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The structure and orientation of the major protein constituent of photosynthetic membranes in green plants, 
the chlorophyll a/b light-harvesting complex (LHC) have been investigated by ultraviolet circular dichroism 
(CD) and polarized infrared spectroscopies. The isolated purified LHC has been reconstituted into phos- 
phatidylcholine vesicles and has been compared to the pea thylakoid membrane. The native orientation of the 
pigments in the LHC reconstituted in vesicles was characterized by monitoring the low-temperature polarized 
absorption and fluorescence spectra of reconstituted membranes. Conformational analysis of thylakoid and 
LHC indicate that a large proportion of the thylakoid protein is in the a-helical structure (56 + 4%), while the 
LHC is for 44 + 7% a-helical. By measuring the infrared dichroism of the amide absorption bands of 
air-rifled oriented multilayers of thylakoids and LHC reconstituted in vesicles, we have estimated the degree 
of orientation of the a-helical chains with respect to the membrane normal. Infrared dichroism data 
demonstrate that transmembrane a-helices are present in both thylakoid and LHC with the a-helix axes tilted 
at less than 30 ° in LHC and 40 ° in thylakoid with respect to the membrane normal. In thylakoids, an 
orientation of the polar C=O ester groups of the lipids parallel to the membrane plane is detected. Our 
results are consistent with the existence of 3 - 5  transmembrane a-helical segments in the LHC molecules. 

Introduction 

In a previous paper, we have presented direct 
evidence that in native photosynthetic membranes 
of green plants and of photosynthetic bacteria, the 
a-helical segments of the intrinsic proteins are on 
the average preferentially oriented along the nor- 
mal to the membrane plane [1]. However, these 
membranes are heterogeneous and contain several 
chlorophyll-protein complexes. A more critical 
evaluation of the structure of the photosynthetic 

Abbreviations: LHC, light-harvesting complex; DMPC, di- 
myristoylphosphatidylcholine; Chl, chlorophyll; Tricine, N-[2- 
hydroxy- 1,1-bis(hydroxymethyl)ethyl]glycine. 

membrane requires an estimation of the contribu- 
tion of each purified protein complex to the over- 
all structure of the membrane. In the chloroplast 
of green plants, three main chlorophyll-protein 
complexes have been recognized: the light-harvest- 
ing complex (LHC), the Photosystem I complex 
and the Photosystem II complex. The LHC 
accounts for about 50% of the total membrane 
proteins [2] and apart from its role of major an- 
tenna, it contributes to the formation of grana 
stacks [3]. Furthermore, important interactions be- 
tween Photosystem II and LHC take place and the 
transverse membrane arrangement of these com- 
plexes has been described [4]. 

In order to investigate the contribution of the 
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L H C  to the overall orientation of the protein 
secondary structures within the thylakoid mem- 
brane, the isolated purified LHC has been recon- 
stituted into lipid vesicles and has been compared 
to the native pea thylakoid membrane. This was 
done by analyzing the ultraviolet circular dichro- 
ism and the polarized infrared spectra of both 
native and reconstituted membranes. The native 
orientation of the pigments in the LHC recon- 
stituted in vesicles was controlled by monitoring 
the polarized absorption and fluorescence spectra. 
Conformational analysis of the LHC indicates that 
44% of the protein is a-helical. By measuring the 
infrared dichroism of the peptide absorption bands 
of air-dried oriented LHC in vesicles, we have 
estimated that the average tilt angle of the a-heli- 
cal protein segments with respect to the bilayer 
normal is less than 30 °. A preliminary summary of 
these results has already been presented [5]. 

Materials and Methods 

Isolation of thylakoids 
Chloroplasts are isolated from pea leaves using 

a 10 mM Tricine-NaOH buffer (pH = 7.8) con- 
taining 0.4 M sorbitol as described elsewhere [6]. 
Thylakoids were prepared from the chloroplasts 
using 0.1 M sorbitol in 5 mM EDTA (pH 7.0). 

Preparation and reconstitution of LHC membranes 
The LHC was purified according to Burke et al. 

[6]. After Mg2+-induced precipitation, the LHC 
was redissolved in 5 mM EDTA. For reconstitu- 
tion experiments, the purified LHC (with a Chl 
a/b ratio not greater than 1.2) was dialyzed over- 
night against 10 mM Tricine-NaOH buffer (pH 
7.8) containing 10 mM KC1/10 mM EDTA/1.5% 
Triton X-100. 

The procedure for reconstitution of LHC with 
phospholipids was based on that of McDonnel 
and Staehelin [7]. Sonicated dimyristoylphospha- 
tidylcholine (DMPC, Sigma Chemical Co.) vesicles 
(10 m g / m l )  were added with stirring to the 
solubilized LHC (Chl = 2 m g / m l )  to give a 
Chl : lipid ratio of 0.8 (wt/wt).  The prote in/ l ip id  
mixture was subjected to two cycles of rapid 
freeze-thawing with fiquid nitrogen, then allowed 
to stand 1 h at room temperature before Bio-Beads 
SM-2 (Bio-Rad, Richmond, CA) were added for 

another 1 h with gentle stirring. The sample was 
then freeze-thawed and sonicated twice for 30 s 
periods. The suspension was dialyzed for 24 h 
against 10 mM Tricine-NaOH (pH 7.8) containing 
10 mM KC1. The incorporation of LHC into 
DMPC liposomes was checked by ficoll-density 
gradient analysis [8]. The orientation of the LHC 
in the vesicles was characterized by monitoring the 
low-temperature polarized absorption and fluores- 
cence spectra of reconstituted membranes oriented 
by the polyacrylamide gel technique [9]. 

For infrared dichroism analysis, the native or 
reconstituted membranes were washed and pel- 
leted at 150000 × g for 1.5 h and finally resus- 
pended in deionized water. Orientation of the 
membranes was achieved by air-drying the suspen- 
sion onto CaF 2 discs [1], so that the stacking of the 
vesicles was mainly parallel to the disc. 

Polarized infrared spectra were recorded on a 
Perkin-Elmer 180 double-beam spectrometer 
equipped with a common beam Perkin-Elmer 
wire-grid polarizer and linked to a Hewlett-Packard 
9825 A computer. Ultraviolet circular dichroism 
(CD) spectra were measured with a Jobin-Yvon 
Mark V dichrograph linked to a Micral 80-31B 
computer. The method for the infrared dichroism 
analysis and calculation of the average tilt angle of 
thea-helices from the ultraviolet CD and polarized 
infrared spectra has been described in our previ- 
ous papers [1,10]. In order to remove the major 
source of reflection occurring at the membrane /a i r  
interface, the infrared dichroism spectra were mea- 
sured with the air-dried membrane multilayers 
covered with" spectroscopic grade paraffin oil 
(nujol). As previously noticed [11], nujol improves 
the baselines of the infrared dichroism spectra. We 
have found that this procedure does not signifi- 
cantly change the extent of dichroism of the vari- 
ous lipid and amide bands nor the visible linear 
dichroism spectrum. 

Results 

Orientation of pigments 
By comparing the low temperature linear di- 

chroism (LD) in the visible spectral range of iso- 
lated LHC and native thylakoids, it has been 
previously concluded that the in vivo orientation 
of the various pigments within the LHC is pre- 
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served during the isolation [12]. 
The low temperature LD spectra of LHC recon- 

stituted in DMPC vesicles (data not shown) is 
identical to those reported for isolated LHC [12]. 
Moreover, the low-temperature polarized fluores- 
cence emission of LHC reconstituted in vesicles 
(Fig. 1) is identical to the one of isolated LHC 
(Tapie, P. and Breton, J., unpublished data). Fig. 1 
shows that the dipoles responsible for the 681 and 
the 698 nm emission bands are oriented preferen- 
tially parallel to the bilayer plane as they are 
parallel to the plane of the aggregate in the case of 
isolated LHC. Both the LD and polarized fluores- 
cence data therefore indicate that all the visible 
chromophores keep their native orientation during 
the reconstitution procedure. 

Conformational analysis of the polypeptides in the 
thylakoid membrane and in the LHC 

Ultraviolet CD spectroscopy has been used to 
obtain information on the protein secondary struc- 
ture of purified LHC in Triton X-100 or in DMPC 
vesicles. The extent of a-helical structure in pro- 
teins of thylakoids and LHC was estimated by 
fitting experimental CD spectra to sums of pub- 
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Fig. 1. The 90 K polarized fluorescence emission spectra of 
LHC reconstituted in DMPC vesicles. The reconstituted LHC 
was withdrawn from the ficoll-density gradient and oriented by 
the polyacrylamide gel squeezing technique. FII ( ) and 
F± ( . . . . . .  ) refer to the fluorescence of light polarized parallel 
and perpendicular to the long axis of the oriented particles. 
Excitation wavelength at 645 nm. 
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Fig. 2. Comparison of the ultraviolet CD experimental spec- 
trum (40 runs average) of the native thylakoid membrane 
( ) with the calculated curve ( ) representing the 
best fit (between 195 and 260 nm) with Chen et al. reference 
spectra [13]. The experimental spectrum has been shifted by 2 
nm towards shorter wavelengths. 

lished reference spectra [13] using a general least- 
squares program kindly supplied by Dr. K. Lin- 
tner. 

The 190-260 nm region of the CD spectra of 
thylakoids and of isolated LHC is presented in 
Figs. 2 and 3. A comparison of these spectra with 
those of soluble proteins suggests that these spec- 
tra are not severely distorted by light scattering or 
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Fig. 3. Comparison of the ultraviolet CD experimental spec- 
trum (40 runs average) of isolated LHC in Triton X-100 
( ) with the calculated curve ( ) representing the 
best fit with Chen et al. reference spectra [13]. A blank of 
Triton X-100 having a matched Triton X-100 concentration has 
been subtracted from the LHC spectrum. The experimental 
spectrum has been shifted by 1 nm towards shorter wave- 
lengths. 



TABLE I 

ORIENTATION OF a-HELICES IN THYLAKOID AND 
LHC 

Average obtained from four different air-dried samples for 

each type of preparation. 

Thylakoid LHC 
(56 + 4% a-helix) (44 + 7% a-helix) 

Amide I Amide II Amide I Amide II 

D 1.14 0.90 1.19 0.89 
D,, 1.26 0.83 1.46 0.77 
e0, ~ 34 ° 35 ° 22 ° 25 ° 

absorption flattening. In the following calcula- 
tions, it has been assumed that the reference spec- 
tra obtained with soluble proteins by Chen et al. 
[13] can also be used for the conformational analy- 
sis of photosynthetic membrane proteins. How- 
ever, it has been observed that a shift by 1-2  nm 
of the experimental spectrum to shorter wave- 
lengths usually leads to closer fits between experi- 
mental and calculated spectra. The percentages of 
a-helix in thylakoids and in LHC are given in 
Table I. It appears that a large proportion of the 
thylakoid membrane is in the a-helical structure 
(56 __+ 4%), while the main thylakoid membrane 
protein, i.e., the LHC, is 44 + 7% a-helical. We 
consistently observed slightly more variations for 
different preparations of LHC than for the 
thylakoid ones. Furthermore, the thylakoid a-helix 
content reported in this study is higher than the 
value of 40% obtained by" Menke and Hirtz [14]. 
This could be due to the use of a different species 
(Antirrhinum majus) a n d / o r  of a different method 
of preparation of the thylakoids. 

Orientation of proteins in the thylakoid membrane 
and in the reconstituted LHC 

Absorption and polarized infrared difference 
spectra of air-dried thylakoids and reconstituted 
LHC membranes are compared in Figs. 4 and 5 
from 4000 to 1000 cm-1. These spectra displayed 
marked similarities in the frequencies and in the 
dichroisms of the peptide and lipid bands. In 
thylakoids as well as in LHC, the frequencies of 
the amide bands (the amide A NH stretching at 
3300 cm - t ,  the amide I C=O stretching at 1657 
cm -1 and the amide II N H  bending at 1547 cm -1) 
indicate the presence of some a-helical structure 
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[15]. A shoulder on the amide I band at 1515 cm -1 
is attributable to the aromatic ring stretching 
modes of the tyrosine residues [16]. Several lipid 
bands are easily identified: the C=O stretching 
ester at 1738 cm -1, the PO 2 stretching transition 
at 1250 cm - t ,  the various CH stretching and 
bending modes around 2900, 1470 and 1380 cm- I  
[171. 

Polarized infrared difference spectra (Al l -  A l )  
indicate that in both native and reconstituted 
membranes, the lipid as well as the peptide groups 
are oriented with respect to the membrane plane. 
Qualitatively, a positive All - A .  dichroism signal 
is associated with the alignment of the oscillators 
at less than 55 ° from the membrane normal [1]. 
The dichroism signal for the three major amide 
bands is found to be qualitatively the same for 
thylakoid and reconstituted LHC and it is indica- 
tive of oriented peptide segments in both mem- 
branes. The positive signals for the amide A and 
amide I bands and the negative signal for the 
amide II band are consistent with an alignment of 
the axes of the a-helix segments preferentially 
along the normal to the membrane, since in these 
structures the amide A and amide I transitions 
tend to be aligned along the helix axis, while the 
amide II transition tend to have an orientation 
perpendicular to this axis [18]. 

A weak shoulder around 1675 cm -1 can be 
reproducibly observed on the infrared dichroism 
spectra of LHC. However, it has no pronounced 
counterpart in the absorption spectra and it is also 
less visible in the infrared dichroism spectra of 
thylakoids. This small signal which indicates the 
presence of some oriented C=O groups could be 
due to the presence of carbonyls from either the 
chlorophyll molecules or some B-conformation 
(B-turns a n d / o r  antiparallel-pleated sheets) in the 
polypeptide chain. 

In both thylakoid and LHC, several of the lipid 
bands exhibit a dichroism. In particular, the in- 
frared dichroism spectra of thylakoids (Fig. 4B) 
show that the polar C=O ester tend to lie preferen- 
tially in the membrane plane. Such an orientation 
of the lipids has been previously detected in native 
chromatophores [10]. It must be noticed that on 
Figs. 4B and 5B, the dichroism of the lipid acyl 
chains is hidden by the absorption of nujol. Fur- 
thermore, in reconstituted LHC (Fig. 5B), the ob- 
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Fig. 4. (A) Infrared absorption (without nujol) and (B) dichro- 
ism (with nujol) spectra of air-dried thylakoids. (C) Schematic 
representation of the infrared dichroism measurement for air- 
dried oriented membranes on CaF 2 disc. 

served negative dichroism at 1250 cm-1 is attri- 
buted to oriented DMPC phosphate groups as has 
been already observed in pure DMPC liposomes 
[19]. In thylakoids, the dichroism of the small 
absorption band at 1250 cm -1 cannot be mea- 
sured. This can be correlated with the lipid com- 
position of the photosynthetic membrane in which 
galactolipids account for about 80% of the total 
polar lipids [20]. 

For a quantitative determination of a-helix 
orientation, the experimental dichroic ratio D = 
AII/A .L must be corrected to account for the extent 
of a-helix contribution (56% for thylakoid, 44% for 
LHC) to yield the a-helix dichroic ratio, D e = 
AII=/A ±o [1,10]. From D,, the tilt angle (/)a of the 
a-helix axes with respect to the membrane normal 
can be calculated [1,10]. These D, D, and ~, values 
are summarized in Table I. The dichroic ratios of 
the amide I and II bands lead to almost identical 
values for the same preparation, i.e., 34 ° and 35 ° 
in thylakoid, 22 ° and 25 ° in LHC. In order to 
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Fig. 5. (A) Infrared absorption (without nujol) and (B) dichro- 
ism (with nujol) spectra of air-dried LHC reconstituted in 
DMPC vesicles. 

include the extremes in the range of possible a-helix 
contents (Table I) and using the case of assumed 
perfect membrane ordering, upper limits for (h~ are 
placed at 40 ° for thylakoids and 30 ° for LHC. As 
discussed previously [1,10], the likely imperfect 
ordering of the multilayers will make the actual 
value be smaller than this. 

Discuss ion 

Since its first isolation [6], the structure of the 
light-harvesting complex has been investigated by 
a variety of biochemical and biophysical tech- 
niques. The apoprotein of LHC is predominantly 
composed of one or two structurally related poly- 
peptides [21,22] in the 27 kDa range. Its amino 
acid composition shows a high percentage of hy- 
drophobic residues [22]. The amino acid sequence 
of the major pea polypeptide has been recently 
determined, yielding a molecular weight of 24435 
for the 228 residues (Ref. 23; see also Ref. 30). 
From both the sequence analysis [23] and the 
effect of trypsin on the intact thylakoid [22], it was 
deduced that the N-terminal segment is exposed to 
the chloroplast stroma. However, it is still un- 
known if the carboxyl terminal group is disposed 
towards the thylakoid lumen [22]. The oligomeric 
nature of LHC in vivo has been suggested by 
polyacrylamide gel electrophoresis analysis in the 
presence of various detergents, which gives evi- 
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dence for the formation of dimers a n d / o r  trimers 
[24,25]. Furthermore, immunological studies point 
out to a transbilayer organization of the complex 
[4]. Estimation of the chlorophyll :protein ratio 
indicates that each polypeptide binds 11-13 Chl 
a + b [6,22,26], although lower values have also 
been reported [21]. The Chl a/b ratio is typically 
1.1-1.2, but little is known about the detailed 
organization of the pigments. A model based upon 
CD investigation in the visible has been proposed 
for the arrangement of the chlorophylls in a Chl 
a/b antenna fraction: a trimer of strongly interact- 
ing Chl b surrounded by less tightly coupled Chl a 
[27]. Furthermore, low temperature LD experi- 
ments [9,12,28] demonstrate that the specific 
orientation of the various LHC pigments in the 
native membrane is undisturbed upon isolation 
and purification of the complex. It has also been 
shown that the chlorophylls and carotenoids in 
LHC were well shielded from proton attack even 
after some external segments had been clipped 
with proteases [3,29] thus indicating that these 
pigments are probably deeply buried in a hydro- 
phobic region of the complex. 

Regular arrays of LHC have been prepared 
from detergent solubilized or reconstituted mem- 
branes [3,7]. Freeze-fracture micrographs of these 
membrane sheets revealed hexagonal planar arrays 
with particles of 70-90 ,~ diameter [3,7]. More 
recently, 2-dimensional crystals of LHC have been 
investigated by electron microscopy and image 
analysis [26,20-32] as well as by X-rays [26]. Two 
kinds of three-dimensional maps of negatively 
stained LHC at different resolution (16 and 30 A) 
were obtained in detergent [32] and in recon- 
stituted membranes respectively [30]. Both studies 
show that LHC is an asymmetric transmembrane 
protein with large differences in surface area ex- 
posed on both sides of the complex. The LHC 
molecules are organized in trimers and have an 
elongated shape from 59 [32] to 65 ,~ [30] per- 
pendicular to the bilayer and protruding on both 
sides by a total of 10-20 ,~,. Each lattice face 
shows two sets of trimers (head-to-tail configura- 
tion) detected by protruding portions of the LHC 
molecules. Looking at the 3-dimensional map ob- 
tained by Kiahlbrandt at 16 ,~ resolution [32], each 
trimer is characterized by three lobes correspond- 
ing to each LHC molecule. Each lobe appears to 

be composed of three or four protruding structures 
which extend through the lattice interior and 
terminate on the opposite surface in a broad pro- 
trusion (80% of the stain excluding volume is 
localized in the half of the molecule which con- 
tains these three or four protrusions). In 
Kiahlbrant's model [32] these protrusions on both 
sides of the LHC sheet are connected by several 
cylindrical structures, 15-20 ~, in diameter, which 
are somewhat reminiscent of the rods observed in 
the 3-dimensional map of unstained purple mem- 
brane and which have been attributed to trans- 
membrane a-helical segments [33]. 

Although these various data give us some infor- 
mation on the primary and tertiary (or quaternary) 
structure of LHC as well as on its molecular 
arrangement in membranes, very little experimen- 
tal data have been actually obtained on the sec- 
ondary structure of LHC. Only one study, by 
X-rays diffraction [26], has indicated that some 
protein chains are oriented perpendicular to the 
plane of the bilayer. However, the resolution was 
too low to discriminate between a-helix or B-sheet. 
From our CD data, we can estimate that the 
contribution of fl-structure is smaller than 10%, 
while that of a-helix is 44%. However, our CD 
analysis does not include a fl-turn term and possi- 
ble uncertainties in the estimates of fl-form cannot 
be excluded. The infrared absorption spectrum of 
LHC (Fig. 5A) mainly shows the presence of a- 
helical and random structures in agreement with 
our CD data. The infrared dichroism spectrum 
(Fig. 5B) indicates a large amount of oriented 
a-helices (at 1657 cm -1) with very little contribu- 
tion from oriented fl-structure (at 1675 cm-1). 
These a-helices are oriented at less that 30 ° with 
respect to the membrane normal. Thus, our pre- 
sent investigation demonstrates that the oriented 
protein segments detected by Li and Hollingshead 
[26] are mainly a-helical. 

In Li's model [30], a significant portion of the 
LHC molecule protrudes asymmetrically by 20 
out of the plane of the bilayer and is therefore 
exposed to the aqueous phase. It has been demon- 
strated that the N-terminal lies on the stroma side 
[22,23] and it can be calculated [30,34] that the 
first 60 residues are predominantly hydrophilic. 
Accordingly, this protruding region could corre- 
spond to part of the approximately 46% random 
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structure deduced from our CD data. A compari- 
son can be made between the a-helix content and 
orientation found in bacteriorhodopsin (M r 26 000) 
and LHC (M r -- 24 500). Using the same curve-fit- 
ting procedure for both proteins, our CD data 
indicate an a-helical content of 70 + 10% in purple 
membrane (Nabedryk, E. and Breton, J., unpub- 
lished data). Furthermore, the infrared dichroism 
on bacteriorhodopsin [1] gives a value (11 °) for the 
average tilt of the seven a-helices which agree with 
the electron microscopy work [33]. Accordingly, 
our determination of 44 + 7% a-helical content 
and of the 30 ° average tilt angle leads us to 
propose the existence of three to five transmem- 
brane a-helical segments in the LHC molecule. 
Recent theoretical calculations from the amino- 
acid sequence of some intrinsic proteins [34-40] 
other than bacteriorhodopsin and rhodopsin, pro- 
pose transmembrane a-helices as the basic struct- 
ural element. Our data on several Chl-protein 
complexes [1,10,11] either in the native membrane 
(thylakoids, chromatophores) or in the isolated 
state (LHC, bacterial reaction center and its LM 
subunit) substantiate these theoretical results and 
suggest that transmembrane orientation of a- 
helices is a rather general property of both an- 
tenna and reaction center complexes. The LHC 
model described above is compatible with the pre- 
diction based upon hydropathy indices of three 
regions that could cross the thylakoid membrane 
as a-helices (Ref. 34 and Li, J., personal communi- 
cation). However, in this prediction study, the 
effect of the large number of pigments (11 or 13 
Chl a + b and 3 Car per polypeptide), which corre- 
spond to approx, half the molecular weight of the 
polypeptide (24500), was not taken into account. 
This situation is different from that found in 
bacteriorhodopsin (where only one retinal is pre- 
sent per polypeptide) and the large number of 
pigments contained within the LHC could induce 
perturbations in the formation and the packing of 
a-helices. 

It is most unlikely that the Chl in LHC could 
be organized in a way similar to the one observed 
for the seven bacteriochlorophylls in the pigment- 
protein complex ( M r 50 000) from Prosthecochloris 
aestuarii [41]. In this soluble protein, X-rays crys- 
tallography has demonstrated that most of the 
protein, and especially the region containing the 

binding sites for the pigments, is arranged in an 
extended antiparallel r-sheet structure. The small 
amount of r-structure detected in LHC by our CD 
analysis exclude the possibility that several Chl 
could be organized in the same way as in the 
water-soluble protein. A similar conclusion has 
also been reached by Li [30]. The large hydrophilic 
portion of the LHC molecule cannot be a candi- 
date for the Chl-binding sites because of the in- 
accessibility of the pigments to proton attack [29]. 
Furthermore, proteases which also clip the protein 
in this region do not modify this inaccessibility, 
thus indicating that the pigments are deeply buried 
in the hydrophobic interior of the complex. The 
precise location of the pigments as well as their 
orientation with respect to the stain excluding 
hydrophobic interior described on the LHC three- 
dimensional map [30,32] and to the a-helical seg- 
ments must still await more precise analysis. Fur- 
thermore, the infrared dichroism data will be use- 
ful in order to draw more realistic models of 
intrinsic membrane proteins. 
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