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The experiments to be presented here are directly
concerned with the importance of chloroplast integ-
riity and function in photoreduction and photophos-
phorylation. In an earlier conmmunication (10), we
were able to show both by biochemical criteria in-
volving CO, fixation as well as direct electron mi-
croscope observations that the isolation of chloro-
plasts in 0.35 Ni NaCl is noxious to the structure anid
function of the chloroplast. Not only is the outer
membrane destroyed, but stromal grounid substaince
is lost and the grana are disrupted and swollen.
Less than 20 % of the grana remain in an intact con-
figuration. Concon-mitant with this structural de-
gradation is the loss of ability to incorporate C140,
into carbohydrates and other products of photo-
synthesis. When chloroplasts are isolated avoiding
the use of salts and extensive dilution, a preparation
is obtained in which the outer membrane is rupture(d
and ground substance lost, but the grana appear to be
intact. It is this semi-intact preparation that has
been utilized as starting material in the experiments
presented here.
The photoreduction of NADP+ is no0w known to

proceed through the mediation of a so-called System
1 (13, 19) in which electrons are taken from the
level of chlorophyll to reduce ferredoxin and thelnce
by way of a flavoprotein enzyme to the pyridine
nucleotides (21). The recent work of Becker et al.
(7) has been concerned with the consecutive degrad-
ation by sonication and osmotic shock of spinach
chloroplasts and with their ability to carry out the
photore(luction of ferricyanide. They were able to
obtaiin fractions, centrifuging between 1-5.000 and
20,000 X g, which were extremely active, of even
higher specific activity than the quantasomes isolated
by Park and Pon (17,18). For optimal activity
Park and Pon were required to add back supernatant
fraction to their particles.

The classical experiments of Vishniac and Ochoa
(25) which first dcemonstrated the ability of chloro-
plast preparations to photoreduce pyridine nucleo-
ti(le led to the (liscovery by Sal) Pietro and Lang
('20) that both the chloroplasts or chloroplast frag-
nmenits and(l soluble protein were niecessary to carry out
the overall pliotoredtuctioni of pyridline nulcleoti(le.
It is important to emphasize the very labile ilnterrela-
tionship that exists between the soluble fractioni and
the chloroplast fragmllenits. Recelntly Gressel an-d

Received May 20, 1965.
- This research was supported by grants from the

U.S. Atomic Energy Commission and the Charles F.
Kettering Foundation.

3Research Career Development Awardee of the
United States Public Health Service.

Avroi (11) have prepared chloroplasts from swviss
chard by a salt fractionatioln procedure. and haive
use(l both saponification and enzymatic techniquies
to disrupt them. Their measuremenits of photoreduc-
tion as a function of disintegration used ferricyanide
and 2,6-dichlorophenolindophenol (DPIP) reduction.
'rhev did not measure pyridline niucleotide reductioni.

The first reports of photoplhosphorvlation in a
chloroplast preparation by Arnonl alnd his collabora-
tors (2) used an isolationl technique wlhichl we nlow
recognii-e yields onlv broken chloroplasts and (lis-
rtlpted grana. In these preparations. photophos-
phorylation was stin-ulated by the acldition of various
dyes wvhich served as electron carriers in the cyclic
phosphorvlation pathway. Subsequently. the investi-
gations of Park and Pon (18) disclosed that rather
vigorous disruption of these chloroplast preparations
led to the formation of the quantasome unit able to
carry out very low levels of photophosphorylation.
Gressel and Avron (11), using a variety of degrad-
ative techniques, were able to show that the incor-
poration of inorganic phosphate in the light was ex-
tremely sensitive to both pancreatic lipase and phos-
pholipase as well as sonication. We emphasize againi
the fact that their starting material was already a par-
tially degraded chloroplast prepared in salt.
We have now examined the photoreduction anid

photophosphorylation of ouir semi-initact chloroplasts
prepared in the absence of salt and dilutioni. \Ve will
demonistrate that these chloroplasts have approx-
imately 10 times the endogenous photophosphorylat-
ing activity of chloroplasts reported heretofore in
the literature (5, 9). Thev are also quite active in
their ability to carry out pyridine nucleotide redu-ic-
tioln, achieving maximal rates when supplemenlted
with exogenous photosynthetic pyridine nucleotide
reductase (PPNR). The ability of these preparations
to maiintaini such high endogenous rates is directly
dependent on their structural integrity.

Materials and Methods

Prepar-ationi of Chloroplasts. The ilmetho(d of
prel)aration is essenitially that described in our earlier
communiiiiicationi (10). Onie hundred g of spinach
(Spiniacea olcicracc() were lharvested from the Ear-
hart Greenhouse at the California Instituite of Tech-
nology. Petioles anid midiribs were removed, the
leaves washed several times in distilled water, placed
in a polyethylene bag anid chilled to 0° prior to
grinding. Twenty ml of a buffer containing Tris,
0.1 M, pH 7.5; glutathione (GSH). 10-4 m ; ethylene
diamine tetraacetate (EDTA), 10-4 M; and MgCl,,
10-3 M were added to each 100 g of spinach to be
rround. Grinding in the absence of sand was carried

1101



1102PLANT PHYSIOLOGX

out in a cold rooImi usinig mortar and pestle prechille(d
to 0°. The extract was filtered through 8 layers of
cheesecloth previously miioistenied in buffer. This
filtrate was then centriftuged at 300 X g in a Sorvell
refrigerated centrifuge to remove cell debris and
whole cells. The supernatant remainlilng was cenitri-
fuged at 1500 X g for 7 iminutes. The l)ellet so ob-
taine(l was use(l as the chloroplast prel)aration in
the experiments to followx. In some exl)eriments,
when ascorbate was addled to the grindinig medium.n
its finlal conlcenltrationi was 0.05 M.

The chloroplast l)ellet was susl-en(led in 20 nml of
0.05 M Tris, pH 7.5. conitaininlg 2 X 10 MMgCl., 5
X 10- ' MNi EDTA. anid S X 0( i GSH. In the
ascorbate experiments the concenitrationi of that com-
pound(l was 2 X 10(-2 M\ in the suspendinlg buffer. It
should be noted that there was considerable vYaria-
bility in the biochemical activity of these prepara-
tioIns which seems to be a ftunctioni of the growing
con(litionis of the plants.

Sonic (lisruptioni of the chloroplast fraction was
carrie(l ouit usin1g a l-eat Systems sonicator equipped
with a rosette cell. T'he sonicator was operated at
20 kc and (10 w. 'The rosette cell was cooled using
a salt-ice b)ath at -5°. At no time did the tempera-
ture in the cell rise above 40 (luriing sollicltion of the
chloroplast preparation. Thle timles of soinicatioln are
those indlicated on the graph.

Chlorophyll concentrations were measuired as (le-
scribed by Arnon (1). Suitable dilutions were mla(le
so that the final concentrationi of the chlorophyll in
the preparation was 250 ,g per 2.5 ml for experi-
menits of photophosphorylation andl 100()(g pr 2.5nl
inl photoreduct ion experiments.

ilIleas-rencot of Photorcdoctiooi of NADV. 'I'he
metho(d employed is esselntiallv that described hv San
Pietro (20, 21). A solutioni conitainilng N.AI)P\ 2
,umoles; P1, 10 /moles; and(I ADP, I Aiimole wvas
added to 2.5 ml of the buffered chloroplast suspension
colntaininig 100 jug of chlorophyll. 'I'he filial volutmie
was 3.0 ml. In those experiments where ascorbate
was teste(l, it was ad(ledl in the amiiotunit of 50 j,moles
per 3.0 ml. WNVhen PPNR was assayed in the svysem.
60 /xg of this material were added. The reactions
were carriedl out in 30 ml screw tol) glass vials. For
the dark experiments. the bottles were carefillyv co\-
ered witlh aluminiiumii foil and black tape. 'I'he re-tc-
tioi was Imnainltainled at 1)11 7.4, the tempera-;ture 20(
in a Dubuioff shakilng incubator. The bottles were 2
cmii below the surface of the water bath in or(ler to
absorb some of the heat. Light was provi(le(l by 2
Sylvania Sun-Gunis ilodel 11. t'he measure(d il-
lumiiniationi (XVeston miieter 756) fallinig ulpon the
vials was 400() ft-c. The conicentratioln of NADPH
was (letermiinie(l dlirectlv with a Gilfordimodificationi
of a Beckmani DU spectrophotometer usinig light of
340 mnu. The dark control vial was used to zero the
instrument. All values are theni relative to the dlark
control.

Measutrecmlenlt of Photophosph orylationi. The con-
centration of chlorophyll in the chloroplast prepara-

tioni used for photophosphorylationi was adjuste(d to
250 ,ug per 2.5 nl of buffer solutionl. To this chloro-
pla.zt suspension wNas added 10 mn oles of potassiuiln
phosphate, pH 7.0, containing approximiately 3 /sc of
[P-32, as wvell as I ptniole of adeniosinie diphosplhate
(ADPP). The finial volume wxas adjusted to 3(1 ml.
Various electronl carriers anid cofactors xvere added
at the following conlcentrationis w-heni tested: pheaiz-
enie miietlhosulfate (PMS). 0.1 pmole, 2.6-dichl)ro-
)henolinldolphenol (DPIP), 0.1 ,umole; PPNR. 6(0)
,ug; NADP', 2,imoles; and K3Fe(CN),, 5.0 Anmoles.
The reactions wvere carried out tinder the lighlt and
teml)erature conlditiois (lescril)edl for lphotoreductioln.
The reactionis xvere stopped xvith 0.5 mil of 20 %
triclloroacetic aci( ( TCA). P'recil)itate was re-
moved l)v centrifugatioin anid the supernatant (le-
cante(l anid save(l. The l)recil)itate xNas washed twice.
the first timiie xvith 1.5 ml of 10 % TCA. the seconl(d
vith 1.0) l of ionl-free xvater. all(l all 3 supernatants
comibined. The finial x-olutime of the supernatants was

ap)p)roxin1ately 6.0 ml.
'I'he determiniationl of phosphate inicorpolrate(d in

the organic fractioni was carrie(l out in the saniie
fashion as (lescribe(l by Avron (4). A\ 0.3 -ml aliquiot
of the combined superncatalnts and( 1.2 mil of acetolne
wvere place(l in ani 8 X 180 mm test tube anld chille(d
in ice. 1.2 ml of ion-free \xater \\ais added wvhich had
previously beeln saturate(l at 0( xvith a 1:1 mixture
of isobutanol-benzene. Followilng this. 7.0 ml of 1:1
isobutanol benzene wnixture previously equilibrated
xvith water wvas added. To this chille(d 2 phase svs-
temi wxas addedl 0.8 mil of a 4.0 Mt sulfuric aci(d solu-
tiol containinig 5 % lby weight animiilonililalnm olvbdate.
The mixture wvas allowed to stali(l fo(-r S miinuites.
'I'he extraction of the iniorganic phosphomiolybdate
\,,as carried out oni a Vortex miiixer for 1 5 to 20 sec-
OWNs at high speed. The organic lihase wvas removed
l)v suictioni an(l (liscarcled. Alnother 7.0 ml of butanlol-
belnzene mlixture was added as xvell as 20 1ul of 0() 2 I

potassitim phosphate. The latter was added to as-
suire the carrier removal of radioactive inorganic
phoslihate. The mixture was allowved to stanid againi
for 5 mintites and was shaken anI( extracted as above.
Suitable aliquots of the aqueous phase, 100 /A each.
were removed anid the radioactivity of tlle P-32 (leter-
iiiied 1y the liqtui(d scinitillationi miietlho(ds as descrile(l

in ouir earlier commimiiIiiicationl (1 0 ) FOr all coId(li-
tiolis, both a zero time conitrol as wx ell as a (lar-k coi-
trol were runi to be certaini of res,)iratorv p)hosphate
incorp)oration as wvell as any artifacts that might be
enicoulnitered.

Results

7/lic Effeet of P-Xoycnions El(ctroil Carriers (1)1d1
.Soticationl oil NADPH Forination. The abilityr of
several electron carriers, particularly D)PI P. ascorb-
ate. an(l PPNR, to ellhmlnce endogelnouis level of pvrid-
imie inucleotide reduction is shoyns-i in figure 1. The
additioni of PPNR to the chlorolilast preparationi
cause(l a 3-fold inicrease in the rate of reductioni.
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FIG. 1. The effect of sonication on photoreduction. The
reaction contained chloroplasts, 100 ,ug chlorophyll; Tris,
125 ,umoles, pH 7.5; MgCl2, 7.5 ,umoles; GSH 0.1 ,mole;
EDTA, 0.1 /.mole; ADP, 1.0 ,gmole; Pp, 10 /umoles; and
NADP, 2.0 gumoles in a final volume of 3.0 ml. The
respective concentrations of cofactors added are: ascor-

bate, 50 jumoles; DPIP, 0.1 /hmole; and PPNR, 60 ,ug.
The duration of illumination was 5 minutes at 200 and
4000 ft-c.

This was to be expected and has been seen before
by many other investigators (20,21). The addition
of DPIP and ascorbate to provide an additional
source of electrons to the system (22) did, indeed
enhance the rate somewhat. In the presence of both
the electron donating system and PPNR. optima
rates were obtained. The disruption of the chloro-
plasts by sonication caused a rapid inhibition in th(
rate of reduction and led ultimately to a complet(
loss of activity at 30 seconds. DPIP and ascorbat
did little to protect the chloroplast. However, wlhel
exogenous PPNR was added, the rates were main-
tained at an appreciable level. The addition of as

corbate, DPIP and PPNR restored activity to thl
disrupted chloroplasts from the sonic treatment.

The results of our first experiments in which as

corbate was added and shown to be an effectivi
donor of electrons to the photoreduction system le
us to examine the preparation of chloroplasts in th
presence of ascorbic acid throughout the isolatioi
procedure. The results from such experiments ar

presented in figure 2. There was a striking increas
in the rate of pyridine nucleotide reduction whet
PPNR was added to these ascorbate prepared chloro
plasts. The rate was about twice that observed ii
experiments of figure 1. Furthermore there wa

)ronounced protectioni of photoreductioni fromii soni,
(lisruption in these chloroplasts.

The Kinzetics of Phosplhate Esterificationi. The
rate of phosphate esterified per mg chlorophyll as a
function of time of incubationi in the light is presenited
in figure 3. Within 15 minutes of exposure to light,
the chloroplasts lost all abilitv to esterify inorganiic
phosphate. We therefore chose as our assay time in
the experiments to follow, a 5-minute period of il-
lumination. A possible explanation for reaching anl
asymptote in the time course of phosphate esterifica-

24.0
CDPIP + NADP + PPNR

20.0 NADP + PPNR
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FIG. 2. The effect of sonication oni the photoreduc-
tioIn of chloroplasts prepared i:l the p.esence of ascorbate.
The reaction mixture, pH 7.5, contained chloroplasts,
100 ug chlorophyll; Tris, 125 pgmoles; ascorbate, 50
umoles; GSH, 0.1 ,umole; EDTA, 0.1 gumole; MgCl,, 7.5
umoles; ANiADP', 2.0 umoles; ADP, 1.0 umole; and
Pi, 10 umoles in a final volume of 3.0 ml. The re-
spective concentrations of cofactors, when added were
DPIP, 0.1 ,umole, PPNTR, 60 ig, and the duration o

illumination was 5 minutes at 200 and 4000 ft-c.
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FIG. 3. Time course of photophosphorylation. The
reaction mixture, pH 7.5, contained chloroplasts, 250 ,ug
chlorophyll; Tris, 125 jumoles; EDTA, 0.1 ,umole; GSH,
0.1 gmole; MgCl.,, 7.5 ,umoles; ADP, 1.0 Mmole, anid
Pi, 10 /smoles (containinig 3 /Ac P32) in a total volume of
3.0 ml. The reaction was run at 200 and 4000 ft-c.
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tionl would he the dlepletion of ADP[) aCCep)tor to per-
mit the reactioni to colntinutie. \We therefore carried
ouit a timie course analysis for a series of initiAtl Al )P
concentrations whichl is show\-n in figure 4. TlherCe
is ani cendlogenlous phosphate accel)tor p)resent. At
relatively low levels of ADl)P. ().5 ,u)lloe, the reaction
is rapl)idl a(lattainis essentially maximal rate. \When
the AD)P' is raise(l to 5.() j-tmoles. thelre ap)ears to be
substr,ate inhibition.

28

ADP = Op moles
ADP =0 5 p moles

ADP = 2 0 ju moles

Effect of Various Co-factors oti Phlotopliosphlorivl-
(tio)i. T'he iniitial rates of photophosphorylationi for a
v-ariety of coniditionis is shown in table 1. )f l)artictllar
iml)ortance was the very high rate of phlo)top)hosp)hory-
lationi observed in the absence of anN, a(l(le(l co-factors
other thanl iniorganic phosphate and the .\AD)P accep-
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FI(n. 4. Time course of l)hotophosl)horylation as a
funiction of initial ADP concentrationl. Conditionis were
the same as those used for experiments l)resented in
figure 3.

As ani alterniate techlliqtue for p)rovidilng .\)P at-

ceptor, ani exogeinotis hexokiniase trap Nv'as teste(d ill
the systeml bv adding 15 /.-ger viial of purified yeast
hexokilase (Sigma Chemiiical CompanyI) anld 1it)- m
gluicose. The reactioil was catrrie(l ouit using the op-
timal concentration of ADD. 1.0 ,umnole per vjial.
Th'lese restults are presenited in figuire 5 alonlg with the
timiie coturse of phosphate esterification ill the pres-
ilnce of other co-factors to stimulate electronl trans-

port anlld I)hosphorylatioll. It is cleat that tlle ad(li-
tiotl of the hexokiniase and glttcose did niot alter the
kinietics of phosphate esterification. 1'uirthlermore,
the capacity of the endogenotus phosphorvlating Ss--
temii is far greater than that stul)l)liedl exogenouslv.
With PMIS added to stimuiiilate cyclic plhosphorylAtioll
there is all 8-fold inicrease in the absolute anmioulnt of
phosphate esterifie(d in 10 miniutes. The general
shape of the timiie course for all reactions sttidied is
similar in the senise that bv 10mOiiinutes the system
ceases funictioni. With ferricyanide andl l'S there
is a mlarked inhibition observ,ed afteri about 15 or 2(1
milnutes, possibly caused 1y hydrolysisiof ATP or
phosphate esters.

WVe have isola'ted the 8(0 % ethalnol soluble frac-
tioni fromii chloroplasts which ha(l been allowed to
lhotophosphorylate in the presence of P-32. This
extract was suhbjecte(l to high voltage electrophoresis.
'l'he maj or fractioni of radioactivity wN-as associate(d
with the sugar phosphates and (liphosp)hlates. Radlio-
.Ictiv c ATP was also idelntifie(l.

40 80_ I2 160.
4.0 8.0 12.0 IG.0 200 240

Minutes
t1,. 5. T' riie course of lpllotophosphorylation in the

presenice of exogenous hexokiinase plus glucose anid
cofactors to stimutilate electroni tranisport. Conditionis
for conitrol are those indicated for figtire 3. CoIncen1-
trations of inidicated conlstituents wvere: lhexokiniase, 15
,g; -luicose, 10--;; m ; NADPt, 8.0 ,umoles; PPNNR, 60
ig; EFe(C)]-N 8 ,umoles; PMfS, 0.1 Lmole.

Tlallc 1. Rnq/h8s o I 11otophoSP1lho1-I'l(tionI -ith
1'riolls Co (fctor1S

The reactioni mi,xture conitained chloroplasts, 250 ,ug
chlorophyll Tris, 125 yumoles; EDTA, 0.1 jumole; GSH,
0.1 jIumole; MgCl.,, 7.5 Mumoles; ADP, 1.0 /Amole Pi, 10
Ainoles (cointaininig 3 ,uc P32). \Vthenlcofactors xNere
ad(le(d PMS was 0.1 ,umoles, NADP, 2.0 giMmoles, ascor-
bate, 50 Amoles, DPIP, 0.1 /Amole, K ,Fe ( CN ,, 5.0,umoles, and( PPNR, 60 ,ug. Reactioins Nvere carried out
in a final volume of 3.0 ml for 5 minutes at 20( aind 4000
ft-c.

Coniditionis

ADP
ADP
ADP
ADP
ADP
ADP
ADP

+ P.

+ Pi
+ Pi
+ })

+'j)

'+I
Asc

TPN + PIPNR
TI'IIN
FMN

PNIS
K,Is l^e ( (: :\ ) (

,umoles PIi esterified
mg chl hr

62
110
178
95

230
346
174
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tor. This rate was about 6 to 10 timiies that reported
for other chloroplast preparations (5, 9). \VNhen as-
corbate was added as a potenitial donior of electronls,
a 2-fold increase of phosphorylationi was seeni. The
flow of electrons could also be stimiulated by the ad-
dition of PPNR and NADP- as had been showni
above, and a concommitanit inicrease in phosl)horyla-
tioni wasinoted. That this effect was niot dIle to the
pyridine niucleotide alonie was clear from the observa-
tions made in the absence of PPNR where the rate
was only slightly enihaniced.

We theni determiiined the stoichiomiietrv and con-
centrationi dependenice of phosphate esterificationi as
a function of NADP+. This is showAn in figure 6,
where the niet increase in phosphate, i.e. the amounit
esterified with NADP+ minus the conitrol, is plotted.
Between 0 and 2.0 ,umoles of NADP` per assay vial,
there is a linear relationship of phosphate esterified
with NADP--. Calculationi of the P/2e is 1 in this
region. The coupling between electron tranisport and
phosphorylation appears extremely tight. At conceni-
trations higher than 2 unmoles of NADPR. there is nio
increase in phosphate esterification. The additioni of
FMN, an electron carrier which stimulates pseudo-
cyclic phosphorylation (23), and of PMIS, an electroni
carrier which is knowni to act in the cyclic pathvay

.EI

I/

0

E

'OD o/

zL
O

x~~~~~~~~~~~~~
x~~~~~~~

3

ju moles NADP+/3O ml

FIG. 6. Net photophosphorylation as a functioln of
NADP+ concentration. Values are reported as the
difference between observed phosphate esterified in the
presence of NADP+ minus that in its absence. Condi-
tions were those described in figure 3 except for NADP-
concentration.

(3, 23), caused very large increases in phosphoryla-
tion. Ferricyanide is also a potent stimulator of
phosphate esterification (6). If we plot the net

phosphate esterified, i.e. the total phosphate esterified
in the presence of ferricyanide minus the endogenot's
rate in its absence. as a function of ferricyanide con-

centration. we obtain the data of figure 7. It is seen

that there is no net increase in phosphate esterified up
to 0.5 umole of ferricyanide in the assay mixture.
This is caused by the reaction of ferricyanide witlh
reducing agents such as GSH and other factors
within the chloroplast produced during the illumina-
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FIG. 7. Net photophosphorylation as a function of
[Fe(CN)6]3-. Values reported are phosphate esterified
in the presence of [Fe(CN) ,] ~minus that observed in
the absence of this anion. Conditions were those de-
scribed in figure 3 except for added [Fe(CN) 6]3-.
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FIG. 8. Effect of sonication on photophosphoryla-
tion. Reaction mixtures contained Tris, 125 ,umoles; pH
7.5; EDTA, 0.1 ,umole; GSH, 0.1 ,umole; MgCl?, 7.5
gmoles; ADP, 1.0 Amole; P. 10 cmoles containing -

3 ,Ac P32. When cofactors were added, ascorbate was
50 ,umoles; NADP+, 2.0 uimoles; PMS, 0.1 ,Amole;
PPNR, 60 ,ug. The react ons were run in a final vol-
ume of 3 ml for 5 minutes at 200 and 4000 ft-c.
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tioni. [-lowever, betwseen 2.5 and5I MAmoles of ferri-
cyanii(de, the P/2e ratio is 1. This is further indica-
tioin that these semi-initact svstems are very tightlx
coupled.

L"ffcct of Disrluptionl of C011'oroplsts oi Rotes o,f
P>hotoph osp/h orylatioi. Experiments )resente(l above
for plhotoreduction showe(d that soilicationi destroyed
the initeg-ated abilitv of the chloroplast to carrv- out
NA.\l)l svn-thesis. Similar results \x ere obtained
when wxe studie(d photophosphorylation. \NVhein
chlorol)lasts were soniicated for periods ais lonig as 6()
,econds. it i5 seen, figure 8, that the en(logenous rate of
photophosphorylation fell slightly more than() %.
'I'he addition of ascorbate and(l NADl)P plus PPNR
stimulatedl plhotol)hospllorylation by the semi-initact
chloroplast. However, this elnhanicemiienit was rapidly
lost upon soniicatioin and after 30) secondIs fell to the
levsel of the enidoL-enous rate. Xthein PlIS and as-

corba
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cyclic varietN- w\\hich reached a imiaximumii at 30 sec-
onds andI theni quickly dropped. Eveni at 00 sec-
onds, however, these disrupted chloroplasts were quite
active in their ability to carry out photophosplhoryla-
tioin in the presence of PMIS and ascorbate.

Ani objection cotild be miiade to the sev,erity of
sonicationi in the disintegrationi procedtire. \We
therefore carrie(d olt anl additional series of exl)eri-
iients where w,e allowed the chloroplasts. as initially
l)rel)are(l, to stand(I at 20' for inicreasinig l)eriods prior
to assaying for l)hotophosphorylation. The restults of
stuch mild disruption are l)resentedl in figutre A.\-
thotugh the timiie scale wxxas extelldeld, the restldts were
in basic agreemilenit with those observed uising sonica-
tioIn.

Discussion
I..- ,,~"LOIC i-L VII, 3U1U Cl lItegrity of chloroplast structure anl(l b)iochemicaltte wvere adlded. quite a differelit effect xas oh- I

d. After 20 secoluds of sonlication, there was a function should be coiisidered from 2 points of.ie\x,*., . . . . , . ~~the photoreductionl of pvridiiie inucleoti(le andl( photo-[icanlt stimultilation of photophosphorylation of the t t f r
Phosphorylation. It is quite clear from the results
presente(l here. and as have been dlescril)e(l by many
investigators (12, 20,.21), that a major fractioni of
the PPNIR svstemi is lost fromii the chloroplast where
it most probablv is locate(d ii sittI. h'lIe abilitv of
exogenous PPNR to inicrease the endogenotis rate of
lphotore(ltlction by a factor of at least 3 is evidence
for this. There also appears to be a limite(d flo\v of
electrons through the chlorophyll systemil responsible
for the photoreduction of \NADPH. The addition

0i of ascorbate to a chloroplast prel)aration as a 1o-
tential electron donor in the pathwxay of photore(tc-
tion catises a slight increase in the NA DPI I formed.

PMS If the chloroplasts are prepared in the presence of
PMS+Ascorbote ascorbate, throughout the course of their isolation,

D
.

the rate is enhaniced as has beeni demonstrated 1b
Wk;hatley et al. (24). But now the addition of PPNR°- \x
causes approximatelIy a 5-fold inicrease in rate. \\We
believe that these experiments point to an involke-\ NADP + PPNR ment of ascorbate at at least 2 levels. It is possible

Ascorbate
that this compound serves to prevent destruction of

0 >- °Ascorbote important intermeediates in electron transport as well
as to serve as a direct electron dlolior to the svstemii.

oo 9 Ascorbate also protects the ehloroplast from somle
(legradation, p)ossibly by- protecting again st nloxiotus
peroxicles that are formiiedl during the process of
sonicatioin (24).

i 20 ADP + Pi The integrlty- of the chloroplast is also directlyoinut20 30 40 linkel to its abilitx to photophosphorylate. This isMinutes most strikingly shoxvn by the enidogeniouls rates ot

r(i. 9. E1ffect of aging- chloroplasts by stain(linlg in phosphate esterificationi obtained xvith ouir prepara-
r oni p,hotophosphorylation. The cihloroplasts wre tion. As indicated above, it is approxinmately 10
nled in 0.05 ri Tris, pH 7.5, and allowed to stand times that observed for other techniiques of prepara-oom temperatuire for the iindicate(d times before the tion utilizing high salt, extensive (lilution, or sticrose.ioni. The reactioni mixture conitainied Tris, 125 That these high rates are trly a ftion of ebloro
Es;kDTA, 0.1 uniole; GSH, 0.1 Aumole; MgCl, T

moles; ADP, 1.0 ,umole; and P,. 10 ,umoles con- )plast integrity cani be seen by' comparisonI of thieir-
3 ,uc P49. Whenl cofactors were added, PMS structure as reveale(l in the electronl n-,icroscope (11)).0g.1 3Umole NADPW , 2.0

c tmores; ascorbate, 5 The observation that the thylakoils are sw ollen or
s; anid PPNR, 60 ug. Reactionis were carried out ruptured and(l that lamellar structures baxe lost the
finial x-olunie of 3.0) il for ; Iiiniutes at 200 and(l dimensions that they subtend ini the ilntact leafis c\-e
ft-c. (leuce to stuI)l)ort caual iinvolxenelet of structure a.nl
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photophosphorylating activity. Chloroplasts isolated
by our technique ancl allowed to staiid at room tem-
perature also rapidly lose the high initial en(logelnous
rates. Even the maintenance of these preparationis
in the cold for periods of time up to 1 or 2 hours
causes loss of 50 to 60 % of the original activity
measured. The chloroplast appears to be a most sein-
sitive subcellular organelle with which to work.

The presence of a very effective hexokinase-like
trappingnmechanism for high eniergy phosphate geni-
erated during photophosphorylation in this prepara-
tion may be an important consideration in the effici-
ency of chloroplast function. In the presence of 1.0
,umole of ADP acceptor, the system is functioning
near optimal levels. The addition of increased
amounts of AD)P or an exogenous hexokinase glu-
cose trap is completely ineffective in stimulating
photophosl)horylation. The principal question raised
by the experiments on the kinetics of photophos-
phorylation is that of what factor(s) mav be in-
volved in causing the photophosphorylation systeml
to cease functioning. In some measure. PPNR must
be implicated, but certainly it is not the critical system
involved. The addition of this compound does not
prolong the effective time of photophosphorylation
in the preparation.

We can gain somiie insight into the biochemical
effects of structural derangement. The addition of
various compounds which are involved in electron
transport immediately enhances the rate of photo-
phosphorylation. Thus, it is seen that ascorbate,
when added to chloroplasts prepared in the absence
of these compounds, causes a 60 % increase in phos-
phate esterified. Further, preparation of chloro-
plasts wvith ascorbate present throughout their isola-
tion causes a 2-fold increase in the rate of photo-
phosphorylation. When NADP+ and PPNR are
added, compounds which are known to be operative
in the electron transport system, the rate is increased
to more than twice the original endogenous level.
That electron flow is important is evidenced by thli'
fact that NADP+ alone is not as effective as it is in
the presence of PPNR. \Vhen PMS is added to
stimulate cyclic phosphorylation (3, 23). the rates
are 5 to 6 times higher than the endogenous.

The effect of sonication on photophosphorylation
reveals a rather rapid loss of activity as a function
of time of sonication. Whereas the rate of photo-
reduction wvas completely destroved after 30 second(s
of sonication, the rate of phosphorylationi remiained
about 50 % that of the semi-intact preparation.
Further sonication for as long as 60 secon(ds did not
abolish activity. There was a basal level of phos-
phorylation, approximately 30 % that of the original
endogenous value. This indicates that electrons are
still capable of flowing through the phosphorvlation
site, but are not able to reduce NADP+ because of
rapid loss of PPNR activity. Even in the presence
of ascorbate, NADP+ and PPNR, there was a rapi(d
initial loss of phosphorylating ability, reaching the
same 30 % level at 60 seconds of soniicatioln. The

most striking effect of sonication is observed in the
presence of ascorbate and PMS. The disruption of
the structural integrity of the chloroplast leads to an
enhanced abilitv of the PMS to interact with the
cyclic phosphorylating systenm. The 50 % inicrease
of rate observed in the presence of these 2 electron
carriers is lost after 30 seconds of sonicationi. How-
ever, it is obvious that there is still a great enhance-
menit of phosphorylating activity via the cyclic route.

These experiments also suggest the involvement
of 2 sites for photophosphorylationi: one on the cyclic
pathway, the other on the noincyclic. The fact that
we do not completely abolish phosphorvlation eveii
after long sonication would suggest a stable as well
as an unstable phosphorylating site. The uniique ac-
tivation by PMS of the cyclic pathway which is not
observed for electron carriers in the nloncyclic path-
way is also suggestive of 2 sites. Evidence froml
Baltscheffsky (8) and from Avron (6) supports
such a conclusioni. Their experiments on the effects
of different inhibitors such as valinomycin were the
first evidence that this was a likely possibility.

WNTe believe that the experiments preseinted (lemiion-
strate the close relationship of structure an(l functionl
of chloroplasts, not only in fixation of CO), aiid the
l)athways by which this comes about 1)oth in light and
dark, but also in the processes of photoreductionl and
photophosphorylation. All attempts that we have
made to isolate intact chloroplasts have been uinsuc-
cessful. There have been some reports (14. 15) that
claim isolation of chloroplasts with their outer mem-
brane intact and carrying their complete complement
of enzymes. However no biochemical evidence for
their integrity exists. Certainly the experiments of
measuring swelling of isolated chloroplasts as a func-
tion of light (16) were a measure of changes in the
volume of the grana or lamellar structures anid not
that of an intact chloroplast actinig as anl osmometer
or contractile organelle. It is hoped that one or more
techniques will be developed for isolation of truly in-
tact chloroplasts. With such a preparation, we will
then be able to learn more of the intricate relaition-
ships of enzyme distribution and substrate flux across
subcellular membrane barriers.

Summary
Semiii-intact chloroplasts have been isolate(d froimi

spinach leaves which contaiin grana and lamellar
structures in the same conforimiation as they appear
in the intact leaf. However, their outer mlenmbrane
and stromal ground substance has been lost. 'I'he
abilities of these semi-iintact chloroplasts to carry out
the photoreduction of NADP+ and the photophos-
phorylation of ADP has been tested. TI'he relationi-
ship of integrity of the grana structure to the chloro-
plasts' abilitv to carry otut these 2 iml)ortant inter-
mediate, reactions of photosynthesis was studied usiiig
sonic disruption as well as a more gentle aging lpro-
cedure.

Photoreduction of NADP- can be most markedIy
stimulated and protected fromii the effects of solnica-
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tion bt the additioni of photosynthetic pyridine liiicleo-
tide reduictase (PPNR) to the chlioroplast. It ap-
pears that this enlzvymie is quickly lost from the chloro-
ilast (luring its l)reparationl ail(l must l)e a(l(le(l lack
for optimal activity. The ad(litioli of exogenous
sources of electronis also enhalnces phlotoreductioll.
t poi (lisrul)tionl b)y soniicatio.] thie ablilitN- to re(dtice
NAI)1' is rapidly lost.

'I'lle rate at w\hiclh phosphate can he esterified in
the lighlt in the absenice of any adl(le(l electroni car-
riers or enizvimies is 6 to 10 timiies greater in tllis semili-
intact chloroplast thani has been ohserved for otlher
isolate(d chloroplast 1)rel)arations iunider similar assay
cond(titionis. This rate cani be stimuiLilate(d bv the addi-
tion of various cofactors involved in cyclic and nioni-
cyclic photophosphorylation. Although disruptioni of
the chiloroplasts by soniicationi or aging catuses a loss
of phosphorylating ability, there is a residtual low ac-
tivitv . Phenaziiieinetliosuilfate. a stimiiulatorJ oif the
cyclic pathwav. is uiniiquie in that after short l)erio(ds
of sonicationi its activitv is enihalnicedl. Ev idence i.
l)resented to indicate that 2 independent sites for
photophosphorylation may be op)erative.
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