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ABSTRACT

{3H]-Adenine nucleotides were exchanged into the binding sites of
spinach chloroplasts. A maximum of 3.7 nmoles of [3H]-nucleotides/mg
chlorophyll remained bound to the membranes following repeated washings
(centrifugation and resuspension in fresh medium) of the laheled chloro-
plasts., Passage of similarly labeled chloroplasts through a Sephadex G-50
column removed additional bound [anl—nucleotides; 1.98 nmoles of [3Hl-
nucleotides/mg chlorophyll remained bound to the membranes. Two types of
binding sites were identified in these chloroplasts: 1) the axchangeable
site(s) - these sites slowly shed their nucleotides in the dark (0.87 nmoles
of [3H]-nuc1eotide5/mg chlorophyll dissociated from the chloroplasts in the
dark 30 min following elution from the Sephadex G-50 column). An additional
0.14 nmoles of [3H]—nuc1eotidés were lost from the membranes in the dark
following the addition of free ADP or ATP or upon excitation cof the chlore-
plasts in the absence of added nuclectides; 2) the non-exchangeable site(s) -
0.89 numcles of bound [3H]-nucleotides/mg chlorophyll remain uneffected by
the conditions that brought about the release of nucleotides from the
exchangeable site(s). These nucleotides exchanged with medium nuclectides,
ATP or ADP, only following excitation of the chloroplasts (t* = 0,2=-0.5 s}.
This exchange was ilnhibited by 20 mM NH4C1 or by 1 mM NBD.Cl and showed a
requirement for Mg++.

[3H]-ADP at the non-exchangeable site was converted to [3H]-ATP which
remained firmly attached to the chloroplasts when the chlorcplasts were
illuminated in the presence of inorganic phosphate but in the absence of
added nucleotides. Formation of bound [JH]-ATP from bound [3H]-ADP was als:z
observed when labeled chlorcplasts that were passed through Sephadex G-50

were incubated in the dark with ATP. ATP mediated phosphorylation of bound

- iii -
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[3H]-hDP was inhibited by free ADP, the ATP analogue AMPPNP, and by the

uncouplers NH Cl1 (20 mM) and NBD.Cl (1 mM}. Conversion of bound ADP to

4

ATP was catalyzed by a chloroplast membrane componant, poasibly CF and not

1’
by enzymes such as adenylate kinase (AK). The rate of phosphorylation of
bound [3H]-ADP on the non-exchangeable site (tin-»s.o 8) and the rate of
exchange of labeled nucleotides from this site with free nuclectiles were
too slow to serve as intermediates in photophosphorylation.

Pyruvate kinase”apd phosphoenclpyruvate inhibited ATP & [32Pi] exchange
by more than 80% in the presence of 1 mM ATF and 5 mM [32P1] under conditions
of photophosphorylation. These results are explainad by release ¢I ADP
(ATP hydrolysis product) from the hydrolytic site followed by photophosphory-
lation of the free ADP + [32911 to [32P1-ATP on a second catalytic site.
Similar rates of ATP hydrolysis and [32911 incorporation inte ATP provide
additional support that ATP hydrolysis and [32Pi] incorporation inzo ATP

provide additional support that ATP synthesis and ATP hydrolysis cccur on

two separate catalytic sites.
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GENERAL INFORMATICN

Historical background

The coupling between respiration and formation of phosphate bonds
was first observed by Engelhardt (1) in 1930, in experiments with blood
hemolysates. In 1937, Lipman (2) reported that phosphorylation of
adenylic acid was associated with the dehydrogenation of pyruvic acid by

Bacillus delbrukii. At that time, Warburg (3} demonstrated that the

formation of ATP was coupled to the enzymatic oxidation of 1,3 diphospho-
glycerate; Xerbs and Johnson {4) demonstrated one of the principle steps
in carbohydrate metabolism, the citric acid cycle; and Hill (5) discovered
that isolated chloroplasts rapidly reduced ferricyanide in light and
evolve oxygen in the process.

In 1939, Banga and Ochoa (6} showed that pyruvate was rapidly oxi-
dized by ground pigecn brain dispersions. In the same publication, they
alsc recognized that "adenine nucleotide”, inorganic phesphate and Mg++
{or Mn++) were important factors in the oxidation of pyruvate. They
"not only increased the oxidative removal ol pyruvate considerably, but
made its oxidation more complete.” In subsegquent publication, Ochoa
(7,8) and others (9-13) showed in more detail that phosphorylaticn and
oxidation of pyruvate were ccupled reacticns. Based on the nurker of
phosphates incorporated per oxygen consumed (P:0 ratio) that were ohtained
during the oxidation of pyruvate, Ochoa (8) correctly concluded that eacl
of the primary dehydrogenation steps involved in the oxidation of one
molecule of pyruvate to carbon dioxide and water generates thgee phosphate
bonds. A total of fifteen phosphate bonds were formed per meclecule of

pyruvate oxidized. Thermedynamic measurements showed that the Iree energy

{AF) of complete oxidation of glucose to carbon dioxide and water,



liberated 688 Kcal, more than enough needed to generate the predicted 36

phosphate bonds, 430 Kecal.

1. Regpiration and phosrhorylation

The importance of oxygen in cellular respiration and the role of
iron containing compounds in biological oxidation was realized by Warburg
{14) in the late 1920s. This was, primarily through cbservations of
cyanide and carbon monoxile intervention with respiration and utilization
of oxygen. However, the basis for the existence of a sequeremy of
respiratory carriers between substrate and oxygen was supplied by Keilin
with discovery of the cytochromes; initially identifying the spectra
of cytochremes b, ¢, and a (15) and later by his discovery of cytochrome
oxidase (16)}. It was quickly suspected by Keilin and Warburg that the
cytochromes acted in an oriered sequence (17). This was demonstrated
experimentally by Ball's (l15) oxidation reduction studies in which he
showed the reduction potential of cytochromes b, ¢ and a to be -0.04,

+0.27, and +0.29 mv respectively. Cytochreone a_ was placed at the end of

3
the chain because it was shown to be the one that reacts with oxygen (rev.
19). A link between the ccenzymes (DPN and TPN) and the cytochromes was
indicated frem the inhibition of coenzyme derendeént aubstrate oxidation
by cyanide (20}. Warbur:s and Christian (21) were able to observe that
oxidation of the coenzymes could be linked to oxygen only through the

"old yellow enzyme" (flawvcproteins). Theorell (22) succeseded in linking
the coenzymes to cvtochrcme c through the "old yellow enzyme"., Nearly
two decades later, with tie aid of pure sucginate dehyrogenase (23), the
involvement of flavoproteins in the succinate pathway was demonstrated:

and tha flavoproteins were sicwn to be indisgensable in the passage of

hydrogen from DENH, to ¢ytzeharome < (24). Leckhart and Potter (25) demon-



strated that cytochrome ¢ was essential for the passage of hydrogen from
the coenzymes to oxygen; and the role of cytochrome b, although more

equivocal, was also shown to be required for the reduction of cytochrome
c. The picture that was emerging at the time was summarized in 1946 by

Ochoa (27):

1) Pyruvic acid — 2 —p cytochrome system —» 02
2) Acetyl

3) Isocitric acid —» TPNaFlavoprotein II — cyt. ¢ —p cyt. OX.-—p O
4) Oxalosuccinic acid

5) ® -ketoglutaric acid —————p ? ——p CYt. ¢ = CYL. OxX.—» O

6) Succinic acid —p ? ——ee—p cyt. C —p cyt., OX.— O

7) Fumaric acid
8) Malic acid ——» TPN aFlavoprotein I-»? %cyt. ¢ —» Cyt. oXx.—» 0

9) Oxalecacetic acid

Although Ochea suspected that the energy librerated during the passage
of e from TPNH, or 'PHN, to oxygen was utilized for the generation of high
energy phosphate bonds (26), it was Friedkin and Lehninger (27), 1948, who
demonstrated that aerobic incubation of DPNH2 with "particulate matter" of
rat liver in the presence of ATP, Mg++, cytochrome c and [32P] resulted in
esterification of the label into organic phosphate. They thus removed the
site or aerobic phosphorylation from the Kreb's cycle and raised questicens
concerning the enzymes involved in electron transport and phosphorylation, |,
Pardee and Potter (28) in a study on factors which effect the maintenance
of oxidative phosphorylation in tissue fractions from rat kidney concluded
from their studies that the loss of phosphorylation capacity was due to

loss of labile components in mitochondria. The role of intact mitochondria

in omidaticn of pyruvate, other carbohydrates, fatty acids and some aminc



acids to carbon dioxide and water, and its role in phosphorylation was
soon realized (29,30).

It was commonly observed that aged mitochondria or tissue preparations
caused more rapid ATP hydrolysis than fresh preparations. Kielley and
Kielley (31) observed that mitochondrial fractions from rat liver caused
the liberation of phosphate from ATP. The ATPase activity was associated
with particles obtained from dissociated mitochondria. These preparations
reguired Mg++ for ATPase activity and were inhibited by ADP. Lardy and
Weliman (32) observed that 2,4 dinitrophencl greatly enhanced the liberation
of phosphate from ATP in intact miteochondria. The observation that DNP
also was a potant inhibitor of oxidative phosphorylation (10,33}, led
Lardy and Wellman to believe that the ATPase activity and phosphorylation
were opposite sides of the same reaction. They proposed that DNP caused
the breakdown of the high energy intermediate according to the following

scheme {32):

E + DNP
+
T H20
E—DNP  + Pi
H T
Mg
E + ATP :;:::::::E: E—Pi + ADP
-H20
+ H Pi
Lome
E

It is not an accident that a phosphate-enzyme intermediate was proposed
since the conly known mechanisms of ATP formation involved a phdsphate
intermediate, i.e. phosphoenolpyruvate and diphosphoglycerate linked
phosphorylation of ADP. Ernzyme-Pi, acetyl-Pi thioesters as well as others
have been proposed at one time or another to be intermediates in phosphoryl-

lation {34). This chemical hypothaesis of phosphorylationwas surmarized by



Slater (35} in 1953) as follows:

s XYy oxaw 2BL xep AP L are
AssX is a high energy intermediate in the respiratory chain, while XAy
is an intermediate removed from the respiratory chain and free to form
the high energy phosphate intermediate., To date, however, no high enerqgy
intermediates have been identified which can account for the cbserved

patterns of ATP synthesis.

2. Photophosphorylgfion and the chloroplast electron transport system

In 1954 light dependent phesphorylaticn of ADP was reported by Arneon
et al {(38) in spinach chleroplasts. For photophosphorylation to proceed
the chloroplasts required AMP or ADP, Pi, Hg++, ascorbate and light.

Since no e acceptor was used in these experiments the rate of photo-
phosphorylation was slow, 3 umcles per hour per mg chlorophyll. The rate
of photephosphorylation increased by more than ten fold when smalil amounts
of flavin mononucleotides (FMN) and vitamin X were added to the reactions
{36) . Photophosphorylaticon of ADP was alsoc demonstrated in the same year

in chromatophore fragments of Rhodospirillun rubrum, Frankel (37).

Data indicating that phosphorylation in chloroplasts was coupled to
electron transport, as in mitochondria, began to emerge in 1934 with
observations that the cofactors FMN and vitamin X stimulated chotcphos-
phorylation {(36) and that illumination of chloroplasts resulted in photo-
phosphorlation and simultanious oxidation cI cytochrome F (38). Arnen (36}
noted that photophasphorylation in the presence of these cofactors occured:
without cxygen evolution or an electron acceztor, which led him to proposa
that electron flow during photophosphorylatiz-n takes place in a closed
loop: 1light absorbed by chlorophyll ejects a high energy electrcn. The
resulting positive "hole" is filled by moverment of an electren from

cytochrore F, while the nigh energy electrcn flows from a hizh to a low



potential through a cofactor to eytochrome F. This cyclic eleztron flow,
according to Arnon, was coupled to phosphorylation of ADP to AT? (39).
According to Hill and Bendall (40), however, electron flew in chloro-
plasts was linear similar to the mitochondrial system, where cvtochromes
F and b6 served the same function cytochromes ¢ and b in mitochondria
and cytochrome oxydase had its counterpart in a chlorophyll containing
complex in chloroplasts. In this model light absorbed by chlercphyll
was used for the photo-oxidation of water to produce oxygen and transport
hydrogen against its thermochemical gradient. The reverse stepwise
transfer of hydrogen through cytochromes F and b6 was coupled to phos-
phorylation of ADP to ATP. Hill and Bendall {40} proposed that two or
three light driven reactions may be required for transport of hyvdrogen
from water to an acceptor {(NADP). Experimental evidence for two ;eparate
light driven reactions in green plants was later demonstrated Iy Losada et
al (41).They showed that electron flow from water to NADP could be
separated into two distinct photochemical reactions: addition ¢f the
electron donor 2,6 dichlorophencl indophenol (DPIP) to chloroplasts, where
participation of water as an electron donor was blocked with the inhibitor
DCMU, resulted in photophosphorylation and NADP reduction rates which
were similar to controls {which did not include DCMU or DPIP). GHowever,
in the absence of DCMU, DPIP acted as an electron acceptor in the light;
in a reaction that resulted in rapid oxygen evolution and with inhibi-
tion of photophosphorylation. Substituting DPIP with a terminal
electron acceptor such as ferricyanide or NADP restored oxygen evoluticn
and photophosphorylation. DPIP was envisioned to act as an electron

carrier between two photosystems as follows (41):



e a——m Terminal electron acceptor e
a Cytk DPIP _

ek/ﬁ 34—e7-OH_4—-HO

ATP ADP + Pi

! _ oo

Light Light

A more detailed descripticn of the electron transport system in

plant chloroplasts is summarized in the next scheme {(42):

Photosystem |1
(P-680)

Thylakoid
membrane

TR

- R

Photons of light are absorbed by electrons in photosystems I and II,
promoting the electrons to a high energy singlet which rapidly decays to a
more stable singlet capable of interacting with the prinary electron
acceptors in photosvstems I and I, denoted respectively by P430 and

cytochrome C {C ). In photosystem II absorption of photons of light

550 250

. . + L.
are coupled to pheotolysis of water to oxygen and the formation of H within

the thylakoids. From C electrons flow from a high (negative) to a low

550"

(positive) redox pectential sequentially through cytochrome b559 {b3),
plastoquinone (PQ), cytochrome f (F), plastocyanine (PC) to photosystem I.
From photosystem I electron flow proceeds to P430, ferredoxin (Fd),
ferredoxin-NADP reductase (FAD) to reduce NADP or some cther linear electron

acceptor, i.e. methyviolygen or potassium ferricvanide. The described path



of electron flow is called linear electron flow, and it is accompanied
by rapid oxygen evolution. 1In the presence of a cyclic electron, i.e.
phenazinemethosulfate (PMS) or pyocyanin, electrons from P430 flow

through cytochrome b, back to cytochrome b3, then back again to photo-

6
system I. Passage of a pair of electrons through plastoquinone to cyto-
chrome f is coupled to the translocation of a pair of protons into the

thylakoids to generate a protomotive force (42). During cyclic electron

flow, photosystem II is bypassed and oxygen evolution is supressed.

3. The chemiosmotic coupling between electron transport and ATP synthesis

Formation of ATP is a complex process which consists of a number of
different parts (refer to the previous figure). In chloroplasts, this
involves photo-excitation of the photosystems, which induces the flow of
electrons through the electron transport system in the thylakoid membranes.
This is accompanied by the vectorial transport of protons into the thyl-
akoid vesicles to generate a protomotive gradient across the vesicle
membrane. The back flow of these protons through the ATP synthase, CFO—CFI,
complex provides the energy for ATP synthesis. CFo is a thylakoid membrane

hydreogen ion channel and CF, (chloroplast coupling factor) contains the

1
ATPase activity. There is little doubt that the chemiosmotic hypothesis
proposed by Mitchel {43) also provides the unifying picture for the overall
mechanism of ATP formation in mitochondria, bacteria and chloroplasts.

That the chemiosmotic gradient is the driving force for ATP synthesis has
been amply demonstrated. For example vesicles containing CFO-—CF1 but no

e transport capacity were shown to synthesize ATP with an artificially

induced proton gradient. Artificial & pH was obtained by successive

incubations of wvesicles at high and low pH (44). Conversely compounds



which prevent formation of the transmembrane hydrogen gradient such as
uncouplers, are potent inhibitors of ATP synthesis. In the same line,
energy transfer inhibitors such as DCCD (oligomycin in mitochcndria) which
react with CE‘o subunits to block proton flux through CFo are also potent
inhibitors of ATP synthesis (45). The degree of linking between electron
flow, A pH and ATP synthesis is still a matter of debate. The idea that
there may be a close link between electron flow and ATP synthesis, in
chloroplasts, is indicated from the observation that very short pulses

of light of insufficiant duration to generate a significant preoten motivequ.
force (PMF) still result in ATP synthesis. Boyer suggests that e flow
induces a conformational change in membrane proteins which is associated
with a pK change in the side chains. Different ionization of the side
chains on the two sides of the membrane leads te translocaticn of protons

and ATP synthesis. The flow of protons through the CFO-CF ccoplex is

1
reversible., Hydrolysis of ATP reverses the hydrogen flux, regenerating
a partial ApH and under some conditions results in limited back electron

flow.

4. Isolation of CP

1

As indicated in the historical portion of this introductisn,
significant evidence was accumulated which showed that ATPase and phos-
phorylation activities were closely related reactions. Bronk and Kielley
{47) demonstrated that the ATPase activity was still present in mitochondric
disrupted by sonication. Racker showed later that ATPase activity in
submitochondrial particles could be stimulated by tryptic digésticn,
suggesting that mitochondrial ATPase existed in latent form (-28}. Other
experiments showed that mitochondria or bacterial extracts cculd be

fragmented into a particulate fraction and a scoluble fraction. The



particulate fraction was capable of e transport but no phosphorylation.
The addition of the scluble component to the particulate fraction
restored oxidative phosphorylation (49). Pullman et al (50) in 1960,
isclated a Mg++ dependent ATPase from mitochondria in soluble form. 1In
a subsequent paper, they demonstrated that ATPase and the ccupling factor
activities resided on the same protein {51). Chloroplast coupling factor
ATPase was subsequently isclated and characterized by Vambutas and
Racker (52).
o

The remainder of this report summarizes the structural studies that
have been carried out on the coupling factor, including subunit compo=
sition, function of subunits and catalytic properties. Chlcroplast
coupling factor will be emphasized bﬁt there will be significant
references to other coupling factors particularly in areas where CF, has

1

not been well characterized.

Structure

l. Morphology

Electron micrograph of thylakoids cbtained with negative staining
(53,58), positive staining (55}, and freeze etching (54) tecknaiques show

-]
CF1 to have a spherical structure of about 100 A in diameter which is

protruding from the outer surface of the thvlakoid membranes. With negative

staining micrographs, CFl appears to be connected to the me-brane by a

stalk (57). However, the detection of membrane components that correspond-

to CF1 by freeze etching indicates that CF

in the membrane (54).

1 may also be partially embedded

2. Molecular weight

There is nc general agreement on the exact molecular wercht of

coupl ing factors from plants, animals or bacteria. Molecul:ir weights

- 10 =~



for beef heart Fl' basel on sedimentation equilibrium centrifugation,

range from 280,000 to 3¢0,000 (58,61). The variation has been attributed
to dissociation of enmywe subunits during purification and centrifugation
procedures (59), or to the presence of non-protein material on the enzyme

(62} . Reports of bacterial BF. molecular weights have also been variable

1l
345,000 for E. coli and 385,000 for Streptococcus faccalis (65). Spinach

chloroplast CF1 was rercrted to have a molecular weight of 325,000 using

sedimentation equilibriun centrifugation (63). In a more recent study,
comparable values of 310,000-330,000 have been obtained for CF1 from
light scattering and small angle X-ray scattering measurements (64).

Recent findings that mav have an important effect on molecular weight

determination, show thiaz binding of nucleotides to the subunits of E. coli

BFl and that interacticn of coupling factor subunits can result in
"packing" of the subunits into a tighter conformation (67). Dunn (66)

has determined that this results in significant increase in the sedimen-
tation coefficient. It also increases electrophoretic mobility and
reduces the frictional ratio of the bound as compared to the unbound
subunit. Nearly a 153% difference in molecular weight of the o subunit

of E. coli was observec Zepending whether the subunit was ATP bound or
free (66). The moleculzr weight of the coupling factor is a critical
measurement, since small differences in molecular weight have an important

bearing on the determinztion of enzyme subunit stoichiometry.

3. Subunit molecular weishts

SD5-Polyacrylamide zel electirophoresis reveals that CF1 1s compaosed of
five different subunits. The subunits are designated o .p ,d’ ,: , and € in
order of decreasing molezular weights. Coupling factors from plant, animzl

or bacteria appear to shizre the same five subunits. Molecular weights

- 11 -



measurements of the subunits from CF1 indicate approximate values of
60,000, 56,000, 37,000, 17,500, and 13,000 in order from the €& to& sub-
units (68,72). Bacterial BF1 subunit molecular weights are nearly

identical to those of CF1 (70) . Most of these molecular weight determin-
ations were obtained from the subunit mohilities in SDS-polyacrylamide
gel electrophoresis. However, Knowles and Penefsky (60) have found
significant molecular weight differences when other methods were used.
They found, for example, a close agreement in molecular weights obtained
by gel filtration, amino acid analysis and equilibrium sedimentation.
Average molecular weights by these methods were 54,000, 50,000, 33,000,
17,000, and 5,700 {(monomers). These values were somewhat different from
those obtained by SDS-polyacrylamide gel electrophoresis: 59,000, 54,000,
33,000, and 13,000. No value was given for the & subunit. whichever of
these methods reflects the more accurate subunit molecular weight remains
to be determined.

4. Subunit stoichiometry

The stoichiometry of the subunits in CFl, Fl

or BFl have not been

conclusively demonstrated. Several different methods indicate that CF1

has the composition Mzﬁza';e 5° Jagendorf et al (69) estimated the
subunit composition of 2:2:1:1:2 from the relative absorbtion of dye by
subunit polypeptides following gel electrophorasis, compared to the dye
absorbed by known amounts of purified subunits. They came to the same

conclusion from amino acid analysis of whole CF, compared to its sub-

1

units. Similar subunit compositicn was obtained from radicactivity
incorporated into each subunit following analysis by SDS-polyacrylamide

gel electrophoresis of CF, that had been isolated from pea plants grown

1

in [14(:]0q {71) and frcm analysis of aggregates formed after treatment of



CFl with cross-linking agents (72). Based on CE‘1 subunit stoichiometry

of dzpzxzézez, the sum of the subunit molecular weights is 311,000
which compares well with the molecular weight for CFl obtained by
sedimentation equilibrium, 325,000. The picture of the subunit compo-

sition of Fl is less clear. Senior and Brook (73) determined the

molecular weight of the subunits by SDS-polyacrylamide gel electrophoresis
to be 53,000, 50,000, 25,000, 12,700, and 7,500 (S9). They concluded
that F, has subunit stoichiometry of d3P3 JJG - Muller et al (€1}

found two binding sites for aurovertin on F They also concluded that

1.

a significant portion of F, was non-protein which led them to prcpose a

1

molecular weight of 326,000 for F, rather than 360,000. Based on these

1

two determinations and subunit molecular weights, they arrived at Fl

subunit composition of “2PZJ252€2° Similar stoichiometry for the
three largest subunits was determined by Baird and Hammes (74).

Subunit composition of bacterial BF, is equally confusing although

1

reports tend more towards an “BFB with greater variability for the

smaller subunits. For example, growing E. coli or Solmonella typhemurium

on [14C]—protein hydrolysate, Bragg and Haw (70) determined, by a combined
use of cross-linking agents and analysis of subunit aggregates by SDS-
polyacrylamide gel electrophoresis for [14C1 incorporation and staining
intensities, that the subunit composition for these bacteria is ﬂ3ﬂ3b’;€.
A number of other reports are in agreement with this arrarngement (82,84).
However, from analysis of cold denatured fragments of E. .c_g_J_._::._ ATPase,
Vcgel and Steinhart (8l) suggest an “2p2 stoichiometry for t_he large

subunits. Electron micrzgraph or negatively stained BF, frcm Streptococcus

1

faecalis indicates that the enzyme consists of six nearly identical sub-
units in a hexagon, suggesting a d3p3 ccmpasition (75). similar hexa-

genal arrangemnt was found in thermophylic bacterium PS3 {80). Additional



O\ng, B,

indications of subunit compositions are shown in the following section.

5. Spatial relationship of subunits

This information comes primarily through two types of studies,
cross-linking of enzyme subunit to determine subunit proximity and from

reconstitution studies. Examples of cross-linking agents used are F_DNP,

2
which is a bifunctional crosslinking agent capable of forming a 3 2
bridge between an amino group and a tyrosine phenolic group (76); DTP
is an 11 ; long bifunctional imidoester which contains in its carbon
chain a disulfite bend that is easily cleaved (77) :“Eo-phenonthroline) 2CuII
{78), and H202 (79) alsc act as reversible cross~linking agents by

oxidizing adjacent sulfhydryl groups. Such agents were used by Baird

and Hammes (72) on latent CF The products of the reactions were sub-

1
jected to SDS-polyacrylamide gel electrophoresis. The subunit composition
of the cross-linked aggregates were then determined by taking advantage

of the reversible nature of the crosslinking agents followed by a second
dimensional SDS-polyacrylamide gel electrophoresis of the unlinked
products. The resulting fragments showed no €2' 8€ R 62,56 or 662'
Combinations of &€& ,PE , o | o 2,ﬂp 'FJ , andP , dimers were found;
O'\PJ, okﬁ - and a‘E , trimers; o&sz and °‘2F2 tetramers were also
found. From these studies they concluded a subunit stoichicmetry for CF

i
i, 6’6&2 with the following arrangement of subunits (72):

,4-1i Y '
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Formation ofd2 and FZ dimers argues against a l,&p altexrnating

arrangement. Similar methodology was applied to beef heart F Resulting

1°
fragments suggest dzngzsﬁ stoichiometry with the same arrangement
of the large subunits as in CFl (74) . Interestingly, using similar cross-
linking procedure for E. coli and S. typhimurium no ek, or P2 were
detected, suggesting that in these bacteria the & and p subunits have
an alternating arrangement. The placement of the smaller subunits were

as in C‘.:E‘l {70} .

The first successful reconstitution of a coupling factor from its
subunits was achieved by Yoshida et al (82) using the excertionally stable
subunits from the thermcphilic bacterium PS3. They added the subunits in
various combi;lations to +H permeable E‘o-vesicles. Fo is te membrane

counterpart of F a multisubunit complex which is postulatead to constitute

1!
a transmembrane DCCD sensitive hydrogen ion channel. Both € and 6 sub~
units bound to the Fo-vesicles but with no effect on the H permeability
of the vesicles. When the a’ subunit was added to the GJ-Po-vesicles
the permeability of the vesicles was greatly reduced. Addition of P sub-
units to this complex resteored partial DCCD sensitive ATPas2 activity.

This activity was greatly enhanced when the O subunits wera also included.

The proposed subunit structure for PS3 ATZase (82) is:

TF, 4

N

)
[
o

|



Later similar results were obtained with E. coli subunit rec:snstitution
experiments. Minimum subunit requirements in this studies for ATPase
activity was O‘PJ » but complete restoration of phosphorviation
capacity also requirei the 6 . € and Fo vesicles (84).

In summary, it can be stated with some degree of certainty that the
hydrophobic a'subunit, in the presence of Mg+f is responsible for the
attachment of BFl’ CFl or MFl to their respective membrane FD counterparts
(82-85). Small angle X-ray scattering indicates that the élsubunit iiﬂ?
ellipsoid  with half axis 25 A x 90 A {88). Antibody studies indicate |
that CFl ATPase activiiy appears to reguire both the ©& and P subunits,

Tryptic digestion which removes the three smaller subunits dzces not

impair CF. ATPase (68) suggesting that this activity resides in the

1
large subunits. More specifically, the ATPase activity has teen associ-
ated with the }3 subunits (86): however, restoration of phoszhorylation
appears to require bct® the @& and F subunits (87). The € subunit in

CFl is considered to pe on inhibitor protein since its removzl by either

heat, sulfhydryl reagents or trypsin activates CFl—ATPase {(6£,39}).

Binding sites

1. Nucleotide binding to the coupling factor

sites emerged in 1965 when 0.8 moles of bound nucleotides per ~ole ]‘:‘l
was found to be stable to repeated ammonium sulfate prea_ipita::’.cns {100,

The binding of nucleotides to chloroplast coupling factor wes later

4
cl-

, 1
demonstrated in 1971 :+ Roy and Moudrianokis {90). Incubatic:c of [

ADP with CFl followed &y gel filtration showed the label to == associated

with CFl at a ratio oI ZADP/CFl. These nound nucleotides wezrs placed in

the role of catalytic intermediates. Tne finding of ATP ani 2P following



chromatography of CFl-[14C]—ADP complex led Roy and Moudrianakis to
propose that the mechanism for ATP synthesis was through a terminal
transphosphorylation, similar to that of adenylate kinase. In subsequent
publications the same authors reported that energized chloroplasts
inccrporate [3H]-AMP plus inorganic phosphate into bound [3H]-ADP.

This observation was explained in terms of AMP in the role of a primary

phosphate acceptor in ATP synthesis according to the scheme:

AMP + Pi"N E —]-'-p EADP + ADP —EU-EADPI --—E-b I:‘.M{P . Step 1 being
2 ADP2 ATP

the energy dependent step (91).

Tight binding sites for ADP were also established for rat liver Fl

(92}, beef heart F1(103J. in chromatoéhores from Rhodospirillum rubrum
(97) as well as in coupling factors from a variety of other sources

[{98,99). The number of nuclectide binding sites in beef heart F, was

1
determined by Harris et al (94) in 1973, to be five, three moles of ATP

and two moles of ADF per mcle of F In later experiments, Harris and

1-
Slater (96), using the energy transducing coupling factor from chloro-
plasts, bound approximately 3 nmoles of bound nuclectides per g
chlorophyll, 2.5 mmcles of ATP and 1.3 nmoles of ADP also per ms chloro-
phyll. This is equivalent to 1.9 and 1.0 moles of ATP and ALP respec-
tively per mole of C?l. The number of bound nuclectides in energy trans-
ducing mitcchondrial particles were later revised to three {95). The first
characterization of the high affinity nucleotide bindiné sites in
isclated beef heart Fl was carried out by Hilborn and Hammes (1023);
studying the equilibrium binding cof ADP and its analogue 6ethano-ADP,

they found two binding sites for ADP and its analoque with the dissociotion

constant for ADP of 0.28 uM and 47 uM. Extending their studies to chlorc-
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plast coupling factor, Hammes et al (101) found similarly, two binding
siteg for ADP and the ATP analogue AMPPNP. The binding constants for
ADP were 1.82 uM and 100 uM. A third binding site for AMPPNP was also

discovered in the heat activated CF1 (101). at about the same time,

1975, Garret and Penefsky (102) discovered that passing beaf heart F1

through a Sephadex column eguilibrated with 50% glycerol removes

practically all bound nucleotides from the enzyme. Fl treated in this

fashion was capable of binding more than 4 moles of ADP and almost 5

mcoles of AMPPNP per mole of F. as compared to 2 moles of ADP and one

1

mole of ATP per mole F. in untreated enzyme. It was their conclusion

1

that of the 5 binding sites in F three sites exhibited very high

1!
affinity for nucleotides and did not exchange readily while two other
sites with less affinity engaged in reversible binding. In a recent

publication by Cross and Nalin (104), the number of nucleotide binding

sites per Fl were revised to 6 sites. They incubated the enzyme which

has been depleted of all endogenous nucleotides with [14C1-ADP. The
mixture was centrifuged through Sephadex columns to remove unbound
nucleotides than chased with cold ATP. Following this treatment 3 moles/

mole Fl of [14c1-1abeled nucleotides remained bound to the enzyme.

Subsequent incubation with [3H]-AMPPNP resulted in the binding of 3

additional moles of the analogue/mole F. without displacement cf any

1

of the [14C]-labeled nucleotides. Based on these results, binding sites
for [lqcl—nucleotides were characterized as non-exchangeable sites and
[H] -nucleotides incorporated into the exchangeable sites. Similar studies

have not been performed with chleoreplast CF As a result, the number

1"

of characteristics of the binding sites in CPl remains more gbscure.

1
b+
(3}

1



2. Bound phosphate

Beef heart F1 was shown to contain a binding site for inorganic
phosphate with a dissociation constant of 80 uM at pH 7.5 (105). Kasahara
and Penefsky (106) have also found that ADP, ATP or AMPPNP inhibited
Pi binding suggesting that the Pi site was near a nucleotide binding

site. In the presence of Mn++, SO4 . and aurcvertin, compounds

which enhance the binding of phosphate, an additional phosphate binding
site was detected. pH Optimum for phosphate binding is near 6.0. The
binding constant at that pH is 27 uA*:s compared to 285 uM at pH 8.1 (10%,

106) . Similar pH optimum was found for phosphate binding to CF, (107).

1

Hammes et al (108) found that incubation of CF. and labeled [32P]-ATP

1
in the presence of Mg++ results in rapid incorporation of 1 moie of
ATP/mole CFl. This is followed by the rapid hydrolysis of ATP to bound
ADP and Pi. The dissociation constant for this Pi was very slow, t& =
24 h. Activation of the Ca++ ATPase resulted in more rapid release of
Pi. The low optimum pH for Pi binding suggests that monovalent form

of Pi is the binding species (106}. It may also be the ionic form which

is required for phosphorylation.

3. Binding of nuclectides to coupling factor subunits

To date, only the & and @ subunits of coupling factors have been
shown to contain nuclectide binding sites. The initial attempts to
localize the ATP binding site in mitochondrial ATPase followed the
discovery that 4-chloro-2Z-nitrobenzofurazon (Nbf-cl) inactivated mito-
chondrial ATPase (109). Using [ H]-Nbf-cl, Racker (110) showed that
the inhibitor was associated with the j# subunit and the ATPase site.
Hammes and Cantley (101) found that heat activation of CF., ATPase resulted

1

in the exposure of an additional binding site for AMPPNP. They also
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found that reaction of heat activated enzyme with Nbf-cl alsc prevented
the binding of this analoque, thus indicating that this third site is on
the fs subunit. The binding sites were later explered in more detail
using various alkylating and photo-affinity analoques of the adenine
nucleotides. For example, the photo-affinity labeled analoque of ATP,
8-azido-ATP, is slowly hydrolyzed by Fl. Exposure of the Fl-B—azido-ATP

complex to light results in covalent attachment of the analoque to the

enzyme. When the analoque was reacted with F, in the absence of Mq++,

1
sDs-polyacrylamide gel electrophoresis showed that the label was found
exclusively on the P subunits, but when Mg'H was included, both R and
F subunits were labeled (111,116). Using 8-azido~ADP in a similar
experiment, the label was associated with the & subunit when HgH was
included; but in the absence of Mg++, both the @4 andP subunits were
labeled (112)}. These lakeling patterns appear to suggest that ADP may
be more selective for the X subunits and ATP for theﬂ subunits.
Although either nuclectide can bind to the & or‘,g subunits (119;).
The ATPase activity was completely inhibited when 2 moles of either

the ATP or ADP analogque was incorporated per mole of Fl' After repeated

labeling of F, with 8-azido~ADP, 4 moles of label were recovered per

1
mole of Fl’ two on the X and two on the P subunits. Two additional
unlabeled nucleotides were also discovered in the same preparation using
the Luciferin-luciferase methed for the detection of ATP, suggesting 6
moles of bound nucleotides per mole of F1 (111} . Other .analcques of
ATP, NbS6ITP {113) and the mixed anhydride of [3H]-—ATP and me’sitylene_
carboxylic acid (115} have potent inhibitory effects on Fl-ATPase and

are found to be exclusively associated with thep subunits. Stripping

E'1 of its endogenous nucleotides or using energy transducing Fl on



submitochondrial particles with the capacity to exchange all their
nucleotides results in the incorporation of the ATP analcgues, FSBA ox
arylazido-P -alanyl-ATP, into both & and psubunits with concomitant
inhibition of ATP#Pi exchange (114,117).

In chloroplast coupling factor, the latent enzyme reacts with the
photoaifinity label, arylazido-ATP, stoichiometrically mole for mole.
This label is found on the F subunit. However when arylarido-ADP
was used, the label was incorporated equally into the of andqf subunits
(118) suggesting ADP binding sites on both the & andP subu.'xj:ts.
Wagenvcord et al (116) have reported the incorporation of 4 moles of

8~azido-ADP per mole of CF, after repeated labelings in the presence of

1

+ . . .
Ca +. Such results, although not a direct proof, is consistent with

CF, subunit stoichicmetry of O(2P2; and the finding of 6 binding sites
on F.‘1 suggests a G3P3 stoichiometry for the mitochondrial enzyme.
A single binding site for ADP or ATP per “orP subunit was shown in

the BE‘l subunits of E. coli (84) and the thermophilic bacterium PS3 (67}.

4. Cceperative interaction between catalytic subunits

The fact that coupling factors contain two or three pairs of ©€ and
P subunits indicates that the enzyme also contains a certain amount of

symmetr. X-Ray diffraction studies of BF., crystals from t=e thermo-

1
philic macterium PS3 shcw that such symmetry dces in fact exist (122).
Since catalytic activity is commeonly associated with the larjer sub-~
units there should be as many catalytic sites as dand/orP subunits.
Experimental evidence however have shown this is not the case: For
instance, interacticn of NBD.C1 with a single P subunit, cne mole

NED.Cl/mole Fl or CF results in complete inhibition of ATrase activity

ll

{(109). 5Similar results are cobtained when one mole of DCCD interacts



with one mole of E. coli BFl (123) and one mole of efrapepin per mele
of mitochondrial Fl inhibits both ATP hydrolysis and ATP synthesis (124}.
These observations in which a reaction between an inhibitor and a single
site on the enzyme induces inactivation of 2 or 3 potentially identical
sites are taken as indications of interaction between sites (whatever
happens on one site appears to effect all sites).

Further indications of asymmetry between catalytic sites comes
from the Kkinetics of nucleotide interaction with the binding sites.
Almost as a rule, the multiple binding sites on the coupling factor have
greatly varied affinities for a given nucleotide (125,126). 1In CFl two
unequal sites for ADP hgve been found in addition to a third site with
its own unique properties (101,103). Such heterogeneity in binding sites
has been attributed to cocperative subunit interaction. Catalytic site
ccoperativity is alsc indicated from oxygen exchange experirents; for
example, the rate of loss of labeled oxygen from [lBOl{S—phcsphate of
ATP to water during ATP hydrolysis is more rapid at low substrate (ATP)
concentrations than at high ATP concentrations. This is explained by
ATP binding on cne site promoting product release from a seccnd site,
and thereby reducing the amount of exchange between [180] from af-Pi of
ATP with water (145). Other evidence for site cocperativit, comes from
experiments which show that ADP + Pi binding on one site prcaotes the
release of ATP from a second site or that binding of ATP.prcrotes the
release of ADP + Pi during hydrolysis (140,143). 7The addition of
adenine nucleotides also increases the rate of release of beound Pi (125)
and the rate of AMPPNP binding and release from the high affinity sites

is influenced by binding of nucleotides on the other sites (£2). Using

the ATP analogue TNP-ATP,Grubmeyer and Peneisky (126} demons+trated that



the rate of hydrolysis of [32P}-TNP—ATP on one site was increased 15-20
fold by binding of TNP-ATP on a second site (127). 1In the same line,
incorporation of [GQQP]—ATP into one hydrolytic site of F1 at excess
enzyme concentrations resulted in slow [szP]—ATP hydrolysis. This rate
increased by 106 when excess c¢old ATP was permitted to bind to a second
unoccuplied site (128,129}.

Kagawa et al (67) took a different approach to the study of subunit
cooperativity. Using hydrogen exchange kinetics between water and peptide
groups of purified e andP subunits of the thermophilic bacterium PS$3,
they found that when the andP subunits were brought into contact,
"tightening" of the® but not of the}a subunit occurred. ATP binding to
the/a subunit results in tightening of that subunit. This tightening was
enhanced by interaction of thisp subunit with either an & subunit or
anotherp subunit. Tightening of subunit conformation was determined
from decreased protcn exchange activity. The role of catalytic‘site

cooperativity in ATP synthesis will be discussed further on.

Catalvtic activities

1. ATPase

The ATPase activity is one of the more useful markers of the
coupling factor. This capacity to hydrolyze ATP is expressed in the
membrane bound energy transducing enzyme as well as in the isolated
enzyme. In the later, the ATPase is cold labile. ATP hydrolysis
aprears to be regulated/inhibited by a small peptide, and for complete
expression of the ATPase activity, it is essential that this érotein
be removed. An inhibitor protein was initially identified by Pullman
and Monroy (120) in mitochondria where it appears to be distinct from

the other five subunits of Fl' Fl is the only enzyme which loses the



inhibitory protein upon warming of the enzyvme at alkaline pH {120).
Activation of chloroplast and microbial ATTases require somewhat more
drastic treatment such as high concentraticons of sulfhydryl reagents
(130), incubation at elevated temperatures {(131) or proteolytic
digestion with trypsin (52). None of these procedures, however,
result in the ATPase activity comparable to the mitochondrial enzyme.

. . ++ ;
Trypsin, the most effective activator of Ca -CF.-ATPase, yields

1
approximately 35 umoles ATP hydrolyzed per nmg per min (133) as compared
N

to nearly 100 umcles/mg/min for F. (132). In CF the ATPase inhibitor

1 1’
protein is most likely the € subunit. This is indicated by observations
which show that heat activation of CFlwnT?ase follows the loss of the

5 and € subunits {(89). However, of the two subunits only the € subunit
contains sulfhydryl groups, hence limiting sulfhydryl activation of
ATPase to this subunit. Chleroplasts usually retain a very low level

of Mg++ dependent ATPase activity in the dark (~1 umole ATF hydrolyzed/
mg chlorophyll/h). Exposure of chloroplasts to light or other focrms of
excitation energy, results in increased ATFase activity, approximately

FN
Ca

10 umoles/mg/h. The pH optimum of CF and Mg++ ATPases and F

1 1

ATPases are B.0-8.5 (52).

ATPases from most sources have the cacacity to hydrolyze other
purine nucleotides, UTP as well as a large number of analoques of ATP.
The capacity to hydrolyze GTP, ITP or Ne-ethanoadenosipe 5~triphos-
phate suggests that the amino group on the & pesition of the purine
moiety is not critical for catalytic activity. Heowever modificatien
of N-1 results in enzyme inhibition. The rikose ring of ATP can also
withstand considerable modification and stilil remain a substrate for
F. ATPase (62,134).

1
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The kinetics of ATP hydrolysis was recently demonstrated in some
detail by Grubmeyer, Cross and Penefsky {128). This is briefly

summarized in the following scheme:

ATP Pi ADFP
F, —_— F -ATP == F,-ADP-Pi —_— F, ~ADP — F,
K
K1 KZ K3 4
R 12 -1
The equilibrium constant for each of the steps are : Kl =10 M, K2 =
0.5, K3 = 6 2 10-4 M, and K4 = 3 x 10-7 M. The above describes the

steps of ATP hydrolysis on a single site of Fl since the forward and

reverse rate constants are based on measurements of excess enzyme to
substrate concentration, which permits nc more than one site occupancy

per F Two important conclusions were drawn from these results: k, =

2
0.5 suggests the synthesis of ATP from ADP + Pi at the catalvtic site

1°

can occur with no expenditure of free energy; the high affinity

of ATP for the catalytic site suggest that expenditure of energy is
required to dislodge ATP from the catalytic site, such energy can be
supplied from the chemiosmotic gradient and/or from substrate binding
on other sites {(96,138). These observations as well as oxygen exchange

results constitute important evidence that the ATPase site may also be

the site of ATP synthesis,

2. Exchange reactions

Nucleotide exchange properties with coupling factors were previcusly
discussed. The follcowing are other forms of exchange reacticns that
are catalyzed by the coupling factor.

Cohn (135) in 1953, first reported evidence for a mitcchondrial
catalyzed reaction in which [180] labeled oxygen from incrganic phosphate

rapidly exchanged with water oxygen. The exchange was uncoucler sensitive.



Subsequent studies by others showed that mitochondria also catalyze

ATP &= Pi (136), ATP# H,0 and ATP @ ADP exchange. These reactions

2
appear to be associated with partial reactions of reversible formation
of ATP by way of the reaction ADP + Pig® ATP + H20 {137). Two
distinct exchange reactions have been identified in the energy trans-
ducing coupling factor: (1) medium exchange, involves the exchange of
reactants at the catalytic site with the same reactants in the medium;
for instance, ATPg¥#Pi exchange requil.::hs the hydrolysis of '(phosphate

£ ATP by the ATPase, exchange of phosbhate at the catalytic site
with labeled phosphate in the medium followed by reincorporation of the
labeled phosphate into bound ADP. Medium exchange is uncoupler
sensitive and is inhibited by energy transfer inhibitors such as oligo-
mycin (or DCCD in chloreplasts); and (2) intermediate exchange, which
involves rapid interconversion of ADP, Pi and ATP at the catalytic site;
for example, hydrolysis of [180]-5'-phosphate from ATP results in
rapid displacement of phosphate [180] with water oxygens, Piih]izc
axchange. The high rate of this exchange in comparison to ATP# Pi
exchange and its insensitivity to uncouplers indicate that it is a
separate component from medium exchange (138)}. This residual PigR H‘O
exchange in submitochondrial heart vesicles was resistant to high
concentrations of As, a competitive inhibitor of Pi, suggesting that
medium Pi was not involved in the exchange and that the gxchange oc-
curred with enzyme bound intermediates (139,140). The observed
responses of medium and intermediate exchange to uncoupler has led

to the formulation of the conformational coupling hypothesis of ATE
svnthesis (discussed under Mechanisms of ATP synthesis).

Intermediate Puu==H20 exchange was alsc demonstrated in chloro-

plasts by Wimmer and Rose (141). This was observed under conditiorns



of ATP synthesis and light dependent ATP hydrelysis. In addition, they
have also shown that.fsarllaol-oxygen bridge to f? non-bridge [180]
scrambling during ATP hydrolysis occurs at rates similar to inter-
mediate Pi.-"l'.Hzo exchange, supporting reversible hydrolysis mechanism
of ADP, Pi and ATP at the catalytic site.

Using submitochondrial particles, Rosing et al {140} demonstrated
that under conditions of net ATP hydrolysis in the presence of an ADP
trapping system, pyruvate kinase plus PEP, the medium ATPR H20 exchange,
ATPS® Pi exchange, and medium PigR H20 exchange were inhibited. Inter-
mediate Pig=™ H20 exchange remained largely unaffected by this treatment.
These results were interpreted to indicate that ATP release on one
site was coupled to the binding of ADP + Pi on a second site. 1In
somewhat similar experiments, it was demonstrated that medium exchange,
catalyzed by submitochondrial particles under phosphorylation
conditions, was nearly completely inhibited when hexokinase and glucose
were added to the reaction sclution. Two conclusions that came from
these experiments were: that energy derived from ATP hydrolysis can
drive medium exchange and that for the release of ADP and Pi on one
site, ATP has to bind to a second site {142,143).

Substrate concentrations have an important effect on intermediate
exchange. During ATP synthesis, for example, at saturating ADP and
Pi concentrations, mitochondrial particles exhibit low intermediate
exchange, but when the concentration of either ADP cr Pi were limited
to the concentrations in the Km level an increase in inter:ed}ate
exchange was observed (143)., Russo et al (144) have demonstrated,
under conditions of hydrolysis with an ATP regenerating system, that
as the concentration of ATP is reduced, the rate of intermediate

exchange may increase 40-200%4. Choate et al (145} extended these obser-



vations to purified soluble F,; they found that at high ATP concen-

l

trations, F_, catalyzed little or no intermediate Pi#!l 0 exchange;

1 2

but at low ATP concentrations, (10 uM, there was a marked increase
in exchange. These results are again interprated in tearns of site
cooperativity. At low ATP concentrations, ADP and P{i formed at the

catalytic site continue Pi&ﬂ U exchangs. At highar concentrations,

2

ATP binding to a second site accelerates the release of ADF + Pi,

hence lowering the rate of intermediate Piii'ﬂzo exchange.
b O3

3. Conformatiocnal change

Incubation of chloroplasts in [3H]—water regults in energy depen-
dent incorporation of [3Hl into CFl. This is observed when chloro-
plasts were illuminated or when a pH gradient was artificially imposed
across the thylakoid membranes. The reaction was uncoupler sensitive
and the amount of [3H] incorporated was inhjibited by the presence of
nuclectides. These experiments by Ryrie and Jagendorf (146) were
taken to indicate that upon energization of the thylakoid membranes,
CFl undergoes a conformational change exposing hiddan amino acid
residues to hydrogen axchange.

Illumination of thylakoids in the presence of N-sthylmaleimide
(NEM) leads to incorporation of the alkylating reagent into the X sub-

unit of CF, with concomittant inhibition of photcophospherylation (147).

1
The dependence of this incorporation upon energy again indicates a
conformational change in the a'subunit and exposurae of the group
susceptible to alkylation. McCarthy and Fagan (147) further dbserved
that nuclectides inhibited the incorporation of NEM into the 5'subunit,

suggesting that the energy induced conformaticnal changes in that sub-

unit exposing the nucleotide binding site(s).
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Membrane bound coupling factors labeled with flucrescent probes
such as aurcovertin show a fluorescence shift when the membranes are
energized. Fluorescent shifts are interpreted in terms of snergy
induced conformational changes in the coupling factor. An important
observation in these experiments is the rapid rate of the fluorescent
shift in response to an energized state. This rate was in the range
which suggested the possible involvement of the conformational change
in catalytic activity (62). The intensity of flucrescence and changes

nth polorization fluorescence were also observed in aurovertin-rl complex
in response to ADP, AT?, Mg++ or Pi additicns (148,149).

Nucleotides bound to soluble CFl or membrane assoclatad CF1 exchange
slowly in the dark with soluble nucleotides (90,150). In the light,
however, exchange of nucleotides on thylakoid bound CF1 is rapid and
uncoupler sensitive (96). This anergy dependent exchange 1s explained
by an enzyme conformaticnal change, which either exposes bound nuclec-
tide or changes their binding kinetics, so that they are more easily
exchanged with medium nucleotides. Othar catalytic activities of

thylakoid bound CF. have also been shown to be dependent on snerqgy

1

induced structural chaages; for example, membrane hound CF1 or

soluble CF1 ATPase activity may be activated and greatly accelerated
either by illumination of thylakoids (151) or by removal of the G
subunit from the soluble enzyme (8%9), suggesting that activation of
ATPase activity is coupled to an energy dependent changa.in the €
subunit in the native state. Other changes in subunit conformation are
alsc obsaerved in regponse to nucleotide binding. For example, binding

of ATP to the® subunit of E. coli BF, results in a significant increase

1
in the electrophoretic mobility and a decrease in the frictional coef-

ficient of the bound subunit {66). Similarly, binding of ATP to thefssubunit

- 29 -



of the thermophlilic bacterium PS3 BF, or addition of P to O subunits

1
results in dscreased hydrogen exchange betwean water and the amino aciad

residue on thoP subunit (67).

4. ATP formation (mechanisms)

Although a considsrable amount of information has been accumulating
over the vears on the structure and activities of the coupling factor, a
clear mechanism of the steps that lead to ATP formation remains unknown.
Because of the complexity of the subject and the many contradictory
interpretation of experimental results, the following part of the
introduction is limited to a few commonly described alternative models of
ATP synthesis (rev. 57,62,87,152).

ATP aynthesis mediated by a high snergy covalent intermediate of ADP
or phosphate is generally ruled out, primarily bscause no such high energy
intermediate has ever been identified, In addition, a significant amount
of experimental evidence is not consistent with a high snergy intermediate.
For example, obsarvations by Boyer (153) that ADP and not Pl provides the
bridge oxygen between P and J phosphates of ATP; the absolute dependence
of Pi =H2° exchange on ADP {154); the observations by Webb et al (155)
that hydrolysis of x -(160170130) -thio-phosphate=-ATP by Fl goas through
inversion of configuaration; initial appearance of (321’) in the 6
position of ATP during photophosphorylation (156,157), in addition to

recent evidence that ADP bound to soluble CF. can be phoaphorylated by

1
medium Pi (107), plus the desper understanding of the svents of ATP
hydrolysis and ATP synthesis are all inconsistent with a high ensrgy
intermediate in ATP synthesis.

The chemiosmotic hypothesis of Mitchel proposas that ATP synthesis

is driven by thes translocation of protons through the Fo-r camplex (43),

1

- 30 -



159). A close link between the proton gradient and phosphorylation is
indicated by the observations that ATP synthesis results in a decrease
in the transthylakoid &pH (160) and ATP hydrolysis regenerates a
partialApH and can induce reverse electron flow (161). According to
Mitchel, two protons are pumped to the catalytic center of CF1 through
the transmembrane proton channel, CFo' combine with phosphate oxygen at
the active site, converting it to the cation form. ADP, alsoc at the
active site and protected from the protons, is in the anion form. ADP
reacts with the phosphate by nucleophilic substitution reaction with
displacement of water from the phosphate (162). This mechanism is
supported by the cbserved low pH optimum for Pi binding to the

coupling factor F, (106) and the low pH optimum for the phosphorylation

1
of CF1 bound ADP by medium Pi (107).

The pogeibility that the proton gradient is not involved in the
condensation of ADP + Pi to ATP was initially raised by Boyer (163) in
1965. He proposed instead that energy in the form of the electro-
chamical gradient is congserved in a high energy protein conformational
changes, with possible coupling of this conformational change to high
energy intermediate, such as an acyl-S-compound. This model proposed
that enargy stored in the form of a conformational change cccurred
prior to ATP synthesis. Synthesis of ATP was at the expense of the
high energy conformaticnal state (164). In aubsequent years the
conformaticnal coupling hypothesis took on a different Qhape; this
followed observations of rapid, uncoupler insensitive Piikﬂzo exchange
during ATP hydrolysis and ATP synthesis by submitochondrial particles.
According to Boyer, this could be explained if the reaction steps
involved in ATP synthesis are readily reversible requiring no energy
input. Further observations that ATP gBPi exchange and medium ATPg® H_O

2
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exchange were sensitive to the uncoupler 2,4 DNP led Boyer to propose
that energy was required for substrate binding or product release (138,
165). This model for phosphorylation gained important support from the
findings of Harris and Slater (96) who showed that mitochondrial and
chloroplast coupling'factor contained tightly bound ADP and ATP. From
the ratio of bound ATP to bound ADP, they estimated that the free energy
change associated with ATP synthesis is approximately zero; and the
proposed requirement for energy in the substrate binding and product
release stepd‘bnly was also supported by the observation that aichange
of these bound nucleotides with medium nucleotides is an energy
dependent process and is uncoupler sensitive (96). Recantly, the
finding by Grubmeyer et al (128) that ATP at the hydrolytic site of
Fl dissociates to ADP + Pi with an equilibrium constant of 0.5 toward
ATP formation was taken as further evidence that no anergy is expended
during ATP synthesis. Observations that the dissocliation or association
constants for nucleotide binding to some tight binding sites are very
low, in the order of 0.1 uM (84,128) have alsc been incorporated into
the conformational coupling hypothesis of ATP synthesis by preposing
that binding energy may contribute towards ATP formation (104} and that
energy input in the form of the chemiosmotic gradient is associated
with conversion of high affinity site{sa) to lower affinity site (s);
so as to permit exchange of product ATF with new substrate AD? and Pi.
Another important features of the conformational model is that it
explains ATP synthesis in terms of cooperative interaction betTseen
catalytic centers. In this model, known as the alternating site model,
ATP rslease from one catalytic site is coupled to binding of A=? + Pi

on a second site or release of ADP + Pi during ATP hydrolysis is coupled
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to binding of ATP on a second site (140,143,145).

In the transphosphorylation model of ATP synthesis, AMP acts as
the primary phosphate acceptor. AMP plus phosphate are condensed by
the coupling factor in an energy dependient step to form bound ADP.
The’B phosphate of this ADP is then transfered to substrate ADP bound
to a second gite on the coupling factor, in an energy independent step,
to generate ATP and regenerate AMP. (Experiments which led to the
formulation of this model are discussedunder Bound nucleotides.) As
predicted by this wndel, ATP synthesis in the presence of ADP and [329]
results in the initial formation of P labeled ADP. This part of the
mechanism is the most -ontroversial since findings which show such
initial f3 labeling can also be attributed to the adenylate kinase
{AK) reaction 2ADP;9ATP + AMP. Such involvement by AK seems to be
supported by observations of initial drlabeling in experiments where
AK was suppressed {(16<¢) or where acid~base transition was used to drive
ATP synthesis (167). However, observaticns of rapid conversion by
excited thylakoids of [SH]-AMP plus Pi into bound [ H]-ADP in the
presence of ADP (168) and rapid exchange of AMP plus Pi with CF. bound

1

ADP (169) suggest the possibility that AMP participates in CF_. catalyzed

1
reactions.

In summary, a substantial amount of evidence suggests that ATP
formation is coupled to an energy dependent conformational change, which
according to Boyer, is associated predominantly with biﬁding and release
of reactants. Enzyme conformational change may also have an }mportant
regulatory function (170). Whether energy is required for the actual eszer.-

fication of inorganic phosphate and AL? to ATP is more controversial.

According to the conformational hypothesis, no energy is reguired for



this step. However, the low optimum pH for phosphate binding (106) and

the low optimum pH for the slow rate of brund ATP synthesis by soluble

CFl {107) suggests that localized proton yrools at the catalytic site may
infact be required for synthesis of ATP ix line with Mitchel's predictions.
Further, observations that little or no bound ATP is synthesized by soluble
coupling factor in the presence of ADP + Fi at pH which is optimum for
ATPase activity (pH 8.0-8.5) (50,52,107) contradicts proposals that ATP
synthesis and hydrolysis are freely reversible reactions which are indepen-

dent of PMF., Even the uncoupler insensitive intermediate PiBH_O exchange

2
in mitochondrial particles, usually taken as strong evideace against
energy requirement for ATP formation, may alsc be explained in terms of
Mit?hel's hypothesis as follows: ATP hydrolysis at the catalvtic site
generates a proton that is confined in the catalytic site. Such a proton
may then be used reversibly to regenerate ATP. This localized reversible
reaction may be protected from uncouplers. If one assumes, however, that
the translocation of protons is coupled tz an enzyme conformational change
within the model of catalytic site cooperazivity, ATP hydrelvsis on one
site would induce a conformational change on a second site which is
coupled to the release of hydrolysis prccducts and causes the trans-
location of a proton from that seccnd site into vesicles to
regenerate an uncoupler sensitive & H. aczording to this medel, at high
ATP concentrations, hydrolysis is very fast which results in rapid
conformational c¢hanges and proton translecrzation. The protons at the cata-
lytic site are therefore short lived which explains the low rate of inter-
mediate P:L:%HZO exchange (145) and the —zrge AH formation in chloro-
plasts which is observed at high ATP concsatrations. At lcw ATP concen-

trations, slow ATP hydrolysis results in “cnger lives protons at the



catalytic site. This rermits more reversals of the reaction H,O + ATP g
ADP + Pi hence the larger PigR H20 exchange. Based on observations such
as have been described above, it may be concluded that the actual mechanism

of ATP synthesis may incorporate different features from different models.
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OBJECTIVES

The objective of this study is to characterize CFl bound nucleo-

tides in more detail in an energy transducing system.

SUMMARY

Labeled adenine nucleotides were incorporated into the binding sites
of spinach chloroplasts., The chloroplasts were subjected to gel
filtration, a process which removed free and "loosely" bound nucleotides.
The remaining nuclectides appeared to reside on two distinct sites. On
the first site (exchangeable site), the nucleotides slowly exchange with
free nucleotides. Thev were also released in the light in the absence
of added nucleotides. On the second site {non-exchangeable site), both
light and free nucleotides were required to induce exchange on nuclsc-
tides from this site. Bound [3H]—ADP on the non-axchangeable site was
slowly phosphorylated to bound [3H]—ATP in the light in the absence of
added free nucleotides. Uncoupler sensitive phosphorylation of bound
[3H]-ADP to bound [3H]-ATP was also observed in the dark in the presence

of added ATP.



CORVERSION OF TIGHTILY BOUND ADP TO BOUND ATP

ON CHLOROPLAST MEMBRANES AND

PARTLAL CHARACTERIZATION OF SPINACH CHLOROPLASTS

BINDING SITES



INTRODUCTION

The role of the bound nucleotides on ceupling factors frecm various
sources has been studied in great detail (rev. 62,87,152). 1In general,
their function has been catagorized in either a requlatory role (153,177,
188) or as catélytic intermediates (107,173,175). 'The number <f nucleotide

binding sites that has been found on CF_ is either three (101,136) or four

i

{(116) . Only one nucleotide remains CF, bound after extensive Sephadex

1
chromatograp®™h. To date only the ﬁandP subunits have been shown to

have nucleotide binding sites {87); one binding site per subunit (84,119).
A number of studies indicate that the active site, as determined by ATPase
activities and exchange kinetics, are found on the F subunits (101,110,
174). The role of bound nucleotides on theg{ subunits have bezn more
cbscure. Antibodies either to the o or P subunits inhibit phesphorylation
(€8). Alkylating ATP analcgues such FSBA (114) or alylazido alznyl-ATP
(117) which are specific for the ¢4 andp subunits are potent inhibitors

of ATP¥® Pi exchange. Reconstitution of bacterial coupling factor frem
its subunits shows that both @k and P subunits were essential Ior restor-
ation of phosphorvlation capacity {82). As a result, the role of bound
nuclecotides on the & subunits in phosphorylation cannot be excl:ded.

The demonstration of direct involvement ©f bound nuclectiiZes in
phosphorylation has been slowly evolving. Magnuson and McCarchy (178)
showed that tightly bound aPP on chloroplasts was partially phosohorvlated
to ATP in a light dependent reacticn. In other reports (178), ~IP was
found tightly bound to chloroplast coupling factor atfter ligl".':' iependent
hydrolysis of ATP. From this it was lnferred that APT was at the catalwvtic

site. In rapid kinetic experiments by Rosen and Bover (121), = short

lived chloroplast bound ATP was observed during active phoszherylation.

L



The most direct demcnstration of bound ADP participation in ATP synthesis

was recently shown in spinach chloroplasts CF, by Feldman and Sigman {107).

1
ADP exchanged into one of CF1 binding sites was phosphorylated to form
bound ATP when the CFl—ADP complex was incubated with high concentrations
of inorganic phosphate at pH 6.0,

Also, critical to the studies of the function of the bound nucleo-
tides have been the exchange properties of medium nucleotides with bound
nucleotides. Medium ADZ, ATP and their analogues readily equilibrate
with exchangeable nuclectides on the enzyme. A number of inhibitors
which prevent exchange also block catalytic activity. For example,
phenylglyoxal inactivates beef heart mitochondrial Fl ATPase; and it
also causes the loss of cne exchangeable nucleotide binding site (104).
The antibiotic efrapepin competes with ADP and Pi binding and it also
inhibits ATPase activity and oxidative phosphorylation (124,176). 1In
intact chleoroplast thylaxcids a number of inhibitors and uncouplers
have been identified which have a potent inhibitory effect on exchange
of nucleotides with CFl binding sites and photophosphorylation (177-179}).

We have further investigated this apparent linkage between exchange
and phosphorylation using spinach chloroplasts. A system was used in
which specific binding sites on chloroplasts ware vacated of their nucleo-~
tides: such a system with Iewer bound nucleotides has permitted the
greater characterization of the remaining bound nucleotides. Their

exchange properties are discussed and conditions are shown whereby bound

ADP is phosphorylated to generate bound ATP.

- 39 -



METHODS

Labeling of chlorcoplast bound nucleotides: Chloroplasts were isolated

from 60 g deveined spinach leaves as described by Avron (180) and
chlorophyl content was estimated according to Arnon (1Bl). After the
chlorcoplast suspension was pelleted at 10,000 g for 5 min, the resulting
pellet was suspended in one to two milliliters of resuspensicn medium
_which contained 5 m! Hepes buffer, pH 7.6, 0.2 M sucrose, 10 mM Nall,

2 mM MgCl and 0.4% defatted bovine serum albumin. The resulting

2t
suspensicon, 7-10 mg chlorophyll/ml, was supplemented with 1 u mole of
[3HI-AMP (SO0 uCi), 0.25 u moles phenazine methasulfate (PMS) and 2 u
moles inorganic phosphate. The final volure was approximately 1.5 ml.
The mixture was gently homogenized in a tissue homogenizer, wirmed to
15% ¢ in a water bath and exposed to light for 2 min. Durisg the
illumination pericd the chloroplast suspension was gently hcooegenized
to obtain uniform exposure of all chloroplasts to light. A ninimum of
10 cm of water between the sample and the light source was used as an

infrared filter. At the end of the light exposure, the chlcroplasts

were immediately cocled to 0% C in an ice slurry.

Separation <f thylaksid bound nucleotides from free nucleotiles:

Exposure of chloroplasts to light in the presence of [BH]-AH?, Pi, and
an electron acceptor results in a rapid incorpofation of.the lakel into
the tight nucleotide binding site of CF1 (21)}. The thylakcii_bound
nucleotides were separated from free nuclectides by passage < the
chloroplast suspension through Sephadex G-50 packed in a cclumn (40~
120u particle size; column 1.5 cm x 50 cm). Prior to use, <ne Sephadex

G-30 was equilibrated with resuspension medium containing 5 =i Hepes
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buffer, piH 7.6, 0.2 M sucrose, 10 mM NaCl, 2 mM MgCl and 0.3% defatted

5
bovine serum albumin. Approximately five void volumes of this medium
were rassed through the column prior to chloroplast application

The flow rate was adjusted to 1 ml/min with a peristaltic pump. The
chleroplasts were eluted with resuspension medium at 0-5° C and in the
dark. The only light scurce was a 15 watt fluorescent lamp with a green
filter. Chloroplasts eluted in the void volume. A typical separation
proZfile of bound from free nucleoctides is shown in Fig 1. The first two
fraztions were pooled. The combined volume was approximately 5 ml

which was then used in the described experiments.

Separation of lakeled chloroplasts from labeling medium was also
perizrmed by repeated washings of chloroplasts. Chlorcplasts were
larelad as described above. The labeled mixture was initially diluted
to 50 ml with 50 mM Tris buffer, pH 7.6, containing 0.4 M sucrose, 10 mM

NaCl, 0.03% bovine serum albumin, and 4 mM MgCl and then centrifuged

5
for 3 =min at 10,000 g at 0-5° C. After removal of the supernatant, the
pelle= was rinsed once with 2.5 ml of the dilution buffer and resuspended
in 3 =1 of the same buffer with a tissue homogenizer. The mixture was
then 3iluted to 30 ml and centrifuged as before. The washing procedure
was reveated 3-4 times until similar counts were obtained in the super-
natanzs of two consecutive washings. Bound nucleotides versus free
nuclec:zides in the last wash medium was usually 4:1 respectively.

Furtner washings of the chloroplasts were avoided to minimize possible

darzze to membranes and the loss of chloroplast bound nuclecotides. The

pellez was finally resuspended in 4 ml resuspension medium ccntaihing 5 m

Hepes muffer, pH 7.8, 10 mM NaCl, 2 mt MgCl,, 0.2 M sucrose, and 0.3%

bovsina serum zlbumin.

.
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Fig 1. Passage of labeled chloroplasts through Sephadex G-50. Chloro-

plast suspension (1.5 ml/11 mg chlorophyll) isclated as described in the
Methods was supplemented with [3H1-AMP 25 uCi, AMP 1 umocle, Pi 2.0 umoles,
[32Pi] (1 x 107cpm), and PMS 0.25 umoles. The mixture (=2 ml} wzs
exposed to light for 2 min with continuous mixing in a homogenizer. A
sample (==1.5 ml) of the reaction mixture was applied to a Sephadex G-50
column {1 ¢m x 50 cm). The flow rate through the column was adjusted to
1 ml/min. Two millilter fractions were collected. The first fraction
was collected when the green band began to elute. Concentrations c¢f

chlorophyll! in these fractions were about 0.6 mg/ml. Aliquots of these

fractiocns were counted for [SH] and [32P].
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Exchange measurements: Labeled chloroplasts following elution through

Sephadex and containing apvroximately 0.05 mg chlorophyll in 0,1 ml
were injected into 0.9 ml reaction medium which contained 15 mM tricine
buffer, pH 8.0, 10 mM NaCl, 4 mM Mgclz, 50 uM PMS, and other additions
as indicated in the legends of the figures and tables. Reaction times
were controlledwith an electronic timer connected in series with the
light source. At the end of the illumination period, the reaction

tubes (1.5 ml polypropylene mimxocentrifuge tubes) were imnediately
centrifuged in an Eppendorf microcentrifuge for 1 min. The supernatant
was removed and the resulting pellet was resuspended in 1 rl 9M urea.
Both supernatant and pellet were saved for scintilation gounting and for
labeled nucleotide composition analysis. The supernatant was counted
directly. The pellet was counted in either one of two ways: in the first
procedure, 0.4 ml of pellet suspension was supplemented with 0.1 ml 10%
sDs, and after vigorous mixing, 0.0l ml was counted; a small amount of
quenching was encountered using this procedure; in the seccnd method,
0.4 ml of urea denatured chnloroplast suspensicn was supplerented with
0.1 ml 35% perchloric acié and centrifuged. The clear supernatant was
ccunted. All procedures, with the exception of the light reaction, were
performed under a green safe light. The reaction time (light or dark
exposure) did not include sample handling time. Approximately 15% of
the bound label was lost during this period in the presence of medium
nucleotides when compared to reactions in the absence of nucleotides.
The significance of this will be discussed in the results section.
Excluding this small initial loss, there was no additional loss of

bound nucleotides even after preclonged incubations.
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Dark phosphorylation of S bound [BH]-ADP: Labeled chloroplasts, prepared

by gel filtration as described earlier, were incubated with media of
indicated compositions, Table III. The reaction conditions were identical
to those used in the exchange studies. At the end of the reaction times,
however, the samples (sl ml) were poured into 15 ml of medium which has
been precooled to approximately ~0.3° C in a salt ice slurry. The dilu-
tion medium consisted of 30 mM tricine buffer, pH 8.0, 10 md NaCl, 2 mM
MgClz, and 0.1 M sucrose. The chloroplasts were centrifuged at 0-2° C
for 2 min at 10,000 g. The supernatant (0.5 ml) was counted and the
pellet was denatured with 1 ml 9M urea. At this concentration, urea

is an effective quenching agent. This is indicated from tests which
show that preincubation of chloroplasts with 3 M urea resulted in the
complete inhibition of photophosphorylation and 75% inhibition cof
ADP g* ATF exchange. Freincubation with 6M urea completely inhibited
photophesphorylation and ADP#ATP exchange activities in the chloro-
plasts. Both the supernatant and the pellet were stored at -20° C.

Each was later analyzed for their labeled nucleotide compositicn.

Prior to chromatography, carrier AMP, ADP, and ATP, 0.5 umoles of each,
were added to the denatured chloroplasts, and 0.5 ml of the mixture was

chromatographed on polyethyleneimine cellulose (PEI) columns as follows.

Chromatographic separation of mixed nucleotides: Nucleotide analysis is

based on a modified metiocd McCarthy et al (158), using PEI cellulose
columns (1 cm x 2 ¢cm). The PEI resin was thoroughly de-fined and
degased before use. An initial layer of sand or glass beads, 50-100 u
in diameter, was addeZ to the columns to a height of 0.5 c¢cni. The PEIL

resin suspended in 0.1 ¥ HCl was layered on top of that. The resin

was then packed down with a porous polyethvlene disc fittei through the



top of the column. The c¢olumn was connected to a peristal:iic pump which
maintained the flow rate through the column at 0.2 ml/min. Prior to the
addition of the sample, 1.0 ml of distilled water was passed through
each column. The added sample {approximately 0.5 ml) was prermitted to
run into the column. This was followed with an additional 0.5 ml of
water., Samples which had been denatured in 9 M urea were applied
directly to the columns. Urea, even at this high concentration, did

not effect the adsorption or elution of the nuclectides. Chlorophyll

or other constituents in the denatured chloroplast suspension were not
removed since these also did not interfer with the separation of the
nucleotides. AMP was eluted with 0.3 M LiCl, ADP with 1 M LiCl, and

ATP with 1.5 M LiCl. Two milliliter fractions were collected. The
recovery of total nucleotides was nearly 95%. The indivicual nucleo-

tides were recovered in less than 3 milliliters of affluent.

Photophosphorylation includes all assays for [32P] incorperation. This

I7
-

was determined in either of two ways, as indicated. ["°?] incorp-
oration inte total organic fraction was determined by the tzxiethylamine-
ammonium moly bdate precipitation method ¢f Shugino and Miycski (182).
This reagent was added either directly to the reaction, using it as a
reaction terminating agent or to urea-terminated reactions. The [32Pil
gquantitatively precipitated by the reagent was removed by centrifugation.
The supernatant containing nucleotides incorporated [32Pi} ‘Wis supple-
mented with cold inorganic phosphate, approximately 0.1 uncle/ml of
shugino reagent, to remove traces of unprecipitated [32Pi]. The sample

was centrifuged again and the precipitate discarded. To the super-

nazant, excess cold phosphate was then added, 10 umeles, t: remove



unreacted molybdate reagent. (It was found that unreacted Shugine
reagent may cause increased gquenching during scintilation counting,
presumably by a reaction with free phosphate formed from the breakdown
of phospharylated products) Following centrifugation, a sample of the
clear supernatant was added to a scintilation vial.

{32P] incorporation into ATP was determined by chromatography of
reaction products on PEI columns. For these measurements, reactions
were terminated with twice the volume of 10 M urea followed by vigorous
mixing and rapid ccoling in an iée slurry in the dark. With this
treatment, it was found that urea is an effective quenching agent.
Carrier AMP, ADP, aad ATP, 0.1 umoles each, were added to 0.5 ml of
sample, which was chromatographed as previously described. To 2 ml
of ATP? fractions, 1 ml Shugino reagent was added to remove traces of
free inorganic phosghate. Following centrifugation, the excess
ammonium molybdate reagent was removed as before by adding excess Pi.
The precipitate was discarded and the label in the supernatant was

measured by scintilaticn counting.

[EH]-Nucleotide incorporation into CFl. Chloroplasts ( 15.0 mg chlorophyll/

ml} derived from 2C0 g of deveined spinach leaves were labeled as
previcusly described with [3H]-AMP 0.1 ml (250 uCi/ml), AMP 0.1 ml (10 mM),
Pi 0.2 m1 (10 raM), =4S 0.05 ml (5 mM}, and light in a final volume of 3}
millilters. The kinding site of [3H]—nucleotides on chloroplasts
was determined as fsllows: labeled chlcroplast suspension (3.0 ml) was
applied to a Sephacex G-530 column {3 cm x 40 cm). The resin Qas pre~-
equi.ibrated with xresuspension medium; the chloroplasts were esluted

with the same resusrension medium and elution of chleoroplasts was as

previcusly describei. The eluted uuloroplasts {15 ml) were divided



into three parts. To one part, 0.1 ml resuspension medium was added;

to the second part, 0.1 ml ATP (0.1 M) was added; and to the third part,
0.1 ml ADP (0.1 M) was added. Each of these was kept in the dark for

15 sec and then centrifuged at 10,000 g for 2 min at 0-5° ¢. The super-~
natants were discarded and the pellets were resuspended at 0-5° C in 10 w!
NaCl to a concentration of 0.1 mg chlorophyll/ml. The extraction of CFl
from the thylakecid membranes was according to Lien and Rackar (133).

The extracted CFl was concentrated by ultrafiltration at recna temperature
from 100 ml to 7 ml. Three milliljters aliquots were then subjected to a
sucrose gradient centrifugation (5-253%) in a Beckman SW 27 rctor at
26,000 rpm for 24 h at room temperature. This procedure was also
according to Lien and Racker {(133). One milliliter fracticns were col-
lected from the bottom of the nitrocellulose centrifuge tubas. Each
fraction was then analyzed for radicactivity, protein concentration and
ATPase activity. [3HI-Nucleotides in each fraction were dezarmined

by scintillation counting; protein concentration by the met=:cd of Lowry
et al (183) and ATPase activity was calculated from the rate zI ATP
hydrolysis (133), release of Pi (190}. The results are shcwn in Fig 2.
The fractions containing the greatest ATPase activity ware Dooled.

Two milliliters of this were supplemented with 0.1 ml of AT, ADP, and
AT? {5 mM each), then analyzed for [3H]-nuc1eotides on PEI c:slumns as
previously described. Regardless whether ATP, ADP or ne;the: was added
to the chloroplasts prior to CF1 extraction, the results shcwed that

CFl associated label in every case was [3H]-ADP with insigniZlizant

amounts of [BH]aAMP or [3H]-ATP (data not snhown).
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Fig 2. Binding of labeled nucleotides to CFl' Thylakoids were labeled

with [3H]-AMP (specific activity 65,601 cpm/nmole) and Pi as described in
Methods. Bound nucleotides ware separated frcm free by gel filtration
through Sephadex G-50 (bead size 40-120 um; column size 3 cm x 40 cm).

CF1 was then extracted from e eluted chlorcplasts according to Racker et
al (133). The samplex were ccncentrated by ultrafiltration. Approximately
three milliliters of the concantrate was layered on a sucreose gradient
{5~25%) and centrifuged for Z+ h on a SW-27 rotor at 26,000 rpm. One
milliliter fractions were cclilected. Aliquots of 0.2 ml were analyzed

for ATPase activity, trypsin sctivated Ca++ AT?ase (Q=——=0). Aliquots

of 0.1 ml were used to deter:mine protein concentration by the method of
Lowry et al (%——X), and 2.1 ml from each fraction was counted in a
scintillation counter (@——@). The units in the figure are: ATPase,
umoles ATP hydrolyzed/10 mina. sample; Protein cencentration, ug x 102/m1:

-
and Labeled nucleotides, nmelz x 10 “/ml.
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RESULTS

Composition of bound nucleotides in Sephadexed chloroplasts.

Labeled chloroplasts were subjected to gel filtration in order to
separate chloroplast-bound nucleotides from free nucleotides. The
chloroplast-bound nucleotides, 1.98+0.45 (n = 6} nmoles per mg chlorophyll
consisted of 0.48 nmoles AMP, 1,22 nmoles of ADP and 0.28 nmoles of ATP
per mg chlorophyll. The amount of AMP varied from one preparation to
the next. AMP was also easily removed by an additional centrifuggilon
of the Sephadexed chloroplasts suspension. The origin of this AMP is
not known: possibly, it is a loosely bound nucleotide which elutes with
the chloroplasts. Alternatively, it may arise from ADP or ATP that was
discharged from the high affinity site(s) into the medium followed by
dephasphorylation to AMP. As will be shown, a fraction of chloroplast-
bound nucleotides is gradually lost into the suspension medium where the
free nuclectides are susceptible to modification by endogencus enzymes,

when labeled chloropiasts were subjected to the successive wash
technique to separate the bound nucleotides from free, the amount of
[3H]—nucleotides that was bound to the chloroplasts was 3.7 nmoles per
mg chlerophyll, nearly twice the amount found for Sephadexed chloro-
plasts. This value is mere or less in agreement with similar detexmin-
ations in other reports {96,184). Exposure of these labeled chlore-
plasts to light for 30 s in medium containing 1 mM ADP résults in the
excnange of nearly 90% of the chloroplast-bound label into thg reaction
medium. The observaticns suggest that Sephadex technique can be used

tc remove a fraction o bound nucleotides from the membranes.

Dark=- and light-dependent exchange of bound nucleotides.

The length of the Sephadex column (1 cm x 50 cm) was usad fcr the

5-‘
- -
-



separation of chloroplast-bound nucleotides from free was amply long to
achieve complete separation. Yet 30 min after gel filtratisn nearly
one half of the label that eluted with the chleroplasts was typically
found free in the suspension medium. Fron results summarized in Fig 1,
it was determined that immediately after collection of chlcroplasts,
labeled with [3H]—AMP and [32Pi] as described in Methods, nearly 85%
of the [331 and 90% of the [32P] label in the chloroplast was bound,
Tais value was obtained by subtracting the amount of label in the trail

v
following the chloroplast peak from the nuclectides in the chloroplast
peak. It was assumed that the trail represents free nuclectides and
that a similar amcount was also present in the chloroplast peak. The
label in the trail was assumed to represent the gradual discharge of
bound nucleotides from the chloroplasts during their passage through the
column., The large amount of free label fcound in the chlorcrlast suspen-
sion 30 min after gel filtration may have resulted from continwus
discharge of chloroplasts-bound label following elution of chloroplasts.
The process of shedding bound-nucleotides appears to be ccozlete within
10 min since no significant additional loss of bound nuclectides was
detected in the time interval between 30 and 150 min after < e chloro-
plast elution from the column. 1.03 (n = §}) nmoles of nuclactides per
mg chlorophyll remained firmly attached on the chloroplasts CFl. These
cbservations suggest the presence of two dilferent binding sites in
Sephadexed chlorcplasts, the exchangeable site(s) which sl:iwly lose bound
nucleotides in the dark and non-exchangeatle site(s) which retain bound
nucleotides under similar conditions. Chlcroplasts, aged fzz at least
30 min were used in the subsequent experizents.

In addition to the bound nucleotides that were lost ints the

suspension medium following the aging of chloroplasts, abeut 14% (n = 6) c¢f
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the remaining bound label consistently exchanged in the dark with added
ADP or ATP, as compared to a medium without added nucleotides (Tables

I and II}). These results indicate that a small amount of bound label
was not lost to the medium from an exchangeable site in aged chloroplasts.
The exchange of this residual label was apparently induced by medium
nuclectides. Such dark exchange is not surprising and appears to be
consistent with observed exchange of medium nucleotides intoc soluble

CF1 binding sites (101,184). One millimolar NBD.Cl or 20 mM NH4C1 did
not inhibit the residual dark exchange. The remaining chloroplast-bound
nucleotides, 0.89 (n = &) nmoles per mg chlorophyll, appear to be unaf-
fected by the addition of either ADP or ATP so long as the reaction is
kept in the dark suggesting that these nucleotides reside at a non-
exchangeable site.

Rapid exchange of nucleotides at the ‘non-exchangeable site' occurs
upon itllumination of chloroplasts by a high intensity white light (Tables
I and II). 1In a 500 millisec light flash, nearly 50% of these bound
nucleotides were exchanged with medium ADP or ATP. 1In controls with
no medium nucleotides, the discharge of bound nucleotides was only 7% of
the dark controls. As expected this energy dependent exchange was

inhibited by 20 mM NH,Cl or by 1 mM NBD.Cl. This exchange was not

4
inhibited by 1 mM phloridzin and it showed a requirement for Mq++ {EDTA
inhibited}.

Fig 3 shows energy dependent exchange of nuclectides con the non-
exchangeable site in greater detail. Labeled aged chloroplasts were
pulsed into medium that contained either ADP, ATP or both. In a time-

dependent exposure to light ranging from 100 millisec to 10 s, there was

rapid exchange of the bound nuclecotides with medium nucleotides with an esti-



Table I. Exchange of chloroplast bound nucleotides. Labeled aged

chloreplasts, 0.67 mg chlorophyll/ml, were injected inte reaction
mixture (0.9 ml) which contained 4 mM MgClz, 10 NacCl, 15 mM tricine
buffer, pH 8.0, 50 uM PMS, and the indicated additions. The reacticns
were carried out at room tenperature for 0.5 s. Following the dark

or light incubation, the ccntents of the reaction were poured into

15 ml reaction mixture minus the indicated additions which had been
preccoled to 0° C. The diluted mixture was centrifuged and the amount
of label in the pellet and supernatant was measured as described in the

experimental procedure.



2.
3.
4.

Additions

Dark reaction

Reaction mixture
S mM Pi
ADP 1 mM + Pi 5 mM

ADP 1 mM + ATP 10 mM
+ Pi 5 mM

ATP 1 mM + Pi 5 mM

ATP 1 mM + Pi1 5 mM
+ NBD.C1 1 mM

ATP 1 mM + PLi 5 mM
+ NH4C1 20 mM

Light reaction

Reaction mixture
5 mM Pi
ADP 1 mM + Pi 5 mM

ADP 1 mM + ATP 10 mM
+ Pi 5 mM

ATP 1 mM + Pi 5 mM

ATP 1 m4 + Pi 5 mM
+ NBED.C1 1 mM

ATP + Pi 5 mM

+ NH4C1

TABLE I

Bound nucleotides

{(n moles/mg chiocrophyll)

1.04

1.04

ap  0.90

0.95
Q.22
0.60

0.44

§
LWL}
w

|

Released nucleotides

{n moles/mg chlorophyll)

1.20

1.335

1.34



‘Table II. Exchange of chloroplast bound nuclecotides. Labeled aged

chloroplasts (0.1 ml, 43 ug of chlorophyll) were pulsed into reaction
medium (0.9 ml) containing: 4 mM MgClz, 10 mM NaCl, 15 mM tricine buffer,
pH 8.0, 50 uM PMS, and other additions as shown in the table. The dark
and light reactions were incubkated at rcoom temperature for 0.5 s.
Chloroplasts were immediately pelleted in a microcentrifuge for 1 min.
The pellets and supernatants were separated and the amount of lakel in

each was determined as described in Methods.



TABLE II

Bound nucleotides Released nucleotides
Additions {n moles/mg chlorophvll) {n moles/r3 chlorophyll}

Dark reaction

Reaction mixture 0.70 -
5 mM Pi 0.71 o -
ADP 1 mM + Pi 5mM 0.64 0.88
APP 1 mM + ATP 10 mM 0.60 1.10
Pi 5 mM
ATP 1 mM + Pi 5 mM 0.57 0.96
ATP 1 mM 4+ PLi 5 mM
+ phloridzin 0.60 -
ATP 1 mM + Pi 5 mM
+ EDTA 5 mM 0.60 -
Light reaction
Reaction mixture 0.67 -
5mM Pi 0.65 -
ADP 1 mM + PL 5 mM 0.41 1.13
ADP 1 mM + ATP 10 mM i "
+ Pi 5 mM 0.43 1.42
ATP 1 mM + PL 5 mM Q.39 1.34
ATP 1 mM + P1i 5 mM .13 _
+ phloridzin )

5 .
AT? 1 mM + Pi S mM 0.63 -

+ EDTA 5 mM

A



Fig 3. Time~ and energy-dependent exchange of thylakoid bound nucleo-

tides. Labeled aged chloroplasts, 54 mg chlorophyll (0.1 ml) were
pulsed into 0.9 ml reaction medium of the same electrolyte composition
as described in the legend of Table II. The reaction medium also
included either 1 mM App (o=@}, 1 mM ADP plus 10 mM ATP (X—X) or 1 =M
ATP (#—e)., Upon addition of nucleotides, the mixture was immediately
exposed to light for the indicated time intervals. Zero times and
controls were kept in the dark for a time egqual to the longest light
exposure (10 sec). Following illumination, the reaction mixtures
were immediately centrifuged for 1 min at 11,000 rpm in an Eppenders
Microcentrifuge. The supernatant and pellet were separated and the
radiocactivity in the pelleted chloroplasts was mneasured following

denaturation with perchloric acid as described in Methods.
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mated exchange rate, ti' of 250 ms., ‘This is similar to the rate of (t}( 1s)
obtained by Shoshan and Selman (191) for the exchange of adenine nucleo-
tides from light and DTT activated thylakoids and for activation of

ATPase activity. The calculated rate of exchange from the data in Fig

3 was 13.3 umoles/mg chlorophyll/h.

Exchange of bound nuclectides with medium ADP + Pi, AMP + Pi or
inorganic phosphate is shown in Fig 4. Again it is observed that in the
dark phase of the reaction {(t = 0) more bound label is discharged into
reaction medium which contains nucleotides than intc medium with only
inorganic phosphate. In the light phase of the reaction, in time
intervals ranging from 100 msec to 30 s, there was rapid exchange of
boungd nucieotides with medium ADP + Pi {(exchange rate constant was
2-4.5-1). With AMP + Pi in the reaction medium, the bound nucleotides
exchanged as rapidly as with ADP + Pi but the extent was slightly less
than with ADP. The similar exchange rates with these two nucleotides
sugcests a direct eifect of AMP + Pi on the exchange of bound nucleo-
tides. It is unlikely that AMP + Pi were modified sco rapidly to form
medium ADP by endcgenous enzymes as to elicite the observed exchange
rates, particularly since both ATP and adenylate kinase were found
only in trace amounts in these chloroplast preparations: 0.28 nmoles/

mg chlorcophyll ATP, most of which was in the bound form, and 0.02 units of
adenylate Kinase (unit = umoles ATP formed/mg chlorophyli/min). A possible
mechanism for this exchange may involve AMP + Pi condansation to bound |
ADP on one site with simultanecus ejection of bound [3HI-ADP from the same
sita or a neighboring site. Howaver in view of the recent report of
Moudrianakis (197) of rapid AK activity in washed chloreoplasts, one cannot
exclude that at least part of this exchange was caused by AK dependent

formation of ADP from AMP and ATP.



Fig 4. The exchange of bound nucleotides (appearance of bound nucleoc-

tides in the medium). Aged chloroplasts, 30 ug chleorophyll (0.1 =1)

bearing [SH]—bound nucleotides were supplemented with 5 mM HgClz. 10 mM
NaCl, 15 mM tricine buffer, pH 8.0, 50 uM PMS, and where indicatezl:
SmMPi (), 1 mM AMP plus 5 ! P1 (%X--X}), and 1 =M ADP plus 5 M Pi
{o- ©) . The mixtures, final voluze 0.8 ml, were exzosed to light Jor
the indicated time periocds. Controls, t = 0, were protected frocm light
for 30 sec. Following light or dark reactions, the samples were
immediately centrifuged as described in the legend of Fig 3; 0.05 zl

of the supernatant were counted directly,



Fig 4,

% O [ L o
LA ] [}
o- ]

(E]
‘.
|
-.-
" g
¥ = 5
LI
1
]
(Y
'
o L] L L 9
t .
1
| 1®
1 .
' A
' .
' ;
Lo {®©
' B
X : {w
' .”
¢ v
' .
' :
o x . 1
v B
13
a- o~
\
L]
9
¥ L
' ..
M .
° ..t.uo.ax.o..; el e
- . r r | LERICRIL B .. . S
o n < ™ (3] -

mo_ X wdd ‘wnipsw 2yjy Ul S8P1403{dNU 10 Sdueleaddy

I1lumination time (seconds)

- 62 =



With inorganic phosphate alone in the reaction medium (Fig 4},
exposure of the chloroplast to light caused a significant portion of
the bound nucleotides to be released into the medium (32%). The magni-
tude of this release, however, was substantially less than when ADP
or AMP were also present. A comparison of the light-dependant release
of bound nucleotides in medium containing Pi, to the dark exchange
{(t = 0) of bound nuclectides with added medium nucleotides, shows bound
label losses of similar magnitude {32% vs 24%). This simjlarjity suggests
that the residual bound nucleotide of the exchangeable site may have
been involved in each case. Although the percentage or residual bound
nucleotides varied somewhat from one experiment to the next (seldom
above 25%); the amount of dark residual bound nucleotide exchange in
the presence of free nuclectides and the amount of bound nuclectides
lost in the light in the absence of free nucleotides were always

comparable. Results in Tables I, II, and III support these chservations.

Energy dependent phosphorylation of bound [3H]-ADP.

In the experiments summarized in Figs 5 and 6, the exchange rates
of bound [3H]-nuc1eotides and the rates of their phosphorylation were
analyzed in parallel. Since the amount of labeled nucleotides per mg
chlorophyll was constant in each sample, the rate of exchange may be
expressed as the ratio of [3H]-free/[3H]-bound; and the rate of [3H]-
ADP phosphorylation to [3H]-ATP may also be conveniently expressed as
the ratio of [°H]-ATP/[’H]-ADP. The total label, bound and free, in the
control samples (no additions) was 10,611 cpm/mg chloreophyll (1.76 nmoles/
mg chlorophyll). The free nucleotides amounted to 4277 cpm/mg chlorophyll
(0.71 nmoles/mg chlorophyll and the bound fraction amounted toc 63182 cpm/

mg chlorophyll (1.06 nmoles/mg chlorophyll). The nucleotide composition
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Fig 5. Light-dependent conversion of bound [3H]-ADP to [3H]-ATP.

Chloroplists (0.3 ml chlorophyll) eluted from Sephadex G-50 and pre-
labeled with [3H]-adenine nuclectides were added to reaction sclutions
consisting of 15 mM tricine-NaOH buffer, pH 8.0, 4 mM Mgclz, 10 = NaCl
and 50 u PMS. Where indicated, the reaction medium also included 5 mM
Pi ©=C), 1 mM AMP plus 5 mM Pi (0-0) or no further additions {(a-a).
The reaction mixtures, final volum one milliliter, were exposed t3
light or xept in the dark for the specified times. The reactions were
terminated by cessation of illumination and addition of two milliliters
of 3 M urea followed by immediate chilling to 0° C. One milliliter
sampes were analyvzed for nucleotide composition as described in Methods.
The rasults are expressed as the ratic of c¢pm of [3H]-ATP/cpm in {3H]-

ADP.



ESH]-ATP (c;m)f[sH]-ADP (cpm)

4.0

3.0

2.0
1.8
1.6
1.4
1.2
1.0
0.8
0.6
0.4

0.2

LI |

4

Fi ]

10 15 20
| llumination time (wcconds)

25

' | PN P —— PR SRR L e

30




Fig 6. Light-~dependent exchange of bound nucleotides (aMpearance of

nucleoctides in the medium). 7The reaction conditions were the same as in

Fig 5. Labeled chloroplasts {0.1 ml) were added to 0.5 ml of medium and
illuminatad. Following the reactions in the light, the samples were
immediately centrifuged. The label content in the pellet and supernatant
were determined. The amounts of EBHI-AMP were substracted and only the
quantity of labeled [3H1~ADP + [3H]-ATP in the supernatant and pellet

are shown. The results are expressed as the ratio of [3H]-free {superna-

tant) /[ H]-bound (pellet). ( @ ), 1 mM AMP plue 5 mM Pi; ( @ ), 5 mM Pi.

- H6 -



CSH]-’:ree (cpm) /[3H]-bcund {cam)

4.0

3.0

2.0
1.8
1.6
1.4
1.2
1.0
0.8
0.6
0.4

0.2

. — a
4 |
i /
o4
B
1
®
e
° ®
5 10 15 20 25 30

1 lumination time (soconds)



of the free fraction was 3127 cpm/mg chlorophyll (0.52 nmoles/mg chloro-
phyll) of [BHI-AMP and 1150 cpm/mg chlorophyll (0.19 nmoles/mg chlorophyll)
of [3HI—ADP and [JH]-ATP combined. The bound fraction consisted of [3H]-
ADP and [BH]-ATP. No significant amount of (3H]-AMP was present {usually
& 0.05 nmoles/mg chlorophyll). In the results of Fig 6, the values of
[BHI-AMP were substracted and only the quantity of label in [3H]—ADP and
[3H]-ATP is indicated in the ratio [3H]-free/[3H]-bound. The results of
exchange in Fig & and the rate of phosphorylation in Fig 5 may therefore

be compared based only on the changes in the [3H1-ADP and {3H]—AEP levels.
I3H]-AMP does not appear to interfer with exchange or phosphorylation of
[3H]-ADP As shown in Table IV {pages 85 & 86}, the levels of [3H]-ADP

+ [BH]-ATP remained constant through the duration of the experiment (30 s).
Superimposing Fig 5 and Fig 6 shows that when labeled aged chloroplasts are
injected into medium containing AMP + Pi and exposed to licht, the ratio of

E

[3H]-free/[3ﬂl-bound increases more rapidly, ti = 0.5 g, than the [3H1-AT?/

[BHI-ADP ratio, t! = 5.4 sii. This indicates that the rate of release of
bound [3H]-ADP in the presence of AMP + Pi is much more rapid than the rate
of phosphorylation of {3H]-ADP. This observation further suggests that the
synthesis of [3H]-ATP from precursor [3H]-ADP occurs after [3H]-ADP has been
raleased from the binding site. On the other hand, when ADF and AMP were
omitted and inorganic phosphate alone was present in the reaction medium,

the ratio of [BH]-ATP/[3HI-ADP increased initially at the same rate tt} =

5.4 s8) as the ratio of IBH]-free/[3H]—bound (ti = 5.4 5s), Then, with

3 ti is the initial exchange velocity of [3H]-free/{3H}-bound extrapo-
lated to a ratio of one.

¥¥ ¢, is the initial phosphorylation velocity of [3H1-ATP/{3H}-ADP
extrapolated teo a ratio of one.
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longer illumination periods (greater than 3 s), the ratio of [BHI-ATP/
[3H]—ADP continued to increase while the ratio of [3H]-frae/[3H]-bound
leveled off. Phosphorylation of [BH]-ADP to [3H]-ATP continued at a slow
rate without further release of bound nucleotides. Whereas initial {t = 0)
the fraction of {3H]-ATP and the fraction of free label were nearly identical
at 0.18, following a 30 s light exposure the fraction of {3H]-ATP increased
to over 2.5 while the fraction of free label increased only to 0.65, indi-
cating that in the absence of medium nuclectides (with inorganic phosphate
as the only addition) bound [3H]—ADP was converted to bound [3H1-ATP. it

is not known whether phosphorylation of bound [3H]-ADP occcured on the
binding site prior to release or from exchange of medium [3H1-ATP with

bound [3H]-ADP. In the absence of either AMP or Pi, the rate of [3H]—ATP
was greatly reduced (Fig 5). The small amount of [3H]-ATP formation that
was found may have resulted from esterification of trace amounts of in-
organic phosphate which was not completely removed by the passage of chloro-

plasts through the Sephadex column.
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ATP mediated phosphorylation of bound ADP.

Phosphorylation of bound [3H]-AD? to [3H1—ATP was indicated when
labeled aged chloroplasts were incubated in medium which contained ATP.
The degree of such phosphorylation apreared to be directed releated to
the ATP/ADP ratio in the meQium, The results in Table III show
the composition of chloroplast-bound nucleotides. The dark reactions
show that incubation of labeled chloroplasts with ADP and ATP, each 1 mM,
results in no significant increase in the amount of bound {3H]—ATP when
compared to an identical reaction with only 1 mM ADP. The fractions of
[BH]-ATP, expressed as the {3H]—ATP/[3HI-ADP ratio, for the two reactions
were 0.47 and 0.43 respectively. When the medium concentration of ATP
was increased to 10 mM while maintaining the ADP concentration at 1 mi,
the ratio increased to 1.47. The ratic increased further to 2.45 with
1 mM ATP and no ADP jin the medium. Tc:al counts that remained chloro-
plast bound in the dark were nearly identical for all experiments and
independent of the nucleotide composition in the reaction mixture.

ATP dependent bound I3H]-ADP phosphorylation appears to be un-
coupler sensitive. In the presence of 20 mM NH4C1, 1 mM ATP failed
to induce the phosphorylation of bound ADP (dark sample 8). Similarly,
1 mM NBD.Cl also inhibited bound ADP phosphorylation (dark sample 7).
Instead of the ratio of 2.46 for [BH]-ATP/[3H]—ADP with 1 mM ATP, the
ratio remained at 0.58 and 0.56 with inhiibitors. In unpublished experi-
ments, we found that NBD.Cl can inhibkit the activities of CF1 by
two different paths. The first is the <nown reaction of NBD.G1l with
CFl ATPase (NBD.Cl reacts with theP suounit with concomitant inhibitiosn

of ATPase activity (110}, and a second reaction involves ¥BD.Cl inter-

action with an as vet unidentified thylakoid membrane component. Thisz

~t

(&)
1



Table III. Dark phosphorylation of thylakoid bound [3H]-ADP. Thylakeoids

with bound [3H]-nucleotides were prepared as described in Methods. 0.2

ml Aliguiots of the labeled thylakoids (0.58 mg chlorophyll/ml) were

added to reaction mixtures containing 15 mM tricine buffer, pH B.0, 4 mM
MgClz, 10 mM NaCl, and 50 mM PMS plus other components as indicated in

the Table. After light or dark exposure, each sample was diluted with 15
ml of reaction mixture, precooled to 0° C, and centrifuged to remove the
free nucleotides. The pelleted membranes containing the bound nucleotides
were denatured by the addition of 1 ml of 10 M urea. The denatured pellets

waere analyzed for [3H]-AMP, [3H1-ADP. and [3H]—ATP.
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TABILLE III
Additions
. 3 3 3
ADP ATP Pi [TH]-ADP [TH]-ATP ADP + ATP ["H]-ATP
M nM mM nmoles/mg nmoles/mg Total nmoles/mg  [SH)-ADP

DARK Incubation of labeled chloroplasts 0.5 s

1. 1.0 0 5 0.49 0.21 0.70 0.41
2. 1.0 1.0 5 0.42 0.19 0.61 0.47
3. 1.0 10.0 5 0.29 0.40 0.869 1.40
q. o 1.0 5 0.17 0.44 0.61 2.56
5. c 0 5 0.44 0.36 0.8l 0.81
6. 0 0 0 Reaction mixture 0.43 0.35 0.78 0.81
7. g 1.0 5 NBD.C1 1 mM 0.44 0.25 0.69 0.56
8. 0 1.0 5 NH4C1 20 mM Q.46 0.27 0.74 0.58
LIGHT Incubation of labeled chloroplasts 0.5 s

1. 1.0 0 5 0.25 0.17 0.42 0.68
2. 1.0 1.0 5 0.26 0.23 0.4% 0.87
3. 1.0 1.0 5 0.21 0.18 0.39 0.86
4. QO 1.0 5 0.23 0.19 0.42 0.82
5. 0 0 5 0.40 0.25 0.65 0.62
6. - - - - - - -
7. 1] 1.9 5 NED.C1 1 mM 0.38 0.22 0.60 0.60
B. ] 1.0 5 NH4C1 20 mM 0.35 0.23 0.58 0.66

Dark phosphorylation of thylakeid bound [3H1-ADP.




interaction causes the collapse of the intrathylakoid zsgﬂﬂ. In either
case, however, NBU.Cl may inhibit the formation of a high energy state,
e.g. in reaction one, NBD.Cl inhibits ATP hydrolysis and reverses
protein flow; in reaction two, NBD.Cl acts as an uncoupler by discipating
ArH. From the dark reactions of Table III, it can be again cbserved
that control chloroplasts {dark samples 5 and 6} retain more bound label,
18%, than chloroplasts incubated with nucleotides (dark samples 1-4)
supporting p;&fious cbservations that the 'excess' bound label is on the
exchangeable site. Analysis of the chloroplast bound nucleotides reveals
that the [BH]-ATP/[3HI-ADP ratio in controls (dark samples 5 and &) is
0.81 while in samples with either 1 mM ADP or 1 mM ADP plus 1 mM ATP

this ratio was 0.41 and 0.47, suggesting a higher propeortion of hound
[BHI-ATP in the controls. Following a 15 s light exposure, 19% of the
bound label was lost in control samples {dark and light samples 5).

This wvalue is almcst identical to the 18% dark exchange of bound lakel
in the presence of medium nucleotides suggesting as before that the

same nucleotides on the exchangeable sites were involved in the two
reactions. The light exXposure also resulted in a decrease in the
[3H]-ATP/{3H]~ADP ratios of the contrels from 0.81 to 0.62 indicating
that the lose of bcound nucleotide from the exchangeable site was mostly

[3HI-ATP.

Time-dependent and light phosphorvlation of bound [3H]-AﬁP

Labeled chlorcolasts, eluted from Sephadex G-50, aged for approxi-
mataly 45 min at 0% ¢ in the dark were reacted in the presenc; of various
nucleotides as shown in Fig 7. Photophosphorylation patterns of chloro-
plast associated [BHI-ADP were measured in a time dependant reaction

ranging from 0.1 ts 20 3. The c¢ontrol sample shows the labeled nucleo-
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Fig 7. Photophosphorylation of '"#dund’ [BH]—ADP in medium containing

nucleotides. Labeled thylakoids, 0.7 mg chlorophyll/ml, were prepared
as described in Methods. Thrvlakoids, 70 ug chlorophyll, were added to
medium which contained 20 mM tricine buffer, pH 8.0, 4 mM MgClz, 10 mM

5

NaCl, 50 uM PMS, 100" M A 2.5 mM Pi, and other compcnents as

2Fs5
indicated: 1 mM ADP (83—}, 1 mM ADPF plus 10 mM ATP {4 —4&)}, 1 mM
ATP (8——#}, 1 mM AMPPNP (X----X), and 1 o AMP (w s} . The reaction
mixture {(final volume 1 ml) were exposed to light for the indicated
durations. Dark samples (t = 0) were kept in the dark for 20 s. The
reactions were terminated by the addition of two milliliters of 10 M
urea followed by storage of the mixtures at 0° C in the dark. The
samples were analyzed on PEI columns for lazeled nucleotide composition.

Control ( ems ) reflects nuclectides compcsition of thylakeids prior to

reaction. The results are expressed as the {SH]-ATP/[3H-ADP] ratia.
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Fig 7.
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tide composition, expressed as the [3H1-ATP/{3H1-ADP ratio, prior to
illumination. This control ratio was 0.15. This is not significantly
different from the [BHI—ATP/[3H]-ADP ratic of 0.17 found when the labeled
chloroplasts were incubated in the dark with 1 mM ADP. As the fraction
of ATP in the dark reaction medium was increased, the ratio of [3H]-ATP/
[3H]-ADP also increased., With 1 mM ADP plus 10 mM ATP in the medium,
the (3H)-ATP/( H]-ADP fraction increased to 0.41 and with 1 mM ATP, the
ratio increased further to 0.71. The lower IBH}-ATP/[3H]-RDP ratios of
Fig 7 compared to the ratios shown in Table III may have result::-from
differences in experimental procedures. In Fig 7 for instance, the
[3H]-ATP/[3H]-ADP ratios reflect the compositicn of label nucleotides
in the complete reaction medium; in contrast, the [3H]-ATP/[3H]-ADP
ratio in Table III shows only chloroplast bound nuclectide compositions.
Exposure of chlcroplasts to light in the presence of I mM ADP plus
2.5 mM Pi resgulted in a two phase pattern of [3H]-ADP phosphorylation.
The first phase consists of a rapid pulse of [3H1-ADP phosphorylation.
This phase appears to be over in one second and was followed by a secongd
phase of slower more gradual phesphorylation of [3HI-ADP. The second
phase of this reacticn most likely represents the phosphorylation of
exchanged [3H]-ADP which had equilibrated with free unlabeled ADP,
From the slope of the increase in the [3H}-ATP/{3H]-ADP ratio between
6 and 20 s, the rate of photcphosphorylation was calculated to be 640
uncles/mg chlorophyll/h which is in the normal range of éhotcphosphor-
ylition. However, using the slope of [3H1-ATP/I3H1-ADP between zeroc
and one second (in the presence of ADP and Pi), the photopnosphorylation
rate was 4370 umoles/mg/h. This rate is over five times akove the

upper normal range of photophosphorylation. sSuch an initial surge in
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EBHI-ADP phosphorylation can be explained only if a fraction of hound

[3H]-ADP was phosphorylated prior to its release from the binding site
and diluted in the pool of medium ADP. This is consistent with the
previous observations in Figs 5 and & where bound [3H1-ADP can be
phosphorylated on the non-exchangeable site under energized conditions,
The short duration of this phosphorylation in the presence of ADP and

Pi mav be the result of rapid exchange of the bound [JHI-ADP with mediun
ADP before significant phosphorylation of bound [3H]—ADP had occurred.
Similar observations were made when 1 mM ADP plus 10 mM ATF were in the
reaction mixture.

Substituting 1 mM ATP with 1 mM AMPPNP eliminated the dark increase
in the {3H]-ATP/[3H]-ADP ratio (at £t = 0). In the light reaction, the
[JH]-ATP/[3H}-ADP slope ganerated in the presence of AMPPNP had an inter-
cept of ©0.15, identical to the contrel. This suggests that the non-
hydrolysable analogue cannot serve as a substitute for the ATP induced
dark phosphorylation of bound [EH]—ADP (Table III) suggesting further
that medium ATP hydrolysis is an essential factor in the dark phesphor-
ylation of bound [3H1—ADP. Phogpheorylation patterns of [BH}-ADP by
illuminated chloroplasts in the presence of 1 mM AMPPNP and 1 mM ATP
appear to be similar, particulariy in the early phases of the reactiocns
{zero to cne second) where there was an initial rapid and almost
identical rise in the [3H]-ATP production. In the absence of medium
ADP, nowever, it is difficult to ascertain whether boun& [BHI-ADP or
mediun [3H]-ADP was phosphorylated. Between 1 and 20 s, the rates of
[3H]-ADP phosphorylation were slower, more so in the presence of
AMPP?. Substrate limitation is expected to ke more severe with the
non-nydrolyzable analogue, hence the lower rates of [3H)-ADP phosphor-

ylatian at the lonyg reacticn intervals.
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o
Fig 8. Time course of [3"91 &= ATP exchange inhibition by pyruvate

kinase in excited chloroplasts. Chloroplasts (0.021 mg chlorophyll) were

incubated with 1 ml reaction medium centaining 50 mM tricine-NaQOH, pH

8.0, 10 mM NaCl, 10 mM XCl, 4 mM MgCl 1 mM ATP, 5 mM [32911 (23,363

2!
cpm/nmele), and 50 uM PMS. In the indicated sample (¥——x), the redium
was also supplemented with 5 mM phosphoenolpyruvate and pyruvate
kinase. The reaction was exposed toc excitation light energy or kept

in the dark for the shown times. The reactions were terminated by the
addition of 0.1 ml 35% perchloric acid. An aliquot (0.2 ml) was

analyzed for [32P] incorporation into organic phosphate {190} as

described in Methods.

- 78 -



Fig 8.
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Fig 9. Inhibition of enerqgy dependent [32Pil==AmP exchange b pvruvate

kinagse in spinach chloroplasts. Chloroplasts, 0.19 mg chlorophyll, were

-
incubated in one milliliter of reaction medium containing 5 mM E3'Pi]

(2267 cpm/nmole) and other additions as shown in Fig 10. The hizhest
pyruvate kinase concentration was arbitrarily set at unity. The
pyruvate kinase additions are dilutions therecf. Contrels contain
phosphoenclpyruvate but not pyruvate kinase. Samples, exposed to light
for 30 s, were also accompanied by a dark control. [32Pi] Exchange
into organic phosphate (light minus the dark rates) were determined as

described in Fig 10,
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Fig 9.
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ATP g | 3 2P ] exchange

Spinach chloroplasts catalyze a rapid light-dependent ATP#[”P]
exchange. When spinach chloroplasts were exposed to light in the presence
of 1 mM ATP, S mM [32911 and the electron carrier PMS, the rate of [32Pi]
incorporation into organic phosphate was 20.4 umoles/mg chlorophyll/h
{Fig 9). Including pyruvate kinase and phosphoenolpyruvate in the reaction
medium had a powerful inhibitory effect on the rate of ATP g [3219] exchange
reaction (w 8). Fig 9 shows that inhibition of ATPg [32P1 exchange was
related to the concentration of pyruvate kinase (PK) in the reaction
medium. At elevated PK, [32Pi] incorporation was inhibited by more than
80%, 'The possibility that ATPE§® [3219] exchange may be completely elimin-
ated at even higher PX concentrations was not tested, but according to
experiments by Kayalar et al (140) in mitochondrial particles, ATP* [32P]
exchange was nearly eliminated at very high PK levels. These results suggest
that under conditicns of photophosporylation, ATP hydrolysis results in
rapid release of ADP into the medium and ATPE2Pi exchange occurs primarily
as a result of phosphorylation of medium ADF by [32P] . Reverse phosphory-
lation of hydrolysis product, ADP on the hydrolytic site, following Pi
(bound)g [32Pi1 (medium) exchange, does not appear to be the major path for
ATPE [32Pi] exchange; since in such a mechanism ADP would bhe protected at
the catalytic site and ATP @& [32Pi] would not be very susceptible to PK
and PEP inhibition. Two alternate mechanisms which are more consistent with
these results are: 1) the catalytic site cooperativity model, where binding
of substrate ATP on ane site accelerates the release of product ADP and Pi
from a second catalytic site (127,185) followed by photophosphorylation of
this ADP by [32P]; and 2) these results may also be used as an argument in

favor of separate catalytic sites for ATP synthesis and ATP hydrolysis. The
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high degree of ATR‘# [32P] exchange inhibition by PK and PEP suggests that
ATP hydrolysis is largely irreversible under the described conditions.

The rapid rate of [32P] incorporation into ADP following ATP hydrolysis
(20.4 umoles/mg chlorophyll/h} (Fig 9) as compared to reported rates of

zs -[32P]-ATP hydrolysis by excited chloroplasts, 10 umoles/mg chlorophyll/
h (191)} suggests that ADP is phosphorylated almost as fast as it is being
released from that ATPase site. It is very unlikely that ATP hydrolysis and
ATP synthesis can be catalged by the ATPase site simultanecusly at the

same velocity in the two opposite directions.

Adenylate kinase activity in c¢hloroplasts that were passed through a

Sephadex G-50 column

The use of chloroplasts instead of pure CF1 in the reported experiments
raises the possibility that the observed phosphorylation of bound [3H]-A:?
to bound [3H]-ATP was catalyzed by chloroplast enzymes other than CFl.
Contribution by adenylate kinase [AK)-like activity may, for example, result
in the scrambling of labeled nucleotide between AMP, ADP and ATP by the
reversible reaction {194): 2ADP &&= AMP + ATP. Conversion of free [3H]-AJP
te [3H1-ATP {or [3H]-AMP} may therefore have taken place if AK were present
in the labeled chlorcoplasts purified by column chromatography. Label
scrambling may occur without a net charge in the concentrations of the
labeled nucleotides. Such label scrambling may be detacted with un-
labeled nucleotide 'traps'. For instance, the addition of exogenous
unlabeled ATP,as in the experiments shown in Table III and Fid 7, results
in rapid exchange of AK-bound [3H]—ATP with free ATP, trapping released

[3HI-ATP in a pool of unlabeled ATP. This is a sensitive method for

measuring [BHI-ATP formation. Similarly in the presence of added unlakeled
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AMP (with no other nucleotide additions), the formation of [3H]—AMP by AK
may also be detected by such a label trapping technique.

AK activity in spinach chloroplasts (from direct assay) was found to
be 16.3 umoles ADP formed/mg chlorophyll/h. AK activity was determined from
the rate of the reaction: 2ADP@RATP + AMP. The amount of ATP was
assayed by the incubation of chloroplasts (0.1 mg chlorophyll) with 1 mM
ADP in the pregence of 5 mM glucose, saturating amounts of hexokinase and
glucose-6-phosphate dehydrogenase, 0.5 uni;iaof each (1 unit = one umcle
of ATP formed/min), 2 mM NAD, 10 mM NaCl, 10 mM KCl, S mM Mgcl2 and 20 mM
Tris buffer, pH 8.0. The rate of NADH formation was monitored by the change
in optical density at 340 nm. The passage of chloroplasts through a
Sephadex G-50 column, as described in the methods, reduced AK activity ten-
fold to 1.2 umoles/mg chlorophyll/h. It appeared therefore that AK (MW
22,000 (195)) was removed as a result of chromatography on Sephadex G-5C
which has an exclusion MW of 30,000 (196). Although AK activity appeared tc
be greatly reduced following the passage of chloroplasts through the
Sephadex G-50, this activity was not completely eliminated.

In a second approach, the activity of AK was determined by label
trapping techniques. Advantage was taken of the observation that nearly
25% (0.48 nmoles/mg chlorophyll) of the label in aged chloroplasts was free
[BH}-AMP which can be susceptible to conversion by AK into free [3H]-ADP
or [3HI-ATP. A label trap for [3H]-AMP (by the addition of unlabeled AMP
to the chloroplasts) should therefore result in a time dependent accummu-
lation of [3H]-AMP which should reflect the endogenous AK activity. As
shown in Table IV, exposure of chloroplasts to light in the presence of
aither AMP + Pi (1 m4 each), Pi (1 mM) or controls, d4id not change the

levels of [3H]-AMP over the duration of the reaction (0.5-30 s). There
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Table IV. MNucleotide composition of results in Fig 5. The amounts of

[3H]~AMP were determined only in control samples (i.e. reaction mixtures
lacking AMP or Pi) and not in samples containing added AMP + Pi or Pi only.
Values marked with ¥ were calculated by substracting the amcunt of [3HI-ATP
from the mean of the total amount of label in the control sample. The

amount of labeled chloroplasts in all samples was assumed to be identical.
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TARLE IV

Centrol Pi AMP + Pi
nmoles/mg chlorophyll nmoles/mg chlorophyll nmoles/mg chlorophyll
Exposure 3
oo o) Cur-ae [H1-aoe + ul-ate Xu1-ame Cul-ape + CHi-ate M(Pwi-ame [PHl-ape + [PH]-aTe
30 (dark) Q.44 1.13 0.57 1.19 0.75 1.01
Q.5 Q.46 1.14 0.43 1.33 0.62 1.14
1.0 0.74 1.34 0.46 1.30 0.70 1.06
| 3.0 0.51 1.29 0.59 1.17 0.62 1.14
& 9.0 0.48 1.34 0.49 1.27 0.65 1.11
30.0 0.48 1.22 0.53 1.23 0.56 1.20
K ¥
Mean 0.52 1.24 0.51 1.25 Q.65 1.11
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was however, a 20% increase in the [3H]—AMP label in the reaction performed
in the presence of AMP + Pi as compared to controls, suggesting the presence
of AX.

However, while the levels of [3H]-AMP remained largely unchanged during
the indicated reaction interval, the amount of [BH]-AEP that was formed from
[SHJ-ADP in the same reaction period (Fig S5) increased by more than four-
fold, from 0.2 to 8.5 nmoles/mg chlorophyll. This suggests that the formation
of [3H1-ATP from [3H1—ADP in the presence of AMP + Pi or Pi alone was an
energy dependent reaction which was too rapid to be accounted for by the
observed low levels of aK.

Using similar label trapping techniques, the results in Table V reveal
that adding labeled chloroplasts to the reaction solutions in which the ATP
concentrations were varied from 0-20 mM while maintaining the ADP concentraticn
at 1 mM caused no significant decrease in the [3H]-AMP levels. Since the
reaction mixture was exposed to light for 5 s, it can be assumed that most
of the bound nucleotides were exchanged into the medium and the released
[3H]-ATP and {3H]-ADP trapred in their respective pools of unlabeled nucleoc-
tides. Only [BH]-AMP remalned in trace amounts (0.24 nmolaes/mg chlorophyll)
and undiluted. Disappearance of [3H]-AMP, as a result of AX catalyzed
phosphoryl transfer from ATP to [3H]-AMP should have been easily detected.
The absence of a change in [3H1—AMP levels at high ATP concentrations, Tabile
Vv, suggests that AK activity during the reaction period was negqligible. In.
comparison, under the same reaction conditions, the amount of {3H]-ATP that
formed from {3H]-RDP increased by nearly 65% from 0.66 nmoles/mg chlorophyll
to 1.03 nmeles/mg chlorophyll. In view of the small changes in the [3H]—AHP
levels under the conditions which favored its removal by AK, it is unlikely

that under the same conditions AK catalyzed the phosphorylation of [3H1-RDP.
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Table V. The effects of free nuclectides on chloroplast-associated labeled

nucleotides. Labeled, Sephadex-treated chloroplasts, 76 ug chlorophvll, were
added to the reaction medium which contained 20 mM tricine-NaOH buffer, pH
8.0, 5 mM MgClz, 20 uM PMS and the indicated concentrations of ADP, ATP and
Pi. The reaction mixtures (final volume, 1 ml) were exposed to light for 5 s,
then terminated by the addition of 1.5 ml of 10 M urea, follcwed by immediate
storage at 0° C in the dark. The samples were analyzed for labeled nuclec-
tide composition. The control reflects the composition of the labeled

nucleotides of chloroplasts prior to reaction.
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Table VI. The effect of diadenosine pentaphosphate (A_P.} on ATP dependent

dark phosphorylation. Labeled thylakoids, 70 ug chlorophyll, were added to

the reaction medium containing 20 mM tricine-NaOH buffer, pH 8.0, 4 mM MgCl2,
10 mM NaCl, 50 uM PMS, 2.5 mM Pi and the indicated additions of nucleotides
and diadencosine pentaphosphate (AzPs). The mixture (final volume, 1.0 ml)
was illuninated with white light for 5 s. The reaction mixtures were
terminated with twice the volume of 10 M urea followed by storage at 0° C

in the dark. Samples were analyzed for labeled nucleotide composition on

PEI columns as described in the methods.
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TABLE VI

Additions
ATP  Pi AP, (%u)-a0p + [’n1-aDP 3 t34) -ATP/ [ 3H) -ADP
qﬁa mM mM cpm/mg chlorophyll x 10
0 2.5 0 18.3 0.47
2.5 0.01 17.1 0.48
1 2.5 0O 17.7 0.60
1 2.5 0.01 17.6 0.66
10 2.5 0 18.1 0.72
10 2.5 0.01 18.9 0.72
1 2.5 0 - -
1 2.5 0.01 i7.1 2.23
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More likely explanations for the observed [3H]—ATP formation are either
light dependent phosphorylation of [3H]-ADP or ATP dependent dark phosphory-
lation of bound [3H]-ADP or a combination of the two reactions.

Further, Table VI shows the effects of diadenosine pentaphosphate {Azps)
on ATP dependent phosphorylation of bound [3H]-ADP. A2P5 inhibition of
spinach chloroplast AK has been reported by McCarthy (166). The inhibition
patterns of spinach AKX by A_P_ were not determined. At the concentration

25
used in the experimga}s given in Table VI (10-5M), A2?5 inhibited the formation
of ATP by more than 90% when rabbit muscle AK, approximately 0.1 units (1 unit
= 1 umole ATP formed/min), was incubated with 1 mM ADP. Similar inhibition of
chloroplast AK was assumed in the reaction samples of Table VI. However, the
direct confirmation of this aésumpticn was not made and positive control samples
were not obtained. While the amount of [3H]~ADP conversion to [3H}-AT?
increased with increased medium ATP concentration, there was no detectable
difference between reactions in which A2P5 was included and reactions where

the inhibitor was omitted. At least partial inhibition of this reaction

would have been expected in the presence of 0.01 mM AZP if this ATP dependent

5
phosphorylation of bound [3H]-ADP had been catalyzed by AK.

in summary, a number of different approaches to measuring the AK activitcy
appears to indicate that the AK activity in spinach chloroplasts following
gel filtration is greatly reduced. More importantly are the results frcn
the label trapping experiments {Tables IV and V) which show that the amourt
of label scrambling that can be attributed to AK is too small to account for
the large amount of [3H]-ADP phosgphorylation to [3H}-ATP in the presence c¢f
ATP (Table III}) or in a.light reaction in the presence of Pi (Fig 5).

Although an effort was made to demonstrate that contamination by AK is not

a major factor in bound [3H]—ADP phosphorylation, it does not exclude



contaminaticn by other systems in spinach chloroplasts that use nucleotides
as reaction substrates, Any such reaction which is reversible may result in
label redistribution between different nucleotides. Such contamination is

a problem if free nucleotides were being studied. The observed ATP-dependent
dark phosphorylation of bound [3H]-ADP to form bound [3H]-ATP cccured on the
thylakoids without release into the medium. It was therefore not accessible

to modifjication by other enzymes.
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DISCUSSION

Conversion of tightly CFl-bound ADP to ATP on thylakoid membranes.

In this report, we show that [3H}-ADP bound on a high affinity site

of thylakoid bound CF, can be converted to {3H]—ATP which remains firmly

1
bound. We observed the synthesis of bound ATP from bound ADP in two
unrelated experiments. Synthesis of bound ATP was indicated when chloro-
plasts bearing bound [BH]-ADP were illuminated in a reaction selution
supplemented with inorganic phosphate, 1 mM, in theq:Lsenca of added
nucleotides. Under these conditions bound [3H]-ADP was phosphorylated
with retention of the product [3H]-ATP on the thylakoid membranes (Figs
5 and 6). Phosphorylation of bound [3H]-hDP to bound {3H1-ATP was also
observed when chloroplasts containing bound labeled ADP were incubated in
the dark with AT? (Table III). It is of interest that both reactions
have in common the conditions where exchange of bound nucleotides is highly
rastricted; i.e. the reaction in the presence of light energy but in the
absence of medium nucleotides or the reaction in the dark in the presence
of ATP. A further similarity hetween the two phosgphorylation reactions
was their dependence on energy. In the first case, the protomotive force
was generated by the exposure of chloroplasts to light; in the second case
by ATP hydrolysis (189). Using conditions which drives phosphorylaticn
but restricts exchange may have permitted the isolation of the bound ATP.
The analysis of the results in Figs 5 and 6 show th;t although the
exchange (loss) of bound nuclectides was greatly restricted in‘the absence
of medium nucleotides (in the presence of Pi only), it was not completely

eliminated. HNearly 30% of the bound nuclectides were discharged from the

chloroplasts into the medium during a 5 a light exposure, Fig 4. Following
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this initial loss of bound nucleotides, however, the amound of remaining
nucleotides bound to the thylakoid membranes {(between 5 and 30 s of light
exposure) remained essentially the same at 0.89 nmoles/mg chlorophyll.
Based on these chservations, the bound nucleotides appear to reside on two
different sites on CFl' Those that released their nucleotides upon
excitation of chloroplasts, the exchangeable sites, and those that retained
their nucleotides, the non-exchangeable site. We further observed that
while the amound of bound nucleotides on the non-exchangeable site Mhained
constant with continued illumination of chloroplasts. The amount of ATP

on that site continued to increase in the same period, suggesting either
that phosphorylation of bound [3H1—ADP has occured on its original nen-
exchangeable site site or that exchange has occured between midium [3H]—ATP
and bound [3H]-ADP, where medium [3H]-ATP was formed from medium [3H]-ADP
during the light reaction.

Unlike the above observations where the origin of [EH]-ATP on the non-
exchangeable site may be questioned, phosphorylation of bound [3H]-ADP in
the absence of light, in medium that contained ATP (Table III), can occur
only at the original binding site. Only the chloroplast bound nucleotides
are shown in Table III, Unbound nucleotides were removed following the
reactions. Exchange of bound [3H1-ADP with free nucleotides in the dark
followed by its phosphorylation to [3H]-ATP on a second site is therefore
highly unlikely. Had such an exchange occurred at any point during the
reaction, the [3H]-ADP released would have been immediately diluted and
lost in the pool of free ADP (Sample 3, 1 mM ADP + 10 md ATP, fable III).
Further, the uniform cencentrations of the chloroplast bound nucleotides
following the dark reactions (Dark Samples 1,2,3,4,7, and 8 of Table III)

indicate that the bound nucleotides remained firmly attached to the chloro-
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plast in the dark reactions. This was independent of nuclectide composition
in the reaction medium. While the amount of these bound nucleotides remained
essentially constant, the ratio of [SH]-ATP bound/[3H]-ADP bound increased
more than S-fold from 0.41 to 2.56 as the percentage of ATP in the reacticn
medium increased from 0 to 100. On the basis of the above observations, the
involvement of soluble enzymes such as adenylate kinase in the conversion

of bound [3H]—ADP tc bound [BH]—ATP can be largely ruled ocut. 1In addition,
as shown in Tables IV and V, the rate of label scrambling between scluble
adenine nucleotides that can be attributed to adenylate kinase activity was
too low to be measured. Therefore, adenylate kinase activity in such chloro-
plast preparations as used in the experiments shown in Table IITI (i.e. per-
formed under similar conditions as those of the experiments shown in Tables
IV and V) could not account for the large amount of chloroplast-bound [3HI-
ATP which was formei from bound [3H1-ADP in the dark. A possible mechaniem
for the formation oI bound [3H]-ATP from sSound [3H]-ADP may involve the
binding of free ATT {or ADP) to a site other than thae non-axchangeable site,
most likely the exchangeable site(s); and as shown recently by Girault et al

(184}, ATP binding to the exchangeable sites of CF, can lead to its hydrol-

1
ysis. It is therefore possible that the energy derivad from such ATP cleavacge
is conserved and used for phosphorylation of bound ADP on the non-exchange-
able site. As expected from such a model, interference with ATP binding,
cleavage or formaticn of a high energy state, would result in the inhibition
of bound [3H]-ADP prosphorylation., In agreement with these prediction,
displacement of ATP with ADP resulted in the inhibition of bound [°H]-ADP

phosphorylation. ACZ? competes with ATP hinding to CF, (93). As the fracticn

1

of ADP was increased relative to ATP, the amount of [3H]—ADP phosphorylation

decreased proportionately (Table III, darx samples 1-4), similarly substi-



tuting the non-hydrolyzable analoque of ATP, AMPPNP, failed <o induce bouni
ADP phosphorylation (Fig 7). As shown in Table III, synthes:s of bound

[BHI-ATP was uncoupler sensitive (20 mM NH Cl inhibited ATP Zapendent

4
phesphorylation of bound [3H]-ADP). NBD.C1l (1 mM) was equai.y effective in
preventing this phosphorylation. Rienitz et al (192) and Davenport and
McCarthy (189) have shown that thylakoids hydrolyze ATP in the dark after
illumination which can lead to regeneration of transthylakoii proton gradient.
The latter have further shown that this gradient promotes ATT# Pi exchange
and can be used for ATP synthesis. In line with these obser-ations, it
appears that the uncoupler, NH4CI, dissipated the hydrogen iza gradient
formed by hydrolysis of ATP, thereby inhibiting phosphorylztizn of bound
[3HJ-ADP. This sensitivity to uncouplers indicates that phaschorylation

of bound [3H]-ADP requires a hydrogen ion gradient, as wouli e predicted

by the Mitchel hypothesis (43).

The apparent energy requirement {in the form of a prot:: motive force:
for the phosphorylation of bound ADP to bound ATP differs {rizz other models
cf ATP synthesis which propose energy input requirement for szbstrate binding
and product release steps and not for condensation of ADP + Fi (96,138).

This difference maybe reconciled if energy supplied by ATP n-irQlysis generz:zs
a local pH change at the catalytic site of the enzyme. The zZ chance may
either induce a conformational change in the enzyme or ennznza2 Pi binding
which subsequently may in turn stimulate the phosphorylaticn reacticn. Tha
low pH optimum (pH 6.0} for Pi binding, observed by Kasaharz and Penefsky

(106) and the low pH optimum (pH 6.0) for phosphorylation ¢ Zound ADP by

Pi observed by Sigman and Feldman (107) in soluble CF surz:zt the above

1!
arquments, Our results are in agreement with the requiremez: 3f energy

for the exchange of the phosphorylated intermediate.
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The function, if any, of bound [3H]—ATP formed on the non-exchangeable
site in photophosphylation is not clear. Based on the following evidence
however, we propose that the non-exchangeable site can not serve as the
major path of photophosphorylation: 1) Lack of rapid and guantitative
generation of [3H]-ATP on the non-exchangeable site following energization
of thylakoids by exposure to light. As shown in Fig 5, phosphorylation of
bound [3H]—ADP, t* of approximately 5 8, is much too slow to be consistent
with photophosphorylation; 2) Slow formation of bound [3H1-ATP during phcto-
phosphorylation conditions in the presence of ADP and Pi (Fig 7). The small
initial surge of [3H]-ATP formation that was observed during the illuminaticn
period of (-1 s suggests that nuclectides on the non-exchangeable site
exchanged with free nuclectides before significant phospheorylation of bound
{3H]-ADP could have taken place. It appears therefore that bound [BH]*AD?
phosphorylation is slow regardless of whether Pi only or ADP + Pi are in the
reaction medium (exchange of bound with free nucleotides, t§ = 0.25 s, Fig
3, is more rapid than the rate of [3H]-ADP phosphorylation, t = 5,0 8, Fi
5); 3} Blow exchange of nucleotides from the non-exchangeable site. The
measured exchange rates of nucleotides on the non-~exchangeable site with
free nucleotides was at best 13.3 umoles/mg chlorophyll.h (Fige 3 and 4).
This rate is substantially lower than the rates of photophosphorylation,
under similar conditions, typically in the range of 500 umoles/mg chloreghyll)
h. It appears therefore that slow exchange of nucleotides on the non-
exchangeable site can not accommodate the rapid exchange of nuclectides
that ar. required during photophosphorylation. These results 'are basically
in aggreement with Bickle-Sandkotter and Strotman (177) and Dunham et al
(183} who have similarly concluded that the exchange of nucleotides on

chloroplast high affinity sites are too slow to be consistent with photo-
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phosphorylation., What other function is served by the non-exchangeable site
and by the observed conversjion of bound [3H]-ADP to bound IBH]-ATP on that
site is currently unclear. It is possible that it may have a regulatory
role or some catalytic function. Further discussion of the non-exchangeable

site is given in the following sections.

Further characterization of CF1 binding sites.

In this study, the nucleotide binding sites on spinach chloroplasts were
defined in more detail. Fig 10 is a schematic summary of nucleotide binding
properties to thylakoid membranes. From the amount of energy dependent
labeled nuclecotides incorporation into chloroplast binding sites, a maximum
of 3.7 nﬁoles of nuclectides were found to be bound to the chleoroplasts/mg
chlorophyll. Since the total amount of chloroplast bound nucleotides were
not determined, it is possible that additional binding sites were also present
which did not exchange their nuclectides under the described conditions and
that such sites were not revealed by the labeled nucleotide exchange reacticn:s.
Those labeled nucleotides which were incorporated into the chloroplast bindins
sites exchanged when chloroplasts were exposed to light in the presence of
medium nucleotides. Only the CFl-bound nucleotides are known to exchange
under these conditions. It is also generally agreed that thylakoid bound
nucleotides are associated with CFl. Additionally, based on measurements b
strotman (186) showing 1.3 nmoles CFlfmg chlorophyll, 3.7 nmoles/mg trans-

lates to 3 moles of bound nucleotides/mole CF. which is in agreement with

1

other similar determinations in chloroplasts and isolated CF, (96,116,184,

1
191). However, as of yet, it has not been firmly egtablished that all

chloroplast bound nucleotides are associated with CF Passing labeled

1"

chloroplasts through a Sephadex column results in the retention of approxi-
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Fig 10. Schematic summary of adenine nucleotide binding properties to

chloroplast membranes. The shaded areas represent the hypothetical non-

exchangeable binding site({s) and the light areas show the exchangeable
sites., Labeled [3H]—nucleotides ( N) incorporation into CFl binding sites,
the wash and gel filtration procedures for separation of bound from free
labeled nucleotides are described in Methods. The other steps are given

in the text. Washed chloroplasts were used shortly after preparation

without the aging of chloroplasts. N denotes unlabeled nucleotides.
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mately 2 nmoles of labeled bound nucleotides/mg chlorephyll. Extraction
of CFl from these labeled chloroplasts shows that part of this label was

associated with CF., {approximately 0.05 nmoles of labeled nucleotides/nmole

1

of CF1 (M.W. 325,000)).

The two nmoles of nucleotides/mg chlorophyll were observed to be chloro-
plast bound immediately after gel filtration; 30 min therealter, however,
almost one half of the bound label dissociated from the chloroplasts
suggesting that the nucleotides onq&bese Sephadex-treated chloroplasts were
bound to two distinct binding sites. One binding site slcwly loses its
nucleotides to medium free of nucleotides, in the dark (the exchangeable site)
(Fig 1, Table I). The other binding site appears to require poth medium
nucleotides and an excited state for their exchange (non-exchangeable site).
Two distinct nucleotide binding sites on chloroplasts are also suggested fron
the properties of the small amount of residual bound nuclectides (approxi-

mately 0.2 nmoles/mg chlorophyll, Fig 4 and Table III) which remain associzted

with the aged chloroplasts. These nucleotides differ frem nucleotides on
the non-exchangeable site in that they exchange in the dark in the presence
of medium nucleotides and a similar amount of residual nuclestides also
appear to be lost from the chloroplasts feollowing expeosure to light in the
absence of free nucleotides. These residual nucleotides nav represent

the remnant of nucleotides which were discharged from the exchangeable
binding site in the dark following the elution of chloroplasts from the
Sephadex column; and the amount of these nucleotides that rerained bound
may reflect their equilibrium state with the released nucleotides. Al-
though only two types of binding sites apvear to be indicatei in chloro-

plasts which were subjected to gel filtration, other binding sites may
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also be present. However any such site(s) with reduced affinity for
adenine nucleotides may have been vacated of their nucleotides by gel

filtration and no residual nucleotides at such a site(s) would be detected.

Proposed role of chloroplast binding sites in photophosphorylation.

A significant azount of evidence suggest that the high affinity binding
site(s) on chloroplast membranes may be the same as the ATPase site(s) on

chloroplast coupling facter, CF For example, CF. ATPase, which appears

1
. e, Y
to reside on the fa subunit of CF1 {110} , is latent. [Its activation by

1.

light, DTT (130}, heat (131) or tryptic digestion (52) is corrolated with

the removal of the € subunit (89). This treatment alsc exposes an additional
nucleotide binding site and an NBD.Cl reaction site (101). In thylakcids,
the resistance of bound nucleotides on the non-exchangeable site (shaded
areas, Fig 10) to remeval by gel filtration, prolonged aging, energized state
in the absence of free nuclectides or dark exchange with adced nuclectides
bears resemblance to ATPase latency and the protected third binding site in
soluble CFl; this sizilarity suggests that in both systems, the same site
may be involved. Similar interpertations are also offered by Selman and
co-workers (188,191) Lased on results in which they observed that light and

DTT activates the latent thylakoid bound CF, ATPase and also exposes the

i
high affinity non-exchangeable site for exchange with medium nuclectides.
Without such activation, in the dark, this site appears to be protected
against exchange and the ATPase activity is latent. '

Although it remains to be proven, based on circumstantiallevidence
such as that given abcve, it is conceivable that the non-exchangeable site

is the ATPase site on CF The slow phosphorylation of bound aucleotides on

1"

the non-exchangeable sife in addition to the slow exchange ¢f nucleotides
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from such a site as was observed in this report and by others (177,188), do
not counter the above model and may infact lend support to it. For instance,
the exchange rate of nucleotides from the non-exchangeable site was found to
be 13.3 umoles/mg chlorophyll/h {Fig 3). This rate is comparable to the rate
of ATP hydrolysis, 10 umoles/mg chloroplast/h (191) and to the rate of
ATP=#=[3ZPi] exchange, 20.4 umocles/mg chlorophyll/h (Fig 9), but not to the
rate of photophosphorylation which was more than an order of magnitude faster.
These results appear to be best explained from the standpoint of separafe
catalytic sites for ATP hydrolysis and ATP synthesis.

Other evidence to support the concept that ATP hvdrolysis and
synthesis occur on separate sites: 1) Simultaneous and nearly equivalent ATIF
hydrolysis and ATP synthesis by excited chloroplasts in the presence of ATP
and Pi (see ATP=® [-°Pi] exchange in the Results Section) indicate that it
is unlikely that a single site (the ATPase or the non-exchangeable site)
catalyzes both reactions. Since the exchange reaction was performed in the
presence of 1 mM ATP + Pi with no added ADP, it appears that the similar
rates for ATP synthesis and hydrolysis found were achieved if two separate
sites were involved; 2) The inhibition of energy dependent ATP =-P[3zPi}
exchange by pyruvate kinase and phosphoenol pyruvate; and 3) Similar rates
of [3H]-ADP photophosphorylaticon by excited chloroplasts in the presence
of ATP or AMPPNP (Fig 7, reaction intervals between O and 1 s} also argue
against the ATPase (non-exchangeable) site being the site of photophosphory;-
lation. Others have cited similar results with AMPPNP as evidence against
same site catalysis for ATP synthesis and ATP hydroiysis (171,193).

An additional finding in these experiments is that the residual
bound nucleotide on the exchangeable site iz in a large part in the form of

ATP (Table ITI, dark samples S and 6). This ATP was stable in the dark
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{during the time course of the experiment, approximately 3 min). From the
decrease in the [3H]-ATP/[3H]-ADP ratio following exposure of the chloro-
plasts to light (Table III, light samples 5 and 6), it appears that bound
[3H1-ATP was preferentially lost from the exchangeable site. The energy
dependent release of residual nucleotides from the exchangeable site,
although slow in the absence of medium nucleotides, ti >0.5 s (Fig 4) , may
be greatly accelerated by the addition of free nucleotides. More rapid
movements of nuclectides in and out of the exchangeable sites may infact
indicate that they are the sites of photophosphorylation.

The model used in these experiments can supplement studies with
isolated coupling factor. Subjecting labeled chloroplasts to gel filtration
effectively separates bound from free nuclectides and also results in fewer
occurpied binding sites ; two binding sites were identified. The fact
that an intact ATP synthetase complex was used has permitted tne study of
the binding sites in detail not possible with the isclated enzyme. This is
particularly true in the area of energy conversion during ATP synthesis. The
use of Sephadexed labeled chlecroplasts can therefore serve as an important

model for continued studies of the steps in ATP synthesis.
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