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THB: CHEr'IICAL COHPOSITION OF CHLOROPLAST LAMELLAE FROrii 

SPINA.CIA OLERACEA* 
' . ' ~ 

\" · 'By HARTMtrr K. t.ICHTEN'I'HALER*t!ni RODERIC B. PA..t:U< 
.i. \:. ' 

' 

THE photosynthetic capacity of higher plant cells is localized 

· .. : ;;ithin the cllloroplastl,2. 'rlhen viewed in thin section by 

· · ele9tron microscopy, the chloroplast .is seen to consist of a lamellar 

phase (g-rana and stra:na la11ellae )<etnbedded in a matrix (:the 

strcma). These t~1o phases are surrounded by a membrane. The . . 

.lamellar structures can be separat~d from the strcma matrix3. 

The separated lamellae contain the chlorophyll and about 50% 

of the ;~tein nitrogen in the c~loroplast4 • They perform the 

light reactions and associated electron transport reactions of 

photosynthesis \>Jhicn lead to o2 production. PPNR reduction and 

photosynthetic· phosphorylation. The separated atro:na material on 

the other ·hand ccntai:ns the enzymei.involved in the C02 fixation 

reactions of photosynthesia3. The l~nellae appear to be made 

from subunits (quantasomes). Intact lamellae are not necessary 

to perform the light and elt;·ctron transport reactions. 
. ' . ·~ 

Aggregates of 5 or 6 quantasomes are fUlly active in quantum 

conversion and electron transport .. ·~ assayed by Hill react1on4 • 

*The work described 1n this paper ~as sponsored, in part,. by ·· 

the. U.s. Atomic Energy Commission, arid .. 1n part by the Department 

of Botany, University, of c£1iforn1a; Berkeley 4, Califomia. 

**N.A.T.O. Fellow, on leave fran University of Heidelberg, Germany. 
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Quantasome is the name given to the l~llar subunits which were 

initially observed by Frey-\'Jyssllng and Steimlan5. Further studies 

on the quantasome density and chemical composition have suggested 

that the quantascxne may be a morphological expression ot the 

physiological photosynthetic un1 t. Since quantasQ.1JeS may 

represent the smallest functional photosynthetic unit able to 

·carry o~t quantum conversion and electron transport, it' is 
' . .~ : 

desirable to obtain as ccxnplete a chemical and physical picture of 
'. 

these.partioles as possible. The available experimental data on· 

quanta.aomea··j:an oo summarized as follows. Qua.ntasomes appear 1n 
' ~ ' 

the electron microscope as oblate spheres 100 x 200 .t These particles. 

are readily observed in shadowed preparations. They do not stain 

and are not readily observed 1n sectioned material. P.owev;r, they 

are elosely associated w~th the unit me.11brane structure of a chloro- .· 

plast larnell.a. The quantasome aggregates are canposed of 50% lipid 

and 50% protein6. Aesoc1ated with the protein are th~ ~ransition 

elements, Fe. CU and Mn.· The lipid portion includes the 

photosynthetic p1epl<:mts ~ severt:Ll quin~nes and tocopherols 7. ;roo 

pigments constitute ca. 23% of the lipid material. The remaining 

lipid is accounted for by various other lipids reported ~~sociated 

<td th photosynthetic tissue. These reports are widespread in the 

literature and often.presented without recognizing the important 

·' 

role of these lipids in the structure of chloroplast lamellae. Illring 

the. past 30 years a number of papers have reported tbe total amount · 

of lipids • protein and p1~ents in leaves and chloroplasts or various 

h1gl1er plants. Moat chloroplast analyses in fact' ha.ve. been .pe%1'ormed 

on spinach, which is widely used in photosynthetio studies. In the · , , 
., . 
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. · · Ip~sent paper we summarize the information on spinach ohlorophst 
·, ·. . ' . . ( 

.<. · lipids and protein in the lamellae • on the basis of a m1n1m.lm 

· · ·. · · :~ ~9lecu1ar' weight of 960,000 per . mol~.· of manganese • 
. ·:·,' . . ,. \ . . . ' . '. . . . 

. . ·~ . · .... , . The. e.arly results on lipid and protein constituents' of spinach . 
'' =· 

. · .obl~;d~ia.s'ta suffer fran· un~erta.1nt1es concerning chloroplast 

purltt~ However~ a brief review of these analyses is useful as a 
, • I 

' • ' 4, • ' • 

background for our present .knowledge of spinach chloroplast 

.composition. In an investigation of ~ell organelles in spinach 

· leaves. Manka separated the 'leaf .tissue ·into 4 fraetiona8. :The. 
. . 

. Cytoplasm made Up 13.5% and chloroplasts 21.1% or tM leaf tissue • 

. In. this \.;o;k~ the cytoplasmic materlal contained 91% protein 

and only 0.?% lipids, on a dry weight basis. The chloroplasts . 
' . 

. contained. :53% protein and 31% llpids. .r1enke t s obs~rvatlons indicated · · 

.• that most'·~;'Clf 'the leaf lipids were located in the chloroplasts. 
• • I~ . i 't\ ' ' ' :\ ,,,• ' • 

. The chl~roplast and cytoplasmic fractions in these experiments we:re . 

not ·obtained by centrifUgation, but ~1are precipitated fran iear 't'~· · • .. · 
. ' . . ~. . . . 

. homogenates by ammonium sulfate tract1ona~1on. 

. ,In a aeoond paper Menke isolatQd spinach ohloroptasts by 

oentrifug~tlon and· found ~hat their ocinposition was 48% prQtein 
. . 

and 37% lipids~. He pointed out that.'the "chloroplast substanoert 

isolated iri his earlier experiment was in fact about 15% 

cytoplasm. Menke specified that the ether soiuble chloroplast 

lipids were a mixture of fatty acida, glycerides •. phesphatides ~ 

pigments. 

In 1942 Menke and Jacob separated the spinach, chloroplast· 
' ' 

lipids into an acetone 'soluble and.acetone insoluble fractionlOo 
' . 

The acetone solu~le fraction in which 80% or the total chloroplast 

lipids were present contained pigments; triglycerides,' and sterols, .. 

·,, ' '··~ 
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· The acetone insoluble · fraction consisted of phosphat1des and 
. ,·:··. '' 

I . ·~ 

·, \IJaxes. This experiment; in fact, was again carried out on precipitated 

· ':: . ''chloroplast substance" and not on pure chloroplasts. Since Menke 
~ - I • 

'll\ . 

' . 
,, ·round that trut· cytoplasm contained only 1% of the leaf l1p1d, 

. ' :' . . . . ' 

its :·~;~sence in the chloroplast substances \'las not regarded , 
·\ . \ . 

as" a serious contamination "to the chloroplast lipids. 
•. I • . ' I 

' \ ., 
.: ,,Zlll and Harmon1 however, found in spinach that "as much 

· . as one third of the· \•Thole leaf lipids were not prenent ~n. . , · . 

' ohloroplasts''1l. Thus the amounts of··'ohloroplast lipids given .· 

by r4enke and Jac.ob are uncertain, since it caMot be decided 
·..;' 

·,, .. 
to what extent their'chloroplasts were contaminated by cytoplasm. 

Moreove~'* it is not sur~ whether minOl'" constituents such as nterol.S· 
. . 

reported by those authors in their chloroplant substance also. · 

represent cytoplasmic contamination. Zill and Harmon also deteQted 

sterols in isolated chloroplast;s, thus. lending support to 

. Menke's earlle~ observation concerning sterols. Since the sterol 
. ' . ·' ' ·. . 

: · determination by Zill and Hannon was not quantitative, the 

\ sterol.oonc~ntration found by Menke and Jacob (approx.irnately ' ' . 

· 1.5% of the total chloroplast lipids) ,should be redete:rmine<h 

. ·· In 1942, Bot. investigated the c~emical composition of spinach .. · 

"grana"12•, The ·grana '9',rere isolated by repeated centrifugation of 

a ground j;p1pach leaf suspension. Thej contained 42-54% protein, · 

4-6% chlorophyll, 26-32% ·11p~ids (ethe~alcohol soluble· products) 
,. 

and a residue of' 16-25%. This composition varied with the season 

, and w:t th the age of the tissue, Bot's results are siffiilar to those . . 

of Me.nke. But ·since Bot .r). ves no o~ntr1fuga~1~ ~ta ·~or the · . 

isolation of the grana, we doubt the purity of the grana fraction• 
. ' . . . .: , 

. . ·' . 
· This view is suppo.rted by. the large unidentified ~sidue obtained · 

,· ' 

in the analysis. 
••• !lllo. 
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'· 
Park and Pon found that fragments of spinach chloroplast 

· · lamellae washed free from strcxna protoin had a lipid to protein 

. ' \'leight rati,p of approximately 16, Bot obtained a lipid to . . . 

protein weight ratio of. about o. 612• Bot's protein value may be 

high, dua to tho inclusion or stroma protein or possibly cytoplasmic 

protein. On the other hand., d.nbomplete extraction or tho lipids · 
' ! .. •. 

would also yield a lov1 ratio and may also ,have .. accounted for the 

high residue value of 16-25% • 

vleber reported that lipids ;ake' up 33-36% or the chloroplast 

·. ·. ~~ \ltefghtl3. The residue. after .lipid extraction consisted· · 

prirn.aril:Y of protein, 10-20% of which was soluble in salt 

·· · • solution, the remaiilder (38-46%) being termed structural protein.· 
,. . .. ' . ' . ' ' . ' . . 

.. Thus the· lamellar )i.pid to protein weight .ratio irl this work 
; . 

was between 0.7 ru1d 1. 

. ·Park and Pon prepared highlY purified chloroplast. lamellae \'lhich 

·. t-Iere active in Hill. reaction and cons1stantly found a lipid to 
.· . ~. 

protein ~~eight ratio of about 14•6. Thus. ~in.$ the past 20· 

. years analyses of the energy conversion apparatus or photosynthesis 

have yielded increasing lipid to protein weight ratios, primarily 

because early preparations contained non-lamellar protein. 

· Winte~~ has determined the amount or chloraplast phospho-

lipids as 53 moles of phospholipid$ per· 105 moles. of ehloropnylll4 • 

. The distribution of ccmpounds among the 53 moles was: 6 glyoero

phoSphoryl inositol (OPI), 24 glyoerophosphoryl glycerol (GPG); 

3 glycerophosphoryl ethanolami.no ( GPE), 19 gl.yccrophosphoryl choline 

(GPC), and 1 glycerophosphate (GP) ." He has also determined that 
. ; . 

the digalactosyldig~yceride and monogalaotosyldigiyceride · 

concentration in chloroplasts is 66 and 158 ·moles per lOS_ moles of 
. .. 

''·:' 
~ 

, ;:·\ .. . , 
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chlorophyll, reapect1Vely15,. Benson !t &• reported the presence of 
'· . 

. ··a sulfolipid 1-o-oleoyl-3 ( a-galactopyranosyl-6-sulfate )-1-glycerol 

., '.'irL~hloroplastsl6. ~~~ntermans has reported· its abundance· a~ 22 moles 

of ~ulrolipld per 105 moles of chlorophylll5.. Zill and Harmon 

·.separated the lipids or spinach ·ohlorOr>lasts and ~Jrbole spinach 
. . . 

. ':.'' 
le~ve~- up into several fractions by chr~~tography on sili~ic ~cidll. 

. /: ... They found that glycolip1ds, phosph<.>lipids and sulfolipids are the 
. ' ' '.. . . . 

· ~ oi' lipid classes in chloroplasts" N9n-polar lipids such as waxes_. 

hydrocarbons• cerylalcohol•- whictl make up a ~ignificant fraction of· . 

· the lipids of whole leaves, · were not pres~"l.t. They reported that · 
,( .,.·. 

, . pimnents, ·phospholipids,· glycolipids ~ digalactosylglycollpids and -. 

diglyceride malta up 86% 9f the_ total spinach chloroplast lipids., _ 
. - . 

- The rest consisted ·qf waxe~ and hydrocarbons (2%), probably a 
,' • . , e' 

co.ntamnation ~rom the non chloroplast portions of· the leaf', 

and other unidentified l1p1dso 

T[le fatty acids for ~~hole spinach leaves v.rere $iven by Speer, 

Vlise and I1art with linoleic acid 34.7%.; ·oleic acid 26.3%,. 

and linolenic ac-id 12~7%,., as the tnain componenta17. According to · 

·this report, 53% of the f~tty a~i~ occurred 1n the free form ·and 

47% as glycerides. The total fatty acid content of' . spinach . 
. . . 

·. chloroplasts ivas determined more recentlY by Wolf. !l ~· , and 

Debuch, as linolenic acid 68.9 :And 47.8%, an unidentified c16 acid 
' . 

with 3 deuble. bonds 10.8 and 19.5%. palmitic acid 1L2 and 15.5%. 

'linoleic acid 4.6 and s.o%, respectively .. and trace amounts of ., . 

·. ot~ersl8~ 19. These valu~s we;e· obtained by gas chranatography ano.:··-

are certainly more.a.ccurate than those· obtained by distillation of 

the saponified lipid extract frcro Whole leaves~ Ho~.rev-er,·· neither·:----
. . ' . . . . " . ' ... . . . . ' 

. ' 
, 'I._ "; 
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Wolf e~ ~· nor Debuch made distinction between free and esterified 

fatty acids and their relative abut~ance compared to other lipids 
. . " . 

'.was:, r.ot indicated. Thus the amount of free fatty acida in ~pi nq ch 
. ~ ' . 

chloroplasts on a weight basis or. in relation to other chloroplast 
! ' . . 

.. l~pids is still uncertain. 

,•\ , .. · · .The concentrations of quinones in spinach chloroplasts were 
·, '\ ~ 

·~ '' 

·-d~termined more recently20 ,21. The distribution of quinones and 
. ' . 

carotenoids in relat1ot1 to the chlorophylls for chloroplasts 

and quantasomes · ·t~as determined 1n this l.a'boratory7. 

Frgn all the data nov-1 available it is possible to calculate 

·the rel~tive concentr~tions of lipid comPonents in spiriach chloroplast 

lamellae. Since manganese is present in low concentration in 

chloroplast lamellae ·and is required for oxygen evolution 1n photosyn- ·I 

thesis22, Parle .. and ?on 'calculated a minimum molecular· weight of 

_ 9.6 x l.o5 for a photosynthetic unit 11 based on 1 manganese atom6. 

'l,he calc,ul~tion of tha qaantasane mass; the· morphological 200 :ic.lOO. ~ ' 
' . 

' ' 

subunit' or chloroplast lamellae~ from density, and volume r:1easurements · 

. yielded a molecular ~.;eight bet't'reen· 1 and 2· times the minimum . 
. , 

.. . ' 

. molecular weight given abeve; Park and Pen reported that lipids 

make up 52% of .the chloroplast 1.s.n:e11ae, -. \"lhile ·the ~airiing 48% 

is protein. Thus lipid ar.d protein contribute to the rninirnu:n 

molecular '"'eight 495.tOOO and 465;000 respectively. · , 

In Table I 11 the lipid and "protein portion of'the lamellae. 

are presented. The_ lipid portion 1s broken down to,show the 

relative amounts of various llpid3 based' on ,the a.nal,yses ':eviewed 
an. . 

above. It. 1s/interest~ng fact that the quinone tocopherol 'fraction 

contributes more to the lipid weight than the ~otal oarotenoids • 

__..~· 

. ,, 

.. . . ,· 

.. •' 

' ' • : 't • 
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_.. Table lq .Representative distribution of substances in spinach chloroplast 

lamellae .on basis of m1ntrl1UI'll molecular. weight or 960~000 per mole. of manganese. 

Lioict ( Co:nposi tion in I·1oles/Hole iv1n) 

115 chlorophy1ls 6 » 7 

80 ehl. a 
35 ch1. b 

24 carou;no1ds7 

7 8 -carotene 
· 11 lutein 
· 3 violaxanth1n 
· 3 .neoxanthin 

23 qUinone compounds 1 
.· 
·"~ B plastoquinone A 

. 4 plastoquinone B 
2 plastoquinone c2l 
4. 5 a.. -tocopherol · 

. ?~ -tocophery1quinone · .. 
2 vitam1n·Kl 

58 phosphollpidsl4 
(phosphatidylglycerols) 

I ., 
. 7 GPI 

, , 26 OPG 
3 GPE 

21 GPC 
1 GP 

72 digalactosylglycer1del5 

173 monogalactosyldiglycer1del5 

24 su1follpidl5 

? sterolslO 

Unidentified lipids 

Protein 

4 ~ 690 N atoms as protein · 

6 Fe 

3CU 

> ,\ 

¥...,·: 

. 
. 71,500 
31,700 

·.' 

3,800 
6,300 
1,800 
1,800 

6»000 
4,500 

' 1,500 
·1ll900 

. 1»000 
1,000 

. ., . ~. 

. '' 

. ' -~ " 

.., 

. ', :'• 

UPID.+. PROTEIN 

.13;700 

' 15,900 

.45,400. 

67~000 

134,000 

' 20,500 

7,500 

87,800 
495,000 ' 

464,000 

55 

336 

159 

465:~000 
g6o,ooo 

.. 
•, 
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The lt'..nadn components make Up roughly 82% of the total lipids in chloroplast 

lap·.~ellae. The unidentified portion (ca. 18%) ·probably consists mostly 
··,·.. ' 

of minor constituents which are present in chloroplasts. These constituents 

'aro either not reported quantitatively or the values availablo are 

inaccurateo To these unidentified constituents belong free fatty acids, 

free phytol9 protochlorophyll, phaeophytin,. xanthophyll esters, 

antheroxanthini phytoene, phytofluene~ tocopherols and tocopherylquinones 

·other than a-tocopherol and a-tocophel""J1qu1none i as well as other not yet 

identified lipids. T'ne lipid oanposition shoWn in .Table 1 undoubtedly 

undergoe~ considerable modification fr6m species to species and within 
' . 

. a plant ~pecies depending on the physiological conditions. However, such 

a catalog of lamellar canposition is usefUl for it~.provides some of 

the inforrrati0n from which it may be possible to construct models of 

the photosynthetic quantum conversion apparatus. 

Two kinds of information are still needed for construction of an 

.accurate model for photosynthetic quantum conversion and electron 
' ' 

transport~ First. we must characterize the vaz:ious proteins making up· 

one half of the lamellar structure~;Second, we must find the spatial 

arrangement bet·ween the larnrillar proteins and the various lipids.. · · 

Studies utilizing fluorescence, spectrophotometry and electron •.. 
miscroscopy 1 and dichr~ism measurements • are beginning to provide 

information as'~::to.the nature of this arrangement. For example~ such 

studies have shmm that chlorophyll exists in lamellae in several 

'I 

physical forms23D24. One of these forms of chlorophyll (700 m}J) is oriented 

with respect to the quantasome axis25., Sauer andCalvin have suggested 

this oriented chlorophyll may be the site for actual conversion of an 

exciton (electrQmaf;netic energy) into charge separation (chemical energy). 

"· 
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Hovv-ever, the structural relationships on a molecular or supra

molecular level betv.reen the many other lamellar lipids and as yet 

undefined lamellar proteins are u..·'lkno~>m, Tne catalogue in Table 1 
'I 

presents both the baa1c chemical composition of a photosynthetic unit 

and in. electron microscopic terms the basic chemical composition of the 

photosynthetically specialized unit membrane. It hopefully will become 

even more useful with future additions and corrections. When this catalogue 

is combined with other physical measurementz it will provide some of . ' 

the boundary conditions necessary for construction of an accurate 

molecular ·fr,lodel for the qua.."!. tum conversion apparatus in photosynth~81s. · · 
..... 

' ... 

•. 

l\ 

•, 
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