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ABSTRACT. The Q transition dipole moment vectors of all eight chlorophylls in the higher-plant antenna
protein CP29 were calculated by an original method on the basis of linear dichroism and absorption
spectroscopy. The contribution of individual chromophores was determined from difference spectra between
wild type and mutant proteins in which a single chlorophyll has been removed by mutating pigment-
binding residues. Recombinant proteins were constructed by overexpressing the apoprotein in bacteria
and refolding of the pigmentprotein complex in vitro [Bassi, R., Croce, R., Cugini, D., and Sandbna
(1999)Proc. Natl. Acad. Sci. U.S.Ain press)]. The spectroscopic data are interpreted on the basis of a
protein structural model obtained via the homology with the major antenna complex LHCII [Kuhlbrandt,
W., Wang, D. N., and Fujiyoshi, Y. (1994ature 367 614—621]. The results allow us to determine the
orientation of six chromophores within the protein structure. The orientations of the two remaining
chromophores are inferred by considering the symmetry properties of CP29 and fitting steady state
absorption and linear dichroism spectra by independent chlorophyll spectral forms. As a consequence,
four “mixed” sites with different chlorophyk andb binding affinities are identified in CP29. Geometrical

data and the Hster mechanism for energy transfer suggest that excitation energy equilibrates rapidly
among chlorophyll “pure” sites while energy preferentially flows outward from chlorophyll “mixed” sites.
The orientation of the dipole moments of two chlorophyll molecules symmetrically located at the center
of the protein and parallel to the carotenoid transition vectors suggests a role in energy transfer from

xanthophyll to chlorophyll.

In higher-plant chloroplasts, many pigment-binding pro-

mophores, of the mutual orientation between dipole transi-

teins are inserted into the thylakoid membrane and organizedtions, and of the absorption and fluorescence energy levels
into multisubunit complexes called photosystems. Photosys-and their distribution within the photosystems. In the case

tems (PS)catalyze light absorption, the use of the excitation

of PSII, considerable insight has been obtained from the

energy in transmembrane electron transport leading to thetopological organization of subunitd3) and from their

synthesis of ATP and NADPH. PS | and Il are both
composed of a chlorophyl binding core complex and a
chlorophylla andb binding antenna. A detailed understand-

spectral form decompositiod,(5). Elucidation of the major
antenna complex LHCII structure to 3.4 A resolutid) (
showed that many of the binding site environments are

ing of energy transfer processes in antenna and reactionchemically distinct and that nearest-neighbor chlorophylls
centers requires knowledge of the distances between chroch are spaced-913 A apart (centercenter distance). The
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orientation of electronic transition dipole moments of the
chromophores cannot yet be obtained from structural data,
although linear dichroism (LD) reveals considerable differ-
ences in the orientation$,(7), suggesting that LD spectra
could be used for transition moment vector (TMV) analysis.
However, light-harvesting chlorophyll proteins (Lhc) are
spectroscopically complex objects; while only one or,
depending on the complex, at the most two chemically
distinct Chl species are present, many spectral forms are
commonly observed in the Q@bsorption region. Absorption
(Abs) spectra of Lhc proteins exhibit a markedly heteroge-
neous broadening in the range of 63885 nm. From optical
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spectroscopic measurements;18 spectral forms have been were theE. coli TG1 strain 23) and theE. coli SG13009
identified with reasonable certaint@)( while the number strain @4). Mutations were introduced according to the
of bound Chls per monomer is in the range ofB! (6, 9, method of Yukenberg et al.2f). The sequence was
10), suggesting that the spectral heterogeneity depends ordetermined by the dideoxy method6] by an automated
the different protein environments in which individual apparatus (Applied Biosystems model 377 sequencer).
chromophores are located. Isolation of the @erexpressed CP29 Apoprotein from
Insufficient progress in developing a more detailed un- Bacteria CP29 was isolated from the SG13009 strain
derstanding of this spectroscopic heterogeneity has beenransformed with either of the two CP29 constructs following
partly due to the absence of experimental techniques thata protocol previously describedZ, 27).
are capable of selectively modifying the optical transitions.  Reconstitution of CP29hese procedures were performed
In this context, the approach of pigmetgirotein reconstitu- g5 described by Giuffra et all4).
tion is particularly interesting. Reconstitution has first been  pification of Reconstituted CP29 and LHCThis was
performed using apoproteins_ from which pigments had been performed by ion-exchange chromatographiy)( For the
detached by solvent extractiod) and, more recently, by getermination of pigment to protein stoichiometry, it was
the overexpression of cCDNA encoding single-gene products necessary to obtain a fully purified protein which did not

(12, 13.)' However, _in most of these cases, the o_ptical contain any residual contamination by bacterial proteins. The
properties of reconstlfcuted complexe_s are some_how different, o constituted CP29 was thus purified by preparative I (
from thqse of the natlve_ones, _thus limiting their usefulne;s followed by ultracentrifugation in a glycerol gradient [15 to
for detailed spectroscopic studies. The successful reconstitu4oy, including 0.06% DM and 10 mM Hepes (pH 7.6); the

tion of the minor Chla andb antenna complexes, CP29, 4 |asted 12 h at 60 000 rpm in a SW60 Beckman rotor] to
CP26, and CP24 using maikzéicb4 -5, and 6 apoproteins eliminate ampholytes.

overexpressed ifEscherichia coll was recently reported Protein and Pigment Concentration§he concentration

Ellil)_r(alsfsgénzzeer?gg?r?lgigt CrJDr()SpeerzlsexE!g;]t ci)t)ssza?rpr:;(;rt]c’:h of the CP29 apoprotein purified froB coliinclusion bodies
u Ission, '9 wh y was determined by the bicinchoninic acid assag).(For

]Eggffrg; t:jc?lag%?éng Isﬁ‘\éviglI%exz?ep?ec%lé%rutgggee)m|caI the stoichiometric (pigment/protein ratio) determination, the
The recombinant CP29 svst mﬂ; n ther fpr b d.f rth rotein concentration was determined by the ninhidrine
€ reco a system can theretore be used 1o ethod 80). The chlorophyll concentration was determined

experimental analysis of the relevant parameters that haveb : :
y the method of Porra et aB1). HPLC analysis was carried
been left unknown after the structural work on LHCII by out as described by Gilmore and Yamamaga)(

Kuhlbrandt and co-workers. In fact, sequence analysis SpectrascopyAbsorption specira were obigined using a
showed a high degree of homology between LHCIl and CP29 SLM-Aminco DW-2000 spectrophotometer at room tem-

(19), while the Q transition spectral forms, resolved in the :

: . erature. Samples were in 10 mM Hepes (pH 7.6), 0.06%
spectroscopy of LHCII and CP29 proteins, were essentially pDM and 20% pl cerol. The chlorooh IFcon(c?entrati)on waso
identical 6, 20). The following major points are investigated b ' t 10ua/ Lgfy b ) i phy i q
h?]rle: (?) id?entiﬁcationhpf ;hi ehnergy levels of thehingividual %LO:‘Jor ﬁﬁgr;nscezczg ;Zg’smgr;n:riiur_?&e;]osoaé' aggption
ghl rgoae:g i\st, Iwehlcvr\]/ i,c\:/avc;énzr%atrﬁe?gggovrvb.lcan%re(b) and linear dichroism spectra of the recombinant LHCII
determination of the orientation of the transition moments ﬂr;)\}vec;?ti 2?\;? 'l(?)eﬁginrges?rz;)(Tgsacfr?g;?(ler:jgbt;t:]r(]aeprc?l(;/;hcc;; of

of individual Chl molecules. In an earlier stage of this work, lamid ing techni ously d Bed
the first problem has been approached by introducing single- amide squeezing technique as previously describead).

point mutations of Chl binding residues into the polypeptide RESULTS
sequence to construct recombinant mutant proteins missing
each one of the chromophores. Biochemical analysis showed CP29 Structural ModelFor the construction of a structural
that most of the mutants bind seven Chl molecules per model of CP29, the information that is available consists of
polypeptide versus eight in the wild type (WT) protein. thea-carbon coordinates of the membrane-spanning helixes
In this study, we address the question of the orientation and the raw structure of 12 tetrapyrrole rings and two
of the Q transition of the individual Chl molecules in CP29. xanthophylls in LHCII kindly provided by W. Kuhlbrandt
To this aim, single-point mutants were analyzed by low- (6). By using the computer program MaxSpro84), which
temperature linear dichroism and absorption spectroscopy.is available from the European Molecular Biology Labora-
These data were used for screening the different possibletory, we proceeded to reconstruct the spatial organization
orientations for each chromophore obtained from a structural of amino acid side-chains. In principle, the exact positions
model of the CP29 protein obtained via its homology with of the side chains of each residue are not indispensable for
the LHCII structure §). The reconstruction of both Abs and  the interpretation of LD, but they are useful in evaluating
LD spectra of the WT protein in the /Qegion allowed the  the quality of the model. In fact, the residues found to be
determination of the TMV of Chls that could not be accessed involved in Chl binding by site-directed mutagenesis are
experimentally by mutation analysis and supports the previ- expected to have a spatial location consistent with coordina-
ous suggestion that in CP29 some binding sites have mixedtion to tetrapyrroles. The CP29 structural model was therefore
Chl a andb occupancy Z1). obtained by substitution of the CP29 amino acid residues in
the LHCII structure on the basis of the alignment in Figure
MATERIALS AND METHODS 1, which also shows the conservation of the eight Chl binding
DNA Constructions Plasmids were constructed using residues (or ionic pairs) identified in LHCIB). Mutagenesis
standard molecular cloning procedur@®)( Bacterial hosts  of each of these residues in CP29 confirmed their role in
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Chl Site a4 A5 Al (in site A3), yielded a LD signal that was unsuitable for
LHCII - helix B PETFSKNRELEVIHSRWAMLGALGCVFPELLSR H
pipon VFGLORFRECEL LHORWAML ATLGALSVEWLTG further analysis. From these data, we proceeded to the
L RE K KR RkARE ke ok ok identification of the contribution of each Chl to the tota] Q
42% identity transition in both Abs and LD data.
Chl site B6 B5 BS Difference absorption spectra between WT CP29 and the
LHCII - helix C SILA-IWATQVVLMGAVEGYRI : F H . : :
s SISTLIW. IEVLVIGYIEFQRN individual mutants were obtained following normalization
L L S of the total integrated area under thga@sorption band using
38% identity the measured Chd and Chlb protein stoichiometries and
Chl Site Al A2 Ad 23 assuming a relative CHi/Chl a extinction ratio of 0.7 Z0).
LHS;I - helix a PEAFAELKVKELKNGRLAMF SMFGFFVQAT Over the wavelength range that was analyzed, all the
¢ L KERLQLARTIERRIANVARLOTRVORA difference spectra have the expected positive amplitude
47% identity except for two cases in which the small negative contribution
ohl Site 53 at around 680 nm is likely due to a baseline drift. In most
LHCIT - helix D PLENLADHLA cases, WT minus mutant difference spectra could be fitted
cp29 PLNNWATHLS with one major and one or two minor Gaussian components
50% identity o peaking at the frequencies previously reported for Lhc

Ficure 1: Alignment of the fourr-helix regions of CP29 (sequence chlorophyll absorption (data not _Shown). Such a result
from Zea may)with the homologous LHCII sequences as resolved Suggests that the removal of one pigment from the complex

in the electron crystallographic atomic modé):( (*) identical did not introduce major changes in the spectral properties
residue and-} conserved residue. Bold letters represent residues of the remaining chromophores. This is in agreement with
shown to be involved in chlorophyll coordinatio8, @1). previous work in which the effect of the protein binding site

was shown to be the major determinant of pigment absorption
(20, 21). A representative example of a WT minus mutant
Abs spectrum is shown in Figure 4 (solid line) for the mutant
H216F.

Normalization of LD Spectral'o normalize the LD spectra

of each mutant with respect to the WT spectrum, it is not
possible to use the same method that was used for the Abs
spectra since the intensity of each component of the LD
spectra depends on the angle of the chromophore with the
normal to the plane in which the protein is oriented. In other
words, the amplitude is not solely related to the chromophore
concentration. Moreover, the evaluation of any normalization
factor is complicated by the fact that the LD signal can be
either negative or positive and because the extent of
orientation of the proteins in the gel may vary from sample
to sample.

To overcome these problems, we developed a software
code that accomplishes normalization of the LD spectra from
the information derived from the WT minus mutant differ-
ence Abs spectra. In fact, the LD signal of a single
chromophore transition is expected to have the same shape
as its Abs signal multiplied by a constant whose sign and
amplitude depend on the orientation. On this basis, we can

Chl coordination 21). Since CP29 binds eight chlorophylls ~ €XPect that a correct normalization will lead to a WT minus

per polypeptide, the four additional tetrapyrroles, which did Mutant LD spectrum with amplitudes proportional at each
not show a suitable coordinating residue, were omitted from POINt to the normalized difference Abs spectrum between

the model. The CP29 structural model is represented inthe WT and. t_he same mutant. Exploiting this property for
Figure 2. the @ transition of the Chl affected by the mutation, the

) i algorithm proceeds to the exploration of possible normaliza-
Absorption and LD Spectroscaryigure 3 shows the 100 {ion factors of mutant protein LD. These spectra are

K Abs and LD spectra of CP29 WT and point mutants in - sybtracted from the WT LD spectrum, thus yielding a family
which a single pigment-binding residue has been changedof difference spectra. For the evaluation of their relative
to a nonbinding one. We could not obtain a mutant protein quality, the procedure compares each of them to the WT
missing the chromophore in site Al (see Figure 2). The minus mutant Abs spectrum by searching for the minimal
pigment in this site has been shown to be coordinated by difference in a wavelength window selected to include the
the Arg116-Glu213 ionic pair. Mutation of either one or  main Q transition of the missing Chl. LD spectra normalized
both of the residues forming the ionic pair prevented in vitro by this factor are used to obtain WT minus mutant difference
reconstitution 21). Moreover, the mutant protein Q230L, spectra. For all the difference LD spectra of the individual
although exhibiting difference absorption spectra and bio- mutants being calculated using the same WT LD spectrum,
chemical properties consistent with the loss of a single Chl these are thus normalized relative to each other for any

Ficure 2: Structural model of the CP29 protein.
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Ficure 3: Absorption and linear dichroism spectra at 100 K of the seven mutants and wild type recombinant Ep2@&sdrption
spectrum and-{-) LD spectrum.

difference in the extent of orientation of the complex in the forms identified in this manner. An example of the results
gel. obtained with this procedure is shown in Figure 4 (dotted
All the resulting LD difference spectra are positive or line) for the H216F mutant. Table 1 summarizes the results
negative over the entire region in which the computation has of this procedure for the six mutant proteins that were
been performed, supporting the homogeneity of the spectralanalyzed. In one case, the Q230L mutant, we could not obtain
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FIGURE 4: Wild type minus H216F mutant absorption and linear
dichroism difference spectra after normalization. The wavelength
window for the best fit software search is indicated by vertical bars
(see the text).

Table 1: Best Fit Results between Absorption and Linear
Dichroism Wild Type Minus Mutant Difference Specira

Amin—Amax  Aabs (@rbitrary A p (arbitrary CH, CH, CH, CH,
Chlsite CP29 mutant (nm) units) units) ~N

A2  H216F 666-683 15 379 Ficure 5: Orientation of the Qtransition moment vectog and
A4  E111V/IR218L 666677 1.85 155 Xy chlorophyll axis definition.
A5 H114F 668-691 1.31 240 . . : .
B5  EL74V 644-657 0.29 —104 and the absorption signal amplitudes employed in such
B3  H245L 630-640 0.42 68 calculations are the intensities integrated in the region of the
B6  E1l66V 665-679 1.94 295 spectra involved in the transition, which is the same as that

aMutant proteins and the corresponding wavelength window used Used for the procedure of normalization.
for the best fit of WT minus mutant linear dichroism to WT minus Due to the lack of information about the ring V and phytol

mutant absorption difference spectra are shown. The last two columnschgain esterification position (Figure 5) in the tetrapyrrole
report the area under absorption and linear dichroism difference spectral,in s determined in the LHCII structur®)( which would
after normalization. g . .
define the TMV, a free search in the space of possible
chlorophyll orientations must discriminate amornfgcases

signal. Finallv. it was necessary to normalize the LD spectra for the CP29 protein. It is therefore important to reduce the
gnal. Y, y P number of acceptable solutions that will be evaluated.

with respect to the Abs spectra. Since the spectra within thesel’oward this aim, it is useful to consider the behavior of the

two groups have been normalized with respect to the WT s X
i hytol chain in antenna systems whose structure is known
spectra, the factor between absorbance and LD amplitude S .
in greater detail; this is the case of the bacterial LHII complex

should have the same value for all the calculated WT minus ; . .
; : e whose crystallographic structure has been determined at high
mutant difference spectra. This normalization factor, repre- . o .
. 7 .~ resolution 86, 37). The organization of two (bacterio)-
sented by FN, is related to the mosaicity of the WT protein o S
chlorophylls within the membrane is similar to that deter-

within the acrylamide gel in which the protein was included ~ . ) : .
. . . : . mined in LHCII. Here the tetrapyrrole plane is perpendicular
for orientation by the compression technique as discussed ; . CEe ;
to the membrane plane, while the pigment is oriented with

; 'Ir'(:]feg%elationship between the intensity of the linear thhe Eh ytol c'hainsf dri]rected ttc))ward thﬁ. iqterr;gl (rr;]ore T}ydrtl)-
dichroism and the relative absorption signal, in the form phobic) region o the mem rane._T IS |mplest at phytols
. . y . are esterified to the pyrrole substituents directed toward the
given by Breton et al.33), is therefore modified as follows: . .
inner (more hydrophobic) part of the membrane layer. The
3 opposite orientation with chains aiming toward the outside
LD =A —A;= §A x FN(L1 - 3 co ¢) @ of the membrane is extremely unlikely, since it would imply
an abrupt bending of the chain for re-entry into the
where ¢ is the angle between the normal to the complex membrane. For the above reasons, we have excluded the
plane and the chromophore transition moment vector. orientations of the TMV corresponding to phytols oriented
Clearly, the LD provides information only about the angle toward the membrane surface. Since a clear-cut distinction
between the TMV and the normal to the plane in which the between external and internal sites is possible, this procedure
protein is oriented. Since during the preparation of the leaves only four possible positions of the phytol esterification
samples for LD measurement membrane proteins aggregateite for each Chl in CP29, i.e., a total of $ossible
via their hydrophobic side surfaces, the orientation that is orientations.
obtained can be considered to be the same as that determined A geometrical system was constructed for the calculation
by electron microscopy in two-dimensional laye6 85). of the possible TMV for each Chl. In this system, the
The LD data analysis was therefore performed by using ascoordinates of three atoms for each tetrapyrrole are intro-
a normal to the membrane plane the 2-fold symmetry axis duced to define the geometrical plane to which the TMV
defined in the LHCII crystallographic structure. The dichroic belongs (see Figure 5). Two of these atoms are chosen to be

a reliable normalization due to the low amplitude of the LD
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Table 2: Solutions for the Azimuth Angles and Corresponding
Fitting Number3

Chl ¢ (deg) FN Chl ¢(deg) FN Chl ¢(deg) FN

A2 79 190 A4 90 56 A5 71 183
75 212 60 221 84 126
35 —168 34 —53 31 —103
31 —138 13 -30 38 -—141

B5 74 —309 B3 47 —270 B6 81 110
79 271 56 2772 68 177
29 187 54  —8510 23 —65
32 203 65 229 10 —53

a Data were obtained from the structural model of CP29 on the basis
of four different positions of phytol chain connection to the tetrapyrrole
ring. Underlined values are recurring solutions for thet@nsitions
of the Chl molecules that were analyzed; within the error, these solutions
satisfy the requirement of a common FN value (see the text).

carbon 7 in pyrrole IV and carbon 3 of pyrrole Il, which
define theX; axis. Our knowledge of the orientation of the
electronic transition with respect to the molecule-fixed
coordinate system is based mainly on the results of LD
studies with molecular Chl solutions oriented in different
systems. The main Qransition of Chla has its maximum
at 670 nm. It was shown that its TMV is lying in the plane
of the tetrapyrrole ring and is defined with an angle measured
in degrees clockwise with respect to tKeaxis (Figure 5).
The Q orientation has been shown experimentally to form
an angle with respect to thq axis of 70 for Chlaand 62
for Chl b (38, 39). Two other values of 110and 119 for
Chl a and Chlb, respectively, must also be considered
because of the two possible faces of a Chl.

Fitting the Experimental LD Data into the CP29 Molecular
Model For each of the six Chl molecules whose Abs and

Biochemistry, Vol. 38, No. 40, 19992979
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FiIGURE 6: Reconstruction of absorption and linear dichroism spectra
for CP29 WT at 100 K with eight independent Gaussians associated
with Chl pigments. Equation 1 in the text was used for relating
absorption to linear dichroism for each sub-band) feconstructed
spectra and@) experimental spectra.

LD spectra have been considered here, the CP29 structurabbtained by LD and Abs analysis of mutant H216F can be

model provides four anchoring points for the phytol chain.
This in turn gives four possibilities for the angle between
the TMV of these Chl molecules and the normal to the
complex plane, when taking into account theangles of
70° and 6 in the internal coordinates of the TMV of Chl
a and Chlb, respectively. For each of these angles, a
theoretical LD/3\ value can be calculated. Upon comparison
with the corresponding LD/ experimental value for that
particular Chl, a FN value is obtained. The FN values
calculated for the six Chl molecules analyzed by LD
spectroscopy are listed in Table 2. Within this set of FN
values, only those in common with all the chromophores

disentangled by considering the symmetry properties of the
whole protein. Thus, with respect to the membrane plane
normal of CP29 (see Figure 2), the X-shaped structure
constituted by twan-helices (A and B) has a local 2-fold
symmetry which, together with the high degree of homology
in the first 24 amino acid residues of both helic6s40), is
reflected in a symmetrical positioning of Al to A4 and A2
to A5 Chl planes.

Since the TMV of Chl A5 has been determined from the
differential spectroscopy of CP29 WT versus the H114F
mutant, the orientation of Chl A2 TMV can be determined
by its symmetry with A5 with respect to the membrane

that were investigated can be considered as possible solunormal axis and by its similarity to the relative orientation

tions. We therefore searched for a recurrent value of FN
within each group of four solutions. Such an FN value was
found (ranging between 177 and 229) with two possible
solutions for both chromophores in sites A2 and B5 (Table
2). No common values of FN were obtained upon varying
in steps of 10 the value of thex angle (between 60and

100 for Chl a and between 5l1and 9F for Chl b). Again,

no common values of FN could be found upon using in the

of A4 to A5 TMVSs. Such an orientation coincides with the
second choice, i.eq being equal to 75in Table 2, of the
available solutions for Chl A2 in the geometrical system.
Reconstruction of Experimental LD and Absorption Spec-
tra. The results described above greatly reduce the number
of possible orientations for the remaining two chromophores
in sites A1 and A3 whose LD properties could not be
determined in this study because of the low quality of the

computation the alternative angles considered by Fragata etspectrum in the case of site A3 and because of the instability

al. (38) for the Q transition (110 and 119). The final value
of 204 for FN has been estimated to give the minimal root-
mean-square deviation within the group of selected results.
The corresponding standard deviation for the TMV angles
has a value of 177

Inferring Chl A2 Orientation from CP29 Internal Sym-
metry. For the A2 site, the multiplicity of TMV solutions

of the mutant protein in the case of site Al. In a simple
approach, we have attempted to reconstruct the 100 K steady
state LD and Abs spectra of WT CP29 by summation of
independent Gaussian components with a unique fwhm
(about 8-9 nm) and transition wavelength as experimentally
determined from difference absorption spectra (Figure 6A,B).
In associating one spectral form per pigment, the LD spectral
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Table 3: Chl Parameters from Linear Dichroism and Absorption Table 4: Transition Moment Vectors of Pigments in the CP29
Spectral Reconstruction of WT CP29 Complex
fehi-a  Achi-a feni-b  Achi-b pigment site pigment type | m n
Chisite (%) (m) 1—3cogg (%) (m) 1—3cogg AL chla —088 —048 0.07
Al 100 669 0.99 - - - A2 chla —0.88 0.39 0.25
A2 100 676.6 0.80 - - - A3 chla —0.27 0.36 0.89
A3 70 667 -1.39 30 636 —1.56 A3 chlb —0.32 0.22 0.92
Ad 100 674.2 0.26 - - - A4 chla —0.65 —0.57 0.45
A5 100 674.6 0.65 - - - A5 chla 0.88 -0.34 0.34
B5 60 674 -1.17 40 650 —1.35 B5 chla 0.17 050 -0.85
B3 30 673.2 0.69 70 636.4 0.44 B5 chlb 0.02 0.47 —0.89
B6 40 674.4 0.19 60 650 0.57 B3 chla —0.94 0.13 0.32
a Chlorophylla andb occupancy fractions in Chl sites togheter with gg gmg 822 _(?5?63 _00523
their main associated,Q@ransition and orientation factor 3 co$ ¢ B6 chib 0'70 —0'61 —0.38
appearing in eq 1. The sign of the values in the last column gives the Lutl Car _0'74 0'39 O 55
sign of the corresponding linear dichroism sub-band. Lut2 Car 0'.77 _0_'40 _0.51

] . ] ] ] a Transition moments are expressed as versor comporentsr()
amplitude of each component is weighted by the orientation with respect to the Cartesian axis of the modified LHCII PDB structure

of the corresponding Chl TMV according to eq 1. The file. Thez-axis is the normal to the membrane plane; ires cos¢
symmetric spectral form at 100 K follows from the studies ™M €9 1 of the text.
of sub-band absorption decompositi@tl), and the extinc- . , .
tion ratio of 0.7 for the Chb to Chla sub-band area in the ~ Served in the Qregion between 630 and 660 nm is related
Q, region has been used. to the missing higher-energy states_ of (_ZanGaUSS|ar_1_
From differential absorption, it was possible to locate the components. Table 4 reports the orientation of transition
transition of Chla in site A3 at 667 nm. A mutant lacking moments for the chromophores in each of the eight porphyrin
the chromophore in site A1 was not available. However, by sites of CP29 as a result of dlrect' LD measurements (sites
subtraction of all the difference absorption spectra (WT A4: AS, B3, and B6), or accompanied by symmetry reasons
minus mutant) from the CP29 WT spectrum, a sharp major (site A2), and fitting of steady state LD and Abs (sites A1,
component peaking at 669 nm was obtained. Therefore, theA3, and BS).
major absorption contribution associated with the Al chro-
mophore was tentatively located at this wavelength. Fitting DISCUSSION
the LD spectrum required discrimination among four possible  The question of determining the orientation of chro-
orientations of transition moments for each of the chro- mophores in Lhc proteins involves two essential require-
mophores A3 and Al. The only satisfying solution was found ments: (i) an experimental system in which individual
using the Al and A3 orientations reported in Table 3, the chromophores can be modified and therefore analyzed and
other possibilities yielding reconstructed spectra that were (ii) a structural model from which the azimuthal anglen
strikingly different from the experimental ones. Notice that eq 1 can be determined. At the present stage of knowledge
the TMV of Chl Al is constrained by the same 2-fold of Lhc proteins, structural data are only available for LHCII
symmetry of Chl A1 and A2 on helix A and Chl A4 and A5 (6). The use of LHCII as an experimental model is, however,
on the helix B subcomplex; in fact, the A1 TMV is set in hampered for a number of reasons. First, LHCII is a trimer,
agreement with the symmetric Chl A4 TMV. The orientation and the interactions between chromophores belonging to
of Chlain site A3 was imposed by the negative contribution neighboring monomers are strong and modify the spectral
that is necessary at the transition wavelength of 667 nm in properties of the systen#2—44). Second, LHCII binds 12
the LD spectrum. Although the fitting at this stage was Chl molecules per polypeptide and three xanthophylls, while
reasonably good, the ratio of the main @peak amplitude  only eight Chl binding sites and two xanthophyll binding
with respect to the CHb components between 640 and 650 sites have been identified so far in the protein structure.
nm in the reconstructed LD was clearly lower than that from Experimentally, the binding sites of four Chls and one
the experimental spectrum. The final spectra of panels A xanthophyll cannot be selectively modified in this protein
and B of Figure 6 were obtained by the necessary introduc-at present. Finally, LHCII, as purified from plants, is
tion of a mixed occupancy by Claland Chlb of sites A3, heterogeneous, being a mixture of many (up to 18) gene
B3, B5, and B6 (Table 3) as determined in previous work products. It is therefore difficult to determine whether the
(212). Notice that the difference absorption WT minus mutant recombinant LHCII system suitably reproduces the properties
spectra of these sites already showed simultaneously two (orof native LHCII.
more) major components below and above 660 nm. On the In these respects, CP29 is a better system than LHCII for
other hand, the mutants of sites A2, A4, and A5 give a single the following reasons: (a) it is a monomeric protein, (b) it
major peak above 660 nr@l). Again, the LD reconstruction  binds eight Chl and two xanthophyll molecules whose ligands
discriminates between the two possible TMVs in the B5 site, can be identified and experimentally modified, and (c) it is
solutions of the geometrical system, and favors the mosta single-gene product, and therefore, we have been possible
negative contribution (i.eq equal to 32 in Table 2). The to check that recombinant and native CP29 are identical in
reconstruction reproduces all the features of LD and Abs their spectroscopic and biochemical properties. The need for
spectra with respect to both the transition wavelengths anda structural model of CP29 was approached by constructing
relative amplitudes. Since we did not make any attempt to a model using its homology with LHCII. The structure that
introduce vibrational transition, the absorption offset ob- was obtained (Figure 2) is a model in which the coordinates
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of the tetrapyrrole rings are those experimentally obtained
from the two-dimensional crystals of LHCII; given the high
degree of homology that exists within this protein family
(19) which leads to closely similar spectral propertig} (t

is reasonable to use such structural information for the
calculation of transition moment vectors in CP29. This
approach received a posteriori support from the successful
reconstruction of both Abs and LD of WT experimental
spectra using data for Chls and coordinates derived from the
LHCII structure.

Linear dichroism has been long used for obtaining
information about the orientation of chromophores in pig-
ment-protein complexes. When structural data at atomic
resolution are available, a quantitative analysis could be
achieved. This is not the case with Lhc proteins except for
LHCII, whose detailed analysis of LD is difficult due to the
presence of a large number of spectrally overlapping chro-
mophores and to the lack of an experimental system allowing
selective manipulation of individual pigments. This limitation
has recently been overcome in the case of the homologous
protein CP29 for which an in vitro reconstitution system has
been developed, yielding recombinant proteins spectroscopi-
cally indistinguishable from the native complebd( 20). By
this approach, the spectral contribution of each component
chromophore could be isolated using direct mutagenesis of
the pigment-coordinating amino acid residu@g)( This
study reports on the results of the first attempt to correlate
a structural model of an Lhc protein with LD data obtained
from mutant proteins in which a single Chl chromophore
has been removed at the individual binding sites.

The absorption and LD results obtained from six CP29
mutant proteins are consistent with essentially one combina-
tion of TMV orientations of four Chla and two Chlb
chromophores. This allows us to propose a position for the
anchoring of the phytol chain to the tetrapyrrole ring of each
of the six chlorophylls (blue dot in Figure 7). In two cases
(site A2 and site B6), the LD results permit only the
assignment of the pyrrol ring binding the phytol chain but
not discrimination between C7 and C8.

It is interesting to note that an allowed solution was found Ficure 7: Representation of transition moment vectors (red arrows)

only when using in the calculation angle values of 70 of all the chlorophyll molecules in the structural model of CP29.

and 6% defining the Q transition with respect to the For the sake of clarity, the complex is shown in two different views
. . . . rotated about 20 around the vertical axis. The blue dots on
chlorophyll-fixed coordinate system, while no solutions were oya5vrroles represent the proposed binding site of the phytol chain

obtained by using the complementary angles {H@l 119), (Chl'A1 and A5 phytol binding sites hidden lmyhelices).
thus supporting the first set of values among the two provided

by the previous studies using chlorophylls oriented in lipid related to the fitting with Gaussian bands, which are well
bilayers @8, 39). Similarly, no allowed solutions were suited for broadened electronic transitions but neglect
obtained when different values of the angle ranging betweenvibrational states. The dichroic signal of each pigment is
60° and 100 for Chl a and 52 and 92 for Chl b were directly proportional to the absorption sub-band throughout
used. eq 1, and the excellent LD fitting is shown in Figure 6B.
The symmetry properties of the CP29 complex in the two The successful reconstruction of Abs and LD by the same
a-helices A and B and their homologous binding sites for set of eight sub-bands, one per each binding site, confirms
the couples A+A2 and A4-A5 have been invoked for  the hypothesis of the noninteracting pigment underlying the
choosing between the two TMV possibilities for A2. To some differential spectroscopy of single-point mutants; in this
extent, these same properties helped in orienting A1 TMV sense, the absence of a significant coupling between Chils in
in space. CP29 Abs and LD spectra has already been discussed by
However, the main improvement in orienting the TMV  Giuffra et al. 0). The transition wavelength and orientation
of CP29 Chls was obtained by the reconstruction of the WT parameters that were used for the spectral reconstruction are
optical spectrum in the (egion. In the frame of independent reported in Table 3. The assignment of the optical transition
pigments, the overlap of single Chland Chlb absorption to each Chl binding site in antenna systems is still an open
nicely accounts for the Abs spectrum of the whole complex question which was widely studied by optical spectroscopy
(Figure 6A). The underestimated Abs at higher energies is and Gaussian decomposition either in the case of CB@9 (
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means that when all sites are filled by identical Chls, which
is possible only for Ché, the process must be bidirectional.
In consideration of the Stokes shift accompanying fluorescent

Table 5: Distances between Chlorophylls in the CP29 Coniplex
den-cni (A) A2 A3 A4 B5 A6 B3 B6

Al 123 262 162 194 164 314 203  emjssion and of the large energy difference betweenaChl
A2 192 174 24 249 214 255 " : . .
A3 196 213 275 92 27 andb Qy transition, the energy transfer from mixed sites with
Ad 127 175 252 26.9 Chl b occupancy to the nearest Chésis favored. The

A5 89 299 188 exception is represented by the mixed site B5, where both
Eg 35.8 3154-6 subpopulations of Chla andb are strongly coupled to Chl

ain A5 by a transfer rate that is comparable to that of the
2 Mg atom distances for the chlorophylls present in CP29 as modeled faster Chl A-A site interaction. In recent experimental and
by its homology to the LHCII experimental structure. theoretical studies on the energy transfer in monomeric
LHCII (45) and CP2946), the simultaneous presence of a
or more generally for the Lhc family in PSIB(16). The fast and slow equilibration process among lower-energy Q
single-site mutational approach coupled to the spectroscopictransitions, or equivalently Chls, was already envisaged,;
analysis is a powerful tool in pinpointing the contribution this is in agreement with our modeling of a Ghhssembly
of missing Chl in the differential spectra (WT vs mutants, with a high rate of transfer between AB2 and A4-A5
see panels A and B of Figure 3). In this labeling, it is and a slower intercrossing equilibration. Notice that this
interesting that some sites appear to be partially occupiedassembly of Chis is conserved in the structure of CP29
by Chla andb; this is a necessary requisite for reproducing and LHCII; in fact, experimental evidence of both rapid and
the WT Abs and LD experimental spectra and satisfying the slow equilibration between some Ciaimolecules in LHCII
total pigment stoichiometry of six Chig and two Chlsb at low temperatures was found by Visser et 4l))( As for
per protein. While mutants lacking a Chl in A2, A4, and A5 the Chlb excitation in transient absorption at 77 K, the largest
give single Abs peaks in the window between 670 and 680 energy transfer constant was between the blue-mosbChl
nm (e.g., Figure 4), mutations in sites B5 and B6 clearly and the red-most Chd, while the opposite uphill process
present two sub-bands at both 650 ar@75 nm. The (red-most Chb to blue-most Chh) was found to be 1 order
differential spectrum of the Chl B3 mutant exhibits more of magnitude slower4g). In our kinetic model, the B5 site
than two peaks below and above 660 nm. In brief, the binding Chl b population has in fact the possibility of an energy
sites for Chl A2, A4, and A5 seem to be selective for @l  transfer to Chla that is as fast as the Cld assembly
the same homology of helices A and B of CP29, specifically equilibration, and the forms associated with these sites are
in the residues binding these Chls, strongly suggests that siteexactly the closest in the Qegion.
Al is also selective for Chd. Data for mutants of B5, B6, Among the many pigments present in the CP29 complex,
and B3 result in the most unrestrictive hypothesis that theseChl A2 and A5 form van der Waals contacts with Lutein 1
sites have an affinity for both Clal andb, and the fraction  and 2, respectively, and are directly facing their central region
of mixed population has been quantified by LD reconstitution (Figure 2). The 2-fold symmetry axis existing in LHCII,
in agreement with previous biochemical analy&$)( conserved in our model of CP29, makes the position of A2
A graphical representation of the Chl TMV in the CP29 on Lut 1 extremely similar to that of A5 on Lut 2 (the
antenna protein is shown in Figure 7. Table 5 summarizes superimposition of the two pairs gives a root-mean-square
the center-center distances between the eight chlorophylls, deviation of 0.62 A). Significantly, the Chl rings and
while Table 4 shows the orientation of thg, @ansitions carotenoid (Car) polyene chains are coplanar with an angle
and the two xanthophyll TMVs obtained from the direction between their TMVs ranging from 2ZA2 to Lut 1) to 19
of the polyene chain. Since the TMV orientations and (A5 to Lut 2). All these features clearly suggest a role of
distances between chromophores in the CP29 complex arghese two groups in the carotenoid to chlorophyll energy
available, a few words about the energy transfer and transfer in light of the lowest-energy transition attributed,
excitation pathway among the ensemble of Chls are in order.by LD reconstruction, to Chl A2 and A5 ,Qransitions.
According to the Foster mechanism, the overlap integral About the mechanism by which this transfer can take place,
between the donor fluorescence spectrum and acceptoithe simultaneous presence of a short distance and parallel
absorbance is also a part of the calculation and describesTMV implies that both Dexter excitation exchange or
the dependence of the transfer rate on the temperature; thusgxcitation exchange through charge transfer states and strong
the following comments refer exclusively to the geometrical Coulomb coupling may be active. For the first mechanism,
factor accounting for the relative dipetelipole orientation only the pigment contact is necessary, and the independence
and the scaling like the sixth power of the distances betweenof fluorescence yield allows the excitation exchange between
the pigments. In this sense, the fastest excitation transfer takeshe Car symmetry-forbidden first excited state and Chl Q
place between Chl A2A2 and A4-A5, while their cross- transition. The experimental observation of this process has
interaction should be slower but certainly effective. Notice been reported in the literature by Trautman et 48),(and
that this assembly of easily equilibrated pigments is exclu- more recently reviewed for bacterial photosynthesis by
sively composed of Chh in nonmixed states, and if a Koyama et al. 49). Strong Coulomb interaction should
kinematic model of energy transfer is assumed, it is sur- dominate anyway but through the Car second excited state,
rounded by all the other mixed sites. Chls in such mixed which is the only symmetry-allowed transition from the Car
sites have a much slower rate of transfer of excitation, and ground state. Whether this channel acts in CP29 as a part of
the transfer is almost exclusively to the two closest neighbors. light harvesting or another function cannot be determined
Clearly, the geometrical factor and relative distance provide here; however, the extremely short distance and the almost
no information about the manner of excitation flow; this parallel orientation of TMVs should make the energy transfer
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in the two Cht-Car pairs extremely fast. We stress that the

two

Chls involved here, A2 and A5, belong separately to

the two most intraconnected (and interconnectedaQialirs,
Al1—A2 and A4-A5; this guarantees the most effective
equilibration of excitation within the whole pigmenprotein

complex.
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