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Introduction

\ltlioughl it is w-idely recognlized that the photo-
synthetic activity of isolated chloroplasls may be
modified bv changes in structure during extraction
it is by no means certain to wlhat extent these effects
can be attributed to the presence or absence of -the
chloroplast membrane. The difficulties experienced
in defining structural modificationis in isolated chloro-
plasts and relating these to changes in activity are
great and call for considerable caution in inlterpreta-
tion. However, evidence is nowv available (8. 10)
which supports the viewv that chloroplasts which ap-
pear opaqtue unider the light miiicroscope lhave retailed
their membl)ranes whereas those whichi have lost their
meml)ranies appear granulate(d (9). By this crite-
rioni chloroplasts isolate(d fromii peas (11) iniitially
conitaini a large proportioni of chloroplasts \with inltact
membraines. ThIlis paper describes the use of tllese
p)rel)arations in all attempt to inlvestigate the relationl-
ships betw-een photosynthetic activity anld miiemlbrane
integrity.

Materials and Methods

Plantt Material. Peas (var. Laxtoln Superb anid
Feltham First) were growni for 13 to 16 days in
moist vermiculite in a box which was illumiinlated for
11 hours out of each 24 by five 40-w fluorescent
tubes (Ecko Daylight) at a distance of 30 inches.
This gave a light initensity of approximately 150 ft-c.
In the dark period the temperature was miiaintained at
15° ± 1 but in the light period it increased to between
200 and 250 according to the ambielnt temperature.
Taken from the dark, the leaves contained little or no
starch.

Rcagcnits. Pyocyanine, prepared fromli phena-
zine methosulphate by the method of \fcIllwain and
purified by repeated passage from chloroform to
acid, was kindly donated by Dr. Geoffrey Hind.
Trishydroxymethylglycine (Tricine) was prepared
according to Good (6) and twice recrystallized from
aqueous ethanol.

Inorganic Phosphatc Estimiiationi. Inorganic phos-
phate was determined by a modification (7) of Allen's
method (1). The disappearance of Pi in the light is
assumed to represent ATP formation from ADP. It

1 Received -ay- 24. 1965.

has beeni shown that the Pi contelnt of simiiilar reac-
tion mixtures was restored to the level prior to il-
lumiination by 7-minute hydrolysis in N HCl (7).

CO., Fixationi. This was estinmated by using C14,
as before (11). The method used to relate counts
recorded to jxmoles CO., fixed (11) was also checked
against standard solutions in a scinitillation counter
and its validity confirmed.

Illu,tninuationi. Reaction mixtures were illuminated
in saturating light (> 4000 ft-c) provided by a cir-
cular bank of nineteen 1 50-w tungsten bulbs. The
apparatus was essentially a more sophisticated version
of one previously described (7). Temperature was
mlainitainied at 200 + 0.250.

Chloiroplasts. WN'hole clhloroplasts were prepared
fromii 50 g of leaf mlaterial by a mietlhod simiilar to
one previously described (11). In this miietlho(d a
WR arinig blenidor (M.S.E. Atomix) is used to (lisrul)t
the cells but the leaf miiaterial is added to the grind-
ing mediumii with the blades revolving at lowv speed
and whlen the last leaf is drawn below the surface
(after approx. 10 sec) the speed is inicreased to maxi-
mum for only 5 seconds. This is necessarily a rela-
tively iniefficient lhomogenization but a large pro-
portion of chloroplasts survive in an apparently en-
tire state. In preliminary experiments it was found
that the concentrationis of sorbitol used previously
(11) interfered with the phosplhate estimation and
therefore in all the experimients described in this
paper sucrose was substituted for sorbitol. Resus-
pending nmediumii for whole chloroplasts containied
0.1 % NaCl, 0.1 % M\IgCl2 0.175 % sodiunm iso-
ascorbate in 0.45 AI sucrose. In all but one of the
reported experiments chloroplasts without memlbranes
were prepared by resuspendinig the pellet of wlhole
chloroplasts in media from which only the sucrose
was omitted. In most experimients additional sucrose
was added to reaction mixtures which were to receive
memibrane-free chloroplasts so that the final concen-
tration was the same as that in reaction mixtures con-
taining whole chloroplasts. In the experiment illus-
trated in figure 5, whole chloroplasts were adlded
directly to reaction mixtures from which the sucrose
had been omitted.

Chloroplasts w-ere alwavs prepare(l immiediately
before use anid added to each reactioni mlixture 20 sec-
onds before illuminiation. Reactions were started
and stopped sequentially at 1-minute or 30-secondl
ilntervals. WNhere dliffereiit periods of illumiiination
w%,ere necessary the reactionis wvhichl were to last
long-est were started first in order to minimize any
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effect of aging. Normially less thalln 45 milinutes
elapse(l between cuttinig the leaves from the growing
plallts and(l termiliatinig the last reactionl.

Chlor-op/yll/ Dcteruiiiiatioot. I)uplicate sanmples
wx ere extracte(l in 8() % acetone in suilbd(iued light.
After centrifugation in stainle.s steel tubes the
chlorophyll conltenit w as (leternnnille(l by spectrophoto-
miietric measnrement at 652 miEA ( 2).

illicroscopc. Chloroplasts w ere exam ined usitng a
Gillet-Sihert pho)tomicroscol)e e(luil)l)e(l with l)lhase
contrast ani(l lenises which gave a milagniificationi of
2000( (lianlleters.

Results

ilc1r0o0CpY. Usilng a phase conitrast microscope
with the conideniser and iris diaphragmii adjusted to
grive conlditionis appiroximating to dark grouin(d illumi-
nation. 2 types of clhloroplast cotuld lbe readily dlis-
tinigtiislhed. The majority were opa(IlUe anlclshiny
\with a halo whiclh miiade themii appear to stand(l otit
from the (lark background. The remaiin(ler w-ere (lark
anld granulated, somewhat larger. flatter, anld without
the halo. The differenlce in aplpearance w-as pro-
inouniced anid independent of the (lepth of focuis.
Chloroplasts prepare(d ol sticrose (lensitv gra(ielntts
1wv DIr. Rachel Leech. v-hiclh have heen showN-n 1v
electroll nmicroscopy (10) to conitaini 90 % or miiore
chloroplasts w\ith initact nmemnbrailes. wvere also ex-
aminiel in this way anid again the samiie 2 categories
were seen, the great mliajority opaque ani(l haloel anld
the remiiain(ler- dark and graniulate(l. Followinig ex-
posure to hvpotoniic miie(lia all the chloroplasts ap-
pearedl dark and(I granulated. Onl this hasis. aii(I
with regard to the results of Kahnl ancd V-oni \Vett-
steini (9) and(l Leeclh anId Greenwood (10) the shiny
opaque chloroplasts were identified as enitire and(I the
(lark graniulated chloroplasts were idenitifiedI as Onles
which ha(l lost their hounding membranies. This has
now heen conifirmiiedI by- A. 1). Greenwood in this
departmiient who has shown b1! electroni microscop\
that the elntire chloroplasts retain their outer
doulble meihbrane and their stroma. Routinie
examiinlationi of whole chloroplast preparations in(li-
catedl that the proportion of clhloi-oplasts without in-
tact miemibralnes w-as usually only- about 20 % tlloug
in somiie experimients it fell to as little as 10 % and in
others it inicreased to as muchscI 50 %. T'he soturce
of this variationi is nlot known- but in earlier work
peas w,hich had been exposed to relatively higlh temil-
l)eratures ( > 25;) (luritg grow\th invariablv gave
chloroplast I)rep)aratiolls \vlhich fixe(d CO., at poor
rates anlle our inadequately conitriolle(d growinig conl(di-
tion.s are tlherefore susl)ected.

\\'hole chloroplasts rcsnsI)endle(l in media from
wN'hicht the sucrose w\as omitted lost their membranes
within a mlatter of seconlds anid it wsas not normallyv
possible to finid anyv opaque chloroplasts by the timie a
sam)le cotld lite place(l uinder the miicroscope. Suibse-
(Itient fragmientation occuLrre(l onlv slowlv andI the
memlbranie-free chloroplasts remaine(d relatively entire
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FIG. 1. Progress curve of cyclic photophoslphoryla-
tation bv whole and membranie-free chloroplasts. Re-
action mixtures conitainie(l in a finial volutme of 0.3 mil,
iniorganiic lphosphate, 2 unmoles; ADP 2 /Amoles (both
at pH 7.5) pyocyanine, 0.006 ,umole; Tris-HCI bhuf-
fer, pH 7.5, 6.6 umoles: 0.1 nil of chloroplast suspetnsion
conItainiing whiole ( 0 ) or iinen11branie-free ( 0) chiloro-
plasts. The resl)ective chlorophyll conltelnt Nv\as 0.032
mg (Iwhole) anid f.OlO (nmembrane-free ). React on lulix-
tures conitaininig memhlbranie-free chloropslasts also conl-
taimed additionial sucrose to comp)ensate for that Oiliitte(l
from the resuspieding mlc(lium.

for half ani houir or miiore thiotuglh thev showed somne tell-
dencv to swell ai(lc also to coalesce with one another
whenl they came. inlto Contact.' After 10-iiniutes il-
lutminiation at 20' in. phosphorylati'ng reactionl m11ix-
ttures the appearanice of both lwhole 'andndenmbrane
free chloroplast preplarationls ( noss in i(lentical nedia
seeniied mnici the samiie as it ws as iii'mmediatelv after
isolatioln nor was there any readily detectable (liffer-
enice ill the lpro)ortioll of wN-hole chlorollasts. It
slhotl(l be emiphasized of course, tllat alny visuial es-
tinmate of the proportion of whole chloroplas.ts h1ad of
necessity to be based onl a verv small samiple fromi a
very large population.

Photophosphoryilioon. Figure 1 showxs a tiniie
coturse for cyclic photophosphorylationi in which tIle
2 types of chloroplast suspe1nsions were conml)are(l.
This represenits the largest (lifferelnce observed inl a1
series of exp'eriments in whicll half of the chloro-
plast l)ellets prepare(d from a sinigle batch of leaves
were resuspended in norimial media, to give largely
whole chloroplasts anid the remainider Nwere susl)enldle
in hvpotonic meulia to give milemn}branie-free chloro-
plasts. In a number of observations based Oil single
tiilie iintervals as Nvell as comiiplete timiie course ex-
perinilents the rates of pllosphorvlatioT lbV Whole
chloro)Ilasts were always le.s tlhani those catalyzed
bv ivemibrane-free cllloroplasts hut the degree of (lif-
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FIG. 2. Photophosphorylation by whole anid mem-
brane-free chloroplasts as a function of chlorophyll con-
centration. Reactants mixtures as for figure 1 except
that the mixtures contained 0.02, 0.04, 0.06, 0.08 or 0.10
of whole (0) or membrane-free (0) chloroplast
preparations and 0.08, 0.06, 0.04, 0.02 and zero of the
appropriate resuspending medium. Chlorophyll content
as indicated in the figure.

ference varied conisiderably from preparation to prep-
aration. Expresse(d as a percentage of the rate
achieved by membrane-free chloroplasts the phos-
phorylation by whole chloroplasts varied between
65 % an(d 12 % As stated above, estimates of the
percentage of membrane-free chloroplasts present in
these whole chloroplast preparations varied between
approximately the same limits.

Figure 2 shows that at low concentrations the re-
lationslhip between chlorophyll concentrationi anid
rate of photophosphorylation was linear for both
whole and broken chloroplasts so that at least within
this range it would seem permissible to compare
rates (onl a chlorophyll basis) in reaction mixttures
containiing (lifferent amounts of chlorophyll (as in
fig 1). At higher chlorophyll concentrations therie
was some experimental indication that departure
from linearity might occur at a lower concenitratioln
in whole chloroplasts than it (lid in memibrane-free
chloroplasts. In the majority of experiments the
chlorophyll content of whole and membrane-free
preparations was adjusted so that it was the samiie (or
app)roximately the same) in each.

F-igure 3 shows a time course in an experimenit in
which the normal procedure was mo(lifie(l. Onily
whole chloroplasts were prepared and aliquots of
these were then added to reaction mixtures contain-
ing either the normal sucrose concentration or to re-
action mixtures from which the sucrose had been
omitted. In a previous experiment it had been shown
that the initial rates of photophosphorylation by
membrane-free chloroplasts were identical in reaction

mixtures with anid without added sucrose so that it is
probable that the difference in rate in figure 3 cani
be attributed entirely to membrane loss. In this ex-
periment it can be seen that the rate achieve(I in the
absence of sucrose was greatest at the outset anid(
showed no tendency to increase with time. This
wvould suggest that membrane-loss occurred very
rapidly, and had gone to completioni in the 20 secondfs
between the ad(lition of the chloroplasts and the start
of illumination. This is consistent with the visual
observation (see above). In an additional experi-
ment in which whole chloroplasts were preinculate(l
in sucrose-free reaction mixtures for periods ranging
between 30 seconds anid 10 miniutes there was no
sulbsequent detectable difference in rate. It will be
seenl that in the lower curve in figure 3 (whole
chloroplasts in reaction mixtures containiing sucrose)
there is a suggestion of a late increase in rate which
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FIG. 3. Progress curves of cyclic phosphorylation in
reaction mixtures of different tonicity. Reaction mix-
tures as for figure 1 except that 0.02 ml of whole
chloroplasts were added to mixtures which initially con-
tained 0.1 ml of 0.45 M sucrose (0) or no sucrose (0).
Chlorophyll, 0.0108 mg.

has beeni ignored in drawinig the curve. A siniilar
tendency has beei) observed in 2 other experimlenits
but enough (lata is not at present available to rule out
coincidental experimelital error. A late increase of
this sort would be expected if slow membrane loss in
sucrose conitaininlg reactioin mixttures was not offset
by thermal denaturation and other factors.

CO. Fixation. Figure 4 shows the progress
curves for CO. fixation by whole and membrane-
free chloroplasts. This was the converse of the
photophosphorylation results in that the higher rate
was now supported by the whole chloroplasts. The
initial lag or induction period has been observed in a
nunmber of time course experiments with whole
chloroplasts and has varied between 1 and 6 minutes.
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FIG. 4. Progress curves of CO,, fixation by whole
and membrane-free chloroplasts. Reaction mixtures con-

tained in a final volume of 0.3 ml Pi, 0.25 uLmole; MgGl.,,
0.25 gnmole; MnCl ,, 0.25 Amole; EDTA, 0.25 /Lmole;
Na isoascorbate, 0.50 ,umole; tricine-NaO(H, pH 7.5,
7.5 /Amoles; GSH, I /Amole: rihose-5-phosphate, 2 giimoles.
Whole (0) or membranie-free chloroplasts (0) in 0.1
ml suspension containinlg 0.028 mg chlorophyll. Reaction
mixtures containinlg memllbrane-free chloroplasts also con-

tainied additional sucrose to compcelsate for that oniitted
from the resuspending meedium.

'IThis seemlis to be in accord wvith a previous obser-

vation by- Gibbs an(d Bamberger (3, 5) of a lag
period of about ; miniutes which coul(d be abol-
ished by the adlditioin of certaini sugar phosphates.
UIider the present experimental conditionis ribose-O-
phosphate stimulatedl the mnaximiiumii rate of CO, fix-
ation an(I also dinminishedl the lengtlh of the even

longer lag period wvhich was observed in its absenlce.
It remiiains a possibility therefore that the iniduction
p)eriod( in figure 4 miiight be attributable inl part to the
timiie tak-en for ribose-5-phosp)hate to pelnetrate the
intact menmbranes. A dlecrease itn the ability of w hole
chloroplasts to fix C( )., in the lighit folloxwing ex-

posulre to hypotonic nlle(lia is niot in any sense a new

observation (see e.g. \Whatley et al. 12). It is in-

clhl(ledI here for completeness and also because it stip-

ports the interplretation that the visual changCes rep-
resent membrane loss followed by loss of stroma.

Discussion

Preparations from peas containiing a mixture of
whole and membrane-free chloroplasts supported

slower rates of photosynthetic phosphorylation. than

those in which all the chloroplasts lla(l lost tlhei'
membranes (cf. WVhatley et al. 12). Th'lle (lifferelice
between the rates was stufficienltly large to suggesk
that Imlost, if niot all, of the p)hotop)hosphorylation may

have been mediated by miemibranle-free chloroplasts.
It might he inferred that the initact memibranie re-
stricts or excltudes the entry of an exogeniotus reac-

tant suich as ADP or a cofactor stuch as pyocyanine
or alterniatively that it prevents the (liltutioll of an

active eiidogenous adenlosine triphosphatase. 'T'here
are of course many other possible explanations but
in view of the relative rate of the respective in vitro
systems it seems iml)possible that the tutilizationi of
ATP in CO. fixation could accoutnlt for the observed
differences. In the absenlce of ad(le(d stugar phos-
phate, fixation coildl be expected to fall belowv
,tmoles/mg chlorophyll houir (11) and CO., fixation
by whole chloroplasts is also strongly (lepressedl by
pyocyanine at the concenltrationi tised.

Recently. Gee et al. (4) have established that it
is possible, with mnemnbranle-free chloroplasts. to

achieve labelling patterlls reseml)lilng those in the
intact leaf and their comprehensive stu(dy also serves

to unlderlilne the comuplexities of the various factors
ilnvolved and(I the iml)ortance of intra-organelle in-
tegrity. Quianititatively, however, it seemiis probal)le
that the decreased ability of chloroplasts to fix CO.,
wheni they have lost their membranes is at least partly
attribuitable to the loss of soluble enizymes ( 12).
Consversely the ability of whole chloroplasts frollm
peas to fix CO. at relatively fast rates mutist in some

part be related to the large proportion wlhich have
intact membranes. This in tturn may reflect the
toulghniess of the pea chloroplast meml)rane rathler
than the superiority of the isolationl proce(lure. Np-
l)lied to chickwee(d (Stellaria i;wdia) the normal teclh-
nique yielle(d chloroplasts (in stucrose ) which were
almiiost entirely dlevoid of membranes. \Vork by
James, Leechi and Greenwood (8, 10) onl whlichi the
present criteria for whole anid memiibranie-free chloro-
plasts is largely base(l, also established that it is pos-
sible to isolate almlost comiipletely pure mnembrane-
free chloroplasts froml media of relatively high oslimotic
presstlre. It seemiis more than likely therefore, that
many chloroplast )reparations described in the litera-
ture as whole maya have contained a large proportion
of otherwise entire chloroplasts which ha(l lost their
membranes aind the truly intact chloroplast may there-
fore be less permeable thani maV have been imiiagined.

1). Spenice an( H. Unt (Atust. J. Biol. Sci., 1965,
18: 19/7-210) have now reportedl (lecreased rates of
photop)hosphorylation in spiinach chloroplasts after
resusp)ension in (liltute Mg`--free imiedia; uncou)pling
may be assumle(l to have occurre(l. It shlould be emii-
phasized that in the present work chloroplasts were
maade membrane-free by exposuire to hypotonic mledlia
conitaininiig MgCl, (see text).

Summary

Pea chloroplasts, isolated in sucrose media were
examined under the phase cointrast nmicroscope. The
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proportioii of otherwise entire chloroplasts which
showed the granular appearance characteristic of
membrane loss varied between 10 % anid 50 % in
individual preparations.

Exposure to hypotonic miiedia was followed by im-
mediate membrane loss. Membrane-free chlioroplasts
showed an enhaniced ability to catalyse cyclic photo-
phosphorylation and a reduced ability to catalyse car-
bon dioxide fixationi. Expressed as a fraction of the
rate achieved by membrane-free chloroplasts, photo-
phosphorylation by chloroplasts with intact mem-
branes varied between 12 % and 65 %.
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