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Physical Propertics of Chloroplast Lamellar Proteinsds?
John Bigginsd and Roderia R, Park
Lawrence Radiatlon Laboartory
and
Department of Botany and Laboraﬁqpyncf Chemical Dicdynamics

University of California, Derkeley, California

The ohlorophyll-containing lamellae within higher plant chleroplasts
are the site of the light faactionﬁ and asgociated electron transport
reactions of the photosynthetic precess (12,18),. Inve&tigatidnﬂ o the
ch&micai éomposition of purificd lamellae haﬁe ghown that they are 50%
protein and 50% lipid (13). Of the two fractions, the 1ipid has beaen
studied the most extensively owing to the considerable Interest in the
photosynthetic pigmcntw, and t%c wajority of the fraction can be

accounted for by known ccmﬁounds (8 1),
lioceived o o,
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The protein fraction contains the two cytochromes © and bg and the
transition metals fvon (non-heme), manganese and copper (13). This
fraction has rﬂccivéd very little direct attention, presumably owing
to the extreme insoludility of tho material at physiological pH and
the lack of appropriate enzymological tools to cope with the Qrobl@m.

pavenport and Hiil (3) purified eytochrome f frow an anrenizeal
ethanolic extract of fresh parsley l@&veﬁ by ammenium sulfate fractiona~
tion and caleium phosphate gel édsorption} The pure protein was shown
to be WY = 110,000 and contained tw§ hemes. The homoeprotein linkape
was found to be similar to that of ¢ytochrome-c and the redox potential
was estimated as 3543 0,365V,

Indirect evidence concerning the proparties of the protein fraction
comesn from work primarily.deaigncd to investigate thsa nature of the
chloraphyll;protein link in attempte to elucidate the gstate of cﬁlcro—
phyll in vivo (14,15). For this purpose a wide variety of detergents
and organic solvents have been uséd to solubilize the membranes of
chloropliagts. It was decided thét & similar use of detergents for the
removal of lipid from the lamellae and solubilization of the protein
would be a fruitful approasch to tha'étud§ of the chloreplast protein
fraction. Thase mefh@ﬁg have also heen shown te be of great valuwe in
the study Of.fhﬁ mitochondrion where similar problems of protein
insolubility prevail (5).

Thin régort describes the pre?araticn and some phyvsical properties
of the protein fraction of chloreplast lamellas in an attempt to derive
information pertinent to the molecular architecture of the photosynthetlic

memhrans .
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Hethods
Preparation of chloreplast lamellar protein fraction: Chloroplasts

wore prepared from fresb Spinacia oleracea and the lamellse were iso-

lated by s procedure according to Park and Pon (13). The fioal sediment

afrer ultracentrifuzation at 145,000 y for 60 minutes was used. This

purified preparation contains very little of the chloroplast sircma
fraction,

Lamellae egquivalent to 500 mg dry weight were molubilized in 20 ml

0.2% sodium dodecyl sulfate (EDS), pH 7.1, and allewed to stand at 4° C

for one hour with gentle stirring. During this process a clear golution

was th&inea. Lipid was most effectively removed from such & defergent»
dispersed ﬁblution éy the slow additlon of sufficient butanol at -5° C
to give a Final volums 20% greater than the original detergent solution.
After rapid stirring for about 30 minutes the solution was ¢enfrifu@ed
at 1000 g for 1% minutes and the uppc" erganic layer re moved Ly caruful

asplration. Complete vemovel of li id was achieved by one or more repe-

titlons of this preocedure. The aquaou phase wasg then dialyzed exhaustively

againaﬁ 10?2 ¥ Tris chloride, pH 5.0, to remove as much butanol and
detergent an possible, |

An additimnal-methaé‘of extracting lLipid from the detergent-treated
lanellae was by -10% C acetone precipitation. The protein precipitatad.

at 80 to 85% acetone and was collected by centrifugation. It was shown

by apectrophotometry to be free of the photosynthetic pigments after

with
geveral washeg -/ eold <109 ¢ acetone, After removal of the acetone

from the precipitate by evacuation, it waes pcssible to disgolve about

75% of the proL ein (as determined by Kieldahl aralysis) in 0,05% SDSG,
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0,08 ¥ Tris-Cl, pH 8.0y by extraction'of the resiﬂue_overnight. During
this procedure the washing and removal of acetone was conducted as
rapidly as possible and at -10° € to nininize protein denaturation.
The protein was concentrated by ammonium sulfate precipitation or

lyophilization after dialysis against 107" ¥ Tris-Cl, pH 8.0, bThe
proteln was yellow-brown in color and'waa stored at”u° C.

Spactrophotometryv. A Cary Hodel 14R automatic recording spectro-

photometer with a Scatter Trmnsmisaion Attachment was used, Oxidation
and reduction difference spectra were obtained using the 0 to 0.2
optical deneity slidewire on the a?ectrOphotwmater. In some cases,
spiit cempartment cuvettes obtalned from Pyrocell Mfg., Co., Hew York,
R Y.,‘weve used (22)s The use of these cuvettes permitted aécurat@,
unambiguous measuramaﬁt of the Soref region of the cytochromes in the
protein fraction as the concentration of.oxidant‘(ferricyanide) or
reductant (dithionite) in both analyzing beams was identical.

Sedimentation Coefficient, A Epinco Model E analytical ultracentri-

fuge equipped with sehlieren optics and phase plate was used‘in’the
sedimentation experiments, An AN-D rotoﬁ and standard single 4° gector
ﬁall Qith an-aluminumd;nﬁergiéce'wés,uéedi The protein sclution In
0.02% BLS was @xhaﬁati§ely:dialyzéd_agaimst 102 ¥ Tris-Cl, pH 8.0,

and then ce@trifugedvat il0,000 g for 30 minu{e& in a Spinco M¥odel L
preparative ultracéﬁtvifuga; lThé su?ernéfant wae then dialyzed to
equilibrium against 0.002% 508, 5 = lﬁfs ¥ Tris<Cl, pH 8,0, and 0.1 ¥
HaCl. The diélymate wa s ﬁubssqﬁantly used for dilutien Qf the protein
solution in order to Qréduce variying concentrations of protein. S¢di,

mentation velocity studies were carried out at 59,480 rpm at 20° C,
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Sedimentation coefficients were determined at six concentrations
spanning a tenfold range of dilution.

piffusion Coefficient. The apparent diffusion cocefficient of the

protein fraction (6 mg protein/ml) was determined In the analytical

ultracenfrifuge by a precedure according to ﬁhrenberg (#). A capillary=-

type, double-sector, synthetic boundary cell (Epinco No, 306075, Epon-

filled) was usad, vﬁfter careful layering of buffer (0.1 M Nall,

0.002% S0, 0.05 ¥ Tris-Cl, pH 8.0) at low speed, the centpifuge was

adjusted to 10,580 rpm and the experiment was coneluded after one hour,
Results

Figure 1 shows the absorption spectrum (230-400 mu) and a differcnce

- spectrun (B00-600 mu) of the lamellar protein fraction in 2 x 1073% §ps,

0.5 ¥ Tris-Cl, pll 8.0. There iz a large absorption band at 279 mp and
a shoulder at 220 mu. . The«difference spectrum in the visible region

shows the a, f and Sorat abscrption bands of fervocytochromes f and b e

The density of the absorption band In the ultraviolet iz seven times

greater than that of the combined $Soret bands, indicating that the

greater proportion of the protein fraction Lz not hemeproteln.

Figure 2 iz a difference spectrum, untreated. minus oxidized lamellar

protein. This shows the absorption spectrum of ferrocytochkromé £, The

bands are a = Sao'mu, B' = 530 mu, 8 = 574 mu, and y = 421 ou. .Thesa
maxima are in very good agreement wiih these raported by Hill and
Bonner (6) for §0% acetons-oxtracted material, Howave?, in this work,
the 8 band is $pli£ whereas Hill and Eoﬁn&p only found splitting ‘at low
temperature. 'The abébmptian ratios o/f and y/e are alse in good égree»

ment with the datz on highly purifisd ferrocytochrome £ (3).
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Figure 3 is a éiffarence spectrum of.reducwd lamellar protein minus
untreated protein and ahows the absorption spectrum of ferrccytochrore
bge Thg abzorption #axima are o = 561 mi, £ = 530 my and y = 431 wmy.
This result is ip agfaement with the values given by Hill and Ronner (6)
for 00% acctonew~extracted lamellse although it appears that in the igo-
lated protgin the hands are shifted slightly to shorter wavélengths;

Figures 4% and 5 are difference spectra of the region of the o and a
bands of an 80% acetone powder of chlcroplast lamellae¢ and of lipidw
free lomellas sqluhiliZQd in cholate (2 mg/wmg)e The absorption band
maxima‘aﬁe in excellent ggreement with those reported by Hill and
Ponner (6).

The cyteochrome content of the chloreplast lamellar protaiﬁ was deter-
mined from thesze &pectréphofemetric mmﬁsurements and knowledge of the
weight of proteln in solution. Using the a=-band extinction coéffieiemta
of 2.5 x 1o% for cytochrome f and 2.0:3.10“ fér‘cytnchrome bgs the cyt6~
chrewe bg/f ratio is then 0.92 and 1.1 x:lo6 g of the protein would
contain melar quantities of'tbé‘two cytochromes. Hgn¢e, there i{s one
of each cytochrowe pef 230 ehlorophylls or one quantasome (1.

Tbmgalvaluea for the gytochrome concwuirmtién:ére higher than'the
copcentration measured by Davenport aﬁ& Hill (3) for éyﬁochrvme f in
garsléy and elder, and‘Lundégﬁrqh (9)‘fér spinach. Houwever, the agrae-‘
ment with Sir@nval‘aﬁd fngalert~Dujardin (18) end Hill and Bonner (86)
is good. Table I summarizes the data in this study and thetiitératurm
values fdr‘éamparison. Thayvapiatﬁcn in values 1s guite high, and it
1s suggested that d3fTerences in the physiological cbndi{icn of the

starting materials could ¢contribute to such diserepancies.
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Qur results show that tha'lam@llar preteln fraction contains the
twe eytochromes ¥ and by in about equimolar amounts., The absorption
gpectra of the ferrocytochromes are very similar to those described
previously for lamellae extracted with acetone. It also appears that
very low concentrations of DS &nd proportionately high conceantrations
of sodium cholate du not radicelly modify the abasurptiin spectra.

The protein fraction was studied by analytical ultracentrifucation
to ascertain the extent of the heterogeneity and te gain information
ccn;erning the molécular size and propertics of component species.
Figure 6 shows a schlieren photograph of the protein fraction durling
a gedimentation velocity determination. The material appears az a
single broad haundaiy and the color of the two cytochromes is clearly
agsoclated with the bsundéry._ Furthermore, the celor remained asso-
clated with the boundary throughout the sedimentation indicatiﬁg that
the cyfochromes are of very éimilar sedimentation coefficient to that
of the major component in the boundary.

Figure 7 shows the dependeﬁce §f sedimentation caefficiant of the
lamellar prqiein‘on cﬁncentration. At high concentrations there APrears
10 ke & linear depenéenae;»fha h{gher the uqheéntration,ithe lower the
coefficient, However, at lower c0nc¢ntr§tian3, thé.feveréebehaviar is
apparents Schwert (17) noted this type of ancmaly for a~chymatryp5in
ang suggaﬂtéd that the system was underpoing a rapid_aa@ociatian-
véi$3dciati§n equilibrium, It i# likely that this jiunterpretation could
apply hare.for the lamellarbgrgtein system, as the tendanﬁy for aggre-
géiion ias very bigh., It is suggééked that thesa physical'intaraétions
betwaen the protein species are instrumental in malntaining the structure

of the membrane in vivo.
A St O e
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Ly extrapolation of the &inaar portion of the sedimentation data
to infinite dil ution, the sedimentation coefficient ¢f the apparent
Hdimer® lS'H 5 % 10‘l3a. Extrapelation of the lower concentration
points to iInfinite dilution permitzs an estimate of the sedimentsation
coefficient of the "ponomeric” form as 2.3 % 10~135, Owinz to this
anomalous bebavior of the yrotexﬂ fraction, both these extrapolations
are hazardous and the results are considered with ceutlon,

The apparent diffusion coefficient of the protein fracfion.waa
determined in the ult ramantrzfugm by @ layering experiment. The data

ware evaluated by the manimum ordinate methed (&), and the diffusion

- »

“eoefficie waa detﬁrmine§ as 9.1 u 10-7 em? zec~t, It was noted that

N

’ during the experiment the area under the gradient curve remained con-

stant indicating that no large aggregates formed and sedimented from
the bhoundary.

Piscussion

Frew the nessured physical constants of the chloroplast lamellar

protein fraction bear a striking similarity to the structural protein

~of mitochondria described by Criddle, ggwal._Cl). However, they found

that althougb the aggregation icnz Aney 13 high, as evidenced hy its
inzolubility at physiclogical ph, the sedimentation coefficient of the
protein i3 indepandent of concentration. This s in contraét to the
result found here,-and 2 possible explanation of this discrepancy i°
that the two studies were conductad in di ffeapent cencentrations of
detergent, Criddle, éﬁ.ﬂélg(lﬁ uséd # hundredfold ﬁigbev concentrat ion
of SDugara it iz lLKElV that this high cchentrataon sufficiently.
eliminated 1nteraction of the pratein even at bigh protein cencentr&*‘

tions. Low datergent: Lﬁnucntrmtiou« woere used in this study to avoid
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posaible ambigulties arising from operating above critical micellar

' . \
concentrations,

Az only one boundary was detected in the sedimentation velocity
studies, it can be concluded that all the swlecular speciles in the
lameilar protein fraction, Including tn@ twos cytochromes, have similar
sedimentation coefficlente. Assuning that other hydredynamic parameters
are algo similar, then the proteins are of approximatelv the name
melecular weight«~éig;ﬁ'about 22,000, Assumln@ the proteins to be
spherical, their diameters are about 40 R. 1f the molecular welght

»

of a quantasome ig 2 » 10Y and

fow
jerd

protein (11), then there are

a2

30
about 40 of the lamellar protelns per quantasome, two of them being
cytochromes £ and kg, |

- There have bé@n other reports of pr@p@ﬁétiona of proteins from the |
lawellae of chloroplasts. Criddle and Park (2) prepared a protein

from an acetons powder of lamellse by selubi lization with bile salts

followad by salt fractionation, The protein is hemé~free,vthe sedi-
mentation cocfficient is 2.2 § and BW = 23,000, By an&légy to the
protein isolated From mitochvnéfia {1) it was termed Ystructural
prmto*n"

wmbup (”l} snd Thornber, Eﬁiﬁiz.(zb) golubilized lameilae in acid
aﬁd found & & S comporent., The § § componaﬁt was resolved into six
protein sﬁecieg by polyacrylamide gel electrophoresis, but neither
rclativé cenééntmafiéms of the components nor detailed behavior of the
protein in the ultracentrifuge were g* en (20},

Pn“rxnenf Arfurmdtﬁom cnnccrnxnﬁ Lamallay suh~structﬁre-eomes from

obsevvations on the eoffect of detergents on the ehlovoplasts and the
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formation of pigment-protuein complexes. Treatment of chloreplast
lamellae witﬁ digitenin or hile saltae (2-23%) leads to the formation
of a particle with a sedimentation coefficient of 13.8 § and a maleculér

b

weight of about 265,900 (16)s Itoh, ot al. (7) showed that treatment
of grana with 3 » 10~% ¥ dodecylbenzene sulfopate formed a pigment-
preteln with a cedimentotion ceefficient of 2.9 §, and higher concen=
ﬁrations Jed to the formation of 1,2 § component.  This effect is very
similar fto that induced by dodecyl sulfate shors a 2.5 § couponent is

formed with 0.25% detergent, and higher concentrations yileld a 1.69

component (16). Furthermore, in beth cases the pigrent remains bound

to the protein in the pressnce of these znlonie Letor¢unt .5 whereas bile

alts and digitonin extract the pigments (15).

Ting, it apyears from thie study of the properties of the protein
fraction of chloroplast lameilae, other reﬁortﬁ in the 1itarature and
the offect of @etergenu& on lamellae, thdu the principal protedn in
the n trmne in the chloromlaﬁt Is in the order of 22,000 molecular
weloht and 40 i An diateter. That this is a fundemental repeating
sub-unit is alse sugzgested by the vmvk of Kreutz and Henke (10). Thoy
studied the low'angle'x~ray seattering of chloreplast lemellae and
found 2 36 8 to 40 8 periedicity in tﬁe_plane‘wf the lanellae,

.It also appeard that various complexes of the lameilar protein can
be isclated, Unfértunat&iy, there are no analyticel data on the 13.6 §
complexes formed by trestment of the lamellae with digit@nin oy bile
salxé,vbu they r&pre jent one-fourth of the quantasome protein. Park

and »1p rins (1) showed elcctram mLCPO”“mPn of shadowed lamellar

sonicates which clearly indicated that the fuﬂltluOﬂQ could be: ‘comprised
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of four sub-units. It is possidhle thot these may represent specific

&

in vive funetional protein covxl wea of b*ch the cytechromes and the,

as yet unknown, enrmymic apparatus rewp¢n31hae for oxygen evolution are

A ;T;C&Tt »
Sumbary
Treatnent of purified chloroeplast lanellae with dodecylmulfate and

butsnol effectively strips the protein fres of lADidv The lipid-free

protein fractios was studiad by'ﬁp@»tfo photometry and ana yticul ultru-

cnntrl fugation,

The protein fracti@n was found to cons ist of a large suaentity of

bomhef eo protelin and ;h. two nbﬂtowbntb$t e cytochromas £ and’ by

The absorption naxima of the ¢ and B bands of the ferrocytochromes do

not appear to be gignifiaagtl modified by low concentraticns of
detergent., : , -
In the analytical » ltraunnt“{‘uge, the p*atnln fraction appaared

as a single broad boundavy exh Jitlnh an aaaoaiatinn—dl sociat;on

equilibirum. - The mean sbd¢hnntatxon cmeffimianﬁ at infinite dilution

vas found to be 2.3 % 10713z and the diffusion coofficient 9.1 x

P

107 cm2 sen™*, Hence, the average molecular waight of the proteins

is about. 22 000 zemole~:, This value can only be conaidered approxi-

mate, owing to the uncertain extrapolation of the sedimentation velocity

-

data and to thc a8 hde partial specific volume of the proteins.
Assuming the protelns Yo be spherical, the dlameter of the proteins
is arout 50 B, It is sugjested that these units comprise a funda-

mental repeating structural unit in the lamellae.

. e s S o
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Table I. Cytogchrome content of chloroplasts--this study
. and literature values
cytoshrene molsr ratio
Plant vatio chlovophyll Author
bel/E cytechromnes © and Dbg
pRrEley - 360 (€ only) Davenport and Rill (8)
elder - 430 {f only)
apinach L 200 to 300 - Sironval and Engelert-
' Dudardin (18)
spinach - 400 Lundegirdh (9)
spinath 1.2 o~ 11512 snd Bonner (§)
spinach &, 62 nhout 230 this work

#oaloulated oun the hasis

of the composition of a quantaszome of 50%

protein and containing 230 ehlovophyll wolecules (11).
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Legerds for fipuraes

2 s

Absorptivn spectrum of the ¢hloroplast lawellar protein fracticn.
The spectrun in tha visible reglon (400 - 6006 mp) ie a difference

spectrum, reduced minus oxidized,

Chloroplast lamellar protein fraction. Untreated (ferricyanide)

v

minus oxidized.  This shows the absorption spectrem of cytochrome f.

Chicroplast lamellar protein fraction. Reduced: (dithionite)
minus untreateds This shows the abscrption spectrum of

eytochrome Dy

Difference spectra of an 80% acetone powder of pure ¢hloroplast
~ ~ : y P . » j
Jamelige. Powdor suspended in 107~ M Tris<Cl, pH 8.0. A, lage

line. E@'diﬁbianit@‘fr@duced minus untreated. C, untreated

minus fervicyanide - oxidized. D, dithionite = reduced minus

forricyanide - oxidizedo

Difference gpectra of lipid - free chloroplast lamellac
plubilized in cholate (2 mg/mg protein). A, untreated minus

ferricyanide - oxidized. " P, dithionite ~ reduced minus untreated.

¢, dithionite ~ reduced minug Ffervicyanide - oxidized,

Qchli@ven photogragh of the chleroplast lamellar protein fractien
during a scdimentation velocity datarminutzon. Tan color dus to .

tba wytoehrwme“ is clearly ¢ asocxat@d with the boundary. Protein

7 mg/ul in 0.1 M Nall, 0.002@ Na~dodecy@ sulfate, 5 % 1072

o

Tris, pH 8. Rotor spasd 595190 rpm, 9 €, Phase plate 609,

ﬂhnto rarh taken 12 minutes after r@aahzrw speed.
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g ' Fig. 7. Dependence of sedimentation coefficient on concentration of
the lamellar protein fraction. All experiments condudted in

0.1 M NaCl, 0.,002% Ha~dodecyl sulfate and % » 10™2 M Tris, pH 8.
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This report was prepared as an account of Government
sponsored work. Neither the United_States, nor the Com-
mission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, "person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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