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ABSTRACT The three-dimensional structure of a nega-
tively stained hexagonal membrane lattice containing the
light-harvesting chlorophyll a/b-protein complex and
phospholipids has been determined to 30-A resolution by
image reconstruction from electron micrographs. This lattice
has p321 symmetry, a lattice constant of 125 A and a thickness
of 75 A. The monomer is shown to be an elongated molecule
about 65 A long in the dimension perpendicular to the plane of
the membrane. It spans the hydrophobic domain of the
membrane in an asymmetric fashion, projecting ~20 A from
one surface and less from the other. On the basis of this image
and available biochemical data, the structure of the complex in
the native thylakoid membrane is proposed.

The light-harvesting chlorophyll a/b-protein complex
(LHC) is the major integral protein of chloroplast thylakoid
membranes, making up about half the protein weight as well
as half the chlorophyll weight in these membranes (1). It
serves a dual function as the major antenna pigment for
photosynthesis and the thylakoid stacking factor (2). The
holoprotein contains noncovalently bound chlorophylls a
and b in roughly equal amounts (1).

In thylakoid membranes of the pea, two forms of LHC
apopolypeptides of very similar molecular weights, p15 and
pl6, have been identified by gel electrophoresis; the larger,
pl5, is predominant (3, 4). Genes for two variants of pl5
have been sequenced (5, 6). They encode mature poly-
peptides of 233 amino acids that differ at 5 residues and have
molecular weights of 25,000 and 25,013. In spite of the
sequence heterogeneity even within pl5, the pl5 and pl6
polypeptides were found to be structurally related (4) and,
moreover, to show a degree of structural similarity with
LHC polypeptides in other species—e.g., spinach, barley,
and Chlamydomonas reinhardii (7, 8).

As the stacking factor, LHC is exposed on the outer
thylakoid surface. Studies of thylakoid development imply
that LHC is a constituent of the 140-A-diameter, intramem-
brane particles (9), which in freeze-fracture and freeze-etch
electron micrographs appear to span the thylakoid mem-
brane (10). Antigenic sites on LHC were shown to be
accessible from both membrane surfaces (11). However, no
direct visualization of the three-dimensional structure of
LHC in the membranes has been possible, owing to the
complex composition of thylakoid membranes.

LHC can be solubilized from pea thylakoid membranes
under nondenaturing conditions (12). The purified protein
has been incorporated into phospholipid vesicles and in-
duced to crystallize in the plane of the lipid bilayer (13-16).
Using x-ray diffraction and electron microscopy, Li and
Hollingshead (16) showed that LHC lattices in the recon-
stituted membranes are hexagonal, with a lattice constant of
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125 A and a thickness of 70 A. There is a 2-fold axis in the
membrane plane, indicating bidirectional insertion of LHC
molecules. Kiihlbrandt et al. (17) reported that a hexagonal
lattice formed by LHC and Triton X-100 without addition of
lipids has the same planar lattice constant of 125 A but a
smaller thickness of 4050 A. This lattice has p321 symmetry
17, 18).

In this study, the LHC lattices have been isolated from the
reconstituted membranes (16) by eliminating the contiguous
pure lipid phase. The three-dimensional structure of the
lattice in negative stain has been determined by image
reconstruction from electron micrographs (28, 30).

METHODS

Biochemical Procedures. LHC was isolated from pea
(Pisum sativum, var. Progress No. 9) seedlings (12) and
stored at —80°C, at 5-8 mg/ml in 10 mM Tricine [N-
tris(hydroxymethyl)methylglycine], pH 7.8/1.5% (vol/vol)
Triton X-100/10 mM KCl/3 mM NaNj. Protein (19, 20) and
chlorophyll (21) were determined using the above storage
buffer as the blank. Protein purity was established by
LiDodSO,/PAGE at 4°C.

Lecithin was prepared from egg yolks (22) and stored in
absolute ethanol at —196°C. The lecithin migrated as a single
spot on silica-gel TLC plates developed with CHCl;/CH;-
OH/H,0 (65:25:4, vol/vol). Only fractions having an oxida-
tive index (23) of fatty acyl chains <0.2 were used for
reconstitution. Lipid concentration was measured by phos-
phate assay (24).

LHC was incorporated into single-walled lecithin vesicles
(25) by freezing and thawing as described (14, 16). The lipid
control was prepared by substituting the storage buffer
containing Triton X-100 for LHC; the protein control, by
substituting 18 mM sodium phosphate, pH 8.0, for the lipid
vesicles. Excess Triton X-100 was removed by gentle stir-
ring for 2 hr at 4°C with a 167-fold weight excess of washed
Bio-Beads SM-2 (26, 27). After removing the beads by
centrifugation, MgCl, was added to 2 mM to induce crystal-
lization.

The reconstitution products were fractionated on a 12-ml
0-40% (wt/vol) sucrose density gradient in 10 mM Tricine,
pH 7.8/2 mM MgCl,/0.03% (vol/vol) Triton X-100/3 mM
NaN3;/1 mM N-a-p-tosyl-L-lysine chloromethyl ketone/1
mM phenylmethylsulfonyl fluoride. Triton X-100 was in-
cluded to solubilize the pure lipid phase contiguous with the
LHC lattices (16). After centrifugation at 39,000 rpm in the
Beckman SW41 rotor for 20 hr at 4°C, 200-ul fractions were
collected. The sucrose concentration (and, hence, buoyant
density) of each fraction was measured by refractometry.
Duplicate aliquots from the fractions were assayed for
protein (20) and chlorophyll (21) and then for lipid phosphate

Abbreviation: LHC, light-harvesting chlorophyll a/b-protein com-
plex.
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(24) after extraction into CHCl;/CH;OH (2:1, vol/vol) to
remove sucrose and inorganic phosphate. Adjacent fractions
with the same protein/lipid ratio were combined for exami-
nation by electron microscopy and x-ray diffraction. The
protein composition of the fractions was examined by gel
electrophoresis (3).

Density gradients were also prepared from Percoll
(Pharmacia) solutions in 10 mM Tricine, pH 7.8/2 mM
MgCl,/3 mM NaNj, with or without 0.03% (vol/vol) Triton
X-100. Samples were mixed into the solution and centrifuged
in the MSE 10 x 10 ml rotor at 25,000 X g,, for § hr at 5°C.
The density of each band was determined from the weight of
a 100-ul aliquot.

Electron Microscopy and Image Reconstruction. Sucrose
was removed from gradient fractions by dialysis against
washing buffer (10 mM Tricine, pH 7.8/2 mM MgCl,/0.03%
(vol/vol) Triton X-100/3 mM NaN;]. Alternatively, the
fractions were diluted in washing buffer, and the lattices or
vesicles were collected by centrifugation. The sample was
applied to grids in washing buffer and negatively stained with
2% uranyl acetate.

Images were recorded at X 33,000-43,000 magnification
using a Philips EM400 microscope operated at 80 kV. Using
a 60°-tilt goniometer stage modified by J. F. Deatherage,
multiple images of the same specimen area were recorded at
5° tilt intervals beginning at the maximum tilt angle. Focus-
ing and compensation for astigmatism were performed on
adjacent areas. Untilted images were recorded at the start
and end of each tilt series; if comparison of their optical
diffraction patterns indicated significant degradation, the
series was rejected.

Image areas suitable for processing were selected by
optical diffraction (28). In addition, areas containing
multilayered lattices were rejected for three-dimensional
reconstruction but were used for computing untilted filtered
projections. The images were scanned on a flatbed
microdensitometer (29) in 512 x 512 rasters at 20-um
intervals, corresponding at x33,000 magnification to a
square specimen area 0.3 um on a side, sampled at 6-A inter-
vals.

Fourier transforms of the series of tilted images were
combined to form a three-dimensional data set of amplitudes
and phases along the lattice lines (28, 30, 31). Phase residuals
calculated under different two-sided plane groups were
compared to determine the symmetry of the structure. On
each lattice line, a continuous curve of structure factors was
obtained by interpolation followed by real-space filtration
(32). Fourier inversion led to the three-dimensional map of
the structure.

The lattice constant was measured on x-ray powder pat-
terns from pellets of the membrane lattices. CuKa rays from
an Elliot GX13 rotating anode were focused by double
mirrors; the specimen was 42 cm from the film.

RESULTS

Density Gradient Analyses. In the sucrose gradients con-
taining 2 mM MgCl, and 0.03% Triton X-100, the lipid and
protein controls for the reconstitution had buoyant densities
of 1.04 g/ml and 1.13 g/ml, respectively. The reconstituted
membrane lattices fractionated into a ‘‘light’” band at 1.08
g/ml and a ‘‘heavy’’ band at 1.11 g/ml. The light band
contained protein and lipid at a weight ratio of 1.46 + 0.35
(see Methods), corresponding to a molar ratio of about 1:20,
calculated using molecular weights of 25,000 for the LHC
protein and 850 for egg lecithin. In the heavy band, the
protein/lipid ratio was 3.82 = 0.73 by weight (1:8 molar
ratio). Using these ratios as weighting factors, the buoyant
densities of the lattice bands were found to equal the weight
average of those of the controls on the same gradient.
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The polypeptide composition of the light and heavy lattice
fractions and of the protein control appeared identical on
LiDodSO,/PAGE. Both the major and minor LHC poly-
peptides, pl5 and p16 (4), were found to have crystallized in
the reconstituted membrane lattices. The protein/chlor-
ophyll weight ratio was indistinguishable for the two lattice
fractions and for the LHC control. This ratio, 2.96 = 0.27,
yields a stoichiometry of >10 chlorophylls per 25,000
daltons of polypeptide. The chlorophyll a/b ratio was 1.16
+ 0.09 in all these samples.

X-ray diffraction showed that the light and heavy lattices
had the same lattice constant. When reconstituted lattices
were formed from a starting protein/lipid weight ratio of 2:1
(1:15 molar ratio), about equal amounts of LHC were found
crystallized in the light and in the heavy lattices. Pellets of
membrane lattices from the heavy band alone or from the
two bands combined gave rise to x-ray powder rings that
index on a single hexagonal series of lattice constant 124.7 +
0.3 A. (Equality of lattice constant was also indicated by the
reciprocal lattice parameters extracted from computed trans-
forms of electron images of the lattices.) No lamellar reflec-
tion from a separate lipid phase was detected in these x-ray
patterns. Since the lattice constant of LHC lattices that were
contiguous with a pure lipid phase was determined to be 125
A (16), this result shows that removal of excess lipid did not
reduce the lattice constant.

When the heavy band from the sucrose gradient was
recentrifuged in density gradients formed with a 40, 60, or
80% (wt/vol) Percoll solution, it equilibrated as a single
green band at 1.030 = 0.003 g/ml. The lower buoyant
density in Percoll compared to that in sucrose can be
explained if the repeating unit of the lattice contains a
solvent-accessible space that excludes Percoll (diameter, 300
A) but admits sucrose.

Electron Microscopy. All bands resolved in the sucrose
density gradients were examined by electron microscopy
after negative staining. The lipid control consisted of single-
walled vesicles (Fig. 1a). The protein control showed hex-
agonal arrays that were only 3—4 unit cells across and poorly
ordered, giving only the (1,0) and occasionally the (1,1) spots
on optical diffraction.

The light fraction of reconstituted lattices contained hex-
agonal lattices up to 2 um across (Fig. 1b). Different patches
were stained to varying degrees of contrast, starting from
minimal contrast. On the other hand, lattices in the heavy
fraction always showed high contrast, which can be at-
tributed to two effects: First, the areas around the inter-
section of 3-fold and 2-fold axes (see below) were well
stained. In fact, stain density in this region was comparable
to that along the borders of the lattice patch. Second, the
heavy lattices consisted of multilayers stacked in register.
The optical diffraction patterns of their tilt series revealed an
interference effect due to the stacking—i.e., the intensities
varied rapidly along individual lattice lines.

The interference effect renders multilayered specimens
unsuitable for three-dimensional image reconstruction, un-
less the transform of the single layer can be recovered
through oversampling of the lattice lines (33). The light
fraction contained single-layered lattices. However, because
of the variability of contrast among these lattices, the
reconstruction was based on a single 12-member tilt series
taken from a single specimen area.

Image Reconstruction. Optical diffraction from images of
untilted lattices extends to the (3,1) order at 30-A resolution
in the plane, and shows p6m symmetry in intensities. Phase
residuals were evaluated from computed transforms in the
possible two-sided plane groups. For 13 different untilted
images, the residuals averaged 21.44° = 11.39° in p321,
22.19° + 10.58° in p6, 22.23° = 10.53° in p622, 25.46° =
13.18°in p3, and 25.51° + 12.17° in p312. Therefore, at 30-A
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resolution, p321 symmetry appeared to be favored (see
Discussion).

For the lattice area imaged for the three-dimensional
reconstruction, the phase residual of the tilt series was 7.95°
+ 3.54°in p3, 11.31° + 5.32°in p321, 17.42° + 7.02° in p6,
and 21.20° = 10.73°in p622. These values indicate p3 or p321
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F1G. 2. Amplitudes (Ampl) and phases of structure factors along
lattice lines (h, k given in parentheses) in p321 (see text).
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FiG. 1. Electron micrographs of
(a) single-walled vesicles in the lipid
control prepared by substituting a
buffer containing Triton X-100 for
LHC in the reconstitution; (b) LHC
membrane lattices, 2 um across, re-
covered from the sucrose gradient at
1.08 g/ml; (¢) a single-layered LHC
lattice surrounded by multilayered
areas; and (d) multilayered LHC lat-
tices recovered at 1.11 g/ml. (Bar =
1000 A.)

symmetry. However, x-ray diffraction and freeze—fracture
electron microscopy have shown that a 2-fold axis is con-
tained in the lattice plane (14-17). In the negatively stained
lattices, the slightly poorer agreement with p321 symmetry
as compared to p3 is probably due to contact of one lattice
surface with the carbon substrate, causing unequal staining
of the two surfaces and the distortion of projecting structural
elements on the contact surface. Therefore, the reconstruc-
tion was calculated in p321.

Fig. 2 shows the amplitudes and phases along lattice lines
in p321. That the observed phases on the (0,1) line deviate

Fig. 3. Three-dimensional model representing the stain-
excluding structures in the LHC lattice. The 20-A-high surface
protrusions due to LHC are grouped into two sorts of trimers, and
each protrusion in one trimer forms a dimer with an adjacent
protrusion in another trimer. Densities of the LHC molecules
continue into the lattice interior forming a 35-A-thick middle section
of stain-exclusion, which is perforated by stain infiltration of the
lipid area.
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FiGc. 4. Relationships of the rectangular area included in the
model (see Fig. 3) to the unit-cell boundaries and symmetry ele-
ments of the p321 lattice. .LHC molecules projecting on the upper
and lower surfaces are, respectively, indicated in light and dark
shading.

from the real with increasing tilt angle and that structure
factors on the (1,1) line are centrosymmetric but about a
point in z* displaced from the origin are both indicative of
the deviations from strict 2-fold symmetry about the in-plane
axes already discussed. These effects have been corrected
for in the symmetrized structure factors. Amplitudes along
the (0,1) line are unaffected by the deviation, and they can
be estimated to reach zero at about 70-A z-spacing. By
analogy with the transform of a rectangular slit, this im-
plies a 70-A average thickness for the LHC lattice. Further-
more, the calculated Fourier map shows density fluctuations
above the.noise level only within a central slab of 70-75 A
thickness. These results indicate that the structure imaged is
only one membrane thick, confirming the lattice thickness
measured by meridional x-ray diffraction from oriented,
stacked LHC lattices (16).

The Three-Dimensional Model. The stain-excluding struc-
tures in the Fourier map are represented by the three-
dimensional model shown in Fig. 3. The relationships of the
rectangular area covered by the model to the unit-cell
boundaries and the symmetry axes of the p321 planar lattice
are diagrammed in Fig. 4.

The model shows that, within the unit cell (see Fig. 4) of
125-A lattice constant, there are two sets of protruding
trimers on each lattice face. These represent projecting
domains of LHC molecules and are =26 A in diameter. The
center-to-center distance between protrusions in one set of
trimers is =44 A, and in the other, =46 A. Distance between
adjacent protrusions from two different trimers is ~40 A.
These trimer and dimer interactions build up an extended
lacework. Operation of the 2-fold axes in the plane brings
trimers on opposite faces into a nearly staggered confirgura-

Fic. 5. Diagram illustrating the asymmetric placement of the
LHC monomer relative to the hydrophobic domain (stippled area) of
the reconstituted membrane. Molecular boundaries in the hydro-
phobic region are not determined at the 30-A resolution, but are

drawn schematically.
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tion. Therefore, in projection the stain-excluding features of
the lattice have a braided appearance. At the intersection of
3-fold and 2-fold axes, a hole ~92 A in diameter represents
stain infiltration.

Side view of the model shows a 35-A-thick middle band of
stain exclusion, which probably corresponds to the hydro-
phobic domain of the membrane lattice. Protruding LHC
molecules extend beyond this domain by 20 A at most,
giving the lattice a total thickness of 75 A (Fig. 5).

DISCUSSION

Symmetry. The structure of the LHC membrane lattice
determined in this study has p321 symmetry, as shown
by phase relations in its three-dimensional transform at 30-
resolution. The earlier report of p622 symmetry (16) was
inconclusive, as it was based on p6m symmetry of intensities
in the (hk0) section, which is equally consistent with p321 or
p312 symmetry.

Several lattice areas that were examined untilted in this
study gave two-dimensional transform phases supporting
p622 symmetry, whereas others indicated p321 symmetry. It
is conceivable that sheet crystals of LHC can be obtained in
either symmetry arrangement. The three-dimensional model
(Fig. 3) suggests that a twist of one set of trimer about its
3-fold axis would result in p622 symmetry for the lattice.
Thus, from the three-dimensional data at the present resolu-
tion, whether the structure is calculated in p321 symmetry
(as was done on the basis of comparison of phase residuals)
or in p622 symmetry, the resultant protein- and lipid-packing
would not be substantially different. Alternatively, the p622
symmetry seen in projection was only apparent. This could
be due to twinning of p321 lattices by a 180° rotation about an
axis parallel to their 3-fold axes or, if the area imaged
comprised stacked lattices, due to the superposition of two
3-fold symmetric lattices that are related by a 60° rotation.

Protein Content. The unit cell of the p321 lattice contains
6 asymmetric units and therefore must contain multiples
of 6 LHC monomers. The lattice constant of 125 A and
average thickness of 70 A give a unit-cell volume that is
sufficient to accommodate 12 LHC monomers. In the Fourier
map, stain-excluding structures occupy, on the average,
6887 A2 per unit cell in the lattice interior. If 12 monomers
share this area, each will have an equivalent circular diam-
eter of 27 A, which is close to the 26 A diameter of the
surface protrusions. Such a cross-section compared to the
volume expected for the monomer including bound
chlorophylls implies an elongated shape, =65 A long perpen-
dicular to the membrane lattice. The stain-excluding volume
of the unit cell is consistent with 12 monomers of this shape,
but cannot be accounted for by only 6 monomers. Because
of their thickness and strong surface relief, the stain-
excluding structures are not likely due to lipid components
of the lattice. Therefore, the asymmetric unit of the p321
lattice contains a noncrystallographic dimer of LHC mol-
ecules.

The noncrystallographic dimer does not correspond to a
one-to-one complex of the LHC polypeptides plS and p16,
because pl5 is predominant over p16 in the lattices as in the
thylakoids. In view of the structural similarity among LHC
polypeptides (4, 7, 8) and the sequence microheterogeneity
within p15 (6), it is likely that they crystallize interchange-
ably in these lattices.

Lipid Content. Lipids in the light lattices probably form a
bilayer over an area =92 A in diameter and bounded by
trimer and dimer clusterings of LHC. This area can accom-
modate =220 lipid molecules in a bilayer configuration,
which agrees within experimental error with the lipid content
of the unit cell calculated for 12 LHC monomers. The lipids
appear to exchange with detergent, which was used for
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dissolving the pure lipid phase outside the lattice patch and
in sample application to the grid. The exchange facilitates
stain infiltration of the lipid area, an effect observed in other
sheet crystals of membrane proteins prepared with deter-
gents (34).

In the heavy lattices, the protein/lipid ratio suggests that
half of the lipids required for a continuous bilayer was
replaced by detergent. The buoyant density of these lattices
is lower in Percoll than in sucrose, consistent with the
formation of a Percoll-excluding space as a result of the
replacement.

Protein Packing. That the heavy and light lattices, which
differ in lipid content, should have the same lattice constant
suggests that the LHC lattices are stabilized by pro-
tein—protein interactions. It is reasonable to assume that the
12 prominent surface protrusions correspond to the 12
monomers and to the same polypeptide segments in each
monomer. Therefore, the trimer and dimer interactions
observable from the lattice surface occur between subunits
in the same orientation with respect to the membrane plane.
These interactions may also occur in the native thylakoid
membrane. In addition, LHC subunits in the opposite orien-
tations form lateral contacts in the hydrophobic interior of
the membrane lattices. The latter interactions have no paral-
lel in the natural membrane, where proteins are vectorially
inserted.

Chlorophyll Protein Organization. Assays on the LHC
lattices indicate that >10 moles of chlorophylls a and b are
bound per polypeptide. A 25,000 M, polypeptide cannot
form a B-barrel that both encloses all the chlorophylls and
conforms to the elongated shape indicated by image recon-
struction. Therefore, the pigment/protein organization in
this integral membrane protein must be different from that
observed in the water-soluble bacteriochlorophyll a protein
(35). Recent findings from circular dichroism and infrared
linear dichroism (36), which show 44% of the LHC poly-
peptide in a-helical conformation and the helices in a pre-
dominantly transmembrane orientation, concur with this
deduction.

Monomer Asymmetry. Image reconstruction of the recon-
stituted membrane lattice shows that the LHC monomer is
an elongated structure about 65 long normal to the
membrane plane; it spans the 35-A-thick hydrophobic sec-
tion of the membrane lattice in an asymmetric fashion,
projecting 20 A on one side and less on the other. Fig. 5
illustrates the asymmetric placement of the LHC monomer
relative to a membrane bilayer. It is known that trypsin
cleavage of 2000 daltons from the LHC polypeptide in situ
reduces the capacity of thylakoids to stack (37). The se-
quence of the excised segment (38) matches the NH,-
terminal sequence of the major LHC polypeptide (5),
thereby placing the NH, terminus on the outer thylakoid
surface. A hydropathy plot (39) reveals that the NH,-
terminal 60 residues of the 233-residue LHC polypeptide are
predominantly hydrophilic. Thus, it is possible that the
NH,-terminal quarter of the sequence is largely contained in
the 20-A protrusion seen in the reconstructed image. In vivo
this domain would be oriented toward the outside of the
thylakoids and contribute to thylakoid stacking. This orien-
tation would explain the ability of reconstituted membrane
lattices to mimic thylakoid stacking (14-17).
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