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Physicd P.t'Opertics of Chloroplast Lar.:ellm."' Pl:'Oteinsl,2 

Lawrence Radiation Laboartory 

and 

Department of !iotany and La.bor•::ltp;ry of Chemical :Ciodynamics 

University of Calif<.)rniD.~ Berk~ley, California 

The ohlorophyll•containing lc.rnt!llae within highet' plant chlcropl.?lats 

are the. rdtc <:;f the l.im-.ht roractions end as$oclat~d electron transport 

reactions of the photosynthetic precess (l2 111S). Invcstigiltions on the 

chemic_al composition of pu:df.i.cd lemt~llae have sho~tm that thoy are 50% 

protein and 50% lipid (13). Of the two :fractions, the lipid has b~H:~n 

r~tudied the most extensively owing to. the 'consider<.'il>le inter~:st ;i.n tho 

photosy!lthctic pigtt~mto 0 tmd the lt'l(!jor.tty of th~ f~~ction can he 

ltteceived • 
--------.-----------~------
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li tr<.m!llition metals il'on (non-heme), m<J.nganesc and copper (13). Tbis 

fr<1cticm has recciW:!d very little direct .ottcntlon 9 pr(3Sumnbly owing 

to th(~ <'.n~trc:r::~o in.Giolu.bili.ty of tho matcri.a,l at physiological pH and 

the belt of appropriate en::::ymological tools to cope ~d th tho problem. 

D<.wenpc;rt and Bill (3) purified cytochrome f ,from an atmr.cmiacal 

ct.hanolic <:lxtract of .ft·csh parsley l~,s;.vos by ammonium sulfate fractiona-

t.ion ~md CilJ.cium rh~)Sphate gel ndsorpt:ion. 1"he pure protoin was nhO'Vm 

to be HH ::: 110~000 and contained tHo l:;;ll:il0~h The homo-protein linka1!,e 

was found to t-e dmilar to that of oytochrome-c fmd tho redox potential 

com~::: :from ~.,rox-k primat"ily designed to in.v<H>tigat~ the nature of the 

chlorophyll-pt-ot!lit: link in t~tten\?tS to elucid;i.te the lilt<lto of chloro-

phyll in vivo (ltt ~15). ro:r> this put~pose a wide variety of detergc;,t:s --
and organic t>olvt::!nts hav~ bc!en used to solubilize the membranes of 

chloropl.nat:s. It was decid,':Jd tht:i.t ;.l. !!limilar ut.e of dot(~rgents for tba 

r·emoval o£ lil'id ft'om tht:~ lamellae and solubilhation of tho protein 

WOUld be a. fl'Uit:ful approach to the study of the chloroplast protein 

fraction. '!'hose methods have also hoen shown. to be of great value in 

l 

insolubility pt>(~vail ( 5). 

of the protein fraction of chloroplast 1ornellae in an •'ittempt to derive 

infomation pertinent to the tnoleoula:r arohltecture of the photosynthotlc 

m~mbrano. 
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Pr><~p.:n:'<'1tion of chloroplar~t h,mellm;' pr...-}tein fr·action: Ohloropla~ts 

lated by a proc(~dure ;;accordin;;; to Park and J?on (13 ). Tht!i final $edit~lcnt 

aftel." illtracentrifu~~ation at 145,000 g for 60 minutes was used. This 

purified prepnrntion cont.:lins very littlo of ·the chloroplast st:rciil<l 

Lcttnt~llae equivalent: to 500 rng dry weight: wore solubil tzed in 20 ml 

0.2% sod:i.u.m d<>decyl sulfate {SDS)~ pH 7.1, and <11lcwed to stand at: '~° C 

·for' one hour t·dth g:cntle stirring. During this process (.1. clear solution 

d:i.i;pern$d ~Solution by the slow addition of cu.fficient butanol at -5° C 

to give a final volumu 201. greater than the original detergent solution. 

After rapid ~;tir:dng fo.r abc,ut 30 n:inut~s the solution was ca!lt:rifugc~d 

at 1000 g for l ~; trd.r.~tes and the upper O!'ganic layer rerr.cVcd by cur~f:ul 

.~gainGt lo-2 N 1ris chlo:~:·ide, pH a. o. '\::() remove as r.luch butenol and 

An .add .it ional· ;netbr,H:l of extract inr,; 1 ipid :ft'om the (~oter·gcnt -t:r.aated 

latHuli\Gl 111<1.$ by -10° C acctonl:! precipitation •. The protein. precipitated 

at SO to 85% ac~t<>n~ and was collected by ccntr.ifuailtion. It w~1s :r;hcn,,, 

by ap(~ctrophotometr.y to be :free of the photosynth~tk pigments ~ftor 

with 
s<~veral Ha:<;hes ·/ cold -10° C acetone. After remowll of the .ac(~tone 
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thit> :procedure the washing and !'llmov•~l of acett)'W;l wo.s conduct~:td as 

rapidly ilS poc.t~iblc .s.nd at -10° C to minimize protein denatur.ntion. 

Th~ protein ;,r<'lS concentrated b)" ,1'\mtr.onium sulfate pr~cipitation o:r 

lyo)_)hiliz.ot.ion after di&lysis against lo-4 H 'f:r.is-Cl 11 pH 8.0o The 

protein was yallo\•r-brovm in color and was ~Stored at LJ 0 c. 

Spect:r,ophoto:netry. A C;;~ry Hodel l4R -'l.Utor.1.:lt i.e recording cpectro-

photometer with a Scatt~Yr Trnn3mission Attachment wJ.s uf.lcd. Oxidation 

and !:"eduction difference spectr.~ Here obtnin~Z'id u3ing the 0 to 0.2 

optipal density slidet,;ire on th0 spectrophotometer. In some cases~ 

aplit comp0.rtment cuvettes obtained from Pyroccll Mfg.. Co. t New York 1 

N. Y., Here u::sed ( 22). 'l'he use of these cuvettes permitted accur<:lt(;!, 

unambig-..:.oue mc<:asuremorrt of the Sor~t region of the cytochrome$ in the 

protein :fraction as tne conccntrat.i.on of oxidant (f~rri.cyanide) or 

l'{~ductant (dithionitc) in both analyzing b~<s.ms was identical. 

Scdinn'.lnt,ltion Coe.rficlant:. I\ Spinco Model E e.nalytica.l.u.l:tr~ccntri-

scdiment<'at5,orl c~peri.mentz. An AH-D rotor and standard single 1.4° aector 

cell with an alumirmm cent~rpiecc liZlS usea'. The protein solution in 

o. 02~> SDS '"as ¢xhaul':ltively di!.tl.lyzod lZig.ainst lo""2 t~ Tris-<a. pH e. 0 11 

~1nd then centrifuged ~t ll.O, 000 g for 30 mlnutcs in a. Spinco Hodel L 

equillhrium a&td:n;3t ·Oo002~ ~;ps,. 5 x l0""3 H 'I'ris .. Cl, pH a.o, and 0.1 a 

NaCl. 'l."he dilJ.lysatc "'as sub~>equently used for dilution of the protein 

solution in order to produce v~rying cc:mcentrations of pl'otein. Sedi-
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spanning a tenfold range of' dilution. 

Diffusi<.-m Cooff.ic i~nt. The apparent diffusion coefficient of the 

r.•rotoin fraction (G mg pr'otein/rnl) H<ll:; determined in the ar.nlytical 

ul tracentr i:fub~G by a proc(~duro according: to Ehrenberg (4). A C<:ipillary-

tyt)e, doubl~-sectorll synthetic boundary cell (Sp:i.nco No. 306075, Epon-

o.oo:?% SD8, 0.05 M TrJs-Cl" pH 8.0) at lew !3p~c~d, the centrifuge \·:as 

adjusted to l0 11 5tl0 rpm and the ~xperif.lent t'l'as concludQd after one hour. 

rigure 1 sho1im the. abso1•ption spectrum (230·1~00 tnlJ) and a difference 

epectrurn (ti00-600 i!l.!J) of the l;,wlellar- protein f~action in 2 x 1o-3'b SDS, 

a should or c1t 2SlQ llill• . Tb~ <cl iffcrence rspect:rum, in. >tho vi!:}ible rc~gion 
... ....: .. ... 

S)')QHS tha llti , 0 and $orert "l.l:Ho:r•pdon banclCo Of ferrocytochrotne$ f and b6 • 

Th~ density of the :-.\bsorption l.'k.1nd in the ultraviolet is $even times 

greater than that of the combined ~~o!'et bands, indicating that: the 

greater proportion' of the protein frac'tiotl is not hemoprotein. 

figure 2 i!li a <.lifferfimC<a Spectrum, Untreatec. minUS oxidized lill'lH'-lllar 

m·:t;dm<ll are· in ve:ry good .~g;reement •tdth thoso reporte~d by Hill and 

ment with the data on hi&~hly pur.i.fied fer-rocytochr<.mie f (3). 
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figure 3 i5 a differ-ence spect:t'um of rcduc~d larnellnr pr-otein minus 

untt'eatcd x1rot;;..in and sh::ll'lS thc: absorption sp<~ctrum of ferrc·cytochro.u:c 

This :t"(~oult i1~ in agrt?omcnt td.th th..c ve.luc:ls 11.iven by Hill nnd normer (6) 

fol? eorl> occtone-cxtractcd lamellae although i.t v.ppears that in the isa-

luted protein the bi:i.nd3 tl.l'o shifted di.~;htly to sho:r-ter wavelengths. 

Figures 4 e·md 5 are differ•.)nce spectra of the reglon of the a, and 13 

bnnds of ~-m 00~~ ecotone powder of chlo:t'oplast lamellne and of lipid ... 

fr•(;e lamellae so.luhHized in cholote (2 tng/mg;). 'l'h<:~ absorption band 

mmd.ma ar<:~ in ~~xccllcnt ngr.cc·nH:mt with those reported hy Hill and 

~nner (6). 

The cytochrome cont0.nt of tbe chloroplar::t l.run0ll~I' prot0in was deter-

w::d.;,ht of protein in solution. Udng the <:&-band ~xtinction coefficientrs 

of 2. S x 104 fc:.r cytochrom~ f and 2. 0 x 104 for. cytochrome b6• the cyto­

chrome hr/f ratio is then o. 92 'md 1.1 x .106 l!; of the, protein Houl<l 

cont.uin molar quantities of th~ two cytocbromes. Hence, there is one 

c:;f each cytochrome per 230 chlorophylls or one~ quA.mtaso:ne (11). 

Tbr;~sc v~'llues for the cytochrome conc~mtril'!:ti<\n. are hip;hcr than the 

C011C!!ntration tneasured by Davenpor't and Hill (3) for cytochr~nne f in 

. . ~ . . . 

pal:'sley and elder~ and .LunclGg.:irdh ( 9) for ap:i.nach. Hot·ltwer, the ao·ee-

ment with Slronval and Engclert-Pujardin (lB) and Hi.ll and !5onner (6) 

.:!.s good. Table I .sur.;ma.rizes the data in this study <md tho literature 

va.lu.es f~?r· comparison. Th!:! v.1riat ion .i.n values is quite high~ and it 

h. r::il..lg~ested th~t dJfferenc¢$ in theJ phy!Jliological condlticm of the 

starting materials could contribute to such discrepenci~::>s. 
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Our results $how that· the l,'Stmell<lr protein .ft~action contain& the 

tt~o cytochl'O!li<l:S f and b6 in about €quiwolar amounts. The absorption · 

spectre o.f the fr:~ITocytochr·ornee <U't.'J very similar to thos~ described 

v~!l:'Y l<n,: concentl"'ations of SDS and. proportionately hit~h concetttrations 

of sodium cholat(~ do not radiccJl1y modify the absorption spectra. 

The prot.cin fr.stction w.:1s studied by analytic<ll ultracentrifucation 

to <.H::icertain tho ext~nt of the beter'Og~noity end to gain infol'mation 

conccrnin.g the n:o~.$cular tiiize and properties of compc>IH:mt opod.eo. 

r igm~e 6 sho~rs a s:ch..tieren phot()grapb of the pr-otein fr.;~.ction during 

[,lingle broad l~oundar.y mnd tho color of t!w two cyt:ochrom0s is cle<:-irly 

elated Hith the boundzu.')' throughout tho sedim~ntat5.on indicating that 

tlHl cytochromcs are of very similar sedimentation coafficiont to that 

of the major compon<mt in the boundary. 

Figura 7 showc the dependence of sedimentation coefficient of the 

lamellar protein on concentration. At high concentrations there ~•ppo-llrs 

appr:1rent. Schwert (17) noted this type of ;;4!-lvr.lf.l.ly fer a-chymotrypsin 

d.i.ssoci.::4tion equilibrium. !t is likely that this itlterprctation could 

' apply here f.'or the lamellar protein system.· as the tendency for aggre-

. bctwG(m tho protein spec S..es are .instrumental in mnintainin;g the ztructure 

of the membl•anv! in v :i.vo • 
......,._~-

---------·-----
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points to infinite dilution permits <zm estimate of the sedimentation 

coefficient of the 11monorr.Gric" fo:>m as 2. 3 x lo-13n. Owing to this 

.:momalou~; beh;:;v.ior of the protein fr.:1ction, both thosa f~xtr.apolu.ti.onu 

are ha~~<J.rdous and the rer.ults .i'Jrc consid·~rc:l'd ·with caution. 

Tile ·lPfii!l.:'ent diffusion coeffid.ent cd:' the protein fractiQn. was 

were ev.:J.lu.ated J:.,y th~ m.!:i~itnu:n ordinate Jn(;rthod (t~), and the diffusion 

.\ ·~;~. 

stant indicating thut no lur,ge aggregates formed .and t:~edirncmtcd from 

tho bounda:ry. 

From the tnt3asurcd phyriiceJ.l const~mts of the chloroplast lamellar 

proti:<in fraction bear a ~triking i:d1:uil.:n•ity to the structuN1 protein 

. o.f mitochondria described by Criddle; 2_!. ~. (1). Ho\..Jcvnr, they found 

th:J.t although the uggregation tmnd0ncy is h.igh, as evidenced by ita 

.i,nsolubilh:y at physiological pH 0 'the sediment<lt!on coefficient 6f the 

r;r.ott'l::in is it1depemdca11t of concontrntion. 'l'hi.'J i::. in contrast to the 

x-esult found hera, and a po~;.siblo <~xpl.anatioh .of this di:-;crepnncy is 

that the t~.!O studie!l; wot~c conduct;~d in <liff~:n."'ent concentr.ations of 

detergent. Cl•iddlG!.., et al. (l) used & hundr·~:dft)ld ld.gher- c.oncentrution ---
of SDSsoand it is likely that thh~ high couc.cntratS.on mt:fficiently. 

€l.limirw.tc:d inter<;tcti<.'ln ·of the protein t:!Ven at high protein conccntr~-
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conccntro.t :i.on!3. 

IH;. only one bour1dary Has dct12ctcd in the sedim~ntetion vclocit::T 

lam~llar p."otein fro.ct.i.on 10 includ.tng the two cytqchrcmcs, haw; mimilar 

s(~dimet1tntion co.cfficletlts.. Asnuraing that ()tbc-!r hydrodynamic part~mcters 

molecule.r weis)rt--1 .. _~, <'lbout 22,000. Asrsulr1ing tbe ~rotein~ to be 

(;) . 
spherical, tiwh" diameters are about t10 1\. !f the molec.ular we:.t.ght 

()f a quantasome is 2 .x lOG <.md is 50% prot0in (11) ~ then there are 

.;'!bout 40 of the l<i:mell.:.u~ prot~~lns per quant~lSOPl\?, two of them being 

cytochrmn~s f and i.:.6 • 

from an acetone powd~F;l~ of la.mell<Ht by solub.il.izat ion with bile ~t>r.ll ts 

followel.l by salt fractS.onation. The pl'Otcin is h<~rne-frae, the sedi-

m<!!ntation coefficient is 2. 2 S ~u1d NW = 23~000. By analoz:r to the 

protein isolated from rrd.tochcmC:b:-ia (1) it w<'ls termed "~Structural 

protein". 

and found ~ e S compommt. The 6 S corilponcnt l;IQ$ rosol V(~d into six 

... 

r-elative concentra.tion:s of 'the components nor <lotailed behavior of the 

·. 

•.,.) 
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fonv ... tic.n of pigmcnt-protoin complexo.s. Tr<:rntm{~t'.t of chloroplast . 

\~eight of al~out 265,000 (l6). Itoh. ot al. (7) sho1-red tt~"":1t treatment 
'__..~ 

~~i:llt1;; .~nd d .tgi ton in c::xtre.ct tht~ pigments (15). 

Thtw ~ it e:pp<h1rs fror.~ 'thie study of th(~ }>:t'opcrt ies of the protein 

sub-unit ls also *-'tlo%&€1stcd by the ~<:or:k of l<r.eutz and t{enl'Ce (10 ). 'tbGly 

studied the low angle X-r<.ly scatt(2ring of. chloroplast lamc:llae t::md 

t=ound a 36 R to 40 R periodicity in the plano Qf th<a la.;nellae. 

!t al!.lo appe<'lrs that \"'.:lriou:; complexes or tho lamellar prot~in can 

'.,; 
compl~xcs .fonned by tl"'f.;iitm~nt of the la«v..e.llne Nith dig.i.tonin or bile 

sm.lts, hut they r~present one-fourth of the quantasome p!'Qtein. Park 
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of four ::;ub...:..unlts. J.t is possfi;lc the.t these may :r'eprescnt specific 

Sum;\tir-y 

but~nol effectively strips th~ protQin fro"' of ~ipid. The lipid-free· 

centrifugation • 

. The. protein fract icm "~>r,~s :found to cond.st of <:1 large quo.nti ty of 

Tho absorpt.!,on ma1dmil of the a and a bands of th~ ferrocytochromes do 

not appeu.r to be sit)'tifica.ntly modified by low c.oncentlNltious of 

is about. 22,000 ~·mol·;-l. 'rhi . .._. value can only be cont.idet'od upr;>roxJ .... 

mntc~ owing to .the uncc1'to.hl e-xtrapolation of the;:, sodimetrtnticn velocity 

t,.· 

Assuming the pro't:flins to be sph<::rical, tbe cJ.U!ilGJtcr of tho proteins 

· . is about 40 ~. 
-

!t :ts su~;;gest~d th~t theM Ut~its comprise il f~md.a-

• J 



" -12- UCRL-16118 

invc::~t igat ion. 

Literature Cited 

f'hycico.l d:c~r.octerir:rtios o:f prote:tns cf the ~l!l!ctt'on transfr~r 

l1iochemir;try l: 827-E42. 

Commun. 17: 74-1g. 

prcpar.tir~s of cytochrbm f. Proc. Roy. Soc. Lor:clcm R 139: 327-31~5. 

4-. Ehr~.>nbcrt.h f\. 1957. De:t(;;rminution of mole.cui<U' w~ight.~ ~.r.d cH.ff:usion 

coefficients in the ultracentrS.fugc. Acta. Chern. Scc.\nd. 11: 1257-1270. 

Camp. Hioch. PhysioL li: tll-1?.2. 

G. 1961 • 

... 

effe-ct ~nd s;i,r:;~ distribution. l?.iochim •. 'Biophys. Act•l ('19~ 130-14-2 • 
. . 

n. Lichtenthalcr~ H. k., and i{., B. Park. 1 '3C~. Chcmicc:!l compoeition 



•• 

·-

UCRL-16118 

9. LundcgSrdh, H. 1~?.62. Quautitativ0. rclutions between chlorophyll 

and cytoch:l:'c.\tles .in chlof'OJ:11.U.sts. Physiol. Plantar·um 15: 390-393. 

176: 05-653. 

11.. 1954. Quant<lsome: Size .tnd .. 
tion. ~:Cir.:nce l'·P~: lC09:.loll. 

12. Far'k 11 R. H. 6 z.nd N. G~ Pon. 1961. Correlatio:1 o.f ::;tructure with 

l t' ;,. 

plasts. J. Hol •. Bicl. 6: 105-114. 

lea...f. ·1 ·a ·· "' 1 • 1 ~ • .!.•On. .r t'lYSl.O .. • 

on the chloroph~,tll-prote b comv6uncl f.ls studied .in th~ u.ltx..::t-

des chl<~ropJ.al::ter;: Vurtn.t;.hms de leUl' ton,eur en rcpport <lvcc 

l'~g~ ftJliair<~l et: l'~ contenu er: chlot'i.>phylle. Physiol. V~g. 1: 

101 ... 201. 



UCRL-16118 

19. 1'r~bst, A. V., H. Y. TMjhnotc, >:rnd n. !. Arncm. 1958. Sepa.rati.on 

of li,q:ht and dark ph<'H:.\o:\!1 in 'the. photoc:ynth<'s.is of isolate~ chloro-

:20. Thornber,. J. P., J. t •• E~,.iley 9 ~nd. s. ~~. :Ridley. 1964. The 

of spinnch chloroplantn. Eiochcm. ,.J. 9.?.: l8P. 

chloroplast~m von Ant.i.rrhinur.; m.1jt.10. V. Mitteilung flhcl' lumellarcm 
.-_...,._~---

d.ifrf.!l""anc.c ~•pectr(H~cop~l'· Anal. Biocbem. 6: ?87-2B9. 
/ 

.. 



.. 

·, . 

.• 

-l5.., UCRL-16118 

Table !o Cytoch:r•om-.'.1 content of: chloroplacts--this study 

spinach 

spinach 

spinach 

cytocht'ome 
:r<:<t io 
'b6/f 

..... 

l 

1 .. 3 

~~lolc.r ratio 
chlot.:•cmhvll 

cytcchr"'omes. f. <md b
0 

380 (of only) 

430 (f only) 

200 to 300 

1>!00 

...... 

Author 

Davenport •!tnd Hill (3) 

Sirom•.:tl and r:ngelert­
D~jardin (J.C) 

Hill and Bonnar ( 6) 

:t:caJ.culated on the basis of the compor:d.tion of a quantasom~ of SO% 
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Fi.g. 3. Chloroplast lamell~u:o protein fraction. Reduced· (dithionite) 

rig. 14. D iffavence spectro11 of an 80% s.cetCln~ pot-rdel" of pura chloroplast 

solubiH.zcd i.n chol~te {2 mg/mg p:rot<':lin). A, tmtre~ted mirruEi 

:ferricyan.ide "' oxidized. · I!t dithionite ... :reduced minus untreated. 

the dyi:C.'H!hror.:es is olcat'ly associated 'l<tith th{;! boundary. rrotcin 

· 7 mg/ttll .in 0.1 ·N NaCl, 0.0021~ H,'J.-dodecyl ~:-mJ.fate~ 5 x lo-2 t1 
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fige 7. Depenchmcc of sedimlf:ntation coQ:f:fS.cient on concentration of! 

tbr:: lamGlle~r pl'otnin fract icn. All ~xpcriments condw:ltf..>d in 

'• 

[ 
--~--------
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This report was ptepared as an account of Government 
sponsored work. Neither the Uni ted_Sta-tes, nor the Com~ 
m1ss1on, 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 con~ractor of the Com­
mission, or employee of such contractor, to the extent that 
such ~mployee 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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