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The chlorophyll-containing lamellae within higher
plant chloroplasts are the site of the light reactions
and associated electron transport reactions of the
photosynthetic process (12,19). Investigations on the
chemical composition of purified spinach chloroplast
lamellae have shown that they are about 50 9, protein
and 50 9 lipid (13). Of the 2 fractions, the lipid
has been studied the most extensively owing to the
considerable interest in the photosynthetic pigments,
and the majority of the fraction can be accounted
for by known compounds (8, 11).

The protein fraction contains the 2 cyvtochromes,
f and b, and the transition metals iron (nonheme),
manganese and copper (13). This fraction has re-
ceived very little direct attention, presumably owing
to the extreme insolubility of the material at physio-
logical pH and the lack of appropriate enzymological
tools to cope with the problem.

Davenport and Hill (3) purified cytochrome f
from an ammoniacal ethanolic extract of fresh pars-
ley leaves by ammonium sulfate fractionation and
calcium phosphate gel adsorption. The pure protein
was shown to be MW = 110,000 and contained 2
hemes.

Indirect evidence concerning the properties of the
protein fraction comes from work primarily designed
to investigate the nature of the chlorophyll-protein
link in attempts to elucidate the state of chlorophyll
in vivo (14,15). For this purpose a wide variety of
detergents and organic solvents have been used to
solubilize the membranes of chloroplasts. It was de-
cided that a similar use of detergents for the removal
of lipid from the lamellae and solubilization of the
protein would be a fruitful approach to the study of
the chloroplast protein fraction. These methods have
also been shown to be of great value in the study of
the mitochondrion where similar problems of protein
insolubility prevail (35).

This report describes the preparation and some
physical properties of the protein fraction of chloro-
plast lamellae in an attempt to derive information
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pertinent to the molecular architecture of the photo-
synthetic membrane.

Methods

Preparation of chloroplast lamellar protein frac-
tion: Chloroplasts were prepared from fresh Spinacia
oleracea and the lamellae were isolated by the pro-
cedure of Park and Pon (13). The final sediment
after ultracentrifugation at 145,000 X g for 60 minutes
was used. This purified preparation contains very
little of the chloroplast stroma fraction.

Lamellae equivalent to 500 mg dry weight were
solubilized in 20 ml 0.2 9% sodium dodecyl sulfate
(SDS), pH 7.1, and allowed to stand at 4° for 1
hour with gentle stirring. During this process a
clear solution was obtained. Lipid was most ef-
fectively removed from such a detergent-dispersed
solution by the slow addition of sufficient n-butyl
alcohol at —5° to give a final volume 20 9, greater
than the original detergent solution. After rapid
stirring for about 30 minutes the solution was cen-
trifuged at 1000 X ¢ for 15 minutes and the upper
organic layer removed by careful aspiration. Com-
plete removal of lipid was achieved by one or more
repetitions of this procedure. The aqueous phase
was then dialyzed exhaustively against 0.01 M Tris
chloride, pH 8.0, to remove as much butanol and
detergent as possible.

An additional method of extracting lipid from the
detergent-treated lamellae was by —10° acetone pre-
cipitation. The protein precipitated at 80 to 85 9
acetone and was collected by centrifugation. It was
shown by spectrophotometry to be free of the photo-
synthetic pigments after several washes with cold
—10° acetone. After removal of the acetone from
the precipitate by evacuation, it was possible to dis-
solve about 75 9 of the protein (as determined by
Kjeldahl analysis) in 0.05 9, SDS, 0.05 m Tris-Cl,
pH 80, by extraction of the residue overnight.
During this procedure the washing and removal of
acetone was conducted as rapidly as possible and at
—10° to minimize protein denaturation.

The protein was concentrated by ammonium sul-
fate precipitation or lyophilization after dialysis
against 107 M Tris-Cl, pH 8.0. The protein was yel-
low-brown in color and was stored at 4°.

Spectrophotometry. A Cary Model 14R auto-
matic recording spectrophotometer with a scatter
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transmission attachment was used. Oxidation and
reduction difference spectra were obtained using the
0 to 0.2 OD slidewire on the spectrophotometer. In
some cases, split compartment cuvettes obtained from
Pyrocell Manufacturing Company. New York, were
used (22). The use of these cuvettes permitted ac-
curate, unambiguous measurement of the Soret re-
gion of the cytochromes in the protein fraction as
the concentration of oxidant (ferricvanide) or re-
ductant (dithionite) in both analyzing beams was
identical.

Sedimentation Cocefficient. A Spinco Model E
analytical ultracentrifuge equipped with schlieren op-
tics and phase plate was used in the sedimentation
experiments. An AN-D rotor and standard single 4°
sector cell with an aluminum centerpiece was used.
The protein solution in 0.02 ¢, SDS was exhaustively
dialyzed against 0.01 m Tris-Cl. pH 8.0, and then
centrifuged at 110,000 X ¢ for 30 minutes in a Spinco
Model L preparative ultracentrifuge. The super-
natant fraction was then dialvzed to equilibrium
against 0.002 ¢, SDS, 5 X 10 M Tris-Cl, pH 8.0,
and 0.1 m NaCl. The dialysate was subsequently
used for dilution of the protein solution in order to
produce varying concentrations of protein. Sedi-
mentation velocity studies were carried out at 59.480
rpm at 20°.  Sedimentation coefficients were deter-
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Fic. 1. Absorption spectra of the chloroplast lamel-
lar protein fraction. A, An absoiute spectrtm oi the
ultraviolet region. B, A reduced minus oxidized differ-
ence spectrum on the same protein sample only using the
0 to 0.1 OD slide wire on the spectrophotometer. The
difference spectrum was obtained using cuvettes con-
taining protein and 104 M ferricyanide in separate com-
partments. The lower curve is a base line. The pro-
tein and ferricyanide in the cuvette in the reference
beam was then mixed and a minute quantity of solid
dithionite was added to the protein compartment of the
cuvette in the sample beam.
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mined at 6 concentrations spanning a 10-fold range
of dilution.

Diffusion Coefficient. 'The apparent diffusion co-
efficient of the protein fraction (6 mg protein/ml)
was determined in the analytical ultracentrifuge by

a procedure according to Ehrenberg (4). A capill-
ary-type. double-sector, synthetic boundary cell

(Spinco No. 306075, Epon-filled) was used. After
careful layering of buffer (0.1 m NaCl. 0.002 9,
SDS. 0.05 »m Tris-Cl, pH 8.0) at low speed. the cen-
trifuge was adjusted to 10,580 rpm and the experi-
ment was concluded after 1 hour.

Results

Figure 1 shows the absolute absorption spectrum
(230400 mp) and a reduced-oxidized difference
spectrum (400-600 my) of the lamellar protein frac-
tion in 2 X 10°% ¢, SDS, 0.05 m Tris-Cl, pH 8.0.
There is a large absorption band at 279 mpy and a
shoulder at 200 mu. The difference spectrum in the
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Fi16. 2. Chloroplast lamellar protein fraction. Dii-
terence spectrum, untreated minus oxidized (2 X 103
ferricyanide), obtained usiag split compartment cuvettes.
The lower curve is a base line, untreated minus untreated.
The upper curve was obtained by mixing the compart-
ments of the cuvette in the reference heam and show
the absorption spectrum of cytochrome f.
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visible region shows the ¢, B and Soret absorption
bands characteristic of ferrocytochromes f and b,.
The density of the absorption band in the ultraviolet
is 7 times greater than that of the combined Soret
bands. Comparison of this value with those of other
pure plant cytochromes (0.2-0.5) indicates that the
greater proportion of the protein fraction is not
hemoprotein.

Figure 2 is a difference spectrum, untreated minus
oxidized lamellar protein. This shows the absorption
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Fic. 3. Chloroplast lamellar protein fraction. Dif-
ference spectrum reduced (2 X 107 M dithionite) minus
untreated obtained using split compartment cuvettes.
The lower curve is a base line, untreated minus un-
treated. The upper curve was obtained by mixing the
compartments of the cuvette in the sample beam and
shows the absorption spectrum of cytochrome b,.
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spectrum of ferrocytochrome f. The bands are @ =
554 mu, B’ = 530 mu, B = 524 mu, and y = 421
mu. These maxima are in very good agreement with
those reported by Hill and Bonner (6) for 80 9 ace-
tone-extracted material. However, in this work, the
B band is split whereas Hill and Bonner only found
splitting at low temperature. The absorption ratios
a/B and y/a are also in good agreement with the
data on highly purified ferrocytochrome f (3).

Figure 3 is a difference spectrum of reduced la-
mellar protein minus untreated protein and shows the
absorption spectrum characteristic of ferrocytochrome
bs. The absorption maxima are ¢ = 561 mu, B =
530 my, and y = 431 mu. This result is in agree-
ment with the values given by Hill and Bonner (6)
for 80 9, acetone-extracted lamellae although it ap-
pears that in the isolated protein the bands are
shifted slightly to shorter wavelengths.

Figures 4 and 5 are difference spectra of the re-
gion of the a and B bands of an 80 9% acetone
powder of chloroplast lamellae and of lipid-free la-
mellae solubilized in sodium cholate (2 mg/mg pow-
der). The absorption band maxima are in excellent
agreement with those reported by Hill and Bonner
(6).

The cytochrome content of the chloroplast la-
mellar protein was determined from these spectro-
photometric measurements and knowledge of the
weight of protein in solution. Using the ea-band
extinction coefficients of 2.5 X 10* for cytochrome
f and 2.0 X 104 for cytochrome b, the cytochrome
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Fic. 4. Difference spectra of an 80 % acetone pow-
der of pure spinach chloroplast lamellae. Powder sus-
pended in 0.1 M Tris-Cl, pH 8.0. A, base line. B, di-
thionite-reduced minus untreated. C, untreated minus
{erricyanide-oxidized. D, dithionite-reduced minus ferri-
cyanide oxidized. Solid dithionite and ferricyanide were
added to the cuvettes.
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Table 1. Cytochrome Content of Chloroplasts; This Study and Literaturce Values

Cytochrome Molar ratio

Plant ratio Chlorophyll Author
b,/f Cytochromes { and b,

Parsley 380 (f only) Davenport and Hill (3)
Elder L. 430 (f only)
Spinach 1 200-300 Sironval and Enagelert-Dujardin (18)
Spinach . 400 Lundegardh (9)
Spinach 1.3 ... Hill and Bonner (6)
Spinach 0.92 about 230* this work

Calculated on the basis of the composition of a quantasome of 50 ¥ protein and containing 230 chlorophyll

molecules (11).

be/f ratio is then 0.92 and 1.1 X 10° g of the pro-
tein would contain molar quantities of the 2 cyto-
chromes. Hence, there is one of each cytochrome
per 230 chlorophylls or one quantasome (11).

These values for the cytochrome concentration are
higher than the concentration measured by Daven-
port and Hill (3) for cytochrome f in parsley and
elder, and Lundegirdh (9) for spinach. However,
the agreement with Sironval and Engelert-Dujardin
(18) and Hill and Bonner (6) is good. Table I
summarizes the data in this study and the literature
values for comparison. The variation in values is
quite high, and it is suggested that differences in the
physiological condition of the starting materials
could contribute to such discrepancies.

Our results show that the lamellar protein frac-
tion contains the 2 cytochromes, f and b, in about
equimolar amounts. The ahsorption spectra of the
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Fi1c. 5. Difference spectra of lipid-free chloroplast
lamellae solubilized in cholate (2 mg/mg protein). A,
untreated minus ferricyanide-oxidized. B, dithionite-
reduced minus untreated. C, dithionite-reduced minus
ferricyanide-oxidized.

ferrocytochromes are very similar to those described
previously for lamellae extracted with acetone. It
also appears that very low concentrations of SDS
and proportionately high concentrations of sodium
cholate do not radically modify the absorption spectra.

The protein fraction was studied by analytical
ultracentrifugation to ascertain the extent of the
heterogeneity and to gain information concerning the
molecular size and properties of component species.
Figure 6 shows a schlieren photograph of the protein
fraction during a sedimentation velocity determina-
tion. The material appears as a single broad bound-
ary and the color of the 2 cytochromes is clearly
associated with the boundary. Furthermore, the
color remained associated with the boundary through-
out the sedimentation indicating that the cytochromes
are of very similar sedimentation coefficient to that
of the major component in the boundary.

Figure 7 shows the dependence of sedimentation
coefficient of the lamellar protein on concentration.

FiG. 6. Schlieren photograph of the chloroplast
lamellar protein fraction during a sedimentation velocity
determination. The color due to the cytochromes is
clearly associated with the boundary. Protein 7 mg/ml
in 0.1 m NaCl, 0.002 % Na-dodecyl sulfate, 5 X 102 M
Tris, pH 8. Rotor speed 59,780 rpm, 4°. Phase plate
60°. Photograph taken 12 minutes after reaching speed.
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CONCENTRATION

F1c. 7. Dependence of sedimentation coefficient on
concentration of the lamellar protein fraction. All ex-
periments conducted in 0.1 M NaCl, 0.002 % Na-dodecyl
sulfate and 5 X 1072 v Tris, pH 8.

At high concentrations there appears to be a linear
dependence; the higher the concentration, the lower
the coefficient. However, at lower concentrations,
the reverse behavior is apparent. Schwert (17)
noted this type of anomaly for a-chymotrypsin and
suggested that the system was undergoing a rapid
association-dissociation equilibrium. It is likely that
this interpretation could apply here for the lamellar
protein system, as the tendency for aggregation is very
high. It is suggested that these physical interactions
between the protein species are instrumental in main-
taining the structure of the membrane in vivo.

By extrapolation of the linear portion of the
sedimentation data to infinite dilution, the sedimen-
tation coefficient of the apparent dimer is 4.5 X
1013 s, Extrapolation of the lower concentration
points to infinite dilution permits an estimate of the
sedimentation coefficient of the monomeric form as
23 X 103 s. Owing to this anomalous behavior
of the protein fraction, both these extrapolations are
hazardous and the results are considered with cau-
tion.

The apparent diffusion coefficient of the protein
fraction was determined in the ultracentrifuge by a
layering experiment. The data were evaluated by
the maximum ordinate method (4), and the diffusion
coefficient was determined as 9.1 X 1077 cm? sec™.
It was noted that during the experiment the area
under the gradient curve remained constant indicating
that no large aggregates formed and sedimented
from the boundary.
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Discussion

From the measured physical constants of the
chloroplast lamellar protein fraction it is possible to
compute the average molecular weight. Insertion of
the sedimentation coefficient, S = 2.3 X 107! <ec:
diffusion coefficient, D = 9.1 X 1077 cm? sec™!, and
partial specific volume, v. = 0.722 (assumed) into
the Svedberg equation yields MW = 22,000 X g
mole™.

The behavior of the protein fraction in the analy-
tical ultracentrifuge is typical of a system exhibiting
an association-dissociation equilibrium and the tend-
ency for aggregation is very high. This is expected
for a protein fraction derived from a cell membrane
where structural integrity is mandatory for biochem-
ical activity. The insolubility of the protein fraction
at physiological pH and the process of solubilization
by detergent leads one to conclude that the protein
species are hydrophobic in nature and the lamellar
structure is possibly maintained through the repulsion
of water rather than by other attractive forces.

The properties and molecular dimensions of this
chloroplast lamellar protein fraction bear a striking
similarity to the structural protein of mitochondria
described by Criddle et al. (1). However, they
found that although the aggregation tendency is
high, as evidenced by its insolubility at physiolog-
ical pH, the sedimentation coefficient of the protein
is independent of concentration. This is in contrast
to the result found here, and a possible explanation
of this discrepancy is that the 2 studies were con-
ducted in different concentrations of detergent.
Criddle et al. “1) used a 100-fold higher concentra-
tion of SDS, zud it is likely that this high concentra-
tion sufficiently eliminated interaction of the protein
even at high protein concentrations. Low detergent
concentrations were used in this study to avoid pos-
sible ambiguities arising from operating above crit-
ical micellar concentrations.

There have been other reports of preparations of
proteins from the lamellae of chloroplasts. Criddle
and Park (2) prepared a protein from an acetone
powder of lamellae by solubilization with bile salts
followed by salt fractionation. The protein is heme-
free. the sedimentation coefficient is 2.2 S and MW
= 23,000. By analogy to the protein isolated from
mitochondria (1) it was termed structural protein.

Weber (21) and Thornber, et al. (20) solubilized
lamellae in acid and found a 6 S component. The
6 S component was resolved into 6 protein species by
polyacrylamide gel electrophoresis, but neither rela-
tive concentrations of the components nor detailed
behavior of the protein in the ultracentrifuge were
given (20).

Pertinent information concerning lamellar sub-
structure comes from observations on the effect of
detergents on the chloroplasts and the formation of
pigment-protein complexes. Treatment of chloro-
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plast lamellae with digitonin or bile salts (2-3 %)
leads to the formation of a particle with a sedimen-
tation coefficient of 13.8 S and a molecular weight
of about 265,000 (16). Ttoh et al. (7) showed that
treatment of grana with 3 X 107 Mm dodecyl-
Len enc sulfonate formed a pigment-protein  with
a sedimentation coefficient of 2.9 S, and higher con-
centrations led to the formation of a 1.2 S com-
ponent. This effect is very similar to that in-
duced by dodecyl sulfate where a 2.5 S component
is formed with 0.23 ¢, detergent. and higher con-
centrations yield a 1.69 S component (16). Fur-
thermore, in hoth cases the pigment remains hound
to the protein in the presence of these anionic deter-
gents, whereas bile salts and digitonin extract the
pigments (15).

As only 1 boundary was detected in the sedimen-
tation velocity studies in this work, it can be con-
cluded that all the molecular species in the lamellar
protein fraction, including the 2 cytochromes, have
similar  sedimentation coefficients. Assuming that
other hydrodynamic parameters are also similar, then
the proteins are of approximately the same molecular
weight. i.e.. about 22,000. Assuming the proteins to
be spherical, their diameters are about 40 A. TIf the
molecular weight of a quantasome is 2 X 10% and
is 50 9, protein (11), then there are about 40 of the
lamellar proteins per quantasome. 2 of them heing
cvtochromes f and b,.

Thus, it appears from this study of the properties
of the protein fraction of chloroplast lamellae, other
reports in the literature and the effect of detergents
on lamellae, that the principal protein in the mem-
brane in the chloroplast is in the order of 22.000
molecular weight and 40 A in diameter. T'hat this is
a fundamental repeating subunit is also suggested by
the work of Kreutz and Menke (10). They studied
the low angle X-ray scattering of chloroplast lamel-
lae and found a 36 A to 40 A periodicity in the plane
of the lamellae.

It also appears that various complexes of the la-
mellar protein can be isolated. Unfortunately, there
are no analytical data on the 13.8 S complexes
formed by treatment of the lamellae with digitonin
or hile salts, but they represent one-fourth of the
quantasome protein. Park and Biggins (11) showed
electron micrographs of shadowed lamellar sonicates
which clearly indicated that the quantasome could be
comprised of 4 subunits. Tt is possible that these may
represent specific in vivo functional protein complexes
of which the cytochromes and the, as vet unknown,
enzymic apparatus responsible for (O, evolution are
a part.

Summary

Treatment of purified spinach chloroplast lamellae
with dodecylsulfate and butanol effectively strips the
protein free of lipid. The lipid-free protein fraction
was studied by spectrophotometry and analytical ul-
tracentrifugation.

PHYSIOLOGY

The protein fraction was found to consist of a
large quantity of heme-free protein and the 2 cvto-
chromes f and b,. The absorption maxima of the «
and B bands of the ferrocytochromes do not appear
to be significantly modified by low concentrations of
detergent.

In the analytical ultracentrifuge, the protein frac-
tion appeared as a single broad boundary exhibiting
an association-dissociation equilibrium. The mean
sedimentation coefficient at infinite dilution was
found to be 2.3 X 1073 s and the diffusion coeffici-
ent 9.1 X 1077 cm? sec™'. Hence, the average mole-
cular weight of the proteins is about 22,000 X ¢ -
mole™. This value can only be considered approxi-
mate, owing to the uncertain extrapolation of the
sedimentation velocity data and to the assumed par-
tial specific volume of the proteins. Assuming the
proteins to be spherical, the diameter of the proteins
is about 40 A. Tt is suggested that these units com-
prise a fundamental repeating structural unit in the
lamellae.
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