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SPINACIA OLERACEA® T

© % . By HARTWUT K. LICHTENTHALER*ind RODERIC B. PARK

- THE photbsynthetic capacity of higher plant cells 1s localized

" within the chloropiast1v2. When viewed in thin section by
 élegtron'm16roscopy, the chloroplast is seen té ccnsiét of a lamellar
- phase (wrana and stroma lamellae ): ‘efbedded in a matrix (the
strcma) These two phaseo are surrounded by & membrane. The
lamellar structures can he separated from the stroma matrix3,
mhe'separated lamellae ccntain the cﬁlorophyli and about 50%

of the protein nitrogen in the cﬁlofoplastg. They perform the j"
‘1light reactions and associated electrén transportvreactiona of
photosynthesis which’lead to G, production, PPNR reduction and
photosynthetiC‘thSphofylation. The separated stromé.%mxerial on
the other band contatns the enzyme.involved in the COp fixation
reactions of photOuynthesis3 The lamellae appear to be made

- from gubunlts (quantaoomes). Intact lamellae are not necessary
to perforﬁ the light and electron transport reactions.

LI S

Aggregates of 5 or 6 quantasomes;ére fully active in quantun

conversion and electron.transport“és7assayed by Hill reaetion“.

 *he work describad 1n this paper was sponsored in part by
‘the U.S, Atomle Energy Comnission, arid 1n part by the Department |
of Botany University of California Berkeley M California. |
.'**N A.7.0. Fellow, on leave from University of ﬁeidelberg, Germany




 } and are not readily observed in sectioned material. However, they
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"-', Quantasome i1s the name given to the lamellar subunits which were

initially observed by FP8y~WYu81inﬁ and Steinman’. Further studies
en the quantasome density and chemlcal composition have suggested
that the quantascme may be a morphological expression of the

physiologicél photosynthetic unit. Since quantaéomes may

. _;i_represent the smallest functional photosynthetic unit able to
'weicarry oub quantum conversion and electron transport, it 1s |
f? desirable to obtain as canplete a chemical and physical piccure of ;.ﬁ
.__. these particles as poasible. The available experimental data on- |

quantasomes can ‘be summarized as follows. Quantasomes appear in

- the electron microscope as oblate spheres 100 x 200 L. These partioles

are readily obgerved in shadowed preparations. They do not stain

are closely associated with the unit mpmbrane structure of a chloro—

~ plast lamella. The quantascme aggregates are ccmpoaed of 50% lipid

and 50% proveind, Associated with the protein are the cransition -

“elements, Fe, Cu'and Mn. The 1ipid portion includes the

| photosynthetic pigments, several quinones and tocopherols7 The

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

 lipid 15 accounted for-bj various other 1lipids reported associated

- with photosynthetic tissua; These reports are widespread in the

literature and often presented without reoognizing the important

" role of these lipids 1n the structure of chloroplast l&mellae« During

the past 30 years & numbar of papers have reported the total amount
of lipids, protein and pigments in leaves and ehloroplasts of varioua _
higher plants, Most chloroplast analyags in»faqt hawe-been.performai

v_on'Spinach, which 18 widely used in photosynthetic studles. In the -



?n‘,lipidn and proteln in the lamellae, on the basis of a minimm

»contained S3p protein and 31% lipids. M@nke 8 observationa 1ndicated S
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‘73present paper we sumarize the information on spinach-chloropl&st

{

':n.fi xnolecular weight of 960,000 per mole -of manganese.

The early results on lipid and protein constituenta of spinaoh

_"jchlorOplasta suffer from uncertainties concerning chloroplast '

: purity. However, a hrief raview of these analyses 13 useful as a

backgrcund for our presént knowledge of spinach chloroplast

.' CQmp0uitiOn. In an inVestigation of cell organelles in spinach

.'*_1eaves, Merka separated the leaf t1ssue into 4 fraotions®, The'
| *;.cytoplasn made up 13 5% and chloroplastﬂ 21, 1% of the leaf tisaue.

In. tnis work, the cytoplasmic material contained 91% protein |

and only 0. 5% lipids on a dry weight basis. The cnloroplaats e

o that most vbf the 1eaf 1ip1ds were located 1n the ohloroplasts. : 3. A
- The chlorcplast and cytoplasmic fractions in these experiments were .

not obtained by centrifugation, but were precipitated frcm leaf o j;;='

.Ahomogenates by ammonium sulfate fractionation.

In a 3econd paper Menke 1solated spinach chloreplasts by ﬁj.' -
centrifugation and found that their composition'was 48% protein | |
and 374 lip1d89 He polnted out that the "chloroplast substance" R

1solated in his earlier experiment was in ”act about 15%

cytoplasm Menke specified that the ether soluble chloroplast

1iplds were a mixturé of fatty acids, glycerides, phosphatides and

N | o ." ’ AN
In 1942 Menke'and Jacob separated the épinach,chloroblast"

1ipids into an acetone soluble and'acetone insoluble fractioniO,

The acetone soluble fraction in which 80% ef the total chloroplast

1ip1ds were present eontained pigments, triglycerides, and sterolaa

-
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‘f\

“f_;fThé acetone insoluble fraction consisted of phOSphatides and

. vaxes. This experiment, in fact, was agaln carried out on precipitated

' ;o.'dhloroplast substance" and not on pure chloroplasts. Since Menke

-'ﬁf;found thnt the cytoplasm contained only 1% of the leaf lipid

’n:'its preoence in the chlorOplast Substanccs was not regarded -

.ﬂif_reoorted by those authors in their chloroplast suostance also

':_as a serious contamination to the chloroplast lipids.<

| lei and Harmon, however, found 1n spinach thac "ao much

.f,fas one third of the whole leaf lipids were not present 1n ' {{;‘_f‘ |
f_onlorOplasLs"ll Thus the amounts of chlorOplast 1ipids givcn -cf&c": 
by Menke and Jacob are uncertain, since 1t cannot be decided

to what extent their’ chloroolasts vere contaminated by cytoplaam.

.}=Moreovcr, it is not sure whether minor constituents such as sterols

| represent oytoplasmic cOntamination. Z411 and Harmon also deteoted -
- sterols in isolated chloroplasts, thus, lending support to "

'Wenke's earlier observation goncerning sterols. Since the sterol

' j'detcrmination by Z111 and Harmon was not quantitative, the

'l_stenoloconcéntration found by Menke and Jacob (approxlmately

1“:f‘ 1.5% of the total crlorOplast 119168) should be redetermined.

‘ In 1942, Bot investigated the chemical composition of spinach
: "grana“l2 < The grana were isolated by repeated centrifugation of
'5f a groundfupinacnlleaf suspension. Tnoj_contained ngbh%‘protein,
4-5% cniorophyll, 26-32#“1ipoids (ethérualconol solublo“products)
i and & residue of 16-25%. s composition varicd witnpthe‘séasonv

c'and with theiage of‘tne tissue“Bot's resultSvare similar to thosc, .-

. of Menke But ‘since Bot. giveo no cenbrifugation data for the -

= ivicolation of the grana, ve doubt the purity of the grana fractiona i

; This view is supported by the large unidentified residuo Obtained

“1in the analysis. o ”ffg« {.f\f,'.‘;,; e ;*Q
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Park and Pon found that fragments of spinach chloroplast
’i?lamellae washed {ree fbom’stromarprotoin had a lipid to protein B
";iWeight ratto of approximately 16, Bot obtained a lipid to
Vprotein weight ratio of about 0. 612 Bot's protein value may be
| ’ high. due to tha inclusion of’ stroma ‘protein or possibly cytoplasmic
i:f o  vf_ f' protoin. On the other hand, anQOmpleta extraction of the lipids
éllﬁf‘__:;- ;o_f[.would also-yiald a low ratio and may also~haveﬁaccounted for the
S ~ high rosidue value of 16~25%. | o
" eber reported that lipids make up 33-36% of th@ chloroplast
| of“dry weight13 The reoidue after. 11pid extraction consisted =
‘Q':primarily of prcbein, 10-20% of which was soluble in salt

o }fsolution, the remainder (38—&6%) being termed structural protein.
L "'I'ms the' lanellar 1ipid to protein weignt ratio id this work
‘ﬁ:was betweon 0.7 and 1. | o
| Park and Pon prepared highly purified chloroplast lamellae Whioh :
 :f;were active in hill reaction and ~conslstantly found a 1ipid to |
o:protein weight ratio of about lu 6. Thus during the past 20
', years analyses of the energy eonversion apparatus of photosynthesis
- have yielded 1noreas;ng 1ipid to protein weight ratios, primarily :
vii'oeoause early preoarations contained non-lamellér protein. -
N Winternans has determined the amount of chloroplast phospho- o
_ lipids as 53_mole of ohoepholipids per 105 moles of chlorophylllu
.ol}‘Thé distribution of campounds among the_53_moles wass 6 glycero- .v
' phOSpﬁoryl inositol (GPI), 2l glycérothSphoryl glycerol (erg), |
-3 glycerophosphoryl othanolamino (G ), 19 glycerOphOSphoryl gholine
.i'(CPC), and 1 glycerophosphate (ap). he has alao determined that
the digalactosyldiglycoride and monooalaotosyldiglyceride
iooncentration in chloroplasts is 66 and 158 moles per 105 moles of

.
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. ”he reat consisted of waxes and hydrocarbons (2%), probably a - 'f -h
- contamination from the non chlorOplasb portions of the leaf :

== ‘UCRL-10795

chlorophyll reapectivelv15 Benson et al. reported the presence of

; a sulfoliuid 1~0~oleoyl—3(B-palactopyranosyl—6-sulfate)-1~glycerol
)ﬁ ”§7 ¥1n:chlorop1asts15. Wintermans has reported its abundance as 22 moles
. of sulfolipld per 105 moles of chlorophyl1’5, 7411 and Haron
"’.”separated the 11pids of Spindch chloraolasts and whole spinach
o ileaVPJ up 1nto SGVeral fractions by chromatography on silicic acidll
gfff;{They found tha gljcolipids, pbospholipids and sulfolipids are the
3'2AdeOP lipic clas es in CthPOplaotS. Non—polar lioids such as waxes,
K hydrocarbons, cerylaloohol, which make up a significant fractlon of
L:-ﬁthe lipids of whole 1eaves,vwere not preaent. They reported that .
iv pi ents nhosgholipido, glycoliplds, digalacuOSleljcolipid% and ’
. _diglyceride make up 86% of the total spinach chloroplast 11pids.;A"

‘and other unidentified lipids.

The fatty acids- for whole spinach leaves were glven by opeer,

_‘ Wise and Hart with ldnolefc acid 34, 7%, ‘olele acid 26,31,
M'”“fﬁs_ana linolenic acid 12. 7 as the main componental7 Acoording to
| "éithiu report, 53% of the fatty acids occurred in the free form and
'”"‘747% as glycerides. The total fatty acid content of spinach . “
|  "ch1oroo1aats was determined more recently by Wblf et al., and

Debuch, as linolenic acid 68. 9 .and 47.8%, an unidentified Ci6 aaid

ith 3 double bonds 10.8 and 19 5%, palmitic acid 11.2 and 15. 5%,

1;.flinoleic acid 4.6 and 5 Obs respectively, and trace amounts of

fV othera18 19, mhese values were obtained by gas chromatography and

are certainly more accurate than those obtained by distillation of

| the saponified 1ipid exuract fran whole leaves. Houever, neithpr

l A
. i

gL
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Wolf et al. nor Debuch made distinotion between free and esterified

- fatty acids and their relative abundance compared to other lipids

' "'iﬁlwas not indicated, Thus the amount of free fatty acids in sp\naoh

: chloroplasts oh a weiqht basis or. in relation to other chloroplast
' lipida 13 still uncertain, L o |
‘i_ The concentrations of quinones in spinach chloroplasts were
‘I,Sdeternined more recently20 21, The distrlbution of quinones and
‘earotenoids in relation to the chlorcphylls for chloroplasts
and quantasomeo WaS determined in this laboratory?.

From all the data now available 1t is possible to calculate

 the relatiVe conccntrations of lipid components in spinach chloroplast

v lamallae. Since manganose is present in low concentration in
ohloroplast lamellae -and is required for.oxygenvevolution in photoéyn- ;&
thes1322 Park.and “On'oalculéted‘a minimmm molecular%weight of ‘
;9 6 x 105 for a photosynthetic unit, based on 1 manganese atomd,

The calculation of the Quantasome mass, the morpnolozical 200 x 100 ﬁ
_ ubunlt of chloroplast lanellaeg from denslty and volume meaourements
oyielded a moleoular wnight between l and 2 times the minimmn,
,molecular weignt given above. Park and Pon reported that lipids '
.make up 52% of the chloroplast lamellae, while the rﬁmaining 48%

r';is protoin. Thus lipid ard protein contribute to the minirum

- moleeular weight 395,000 and 465 000 respectively

In Table I, the llpid anﬁ protein portion of the lamellae.

are pregented. The lipid portlnn is broken down to show the -

‘r:ralative amounts of variou% lipids based on the analyses reviewed

an ,
above. It 1s/interest1ng fact that the quinone tocopherol fruction

contributes more to the lipid weight than the total oarotenoids.
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’ vTable 1q Representative dis tribution of substances in upinach chloroplast

‘lamellae on basxs of minimum molecular weight of 960 OOO perxnole of manganese.

Lipld (Compooltlnn in Woleo/ﬂole 1ﬂ) _
15 ehlorophyilsbs? . 103,200 -

“8oenl.a - .T,500 o
35¢hle b e 3L7000 ¢ o -
2l carotenoids’ o B 13,700
7 B-carotene . . . . 3,800 |
11 lutein o 5,300
. *3 violaxanthin L 1, 800
3 neoxanthin 1, 800( » .
a3 quinone canpounﬁs7 T 15,900
8plas’coqainone A o 6000 o | |
. 4 plastoquinone B _ .. . 4,500
. 2 plastoquinone €21 - 1,500
b,5 @ ~tocopherol : ,‘l 200
:?(x~tocopherquuinone C l 000 Y :
, 2 vitamin'Xy - . ,‘-13000 o S
58 phaspholipid814 . ._flffJ‘ o ‘%'-f - 45,400
(phosphaﬁidylglycerols) . AT R e
- 7gPT
. v 26 GPG
L 3 GPE
21 GPC

| 1GP B S 'v
72 digalactosylglycertdels o ST 67,000

173 monogalactosyldiglyceridel5 -’,A J' ?a» o ,f_ e | 134,000
24 sulfoliptdls | 20,50
?sterols0 7,500

Unidentified lipids . = . T . 87,800 .
ST e e "”J"“‘hsb 000

Protein
“,GQG_N atns 83 propein1  f“'fr ﬁ:flif ‘ ‘v:f.   ?£ .; - - ~1f 164,000
1w - e
6w T 336
R o 5,000
“.c . _ ' LIPID# PROIEIN - - 900,000
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_ The Krioun componontu make up rouglly 824 of the total lipids in chlorOplast ‘

A: 1d@el1ae, The unldentified pertion (ca. 18%) probably consists mostly

q; of';inor constituents which are present in éhlorOplasts. Thege constituents
\'are elther not reported quantitatively or the values available are

B inaceurate. To these unidentified constituents belong free fatty acids,

free phytol, protochlorophyll, pmeophytin; xanthophyll esters,

anthex‘-oxanthin9 phytoene, hytofluene, tocopherols and tocopherquuinones _

~other than a-tOCOpherol and a—tocophenquuinone, as well as other not yet

l. identified lipidav The 1lipid composition shown in_Table 1 undoubtedly

' ﬁndergoes considerabié modification from species‘to species and witﬁin

-a plant snecies depending on the physiological conditions. However, such
& catalog of lamellar comoosition is usefhl for it provideg some of

- the infarmation from which it may be possible to construct models of

the photosynthetic quantum conversion apparatus. ) |

”wo kinds of information are still needed for construction of an

accurate model for photogynth@tic~quantum converoion and electron

| transport. First, we must charactarizé the varicus ﬁroteins making up-f

one half of the'lamﬁllar étrz,xc'cmfe,.\\i’,ecc}nd‘v we must £ind the spatial

- arranﬂencﬂt b»tween the laméllar ﬁféteins and the various lipids. | vf-f

Stadies utilizing fluorebconce, spectrowhotometry and electron B

ni croscopy, and dichroiom measurements, are beginninv to provide :
,infornation és to, the nature of this arrangement. For example, such

: studiea have shown that chlorophjll exists in lamellae in several

 physical forms23,24, One of these forms of chlorophyll (700 my) is oriented

with reépeét to the quantascme axis2d, Sauer andiCalvin have suggested

- this ocriented chlorophyllvmay be the site for aéﬁual conversion of an

exciton (eiectromagnetic'energy)_into dharge separation (chemical erergy).
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Ikmover, the structural relationships ‘on a molecular or supra-
molecular level betaeen the many other ldmcllar lipids and as yet
undef;ncd lamellar proteins are unknown. The catalogue in Table 1
prescnts both the bayic chamical compositiOn of a photoaynthetlc unit
’ anﬁ»in,electron microscople terms the basic¢ chemical composition of the
.photosynthetically specialized unit membrane. It hopefully will become
even more useful with future éddiﬁions and corrections. When this catalogue -
is combined with ouher physical meauurements it will provide some of |
the boundary conditions neceosary for COﬂatPﬂGtiOﬂ of an accurate

R molecular~modei for the quantum conversion apparatus in photosynth381s.”
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