/
/4

National. Liorary '

of Canada du Canada

Canadian Theses Service'

Ottawa, Canada
- K1A ON4

B

CANADIAN THESES

‘;i;@?

. NOTICE
The quality of this microfiche is heavily dependent upon the
quality of the original thesis sutmitted for microfilming. Every

effort has been made to ensure the highest quality of reproduc-
tion possible. - ¢

-If pages are mlssmg contact the unnversny whlch gramed the
degree

Some pages may have indistinot print especially if the original
pages were typed with a poor typewriter ribbon or ifithe univer-
sity sent us an inferior. photocopy

© *"ﬁ
Previously copyrighted ‘materials (joufnal articles, published

tests, etc.) are not filmed.
AN

Reproductlon in full or in part of this film is governed by the .

Canadian Copyrlght Act, R.S.C. 1970, e. C-30.

N

=

THIS DISSERTATION
HAS BEEN MICROFILMED
EXACTLY AS RECEIVED

- N &
NL-339(r.86/06)

Btbllothéque nationale

Serwoes des théses canadiennes

R

** THESES CANADIENNES

a .

PEs

Avé. |

La qualné de cette microfiche dépend grandemenl de Ia qualité
de la these soumise au microfilmage: Nous avons tout fait pour |
assurer une qualité supérieure de reproduction..

]

S'il manque des pages, veuillez commumquer avec I'unlver-
sité qui a conféré le grade. :

La qualité d'impression de certaines pages peut laisser A
désirer, surtout si les pages originales ont été dactylographiées '
a l'aide d’un ruban usé ou si l'université nous a fait parvenir
une photgocopie de qualité inférieure.

Les documents qui font deja I'objeg d'un droit d'auteur (articles
de revue, examens publiés, etc.) ne sont pas microfilmés.

La reproduction, méme partielle, de ce microfilm est soumise
a la Loi canadienne sur le droit d'auteur, SRC 1970, c. C-30.

QA—Q .

e N T - N
LA THESE A ETE
MICROFILMEE TELLE QUE
NOUS L’AVONS RECUE

Canadi



NUCLEOTIDE-FACILITATED RELEASE -OF INORGANIC PHOSPHATE =
| ' . . M . .

AND HYDROLYSED ADENOSINEJTRIBHOSPHATE FROM BEEF HEART

. v

‘ MITOCHONDRIAL ADENOSINE TRIPHOSPHATASE

- " L
¥ ' by .
\ . | K
Seelochan Beharry ‘
iiB.Sc., University of Guyana, 1975

M.Sc., Acadia University, 1979

\

A THESIS SUBMITTED IN PARTIAL FULFILLMENT
OF THE REQUIREMENTS FOR THE DEGREE OF

- e —

™ DOCTOR OF PHILOSOPHY

4 . - in the Department
. . of
Chemistry

© . Seelochan Beharry

SIMON FRASER UNIVERSITY

June 1985

e

All rights reserved. This thesis may not be
reproduced in whole or in part, by photocopy or
other mean$, without permission of the author.

A



uh%ﬁ

: N

Permission has been granted

to the National Library 'of

Canada to microfilm this
thesis and to lend or sell
copies of the film.’

The author (copyright owner)
has reserved
publication rights, and
neither the thesis no
extensive extracts from i
may be printed or otherwise

reproduced without his/her
written permission.
- L /

other

Yrauteur
'auteur)

L'autorisatiqon a &t& accordée
a la Biblioth&que nationale
du Camada de migcrofilmer
cette thé@se et de préter ou
de vendre des exemplaires du
film. :

v

(titulaire du droit

se . ré&€serve les
autres droits de publication;
ni la th&se ni de longs
extraits de celle-ci ne
doivent @&tre imprim&s ou
autrement reproduits sans son

autorisation é&crite.

" I'SBN §-315-30813-3 -

@



- ii -

c

APPROVAL -

. Name': V Seelockan Beharry
Degreegt - "ﬁoctorvgf Philosophy
¥ ¢ .
Title -of Thesis: Nucleotide-~Facilitated Rélease'bf Inorganic

Phosphate and Hydrol sed Adenosine-" "
Triphosphate from Beef Heart Mitochondrial

Adenosine:Triphosphatase

Examining Committee:

Chairman: Professor F.W.B. Einstein
Dr. M.J. Gressey, Senior Supervisor

Lvr. weR. Rlchards -

Dr—HN. Slessor

Dr. A.J. Davison
Internal Exam%ﬁ!ﬁg

Department of Kinesiology

Protessar Paul D.* Boyer
External Examiner
Molecular Biology Institute

U.C.L.A. !

Da“te Appféved: :IZLYIC ﬂr/i &S



wi') :

PARTIAL COPYRIGHT LICENSE  « o o

| he @by grant to Sfmqh Fraser University the.right to lend
my thesis, project or extended essay (the title of which is “shown. below)

to.users of the Simon Fraser University Library, and to make partial or

. single copies only for such users or in response to a request from the

;Iibféry of any other university, or other educational Institution, on

its own behalf of tor one of its users. | further agree that permission
for multiple cobying of this work for écholarly>purposés may be granted
by me or the Dean of Graduate Studies. It is understood that copying

or publication of this work fbr flnanc}a1’gaﬁn shall nofibe~allowed

without my written permission.

Title of Thesis/Project/Extended Essay

"Nucleotide-facilitated Release of Inorganic Phosphate and Hydrolysed

a

¢

Adenosine Triphosphate:from Beef Heart Mitochondrial Adenosine

Triphosphaiase"'

. Aufhof}

(signature)

Sgeloéhan Beharry i ; _ l S

(name) i
7 /1 ﬂw; 1955
(date)



3o

ABSTRACT

The Sephadex centrifuge column technique introduced by
Penefsky was modified and used to perform preincubation and
pulse-chase type experiments with soluble beef heart mitochon-

drial adenosine triphosphatase, F,. 1In the preincubation—type

experlments, F) was labelled by 1ncubat10n with [32p]pj

T

before belng applled to Sephadex G-50 columns whlchecontalned a

p ’ l.O cm nucleotlde equlllbrated middle sectlon. Under these

=

‘experimental ‘conditions, ATP and AMPPNP bound equally well to

~

F, but ADP did not bind as well; The order of effectiveness of
the nucleotides in promoting the release of approximately 70%

(i.e. the steep phase of the biphasic release) of the -bound -

Pifﬁgrﬁ/Z mole Pl/mole F;) from F; was ATP > AMPPNP >>

-

o

_—y _ ADP. fﬂlgh concentratlons of nucleotides were able to effect

the total release of Pj from Fy.. It was‘concluded‘that'
L. : : < :
binding of nucleotide, not hydrolysis, was necessary to effect
& ) . .

+

Pj release.

In Ehe pulse~-chase type experimeﬁt, fl was labelled when
1t passed through a 1.0 cm nucleotide equilibrated gel at the
top (pulse section) o? the column. The labelled F) was exposed
to unlabelled nucleotide present in ‘the third.section (chase
section) of the column. When F, was given a [y-32P]ATP pulse

(0.1 mole ATP/mole F)), the release of P; (with ADP present }



- iy -

at gie same site) was effected equally Well’by Chaée ATP and
AMPPNP. Here also the release of Pj was biphasic with about
70% of the bound label béing released im”tﬁe first phase.

Uéing [3H]A$P‘label in-the puise, it was shown that ADP release
jwas similar to that of Pj' in the presence of . chase ATP. With

a [3H]AMPPNP pulse (O,limole AMPPNP/molelFl),ﬁphase AMPPNP was
not effectivé'(iess than 30%) in prOmotiné the releése of bound

AMPPNP .

A comparison of the reﬁults from ﬁhe two modes ofrinvesé
tigation reveal that: (i) AMPPNP was more effective in

promoting Pj release when ADP is present (pﬁise—chase mode)

than when ADP is absent (preincubation mode); and (ii) ATP was
more effective in promoting Pj release when ADP is absent’

(preincubation mode) than when.AH?-{s present (pulse-chase
\

The results are rationalized in terms of the binding-

mode ) .
P2

change mechanism for the F, catalyzed hydrolysis of ATP involv-
ing the (i) nature of the nuéleotide bound, (ii)_number of |
occupied sites of F, before exposuré to incoming nucleotideé,
and (iii) the ability of the nucleotides to produce conforma-
tional changes necéssary to effect the release of Pj and/or

ADP.
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Introduction

T T

In this research project the dissociation of bound mole-
cules (ATP, ADP, AMPPNP, and Pj) from beef heart mitochondrial

adenosine triphosphatase was studied in the presence of other

s , , ,
molecules (ATP, ADP, AMPPNP, and Pj). These studies were

¥ ¥

performed with the modified Sephadex centrifu@e column.technique

described here.

(1) Beef Heart Mitochondrial Adenosine Triphosphatase

Mitochondrial adenosine triphosphatase (ATPase - E.C.
u3.b.l.3) can be separated to give two fundamental units: one, a
water-soluble unit, displays ATP hydrolytic activity; and thet
other, a water-insoluble "membrane sector", is without ATP
hydrolytic activity, but is‘able to alter the catalyti 'proper—
ties of the soluble ATPase (for appropriate reviews seefRefs. 1
-~ 18). The catalytically active soluble ATPase is generally
referred to as F)-ATPase, or §iﬁply as F); whereas the membrane
sector of the complex is referred to as F, and\éhe intact com-
plex (or membraanbound.form of the,enzyme) as ATPase (8) - -
othg{ names‘iqclude FlF;;ATPase, H*-ATPase, ATP synthase, and
Comblex V (19,20,21). These two fractions were first recognized
by Racker and co-workers (22,23) as playing essential roles in
the couéling of 6xidation to phosphorylation (see algo Refs.“:

19,24). Table I summarizes the reactions (or processes) in |,

which F} 1is known to be involved (7). In the investigations



Table 1

_Reactions of *Oxidative phosﬁhorylation for which F; ’is requiréd

&(7,8).
l.

2'

(Taken from Ref. 7.)

ATP synthesis \

ATP hydrolysis :

Bl

ATP + H,O > ADP + Pj + HY

-

Exchange reactions:

S

(a) 32p + ATP, ATP + 32p 2 ATP (y-32p) + P
7 i i
o
(b) H,y'8 2 P, "P_+ H,'8 2 P (1%0) + H,0
1 1 1
(c) Hyl% 3 ATP, ATP + Hy!180 2 ATP(1%0) + H,O

ATP-dependent reactions of oxidative

phosphorylatioh:

(a). Reversal of the respiratory.chains -

Succinate + NAD* ? Fumarate + NADH + HT

(b) Ion transport. ‘

[ .
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reported here, only the ATP hydrolytic activity of the gnzyme

was dtilized, and sdluble beef heart mitochondrial adehogine

triphosphatase, F), was used.
. , ‘ \

Although this enzyme has been intghsively studied (there

i

has been an increase in ATPase publications from about 500 per-.
year in the early seventies ﬁo bver 1560 per year in the early
eighties (13)) by many workers from different laboratories,:
there still remain several'deficiencies in our knowledge of F)
(1-19). What remains most elusive }s an understanding‘of the
reaction»ﬁechénism of F,. No doubt some of the "current uncer-—

tainties concerning the reaction mechanism result from the

complexity of the.pathways of ATP hydrolysis by Fi (17,25).

Some of the properties of F) that must be considered when
studying this cold—labile enzyme, include its specific actiyity,
molecular weight, and stfuctufe. In addi£ion, in these particﬁé
lar investigatigns with F, reported here, some khowledge of the
tightly bound nucleotidés,and inorganic phosphate'(eg. tﬁeir

number and possible role(é)), was helpful (4,7,10).

The specific activity of F) seems to depend on its history,
which is influenced by the (i) source of mitochondria and method
of preparation, (ii) method of preparation of F) from the mito-
chonaria, (iii) method of sto}age of F|, and (iv) assay condi-
tions of Ff (7). 1In the investigations described here, beef

-

heart mitochondria.were prepared by the modified method of Smith



(26); and_the ﬁl prepared according to the méthod“outlined by
Penefsky (27,28).‘ The purified F, 'was stored at 4°C as a
suspension in ammonium sulphaté'(2,29)i ‘%he F|-ATPase assay
procedure wés the regenerating system assay (2,30) coupled to
the oxidation of NADH (31) (details are given in the Mélerialg
and Methods section). ‘

Different moiécular_weights (ranging from 310,000 to
460,000L{ determined by different techniques, have béen reported
.for F, from various sourées.. However, for beef heart
mitochondrial F,, the accepted molecular weight values seem to
be 347,000 (détermined by equilibrium sedimentation ultracentri-
fugation (32)) and 360,000 (determined by gel filtration (33)).
vThe\structure of this multi-subunit enzyme, F,, is complex
(1,3,5,7,11,18). There are five different recognized subunité
(¢/Bry,s6, and e) of F,, which have been determined and charac-
terized by sodium dédecyl sulphate, SDS, gel electrophoresis,
gel filtration, amino acid analysis, and equilibrium sedi-
mentation studies (32, 34, 35). All the approaches gazf similar
valu for the molecular weight of each tyﬁ% of subunit (54,000,
50,0:?33,000, 17,500 and 5,700/)','e?ccept the SDS gel electro-
phoresis studies which gave valaes’ﬁféher or iower than those
obtained by the other methods. However, the exact stoichiomeéry

of the subunit composition of F), is still unclear, despite

investigations involving different methods, e.g., SDS gel
k4 v

¢



electrophoresis (27), éalculatigns using corregteé;molecular
weight (36), aurojsrtin biiﬂi@g measurement (37), and chemical .
crogs—link;ng siudies (38). The choi?es fbr the subunit
—composition of F, were a3B3vy8e and ayB,y,85€9 (or similar .

N . R 9 R .
comb nations); however, evidence has accumulated in favour of
h

e 43B3ybe subunit composition (1,3,4,7,8,10,17,21).
A

i

This enzyme on isolation contains "tightly bound" adenine
&

‘nucleotideg (ATR and/or ADP) - these are bound non-covalently to
F), since they. are lost on;denaturation of F; (32}. Nucleotides
are considered to be "tightly bound" if they are retained by F,
despite Dowex or charcoal treatment, ammonium sulphate precipi-
tation, or gel filbﬁ%;ion with EDTA ip a low ionic strength
buffer (40). 1In addition, tightly bound ATP molecules are in-
accesible to ATP—utilizing enzymes such as he;okinase or
luciferase (4l). These nucleotides are released on the denatur;
ation of F, by cold (0°C) or acid treatment (e.g. 4% HClC“)a A
non-denaturing way of removing the "tightly bound" nucleotides~
vfrom F, is to pass the enzyme Fhrough a column of Sephadex G-25,

which has been pre-equilibrated with EDTA in the appropriate

buffer of high ionic strength (42,43).

The exact number of “tightly bound" adenine nucleotides per
mole of F1 is unknown, the numbers reported vary, e.g., two

(O ATP and 2 ADP/mole F; (34)), three (1 ATP and 2 ADP/mole F,

(40), and 2 ATP and 1 ADP/mole F, (33)), and five (3 ATP and 2
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ADP/mole Fy; (32)) nucleotides (7,17,41,45,46). Garrett and
Penefsky (47) have suggested that five nucleotide: binding sites

are” found on F;; @%ree of these contain "tightly bound" nucleo-
tides and éhe other two sites‘participape in rapidly reversiblé
binding of added adenine nucleotides. Crgss .and N%linﬂ(48) hQQe,‘
found six ﬁucleotide binding sites on Flpﬁthree sites'gértici—
pate in non-exchangeable binding and three s;teg in ekchangeable\
binding.  This variatibn in amounts/numbers of "tightly bound"

nUCleotide as well és total bound nucleotide per mole of F| “from
different laboratories 1is probably dependeﬁt on the hiétory of

\

the enzyme (7).

The sites of the tight binding of adenine nucleotides on‘b‘l
are also uncertain.(4l,45), though most likely the o and g sub-
units are involvéd. Studies with photoaffinity labels, e.g.,
8—azido—ATP and 8-azido-ADP, have shown that these subunits are
involved in nucleotide binding (49:523. Tﬁg_role of the sub-
units has been studied with antibodies, chemical modification,
pa;tial proteolysis, reconstitution, binding, and photoaffinity“
labelling experiﬁents. The noncatalytic nucleotide bipding
éi£es are thought to be on the g subunits (48,53-55), and EEE,
catalytic sites on the g subunits (45,56-59).' For example,
Kozlov and Milgrom provided strong evidence when the& showed

that the covalent binding of the dialdehyde derivative of ADP

(oxADP, formed as a result of treatment of ADP with periodate)
. . w .
/"*‘_\§
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to the o subunit of F, 6cgufred without loss in the hydrdlytic
N . * /

v

activity of F; (54). In addition, Dunn and Futai, in their

studies with isolated subunits’ of E. coli couplingfactor

ATPase, found by equilibrium diaiysis studies tyhat the isolated

a subunit (not isolated 8, y, &, or e) bou < 8~3H]JATP or

[2,8-3H]ADP (approximately 0.9 mélhhucleo ide/mol ¢«) (53).

'Their results suggested that each o subunit contains a single
tight nucleotide binding site. VIt must be noted that Kagawa and
co-workers found in their circular dichroism studies that both
isolatedva and g subunits of the thermophilic bacterium PS3
bound ADP and ATP (60). However, it was found by Harris et al.
in their studies with beef»heaft mitochondrialtATPasé that only
15-30% of the bound nucieotide>had exchanéed with labelled
medium nucleotide ([3HJATP or [3H]ADP), even after 24 hours in
the presence of Mg?+ (39,41); thus the possibility of the active
involvement of the tight nucl;otide binding sites in the cata-
lytic mechaﬁism of ¥, is restricted (4,10,24,39,41). The
nucleotides bound at the noncatalytic sites of the g subunits”
may be serving a structural (the nucleotide ATP 1s required for
the reconstitution of~F1 from the three major subunits «, B, and
y (53)) or.rggulatory role (41,48,55). Ohta et. al. thought
that ﬁhe binding of ADP to the g subunits of TF, (thermostable
F} - soluble ATPase from thermophilic bacterium PS3) was regu-

lated by the binding of ADP to the ; subunits of TF,, possibly

through allosteric interactions (60).
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The nucleotides bound a£ the B subunits are thought to ex~
change rapidly with the medium nucleotides; thereby reflecting
the process of the subStrateabinding at the catalytic sites (48,
605. Cross and Nalin in their studies with S'fadenyiyl—g,y-
imidodiphosphate (AMPPNP, a non-hydrolysable analog of ATP in
which the oxygen pridge between the g and y-phosphorus atoms has
been replaced by a NH group) were able to demonstrate that three

exchangeable nucleotide binding sjtes (probably g-subunits) are

differ:f STher noncatalyticﬂg}péé (probably a-sub=
Grubmeyer and Penefsky used the ribose-modified

nucleotides 2',3'—O—(2,4,6—t€%ﬁitrophenyl) adenosine 5'~triphos-
phate (TNP-ATP) and TNP-ADP in their studies and showed the

presence of two high affinity nucleotide binding sites on Fy

(el ,62).
The role of the mucleotide binding sites in the mechanism

of mitochondrial ATPase 1is an area of actiwe research (see also

—

- Refs. ©3-68). The multiplicity of binding sites raises some

™,

- very interesting questions, e.g. - "%ow many of the nucleotide

- ) . T + ' . //, » 13 ’
bindin;T;:§es are involved in the ‘catalytic activity of the

e . v
enzyme?"/%?). Perhaps’;he\mgst/airect method of determining

i "/ \' . . . . .
whether or not“thef{yﬁth" nucleotide binding sites on F, are-

"R ' .
"involved in/the A@E:%?éfolytic reaction is to determine the

. L ~ . : :
turnover fate of nucleotides bound.to these sites (69,70).

\ \

However, as poigted out by Boyer and co-workers, their alterna-

\



tive non-destructive approaches (filter binding, EDTA quenching
in rapid mixingbexperiments, and hexokinase-accessibility proce-
dure) have their own limitations (69,70).‘ It is unaeterminea
whether.or not most of the bound nucleotides are catalytic

intermediates. The role of the tightly bound nucleotides in the

mechanism of the Fl}catalysed hydrolysis of\i;; is also unéﬁear,

as pointed out by Tiege et. al. in their studiks using fluores-

2

cence, techniques and isotope bIhding aqé§;ses with ADP and ADP

‘analogues (65),r”?ﬂq$fsky (7) and othersy(54,59,63—68,71,72)

believe thaglthese sf;es, in some way, do participate in the
/ .
function%ﬁé of the eﬁzymef
Iﬁé;ganic phosphate, P;, is one of the products when F,
hydroiyses ATP. F, also has at least one binding site for Pi‘
(73). Kasahara and Penefsky (74,75) have demonstrated, under

certain conditions (Mn?* and aurovertin [an antibiotic used as a

"ﬂfluorescent probe of conformational changel]), the presence of

two types of Pj binding - a high affinity saturable binding,

and a second low affinity nonsaturable binding. Their studies

on the binding of Pj by F)} showed a pH dependence and competi-

tive inhibition by the P; analog, thingosphoric acid; these

findings led them to suggest that the monoanion is the charged
form of Pj which is bound by F). The binding of Pj by F,

was shown to be i&f;genced by the stimulators (e.qg. aiﬁalent
metal ions tMgz+, Co?t, ca?*] and oxyanions [chromate, bicarbon—

ate], and inhibitors (e.g. inhibitor protein, efrapeptin) of

-
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ATPase activity and Qf;oxidati;é;phosphorylatidn (73,75). They -

observed that the ATP>éhalog AMPPNP inhibited Pj binding éven

in thegpresencedof auféVertin, and suggested it was likely ﬁhat

the Pj was bindiﬁd at a site occupled by the y—phosphate Qroup

of ATP (74). Thus there is‘a strcng possibility that- the Pj

binding‘site can play a major role in oxidative phosphofylation.
Lauquin et. al. in their studies used the new photoaffinity

derivative of inorganic phosphate,<4—azido—2-nitrophenyl:Ehos—

phate (ANPP), to determine the Pj binding site(s,) on isolated

F) and inside-out particles.from beef heart mitochondria (76).

‘They found that Pj was most probably binding to the g-subunit

of F,-ATPase, and the P; carrier protein. This work (76)

therefore lends support to the proposals made by Kasahara and

-

Penefsky (73-75). .
As seen from the several reviews, the mechanism of the
V‘ATPése—catalysed reaction is still not well understood (1-18,
77-83). The ma:.n energy—requiiing steps in oxidative ;hosphory—
lation and photophosphorylation (10,24) are: (i) the release of
ATP Y¥rom ATPase (84-87), and (ii) the binding of ADP and Pj to
ATPasé (88-90); evidence for these conclusions were first »
obtained from isotope exchané@ studies. InA?ddition, theré

seems to be cooperative interaction between ﬁhe subunits of
ATPase. For example, Adolfsen and Moudrianakis showed that the

rate of dissociation of bound ADP from 138 couplingfactor\§i¥
eottde

Alcaligenes faecalis was increased on thq’addition of nucl
\
}




to\éhe/ﬁédium (92). They proposed that the binding‘of nucleo-
tide to one site.of the 13S coupling factor caused a conforma—
tional change which facilitated the dissociation of bound

nucleotide at the other site. fThose workers, however, did noﬁ

show whether or not catalytic sites were involved (10,92,93).

The alternating catalytic site model of Boyer)ipd co-
workers (24,93-96) was proposed on the basis of isotope exchange

N

experiments. This model has now evolved into what is qalied,thé
"binding Cchange mechanism" (10,13,97-99) which incorporates the:
cooperative interactions between the subunits‘and the energy-
dependent binding changes (binding of ADP and Pj, and release
G%YATP in net synthesis, and vice versa in net hydrolysis). In
t;is model, during net oxidative phosphorylétion, ATP is prod&c-
ed at one site on the ATP synthase where it is transitorily
tyghtly bound,:and is only released‘when ADP and Pj bind at a
second site, and the membrane ATPase.complex is eneigised.‘
Similarly, 'under conditions of net hydrolysis, ATP binding at
one site is accompanied by the release of the transitorily
tightly bound ADP and Pj (hydrolysed ATP) at a second site. ]
This binding change mechanism is attractive, especially since it
can accommodate a wide range of experimental observations (24).

Evidence in support of this mechanism has been forthcoming from

different sources (10,61,62,69,70,97-104). For example, strong

w
&



eVidence'for cooperativity hetyéen the catalytic sites of F, was
presented by Grubmeyer and Penefsky (el, 62) in -their 1nvestlga—
tion w1th the ribose-modified nucleotidés 2' 3’40 (2, 4 o- trlnl—
trophenyl) adenosine 5‘—triphosphate, TNP-~ATP, and TNP-ADP.

They found that . Fl (with two binding sites for TNP—ndenine

&

nucleotldes) bound both TNP-ATP and TNP-ADP, with the TNP- [Y

32P]ATP belng hydrolysed by F,. They observedr that on the

>t\
addltlon of excess non—radloactlve TNP-ATP (suff1c1ent to fill

the second catalytlc 51te) to the. Fléreacqlon mlxture, that the

2

rate of hydroly51s of TNP-[Y-32P]ATP was accelerated 15- 20

fold. Boyer and co—workers have 1ncorporated the new datak

(97,99-101) in their model to produce a modified version which .

involves the participation of three‘alternating,siteslin the

. binding change mechanism of ATP.synthase. ‘
Cross et. al. have produced a modiTied version of the bind-

ing! change mechanism of Boyer and co-workers, which recognizes

catalytic cooperativity and involves three\intEracting catalytic

" subunits of F, (10,98). (The possiblity of the\fnvolvement of

3
Al

three interacting sites in the catalytic mechanism of F, was
N 3

7 : , < s
first recognised by Kayalar et al. (93)). One major -advantage
of this model is that- it allows everits (i.e. binding changes) to
occur concurrently on the different, but interacting, catalytic

subunits of ATPase.

This area of research is very rich with speculations and
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proposals for the mechanisms of ATP synthesis and/or hydrglysis
k £

1

(see e.g. Refs. 4,7,10,13,18,24,41,45,59,68,78,105-107).

-

From the reviews of the various proposed mechanism of
ATPase, it was seen that studies of the behaviour of enzyme-
- bound species can lead to the determination of the catalytic

‘¢

intermediate(s), and thus contribute to the resolution of ﬁhé ’
éatalytic mechanism of the ehzyme» Currently, there are a
;Variety of techniques (e.g‘ kinetic, equilibrium dialysis,
eéuilibfium gel-fiItrationf?filter—binding assays, spectro-
scopic, Sephadex centrifuge column, stopped flow, quenched flow,
and isotope exhanée):u;ed in tﬁé investigation of the enzyme 3
ligand interactions (108). Some of these teéhniques have been
used in the study of ¥}, but each approach has its own a@van—

tages and disadvantageé and/or limitations. For example,
quenched flow is destrUCLive, equilibrium'dial;sis is slow, and
filter binding‘assays_ére not always efficient andrreproduc—
ible. Hence it was considered desirable to develop a_non-
destructive, simple, rapid, and convenient technique for the
measurement of the egzyme—bound‘species‘during catalysis. Such
a method would not only be specific for studies with F;, but
would also be suitable (with the appropriate modifications) for
studies with other enz&mes, whose products dissociate slowly

unless substrates or other ligands which facilitate dissociation

are present.
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The approach described herein is 1imited‘to‘enzymes'wnich

(i) find the column)matrix,lSephadex G-50, chemically inert;
(ii) havé no significant interactioniWithmthewcoluhn matrix; and

1'(111)amust not be able to enter the gel, i.er'tne molecular

welght (and shape) of the enzymes must be’ greater than the

excLu51on limit of ‘the matrlx.ﬁ,The column matrix must be$stablefh

. under the reaétion conditions (temperature, pH,‘centrifugal*

LS

force), in'additiqn to being chemically inert to the buffer and
- = . . v - - - -t

substrate’and/or products. (or’analogs of these) .

(11) Modified Seghadex Centrlfuge Column -’ Technlqpe I

‘Basically, theamethddology 1nvolves coLumn centrlfugatlon,

which was originally applied to the measurement of-ligand bind- .

ing by beef heart mitocﬁondrial F (109). The Sephadex centri-
fuge column ccnsists of a 1.0 nL tuberculin syringe fitted»with

.a porous polyethylene disc. ~The columm packing is Sephadex G-5%0

equilibrated with the approprlate pbuffer, and the filled column

. is then cent;ifuged (1050 x g“for 2 minutes). The enzyme sample,

¥

is then é?plied to the column before the second centrifugation
(1050 x g for 2 minutesﬁ, The centrifugate is analysed for the

bound ligand, activity and protein concentration of the enzyme.

.

“The éephadexrcen;rifuge'column p;oéedure in essentially its
original form has been used in several studies (48,73-55,96,104,
110). Cross and Nalin (48) introduced the use:ef‘an~extension
tube at the top.of the column, which allowedr(i; a nnmber of

samples to be lnvestlgated s1multaneously, and (ii) other addi-

-
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tions to be made to the samples just prior to centrifugation.
Their second modification involved the addition of bovine serum

,ialbumin (BSA) to .samples with very small amounts of F; (10 to 30

upg/mL). This facilitated the greater recovery of Fl'from the
centrifuge columns when the concentration of F; was lower than
0.3 mg/mL;v Cardon wrote an evalﬁation of the Sephadex centri-
fuge cclumn technique in the Appendix of his Ph.D. thesis (111),
in which ne»poihted out the basic assumptions that he made in
‘the constfuction of his model to determine the necessary rate
consgants. So far no major evaluation, critique, or theoretical

-

assesment of this technique has been published.

.The Sephadex centrifuge column ﬁeqhnique was modified to
demonsE;ate the release of enzyme-bound species, e:g. Pi énd
ADP, in the presence of nucleotides (ATP, ADP, and AMPPNP). It
is known that F,-ATPase contains at least. one binding sitg for

Pi (73-75,109), however, it is undetermined whether or not the

-bound Pj jis a catalytic intermediate, or whether the Pj is

bound at ‘a catalytic site. 1In the absence of nucleotide in the

L)

medium, the bound Pj dissociates slowly from F); whereas, on-.

" the addition of ATP or ADP to the medium, the dissociation of
"Pi f?o@ F, ‘is accéierated to the point where the release 1is

too rapid to observe using conventional techniques (96). The
approéch to this problem’using the Sephadex centrifuge column

technique, 1is outlined below: o



(1) A column with three sections is §?§;Z;éd, the middle
layer contains nucleotide, e.g. ATP. (ii) The sample of F,
%S preincubated with [32P]P; so that radiolabelled Pj

becomés bound to F; as indicated in the following equation:-

i \

F1.Pi + [32plpy 2 F;.32p; + Pj

%iii) The [32P]P; labelled F; is applied to the column, which
in turn is placed in the centrifuge tube, and centrifuged at
1050 x g for 2 minutes; (iv) The column centrifugate is

analysed as' before. g

In the firét (uppermost)'layer of £he cblumn, the loo;ely"
held species (ATP, ADP, and Pj) are removed. In the second
layer (middle), the substrate, e.g. ATP bec0meSrbouﬁd"to the Fl
with or witﬁout radiolabelled Pj, and hydrolysis of ATP |
occurs. Lastly,hin the third (bottom) layer =gf the column; the
lQQsely—bound nucleotide and Pji reléased from F; are remo&éd.
Any tightly bohnd'molecule (nucleotide and/or P;i) can be found

in the centrifugate.

‘If_Labelled Pj is found in the F;-centrifugate, it means
that the Pj remains "on the F, as a Eightly'bodhd mpigqplé; and
therefore most likely does not participate as a catalytic inter-
mediate, nor occupies a catalytié site. -On the other 'hand, if

v

labelled Pj is not found in the F)-centrifugate, it implies

L]



that on the binding of nucleotide, the Pj is released from F,,
and thus most probably participq}es as a catalyfié intermediate
or occupies a catalytic site. I% thé dissociation of the bound
Pi can be shown~to occur witﬁiﬁfbne enzyme turnover of ATP
hydrolysis, then the dlssoc1ation of the bound Pl can be

judged capable of belng partvdé the catalytic mechanism of ATP

hydrolysis. . | I 7 o,

In addition to the preincubation experiments outlined
above, the Sephadex centrifuge column technique was used for
‘performing pulse-chase experiments. The approach was very

similar to that described above except that the first section

contained. the pulse molecules, and the third section the chase

‘molecules.

Thus two approaches, prefincubation and pulse-chase modes,
were used to investigate the effect of the nucleotides ATP, ADP,
and AMPPNP on the release of Pj, ADP, ATP, and AMPPNP from

soluble beef heart mitochondrial adenosine triphosphatase. .




Experimental Procedures

Materials

All reagents used in these investigétions were reagent
grade, ACS, or enzyme grade quality - whichever was applicable{
'The common laboratory reagents were obtained from the usual
sources; éxcept if othefwisé mentioned. The following chemicals
and enzymes were obtained from Sigma Chemicai Co.: 'adenosine
5'~triphosphate (diéodium salt, Grade IX); adenosine 5'- .
diphosphate (disodium salt, Grade IX); adenylyl i&idodiphosphate
(tetralithium salt); ammonium sulphate; l;4-bis-2—(5—
phenyloxazoyl)—benzene’(POPOP); bovine serum albuming 7-chloro-
4-nitrobenzo-2-oxa-1,3-diazole (NBD-Cl); DEAE-Sephadex G-50-120;
2,5~diphenyloxazole (PPO); B—ﬁicotinamide adenine dinucleotide,
reduced fdfm (Grade II1I, from yegsﬁf; phosphoenol;pyruvate;'
Sephadex G-50-80 (fine); sucrose; tris (hydroxyméthyl) amino-
methane; Triﬁon X-114; hexokinase (Type C;300; from yeést#fu
L-lactate dehydrogenase (Type XI, from rabbit muscle); and
pyruvaté kinase (Type III,. from rabbit muscle). DEAE—Séphaaex
G—50—i20 (fine) and Sephadex G-50-80 (fine) were also obtained
from Pharmacia. The 1.0 mL tpbefculin syringes were from Mandel
Scieptific Co. The polYéthyleneimine’thin layer chromatography
plates were from E. Merck Co. =

The radiochemicals: [2,8-3H] adenosine 5'-triphosphate

(ammonium salt); and adenosine 5'~{y-32P] triphosphate (triethyl



ammonium salt) were from Amersham Corp. [2,8-3H] adenosin& 5'-
diphosphate (trisodium salt) bas from New England Nuclear Co.
[2,8-34] adenylyl 5'-imidodiphosphate was obtained from IéN,
Chemical and Radioisotope D%vision. Phosphorus-32 (as ortho-

phosphate in dilute HCl solution, pH 2.3) was purchased from

both Amersham Corp. and New England Nuclear Co.

3%



Methods

Preparation of Soluble Beef Heart Mitochondrial: Adenosine

Triphosphatase, F;-ATPase

»

Fresh beef hearts were obtained from’a‘locai slaughtef—
house in Surrey, Briﬁish Columbia, Canada. The beef heart '
mitochondria were isolated by the method outiined by Smiﬁh
(26). Bdth light and heavy fractions of beef heart mitochondria

were used in the preparation of F,-ATPase as described by

Knowtés and Penefsky (27,28).

[
From the ammonium sulphate suspension of F,, the enzyme
was prepared for studies in a procedure similar to' that describ-

ed by Penefsky (73). An aliquot of the ammonium éulphate

-

w_‘suspension of F|, was placed in a capped‘2—mL poiyethylene micro-
centrifuge tube, which in turn was placed in a larger polyephyl—
ene centrifuge tube. The large‘centfifuge tuge (in its adaptor
tube) was centrifuged in a SS-34 rotor for 10 miﬁutes at 12,000
rpm at 4°C. Theisupernétant was decanted, and th% inner walls
of the 2-mL polyethylene microceﬂtrifugg tube carefﬁfly dried
with fiiteryéaper. The pfo£ein precipitate was dissolved by
adding a volume of 50 mM Tris-acetate, pH 7.5, buffer ét 30°cC.
The F; solution was desalted b} centrifugation of 100-125 ykL

aliquots through Sephadex G-50-80 equilibrated with 50 mM Tris-

acetate, pH 7.5, buffer at 30°C, using the Sephadex centrifuge

A



, column technique of Penefsky (73). The desalted F) centrifugate

was then ready for use with the appropriate reaction mixture(s).

Assay for ATPase Activity

Theirates of ATP hydrolysis>by F, -ATPase were égnitored
using the coupled assay (3l1). The reagents and their respective
concentrations and volumes used are shown in Table II. The
first six reagents were added in the quantities indicated to.a
l-mL cuvette. The reaction mixture in the cuvette was allowed
to stand 1in the cuvette holder of a spectrophotometer (Var;an
Technotron Medel 635) at 340 nm for about 10 minutes ;t 30°cC.
The spectrophotometer reading was adjusted to read zero absorb-
ance at 340 nm. The required amount of g-NADH was added to the
cuvette, and a stable base line at 340 nm established. A
measured volume (X ML) of the F; solution was then gdded to
the cuvette, and the decpeaie in absorbance monitored spectro-
photometrically via a cert %ecorder. The rate of hydrolysis of

\

N N
ATP was calculated using an extinction coefficient of 6.22 x 103

litre mole.~1l.cm-! fe{ NADH (0.1 , mole of NADH in 1.0 mL of

solution gives Ajyg Qf 0.622). 1In these F) preparations, the

ATPase adtivity was dﬁfally between 80-100 umole.min.‘l.mg"l

. -/f‘— - \
protein.

.Determination of Protein Concentration

b
All protein concentration determinations were according

to the Lowry et. al. procedure (112). The prbtein bovine serum



Table I1

/| The Coupled Enzyme Assay System

/’// /
| { | | | |
.\\\\\\/ k —

Reagent _ Volumqy
y A L -
1. 0.1 MmMger, 50
2. 0.1 M ATP | .37
3. 0.1 M PEP B o 37-
4. (5 mg/mL) LDH 7 : 10
5. (5 mg/mL). PK > SN (I
6. 50 mM‘CH3COOK
56 mM Tris-Cl, pH 8.0 - : 806 - y
7. 8.75 mM NADH . ; ' 50
8. F,-ATPase solution (mg/mL) » , X

NADH, E3q89= 6.22 x 103 litre mole.~l.cm™! or (M~l.cm=1)
i.e. 0.1 pmole.min~! of NADH in 1.0 mL of solution gives

Mg, of 0.622/min.



N
- B . (—'I -
albumin (BSA) was used as the standard in all assaysj. The

: i
protein concentration of the BSA standards was determined by

»

measuring the absorbances a£:280 nm; these absorbance values
(Azao).t?gether with an extinctibQJcoefficient (E280)'bf 0.677
mL.mg~!.cm~! were then used in the Beer-Lambert law .calcula-

D \‘
tions. [Concentration of Protein = Absorbance at 280 nm/

(Extinction Coefficien& at 280 nm x path length)].

Molecular Wef%ht .-

*A molecular weight of 347,000 for Fi was used in all

-

calculations (73).

Purity of “the F,; Preparations

- "4
C?"\ The purity of the isolateé(natiy% F| preparations was
tested with the use of polyacrylamide gel disc electrophoresis
techniques as described.ﬁy Davis (113), modified as mentioned bf
Knowles énd Penesky (25). One major enzyme band was seen which
héd a};elaéive mobility of 0.3 with respect to the dye front.
with 25 pg of prdtein/appliéd per gel, a m;norvband with a rela-
tive mobility of\0.7 was seen. These observations were similaf
to those ofzknowies and Penéfsky (27). Repurificatioﬁ of the '
enzyme on a DﬁAE—Sephadex A-50 column (28) did npﬁlresult in the

>

disappearance of the trace band.

Purity of the Radionucleotides

The purity of the radionucleotides (Ly-32plaTpP, [2,8-3H]-

ATP, and [2,8-3H]ADP) was tested on pdlyethyleneimine (PEI)



plates using the Procedure of Randerath and Randerath (114).- A
sample of the labelledinucleotide was added to a mixture of the
nucleotides (AMP{ ADP, and ATP), which.was épottedbon the PEIL
plate beside separated spots of AMP, AD?, and ATP (1 yL of 2.5
mM each, pH 7.0). The-plate was.placed in a tank with 1.0 M '
LiCl and developed for 20-25 minutes. The dried platé was -
placed under UV light and the nucleotide spots encircled. Thé
spots were cut out and placed in scintillation cocktail for\
counting. The per}ehtage purity in each case was found to be
about 90% (% Purity = [cpm of label recovered/cpm of label

applied] x 100). | /

Monitoring ATP and/or ADP Concentrations

The concentrations of ATP and ADP (10-® M) were monitored

using the Hexokinase Assay (31).

}} Measurement of Radioactivity

The radioagtivity of the samples was determined by adding

an* aliquot of the sample to 10 mL, of water (Cerenkov counting),

.

or to 10 mL of Triton/Toluene scintillant. The scintillant was} \
. 1

4

prepared by-adding 15 g PPO and 1 ¢ of POPOP to 1.875 L xyleng/
to that mixture was then added 1.25 L Tritoﬁ X-114 and l.87§/1
Xylene to bring the final vslume to 5 L. Each radioactivei
preparation (Cerenkov counting or liquid sciptillation counting[

sample) was counted for 5 minutes using a LKB Wallac 17 liquid

scintillation counter.
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Preparation of Sephadex Centrifuge Columns

The l-mL Sephadex centrifuge columns used for (i)

.

desalting F;, 'and (ii) preparation of the gels -for the ldngér\

and/or reassembled columns, were prepared as outlined by
. .
Penefsky (28,73). The columns used for desalting F) were packed

A ]

with Sephadex G-50-80 equilibrated with 50 mM\Tris—écetate, pH®

7.5. The columns used in the investigations with F were“paékeq

with Sephadex G-50-80 equilibrated with a buffer containing 90°

[ ]
a

" mM Tris-acetate (pH 7.5), 1.6 mM MgSOy, and 47 uM Pji.

Nucleotide-equilibrated gels had the particular nucleotide added

to the buffer to give the indicated concentration. All centri-

Al

Y ‘ .
fugations using the Sephadex centrifuge column technique were

performed with a table top clinteah I.E.C. centrifuge (with a
swinging bucket rotor, model 221) at 1050 x g (Setting:No. 5)

for 2 minutes. . T

Making a Longer Column Barrel .

To make a longer column barrel, two l-mL tubercukin

syringes were cut, (one at the 1.0 mL mark and the other at the

0.55 mL mark), and joined by means of a piece of tygon tubing.

The length of the column barrel was 10 cm, with the length of

the whole assembly (from head to outiet.tipb’being about 11 cm.

[ETI



’

‘Modified Sephadex Centrifuge Column Techniqué

(a) Preincubation Mode

Basically the technique was the same as described in.
" Appendix I (Fig. 1A), with the optimum conditions mentioned
a -3,

¥
Delow "being used.
I}

a

Thr 1-mL, Sephadex centrifuge columns ‘were prepared‘

using the conventional Sephadex ce?trifuge column technique

(28,73). Two of the columns were packed with Sephadex G-50-80

equilibrated with a buffer containing: 90 mM Tris-acetate, pH '

7.5, 1.6 mM MgSO,, and 47 ;M P;. The third column was packedr
withaSephadex G—50—80Vequilibrated with a buffer consisting of:
90 mM‘Tris—acetate, pH 7.5, 1.6 mM MgSO,, 47 pM Pj, and Vary;
ing concentratigfs'of nucqutidet In both cases, 5 g of

| Sephadex G-50-80 were added to 100 mL buffer (or reduced amounts
in the same proportions) and allowed to stand overnight at 4°C.

Care was taken in pouring the gels (equilibrated to room

temperature), since trapped ‘air bubblei/usually resulted in

broken gels. In addition, the columns! were not allowed to run

. ‘)
dry until the column barrels were filled with gel.

-

"

The columns were centrifuged at 1950 x g (Setting  No. 5,
I.E.C.,‘Rptor 221) for 2 minutes. ?he ééls were removea from',
the column barrels by gently‘til£ing the columns 'so that the
gels slipped oug. The first two gels were cut to give lengths

of 2.5 and 4 cm, respectively. The third gel (i.e. with nucleo-

/
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tide) was .cut to giye a l-cm portion. The measured iengths of

. gels were reassembled in the lengthened column barrel (prepared
as described above). The 4—cﬁ gel'wésvplaced in the‘cqlumn
b;rrel (on top of. a péréus polyethylene frit); the l-cm
nucleotidé—contaigingVgel was .placed on tob of‘tﬁe 4-cm gel{»and
léstly the 2.5;ém gel.was placed on the nucleotide-containing
gei. Thetbottom portion of a cut 1-mL pipette t}p (with about
200 uL capacity) was inserted in”the cpldmn. Th; tip of the
pipette tip was not allowed to.Fouch t;e top gel nor the inside
of the Eolumn barrel. " The entire assemb;y was inserted in a ;/[
15-mL conical centrifuge tube, which in turn was placed in the
swinging bucket rotor (Modei 221) of the table top clinical .
centrifuge (I.E.C.). At 150-pL aliquot of the réaction mixture’
yhiCh was preincubated for at least 30 minutes at 22-25°C was
placed in the cut pipette tip. The reaction mixture consisted
of: 90 mM Tris—acegate, pd 7.5, 1.% mM MgSO,, 474pM Pi w;th
[32P]Pi‘ and’Fl. The control experiment wés performed wiﬁhodt

,Ei in the reacﬁion mixture. ﬁﬂenever F), was used, the concen-~
tration was approximately 2.8 uM, or 0.96 mg'protein/mL.A‘
However, in each experiment the specific activity of the
}[32P3Pi and the,conbentratién of F, used are indicated. The

’ loaded réassembled column was centrifuged at 1050 x g for 3

minutes. A sample (20 or 25 pL) of the centrifugate was used to

determine the amount of [32P]Pi which passed through the



» . [ s, - S -
\

column. Other sampies of the centrifubate”Were'used'tb\Qeten:

‘mine the protein concentration and/or activity of the F, in the
centrifugate. - Each. experiment was performed in triplicate for

8

each nucleotide concentration.

LT
;//

o

The amount of Pj in a fixed.volume of centrifugate was
'calculated using the amount of rédioactivity found in that
. volume of the ceqtrifugate and %he sbecific activity of thév
[32p]py lébel in the reaction mixture applied to the column.
The amount of F; in an’equivalent volume of centrifugate was
calculated using thé’protein concentration of F; in the centri-
fugate found“by the Lowry assays. The value of the amount of
Pj divided bi the value of the aﬁount of F; gives the ratio of
mo}le Pj/mole Fj. . On the x;axig are shownithe nucleotide

concentrations used in the equilibration buffers of the middlé

gels. Each value plotted is the average obtained from the

- -

triplicate experiments, and the lowest and highest experimental -

results give values which fell within the enclosed circle,

square, or triangle.

(b) Pulse-Chase Mode

The experimental conditions and procedure were basically
, o .

“the same as described for the preincubation mode of the modified

Sephadex centrifuge column techniQue. T lengths of the four

sections (from top to bottom) were 1,3,1 and 2.5 cm, respective%

., \
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ly. These Qere arranged as shown in Appendix II, Fig. 7A. 1In
some cases, the third and fourth sections were combined to give
on; longer chase section»(3.5 cm). The radiolabelled nucleotide
(e;g. {y-32R]ATP) was added to the'nucleotide—congaining buffer

used to prepare the pulse gel (N.B. No [3?P]P; was added to

-

rthe ?ﬁgction mixture applied to the column). The pulse gel
equilibration'buffer‘contained:* 90 mM Tris-acetate, pH 7.5, 1.6
mM MgSO,, 47 uM Pj, and 1 pM nucleotide; whereas the chase gel
equilibration buffers had the yarious concentrations of nuclep-
tide indicated. The experiments were performed in triplicaﬁe

for each different chase nucleotide concentration.

-



Results . -

Release of Pj. from F): Preincubation Method

q
2

The effects of ATP, ADP, and AMPPNP on the release oOf Pj
bound to F; were studied using the preincubation mode of the
modified Sephadex centrifude column technique described under

Methods and Materials and in Appendix I. 1In these studies, the

4 . . . t

concentrations of each adenine nucleotide in the equilibratdon

buffers of the middle sections of theacélumns were "as indicated

and, unless otherwise stated, the length of the nucleotide
% o .

contalnlng middle gel was always 1.0 cm, Figure 1 shows the

effects of the three adenlne nucleotldes ATP, ADP, and AMPPNP on

c

w

the release of Pi from F;. It is evident from Figure 1 that
the sensitivity of the Pj release reaction %onthe concentra-

tion of nucleotide in the middleé section of fhe column is dif-
C v ’ T '
fereht for each of the three nucleotides, and that Pj release

shows a biphas{c‘response to ATP..and AMPPNP in the middle

section. In these hipﬁasic reSpénses, approximately lp%'of the

[}
»

total Pl bound is released in a relatively hlghly senSLtlve

) \

phase (steep slope), and the remalnlng Pl is released in a’

less sen51t1ve phase (shallow slope). ' <::—N_“:‘\\__l

Figufe\2'shows that at relatively low concentrations (i.e.

L4

less than 1.0 uM nucleotide), thezeffects of ADP and AMPPNP on. -

the release of bound Pj f;om F)are essentially.the same. This
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. | Figure 1

The effects ofiATP, ADf, and AMPPNPLQn-the reiéése of bound
Pi from Fll The-mOdified,SééhadéxVcentfifuge column tecﬁniQhe
was used_§é describéa in MéthSds. ‘For the'ADP ﬁlop‘([]); the
concéntratioﬁ of F| in thé reaction mixture was b.64 mg'
protein-mL-l or 1.85 #ﬁ, the’specific‘aétivity of the [32P]P;
vas 1.9 x 105,cpm/ﬁmole, and thé 100% P bound éorrespondedﬁgg
a;fétio.of 0.22 mole Pi/mdle of Fy. For the AMPPNP plo£ ([&):
the concéntratiqn of F, was 0.75 mg brotéin.ﬁL-l or 2.2 uM, the.
specific activity of the E32P]Pi was 1.5 i'r06~cpm/nmolg, and
-the 100% Pinboundlcofresponded to a ratio df,0.26 moie
Pj/mole Fj. Eofithe'ATP ﬁ()):rthe éonéentratioh of F, Qas 0.8
ng protein-mL‘lror 2:32 pM, the specific activity of the
L32p1Pi was 1'9.x 10° cpm/nmole; and the 100% Pi’bound
corresponded to.a fatio‘of 0.28 molé Pi/mole.FL. (E] ADP,

A avpenp, and QuaTe).
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Figure 2 = i

'Th; effects of ADP, AMPPNP, and ATP on the release of Pj
from F). The modified Sephadex centrifuge éolumn ﬁeéhnique was _
used as described in Methods. ‘Forfthe AD?.plot (E]): the con-
centration of F; was 1.1 mg proteiq.mL‘lfbr 3.2 pM, tﬂe specific
activity of the [3ZPin‘was'1;8 x 106 cpm/nmole, and the 100%
P; bound corresponded to a ratio of OV2% molqkpi/mole F,. o
For the AMPPNP plot ([S): the concentration of F, was 0.76 mg
protein.mL~! or é.23luM1 the specific activity of the [32P]Pj
was 1.6 x 10° cpm/nmolé, and the 100% P; ‘bound corresponded to
a ratio of 0.29 mole Pj/mole F;. For the ATP plot (C)): the
concentration of F, was 0.8 mg protein.mL‘l'or 2.3 uM, the
specific éctivity of the [32P]Pi was 1.9 xllO6 cpm/nmole, and
the 100% Pj bound corresponded to a ratio of 0.28 mole Pi/A ‘

mole F,. ([@lapp, & awppxp, and O arp) s

o
B
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pointed out the necessity of exp;oring a range of experimental-
~conditions, before attempling to draw general conclusions abou£
the relative effectivﬁess of the different adeﬁine nucleotides
in facilitating release of Pj from Fl.‘ Figures 3-5 sh;Q the
effects of high concéntrations of ATP and AD§>on Pi release
from F;. From these results, it is evident that high:
concentrations of ATP and ADP appear to have similar effects,

and that in both cases they are able to effect the release of

essentially‘all the bound Pj from F,.

ral
e
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Figure 3

\

The effect of ATP on the release of Pj from El.v The

modified Sephadex centrifagé column technique was used as

- described in Methods. - The concentration of F, in the reaction

mixture was 0.96 mg proteine.mL=! or 2.78 ;M. The specific’
activity of the [32P]Pj was 1.3 x 10°® cpm/nmole. The 100%

Pi bound corrésponded to a'ratio of 0.2 mole Pi/mole Fy.

.
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, , ~ Figure 4 ' .

N -

The effect of’ATP on the release of Pj-~from F;. The

modified Sephadex cenErifuge column technique was used as

»

described in Methods. The concentration of-Fl ip the reaction
mixture was 0.96 mg pﬂrotein.mL‘l or 2.78 yM. The specific
activity of the [32P]Pi was 1.5 x 10° cpm/nmole. The 100% -

P, bound correspended to a ratio of 0.18 mole Pi/mole F,.
/ . .
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Figure 5 -

The effect of ADP on the release of Pj from ¥,. The

modified Sephadex centrifuge column technique was used as
described in Methods. The concentration of F, in the reaction
" mixture was 0.64 mg protein.mL~! or 1.85 yM. The specific
activity of the [32P]P; was 1.9 x 10° cpm/nmole. The 100%

P; bound corresponded to a ratio of 0.22 mole Pj/mole F;.
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Release of Pj from F): Pulse-Chase Method

-

The pulse-chase mode of the modified Sephadex centrifuge
colunn technique, as described under Methods and in Appendix IT,

was used to study the effects of ADP, ATP, and AMPPNP on the

%

release of bound label from F;. The label in this approach, was
given to F, in its passage through the 1 cm qulse section" ét‘
the top of the column. This pulse section qu prepared from a
gel which had the desired labelled nucledtide in the equilibra-
tion buffer of th;~8ephadex. Below the pulse 'section, £hé
column contained three sections (3, 1, and 2.5 cm) sefving_
similar functions as those used in the columns for the studies |,
employing the preincubation mode of ‘the Séphadex centrifuge

column technique. The third section from the top is referred to

as the "chase section" of the column. .

The studies of Pj release using the pulse—chaéé mode are
valuable for comparison with those using the preincubation
mode. In the preincubation studies: when Pj (from the reac-

tion mixture) is bound to F;, the Pj presumably occupies an

empty site which contains no other ligands. In the pulse-chase

studies [y~32PJATP is present in the pulse gel, therefore any
pound [32P]P; (found in the centrifugate) originated from the
[y-32PJATP which bound and hydrolysed, and it also shares its

binding site with ADP (the other product of hydrolysis).



«

Published studies have shown that when ATP binds to F) under

single site occupancy cghﬁitionsA(sﬁch as those used in the
studies reported here), it hydrolyzes‘rapidly—and ADP akd Pi

are‘;eléased slowly *(103). Thus by comparing the results from

N

the preincubation and pulse-~chase methods, it is possible to

assess the effect of ADP being bound at the same site with Pi,
on the' sensitivity of the Pj release reaction to nucleotides

- in the chase section. Figures 6 and 7 show the effects of ATP

and AMPPNP (in the chase section); fespectively, on the release
of label bound as [y-32P]ATP from the pulse section. For ease

of comparison, the results from the corresponding studies with

?

the preincubation mode are included in the figures. The sensi-
)

tivity of Pj release to ATP is decreased in the pulse-chase

experimént relative to the release observed in the preincubation
experiment (Fig. 6), whereas the opposite effect is observed
with AMPPNP in the pulse-chase and preincubation experiments
(Fig. 7). The sensitivity of Pj release to ATP and AMPPNP is

essentially the same in the pulse-chase experiments (cf. Figs. 6

Y

and 7); whereas the sensitivity of Pj release to ATP is much

greater than to AMPPNP in the preincubation experiments. The
N .

biphasic response of Pj rel€ase on exposure to ATP andrAMPPNP

is observed with both experimental methods.



JFigure 6 .

Comparison of the effects ?f ATP, in preincqbati@n'and
pulse-chase modes, on the release of 1abél-frdm F{i For the
preincubation expgrimenta*)plot, C) ' thélgaﬁa were taken from
Figure 2. The pulse-chase technique was as described in
Methods, with four sections fl, 3, 1 and 2.5 cm)'being used.
Note that in both modes, a 1 cm nucleotide-containing middle
gection (preincubatioq mode) or chase section (pulse-chase mode)
was used. The concentration of F; in the reaction mixturé-0.96
mg proteine.mL~! or 2.78 pM: The puise—geixequilibration buffer
contained 1.0 uM ATP with [y-32P]ATP, the specific activity of

which was 3.07 x 105 cpm/nmole. The 100% ATP bound corresponded

i .
to a ratio of 0.1 mole ATP/mole Fp ( C) ATP on the release of

label bound as-[32PJP; (preincubation mode‘?‘)',' and ATP on

| .
release of label bound [y-32PJATP (Pulse-chase mode)).
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Figure 7

Comparison of the effects of AMPPNP, in preincubation and

&

pulse-chase rodes, on the release of label from F;. For the
preincubation experihehtal plot, C) , the data were taken from
Figure 2. The pulse-chase technigque was as described in N
Methods, with four sections (1, 3, 1 and 2.5 cm) being used. ™
Note that in both modes, a 1.0 cm nucleotide-containing middle
section (preincubation mode) or chase section (pulse-chase mode )
was used. The concentration of F, in:the reaction mixture was

1.07 mg proteine.mL~1 or 3.09 pM. The pulse-gel equilibration

puffer contained 1.0 uM ATP with [Y-32R4$TP (2.68 xs 105 cpm/

).

nmolé). The 100% ATP bound corresponded to a ratio of 0.1 mole
ATPgrole F;. C) AMPPNP on release of label bound as [32P]pj
(Preincubation mode), and [:H‘AMPPNP on release of label bound

as [y-32P]ATP (Pulse-chase mode)).
' L
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In the pulse—chase'experimenté just described (Figs. o6 and
7), 1 cm chase sections were used in order to.havevthe
nucleotide-containing sections identical to those used (1 cm
middle éection) in tﬁe preincubation experiments. Thus the
experimental conditions and procedpres we;e made as close as
possible in bothyméthods; Figures 8 and 9 show the results of
pulse-chase experiments in which entire lower 3.5 cm kl cm chase
gél plué 2.5 cm bottom gel) of the column contained chase
nucleotide. A comparison of Figure 8 with Figures 6 and 7 shows
the results with [y-32P]JATP pulse and an ATP or AMPPNP chase
were essentially identical in both cases, i.e. with the column
containing either a 3.5 cm chase section (i.e. the entire
bottom) or a 1 cm chase section followed by a 2.5 cm spacer
section. Figure 8 shows the relative sensitivity of the release
of label, bound as [y-32PJATP, to ADP, ATP, and AMPPNP in the
3.5 cm chase sgction. The nucleotides ATP and AMPPNP were
equally effective in faciiitating the release of label, whereas
ADP was considerably less effective in promoting the release of
7label. Figure 9 shows that whether label was bound as [3H]-ATP
or as ty—32P]ATP from the pulse section, approximately the same
sensitivity of label rgTease to chase ATP was seen 1in both

cases. . .
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Figure 8

The effects of ADP, ATP, and AMPPNP on the release of labeld
bound as [Y—32P]ATP from F;. The pulse-chase technique was as
described in Methods, with thrée sections (1, 3, and 3.5 cm)
being used. Note that the entire bottom section (3.5 ch) coﬁ-

tained chase nucleotide. For the ADP piot ([] ): the concen-

" tration of F| in the reaction mixture was 1.09 mg proteinemi—!

or 3.16 uM; the specific activity of the [y-32PJATP in *the 1.0
nM ATP—containing‘eduilibration buffer of the pulse gel was 2.04
x 10° cpm/ﬁmole; and the 100% ATP bound corresponded to a ratio
of 0.1 moleJATP/mole F;. For the ATP plot (() ): the concen-
pratien‘Of F, was 1.16 mg protein.mL~! or 3.36 pM; the specific
;btivity of the [y-32PJATP was 2.15 x 10° cpm/nmole; and the
100% ATP bound correspondea to a ratio of 0.12 mole ATé/mole

F;. For the AMPPNP plot (A ): . the concentration of F; was 0.95
mg protein.mL-l -or 2.75 yM; the specific activity of the [(y-32P]
was 2.35 x 10° cpm/nmole; and the 100% ATP bound corresponded to
a ratio of 0.1 mole ATP/mole F,. (O aop, O arp, and |

ZS AMPPNP)

o
a
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Figure & . : -_—
b .
The effects of. ATP on the release of label bound as
[7—32P]ATP and (2,813H]ATP from E;. The pulse-chase .technique
was as described in Methods, with three sections (1, 3,. and 3.5

cm) beiﬁg‘used, and the entire bottom 3.5 cm Section containing
chaseanucléotide- For the release of label bound as [Y—QZP]ATR
plot ((:%4, the.data were taken from Figure 8. For the release
‘6f label pound as [3H]ATP”plot (E] }: the conéentratioh of F, iﬁ‘
the rgaction mixture was 0.94 mg protein-mL;l or 2.72 pM} the
specific activity of the [3H]ATP ip the 1.0 M ATP—iontaining
eéuilibration buffer of the pulse gel was 2.28 «x lOgrépm/nmole;
and the 100% ATP bound corresponded'to a ratio of ©.15 mole
ATP/mole F,. fC) ATP on the release cf label bound aé [y-32pP]-

ATP, w=und ATP on the release of label bound as [3H]ATP)

|
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Releaqe of AMPPNP from F,: Pulse-Chase Method

e S

Figure 10 shows the résults of a pulse-chase experiment in
which labelled AMPPNP ([3H]AMPPNP) was used in the pulse section
and unlabelled AMPPNP in the 1. 0 cm chase sectlon. A compari-
son of Flgure 10 with Figure 7 shows that chase AMPPNP is more
leffectlve in la01lltat1ng the dissociation of label bound as
Ly- 329]ATP than the dlSSOClatlon of label bouné as [3H]AMPPNP.
These findings support (but do not prove) the hypothesls that
- label bouna ae [y—SFP]AlP dissociates from F, as [32p]p;
rather than ae the ﬁnhydrqused»[y—?zp]ATP, on the binding of
chase AMPPNP. ‘It was shown that under single site occupency
conditions, an equillbrium is attained in which the ratio of
bound ATP to bound #ydrolysisfpreducts, ADP and P; (i.e. the
equllibrium constant, K) is 2. The calculated forward and
reVefee rate constah;s for this step of tﬁe F,-catalysed reac-
~tion were lO s=! and 20 s-!, respectively (l03). In the absence
of medium nucleotides, the dissociation of ADP and Pj from F,
is slow with the’rate constants of 4 x lO;“.s‘lvand 3 x 103
;-1, respectively ilOB). If the behaviour of AMPPNP is similar
to that of ATP, then the results displdyed in Figure 10 indicate .

% R g

that in an ‘AMPPNP chase, the dissociation of bound ATP is far

less favourable than the dissociation ©of bound ADP and Pj,

Ly
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Figure 10 X

The effect of RM?PNP on the release of'label bound as
[3H]AMPENP fro; F,. Thé pulse?chase technique was as described
©in Methods, with four sections (1, 3, 1 and 2.5 cm) being used,
i.e. the 1.0 cm chase gel was Tollowed by 2.5 cm spacer gel.
The concentration of F, in the reaction mixture st 0.83 mg.
pg:d_otein-mL‘1 or 2.49 pM. The pulse-gel equilibration buffer
contained 1.0 uyM AMPPNP with [3H]AMPPNP (1.63 x 10°> cpm/nmole).

The’lOO% AMPPNP bound corresponded to a ratio of 0.1 mole

AMPPNP/mole F,.
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Binding of Nucleotides to F) in the Sephadex éentrifuge Column

s

*®

Figure 11 shows the results of an experiment in which F,
was‘passed’through a column of the ﬁype used in the preincuba-

tion mode. 1In this case though, the F, was not preincubated

v
A% -
i

with labelled Pi, i.e. [32P]Pi, jzt the nqclebtide—

containing 1.0 cm middle section jhad labelled ATP (Ly-32plAaTP)..

Assuming that the volume of the centrifugate was the same as the
volume applied to ﬁhe column, Table III shows the results of
" ’\“\\calculations of the percentage of the ﬁotal amount of the

[y-32p]aTP contained in the column thch was bound. Thé>method
of calculation is described in the table legend. «Table III
shows tha£ under the conditions of the experiment, where ATP was
presént iﬁ substoichiometric amount with respeFt to F,, approxi-
mately all of the ATP bound to #;. This observation is cons’s-
tent with the very rapid binding of ATP to F, (second order rate
‘constant of 6 x 106 M-l.s=1) and the very slow release of ATP
from F, (rate constant of 7 x 107® s'l),'when ATP is present at
substoichiometric amounts (103). It is also consistent with the
results shown ianigure 1 for the effect of ATP (in the middle
section) on the release of [*?P]P;j bound to F, in a preincuba-
tion exp?riment. Similqr calculations (see Table II1) were made
Ausing data (for the ATP-~induced Pj release only) from Figure

1, .and the results are shown in Table IV. These results reveal

thatf, in the steep phase of the ATP-induced Pj plot, ﬁhe molar
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Figure 11

The -binding of ATP by F, from the 1.0 cm middle section of
the column (preincubation mode). The modified Sephadex
centrifuge column technique was used as described in Methods. =

} o ™
Note that no L32P]Pihwas added to the reaction mixture. The

ATP-containing equ%libration"buffers of the middle gels had
[y-32PJATP (3.52 x 10° cpm/nmole). The concentration of F, in

the reaction mixture was 1.82 mg proteinemL~! or 5.26 pM.
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Table 111

O

3

The Binding of ATP in the Column to F)

ATP Concentration Total ATP ATP Bound . % ATP
in .Column (M) in Column by F Bound
T " (pmole) (pmoleb
0 ” o . 0 0
| 0.1 12.1 ©10.23 84.5
. 0.25 30.5 30 100
" 0.5 & ez 57.95 91.8
0.75 89.9 - 91.66 100 )
1.0 ©119.8° - . 107.11 89.4 ’

The experimental conditions, procedures,‘and data were the

)

~ same as in Figure 1l. 'The amount of ATP (before application of

F;) in the 1.0 cm middle gel was determined as outlined below:

were counted, and the specific activity calculated;

(i) 25 pL aliquots of xuM ATP~containing buffers with [32p]ATP

(ii) Samples

of 1.0 cm lengths of the yuM ATP with [32P]JATP equilibrated gels

were counted.’ Lastly) the amount of ATP in the.gels were calcu-

lated by dividing the amount of label (cpm) given by each 1.0 cm

gel by the specific activity of the [32P]ATP in the correspond-

ing ATP-containing buffer. Note that the volume of the centri-

fugate was never -as much as the 150 pL applied to the column,
hence the amount of label in the 25 jL Centrifugéte counted b?f

multiplied by 6 to give a total value.
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2.5 . 305 i s 0 0.26
5.0 . elo - .11 8e o4

The experimental conditions, procedures, and data were the

o

same as in Figure 1. The total ATP in the column was determined

as described in the legend of Table III. K

RCpt
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ratio of the Pj released o the total ATP present in the

column is approximately one. Initially it was difficult to
rationalize the results shown in Table IV, because it seemed
Lo .

reasenabye to. expect that ATP (in the middle section of the

column) would bind to F) contain%ng bound Pj and to Fj; without
bound Pj, and therefore not every ATP bound would cause Pj

~

release. In the experiment shown in Figure .l and Table 1V, only

0;28 of the total Ei'had Pj bound. The results are consistent‘
with the hyeothesis, that only part of the F; is in‘a state such
that it can bind ATP rapidly during its Dbrief éassage throdgh
the column. 'Thig part corresponds to the F) which has Pi

bound such that it cae.be released in tﬁe Steep phase of the
line drawn through the circles in Figure 1. The remainder of
the I} is either inactive, or‘requires different conditions,

such as exposure to higher ATP concentrations, in order to

.'become fully activated. ﬁigure 12 shows that Fi, whether‘or not

A

'

-1t was preincubated with Pj, bound [’H]ATP to approximately

the same extent in its passage through the coluﬁn. Apparently
with Pj bouna‘to,Fl (i.e’fofminé F;.Pji complex), the affini;w
ty of the F) (or FluPi complex) for AT? dqes Bot inerease

i under the conditions of the experiment. (Note that Cross et

al. (104) found that the rate counstant of the second ATP binding

to F, is the same as the first, i.e. .6 x 106M~1l.,s—l),

[
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. Figure 12

The effect of Pj on the Binding of ATP by F;. The modi-

ot . .
fied Sephédex centrifuge column technique was used as described

in Methods. Note that the concentration of P; was 47 uM,

whenever Pj was present in the equilibration buffers of the
gels or in the reaction mixture. The ATP-containing equiiibra—
‘fion buffers of the middle gels had [3HJATP (5.8 x 105 cpm/v
nmole). The concentration of F; in the reaction mixture was
1.64 mg protein.mL-! or 4.74 uM. (() No Pj in thejequilibra-

tion buffers and reaction mixture, qand [:] Pi in the equili-

N
bration buffers and reaction mixture).
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Figure 13

The release of label bound as [y-32P]ATP and the binding of
label as (34]ATP. The pulse—cha;e technique was as described' in
Methods, with four sect%oné (1, 3, 1 and 2.5 cm) being used.

The pulse—gel equilibration buffer contained 1.0 pM ATP with
[3HIATP (3.06 x 10° cpm/nmole). The éhase—gel equilibration
buffers contéined the indicated concentrations of pM ATP with
{3H]ATP (9.94 x 10° cpm/nmole). The concentration of F, in the
reaction mixture was 1,93 mg protein.mL-!. Correction was made
for label frém the chase.gél taken through the column by solvent
drag. The 100% ATP bound (from pulse gel) corresponded to a
ratio of 0.1 ﬁole ATP/mole F,, and this value was used as 100%

to calculate the ratio of mole ATP/mole F, for the chase ATP.

( (:)’% label ([y-32P]ATP) retained from pulse, and % label

([L3H]ATP) bound in chase).
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The releésq of label bodgd as [y—3QP]ATP-a£d the binding of
label as [3H]AMPPNP. Tﬁe pulse-chase techpiéue was as described
in Methods, with four sg;tions (L, 3, 1, ana 2.5 cm) be}ng
used. The pulse=xgel equilibration buffer contained 1.0 uM ATP
withh[yjﬁiijTP (2.6 x 105 cpm/nmole). The chase-gel equilibra-
tion buffers cont;ined the indicated concentrationslof uM AMPPNP
with [3H]AMPPNP (5.97 x 105 cpm/nmole). The concentration—of Fl
in the reactioﬁ mixture was 1.78 my protein.mL-!. Correction
was méde for' label from the chase-gel taken through the column
by solvent drag. The 100% ATP bound (from bulse gel) corres-
ponded to a ratio of 0.1 mole ATP/mole F,, and this was used as
100% to calculate the ratio‘;f mole AMPPNP/mole F) . (C) %

label retained from pulsé, and % label ([3H]AMPPNP) bound in

chase) . . . . . .
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Figufes 13 and 14 show the results of pulse—chése experi-
ments with [y-32PJATP in the pulse sections, and [3H]ATP and
[3H]AMPPNP, respectively, in the chase sections of the columns.
In this way,‘the release of labelw([y—32P]ATP) which was bound
in tpe pulse was monitored simultaneously with the binding of
label ([3H]ATP or [3HjAMPPNP) tn the,chase. Figure 15 shows a
coﬁgarisgn of the binding curves (ATP \and AMPPNP ‘bound in the
chase) from Figures 13 and 14, respectjively. 1In théserexperi—
ments (as iq all 6f the pulse~chase experiments described thus
far), the pulse section consisted df a 1l cm gel prepared from a
column made using Sephadex equilibraﬁed in a buffer with 1.0 uM

i/

nucleotide (see Méethods). Under these conditions, the molar

»

ratio of [y-32PJATP bound to F; in the pulse was usually about

0.1. Thus it is reasonable to assume that some of the chase
nucleotide bound to F; which had not bound label 1in £he pulse
section. Figure 13 shows that with ihcreasihg ATP concentration
in the chase section, initial binding of the 3H label in the
chase section increaseé,mg?e than does release of 32Pi label ° &

. o
which had bound in the pulséﬁsection. This result can be € .
v ]

rationalized if at low chase ATP concentrations, the [3H]ATP in

2

the chase binds to both F) without label bound from pulse and to

|
F, with label bound from pulse. The binding of ATP by F| in the

a

chase levels off as the chase ATP concentration increases

(Figs. 13, 15, and Table y);,whereas the binding of AMPPNP by F,

in -the chase was essentially lz:Ear‘with the AMPPNP concentra-
- » .
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Figure 15

The binding of ATP and AMPPNP from the chase gels in
Y » :
pulse-chase experiments. For the ATP binding plot (O), the
information was taken from Figure 13, and for the AMPPNP binding

plot (E]), the;zﬁfqrmation was taken from Figure 14. (C) ATP

([3H]ATP) binding, and (0 ameene ([3H]IAMPPNP) binding).
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Table V
The Binding of Chase ATP in the Column to Flk
ATP Total ATP % ATP mole [3H]ATP
Concentration ATP bound Bound
in Column in Column by F,
(pM) (pmole) (pmole) mole F, g«

¢

0 0 -0 0 0
0.1 12.5 12.5 <100 0.01
0.25 31.2 30 96 0.03

. 0.5 62.5 50 80 0.05
1.0 125 - 90 | 72 OLIb
1.5 187.5 93 k 50 ‘_'=f 1 0.10 )
2.0 250 114 46 0.12

100 12500 1038 8 1.25

/The data for tﬁe\calculatlons were .from Figures 13 and 15,

Theaéméunteof ATP in the 1 cm chase gel was aetermined'as

described for the 1l-cm middle gel in the legend of “Table III.

¢ I
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Table VI

Q% The Binding of Chase AMPPNP in the Column to Fj

1)
AMPPNP Total AMPPNP 4 AMPPNP mo}e‘[3H]AMPPNPésﬁf
Concentration AMPPNP bound by -Bound R
in Column in Column F : - ‘
(pMm) (pmole) (pmole) - ‘ mole F, ‘ -
PR
0 0 , O 0 0 '
0.1 ‘ 12.5 12.5 100 0.02
0.25 31.2 28 90 . 0.04
0.5 62.5 51 82’ 0.07
1.0 125 ° 115 ‘92 ,0.15
1.5 . - 187.5 162 86 0.21 .
2.0 250 201 '80 . 0:i20 . ¢
5.0 . 625 45 . 13 0.59
. . ‘
, o
@ . ; - ) w_/

.

The data for the calculations were from Figures’l4 and 15.

The amount of AMPPNP in the 1 cm chasé%gpl was determined as

0y

described for the 1 cm middle gel in the legend of Table III. -
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v pion throughout the range studied (Figs. l4k 15, and:Table VI).

This is probably because severai molecules of -AMPPNP can bind tdy

each F, (48, 73, 102); while on the otheruhaﬁd, if [3H]ATP binds

L to' a F) which already bound one [3H]ATP, the previodsly bound ATP
would Qery iikely have hydrolysed and the label woﬁld be released
on the  bihding of thé second [IH]JATP at another site on the F,.

From Figure'}S, it can be observed that the binhding of AMPPNP

to F, is as favourable as the binding of ATP in the columns. This °

‘J:obSefvatiqn eliminates the boséiblé'explanation that Fi has a

K]

lower affinity for AMPPNP, thereby causing the reduced sensitivity

of reSponse of the AMPPNP-induced P; release in the preincuba-

’

tion experiments shown in Figure 1.



The Biphasic Release of Pj from F)

In an effort to discover the cause of the biphasic release of

Pj from F}, the experiments described below were performed.

N
-G

Figure 16 shows that increasing the length of the ATP—con;aining
"middle section from 1.0 to 2.0 cm in ;‘preincubation expefiment,
did not appreciably alter the proportions of éi released in tﬁe
twb«phases. ~figure 17 shows the amoonts of }i released from F,

" when different lengths of 0.25 pM ATP—contalnlng middle sections
~werefused. Figure 18 shows that usrng ar 5 0 cm ATP- contalnlnq gel

(i.e. the entire lower sectlona in the prelncubatlon mode also did

not alter the biphasic nature‘of the”Pi release reaction.

Flgure 19 shows that 1nact1vatlon of F, by treatment with

NBD-chloride (120, 121) reduced the amount of ‘ATP bound in a

T roe o
pulse~-chase experiment by > 95%. This result supports the hypoth-'

1

&
.ap

esis that the ATP binds at catalytic sites.

-Figure 20 shows that preincubation of F; with ATP did'hog

“alter the amount of ATP bound to.Fl; and neither was the gmount of

W

Pi released from F) altered in the pulse-chase experiment using

*

a 3.5 cm 0.25 yM ATP-containing chase section. Figures 21 and 22

" show thae’preincubation of F, with either ADP sor EDTA did . not. |
‘affect the amount of label [32p]py bound in pgeincupagion exper¥
iments, and that these treatments also did not affect thgwbiphisio;
Py release from Fl. Figure 23 soows that in a“pulse—cha%e type

E3

» -
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Figure 16
P [

The effect of ATP on the release of bound Pj from F) using

~

# ... 1.0 cm and 240 cm ATP-containing middle sections in the -columns.
““*-The modified Sephadex centrifuge coluinn technique was used as vt

-

described in Methods, except that the 2.0 cm ATP-containing middle

o

section éolumﬁs\had'3.9'cm‘bottom se?tions; The concentration of
§ " F, 1in the reaction .mixture was 0.94 mé protein.mL‘v-l or 2.72‘pM.
The specific activity of the [32P]Pirip the regction mixture was
1.85 x 10° épm/nmole- The 100% Pj bound corresponded to a ratio
of 0.25 mole Pjfmole Fi. <;C) i;O cm ATP-containing middre

section, and E]] 2.0 cm ATP—containing middle section).

.
v

ag, vy
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Figure 17

%

The effept of ATP on the release of bound Pj from F) using
various lengths'of ATP-contéining middle sections in the columns.
The moéified Sephadex centrifuge column technique was used as
descfibéd in Methods;bexcept that the bottom sectidn was decreased
by the same length by which the 1.0 cm ATP~-containing middle
section was increased. In addition, the concentration of ATP used
in thé equilibration buffer of the middle gels was kept constant
at 0.25 pM. Theiconcentration of Fyﬁused in the reaction mixture '
was 0.92 mg protein.mL‘f—or 2.66 pM. The specific activity of the
[32P1P; used was 1.9 x 10° cpm/nmole. The 100% Pi bound

corresponded to a ratio of 0.21 mole Pj/mole Fj.
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Figure 18

The effect-of ATP on the release of bound Pj from F; using

a 5.0 cm ATP-containing section in the columh. The modified
Sephadex centrifuge column technique was used as described in
Methods, except the 4.0 cm bdttom section also contained ATP. The
coﬁgentraﬁion of F| in the réaction mixture waé 1.29 mg protein.
mL-! or 3.73 uM. The specific activity of the [32P]P; was 1,2 x
105 cpm/nmola. The 100% P;j bound corresponded to a ratio of

0.17 mole Pj/mole F,.
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Figure 19

A2

fhé’effecg of preincubation of F; with NBD-chloride befé}e
its a;plicdtion to a pulse-chase column. TheﬁEf'was treated as
described by Kohlbrennef‘and Boyef (121). The F, in the reaction
mixture wés inactivated by the addition of a freshly prepared
ethanolic solutibn of NBD-chloride to give a final concentration
of 100 yM. The reaction mixture was incubated for 2 hours” in the
dark at 25°C, before it was applied to the column.  The pulse-
chase technique was as described in Methods with three sections
(1, 3, and 3.5 cm) being used, i.e. the 1 cm chase gel was combin-
ed with the 2.5 cm bot tom gel to givé 3.5 cm chase gel. . The
concentration of F;, in the reaction mixtures was 0.94 %g protein.
mL-! or 2.32 nM. Tﬁe pulse—-gel equilibration buffer contained 1.0
uM ATP with [y-32PJATP (1.6 x 105 cpm/nmole). The two F rea;tion
mixtufés were treated the same except for the addition or exclu-
sion of NBD—cthriden For the reaction mixture with;ﬁt NBD-
chloride, the 100% ATP bound corresponded to\a ratio of 0.1 mole
ATP/mole F,. (C) E& not treated with NBD-chloride, E] Fl

treated with, NBD-chloride). -~

+
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Figure 20

The effect of preincubation of F; with ATP before its appli-

e

cation to a pulse-chase column. The F) was added to the usual
reaction mixture which now also contained 4.0 mM ATP, and thei
‘mixture was allowed to stand for at least 20 minutes before
application to the column. The pulsé-chase technique was as
described 1n Methods, with.ﬁhree sections (1, 3, and 3.5 cm) being
used, 1i.e., the entiré bottom section (3.5 cm) contained chase
nucléotidg. The concentration of F; in the reaction mixture was
0.9 mg brcstein.mL'1 or 2,61 yM. The pulse-gel eduiliﬁration .
puffer contained 1.0 M ATP with [y-32P]ATP (2.14 x 10° cpm/
nmole). The two F| reaction mixtures were treated tHe same except
for &he addition or exclusion of ATP. For the reaction mixture

1

without ATP; the 100% ATP bound corresponded to a ratio of 0.1

mole ATP/mole F;. ( C) F] not preincubated with ATP,. | Fy

preincubated with ATP). ij ‘
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Figure 21

The effect of preincubation of F, with ADP before its appli-
cation to a column. The F; was added to a reaction mixture con-
taining 90 mM Tris—acetaté, pH 7.5, 1.6 mM MgSO, , and 100 QM ADP.
The mlxture w?s allowed to stand for 5 minutes before its applica-
tlog to the usual Sephadex centrifuge column (28 73). The
cenf}lggggtei;as added to the usual reactlon ‘mixture (90 mM Tris-
acetéte, pH 7.5, 1.6 mM MgSO,, and 47 yM Pj with [32pP]Pj), and
this allowed to stand £for 8 minutes pefore application to the.
column. The modified Sephadex centrifuge column technique
(preincubation mode) was used as described in Methods. The.
concentration of F, in the usual reaction mixture was 0.75 mg
protein.mL~=! or 2.17 yM. The specific activity of the [32P]Pj
used in the usual reaction mixture was 1.18 x 105 cpm/nmole. The
Fy reaqtion mixtdrés were treated the same except for the addition
or exclusion of ADP. .?or the reaction‘mixturé Qithout ADP-treated
Fi, the be% Pi bound correspogdea to a ratio of 0.25 mole
P;/mole Fll(o F; not ‘preincubated with ADP, and F] prein-

cubated w1th ADP).
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Figure’22

The "effect of preiqeqbation of Flvwith.EDTA before its appli-
cation to the column. The F; (in 50 %ﬁ Tris—-acetate, pH 7.5) was
added to a solution of EDTA (also in %0 mM Tris-acetate, pH 7.5)
to give a final concentration of 17 mM EDTA. vThe mixture of .F,
-and EDTA was allowed to stand for‘l minutes before its application

—

to the usual Sephadex centrifuge column (28, 73). The centrifu-~

.

gate was added to the reaction mixture to give final concentra-
tions of 90 mM Tris-acetate, pH 7.5, 1.6 mM MgSO,, and 47 pM Pj
with [32P]Pj, and this allowed to stand for 8 minutes before
application to the column. The modifiedVSephadex centrifuge
column technique (preincubation mode) was used as‘described in
Methods . The concentration of Fy in the reaction mixtufe was 0.68
mg proteiryglmL"1 or 1.97 uyM. The specific activity of the

[32P]P; in the reaction mixture was 1.22 x°10° cpm/nmole. The

F, reaction mixtures were treated the same except fof the addition_
or exclusion of EDTA. .For the reaction mixture without ‘EDTA-
"treated F,, the lOO% Pj{ bound corresponded to a ratio of 0.24
mole Pj/mole Fl. O F| not preincubated with EDTA, and . Fy

preincubated with EDTA). —
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Figure 23

’ The—effeét of ATP on the release of Pj ff;m F), when the
F)«Pj complex was given a pulse of ADP. The pdlse—chase tééh—
niéué was used as described in Methods, with four sections (1, 3,
1 and 2.5_ém) being used. Note that in this case the reaction
mixture contained labelleid P; as [32P]Pi (1.24 x 10° cpm/
nmole). The concentration of F; invthe reactiqn mixture was 1.0
mg pcrotein.mL‘l or 2.89 pM. The;pulse—gel equilibration buffer
contained 50 yM ADP with [3H]ADP (3.5 x 1l0% cpm/nmole). For the
F,+Pj complex not given pulse;gffADP (i.e, a 1.0 cnm spécer gel
usedhin,tead), 100% P; bound c§rresp0nded to a ratio of 0.21

moié“Pi/mole Fi} and for‘FlyPi complex given a pulse of ADP,
100% Pj bound corresponded to a ratio of 0.18 mole Pj/mole Fl

( C) F; not given pulse of ADP, and_E] F,| given pulse of ADP).
[Note that the total amount of ADP avéilable in the 1 cm of ADP-
pulsé—gel was 800 pmole, and._ the total ADP bound by F; in the
ceatrifugate waé 10.4 pmole.] The raﬁio of mole ADP/molenF1 w%é

0.02. The methods of determination and calculation were as

described in the legend of Table I11.]
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experimént, with a 1.0 cm 5.0 yM ADP ([3#]ADP)-cdntaining top

section, that both the amount of Pilﬁoundrto F, and the amount

of Pi,released were nét influenced by.the ADP-pulse S§eatment.

In édditidn, the experiment showed that a ratio of 0.02 mole ADP/

mole F, was obtained under the experimental conditions (or about

0.01 of the available ADP from the 1.0 cm top section was bound).

This iést series of experiments (Figs. 20-23) was performed in

order to ﬁést the possibility that Pj binding or Afp-faéilitat%d
 bi release might be affected by the presence of MggADP,boundité‘

F;. Bound ADP, which could be removed from F; by tgéitment with *

EDTA or incubation with pyruvate kinase and PEP, has been proposed

as the cause of lags in ATP hydrolysis catalysed by F; (115-119).

The purity of the F; preparations used in these experimen?é
was similar to that of Knowies‘and Penefsky (g?) as described
under methods. The NBD-chloride inactivation experiment shown in
Figure 19 indicates that even if some protein impurities were pre-
Sent,‘they did not bind significant amounts (< 5%) of ATP, and
therefore cannot account for the observed biphasic release of

label.

At present, there i; no satisfactory explanation available
for the biphasic Pj release observed. It is interesting 'that at
'sufficiently high ATP or ADP concentrations, all of the bound Pj
was released (Figs. 3 and 4). Possibly all of the Pj was bound

at catalytic sites, but the F; exists in different states and some



B ¥

[,

of‘thése cannot be activated by exposure to low ATP concentrations
on the time scale ofjthe ééphadex centrifuge column experiment.
It_waé found b& other workers that F), labelled by exposure to
subsﬁoichidmetric amounts of ATP, did not release all of its label

upon subsequent exposure to high concentrations of medium ATP

(103). -

Other published studies afe also consistent with the biphasic
Pi release observed in the investigations re orted here. 1In the
oriq}nal study of Pj binding torand its release from F;, about
10% of the bound Pj did not dissociate even at 48 minutes after
the addition of unlabelled Pj to the réaction mixture (73). A
semilog plct of the published data (Fig. 3 of Ref. 73), using the
48 minute point as the infinity value, is shown in Figure 24. .
This figure shows that the Pj dissociatiog which occurred did
-not follow clear first order kinetics. This result is consistent
with there being more than one kind of bound Pj. Similar
- results were obtained in another published study (96), and in the
‘:preliminary work which léd to the development of the methods used
.in the studies reported here. The results from the present
studies are shown in Figure 25. A.semilog plot of the Pj
release data from this experiment also does not éhoy clean first
order kinetics. The biphasic nature of the ABP=fddilitated Pj
release is evident from the experiment shown in Fi:Zre 25, 1in

which ADP was added to unlabelled Pj which was then in turn
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Figure 24

*

A semilog plot showing the release of Pj from Fl‘with
£ime. ‘The data were taken from Figure 3 of Ref. 73, with the 48
minute point being used as the infinity value. A[Pijbouna on‘
y-axis represents [mole Pj/mole bound at t min - mole Pj/

mole bound at 48 min} .

!
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Figure 25 3

The effect of nucleotides on the release of Pj bound to

® - »,
F;. (Repeat of Hutton and Boyer's experiment shown in Figﬁ?§p2 of

Ref. 9@.) A reaction mixture containing 90 mM Ta}s—Acetaté, pH
7.5, 1.6 mM MgSO,, 47 uM Pj with [32plpi (1.4 x 103 cpm/

pmole), and 3.7 uM Fl—ATPase was incubated for 20 minutes ét

23°C. 80 pL aliquots of the reaction mixture were applied in the
Sepﬁadex centrifuge column tedhnique as described by Penefsky (28,
73). The Sephadéx.G—SO—BO gel’waé equilibratéd in a buffer con-
taining 90 mM Tris—acetéte, pH 7.5, 1.6 mM MygSO,, and 47 M Pj.
Other 80 uL aliquots were mixed with 20 L of Pj, Pj and ATP,
or Pj and ADP to give final concentrations of 12 mM Pi and 20 -
mM ATP or ADP, respectively. 80 L aiiquots of these mixthres
were added to tﬁe Sephadeﬁ columns étwéhe times indicated,‘and

” .

centrifugation performed immediately:w The 100% P{ bound corres-

ponded to a ratio of 0.16 mole Pj/mole Fj. ( Z& 12 mM Pj, []

12 mM Pj + 20 pyM ADP, and () 12 mM Pi + 20 uM ATP).
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added to the F, reaction mixture to initiate [32pP]P; release
'~ﬁ§om F,. This experiment (Fig. 25) was performed using exactly
£he same conditions and précedure used in a similar study (96),
and the results obtained in the two studies were essentially

identical.

Alphough it has thus far proved impossible to either elimin-
ate or adequately rationalize the biphasic Pi(release, it is
consistent with pubiished resulﬁﬁ\(73, §6, ld%). In the analysis
of the results in the discussion secéion, attention will be
focused on the sensitive or steep phase of nucleotide-facilitated
Pi release from F;. A case will be made for the hypothesis that
the Pj released from F, in this phase is released from a cata-
iytic site, and that this reaction is a step in the catalytic
mechanism of Fl-catalysed ATP hydrolysis. The results will be

rationalized in terms of the catalytic mechanism.



DISCUSSION

The Release of Pj from F);: Preincubation Method

Figure 2 shows that at relati;ely low concentrations of the
' nucleotides, ATP waslable to efféct the release of Pj from Fl;
lwhéfeas ADP and AMPPNP had no'observable effect. The effect of
ATP can be explained by the "binding chaﬁge mechanism" (10,13,
97—99,12?} illustrated as shown in Figure 26. F; binds Pj
during the preincubation period to give t%e Fi.Pj compléx

(123). 'ThiS tightly bodnd P; is released very slowly (t1/2

2 minutes) from the F).Pj complex (73,96). However, when the
FloPi\complex passes through the ATP-containing section of the
column, ATP Becomes bound at one of the available ATP-binding
sites. Thé binding of ATP at an alternate site is‘able to
effect the conformational change necessary to promote the fastéf
release of Pj from F;. Grubmeyer and Penefsky (62) have
demonstrated that at least two binding sites are involved in
site-site cooperativity in the mechanism of action of F,. The
results obtained with ADP,iﬁ the middle section of the column
are explained by the failure of 'F;, to bind ADP under thesé
'experimental conditions. ThiQ:explanation is substantiated by
the observation in Figure 23 in that the ratio of mole ADP/mole
F} was 0.02, when a 1.0 cm pulse-section (with 5yM ADP) was

used. Thus with lower ADP concentrations in the middle sections
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Figure 26

Pi release from F; on binding of ATP (for simplicity only
two binding sites are shown). The designations are as follows:

(1) E represents F,, (ii) > or < represents a transitorily
N ’!“\ . 1
tight bound substrate or prodét§~molecule, and (iii) a center

dot represents a more loosely bound substrate or product

molecule. (See Refs. 70,93,94.)
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ﬁhe amount of ADP bound was not significant. Grubmeyer et. al.
had found that the ratelof ADP binding to F,, (103 M-l.s-l), |is
three orders of magnitude lower than that of ATP (104). Since
low concéﬁirations of AMPPNP bind as well as ATP to F, under
these experimental conditions (Tables IIT and IV, Figure 15 and
Ref. 124), it can be concluded that the bound AMPPNP‘(Low
concentrations) was, unlike ATP, unable to effect the conforma-

tional change which results in the release of P; (Fig. 27),

High concentrations of all three nucleotides wereyabié'to

-

effect the total release of Pj from F; (Figs. 3-5). At these

high ATP concentrations (Figs. 3,4), since ATP is present'in
greater than stoichiometric amounts, the probability of each
F,+Pj complex binding an ATP moleéule is greatly enhanced,

thus resulting in the greater release of Pi from the F;.Pj

complex (Fig. 26). It is also possible that the high nucleotide

concentrations were able to make more F, active under these )
experimental conditions, there8?~accounting for the greater
release of Pj from the F,.P4y complex. In addition, it is
possible in the presence of excess ATP for each F).P;j complex

to bind a second ATP molecule, thus accelerating the release of.

Pi from F; at least two-fold (104).

!
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. Figure 27

Pj release from ¥; on exposure to low AMPPNP

concentrations (Figure 2).

symbols. )

(See Figure 26 for explanation of -

.
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Grubmeyer and Penefsky found'éhat a third binding site was
0ccu§ied after prolonged (30 to 60 minute) incubation with high
concentratiogél(S to 100 uM) of TNP-adenine nucleotides (Mg2+
présent in}buffen): The presence of a third site for the
nucleotides AMPPNP and ADP on F; was also observed under similar
condidtions of incubation (60;61)." Howevér, whether this third

"nucleotide bindihg site is a catalytic site or a low affinity

X
S

exchangéable site which serves—a “regulatory role was not clearly
/

dlstlngu1shed {104). Oné possibility involving three sites and
T ¥
. A \
the’binding of a second ATP molecule is shown in Figure' 28.
Evidence has been presented for three separate interacting sub-
units per molecule of F, (48,98,99). Figure 11 and Table III
show that the amount of ATP bound by F] increases as the ATP
concentration increases for low concehtrations of ATP. Figure
15 and Table V show that the amount of ATP bound increases until
a maximum value is reached, and that it is possible for F, to
bind more than one ATP molecule at high nucleotide concentration
(100 pM). Note that in the experiments described in'Figures 3
and 4, 10 to 100 and 0.1 to 25 mM ATP concentrations, respect-
ively, were used, thus the possibility of F, binding more than
. 1 E . ‘
one ATP molecule is likely. However, as polnted out by
Grubmeyer and Penefsky (61,62), it is not necessary to invoke a

third site to explain promotion of the release.pf hydrolyzed

nucleotides:
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Figure‘28

P; release from F) on exposure to high ATP

concentrations. (For explanation of symbols, see Figure 26.)

e
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The effect observed with high concentrationé of ADP (Figure
5) can be accounted for if a small amount of (~s1.4%) of ATP is’
present in these ADP preparations (i03,123). This ver&'small
percentage (m/i.4%) of ATP in the 0.1 to 10 mM ADP w%uld yield}a; .

. . . ’
. range of about 1.4 to 140 yM ATP coacentrations, which would be

sufficient to effect the release of Pj irom F; (Figure 5),

This explanation, in addition to the longer time of incubation

of F)«Pj with nucleotide, may account for the effect of ADP on
the accelerated release of Pj from F) observe& %y Hutton aﬁga-
Boyer (96).° 1In their studies about 0.28 uM ATP ﬁay have bggg,ﬁ
present in their 20 M ADP preparation in addition to their

longer incubation time of about a minutg. .This longer'time of

incubation would allow ADP to bind to F,. Grubmeyer et. al.

N

found that the rate of ADP biﬁding to F; was 103 M-l.g-l (1Q3)J

Penefsky (73) has also observed(that high congsntraﬁiéns (30-£3Uﬁ~(//
uM) of ATP and ADP (Figure 9 of Ref. 73) inhibited the binding"

of Pj to about the same extent. :Penefsky's ADP preparations

in the range studied may have contained about 0.42 to 1.68 ;M

ATP, and in addition he used a long incubation period of 30

minutes. Tﬁe results reported here (Figures 1-5) show that the
release of Pj is more sensitive to ATP than to ADP, and - that

the Pj release observed with high ADP concentrations can be

accounted for by the presence of trace amounts (~v1.4%) of ATP

in the ADP preparations.. High nucleotide concentrations

P



(Figures 3-5) enabléa the release‘Pf the P; 0\/303) which
remained bound at low ATP concentrations. One possible explana-
tion is that high nucleotide concentrations resulted in higher
ionic strength and this effect alone caused the release of bound
Pi, which was insensitive to lower ATP concentrations.
Kasahara and Penefsky‘found thathgalts inhibited Pj binding to
F, which was attributed to their effects on the enzyme and on .
the ionic strength. It is also possible that at the low ATP
concentrations used, approximately 60% of the F, is not active,
but this fraction can become active upon longer exposure to ATP
or upon brief exposure to high ATP cg::;nirations. A

‘In the experiment described\in Figure 1, a higher concen-
tfationcof AMPPNP was used than in that described in Figure 2.

The nucleotides ATP and AMPPNP show basically the same pattern
of Pj release from F]; (Figure 1 and Ref; 123), however the
sensitivity of Pj release to ATP is greater (Figure 1).

Figure 15 and Table VI show that the amount of AMPPNP bound by
F, increases as the nucleotide concen£ration in the column
increases. At higher AMPPNP concentrations (i.e. > 1 M), the
release of'Pi from F), is observed, thus the conformational
chahge which results. in the release of Pj has been achieved.
This can be expléiged if it is assumed that more than oﬁe AMPPNP

molecule binds to F, (Figure 29). It was shown that ATP and

AMPPNP bind to F; equally well (c.f. Tables III and VI, and see

3



Figure 29

Pj release from F} on exposure to high AMPPNP

concentrations.

~
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Ref. 124), and that AMPPNP did not cahée.a release greater than
30% of the bound AMPPNP from F, (Fig. 10), thus the net effect
is that AMPPNP accumulates on F; in the presence of higher
AMPPNP éoncentrations. There is no hydrolysis of AMPPNP so it
remains bound to F) (125,126). Cross and Nalin (48) have demon-
stratéd the presence of three readily exchangeable AMPPNP
binding sites that are distinct from three very slowly exchange-
able AMPPNP binding sites on F;, so the F;.Pj complex can bind
a maximum of two AMPPNP molecules at the catalytic sites. The
:second AMPPNP molecule bihding at the third site would be doing
so with a lower affinity; Cross and Nalin found one high
affinity site, Kg = 18 aM, and two lower affinity siteé, Kqa
= 1.0 uM (48). Penefsky's observation that AMPPNP was more
effective than ATP in inhibiting Pj binding to F; (Figure 9 of
Ref. 73) can be explained as éutlined below. AMPPNP is not very
effective ;n pfomoting the release of bound AMPPNP from Fy
(Figuré 10), whereas ATP is very effective in promoting the
release of bound ATP (i.e. hydrolysed ATP) frbm F, (Figure 13).
) i
Therefore, when F] is incubated with AMPPNP fewer binding sites
are available for Pj binding (see Figure 15, and Tables V ahd‘

VI). The order of effectiveness of the nucleotides in promoting

the release of P; from F; is ATP > AMPPNP >> ADP.



The finding that ATP Qquenches the aurovertin fluoreséénce,
whereas AMPPNP (a strong, competitive inhibitor of ATPasge
activity)~does not (31,127) led Ferguson et. al. to suggest’the'
possibility that aurovertin fluorescence quenching may represent
something more than mere ATP binding. They suggested that

subunfq;iiggnit interactions may be occurring. This proposal

may well explain why ATP is more effective than AMPPNP in

promoting the release of Pi from F;. (In thé preincubation
mode, the slopes. of the Pj release curves are l40%.p.M‘1
(Figure 6), and 13%.pM-1 (Figure 7), with ATP and AMPPNP,

respectively. Thus ATP is about 10 times more effective than

AMPPNP in promoting Pj release from Fj.)
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Release of Pj from F): Pulse-Chase Method

‘
The pulse -~chase method offered the opportunity to study thg}-

effect of the nucleotides on the release of Pj from F, when -
ADP was also present at the catalytic site. Chase-ATP was
effective in echieving the conformational change which resulted
in the expulsion of P{ and ADP from F; (Figures 6,8,9).

Figure 30 shows a schematic representation of the process that
may be occurring: the pulse-ATP (at equilibrium with ADP,Pj)
is bound at one site, and the chase-ATP binds at another site
(61,62,103,104); this latter event then effects the reTease ot
hydrolysed ;hlse—ATP (i.e. ADP,Pji) from F;. Thuslthe presence
of ADP at the same site with Pj did not prevent Pj release

nor ATP binding at an alterndte site.

The results‘obtained with chase-ADP are explained, as for
the preincubation studies discussed above, by the failure of Fy
to bind ADP under these experimental conditions (Figure 23).

The small Pj released obeerved (Figure 8) can be accounted for
by the presence of trace amounts of‘ATP in these ADP prepara-
tions (e.g. 100 pM ADP solution may contain about 1.4% ATP, &
~i.e. 1.4 uM ATP, which accounts for the results shown in Figure

8) (103,123).

[



Figure 30

P; and ADP release from F; on the binding of chase-ATP.

.
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Figures 7 and 8 show‘lhat AMPPNP was able to effect the‘~
release of P; from F; 1in the presence of ADP at thg cétalytic
site. Iq addition, AMPPNP was about équally effective as ATP ;n
promogihg'the release of Pi from F) 1in the.presence of ADP
"(Figﬁre 8). Figure 31 illustrates the process that may be
ocgurfington therﬁiﬁding of AMPPNP. ThéAFi now has two
,,naéleot%Ae—bindiné sites filled, one with ADP plus Pj at‘
equiéibriu%’with ATP (61,62), and the other with AMPPNP (an
(analog of A&P): ﬁhereforé“t?e conformational change is achieved
as when éhaseQATP is bound (c.f. Figures 30 and 31); Since the
~effects of ATP and AMPPNP on the.reiease of hydrolyzed ATP were
similar (Figures 6-8), hydro}ysis of chase-ATP. (or nucleotide)
is not neceSSary‘for,the release of hydroiyzea pulse-ATP. What
is necess;ry,is for a secénd ATP—bindihg site to be filled.
Thus binding of ATP oanMPPNP (i.e. substrate orvspﬁétrate
analég)’at another site is sufficient to effect the ‘conforma-.

tional change which results in the release of P{ from another

site on'F, whlch also contains bound ADP. In the presence of

' ¥

ADP at +the-catalytic site, the’ order of effectiveness of the
nucleotides”in: promoting the release of P; from F|, is ATP =

i

AMPPNP »>> ADP.

In Figures 6 and 13, the slopes (46 and 45%.uM~l, respect-

ively) of the ADP/P; release curves of the ATP-chase experi-
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Figure 31

»

and ADP release from F; on the binding of chase
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ments were approx1mately/equal' and 1in addition tHey were also
eqoal to the slopes (45%.pM—l in both cases) of the ADP/P;
release curves of the{AMPPNP-chase experiments shown in Figores
7 and 14. This demohsﬁratos thqfrzzalvalent concentrations of
ATP and AMPPNP in the chase had the same effect (Flgure 8).
Whereas, a comparicon of the slopes (120 and 170%.pM- , respect-
ively) of the chase-ATP binding curve (Figure 13) and the chase-
AMPPNP binding curve (Figure 14), indicates that more AMPPNéU
than ATP is binding per mole of F;, at an equiyalent nuclegtide
. concentration (see also Tables V ;hd VIi). However, the ratio of
the slopes of chase-ATP to chase-AMPPNP binding- (120/170 or 0.7)
1s not of such a magnitude to éuggest that labelieo Fy is
Pinding more than one AMPPNP molecule_at these nucleotide:
concentrations. Since thé ratio of the slopes of the chése-ATP
binding curve to that of the ATP (i.e. ADP,Pj)-release curve
(Figure 13) is approximately 2.8 (i.e. 120%.@m—1 + 43%.uM-1)),
and not 1, it must be that chase-ATP molecules are binding to F,

A

without pulse-ATP molecules.

Grubmeyer and Penefsky (61,62) have found hhat hydrolyzable
nucleotides such as ATP, GTP, and ITP are excellent promoters of
hydrolysis or release of previously bound E&P;[y-32P]ATP,there—
as non-hydrolyzable nucleotides such as TNP-ADP, ADP, and AMPPNP

give lower rates and extents of hydroWsis. In the experiments

o

Iy



reported here, however, the non-hydrolyzable nucleotide, AMPPNP,
§ . . :
which bound to F, was almost as effective as the hydrolyzable

[N

nucleotide, ATP, in promoting the release of previously bound

‘P{ and ADP at equilibrium with ATP. Grubmeyﬁr and_Pehefsky

(62) were using higher concentrations of nuczeotides (e.g. 100
uM AMPPNP,k 1 mM ADP, and 140 yM ATP-ADP (see Figure 5 of Ref.
62)) in their experiments. (In the pulsé-chase studieé reported
here,'léwer nucleotide concentrations (below 2 pM) Were\able to
promote the release of Pj and ADP (Figures 6-8)). It is also
possible that their observations are equivalent to the observa-

tions made in the less sensitive phase of release seen in both

- preincubation and pulse-chase modes of the studies reported

herein.



Comparison of the Results of Preincubation and Pulse-Chase’

Studies

It appears that ATP was more effective in\pfomoting Pi
release from F; in preincubation experiments than in pulse-chase
experiments (Figufe 6),"&nd a schematic diagram of each‘procesé
is shown in Figures 26 and 30, respectively. The two processes‘
are similar except for the presence of ADP at the Pj binding
site in the pulse-chase experiments. Since the sensitivity of
the P{ release to ATP is apparently greaﬁer in the preincuba-
tion than in the pulse-chase experiments, i.e. P; release 1is
greater in the absence than in the presence of ADP at the same
catalytic 'site, it appears that ADP at thé same catalytic site

with Pj is influencing the Pg#felease reaction.

v

In Figure 6, the slopes of the Pj Felease curves are
‘140%.pM-1 (Preincubatibn Mode) and 45%.pM“1 (Pulse-chase MOde)/
respectively; and the ratio of the slopes (Preincubation/Pulse-
chase) is approximately 3 (140%.pM-1 : 45%.,M~1). [N.B. In the
preincdbétion mode, the mble of label bound/mole of F, 1is
approximately 0.2 to O.3; whereas in the pulse-chase mode, the
mole of label bound/mole of F, is approximately‘O.l, before
‘gxposure to nucleotide.]}  One likely explanation which may

account for the less effective release of Pj in the pulse-

chase experiments than in preincubation experiments is

1



&

competition between labelled and unlabelled F, for the chése—
ATP. That there is competition between labelled and unlabelled
F) for chdse-ATP is substantiated by Figure 13 and Tabie V. The
slope of the chase-ATP binding curve is 120%.pM-!, and that of
the Pj release curve is 43%.pM~1; thus the ratio of ATP

binding to Pj release is appro#imately 3 (120%.pM~1 =

43%.uM‘i),‘and therefore chase-ATP is very likely also binding

to unlabelled Fl'

Figure 7 shows that AMPPNP was more effective in facilitat-
ing the release of Pj in the pulse—cﬁase mode than in the
preincubation mode, thus in spite of the greater competition by
unlabelled F, for chase-AMPPNP in the pulse-chase experiment.

In the preincubation experimen;é, relatively low amounts bf
AMPPNP were not effective in promoting P; release from F,
(Figure 2), whereas higher amounts of %MPPNP were effective
(Figure 1). These results are diagram;d in Figureé 27‘and 29,
respectively, and the effect of AMPPNP in pulSe-chase experi-
ments is diagramed in Figure 3l. A comparison of Figures 29 and
31 reveals that the two processes are the same except that in
~one case (preincubation mode) two AMPPNP molecules are required;
whereas in the other case (pulse-chase mode) one AMPPNP molecule
is required; and in addition, ADP is absent at the Pj binding
site in Figure 29 and present ‘at the Pj binding site in Figure
31. Thus the difference shown by the two processes may be

attributed to the ADP at the Pj binding site. 1In Figure 7,
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the slopes of the Pj release curves of the preincubation and
pulse-chase modes are 13 and %5%-pM—l, respectively; hence from
the ratio of the slopes (Pulse-chase:Preincubation, i.e. 43:13),
the release is about 3 times‘greater in the pulse-chase mode
than in the preincubation mode. It is therefore easier for |
AMPPNP to effect the conformational change (which résults in the
release of Pj), if another nucleotide (i.e. ADP) is present at

~the Pj binding site.
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Release of AMPPNP from F,: Pulse-Chase Methods

Chase-AMPPNP was not very effective in expelling the bound ’
pulse~AMPPNP (< 30%) from F, (Figure 10). AMPPNP is not |
hydrolyzed by F,, hence all the AMPPNP bound in both pqlse and
chase accumulates on F). (As mentioned bgfore, 1] Ean céntain a
maximum of three AMPPNP moleculés at the exchahgeable nucleqtide\
‘binding sites (48)). Table VI supports the hypothesis that
chase-AMPPNP is bound and accumulated on F, as the chase—-AMPPNP
concentratioh increases. Figure 32 Offers a scheme for tﬁe
non-release of pulse~AMPPNP from F, on the binding of chase-
AMPPNP: the pulse-AMPPNP is not hydrolyzed and it is not
readily changed from being tightly bound to loosely-bound (under
these experimental conditions). This relative inability Of
AMPPNP to promote the rapid dissociation of AMPPNP from
F) «AMPPNP complex was also found by Nalin and Cross (102); This
finding lends support to the.proposai of ‘Ferguson et. al. (127)
that the binding of AMPPNP is different from that of ATP in that

ATP is more readily able to effect subunit-subunit interactions.



- 94a -

Figure 32

The binding of pulse-AMPPNP and chase-AMPPNP to F,.
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Conclusions
Several conclusions were made from this work. These
included: (1) The order of effectiveness of the nucleotides

(A%P, ADP, and AMPPNP) in promoting the release of approximately
70% (i.e., the steep phase of the biphasic release) of the bodnd
P; ( 0.2 mole Pj/mole F;) from F; was ATP >AAMPPNP >> ADP.

(ii) Only binding of ATP or AMPPNP (substrate or substrate
analog) at an alternative site (hydrolysis of incoming nucleo-
tide was not necessary) was essegtial to produce the conforma-
tional change which resulted in the release of bound Pj from

F;. (iii) The ratio of mole of Pj released from F; to mole

of ATP' bound to F, was approximately one, thus one molecule of

incoming ATP was able to effect the Trelease of one moleculelof

bound Pj from F;. This observation implied that the Pj wds
probably binding at a catalytic“site. (iv) More than one mole-
cule of AMPPNP had to bind to Fy in order to effect the release
of bound Pj from F;. This observation implied that the bind-
ing of AMPPNP was somehow different from the 5inding of ATP to
~the Fl-Pi>complex. (v) Both ATP “and AMP?NP éffected the

N
release of bound Pj in the presence of ADP, wi%h-equal sensi-
tivity 1in the steeé bhase of -the biphasic release of P; from

F,. (vi) Bound Pj and ADP were,probably&released with equal

sensitivity from the F,+.ADP«Pj complex by incoming ATP. (vii)
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»

The results were cqnsistent with the binding-change mechanism

-

for the F, zétalysed hydrolysis of ATP. (viii) Lastly, the
modifiad Sephaaex centfifuge column technique developed here
(both preincubation and pulse-chase modes) could be used in the
investigation of other complex multisubunit enzymes (110,111)

which have tightly bound molecules and in which subunit-subunit

interactions are thought to be involved in the catalytic

«,

process.

2N



FUTURE WORK , >

1. Since AMPPNP.can effect the release of hydrolyzed ATP

(ADP,Pji) from F; (Figure 7), it is desirable to know whether

the reverse is also true. This would Tndicate whether thefbound

nucleotide does or does not have to be hydrolyzed before being

released from F, in the presence of incoming ATP. In addition,

ot effect the release of bound

it was shown that AMPP

AMPPNP from ﬁl as well ag it did effect the release of hydrolyz-

: \
ed ATP (c.f. Figures 7 a 10). Thus it is also desirable to

compare the effects of ATHF and AMPPNP on the release of AMPPNP
from F,. This may lend #ﬁpport to the proposal ofAFerguson gﬁ.
al. (127) that the bihd{hg of AMPPNP is different from that of
ATP in that ATP is more readily able to effect subunit-subunit
"interactions. These proposals can be investigatedcby using both
pulse—éﬁase and preincubation type experiments oﬁtlined in this
study (see Materials and Methods). In the pulse-chase modé of
the Sephadex centrifuge column technique,_labelled‘AMPPNP ([3H]-
AMPPNP) will be used in the pulse-section, and labelled ATP
([Y~32§]ATP) will bé used in the chase section. 1In the preincu-
bation mode, the F, Qill be preincubated with [3H]AMPPNP before
being applied to the column with [y-32PJATP in the middle
section of the column. In these experiments, the F;.[3H]JAMPPNP

complex is exposed to incomihg [7—32P]ATP of various concentra-

tions. The amouni of each type of label bound is monitored,
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thus the eéfe8£ of ATP on bound AMPPNP can be determined. If as
the ATP concentration increases, less [3H]AMPPNP lébel ié'found
on—¥" this'wouid imply that ATP effects the release of previous—‘\
ly bound AMPPNP fgom Fl. On the other hanap,if asithe AT |
concentration increases, the amount- of [3H]AMPPNP label on Fy
remains unchahged, this would imply.thaﬁ ATP does not ;fféct the
release of previously bound AMPPNP from'F,. if ATP cah effect
the release of AMPPNP from F,, Whereas AMPPNP cannot do éQ |
(Figure 10), this wéuld indicate that the_b;ndipg of ATP is dif-
férént frém ﬁhaﬁ of AMPPNP. An interesting question that may .be
iaised in: these iﬁ&éstigatioqs is whether the incoming ATP would
be hydrolyzed'and released in preﬁgrqnce toAthe release of the
previously bouhd'nonehydrolyzabié AMPPNP.' This méy be looked at
by doing the appropriate controls and/or tests, e.g., running
colhmns without AMPPNP in the pulse for_ each ATP concentration 
gsed’to seeahow‘much ATP is boﬁnd, and examining the bottom pa?t
of the ecolumn for [3?b]Pi and [y-3?P]ATP (see Methods and

Ref. 114). Altérnati?ely; comparable quantities of labelled
AMPPNP can. be placed in the chase (uniabelled AMPPNP in the

pulse) to determine how much AMPPNP is bound under these condi-

tions. <Aésuming that ATP ‘and AMPPNP bind equally well to Fi.

7L§bcan be determined how much ATP should bind in the chase.

L}

1Thu§ if 1e§s‘ATP than expected is found on Fl' it can be assumed

Sy P
that the ATP was bound but was hydrolysed and released preferen-

N : t} ' N .
tially to ‘bound AMPPNP.

- F
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2. The sensitivity of réleaée'of’Pi and ADP (both from

hydrolyzed ATP) from F; by’incoming ATP were shown t& be similar

in these’ studies (Figure 9). However, the rate of release of
bound ADP (the other prbduct of ATP hydrolysis by F; ) Qa; ot
extensively studied as was done with bound Pj. Thbs it is |
- proposed to investigate the release of bound ADP (i.e. in the
~absence of Pj) from F;, on exposure to ATP and AMPPNRé In
preincubation studies: the F, will be preiricubated with
labelléd'ADP (E3H]ADP) beforehapglicatioﬁ to columns with ATP,
“or AMPéNP in the middle sections (cf. Figures 1-5). ° -
(Precautions will be taken to'ensure that the small amount of
ATP is femoved from the ADP solutions (3i)). The ;esults‘of
these findings will be comparea with those'illustratedﬂin
Figures 1-5. If the resufts are similér, this would indicate

that ADP and Pj do bind at the same site, $incde the

conformational change effected by the incoming nucleotide should

be similar in both cases. ! t

These results would aiso tell of the relative effectivéness
of the two nucleotides (ATP and AMPPNP) in promoting the release
of ADP from F;. It was proposed in Figure 31 that AMPPNP was
just as effective as ATP. in promoting the release of Pj from
F, in the pulse-chase mode (Figures 6;andv7) because ADP
(another-nucleotide) was present on Fl‘ Therefore in these

/ .
experiments, it is reasonable to expect that AMPPNP be just as

effective as ATP in promoting the release of ADP from F, . Thus



- 100 -
A
\

the proposed mechanism of %i release in the presence of ADP by

I .
AMPPNP (Figure 31) can be further enhanced or be called into

3
-~

guestion. ;
.

Usidg pulse-chase experiments, the fole of Pi on tﬁe
release of ADP in the presence of incoming hucleotides will be
investigated. The -F; will be preincubated with labelled ADP,
i.e. [3H]ADP’ahd applied to columns containiﬁg labelled Pj
(i.e. [329351) of varied éoncentrations in the pulse secﬁions,
and either ATP ér AMPPNP (fixed concentration) in the chase
sections. If,vaS the Pj concentration in the pulse increases,
the release of labelled ADP on exposuré to chase nucleotide
decreases, this would suggest that the éi is binding at a
catalytiq site and thus preventing the binding of chase nucleo-
tide. The amount of nucleotide bound in the chase in the
absence and presence of the Pj pulse'can‘be determined by
doing the appropriate control éxpetiments, i.e. F; is not
preincubated with labelled ADP, but labelled chase nucleotides
([34]ATP or [3H]AMPPNP) are used. Thus the experiments outliqed

“iu this section should help to clarify the role of ADP at the

- nxcatal&tic sites and what influences its release from F,.

3. To show that catalytic sites are involved in the bind-

e

ing and release of'nucleot}des to and from F;, pulse-chase
' A2

experiments will be performed as outlined below. The F, will be

4




preincubated with labelled ADP ({3HJ]ADP) and then applied to
rfcolumns,which contain labelled ATP ([Y—32P]ATP) (fixed concen-
tration) in the pulse—section and unlabelled ATP (variable .

- concentration) in the chase section. The amount of each type of

e

B S -
label on the F; will be monitored. TheﬁEgLseﬂATP‘igléxpected to

SRSVERI et

effect the release of labelled ADP; and the chase-ATP in turn 1is

-

expected[po,pféﬁote‘the release of pulse—ATP (as well as

laﬁéiied ADP). This experiment would demonstrate that what got
oni%hgygﬁzyme can get off, i.e. the pulse-ATP, which effected
the release of previously bound ADP, can in turn be released (as
ADP and Pj) from its binding site by chase-ATP. 'Thus if
chase—-ATP can effect the release of pulsquTP, therefore most
likely binding of pulse-ATP and release of hydrolyzed pulse—ATP

(ADP and Pj) is occurring at the same site, i.e. a catalytic

site.

4. Similar studies as thése performed here (both préincu-
bation and pulse-chase modes) can be carried out with chloro-
plast, bacterial, other mitochondrial ATPaées, and other
ATPases. Since these enzymes are similar or similar mechanisms
may be involved, the studies will be helpful in revealing simil-
aripies or differences. Other complex multisubuﬁit enzymes 1in
which subunit-subunit interactions are thought to be involved in

the catalytic process may be similarly investigated. Examples

‘
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of such enzymes include Alkaline Phosphatase, Alcohol
Dehydrogenase, Succinyl-CoA Synthetase, Glyceraldehyde-3-

Phosphatase Dehydrogenase, and Malate Dehydrogenase (110,111).
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APPENDIX I

~

Development of the Modified Sephadex Centrifuge Column Technique

Introduction

In an investigation of the effect of nucleotides (ATP and
ADP) on the release of bound Pj from Fj, the e#periment of
Hutton and Boyer was repeated. The results shown in Figure’25,
were similar to theirs (Fig. 2 of Ref. 95). It was concluded
wthat bbzh‘ATP and ADP facilitated the dissociation of Pj from,
Fi, and‘that the effects of ATP and ADP were not distinguishable
‘below 15 Seconds. Penefsky had previously found that Pj binds
reversibly to F) with a half-life of about 2 minutes (73),

whereas the half-life for release of Pj in the presence of

nucleotides is shorter (Ref. 96 and Fig. 25).

Thus in order to distinguish Eg; effects of ATP and ADP on

the release of Pj from F;, another approach was used. Some of
the experiments performed in the modification of the convention-
. ; :

al Sephadex centrifuge column technique are reported here.

Results and Discussion

The Effect of ATP-Containing Gels in the Middle of the Columns

Figure lA outlines the preparation of a column with an ATP-
containing section in the centre. The rationale was that the F,

© in moviﬁg through the column during centrifugation would have
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‘ ‘ Figure 1A

Outline of the modified Sephadex centrifuge column

" technique: -

(a) Preparation of the gels. Two sets of Sephadex columns‘Were
prepared (28,73). in one set the equilibration buffer of the.
Sephadex coéntained: 90 mM Tris-acetate, pH 7.5, 1.6 mM MgSO,,
and 47 uyM Pj. The other set had'ATP added to the equilibra-

tion buffer.

(b) Removal of gels. The gels weré removed from the column
barrel by decanting gently. The gel without ATP was cut into

two halves W 1.5 cm), and from the ATP-containing gel was cuit

T

quilibrated gels

a measured length.

(c) Assembly of column. One of the buffer-
was placed inside the column barrel. The P-containing gel was
placed on top of the previously inserted g£l. Lastly, the other
buffer equilibrated gel was placed on top @f the ATP-containing

ge}., | { |
(d) - Column assembly. The reassembled columm’was placed in a 15

mL conical centrifuge tube, and was then ready for use.

d e ey gt -
LRy
Tmaln
R
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i 1T
Column 1 is equilibrated with the
appropriate buffer

Column 2is equilibrated with

nucleotide in buffer

(0)

S —

Gelsareremoved from columns
Gel 1is cutinto halves
Fromgel 2, xcmis cut

(c)

1

N
1L

=

The pieces of gels are arranged
as shown above and then
reassembledinacolumn

(d) /

Thereassembled columnis
placed ina centrifuge tube
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only brief contact with the ATP of the ATP-containing gel. It
was expected that this relatively brief exposufe would be enough

for the ATP to exert its effect (see Fig. 25).

Figure 2A shows that as the concentration of ATP in the 1.0

cm middle ATP-containing section of the column increased, 'so did

the release of bound Pj from F. This clearly demonstrated
that the F; had access to the ATP of the ATP-containing middle
section., However, all of the bound Pji was not removed from F,

despite the high concentration (400 mM) of ATP used.

Figure 3A shows that on increasing the length of the ATP-
contaihing middle section, the release of bound Pi from F,

also increased. From the results shown in Figures 2A and 3A, it

N

was inferred that the removal of all bound Pj from F;, might be ke

possible if (i) the amount of ATP in the middle section was

s
X st

higher, or (ii) the ATP-containing middle gel was longer, or .
, . ®
(iii) the time of contact between F; and the ATP was longer.

-

Experiments were performed with the reassembled columns
containing various fixéd lengths of middle gels, with éach fixed
length having been equilibrated with buffer contairing differeﬁt
coﬁcentrat;oqs of ATP. Figure 4A shows the results of the first
éuﬁh experimentv‘in thch al.5 cm ATP-containing middle section
was used. It should be noted that a very high concentration
(458 mM) of ATP was used; and that it was iﬁpracticable to use a

higher concentration in the equilibration buffer since the maxi-

i

’ i



- 106a -

) , Figure 2A

The effect of ATP on the release of bound Pj from F,.
The reassembled columns were prepared as described in Figure
1A. The concentration of ATP in the equilibration buffer used
to prepare the 1.0 cm middle ATP-containing gels was varied (O,
lOO, and 400 mM). 80 pL aliquots ofy a reaction mixture csntain—
ing: 3.7 pM F;, 90 mM Tris—écetaté, pH 7.5, 1.6 mM MgSO,, and
47 uM Pj with [32p]p; (1.3 x 105 cpm/nmole), which had been
allowed to stand for 30 minutes at 23°C, was added tb thé reas-—
sembled column. Centrifugation (1050 x g) was carriéé out
immediately for 2 minutes. For each ATP concentration a
control, i.e. no ATP in the middle gel, was also run simultane-
ously. The 100% P; bound corresponded to a ratio of 0.35 mo'e

P;/mole F;. Each point is the average of duplicate experi-

ments.



. 106b -

o
i E®)
N w0
o
-1 0O
<t
o
—H4 O
(4]
>
E
a’
[
<,
(@]
-4 O
o\ ]
o
-1 O
—
ok l l ' ’ o
Q 0 (0] < 8 (@)
—

(w110 J0 %) ANNOg 'q



- 107a -

Figure 3A

The effect of ATP on the release of bound Pj from F,.

PN ke

The reassembled columns were prepared. as degqribed in Figure
1A. The conditions and concentratlons were. the same as
described in Figure 2A, except that a concentratlon of 100 mM
ATP was in the eqyilibration buffer used to prpare the differ-
ent lengths of the ATP-containing middle gels.\\The specific

activity of the [3293Pi added to the reaction mi;tuge was 1.2
' N

x 106 cpm/nmole.. For each length a control, i.e. a eslqmn with
\_\

ng\ATP In the middle gel, was also run simultaneously. ﬂhe 100%
. ' N\

Pj bound corresponded to a ratio of 0.17 mole Pi/Tgie F,.

Each point is the average of duplicate experiments.
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g . Figure 4A

L

The effect of ATP on the release of bound Pj from F,.
The reas§embled columns were preparedvas described in Figure
lA;~ The conditions and concentrations were the same as describ-
ed in Figure 2A, except that the length of the middle section

was kept constant at 1.5 cm, and the ATP concentration was
. Pd

-

varied (0, 100, 458 mM) in the equilibrationmbuffér of the

middle gels. The specific activity of the [32P]P; in the /

>
-

reactjion mixture was 1.23 x 10® cpm/nmole. 150 L aqunotswef/
the reaction mixture were added to the reassembled columns. The "
~
100% Pi bound correspdnded to 0.18 mole Pj/mole Fj. Each :

point is the average Qf duplicaté experiments.
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mum solubility of ATP was being approached. A comparison of \\‘
. : : ~
Figures 2A and 4A shows that as the length of the ATP-containing

middlé section increased, so did the amount of P; released \\
. - \
from F;. | C

Experiﬁents with 2.0 ém ATP-containing middle sections gave
results (not shown) similar to those obFainéd previously (Fig.
4pn). Here even'with the incresed length (2.0 cm) of the ATP-
containing middle gel (300 mM ATP in;the equilibration buffer),
not all the bound P;j was released from Fy. Experiments were
also performed with a longer ATP-containing mid-section gel (3.0

cm, 300 mM ATP in the eqguilibration buffer), and again not all

the bound Pj was removed from Fj; equilibrated with F;.

LY

The reassembled columns were subjected to various centrifu-

gal forces (from 420 x g to 1050 x g, i.e., Setting No. 2 to

No. 5,'I.E.C. Clinical Centrifuge, Rotor 221). The-objective of
_— R
this experiment was to allow longer exposure of the F, to ATP in

the middle section. The experimental conditions and procedures
were as described in Figures 1A and 2A, except that the 1.0 cm
mid-section gel was equilibrated in buffer containing 100 mM

ATP. For eaéthpeed of centrifugation investigated, the timeﬂbf

S

centrifugation was kept constant (2 minutes). It was found that

/

“

centrifugations at 420 x g, 630 x g, and 840 x g produced dels
which were difficult to handle, i.e., these gels were difficult

to remove and reassemble without being broken. K Centrifugations

;
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of reass%yﬁied columns at 630 x g and 840 y g gave negligible
/

amountsfof centrlfugate . The centrlfugatlons at 1050 x -9 pro-
duced gels which were easy to work with, and with the reassembl-

L]

ed columns gave enough centrifugate. Thus all centrifugations
(préparation of gels and investigations with F}) were at 1050 «x
g, hence speed of centrifugation was eliminated as a variable to

increase the contact time between F; and ATP of the mid-section

\
[——

gel.

Determination of the Optimum Léngths of Gels for the Top and

Bottom Sections of the Reassembled Columns

The top section of the reasssmbled'column is to ensure‘that
only Pj bound to F, resches the hucleotide—containing mid- |
section gél. Figure 5A shows the results of an expefiment with
various lengths of buffer-equilibrated éels alone in tﬁevgplumn
(bottom gel and nucleotide-containing middlf gel were not
used). Evidently, as the lengths of the geis increased, thev
amount of label in ?pg”centrifugate decreased. Thus the - Length
of the top section qnfluenced the removal of free, loosely, and
\ non-specifically bou 9 label from the applied sample. It was
concluded that a top éel t least 2.5 cm was required. Table
IA, shows that the [32p]p; —equlllbrﬂked F, samples gave centri-
fugates with higher amounts of label %han the [32P]P
equilibrated buffer w1thout F,. The difference was due to the

[32P]Pi bound tightly to F, which was not removed by the gel.
" Y 1
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Figure S5A

The effect of different lengths of buffer-equilibrated gels

on the removqf/gg—zabel from the reaction mixtures. The éxperi~
p . \ .

mental conditions and procedures were the same as described in
Figures 1A éﬁd 2A, except that no bottom*gel nor ATP-containing
gel was used. .80 pL aliquots of each reaction mixture (i.e.
‘with and without F)) was applied to each column. The specific
activity of the [32P]Pi in each reaction mixture was 1.4 x 10°
cpmynmole, and the concentration of F, was 1.85 pM. A 25 pL
aliquot of each centrifugate was counted to determine the amount
of label that passed through the column. The 100% cpm of
[32P]P; that passed through the coldmn_ppyresponded to the
émouné of label in 25 pL of reactibn mi%ture. "Each experiment

was performed in duplicate. (() [32PJPi equilibrated buffer,

and E] [32pJp; F|-reaction mixture).
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Table IA

The effect of different lengths‘of buffer-equilibrated gels. on

the removal of label from the reaction mixtures.

Sampleg” Applied’

Length of Gel % cpm passed
in Column to C6lumn through colump-
(cm) k¥ (25 pL counted)
0 ’ p; / 100
/
/
0.5 P 40.48
pif+ F) 47.68
1.0 Pi\\\ 13.92
T e 20.9
1.5 Py ™~ 7.48
\
Pi + F, 8.42
2.0 Pi .85
P; + F, 2.02
2.5 Pj ‘///0.38
Pi + F S~ 0.83
3.0 Py 0.32
Pi + Fy 0.65
3.5 P 0.13
Pi + F} 0.51
. 4.0 P; ~ 0.2 ‘
P; + Fy 0.48

Experimental conditions and

Figure 5A.

procedures were as described in
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The bottom gél of the column is involved in‘thé uétake of
previously bound molecules which are released by F, during or .
after the binding of nucleotide from the middle‘éécﬁion. Figure
6A and Table IIA show that as the total length of the gel in the
column increased (i.e., as the length of the bottom section
increased), the amount of Pj going through the column decreas-
ed. It was concluded that a minimum length of 2.0 cm was
required‘for the bottom section, since with shorter bottom sec-
tions, the amount of label in the contfols (i.e., samples with-

out Fl) was high. Even with the maximum 3.0 cm bottom section,

<
all the bound Pj was not removed from F;; this suggested that

a bottom‘section greater than 3.0 cm was needed to allow the
complete removal of Pj from F,. However, the length of the

1.0 mL tuberculin syringe which was used as the column barrel
could not accommodate more than 6.5 cm total length of reas-

sembled gels.

Y

Use of a Longer Reassembled Column and the Determination of the

Parameters under which the Column Functions Best

A longer column barrel was made (as described under-Methaah)

. C = j
to accommodate the optimum lengths of the three sections, viz.i

(i) a 2.5 cm top gel, (ii) a 1.0 cm middle gel, and (i%i)/aﬂl.o
cm bottom gel. The 4.0 cm bottom section was the max%yﬁm'that

°

could be used without any alteration in the lengths of the other



- 114a -

e

Figure 6A

kY
5

The effect of different lengths of bottom gels on the removal
of label from the reaction mixtures.  The experimental condi-
tions and concentrations used were as described in Figure 3A,

except that the lengths of the top and middle gels were 2.5 cm

and 1.0 cm, respectively. The concentration of F, in the reac-

tion mixture was 1.8 puM. For bottom sectioﬁs 2.0 cm and
shorter, the specific activity of the [32P]P; in the reaction
mixture‘was 1.42 .x 106 cpm/nmole; and for bottom sections longer
than 2.0 cm, the specific activity of the (32p]P; in the‘réac—
tion mixture was 1.35 x 106 cpm/nmole. Each point is the
average of duplicate experiments. v[() %'E32P3Pi in buffer

q .

which passed through,[:] % [32P]Pi in F,-reaction mixture

which passed through, andléx ratio of mole Pij/mole F,J.



O o\owm_u_ passed through
% °°P+F, passed through
| D Bo_mﬁ\ mvcoc:a
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Table IIA

The effect of the total length of the column on the removal of

label from the reaction mixture.

Total Length of Sample Label in % of ‘mole Py
Length Bbottom Applied 25 uL label®* .
of Section to Column Centri- in 25 uL
Column (cm) ' fugate Centrifu-. mole F
(cpm) gate
3.5 0 i32py 5716 0.34
32pi+r, 19994 1.20 0.21
4.0 0.5 32p; 1115 0.07
32pi+F, 8619 0.52 0.12
1
4.5 1.0 32p; 344  0.02
32p +F, 5184 0.03 0.07
5.0 1.5 32p; 188 0.01
32p 4F, 3546 0.02 0-05
5.5 2.0 32py 64 0.00
[P 32pi+F, 2209 0.13 0.03
6.0 2.5 32p, 24 0.00
32pi+F, 1530 0.10 0.02
6.5 3.0 32py 26 0.00
32pi+F, 1661 0.10 - 0.02

* 100% label was the amount of label in 25 pL reaction mixture.
Experimental conditions and procedurés werer as described in

—-——

Figure O©A. : \ ‘ - N
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two sections, because some space in the column barrel above the

top gel was required to allow for the insertion of a cdt 1.0 mL

pipette tip. Through the tip the measured volume of the partic-
ular reaction mixture was added. It was found that adding the

sample of the reaction mixture directly to the gel (immediately

x

before centrifugation) caused the results to be somewhat less
reproducible. Thus using the cut tip on top of the column,
besides giving more reproducible results, allowed six columns to

be prepared for simultaneous centrifugation.

An experiment was performed with the optimum lengths (2.5,
1.0, and 4.0 cm) of the three sections in the longer column
barrel. The reaction mixtures and procedures were the same as
described in Figures 1A ‘and 6A, eXcept that the volume of the
reaction mixture applied to each via the cut pipette tip was 100
uL. The concentration of ATP in the buffer used in the prepara-
tion of the middle gel wasv50 mM; and the concentratign of F,
and specific attivity of the [32P]P; in the reaction mixture
were i;29 mg.mL‘1 (or 3.7 puM} and 1.0 x 106 cpm/nmole, respect-
ively._ Without ATP in the mi@dle section of the column, the
experiment gave a ratio of 0.187 mole Pj/mole Fl.- It showed
that it was possible to remove al@ost all of the bound Pi from
F1. This was similar to the results seen earlier when 2.5 and

3.0 cm bottom sections were used (Fig. 6A). It was decided to
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use the lengthened column barrel in future investigations of' the

bound species of F,.

However, with the ihcreased length of the reassembled gels
in the column, the other vgriablés were inve;tigated to deter-
mine whether other chanées were required. The parameters that
were considered previdusly included: (i) the total length of
the reassembled éolumn, (ii) the diffefent lengths of the “tHree
sections, and (iii) the centrifugal force and the time it was
applied. Additional factors that had to be considered included:

(i) the amount of F; applied to the column, (ii) the volume of
the reaction mixtu;e‘applied td the column, (iii) the amount of
nucleotide and/or»Pi in the middle secti?n, (iv)‘the specific
activity of the radiolabelled compounds“used, and (v) the ionic

composition, pH, and temperature of the equilibration buffers

and gels. ‘ o

Table IIIA shows the effect of using varying amounts of F,
in the modified Sephadex centrifuge column technique. The
volume of the F, reaction mixture added to the column was kept
constant, whilst the concentration (mg protein.mL-!) was var-
ied. {With ATP in the columns, no gréat differenée in the amount
of [}éP]Pi bound to E; was observed ‘with the different concen-
trafions of F| in the reaction mixtures (Table IIIA). Values of

thte concentrations of F; lower than 0.63 mg protein.mL~1 did not

/givejreproducible results- (these are not shown in Table IIIA);

e ‘ - .

\ o
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Table IIIA

The effect of "ATP on the release of Pj from F; when different

amoungS/Uf proteln were used in tqs\gi#étion mixture.

F BGA LATP] Label inXZO pL mole Pj
(mg.mL-!) (mg.mL-1) in Column Centrifugate
: (mM) ] (c.pem.) = .
A mole F;
0 0 - 0 25 0
e
'0.63 - 0 o 6600 0.18
. 0.63 0 50 70 0.002
. 0.63 0.63 50 = .300 0.008
0.95 o | 0 9900 "~ 0.8
0.95 0 50 ‘ 100 ~0.002
0.95 * 0.95 50 ’ 340 '~ 0.006
_ B . ’ . s _ N
1.26 0 0 13000 C7 0,18
1.26 0- . 50 ~ go [ >~"o0.001
1.26 1.26 50 200 ~ " 0.003

The experimental conditions and procedures were as described -
in Figures 1A and 6A, eicept that in the reassembled celumn only.
' opt imum lengﬁhs (i.e.,f2.5;°l.0, and 4.0 cm, respectively) were
used. The concentration of ATP in the equilibration buffer of
middle gel was 50 mM The volume of reaction mixtures applied
to the columns was 100 pL, and the,volume of centrifugate
counted was 20 L. The specific activity of the [32P]Pivin
the reaction mixtures was 1.0 x 106 cpm/nmole. The experiment

was performed in duplicate.

N
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1

whereas with 1.26 and 0.95 mg pfote;in-.'mL"llel reaction mixtures,
the results were softewhat mone‘repgoducible. It was decided

that this lower. concentration of F; ( 0.95 mg protein.mL-!)
v * , s . B ‘Q‘ ’ ; . ‘
would be used. in Suﬁsequent}stuaies. Table IIIA also shows the

. ¥ 5

results when the totalxproteinfconeentration_(in each‘IOO;pL

X

volume applied to the coLumn) was increased by the addition of

-

the eqUivalent amount (mg protein mL—i) of bovlne serum albumin
‘d . @ B
(BSA).f It. was ‘concluded that the BSA adsorbed variable and

‘non- repro@uCible amounts of [32P}Pl, Increased and reduced

propobortions (e,g;-lO and O;L fold, respectively) of BSA were

added‘tO“thé Fy solutiors with similar reSults (not shown) .

Thus the use of BSA in the F, reaction mixtures was-avoided in

subsequent studies. ’ o

»
>

=1

An experiment similar to thatldeséribed in Table IIIA was
performed, except that no BSA was used and the concentration of
F; in the reactionrnixture used was 0.95 mg protein.mL~!; and
“the-specific activity of the‘[329jPi in the reaction mixtures
was 4.3 ‘x 1053 cpm/nnole. In this case, however, different vol-
umes (100, 125, 150, 175, and 200 uL) of the reaction mixtures
(with and without Flf were applied to the columns. 1t was found
that lSO‘QL of reaction mixture was the min'mum volume that gave
hadequate centrifugate for the analyses (bound label determina-
tion, assays for.orotein concentration and activity). In addi-’
tion: lSO“pL volume‘was easily accommodated.by the cut l.o‘nL

pipette tip (A 200 pL capacity) placed on top of the column.

Ba
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The assays for the contentration.of‘protein and activity of F’
£ s .

: « . L ¢ . i .\‘ ) . »

in the reaction mixture and in the centrifugate gave similar
4

values.

T

Conclusion ,

#he results showed that an ATP-containing middlevsection in
~the column was able to influence the rélegse of bound Pj{ from
"F). It was determined that the longer colq@n with a 2.5 cm top,
1.0 cm middfé, and a 4.0 c%ﬁbottom.gél Wasclhehmost appFopri—
ate. The most‘suitabie volﬁme of reaction mixture to\be added
to the column was 150 yL via a cut 1.0 mL pipette tip; and the
protein concentration was about 1.0 mg.mL;l,‘without‘the‘addi—
tion of BSA. All centrifugations with the longer coldmn wére

,perﬁormed at 1050 x g for 3 minutes at room temperature

(20-23°C). -

%



APPENDIX IIX

Adaptation of the Modified Sepﬁadex Centrifuge Column Techniqué' .

for Use in Pulse—-Chase Experiments

The Arrangement of the Gels for Pulse-Chase Experiments

Figure 7A shpws the arrangement of the reassembled gels in
the pulse-chase mode of the modified Sephadex centrifuge colﬁmn
‘technique. 1.0 cm‘lengths were chosen for both pulse“gﬁd chasé
sections, since this lengtﬁ providéd sufficient time for ék to
bind ATP from the 1.6 cm ATP-containing gel (see Appendix I and
Results).k 3.0 and 2.5 cm spacer or buffer—equilibrated gels
were usedrafter pulse and chase sections, respectively;‘and were

selected since they were adequate to remove unbound label from

F, (see Appendix I). ;
g . -
Determination of the Amount of ATP to Use inﬁ%Z; Top or Pulse

Section of the Column

The appropriate concentration of ATP to use in the equili-

[

bration buffer of the pulse gel was decided?by the balance

i

between the amount of ATP bound by F; from the pdlsé gel, and
the amount of bound ATP that was removed from F, on exposure to

chase ATP. The concentrations of ATP used in thefchase gels

'

)

were kept similar t¢ those used in middle gels of the preincuba-

tion eéxperlments 1in order, to tacllitate comparison of the re-

. .
S8 i Lrhie bwo Diades Ll enpeess plaenitoat ool Fiyite A&
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Figure T7A

A

The arrangement of the gels in the modified Sephadex
centrifuge column technique for pulse-chase experiments.
figure lists what occurs in each layer of the reassembled

column. (Not drawn to scale.)

The
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Figure 8A e

The effect of chase ATP on the release of iabe} hound when

F) was passed through a 10 pM ATP pulse sectlon. The\erperi—
mental condltlons and procedures were the same as those used\r
" the modified Sephadex centrifuge column technlque (Flg. 1), \;*\\’
exceptrthat the gels were arranged as shown in Figure 7A. The

lengths of the four sections, starting from the top of the

column, were 1.0, 3.0, 1.0 and 2.5 cm, respectively. (Note that \
- i N l 3 . .
nO’[azPJPi label was added to the reaction mixture.) The

concentration of F; in the reaction mixtucre was $.86 mg protein.

mL-! or 2.49 uM. The specific activity of the [32P]JATP in the.
L y

10 M ATP—containing,buffer used to prepare the pulse gel wq&’

3.4 x 10% cpm/nmole. The 100% P; bound corresponded to a

ratio of 0.15 mole Pj/mole F;. The experiment was performed

2

in triplicate.
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/ﬁ results of én experiment when 10 uM ATP was used in the
equilibration bufferrof the pdlsg gel. The results demonstrate
that F; in passing througﬁ pulse gel bound ATP molecules, and
that the release of these molecules (or hydrolysis products) was
influenced by the chase ATP. However, less than half of ﬁhe |

label bound in the pulse was released in the chase.

Figure 9A shows the results of an experiment in which the

' length of the chase section was 3.5 cm (i.e. the bQttom 2.5 cm
gel also contained ATP). The results were similar those
obtained previously (see‘Fig. 8A), thus even the increased
number of chase ATP molecules and/ér increased time of exposure
to chase ATP molecules proved inadequate to remove all the labei
bound in the pulse. This prompted some experiments with differ-
ent concentrations of ATP in the equilibration‘buffer of the

. pulse gel. The results 6f these experiments are summarized 1in
Table IVA and'plopted in Figure 10A. It was seen that with a 10
uM ATP pulse gel{;the 1.0 yM ATP chase gel removed only gbout

A

42% of the boundﬁﬂép mq&;cules. Secondly, with a 1.0 ”M.QTP
7 .

pulse gel, the 1.0 yM ATP chase yel removed about 55% of the

bound ATP. Lastly, with.0.1 and 0.5 yM ATP pulse gels, the

amount of ATP bound in the '‘pulse was too low to be useful in 2
o ny

these pulse-chase studies. Thus, the best balance between the-

amount ot ATP bound and ATP released was achleved whe 1.0 yM ATP

\

equillibrated pulse Jel was ased.
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Figure 9A
/2f . The effect of chase ATP on the release of label bound when
F, was passed through a 10 uM ATP pulse section. The experimen- \\

tal conditions and procedures were the same as described in
Figure 8A, except that the 2.5 cm bottom sectioﬂ also éontained
chase ATP (i.e. total ATP chase‘section~was 3.5 cmd. The
concentration of F; in the reactiqn mixture was l.l16 mg protein.
mL—1 Qr 3.36 M. The specific activity of the [32P]ATP in the
10 uM ATP~containing equilibration buffer of the pulse gel was
3.7 x 10% cpm/nmole. The 100% Pj bound correspondéd to a

ratio of 0.17 mole Pi/mole F;. The experiment was performed

in triplicate.
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Table 1IVA

5
The effect of chase ATP on the release of label bound when Fy
was passed .through pulse sections with different concentrations

“of ATP. »

- .
Conc. 'of ‘Coﬁc. of © Specific - Conc. of mole Pj.
ATP in .Fy in Activity of ATP in
Buffer Reaction {32p]aTP Buffer of
of Pulse . Mixtuare in Reaction Chase Gel mole F1
Gel (pM) (mg.mL=1)" Mixture (uM)
" (cpm/nmole) —_
S
1. 10 1.16 3.7 x 1lo“ 0 0.17
0.10
) ' N
2. 1 0.85 4.87 .x 105 .0 0.1
L} . ° . ) 1 N 0004
J 3. 0. 0.85 4.28 x 106 0 0.03

1
7N ' ~ 0 /003

Z 0.85 "\ 1.51 x 106 ' 0 0.03
/ ‘ 1 0.01
[y . a -

( = N \_/ L)
) .

The fexperimental conditions and procedures were the same as

outlingé/in Figure 9A.  THe data are plotted in Figure 10A. ‘/
I ,% o /“

Each éxperiment was performed, in triplicate.

] . o , X
/ : : . Ei
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Figure 10A

The effect of chase ATP on the release of label bound when
I', was passed through pulse sections with different concentra-

tions of ATP. The experimental conditions and procedures were

the same as described in Figure 9A. Other experimental details

AAre given in Table IVA. (DIO uM ATPy O 1.0 yM ATP, and A

0.5 pM ATP used in the buffer to prepare the pulse section.)
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Conclusion

B o ‘ : A B
v The rearrangement of the gels (1.0 cm pulse - 3.0 cm spacer
- 1.0 cm chase - 2.5 cm bottem) in the column, and use of the

spproprlate concentratien Tof A?P (1.0 M) in the equilibration
.buffer of the pulse gel allowed the adaptation.of the modified
Sephadex centrlfuge,pOlumn tschn;que for pulse -chase studles.l
Note that except .for the substltutlon of al. O cm pulse sectlon
for the top 1.0° cmnof the top spacer section, the experimental
procedures and conditious were the same as those used in the -

preincubation mode.*
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