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The chlorophyll-containiing 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 % protein
and 50 % lipid (13). Of the 2 fractions, the lipid
has been studied the most extensively owing to the
considerable interest in the photosynthetic pigmiients,
and the majority of the fraction can be accounted
for by known compounds (8, 1 1).

The protein fraction contains the 2 cvtochromes.
f and b6, and the tranisitionl 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 phsvsio-
logical pH and the lack of appropriate enzymological
tools to cope w%ith the problem.

Davenport and Hill (3) pturified cytochromiie f
fromii an ainmmoniacal ethanolic extract of fresh pars-
ley leaves by ammiiiioniunii sulfate fractionation and
calcium phosphate gel adsorption. The pure protein
was shownl to be MW\ = 110,000 and contained 2
lienmes.

Indirect evidence concerninig the properties of the
protein fraction comes from wvork primarily designed
to investigate tlle nature of the chlorophyll-protein
link in attempts to eltucidate the state of chlorophyll
in vivo (14, 15). For this purpose a wide variety of
detergents anid orgianic solvents have been used to
solubilize the membranes of chloroplasts. It was de-
cided that a siiiilar use of deterglents for the remio-al
of lipid from the lamiiellae 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 mitochondrioni where similar problems of protein
insolubility prevail (5).

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

Methods

Preparation of chloroplast lamellar protein frac-
tion: Chloroplasts were prepared from fresh Spinacia
oleracca 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 verv
little of the chloroplast stroma fraction.

Lamellae equivalent to 500 mg dry weight were
solubilized in 20 ml 0.2 % 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 volumiie 20 % greater
than the originial detergent solution. After rapid
stirring for about 30 nminutes the soltution was cen-
trifuged at 1000 X g for 15 minutes and the upper
organic layer remiioved by careful aspirationi. Com-
plete removal of lipid was achieved by one or miiore
repetitions of this procedure. The aqueous phase
was then dialyzed exhaustively against 0.01 mI Tris
chloride, pH 8.0, to remove as much butanol and
detergent as possible.

An additional miethod of extracting lipid fromii the
detergent-treated lamellae was by -100 acetone pre-
cipitation. The protein precipitated at 80 to 85 %
acetone and was collected by centrifugation. It was
shown by spectrophotometry to be free of the photo-
synthetic pigments after several washes with cold
-100 acetone. After remuoval of the acetone fromii
the precipitate by evacuation, it was possible to dis-
solve about 75 % of the protein (as determined by
Kjeldahl analysis) in 0.05 % SDS, 0.05 M Tris-Cl,
pH 8.0, by extraction of the residue overnight.
During this procedure the washing and removal of
acetone was conducted as rapidly as possible and at
- 100 to minimize protein denaturation.

The protein was concentrated by ammonium sul-
fate precipitation or lyophilization after dialvsis
against 10-4 M Tris-Cl, pH 8.0. The protein was vel-
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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trainsmissioni attachmeint was used. Oxidation alid
recltlctioll (lifferenice sp)ectra wvere ol)taine(l using the
() to 0.2 OD sli(lewire oni the spectrophotometer. In
somiie cases, split comepartmiienit cuivettes obtailned fromll
Pvrocell Maanufacturing Company, New York, wvere
used (22). The uise of these cuvettes plerlmitted ac-
curate, uinamiibiguous imieasuiremiient of the Soret re-
gioin of the cytochromnes in the proteini fractionl as
the concelntrationi of oxidant (ferricyanidle) or re-
(luctant ( dithionite ) in both analyzing b)eanis \\ a-
i(lenitical.

Sedimlecitationi Coefficienit. A Spiinco Model E
ani alytical ultracentrifuge equippe)el with schlieren o0)-
tics ani(l phase plate was use(I in the sedimenitation
experimenits. An\ AN-I) rotor and( standard sinigle 4'
sector cell with ani altumiinumii centerp)iece was tise(l.
The protein solution in 0.02 % SDS was exhaustively
(lialyzed agaiinst 0.01 Mi Tris-Cl. p1H 8.0, alnd thell
centrifuged at 110,000 X g for 30 miniutes ini a Spinco
Model L preparative ultracenitrifuge. The super-
niatanit fractioni was thei (lialyze(d to equilibrium
against 0.002 % SDS, ; X 10- M 1Tris-Cl, pH 8.0,
and(l 0.1 ss NaCl. The dialysate was subsequently
use(d for dilutioni of the protein solutioni in order to
produce varyilng concentratiolis of proteili. Sedi-
menitationi velocity sttidies were carried otut at 5A,480(
rpm at 20W. Sedimenitationi coefficienits were dIeter-
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M(.. 1. Absorption sl)ectra *)f the chloroplast laniel-
lar protein fraction. A, Ani absout- spectrum oi the
ultraviolet region. B, A reduced minius oxidized differ-
enice 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 conI-
taining proteini ain(I 10-4 Mi ferricyanide in separate com-
partments. The lower curve is a base line. The pro-
tein and ferricvaynide in the cuvette in the reference
beam wxas then mixedl and a minlute quantity of solid
(lithionite was aclded to the protein coompartlmienit of the
cuvette in the samiiple beam.

miiined at 6 concentrations sp)anning a 10-fold ranige
of dilution.

I)iffisioni CoefficietO. h'l'e apparent (liffusioni co-
efficieint of the protein fractioni (6 img l)rotein/ml)
wNas determinie(d in the anialytical tiltracenitri ftge bv
a procedtire aIccor(ling to Ehrenberg (4). A capill-
ary-tyI)e, (loul)le-sector, synthetic botmndary cell
(Spinco No. 306075. Epon-filled) was uised. After
careful layering of buffer ((1.1 m NXaCl, 0.002 %
SDS, ().05, -m Tris-CI, pH 8.0) at low speed. the cen-
trifuge was a(ljtisted to 10,580 rpm and(I the experi-
ment wvas concluded after 1 hotir.

Results

Figure 1 shows the absoltute bl)sortionllt)etetliru
(230-400 m,u) an(d a reduced-oxidized (lifferenice
spectrum (400-600 nimu) of the lamellar l)rotein frac-
tioIn in 2 X 10-' % SDS. 0.05; M1 Tris-Cl, pH 8.0.
There is a large absorption band(I at 279 nmy and(I a
shouldler at 290 mpt. The differenice sp)ectrum in the

AOD = 0.05
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FI(;. 2. Chloroplast lamellar p)rotein fractioni. Dif-
ference spectrum, untreate(d minus oxidized (2 X 10- Ai
ferricyanide), obtained usig.- split compartment cuvettes.
The lower curve is a base line, untreated minus untreatedl.
The upper curve was obtained by mixing the compart-
menits of the cuvette in the referenci heal)) ani 5b ;
the absorption spectrumll of cvtochromiie f.
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visible region shows the a, ,3 and Soret absorption
bands characteristic of ferrocytochromes f and b,.
The deinsity of the absorption band in the uiltraviolet
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

AOD = 0.05

spectruim of ferrocytochrome f. The bands are a =

554 m,u, /3' = 530 m,u, ,3 = 524 m,u, and y = 421
m,u. These maxima are in very good agreement with
those reported by Hill and Bonner (6) for 80 % ace-
tone-extracted material. However, in this work, the
/3 band is split whereas Hill and Bonner only founnd
splitting at low temperature. The absorption ratios
a/,l and y/a are also in good agreement with the
data oni 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
b,0. The absorption maxima are a = 561 m,u, /8 =

530 m,u, and y = 431 mpw. This result is in agree-
ment with the values given by Hill and Bonner (6)
for 80 % 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 /8 bands of an 80 % 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 anid knowledge of the
wveight of protein in solution. Using the a-band
extinction coefficients of 2.5 X 104 for cytochrome
f and 2.0 X 104 for cytochrome b6, the cvtochrome

fAA 001
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FIG. 3. Chloroplast lamellar protein fraction. Dif-
ference spectrum reduced (2 X 10-5 M dithio.nite) 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 b6.

FIG. 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
ferricyanide-oxidized. D, dithionite-reduced minus ferri-
cyanide oxidized. Solid dithionite and ferricyanide were

added to the cuvettes.
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Tahle I. (Cytochronc Content of Chloroplasts; 7lzis Study and Litcraturc Values

Cvtochrome
ratio
b)f;/f

Molar ratio
Chlorophyll

Cytochromes f and h,
380 (f only)
430 (f only)
200-300
400

Author

Davenport and Hill (3)

Sironval and Eigelert-Duijar(lin (18)
ILundegardh (9)

Spinach 1.3 ... Hill and Bonner (6)
Spinach (.92 about 230* this work

Calculated on the basis of the composition of a quantasome of 50 protein and containiilng 230 chlorophyll
molecules (11).

b)6/f ratio is theni 0.92 and 1.1 X lO' g of the pro-

tein would contain molar (Iuantities of the 2 cyto-
chromes. Hence, there is one of eaclh cvtoclironie
per 230 chlorophylls or one quantasomie (11).

These values for the cytochromiie concentration are

higher than the concentration mleasured bhy Daven-
port and Hill (3) for cytochrome f in parsley and
elder, and Lunde-'ar(lh (9) for spinach. However,
the agreement with Sironval and Engelert-Dujardin
( 18) ancd Hill and Bonner (6) is good. Table I

stumlmarizes the data in this study and( the literature
Xvalues for comparisoin. The variation in values is
qtlite high, and it is suggested that (lifferences in the
l)hysiological condition of the starting materials
cotild contribute to such discrepancies.

Our restilts show that the lamellar protein frac-
tioni contains the 2 cv tochromes, f and(i b);, in abotit
equiniolar amiounts. The absorption sp)ectra of the
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FIG. 5. Difference spectra of lipid-free chloroplast

lamellae solubilized in cholate (2 mg/ing protein). A,

untreated minus ferricyanide-oxidizedi. B, dithionite-

reduced minus untreated. C, dithionite-reduced minus

ferricyanide-oxidized.

ferrocytochromes are very simiiilar to those described
previously for lamellae extracted with acetone. It
also appears that very low concentrations of SDS
and proportionately high concentrations of sodiuii
cholate do not radically miiodify the absorption slectra.

The protein fraction was studied by analytical
tultracentrifugationi to ascertain the extenit of the
heterogeneity an(l to gaiin informationi conicerning the
molecular size and(1 properties of componienit species.
Figure 6 shows a schlieren photograph of the proteini
fraction durinig a sedimiientation velocitv determina-
tion. rl'he material appears as a single broad bouniid-
ary and the color of the 2 cytochromes is clearly
associated wvith the boundary. Futrthermore, the
color remiiained associated with the boundary throtugh-
out the sedimiielntation inidicating that the cytochromles
are of very sinmilar sedimelntation coefficient to that
of the miajor comlponienit in the boundary.

Figtire /7 shows the depenidenice of se(dilmentationi
coefficienit of the lamellar proteini onl concentration.

FIc. 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 Mi NaCl, 0.002 % Na-dodecyl sulfate, 5 X 10- NI
Tris, pH 8. Rotor speed 59,780 rpm, 40. Phase plate
60°. Photograph taken 12 minutes after reaching speed.

Plant

Parsley
Elder
Spinach
Spinach
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PARK-PROPERTIE1S OF CII LOROPLAST LAM ELLAR PROTEIN S
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FIG. 7. Dependence of sedimentation coefficient on

concentration of the lamellar protein fractioni. All ex-

periments conducted in 0.1 M NaCl, 0.002 % Na-dodecyl
sulfate and 5 X 10-2 Tris, pH 8.

At high concenitrationis there appears to be a linear

dependence; the higher the concentration, the lower
the coefficient. Hiowever, at lower concentrations,
the reverse behavior is apparent. Schwert (17)
noted this type of anomaly for a-chymotrypsin and

suggested that the system was unidergoinig a rapid
association-dissociation equilibrium. It is likely that
this interpretation could apply here for the laimellar
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
10-13 s. Extrapolation of the lower concentration
points to infinite dilution permits an estimate of the
sedimentation coefficient of the monomeric form as

2.3 X 10- 3 S. Owing to this aniomalous behavior
of the protein fraction, both these extrapolations are

hazard-ous and the resuilts are considered witlh cau-

tion.
Tlhe apparent dliffusion coefficient of the protein

fraction was determined in the ultracentrifuge bv a

layering experiment. The data were evaluated by
the maximum ordinate method (4), and the diffusion
coefficient was determined as 9.1 X 10- cm2 sec-1.
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 boundarv.

Discussion

From the measured physical constants of the
chloroplast lamellar protein fraction it is possible to
compute the average molecular weight. Insertioln of
the sedimentation coefficient, S = 2.3 X 10-1 3 sec;
diffusion coefficient, D = 9.1 X 10- cm2 sec'1, and
partial specific volume, v = 0.722 (assumed) into
the Svedberg equationi yields MNW = 22.000 X g
mole-'.

The behavior of the protein fraction in the analv-
tical ultracentrifuge is typical of a systemii exhibitinig
an association-dissociation equilibrium and the tend-
ency for aggregation is very high. This is expected
for a protein fraction derived from a cell memiibranie
where structural integrity is mandatory for biochem-
ical activity. The insolubility of the protein fraction
at physiological pH and the process of solubilizationi
by detergent leads one to coniclude 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 mitoehondria
described by Criddle et al. (1). However, they
found that although the aggregation tenfdency is
high, as evidenced by its insolubility at physiolog-
ical pH, the sedimentation coefficient of the protein
is independeint of concentration. This is in contrast
to the result found here, and a possible explanationi
of this discrepancy is that the 2 studies were coni-
(lucted in different concentrationis of dletergent.
Criddle et al. 'I) uised a 100-fold higher concentra-
tioin of SDS, ;..id it is likely that this highl concenltra-
tion sufficiently elimiinated interaction of the protein
even at high protein concentrations. Low detergent
concentrationis were used in this study to avoid pos-
sible ambiguities arising fromii operating above crit-
ical micellar concentrations.

There have been other reports of preparations of
proteins from the lamiiellae of chloroplasts. Criddle
and Park (2) prepared a protein from an acetone

powder of lamellae by solubilizationl with bile salts
followed b)v salt fractionation. The protein is heme-
free, the sedimentationi coefficient is 2.2 S and M\N
- 23,000. By alnalogy to the proteini isolated from
mitochon(dria (1) it was termed strulctural proteini.

Weber (21) anid Thornber, et al. (20) solubilized
lamellae in aci(d alnd founl(I a 6 S comiponienlt. The
6 S comipotnent wFas resolved into 6f protein species by
polyacrylamiiide gel electrophoresis, but neither rela-
tive concentrations of the compoinents nor detaile(d
behavior of the protein in the ultracenitrifuge wvere
given (20).

Pertinent information concerniing lamellar sub-
structure conies from observations on the effect of
detergents on the chloroplasts and the formation of
pigment-protein complexes. Treatment of chloro-

I I I I
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plast lamiiellae with digitonini or bile salts (2-3 %)
lea)ds to the formlation of a particle wvith a sedimen-
tation coefficient of 13.8 S and(l a miiolecular weight
of about 265,000 (16). Itoh et al. (7) showed that
treatmenit of grana with 3 X 10-' M do(lodecvl-
l,en ence sulfonate formled a pigment-protein with
a se(lillelltatioiJ coefficient of 2.9 S, and higher con-
cenitrationis le(d to the formiiationi of a 1.2 S comn-
ponent. This effect is very similar to that in-
dluced by dlodecvl stulfate where a 2.5 S componient
is forme(d with 0.25 % detergenit, and higher con-
cenitrationis yield a 1.69 S component (16). Fur-
thermiore, in hoth cases the p)igment remainis boun(l
to the protein in the l)resence of these anioniic deter-
gl,ents, whereas bile salts aiid( (ligitoniii extract the
pignments ( 15)

As onlyl 1 boundary was dletecte(d in the sedimein-
tatioin velocity sttu(lies in this work, it canl he con-
cluided that all the molecular slpecies in the lamlellar
protein fractioln, incluld(ilng the 2 cytochromles, have
simiflar sedIimileintationl coefficients. Assum',ing that
other hydrodyniamic plarameters are also similar, theni
the proteins are of approximately the same mlolecuilar
weight. i.e., about 22.000. Assuminig the proteins to
be spherical, their (liamiieters are about 40 A. If the
molecular weight of a quanltasome is 2 X 10(6 and
is 50 % protein (11 ), then there are about 40 of the
lamellar proteills per quantasoime, 2 of them heing
cvtochromes f and b,.

Thus, it appears from this study of the )roperties
of the protein fraction of chloroplast lamellae, other
reports in the literature and( the effect of (letergeints
on lamellae, that the princip)al protein in the mem-
branie ini the chloroplast is in the order of 22.000
imiolecular weight ai(l 40 A in (liameter. That this is
a funiidamenital repeating subunit is also suiggeste(l by
the work of Kreutz and(l :NMenke (10). They stu(died
the low anigle X-ray scattering of chloroplast lamlel-
lae and( fotund a 36 A to 40 A )eriodicity in the plane
of the lamiiellae.

It also appears that variouis comp)lexes of the la-
mellar proteill cani be isolate(l. Unfortunately, there
are 11o analytical data on1 the 13.8 S complexes
formed by treatment of the lamellae with digitoniin
or bile salts, btut they represenit one-fourth of the
(ituaIltasonlle proteini. Park anid Biggins (11) showed
electron micrographs of shadowed lamellar sonicates
\xxhich clearly in(licatedl that the quantasomiie could be
conlprise(d of 4 subunits. It is possible that these may
re)resent specific in vivo functional proteill comp)lexes
of wlich the cytochromnes an(l the, as yet unkinoni,
enzvmlic apparatus reslponsilble for (., evoluition are
.a part.

Summary

Treatment of purified spinach chloroplast lamellae
with dodecylsutlfate aand butanol effectively strips the
protein free of lipid. The lipid-free protein fraction
was studied byV spectrophotometry and analytical ul-
tracentri fugation.

The protein fraction was founid to conisist of a
large quantity of hemiie-free protein and the 2 cvto-
chromes f and1 b,. The absorption maxima of the a
and 8 bands of the ferrocytochromes do not appear
to be significanitly nlodifie(d by lowN concentrations. of
detergent.

In the analytical ultracentrifuge, the proteil frac-
tioIn appeared as a single broad boundary exhibiting
all association-dissociation equilibriumil. The meean
sedinllentationi coefficient at inifiniite (lilutioll w as
found to be 2.3 X 10-13 s and the difftusion coeffici-
ent 9.1 X 10- Cm1l2 sec-'. Hence, the average mole-
cular Nvei-ht of the I)roteins is ab)out 22.000 X g
mole-1. This valtue can only be considered approxi-
mate. owillg to the uncertaill extrapolationi of the
sedimenitatioll velocity data and to the assuille(I par-
tial sp)ecific volume of the proteiils. Assuliliing the
p)roteins to be spherical, the dlianleter of the proteins
is about 40 A. It is suggested that these uinits COIll-
prise a fuindameintal repeatillg strulctuiral uinit in the
lamellae.
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