136^8142.
[10] Dainese, P., Hoyer-Hansen, G. and Bassi, R. (1990) Photochem.

Photobiol. 51, 693^703.
[11] Giu¡ra, E., Zucchelli, G., Sandona, D., Croce, R., Cugini, D.,

Garlaschi, F.M., Bassi, R. and Jennings, R.C. (1997) Biochemis-
try 36, 12984^12993.

[12] Sturgis, J.N. and Robert, B. (1994) J. Mol. Biol. 238, 445^454.
[13] Ruban, A.V., Pascal, A.A. and Robert, B. (2000) FEBS Lett.

477, 181^185.

FEBS 24670 5-3-01

A. Pascal et al./FEBS Letters 492 (2001) 54^57 57


