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INTRODUCTION 

IN 1959 Benson and his cokagtm * .&owed that % was rapidly incorporated into the lipids 
of the in algae Chlore@ pyrmdm and SC-, the photoisyx&dc bacterium, 
RiwdwpiriZluin r&rum and in the leaf tissue of many h&her plants, e.g. barley, clover, huxme 
and New Zealand spinach. Eventually Daniel et uL2 demonstrated that the s&ucture .of the 
major sulpholipid into which 35S was incorporated into these organisms was aSulpho-6- 
deoxy-a+glucopyranosyl diglyceride #-sulpho-a-Dquinovo@yl di@yceride). The major 
fatty acid components are pahnitic acid and linolenic acid.3 CSulbhoquinovosyl glycerol 
and 64phoquinovosyl have also been reported in ChZoreU4a.4 

The concentration of the sulpholipid in leaves equals or exceeds those of the well-known 
phospholipids s and its high concentration in green tis8ues led to the suggestion that it plays 
a functional role in chloroplast structure and function.6 However, the generally prevakt 
view that the sulpholipid was located exchiskly in the photosynthetMissues was questioned 
byWin~7whofoundthatingreen~yellow~~of~nfgMltheooncen- 
tration of the sulpholipid does not vary with difking chlorophyll cokentrations; he ako 
noted its presence in both the chloroplasts and cytoplasm ofleav6s of Betfa v&ufk 

According to Kates 8 the sulpholipid in the primary leaves of ntnner beans (Scarlet) is not 
the conventional one, but iszomposed of an !%compound, glw, CLn unknown sugar, 6n 
unknown compound and fatty acids. 

1 A. A. Bmso~, H. Dmm’and R. Wmm, Rvc. Nut. Aolrd Sd. Uk. a 1%2 (1959). 
2 H. DANIEL, M. MIYANO, KO. MUMMA, T. Ymf, M. LEP.~E, f. !kmum a&l A. A. BmXn$ I; Am. Ckm. 

Sue. a 1765 (l%l). 
3 I,. P. Z~L and E. A. &hRMON, Red. Proe. 18,359 (1959); B. W. N- and A. T. Jm M, &.#-a 

~trlcirmlttrl66,1003 (lw4); and C. F. ALLEN, P. Goon, H. F. DAVIS and S. D. FOWLBR, &x&m. 

4~~C,(~~~Bnd~~~YO/AILB.(8ditcdbyR11~~Aendcm* 

Plk&wYork(1962). 
3 A. A. Bmam, Pmt. 51 ht. Coqsr. Moscow (1961). 
6 A. A. BENSN and L Stirw~~, F&d. Pmt. a4 79 (1961). 
‘I J. F. G. M. Wnmmtdms, -. m. Aeta 44. @(1960). 
8 M. Iurn, &cMm. &q&w. Actu 41,315 (1960). 
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The present investiga~n was undertaken to examine the nature and intracellular distri- 
bution of the sulpholipid m?, green and etiolated maixe seedlings and Er&na sp., tissues used 
in this Department for studying the biochemistry of chloroplast development,9 to see if the 
sulphohpid is present in +nt tissue cultures, and to check the claim that the sulpholipid 
vnt in runner beans is-typical. 

A short report of part of this work has already appeared.‘O 

RESULTS 

Detection and Assay of Sulphoh’pid by Thin-Layer Chromatography 

Although there have been several reports 3 of the isolation and identification of u&belled 
sulpholipid, the administration of 35S to the tissue prior to extraction of the sulpholipid has 
two important advantages. Firstly it enables the sulpholipid to be unequivocally distin- 
guished from other leaf li@ with simii solubility and chromatographic properties, and 
secondly it enables much smaller quantities of sulpholipid to be detected. 
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Rutmol: propionicacid: 
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+Productofalkalimhydmlysk 
tPKMiuctofacidhydroly8is. 

Benson et a2.l cm-ricd out two-dimensional chromatography on paper of the lipid extract 
(2 days) followed by autoradiography (about 14 days); a single experiment thus taking about 
16 days. We have devised a single dimension thin-layer system in which the operation is 
complete within 24 hr. \1cl’th Kieselgel G as adsorbent the IQ values of the plant sulpholipid 

#ve and its deacylated deriva ~(Qsulphoq uinovosyl glycerol) in three solvents are recorded in 
Table 1. The development of the chromatograms is complete within 60 min. Autoradio- 
graphy is also much more sensitive and faster with thin layer than with paper chromato- 
graphy.ll A spot contai$ng 1000 dis/min will produce a well-defined image after 24 hr 
exposure, whereas on pager even as much as 13,000 dis/min will only produce a faint image 
after 24 hr. Fire 1 illustrates this difference in sensitivity; it records a comparison of the 
autoradiogram when one-dimensional thin layer and paper chromatograms of the same 
amounts of an ethanolic extract of Chlorelfu grown in the presence of 3sSG-, are developed 
with +butanol-propionic &$-water, and exposed to X-ray fihns for different periods of time. 

p T. W. GOODWIN, In &~JvJ&~~c Parhlwys (Edited by J. D. PRIDHAM), Academy 
m pnes). 

. Pm% London(1%5) 

‘0 W. H. D~vm, B. I. Mm and T. W. GOODWIN, &ochem.J. 8&63P (1963). 
II A. A. BENSON, J. R. COOK and T. YAOI, Plmrr PhysM. 37, xliv (1%2). 



FKt. 1. A CObWARISON OF THB -__Fz& OF PAPER nim-LAYER CIinoMA~ 

ORAMSOFPLANT 

The same amount of sulpholipid extract exposed for 1 hr to 7 days. (A) thiu-layez &oma@mm; 
(B) 011 paper chromatogram. Solvent in both casea n-butauol: onic acid:H20 (6:3:4). 
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Anexposureoflhrisadequateforthedetectionofthe thin-layer plate 
whilstaminimumof24hrisrequiredwiththepaper Furthermore the 
greater~~~ofthethin-layermethodissemonlonger~;after7daysupto 
eleven 3s!kontaining compounds can be detect4 whilst after this time only three or four are 
visible on paper. 

This method was used throughout the present work, but was ckcasionally supplemented 
by the original Benson technique for comparison purposes. 

Maize 
Maize~weregerminatedfor6daysinthedark,exciswfromtheirrootsaad 

dividedintotwogroups,eachofwhich~placedin25mltapwatercontaining1mcof 
3%-S@4-. Gne group was illuminated for 24 hr whilst the other wasketumed to darkness for 
the same period. The extracted lipid from both groups contained Csulphoquinovosyl 
dig&aide as the major 3%-component as dekrmkd by chromatography on Kieselgel G 
plate8 in three solvent systems (see Experimental section); in -son with the authentic 
compound isolated from CMorek pyremh’ the deacylated product of this compound 

Aaivityin 
Activityin pellmapof cblq sulpholipia P- 
sulpholipid totdacdvity 

(dk/minxlO-3) in&holipid (nab (ZX 

was similarly shown to be 6-sulphoquinovosyl glycerol and the pr@ct of acid hydrolysis 
baulphoquinovose. 

The results of a typical experiment on the intracelhrlar distriWon of the sulpholipid in 
the greened w (Table 2) indicate that the sulpholipid segregates with the chlorophyll. 
That & the rulpholipid present in the 20,ooOg and 105,Oog fractions can be accounted for as 
contaminationbychloroplastfragmentsbecausethe concentrati~ unit of chlorophyll is 
essentially the same in these fractions as in the chloroplast fra&n. These findings are in 
agreement with the views of Benson et al.” that the sulpholipid Wxent from mitochondrial 
preparations, but are somewhat at variance with the claim that it@ present in the supernatant 
of homogenates of green leaves of Beta vdgariz,7 for less than 1 pepcent ofthe total is present 
in the supematant fraction of our preparations. 

The distribution of sulpholipid in homogenates ofetiolated secdkgs (Table 3) are some- 
what di%krent. In this case there is no chlorophyll to indicate the degree of unhomogeneity 
ofthevariousfractio~butthereisclearlyagreaterpe~~dsulpholipidinthe105,000g 
fractions of the etiolated seedlings than the green seedl&x Twopossible explanations for 
~exi~:(a)the~dsaremorefragilethanchlorop~~~~~moreeasilydisrupted, 
or (b) the sulpholipid is associated in etiolated tissue with part&es of the same size as micro- 
somes. The implication of(b) is that during greening of etiolafed seedI& the sulphohpid is 
mobilized from these particles into the developing chloropla@. 
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Activityin Fcaaageof 

haction 
sulpholipid total mlplwlipid 

(dis/minxlo-2) lwowrcd 

RmnerBeatls 

Inonesetofexperlmentsrunner beanseeds(pizewianerandscarlet)weregierminatsd 
inthedarkfor5days. 

zklna 
temswereexcisedjustabovetheseed,andplacedinwatercon- 

taining 1 mc 35S@,- and ’ ’ ted for 24 hr. Our standard methods of procedure (dkcumed 
in the previous section) healed 6-sulphoquinovosyl diglyceride as the major sulpholipid in 
the primary leaves of *th varktks. As thctic remit.3 were completely at variance to those 
reportedbyKates*theexperimentswererepeatedusinghisculturalconditionsandextraction 
procedures.*~ l1 Thin-layer chromatography in three solvent systems (Table l), onedimen- 
sional chromatography ,011 paper (Whatman No. 1) in two solvent systems (phenol : water and 

butanol:propionic acid ), and onedimekonal chromatography on silicic acid impreg- 
G natedpaperinadiisobu *acetic acid : water system all revealed 6-sulphoquinovosyl 

diglyceride as the major bulphur-containing phospholipid; its deacylated product was also 
identikl as 6-sulphoqwinovosylglycerol. The presence of the complex lipid reported by 
Kates could not be de&n&rated. 

W~anda~l2,ThtalfallandGoodwinl3andD.RThtelfall(~~ 
observations) have withoneexEpCo&culturesof-cellsofPatis 
Scarlet Rose of terpenoids ckac&Mc of functional chloroplasts (e.g. 
C4UOhlOidS, K) and no chlorophyll; the exception is plastoquiru.u~.~~ 
The cuhures do, however, contain considerable amounts of sterols which are present in 

for syntheskg From the point of view of chloroplast 
ifundi&mntiated plant cells contained 6-sulphoquino- 
wasaddedtoaf~inoculatedcultureandthecells 

harvested 14 days later. An$ysis revealed the pmsence of small amounts of labelled 6-sulpho- 
quinovosyl diglyceride; gentle homogenixation (see wtal) of the cells followed 
by fractional centrifugatioq demonstrated that the bulk of the activity was located in the 
supematant (Table 4). Tbe same distributionwas observed with steroh~,~~ which are, however, 
entirely particulate in homogenates of etiolated cells. It would be reasonable to assume that 
such gentle homogenixation as grinding with sand would not entimly disrupt the organelles 
present in the cells of plant tissue culture, but more work is required before this can be stated 
with complete confIderice. 

‘ZM.KATBsaudF. M. BwRMRuT$ can. J. Bur. 3!r,l!w7 (1957). 
“RL.~andT.W.GooDwm,P~.q81(1%~. 
“D.R.THBBLPAU.andT.W. cs4Kbvm, Bhhfm. B&DhJw. ACM 78,532 (1963). 
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-h&id =WWidprcaeot 

(dis/min 10-q before extmction 

EqlenagracilisSmhZ 

A well-known characteristic of EM&M gr&Zis is that when grown hctcrotrophicaUy in 
the dark it is colourless and produces no chloroplasts; when such cells are washed free from 
medium, resuspended in buffer and ill&ted they rapidly become green as they produce 
functional chloroplasts. Grown either heterotrophically or autotrophi&y in the light E. 
gruds is green. The development of chloroplasts in greening EugleM has been studied from 
the viewpoint of the formation of chloroplast terpenoids;15 the present study extends this 
inve!&igation to the sulpholipid. 

Three media (see Experimental) containing the same amount of %a- were inoculated 
withthesamecultm.eofEuglenagrucfistrainZ. Af?er6daysincubationthethreesetsofcells 
(heterotroghic-dark,hetero~~~tanda~~c~t)wereharvested,andexamined 
for sulpholipid; in all cases the major scontaining lipid was 6-su.lphoquinovosyl diglyceride 
as demonstrated by our standard procedures. The autoradiograms suggested that the green 
cultures contained far more sulpholipid than the etiolated cultures; as no quantitative assay 
for sulpholipid is available an attempt to compare the amounts in the two cultures was made 
by measm%~ the total radioactivity in the sulpholipid isolated from cultures grown auto- 
trophicallyandheterotrophicallyundero~identicalconditionsl,andcomparingthem 
withthetota135W,~uptakeineachcase. TableS~~sthe~~~ofs~hanexperimentwith 
6-day cultures grown on the “heterotrophic medium” in light and darkness; it will be seen 
that although light does not greatly &rease jsSw uptake (1.32: l), the relative amount of 
sulpholipid is some 4.6 times greater in the green than in the etiolated cultures. 

Tocal_ Activityin IbtiOOfWtiVitY 
of =sof sulpholipid RatiOOfUpth inm@olipid 

N-Of& (dia/minXlo-8) (dis/minxlo-3 (light:dluk) &#lt:dark) 

5-36 28-4 1.32: 1 461:l 
Etiolatd 4-06 6.16 

+~ofi~aompoeitioa~~with~s4memotharcultursled~~pt180~ 
6daysoitbrinli&tordarh~ss. 

=’ T. W. GOODWIN, i%mkWia lQ, 213 (1954). 
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The i&acellular distribution of sulpholipid in green autotrophic and green heterotrophic 
EugZena ceb is very sin&r (Table 6) and, as in the case of the green tissue of maize, the sul- 
pholipid segregates with the chlorophyll, thus indicating that the major portion is located in 

TABLZ 6. INTBACELLULAU B OF BVOSYL Dlt3LYCEiUDE M ORBBN &&m 
@tZCihGROWNlNTHELX3HTONAUTUIROHlICAND~C~ 

Activity of 
Activity of 
sulpholipid perceetase of 

. sulpholipia 

Fraction (dis/min x 10-q total sulpholipid 
-m&M (w-f&;;;mil 

A. Cd,% @own autotrophidy 
zr%g 260 617 2: . 3.62 1.38 1.71 

loj;ooog 112 11.3 ::z 
supematant 0 0.0 xz Oa 

B. cells grown on heterotrophtc medium In l&ht 

a* 223 714 z: 2.17 0.63 1.03 1.14 
154ooOP 50.8 14.7 049 193 
SUpCIMbt 1.29 04 0.00 - 

the chloroplasts. Again, similarly to the observations in maize, in etiolated Eugkna the bulk 
of the sulpholipid is found in the 105,000 g fraction (Table 7), which once again suggests that 
in the development of chloroplasts the sulpholipid may be transferred from this particle to the 
plastid. 

ActivityOf 
sulpholipid perantage 

vt oftotal 
lhction (dis/min x 10-q sulpholipid 

a&? 
21.6 21.8 

lOwJO 8 z Z 
Sw==w 1.16 1.2 

EXPERIMENTAL 

Mat& 

The following were examined: Higher plants-maize (za mais, south Afrikan White 
Horse Tooth hybrid No. 159C/4221 obtained from Messrs. Gunsons (Seeds) Ltd., London); 
runner beans (pke&,g mdtiiporus v. Scarlet and v. Prkwinner, obtained from Messrs 
Bees and Carter, respectively). Algae-Chlorella pyrenoidosa (wild type) and EugIer&a graczIIs 
strain Z (1221-Z), both from the collection of Algae and Protozoa, Botany Schoo4 Cam- 
bridge. Tissue culture-the cultures of cambial tissue of Paul’s Scarlet Rose was originally 
obtained from Profasor P. W. Brian, F.R.S., University of Glasgow; it has been maintained 
in this laboratory for some years. 



StabhoIipidinmaias,rummrbenns,p~ticureadtumsand~ienugrod#c 147 

Growth and culture conditions. The seeds of make and runner beans were soaked in dis- 
tilledwaterfor24hrandthenplantodinaJohnInaesNo. 1 soilmixtureand~at23° 
in complete darlo~%s. When required etiolated seedlings were greened by illumination for 24 
hr. The Scarlet runner beans were also grown under greenhouse conditions in the light at 18”. 
ChZorelZa pyrenoidxa was maintained on slopes msisting of Agar (1.5 % w/v) and D&o 
bacteriological yeast extract (0.2 % w/v) in distilled water. For experimental purposes it was 
grown in the light at 18” for 7 days in a liquid medium.15 The cells were harvested by centri- 
fuging for 3 min at 300 g (M.S.E. Minor bench centrifuge). Eugkna gradis strain Z was 
maintained on slopes under the same conditions as C. pyrenoidosa. It was grown in either a 
heterotrophic16mediuminlightor~~~~~~au~p~cm~~17~~~tat18”. 
Thccellswereharvestedinthe~samewayasC.pyrenoidosa. Paul’sScarletRosetissuecultures 
were grown as previously described in detail,12 

Administration of m&active cornpods. Carrier-f= jsSw (Radiochemical Centre, 
Amersham, Bucks.) was -used throughout. Etiolated seedkgs at an approprkte stage of 
growth were excised from their roots and placed in distilled water contain@ the approprkte 
amounts of jsSw. For the algal and plant tissue cultures the labelled sulphate was either 
added to the medium before sterilization and inoculation or added aseptically to an actively 
growing culture. 

Ceil Fractionation Procedures 

(a) Higherplants. Thegreenedoretiola~tiss~werecutwithasci~intoa~wn- 
tainer of a blender (M.S.E. Atomix) precooled to 1”. All subsequent operations were carried 
out at this temperature. Homogenization was carried out for 30 set in a bul%@ (O-35 M- 
NaCl, 0.01 M-K2HP04andO~01 M-Verse@ adjusted to pH 74, and the homogenate was 
filtered through eight layers of cheese clothlg and centrifuged at 140 g for 5 min (M.S.E. 
Minor centrifuge fitted with swing-out head). These two steps remove all the cell debris and 
fibrous tissue. The supematant was then centrifuged in 50 ml polypropylene tubes at 5000 
rev/min for 15 min in a Servall Superspeed RG2 automatic refrigerated centrifuge fltted with 
a 55-34 head. This sedimented the 3000 g fraction. The resulting supernatant was recentri- 
fuged in the same apparatus in stainks-steel cups at 15,000 rev/min for 15 min; this sedimen- 
ted the 20,000 g fraction. A 105,000 g fraction was obtained by centrifuging the supematant 
from the previous spin for 90 min in a Beckman Spinco Model L preparative centrifuge fitted 
with a No. 40 rotor head. 

(b) J%&TUZ. The ce& suspended in distilled water, were disintegrated ultrasonically at 
0” with a Mullard Ultrasonic Disintegrator. The disintegrated cells were suspended in 10% 
sucrose (w/v) and difIere&ally centrifuged in the same way as homogenates of higher plants 
(see above). 

PZant tissue cdture. The plant cells (10 8) were washed with the buffer used in homogenix- 
ing whole plant tissue (see above), placed together with 10 g acid-washed sand in a large 
precooled mortar. su&ient chilled buiTer was added to cover the cells which were well 
ground with a pestle. ‘the resulting mixture was filtered through eight layers of cheese cloth 
and centrifuged at 140 g for 5 min. The supematant was then fractionated in the same Way 
as maize homogenates (see above). 

16 J. J. WOUCEN, E&em, Quinn and Boden, London, (1961). 
17 0. BRAWERMANN and B. CHARCUPF, Bock&n. B&&w. Acta 31,164 (1959). 
~*P.K,QTUMPP~A.T.JAMBS~.~.~~~,~(~~~~). 
19 G. V. IUmnmn and E. Smz, Bioch. Bophys. Acta 21,168 (1956). 
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ExtractionofLipti 
(a) In-t tissue of higher plants. The tissue w Cns into small f-b and plaad ia a 

50 ml jr& homogenizer beaker. Sufficient hot absolute ethanol was added to covm the 
tim wti& was then homogenized for 60 set in a M.S.E. homogenixer at full speed. The 
resultant mixture was filtered through a sintered glass funnel. The residue was r-e-extracted 
twice, once with the same solvent and once with hot ethanol containing 25 % (V/V) chloroform. 
Ihe combined extracts were then reduced to dryness at 35” in a rotary evaporator (Wright). 
The residue was dissolved in a small volume of absolute ethanol for chromatography. In 
some experiments the runner beam were extracted according to the method of Kates and 
Eberhardt.” 

(6) Algal ad p&nt time cube ceh, centrffi& pellets. Thest lXClXUihmS Were 

Washed into a Hw) ml beaker with hot absolute ethanol and homogenixed with an Ultra- 
Turrax homogenixer. The procedure from then on was the same as with phmt extracts. 

@matant from d#krenntial centr@gationS. This lluderial was extracted by adding 4 V01 
of ethanol and boiling the mixture for 5 min, this denatured soluble protein. The solution 
was extracted exhaustively with 4 vol of diethyl ether. The ether extract was washed twice 
with water and dried by standing over anhydrous Na$U& for 2 hr. ‘Ihe solution was filtered 
and the ether removed in y(~cuo. The residue was taken up in a small volume of absolute 
ethanol for chromatography. 

Chromatography of Lipid Extracts 

Paper. The two-dimensional system of Benson et al.’ was used. IJp to 40 hr were 
required for suitable development of the chromatogmm Ascending chromatography in one 
direction on silicic acid impregnated paperlg was eRective with diisobutylketone:acetic 
acid:HxO (4O:30:7) as solvent. The time for suitable devclopmtnt was 14 hr. 

Tkinlayer. Itwasfoundthatgoodseparationofthesulpholipidwasobtainedbychromato- 
graphy at 24” on Kieselgel G (Merck) with butanol : propionic acid : water (6 : 3 : 4), phenol 
saturated with water or diisobutylketone : acetic acid : water (8 : 5 : 1) as developer. The average 
time for satisfactory development was 60 min. 

Detection and Assay of Su@hoh$id 

The sulpholipid is only detectable as radioactive spot, so it was located by autoradio- 
graphy with “Kodirex” X-ray film. The thin-layer chromatograms are some twenty times 
more sensitive than the paper chrow20 (see also Results section). 

Quantitative detmhatiun of the radioactivity in the sulpholipid spot was carried out by 
eluting the spot with toluene, adding it to a liquid scintillator, also dissolved in toluene, and 
assaying it in a Packard T&Garb Scintillation Spectrometer seriear 314E. 

Daacylation of 6-WphoquinovosyZ diglyceridk. The &ted spot was dissolved in 1 ml 
tohrene:methanol(1:1)and1mlof0~2NmethanolicKGHadded, Thesolutionwaswarmed 
at37”for2Ominwhenlmlofwaterwasaddedandthemixturedeionixedbypassingthro@ 
a cohunn of Dowex-SO (H+ form). The eluate was evaporated to a small volume and the 
deacylatod sulpholipid (6+ulphoquinovosyl diglycerol) detected by chromatography on paper 
and thin layers followed by autoradiography. 

Acid hy*!vfi of 6-suIp~vosyl &Zyctvidk To the sulpholipid dissolved in 1 ml 
50 % aqueous ethanol, O-5 ml of 6 N HQ was added and the solution heated at 100” for 30 min. 

2o T. W. GooDwpr, Lob. -, April (I-). 
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After cding, 2 ml of water were added and the solution extracted with diethyl ether (5 ml). 
Theaqueousphasewastakcntodrynessin~andthe~d~dissolvedinlmlwatet. The 
resulting 64phoquinovose was detected by chromatography on paper and thin layer 
followed by autoradiography. 

Determbtion of Chibrophyll 
Amon’s proccdurc21 based on that o&&ally proposed by Mackinney~ was used. 

21 D. L AMON, plarrt J’hydot. ar, 1 (la% 
~2 G. lulmmm~, J. Bid. Chem. 140,315 W41). 


