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presence of the ATPase activators ethylene glycol and antibody &-4 »

ABSTRACT

Twenty-one monoclonal antibodies to FEscherichia coll Fi-ATPasg
were characterized and used in structural studies of the enzyme.‘ Solxd
phas'e competition assays placed antibodies s:ecocn-tzms. the same or
overlapping epitqpes into competition suberoup_s. ~“Immunoprecipitation

and membrane-binding studies identified those antibodies recogniiing

-

exgmrnal épl.topes'on soluble and nelbtjane-bcund_forms ?f the holoenzyme

Lot . 4 N ®
and degonstrated that the é and ‘e subunits are\subztanuallxexposed 1n

FlFo.

Analysis of partialiy cleaved a ®ubunit using Western’ blots mapped

-

~

antibody epitopes to its cahboxyl-haif.. Analysis of £NBr/weak acid

151

v

cleavéd B located the non-inhibitory B-I1 anﬁbody Cepit.opes ‘between
- e T
ASp-345 and Met-380 and the inhibitory B-I antibody: epitdpes between

AsSp-381 and the carboxyl termirlus. The e-binding site on £ was mapped

to the same region as the B-I antibodies.. Tne Fab fragment of ‘a B-I
. \ ' . 1] ‘

anilbody’ and ¢ were cross-linked indicating the proxmlt_y' of their

.
-

bmdx_nk sites in native Fy. o .

Cross-linking studies revealed neither differences in quaternary

structure between soluble and _menbrane—bound Fl nor ény association.

between & or e and any Fq subunit. Cross-linking studies of Fy in the

examined the mechanism of e-inhibftion. "Ethylene gtycol .displaced €

only from its site of 1-ethyl-3-(3-{dimethylamino)propylicarbodiimide

(EDC) cross-linkage to B demunstrating that e-fnhibition f3 mediated

’

through 8. In contrast, antibody e-% did not alter EDC cross-linking ,

4

of ¢ t0o B showing that this mtemi:uon A8 not always inhibitory. ¢

Y

, 111 o



could also be cross-iinked to 8 by EDC in FyF, where it is not

_ inhibitory. The inhibitory effect of ¢ and the B-I antibodies binding

t0 the carboxyl-terminal lfﬁ..lw ot B region suggested a function for
this region.

The antibodies were used to characterize an a-é croes-link
produced during column centrifugation of F; by oxidation of
sulfhydryls. This cross—iink afhcte%\ neither the ensyme's activity
nor susceptibility to e-inhibition, cuunl doudbt on rotational models
of Fy catalysis. The a4 cross-link also resulted in a loss of binding

atfinity between Fy and Fo - .

e
-
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The proton-transiocating ATPase i3 a3 ubiquitous ensyme found ih

inner mitochondrial membranes, chioroplast thylakoid membranes and

bacterial cytoplasmic memdranes. In mitochondria, chloropmtg and

some bacteria, the respiratory chain or photosystem enzymes guip -

protons across a memdrane forming a proton gradient. The ATPase i (

capable of coupling this source of potential energy tq the synthesis of* }) :
&

ATP from ADP and inorganic phosphate (P;). In some bacteria, the , o F

ATPasp functions in the reverse mode. Instead of synthesizing ATP as S s

described previously, ATP is hydrolysed° and the energy is used to pump
protons out of the cell thereby generating a proton gradient. This
source of potential energy is harnessed by cellular processes such as
the active transport of some nutrients. For current reviews see 's'e;_:swr
and Wise, 1963; Bragg, 1984; Vignais and Satre, 1984; and Somor.
1968, ' i

The ATPases of mitochondria, chioroplasts and bacteria are similar
in structure conststing of two sections named Fy and Fo (Figure i1) |
Fy is a peripheral protein that can be removed from the membrane using
low 1onic strength buffers that either lack-magnesium or contain EDTA.
This section conuuu the sites of phosphoryl bond synthesis and .
hydrolysis. The other section, Fo, 18 an integral membrane protein
that can be solubilized only through the use of detergents. It serves
as a proton specific m When the two sections are separated, Fy is

only capable of ATP hydrolysis and F, facilitates free passage of

\

)

\
\

L3S
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Figure 1.4. Model of quaternary structure of FyF, of E. col..

A

“ " This structure is a simplified modei of F{F, taken from Aris and

Simoni, 1963. The y subunit is the dense, cross-hatched sphere and the

€ subunit is the dense, stippled sphere. The sizes o0f the spheres are

~

t. a single gubunit c is shown. The bar i3 1.2 nm long.
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_named G through e in order of decreasing molecular weight with a

'shscepnbm}! to qfusuon by trypsin (Dunn, 1980; Senda et al.,

; \ ‘
protons through the membrane.- All the subunits of Escherichia CO'_U ’

Fy and F, are coded by genes in the uac operou which maps at

gpproftint'cly 83 minutes in the E. coli chromosome. The entire

nucleotide sequence for this operon is known and mutations in some of

f.he jene:. have been characterized (Walker et al., 198%; Senior, \
1965; Parsonage et al., 1967). v ’

1.2 Subunit Structure and Function

The subunit structures of mitochondrial, chloroplast and bacterial C

Fy's are similar. FE. coll F“ consists of five types of subunits

subunit stoichiometry of _c_;aagy'u (Senfor and Wise, 1963} The minimum
requm.;nt for cat‘ql.guc_ activity is an a3zf3y complex; no singie
subunit has catalytic activity (Futai, 1977 'Dunn and Fut.at. 1960).

The a subunit has a moleéular weight of 55,262 and is éoded by the
uncA gene ('Va.ller et al., 1988). u.iuat_éd a has 'a site capable
of Dinding one molecule of ATP or ABP with  Eg's of 04 and 09 uM
respectively (Dunn- and l‘ud*. 1960). This is referced to as a “tight”
nucleotidqe-binding s;t: and ea:hlblts an e.xtro.‘ely slow dissociation
rate of 0.21 min7! (Dhn@."lmx Upon binding ATP, the a subunit
undergoes a conformational chinge resulting in a smaller molecular

weight value as determined by sedimentation equilibrium and a change in

1983). There.is fairly conclusive evidence that this site is not

catalytic (Gresser et al., 1979; Rosen et al., 1979) and its
'C ' -

function in the holoenzyme is not yet known, though structural and




regulatory roles have bm'suu;ted. Binding sites for Mg2* have also’

MMumcmtmmaal..tm). .
‘mcaaub\uuthuamlocmar untotmmucodedbythe
[}

vocD gene (VWalker et al., 198%). rough equilibrium dialysis,

a nucleotide-binding site has been detected With K4's of approximately
zsuuformmso-wofmmAﬂauarmmavmtm). Both
the genes of the a m - cubumu exhibit uquence homology té other. °
nucleotidé-binding- protum tincluding each other) ‘and both exhibit -
sequences homologous to the Rm !ogd. a structure t_..hat binds
nucleotides (Duncan et al.. 1986). The nucleotide-binding site . on

-

B is currently thought to be the catalytic site for a number of
. -

* reasons. Certain chemical modification reagents including N,N*-

dicyclohexylcarbodiimide (DCCD) and A&-chloro-T-nitrobenzofurazan (Nbf-

Cl) abolish ATPase‘activity after reaction with specific sites on the B

subunit (Sstre et al., 1979; Lunardi et al., 1979). .

Photoatfinity analogues of phosphate and the mitochondrial natural®
ATPase inhibitor, IF;, inhibit ATPase activity with the concurrent,
labelling of the B subunit (Vignais and Satre 1964)" The 8 l&l‘lﬂ:‘
also has a binding site for the fluorescent antibiotic aurovertin, an
inhibitor of most bacterial and mitochondrial Fy's (Vershobl; et '
al., 1977; Dunn and Futai, 1960). Binding sites for Hllz’ nav.e‘
recently been detected on this subunit (Futai'et al., 196T).
The y subunit has a molecular weight of 31,539 and is coded by the
uncG gene (Walker et al., 1964). As 1t is essential for the'
reconstitution of an ncuvo cblphl. it is t.boulht to be mporunt in
organizing the a and B mbunlu into their proper positions (Dunn and
Heppel, 1961). It is possible that the y subunit may have a role in

.
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the passage of protons through the complex and may in some instances
regulate the activity of the complex. In the chloroplast eniyme,
disulfide exchange reactions within the Yy subunit resuit in elth;r~'
latent or active forms of the enzyme (McCarty, 1979). To this e;\\d n
13 also notadle that antibodlies raised against the y subunit often
inhibit enzyme activity (Smith and Sternweis, 1982).

The 4 and e subunits are coded dy the uncH and uncC genes
agd have molecular wejghts of 19,328 and 15,051 recpect.fvel:y‘ .L\nlter
et al, 1988). The & subunit has been shown to bind to the amino
terminus of an a« subunit (Dunn et al., 19680) and has an eldncateg'.
shape (Sternweis and Smith, 1917)._ Cross-linking experiments nave“
:howl‘l that the ¢ subunit is in close proximity to both a 8 subunit and
the y subunit (Létscher et al, 1984). The ¢ subunit can aiso fun_d.
to purified y subunit (Dunn, 1982). Both the 4 and ¢ subunits bind .
rapidly, ‘revenmly and independently to the a3S3y complex and both.
appear to be reqniiped for the bdbinding of Fy to Fo (Sternweis, 1978; - '’

a

Futai et al., 1974; Smith and Sternweis, i977). For this reason
' N
thege subunits have often been depicted at the F;/l-‘o interface, often

forming a stalk between the a3B3y complex and Fq, (Aris and Simoni, )

1‘903; Futai and Kanazawa, 1983; Senjor and Wise, 1983; see Figure i.1)

-

The e subunit is also a partial non-competitive inhibitor of solub!q
E. coli Fy (Laget and Smith 1979; Sternweis and Saith, 1960). '
The subunit structures of other bacterial F!’l va.Oll‘ to be

homologous to that of E. coll, although in some cases there appears
to be functional reversal of the ac and B subunits (Dunn et a/,
19683). The E. coll Fy subunit structure is also homologous to that

of chioroplast F;. Some differences are observed between the minor



subunits ot E. colf Fq and those of mitochondrial Fy (Senior and
Vise, 19683). The E. colf Fq subunits & and ¢ appear to be

homologous to t:he mitochondrial oligomycin senuuvi.ty conferring
protein (OSCP) and the & subunit respectively. The mitochondrial e
subunit has no E. coli equivalent. The -nochondrnl. Fy also has
an inhibitor protein called IF; that is not present in E. colJi Fy
(Senior and Wise, 1983).

Less is known about the subunits of F, (for a review see Hoppe and
"snnld. 1964). In E. coli, the F, subunits are named a, b and ¢,
have molecular weights of 30,285, 17,230 and 8,264 respectively and are
present in a subunit stoichiometry of abycip-42. Subunits a, b and ¢
are coded by the uncB, uncF and uncE genes respectively
(Walker - et al., 198&). From studies involving chemical labelling
and susceptibility to digestion by proteases, subunits a and c appear
to bo largely buried in the membrane (Senior, 1983). In contrast '
subunit b appears to consist of a small hydrophobic amino-terminal
domain that traverses the membrane with the bulk of the molecule
protruding into the cytoplasm perhaps in the form of a long hairpin
(Senior, 1963). Subunits a and Cc appear to he equivalent to the °
mitochondrial ATPase 6 subunit and DCCD-binding protein respectively
(Senior and Wise, 1963). There does not appear to be a mitochondrial
equivalent to subunit b.

. The function of u;:h Fo subunit is not yet entirely understood but ~
all three appear to be required for the formation of an active proton
‘poro (Friedl et al., 1903; uhnoéder and ‘Mtondorf. 1'904). Subupxt \
D may Dbe important for binding F; to F, (Hoppe et 4/., 1983; Perlin

ot al., 1983; Bragg, 1964). Cross-linking experiments have shown

~—



that it is in close proximity to a 8 sudbunit (Aris and M. 1983).
Subunit ¢, a chloroform/methanol so!.uble proteolipid, 13 found in other
species of bacteria with its primary structure largely conserved

(Senior and Wise, 1983). One highly conserved region centains a
membrane-buried’ aspartic acid residue (Asp—61) that is specifically
labelled by DCCD (Senior and Wise, 1983). Modification of Asp-61 Dby
DCCD or mutation leads to blockage of proton conductance through F,
(Negrin et al., 1980; Sebald and Hoppe, 1981, Hoppe et al.,
1982) and the concommittant inhibition of F F, (Hoppe -and Sebald, 198i;

Sebald et al., 1980).

1.3 Catalytic Mechanism

Intact Fq contains six nucleotide-binding sites. Three do not
exchange with medium nucleotide and may Be the sites oburve.d' on the a
subunits through the use of’equnmrlul' dialysis. The remaining three
sites do exchange with medium nucleotide and have been po;t-.—u-lat.ed to be
the catalytic sites (Cross and Naiin, 1962). These sites aﬁpear to lie
either on the B subunits or at the a/8 mteﬂﬁel (Senior and Wise,
1983). Within each class of binding site, differences between
individual sites are apparent. For example among the exchanuablel
sites, only a single high affinity site is detected during catalysis;
among the non-exchangeable sites, one site is observed to be vacant |
when catalysis is not occurring (Kironde and Cross, 1906). The
significance of thig asymmetry is not yet known, but aAsymmetry has also

been shown through differences in reactivity of each of the three g

subunits to various chemical modification reagents (sun-l.ottér and



Bragg, 1966a, 1966b).

A great deal of evidence has accumulated to indicate that
subunit/subunit interactions are very important for catalytic activity.
For example, no isolated subunit exhibits catalytic activity (Dunn and
Futai, 1980) and mutations in either the a or g subunits can alter
activity (Senior, 1905). Three point mutations in the a subunit which
lead to low levels 0f ATPase activity aiso lead to changes tn the
pattern of aurovertin fluorescence in the presence and absence of ADP

{Note that aurovertin blnds exclusively to the 8 subunit). The pattern

~

seen is identical to that observed when aurovertin binds to dissociated
8 suybunit. This ’baervauon Ras been interpreted to mean that a/B
subuﬁtt mtora:uons are necessary for norn’al entyme activity (Wise

et al., 1981). Additionally, certaln. chemical reagents such as
DCCD and Nbf-Cl lead to inactivation of the enzyme after modification
of a residue on a single B subunit (Lunardi at al., 1979; Satre

et al.,, 1980). These subunit/sudbunit mteractiom‘appear to

la'nlfut themselves as the positive cooperativity which is observed
between catalytic sites. Several vorkewat when only a
single catalytic site on Fy is occupied by nucleotide, the rate of
catalysis is very slow (known as "unisite catalysis®). However the
binding of" nucleotide to a second site appears to promote catalysis at
the first site with a rate enhancement of approximately 106-fald (Cross
et al., 1992; Grubmeyer et al., 1982). . There is some evidence
that nucleotide binding to a third site may further promote activity
(Wong et a/., 1984; Dunn et al., 1967). .

Energy is not required for the formation or hydrolysis of the g-y

phiosphate anhydride bond at the active site. Under conditions in which



Fy 13 in molar excess over ATP so that promotion of catalysis does not '

occur, relem'of product is very slow and free interconversion between
ATP and ADP'Py occ:u's at the catalytic site (Choate et a/., 1979).
A very small change in free energy occur:s during bond formation or
hydrolysis and the equilibrium constant for the ‘hydrolysis reaction has
been estimated to be 0.5 (Grubmeyer et al., 1982). Energy appears
to be required for binding and reiease of nucleotide from the catalytic
sites (Cross, 1961). Study of the sterechemistry of the reaction shows
that it is unlikely that the hydrolytic/syhVhetic reactions proceed via
a covalent Fy~phosphate intermediate and tﬁat ADP is the primary
phosphate acceptor in the w;theuc mode. During hydrolysis there is
an inversion of the y-phosphorous atom which is consistent with the -
occurrence of a direct in-line transfer of the pnospnoru; residue
between ADP and water. Consequently the reicuon mechanism of Fy may
resemble that of myosin rather than that of ATPases such-as the Na*X*-
ATPase (Webb et al., 1980). .

Using these observations, Paul Boyer postulated a model for the
mechanism of Fy called the "binding change” or "alternating sites”
mechanism (Cross et al, 1984). He proposed that two or t.hr«'
sites alternate between catalytic and promotional roles during the
catalytic cycle. _Ensngy derived from the proton gradient is used to
drive conformational changes that affect the binding affinities for
. nucleotides at the various sites. These conformational changes lead ;.o

binding of substrate at one site and promotion of release of product at
another. It is noteworthy that in this model, proton flow is coupled
to catalysis indirectly. Other workers have proposed that protons

[4
passing through F(F, are actually involyed in the rsaction (Mitchell,
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1979). Recently a model utllizing aspects of both theories has
appeared (Scarborough, 1966). . .

Models have also been propqoged detailing the nature of the
conformational changes that occur during catalysis. These sru're the
common feature of involving rotational displacement of the a/S8 hexamer
in relation to the y, 4 and ¢ subunits and subunit b of F,. The first
suc‘n)-odel was proposed by m;ser and coworkers (1962). More detailed
models have been outlined by Cox and coworkers (1904) and Mitchell

(1905). Thcse models will be more fully discussed in cnapt.er S.

»
1.4 Immunological Studies of FyF,

.
-

Fy{-ATPase has been the focal point of a large number of studies
involving the use of antibodies raised against the whole enzyme or
mticuur subunits. Sources of Fy have included mammalian and yeast

I/Ltochondrn. chloropluts, Rhodospirilive rubru. chromatophores

e
B and 4 variety of bacteria including E coll, Micrococcus

Iysodeixtifus, and the t./hcr-ophutc bacterium PS3. These studies
* have investigated various structural and mechanistic aspects of t'.he

* OOS‘YIO.

Antibodies raised against Fy have been used to deteraine the

ortentation of.Fy in membranes and that of the membrane preparations :

<
e~

.t.hclulvu. Perzborn and cowerkers (1973) used 1uunodtfﬂ:ulon .studies .

to demonstrate that F, was located on the external surface of
cnroutopnoru prcurod from R. rubru.\Oppcn.hu- and Salton
m) used mutm-oon,huated antibpdies to show that Fy; was located -

on the oxmw lmlﬂ Of mllm ‘Ibl‘.m vesicies fl"Ol H .

. » . - -
& : T



lysodeikticus and was not present on its mesosomes. Christiansen and
coworkers (969) used anti-F; antibodies as non-permeant prob;; to
demonstrate that submjitochondrial pu;ucles prepared froa beef heart
mitochondria were everted by showing that the antibodies could inhibit
enzymatic activity.

Antibodies have also been used to immunoprecipitate Fy or the F(F,
complex from complex mixtures. Ludwig and Capaldi (1979) used this
approach to demonstrate that the F(F, complex isclated from chloroform
treated beef heart submitochondrial particies has the same constituent
subunits as the complex immunoprecipitated from a Triton X-100 extract.
Brusilow and ceworkers (1981) and Klionsky and Simoni (1983) used
subunit specific antisera to show that the Fy subunits produced by In
witro transcription/translation systems wer;e bémc correctly
assembled. . - '

Antibodies ha’v'e been used to de-omt'r‘a»t.e t.he homology in structure
between Fy-ATPases from various sources through me'property of
‘ln-unolouc crou*uacuvxty ~Wititeside an‘d 8alton (1970) showed that
"antl.sera raised against Fy fron M. ly:odeutu'u: were able to
mmmt to varylnc degrees . the acuvlty of Fy- A‘rPuel from Sarcuu

lutea, S flava, and M, varun: dbut not t.hose {rom

Sporosarcina ureae or Bacillus subtilis. Philosoph and Gromet-

Elhanan (1981): denohltrqted that antibodies raised against Fy; from R.

rubrum were able to inhibit the activity of spinach chioroplast Fy.
Rott and Nelson (1961) used subunit specific antisera raised against '
yeast, rat liver, swiss chard and E. colf Fy subunits and the

technique of immunoblotting to demonstrate’which subunits in Fy are

" most closely conserved. They found that each anti-8 antiserum

!
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recognized every organisa’s 8 subunit. The yeast anti-a antiserum
recognized all the other a subunits .weakly and the swx;; chard anti-a
anunrﬁn oﬁly recognized the a subunit of rat liver. The yeast 'antl-y
antiserum only recognized the E. co/f y subunit. Hicks and

- coworkers (1906) demonstrated that antibodies raised against

chloroplast a and y subunits and the £. colf B sudbunit could ,

Wm the analogous subunits from the Fqy of the cyanobacterium
Spirulina platensis. These ré:ult.: are consistent with sequence
homologies observed among Fy subunits from dxﬁel:ent sources (Walker

et al., 1965).

Some 0f the most mtel;esun. work done with Ant'lbodies to date has
dealt with th;ir effects upon the activity of the eniyme. Antisera
raised against Fy is inhibitory regardless of the source of the enzyme
(Philosoph and Gromet-Elhafian, 1981; Nelson et al/., 1973; Mollinedo
et al.,, 1980; Yoshida et al.,, 1979). Antibodies have been
raised against various subunits of Fy and their effects studied. Using
the chloroplast eniyme, Nelson and coworkers (1973) ‘}'aued antibodies
to the a, A, Y and & subunits. The anti-a and anti-y antisera
inhibited photophosphorylation, ATP-stimulatsy proton uptake and heat-
activated ATPase activity. No effects were'seen with either the anti-g
or anti-é antisera. Thp negative results obtained with t.h; a.nu-a
antiserum are thought to have arisen because the antiserum only
recognised denatured 8 subunit. Yoshida and coworkers (i979) raised
antisera against the a through e subunits of Fi from the thermophilic
Ibac.t.lerlu- P83. The anti-a and anti-8 anﬁura strongly inhibited ATP
hydrolysis and 32P;~ATP exchange on both soluble and membrane-bound F.

The anti-é antiserum slightly inhibited the exchange reaction while the

-
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anti-y and anti-e¢ antisera had no effect. The anti-y and anti-e

antisera were unable to react with intact FyFo in an Ouchterlony double
diffusion assay suggesting that these subunits are bt;rled,m the
membdbrane-bound form of the enzyme. Antlhodlés have also bee'n raised
against subunit c of F, and these antibodies have been able to bind to
the surface of membdranes and prevent proton ieakage in everted, Fy-
stripped, membranes (Loo et al.,, 1983). These anttbodies also
prevented the binding of Fy to membranes demonstrating that a region of
subunit c is exposed at the membrane surface near tile Fy-binding site
{Loo and Bragg, 1981).

The most comprehensive study of antibody effects to date was
pertformed DbdYy sm‘tn and Sternweis (1982) using Fy from E. coll and
purified antibodies raised a(afmt each Fq; subunit. The antibodies
raised agatnst the a subunit recognized only denatured subunit and thus
were not useful. Antibodies raised against the 8 and y subunits
mmbited ATP hydrolysis by both soludble and membrane-bound Fy. The
anti-J antibodies caused Fy to dissociate from the membrane and
inhibited respiration-dependant but not ATP-dependant transhydrc}cenue
activity (if.e. protons leaked through Fg). The anti-e antibodies
inhibited membrane-bound Fy but not respiration-dependant
transhydrogenase activity. Thus thg membrane was still capadble ot
supporting the generation of a proton motive force. The antibodies led
to a small but significant stimulation of soluble Fq along with the
dissociation of the ¢ subunit from the enzyme. This property was used
Dy Sternweis (1978) to prepare e-depleted F, Dy passing F; though an &
atfinity col\i-n prepared by coupling anti-¢ antibodies to CNBr-

activated Sepharose. Smith and Sternwais also showed that the



catalytically active ayS3 hexamer produced Dy trypsin treatment of Fy
contained a small fragment of the y sudunit emphasizing the importance
of this subunit in the catalytic unit.

The very nature of poliycional antisera limits their application in
finér studies of entyme structure and mechanism. This is due to
polyclonal antisera consisting of vast assortments of antibodies that
bind to different epitopes on the surface of an eniyme with different
affinities. To overcome these limitations many researchers have turned
to monoclonal antlhodiu. It is possible to fuse antibody producing B-
celis with a myeloma tumour cell to create an immortal ceil line that
pro'ducu antibody characteristic of the original B-cell. By careful

screening and clonlnj one can isolate and perpetuate a cell line that

.produm a homogeneous population of antibodies that recognizes a

single epitope. By immunizing an anima! with antigen of choice and
t.l;en usuu that animal's spleen for the fusion procedure, one can
produce monoclonal antibodies directed ‘uaimt. any protein or other
biological constituent of interest. This method also allows one to
produce ant‘ibodles in large amounts. Monoclonal antibodies have been
ubed for a variety of applications mdludln( use as affinity adsorbents
for purification of hormones and interferons, as aids in the
claulﬁcauon of microorganisms, as means to selectively Kkill tumour
cells and as means to study ant..tbody diversity and the mechanisms of
the immune response (Nisonoff, 1962). Recently researchers are finding
monocional antibodies useful in the study of eniymes.

In the study of Fy, four groups in addition to our own’have begun
to make use of monoclonal antibodies. One group raised a monoclonal

antibody difected against the B sudbunit of K. coli Fy (Brusilow
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et al.: 1981; Kljonsky and Simoni, 1985). This antibody was used
in the analysis of the plioducu ot an Ia vitro
tran:crlptlon)translauon sys.tea containing portions of the unc
operou. It wis necessary to determine whether the subunits produced’
wer’e'capable of' correctly assembling into thg holoenzyme.
Immunoprecipitation of the entire complex nby the anti-8 i‘lonoclo-nal
antibody wuld indicate whether correct a'ue.biy ha¢ occurred.

Another group raised monocional antibodies ;.o suktunits of the .
chloroplast Fy {(Lunsdort et al., 1984 Tiedge et al., 1985;
Ehrig et al/., 1986). They have 11 antibodies directed ac'aunt a, .2
against 8 and 7 that recognize both a and B (of which 2 also recognize
y). The most interesting experiments performed consisted of decorating
Fq with antibodies and examining the comaplex with the electron
microscope. Through these expeCiments, they were able to demonstrate
tn;t there are indeed three a and three 8 subunits in Fy and that they
are-organized in an alternating manner, .

Monoclonal antibodies have been riised against yeut- Fy
(Hadikusumo et a/., 19648, Choo et al., 1985, Hadikusuymo et
al., 1986). They have been used to 1nnunoprecxbxtate Fy.in studies
with mutant subunits. Properties of these antibodiés have a!so been
carefully characterized. Binding affinities were determined through
solid phase assays and antibodies recognizing closely placed epitopes
were organized into groups. ‘l:he antibodies’ ability to
immunoprecipitate F; and their effects upon the eniyme's activity were
also determined. In their set of monoclonal antibodies, they have nine
antibodies that recognize the g subunit as well as four antibodies that
recognize a zs.odo—am.on peptide that can be lﬁumwcétplutm wl!.n‘

(




other .F; subunits from a Triton X-100 extract. The nine anti-8

antibodies appear to recognize four or five distinct epitopes.
Inte-restmqu. those antibodies recognizing the same epitope often
exhibit very- different effects upon t.he eniyme's actwn':y as well as
different abilities to, gmiunoprec:pltat_e the {ntact Fy complex'.

Another group has raised anglbodu.-s directed against the a‘and B

<subunits and the OSCP of pig heart mitochondrial Fy (Moradi-Amél1 and

God1~not..1983; uArchmar"d et al., 1984; Godinot et al.,, 198%6;
Moradi-Améli and Godinot, 1987). One of the anti-8 monoclonal

antibodies only inhibits the enzyme in the presénce of Py. Another

" anti-8 antibody appears to prevent nhysteretic inhibition induced by

prelr{cubauon of. Fy in the presence of_‘ng* and ‘ADP. This antibody has
no effect on ATP hydrolysis but does inhibit ATP synthesis and net Py-
ATP exchange. Both of these an‘t.lbodles cross-react with Fy from )
chloroplasts, rat “liver, beef heart and yeast mitochondria as well as
various species of bacteria. The anti-OSCP antibedy is -able to bind to
everted lnr;er mitochondrial veslc.les (as seen by electror; .mlcr'oscopy).
does not cross-react with FE. col/l <b~subunit (the bacterial subﬁmt
most homologous to mitochofidrial OSCP) and has no effect .upon ATP
synthesis or proton translocation. If the .antlboay is preincubated
with 'OSCP. the activating effect of this subunit on the reconstitution

of ATP synthesis with everted mitochondrial vesicles is lost suggesting-

»

that the antibody interferes in the interaction between OSCP and Fy or

Fo

1?7
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1.5 Purpose of Thesis

Monoclonal antibodies Ray be useful tools for the investigation of
various ‘structural/functional aspects of the E. coli Fy-ATPase.
Before initiating such studies the antibodies -ugt be extensively
characterized. Chapte‘r 2 outlines experiments in which
immunoprecipitations and membrane-binding assays were performed to
determine which antlbodges recognize exposed or buried epitopes in l"-‘i
and F(F,. Solid phase competition assays were used to place those
antibodies recognizing overlapping epitopes into competition subgroups.
Results obtained by other wor.kers in the laboratory detailing antibody
effects on ;snzyne activity and antibody cross-reactivity are also >
described. ' .

The remainder ¢f the thesis describes various experiments using
the antibodies as tools for the study of structural/functional
relationships in Fq. Chapter 3 describes experiments that mapped the
locations of antibody epitopes v'ltmn the primary structures of the a
and B subunits. mﬂ.lcult.lea_ were encountered in producing suitably
sized epitope-containing fragments for purification and ln‘,bu'quent.
amino acid analysis. The significance of this problem and the means by
which it was overcome are applicable to other studies involving '
ldnoclonai antibodies. . The wapping of the anti-g antibody epitopes to
a carboxyl-terminal segment ofl the 8 subunit led to ihe formulation of
a model of structure and function of the domains of 8.

Chapter & -describes crou;unkmc experiments in which monocional

antibodies were used for the direct detection of cross-linked products




on Western blou. One series of stud&es investigated the, quaternary
structure of F;Fo in membranes loonn. for evidence that the & and ¢
subunits form a connecting stalk between Fy and Fo, Another set of
experiments studied mechanisms of acuvguon of Fy dY antiSody e-R,
etnylene glycol and uuryldmunylmme N-oxide (LDAO). ‘i'r;ese used
~co-paruom of cross-iinking patterns in the presence and absence of
the acuvatuu agent to determine whether subunit interactions
involving the inhibitory e subunit had been altered. Finally, the
location of the region of 8 that interacts with ¢ was found by partiaj
cleavage of cross-linked B-e¢. This, in conjunction with the results of
the studies of ethylene glycel activation led to the propoul of a role
for e in F(F,. .
Chapter S investigates thg formation of a specific mter:ubumt
crou-unx by the preparative technique of column centrifugation. This
crou-unt's effects upon the activity ot Fy are significant in light ‘
of the rotational model of the enzyme’s catalytic lechams-.' The
potential risks and utility of column centrifugation for studies

involving other eniymes 'are also discussed.

\
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2.0 CHARACTERIZATION OF MONOCLONAL ANTIBODIES

24 Introduction

Our laboratory has a bank of 21 monoclonal antibodies that
recognize the subunits of the E. colf Fy-ATPase. The production of
these hybridomas has been described in detail elsewhere (Dunn et
al., 1985) but 1s briefly summarized below. The antibodies
recognizing the a, 8 and 4 subunits, and one recognizing the y s;xbuntt
(y-3) were produéed from the fusion of the spleen cells of a rat
immunized with purified Fq and the cells of a non-antibody-secreting
mouse .myeloma line. The remaining monoclonal antibodies that recognize
the y and € subunits were prodquced by the fusion of the spleen cells of
a rat immunized with purified y am; € subunits with a non-anubody-
:ecretuu‘rat hyel.ona line. Au_onc' the hybridomas, four pro;uce
antibodies directed:against the a subunit, six against the B' _subunit,
three against the/y subu;\xt. four against the J subunit and four
agajnst t:ne e subunit. Antibodies were named by adding an arbitrary
arabic numerai to the Greek letter name of the subunit recognized.
This information is summarized in Table I.

In order to make full use of the monocional antllbodle: as tools in
studies of structure/function relationships of Fy it was necessary to
charicterize various properties of the antibodies. Inftial
characterization of the antibodies by workers in the laboratory
‘detailed the antibodies’ efflcts upon ATPase activity and their ability

» '

to rei:omtu ATPases from 'vartous organisms. The uotm of the

antibodies were also determined. The results of this work will be
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TABLE 1

Monocional antibodies to £. coli Fy-ATPase

Antibody Immunogen  Rodents Myeloma Isotype
designation immunized Line '
a-1 Fy PVG rat  SP-2/0 (mouse) i1g6ad
a-2 Fy PVG rat  8P-2/0 (mouse) 1g61
a-3 Fy PVG rat SP-2/0 (mouse) IgG1
a-% Fy PVG rat = SP-2/0 {mouse) IgGi
B-1 Fy PVG rat  8P-2/0 (mouse) IgG2a
B-2 Fy PYGrat  SP-2/0 (moused 1IgG2a
8-3 Fy PVG rat SP-2/0 (mouse) I1gG1
B-a Fy PVG rat SP-2/0 (mouse) Ig62a
B8-S PVG rat  SP-2/0 (mouse) IgG2a
B-6- Fy . PVG rat  8SP-2/0 (mouse) lgG2a
y-1 yand e AO rat. YB-2 (rat) _1gG2a
y-2 yanae AO rat SP-2/0 (mouse) IgG2a
y-3 Fy PVG rat . SP-2/0 (mouse) IgG2a
é-1 Fq PVG rat  SP-2/0 (mouse) 1M
é-2 Fg¢ - .P¥G rat SP-2/0 (mouse) Ig62
é-3 | PVG rat  8P-2/0 (mouse) lIgé2d>
 é-a Fg . °“PVGrat SP-2/0 (mouse) IsM

e-1 yande AO rat YB-£ (rat) IgG2a
e-2 yand-e AO rat . SP-2/0 (mouse) IgGi >
e-3 vyand e AOrat - YB-2 (rat) 1g61 ‘
e-4 vyande - AOrat °  YB-2 (rat) lgat

Antibodies were named by adding an arabic.numeral to the £.

coli Fq subunit which is recognized. Details about rodent .
immunization protocols, eell hybridizations and determination of
antibody isotypes will be found in Dunn et a/., 196S.

~



summarized in the section 2.4.

The experiments that follow were performed to characterize a few
properties of the epitopes recognized by the antibodies. It was
important to determine which epitopes are located on the surface of the
assemdied holoenzyme ‘or at subunit interfaces and which epitopes are
exposed when Fy is bound to membranes. Immunoprecipitations and the
binding of radiolabelied antibody to membranes were used to accomplish
these goals. It was also important to det‘ernll;e the proximity of the
antibody epitopes relative to one another. For this to be
accomplished, the ability of antibodies to bind s-multaneously t0 the
same subunit was determined. Antibodies that bind to nearby epitopes
would be expected to inhibit one another’s binding through steric
hindrance. Information obtained from these experiments was important
for formulating and interpreting further experiments utilizing the
antibodies as tools for structural and mechanistic studies of Fy.

h)

-
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2.2 Materials and Methtds - .

2.2.4 Materials

:rrypt.one.' yeast extract and Freund's complete adjuvant were
obtained from Difco (Detroit, Mich.). Sepharose CLAB and molecular
weight markers were purchased from Pharmacia P-L Biochemicals (Uppsala, -
Sweden). Bovine intestinal alkaline phosphatase and p- '
nitrophenylphosphate ‘vere purchased from Boehringer Mannheim (Dorval,
Qusé.). !ODO-GE’II' was purchased from Pierce (Rockford, Ill.). Nai2dp

 was obtained from MNew England Nuclear (Boston, Mass.). Chemicals for




ileCtPOPHOPCSLI and Bio-Gel P-10 were purchased from Bio-Rad

|

(Mississauga, Ont.). Fraction V bovine serum albumin (BSA) defatted
BSA, ATP, uricil, arginine, dithiothréitol (DTT) and N-ethylmaleimide

(NEM) were purchased from Sigma (St. Louis, Mo.). CNBr was purchased
~

from Fisher (Toronto, Ont.). The flat bottom, 96-well microtiter

plates were obtained_from Dynatech (Alexandria, Va.).

~

s

2.2.2 Preparation of Fy, F{F,, Subunits and Membranes

E. col: strains ML3Q0-225 (unc*) (Simoni and
Shallenberger, 1972) and ANi460 (vunct overproducer) (Downie et
al., 1960) were grown to stationary phase at 37°C with vigorous
aeration in a salts medium (Tahaka et al., 1967) wm;n was
supplemented with 1% glycerol, 0.05Xx tryptone and 0.025% yeast extract.
Growth medium for strain AN1460 was supplemented with 0.2 g/l arginine,
0.4 g/1 uracil, 5% tryptone and 2.5%X yeast extract. E. coli
strains AN180 (unc*) (Butlin et al., 1974) and AN887 (unc”
‘due to Mu insertion) (Butlin et al., 1971) were grown in
unsupplemented L-broth. ‘I-", was prepared by published methods (Smith
dnd Sternweis, 1977; Futai et 'a)._. 1974) with the following
modlﬁcat\.lon. Prior to the extraction of Fy, the membranes were washed
an additional time with 1 mM Tris-HCl, pH 8.0, 2 mM MgCl,, 10
glycerol. The a, 8, Y and ¢ subunits were prepared from Fy purified
from strain AN1460 and the & subunit was prepared from F; purified from
strain ML308-225 using published methods (Dunn and Futai, 1980; Dunn,
1982; Smith and Sternweis, 1977). F(F, was purified using the method

of Foster and Fillingame (1979) except that the material was not
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purified on sucrose gradients.

Membranes were prepared from E. colf strains AN180 Il;!d ANBSY
by suspending frozerf cells in & volumes of S0 mM Tris-HCl, pH 8.0, 15
mM MgCly and breaking them by two passes through a French Press at
19.000 pP.s.i. The suspension was cleared of unbroken cells and cell
wall debris by centrifugation at 10,000 rpm.in a Beckman JA-20 rotor
for 10 min. The supernatant was then centrlfule:: 2 h at 45,000 rpm in
a Beckman Ti 50 rotor, the supernatant discarded and the membrane
pellet resuspénded in a minimum volume of 50 mM Tris-HCl, pH 8.0, S mM
MgCl,. Note that all procedures were performed at °C.

2.2.3 Enzyme-iinked immunosorbent Assays (ELISA)

o

A method s_unilar to that of Engvall (1980) was used. Wells of
flat bottom polyvmirlchlomde n;crouter Plates received 0.i-ml -
aliquots of protein dissolved in butffer A (100 mM sgodium carbonate, pH
9.7, 0.2x sodium azide). The plates were covered and u-:.cubated at 3rC
for 3 h. The protein solutions were removed and the plates were washed
three times with buffer B (0.9%x NaCl, 10 mM potagitun phosphate, pH
7.4, 0.05x Tween 20, 0.02X sodium azide). The wells were then blocked
by overnight incubation at &4°C with 0.2 ml of buffer C (buffer B with S
mg/ml BSA). The next day, the plates were washed with buffer B and
0.1-ml aliquots of antibody solution (dlluuonf were iade in buffer C)
were added to the welis. The plates were incubated 2 h at rooa
temperature, then the antibody solutions were removed and the plates

washed with buffer B. The wells then received 0.i-ml aliquots of

second antibody diluted into buffer C and were incubated 2 h ?t room
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temperature. Second ‘antibody, often antibody raised against the first,
was labeiled either by iodination or” conjugation .t.o bovine intestinal
alkaitne phasphatase and applied in O.4-ml aliquots of a suitable
dilution in buffer C to the wells and allowed to incubate at room
temperature for 2 h. The second antibody was removed by aspiration and)

the plates were’washed with buffer B. If 1odinated second antibody was
’ *

uied.' the wells were cut out and counted in a y-counter. If alkaline
phosphatase-conjugated a-nubody was used, the pht.es were developed by
tha addition of 0.1-ml aliquots of { mg/ml p-nltrophenylplgospnatei’n 50
aM sodium car;onate. PH 9.8, { mM MgCl, at room te-pent\;re. The
Plates were read with a Dynatech MR 600 microplate r%tder {purchased .
t.hr‘oulh Fuﬁer. Toron»t.o, O.m..) ai a ‘n\-relengt;h of 410 nm for.unple

determination and a reference wavelength of 340 nm.

-

2.2.4 Preparation, Purification and Labelling of Antibodies i L

N »

M -

Antibody production was monitored through t.he use of ELISA using

pur(ﬂed Fy.and the hybridomas were mmumed in_ euiture. Antibodies

. were: Obtﬂmﬁd by harvestuu th& cultune supernaunts of the hybridonas

when the buftering capacity of the -edu.ll was nearmc exhaustion. They

* b

were stored at 4°C eltner aseptically or vtth tne maluon of 0.1x
mm. m« Due to probdlems associated with the use, of rat/mouse

hybl‘ ids, most of th. antibodies 'Ql"e not mnutneﬂ by p“u‘ e In
. A
> ‘l | 4 "O. , S ‘i

(XY . , .

Antibody w-1 was purified on a 1.5 x 3 cm conu’;'-"of ATPase-
’s_opharou (prepared as described in Dunn et cil., 1985). The a-1

. a . N . L]
hy_prmo-a C\&tﬂl" supernatant was adjusted to pH 7.5 and loaded onto

)
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" the column at a flow rate of 0.5 mi/min. The column was then washed
with 50 mM Tris-HCl, pH 7.%, 0.1 M NaCl until the ,aﬁrbance at 206 nm
of the flow through fractions was zero. This was repeated using 50 mM ’
Trls;HCl. pH 7.4, 0.5 M NaCl. The antibody was ejluted glth Ot M \
sodium acetate, pH &.0, 0.5 M NaC] and the eluate‘ dropped into tubes
containing an egual volume of 1 M Tris-HCl, pH 8.0. Fractions
containing antibodies were identified by their absorbance at 280 nm and
tr§ese were pooled, dialyzed into phosphate buifered saline, pH 7.4,
filter sterilized, and stored aseptically at 4°C. The purification was
n'omtc.wed by ELISA. Oﬁrner antibodies were puriﬂed_ usm_g smilai*.
methods as described ql_s‘fewhere‘ (Dunn et al., 1965).

Polyclonal’antlé'; were prepared by injecting O.i to 0.5 mg of
pum_ﬂ'ed protein in "éc')nplet,e Freund's adjuvant into New Zealand white
rabbits. Ant.lbodir.'?r tion was monitored through ELISA and the
animal was m-um‘ﬂh additional antigen as required. Anti-rat IgG
was pre;:ared by m;:cunl rabl;tu with purified rat IgG and purifying
the antisera on a column of rat IgG-Sepharose (Dunn et u'.. ‘
1989).

Bovine intestipal alkaline phosphatase was coupled to antibodies
using clutarald?hyde as described by Voller et &/. (1976).
" Antibodies were jodinated using the IODO-GEN (Pierce) method (Fraker
and Speck, 1978) and the jodinated proteins were separated from free
fodine using column centrifugation (Penefsky, 1979) on l:ll columns of
Bio-Gel P-10 equilibrated with phosphate butfered ul:me. PH 7.4.
Anti-rat IgG-Sepharose was prepared using pubiished methods {March et

al., 1978). ] ’ ‘



2.5 Immun ipitatio

”
Twenty-ul aliquots of anti-rat l1gG-Sepharose were incubated with

i-ml samples of hybridoma culture media in Eppendorf centrifuge tubes
for 1 h at room temperature with mixing. The unpl.es were centrifuged,
the supernatant was removed by'upn"auon and the Sepharose was washeg
3 times by repea.ted centrifugation with {-ml per’uom of buffer

containing SO0 mM Tris-HCl, pH 7.3, 100 mM NaCl. Thg anti-rat IcG-\
Sepharose with bound rat antibodies was then incQbated with 60 ug of
purified ATPase in 0.26 ml of buffer containing 50 mM Tris-HCl, pH 7.8,
100 mM NacCl, 2 mM ATP, S u/nl BSA and 10X glycerol. The samples were
incubated for 1 h at room t.en‘peratu!'e with mixing and then the

Sepharose was collected by centrifugation and washed as above. The
bound rat Ig6é and ATPase were sojubilized by the addition of 30 ul of
SDS-sample buffer containing 10 mM NEM, boiling for 10 min followed by
the addition of 20 ul of water and an additional 3 min of bomng The
Sepharose was centrifuged down and SO ul of the supernatant was
electrophoresed on a 10-20X gradient SDS-polyacrylamide slab gel which

was stained with Coomassie Brilliant Blue R-250.

2.2.6 Membrane Binding Assays

Various amounts of fodinated monoclonal antibodies were incubated'
with 60 pug of membdbranes prepared {roi E. coll strains AN180 or
ANBSY in 0.23 I‘l/of buffer containing 50 IIH Tris-HCl, ' pH 7.4, 100 mM
NaClL, { mM MgCl,, 2 mM ATP, 5 n./m BSA, 10x glycerol. They were

incubated with .Qnt.lﬂ agitation for {1 h at 4°C and then centruuced for
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15,910 ™ an Eppendor} cintrefuge.. The petlet was washed three times

with 1 m)l of buffer and the peliet and the tube were then counted in a

y-counter.
2.2.7 Antibody Binding Competition Assays /

. 4
Buffers used were identical to those used in the ELISA’s with

concentrations of the ATPase subuhit applied to the wells of microtiter

2 b v o
- - - e

plates ranging from 0.4 to i ug/ml. The plates were blocked bg )

overnight incubation with BSA at &4°C. Solutions of purified monocl'on:\ '
antibodies labelled by either iodination with 1251 op conJuuuon to
» -

alkalme phosphatase were applied to the wells with varying
concentrations of culture supernatant-“a';ld the plates were allowed to
incubate overnight at room temperature. Concentrations 'of subunits
applied to the wells and the specific activity of the lab;elled
aanubodies were cho.sen in order to saturate the binding sites and
generate a signal sufficient for accurate determination. Iﬁ some
cases, particularly with the antibodies that recognized the smaller
subunits, lower affinities of the antibodies necessitated the use of
purified antibody rather than the dilute culture Supernatant. The
solutions were then removed by aspiration and t.n; \veu.s were washed as
in ELISA's. The wells were cut out and counted in a* y-counter. Those
éxperiments utilizing alkaune phosphatase-conjunted anubodlu were

developed as descmbed for ELISA's using p-nitrophenylphosphate. All

assays were performed in duplicate or triplicate.



2.2.8_ Other Methods

SDS-polyacrylamide gel electrophoresis was performed as described
by Laemmli (1970). SDS-sample buffer contained 125 mM Tris-HCl, pH
6.8, 2X 8SDS, 10X sucrose, 0.01X bromphenol biue and either 10 mM NEM or
SO0 mM DTT. Gels were stained in 0.05X Coomassie Brilliant Blue R-250,
A5x methanol, 5% acetic acid and destained in 20X methanol, S% acetic
aci&. Protein concentrations of Fi solutions were determined by the
létr;od of Bradford (1976) and those of membrane and antibody solutions
- were determined by the method of Lowry and coworkers (1951). BSA was
used as the stapdard for both methods. Ailthough the Bradford method of
protein determination using this standard can underestimate the proteln_
content with some proteins, resuits obtained for Fy solutions using the

Bradford and Lowry methods with this standﬁrd were identical to within

SX. -
Distilled, deionized water.was used in all experiments.
2.3 Resuits

2.3.1 Immaunoprecipitations

.
A large portion of the surface of each subunit of Fy interacts
with other subunits and consequently lies in the interior of the
enzyme. As the antibodies were raised and screened using F, that would
have been in a largely dissociated state, some. ui.ubodtu ‘would have

been produced that recognize epitopes that are buried within intact Fy.

4
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Such antibodies will not bind to the intact holoenzyme and thus should
not be able to immunoprecipitate the entire complex. The converse will
be true f;or' those antibodies recognizing external epltopc;:. Sutficient
quantities of Fy were utilized in the immunoprecipitations so that
after SDS-gel electrophoresis, the subunits of the enzyme could be -

visualized by staining the gel with Coomassie blue. DTT was omitted

- from the SDS--ample buffer to prevent the reduction of the antibody

into 1ts constituent light and heavy chains that would migrate to
positions obscuring visualization of the a, B and y subunits. To

pre.vent' disulfide exchange reactions, the SDS-sample buffer contained -

10 mM NEM.

An experiment using a representative sample of antibodies is shown
in Figure 2.4i. Note that some DTT diffused from the F; standard (in
lane 1) into the lane containing the a-i experiment (lane 2) leading to
the reduction of that antibody. The heavy chain of the antibody
migrated with an apparent molecular weight of 53,000 and could be
mistaken for the a or 8 subunit. This particular experiment was
repeated (dat; not showRr) and the a-{ antibody did not
‘immunoprecipitate intact Fy suggesting that the a-i epitope lies buried
within the holognyne. Antibody a-2 behaved the same way (data not
shown). In contrast antibodies, a-3 (lane 3) and a-4 (data not shown)
immunoprecipitated the intact complex suggesting that their epitopes
are located on the exterior surface of Fy.

Antibodies S-1 (lane 4), B-4, B-5 and B-6 (data not shown)
immunoprecipitated the intact co-plox whereas antibody B-2 (lane S) and
B-3 (data not shown) only immunoprecipitated free S subunit. The

results obtained with the anti-y antibodies were difficuit to
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Figure 24. Immunoprecipitation of Fi-ATPase by monoclonal antibodirs
and inu-nt 1gG-Sepharose. Immunoprecipitations of F; by monoclional
antibodies and anti-rat Ig6-Sepharose were performed using the method

described in section 2.25. Fifty ulL-sampies containing ‘SDS-

loluhuuod/lnl alkylated protein were electrophoresed on a 10 to 20X
SD8-polyacrylamide gradient gel which was stained with Coomassie

Brilliant Biue R-250 as described m.nctton 22.8. The ianes are as
follows: lanes 1 and 10, E. colf Fy standards; lane 2, a-i; lane

3.6‘3;1“04.3‘1:1&00-5.3'2;1&“6.V-ulmQY.é-Z:lanea.c-

3; lane 9, control with no antibody.
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interpret. Antibody y-i (lane 6) immunoprecipitated only trace amounts
of Fy subunits and y-2 (data not shown) immunoprecipitated smaller
amounts. These low levels may have resulted from weak binding of the
antibody to y and subsequent dissociation during the experiment, or
they may have resulted from a»r;ornally‘ buried epitope on y being
exposed on partially dissociated F. Antibody y-3 (data not shown) did
not immunoprecipitate any Fy subunits.

_ Allthe a;u-q antibodies, as demonstrated by antibody -2 (lane
7), immunoprecipitateg Fi. The IgG antibodies (4-2 and 4-3)
immunoprecipitated significantly more Fp than the IgM antibodies (d-1
and 4-4) (data not shown). This may have resulted from the lower

affinity of the anti-rat 1gG-Sepharose for the IgM molecules. Antibody
. T \

€-3 (lane 0) and -1 (data not shown) only immunopregjpitated a trace

amount of free ¢ subunit. Antibody e-4 (data not shown)
immunoprecipitated low amounts of Fy. -Antibody €-2 did not,
immunoprecipitate any subunits (data not shown). ’

It was important to determine whether the antibody epitopes were
exposed in Fo-associated Fy. With the inhibitory or stimulatory anti-a
and anti-g .antlhodles. this was easily deter.mﬁed by observing whether
tho; affected the activity ﬂ/u:epbrane—bound Fy (Dunn et al., 1985
and summarized in section 2.4), However, for antibodies with no "
activity effects, this method was not applicable. Initially, attempts
were made to determine which antibodies could immunoprecipitate FyF,
from a partially puritied FqF, preparation. Unfortunately these
experiments were hampered by the instability of the FyF, complex after
puritication and cohsequently the results were mcon‘cluuve. Thus

another nothod was attempted.
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2.3.2 Binding of Antibodies to Membrane-Bound F,

The binding of 1251-1abelled antibodies to membrane-bound .Fg was
measured to determine which antibodies’ epitopes were exposed in
membrane-bound Fy. Antibodies were incubated with inverted membrane. .
vesicles prepared from either strain ANi180, which is wild type with
‘respect to Fy, or strain AN887, which produces very low amounts of Fy
due to a Mu phage insertion (Downie et aJ/., 1980). Binding of
antibodies to strain- AN887 vesicles was used as a measure of non-
specific pinding. Recovery of ATPase activity from ANi8O membrane
vesicles wa:; 66%. In Figure 2.2A the. resuits of an experiment testing
two anti-€ antibodies, €-1 and €-4, are shown. It was observed that e-
4 bound only to ANt20 membranes whereas €-i{ bound to neither. Figure
2.2B shows the results of a similar experiment using antibody &8-2. It
st;o‘ws that 4-2, 1itke €-4, bound only to AN120 membfane vesicles.
Comparison of the amount of binding seen with ant!bo&ir €-4 seen with
that of 6:a\mdlcates that €-4 is only binding to a small amount of
/”t.o;.al membrane-bound Fy present. This may be due to a number of
factors such as lower affinity of e-4 compared to 4-2 for their
respective epitopes or blockage of the c;ll epitope in some memprane-
bound Fy. It is also possible that upon the binding of Fi_ to
membra.n;s. a conformation change occurs in the €-4 epitope dgcreaslnc
the affinity’ of the antibody for it. Low but significant levels of
binding to AN887 membranes by any of these antibodies was due to low-

'level productioh of Fy which was detected and quantitated using Western

blots (data not shown). This analysis showed that the AN687 membranes
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Figure 2.2. Binding of !251-monoclonal antibodiés to membranes from
E. coll strains AN180 and ANSSY. Binding of 1251-antibodies to
membranes prepared from strains AN180 (UDC’)'IRC ~ANB88T (unc’)
was measured using the method described in section 2.2.6. Membrane
peliets and the tubor were eoo.;nted in a y-counter. Recovery of ATPase
activity in the peliet was 66X. The symDols in the paneis are as
fol{owa: ‘pPanel A; @, e-1 with ANiIS0; O, e-1 with ANSST; 4, e-l. with

ANIBO; A, e—-l. with ANOST; panel B; 8,4-2 with ANI80; 0O,6-2 with ANOST.

“A\

\"'
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used in these experiments contained 12X as much Fy as those from strain
. AN180. Similar experiments were performed using the y-f, y-2 and y-3
antibodies and none of these bound to either ANSST or ANi20

membranes.

2.3.3 Antibody Competition Studies

Experiments were performed to determine which groups of antibodies
have epitopes spaced closely enough together to prevent simultaneous
binding. The sty of purified antibody or hybridoma culture
supernatant to inlitbit the binding of labeiled antibody to the
appropriate purified subunit was therefore tested. Individual
expertlenis are shown in Figures 2.3 to 2.7.

Figure 2.3 shows a typical experiment in which hybridoma culture
supernatants of the anti-a antibodies and the anti-8 antibody B-6 (as a
control) were tested t.c; see if they could inhibit the binding of
alkaline phosphatase-conjugated a-3 antibody to purified a subunit.
Antibody d-3 competed well against {tgelf, and higher concentrat.u;m ot
antibody a-4 also competed with a-3 blndmc. Differences between
.ant.'ibodles' ability to compete with each other probably reflect a
combination of varying antibody concentrations among the hybridoma
supornatan;.s and the different affinities of each antiboaf for its
epitope. The remaining aptibodies did not compete for binding. A
similar exﬁgrment )vu performed using labelled a-i1 (data not shown).
Antibody c-1 and high concentrations of a-2 were able to completely

abolish layollod -a-1 binding. High concentrations of a-3 and a-4&

prevented a maximum of 30X of the binding of a-1. On the basis of




Figure 2.3. Monocional antibody competition for a-3-binding site. A
solid phase binding competition study was performed as described in
section 2.2.7. Binding plates were prepared using pure a subunit a:t a
concentration of 0.5 ug/ml. Each well received 0.3 ug of alkaline
l;hogphatm-conju‘ated a-3 in various dilutions of hybridoma culture
media. After overnight incubation, the plates were washed and the
binding of labeled @-3 was determined by addition of p-nitrophenyl
phosphate. The symbols are as follows: @, a-{; O, a-2; O, a-3; @&, u;'

& A, B6.
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these results, a-i and'a-z were placed 'in the A-l1 competition subgroup
and a-3 and a-4 grere placed in the A-II competition st.lbcroup. The
small tnhidbition in binding observed between the two competition v
subgroups may reflect spatial proximity between the epitopes of the two
groups. '

_The anti-B antibodies were plaoed into two competition subgroups
as well. The first coipeuuon subgroup, B-1, contained antibodies B-
1, B-4, B-5 and B-6. An experiment demonstrating competition against
the binding of iodinated B-1 is shown in Figure 24 Note that 8-6 was
the stronce'st competitor in this group whereas 8-S was the weakest. ‘
-Another experiment demonstrated that g-2 could compete for binding with
itself and B-3, although B-3 was ineffectual in competing against B-2.
Consequently B8-2 and B-3 were placed in tt§e same competition subgroub.

- B-1I. ‘

. None of the anti-y antibodfes was able to inhibit one another's

binding to the y sdbhntit(l‘-‘igure 25) and thus ea.ch antibody was placed

tnto a separate cbnpe‘uuon .subgroup. Antibody y-1 was placed into

conpetiuon subgroup C-I, y-2 into C-H and y-3 into C-1IL. All the . —

) anf.t~-<§~ antipod_les mhlbl‘t-ed tneybinétnc ?f iodinated &4-3 (Figure 2.6)

and were thus placed ihto a single Eonpetitlon subgroup, D-1. \
The anti-e antibodies were placed into two competition :ubcroufu:

E-1 contained ¢-1 and E-II contained e€-2, ¢-3 and e-&. An experiment

uunc.; fodinated e¢-3 is shown in }‘xiure 2.7. Antibody eti competed more

effectively with e-3 tNan e-3 did with itself Probapty reflecting

differences in ifﬂntty for € subunit.u purified antibodies rather -

t.ht;l hybridoma culture supermznuo were used in this experiment.

Antlbbdy e-2 did not "coipete against €-3 in this experiment, but the



Figure 2.4. HMonoclonal antibody competition for B-1-binding site. A
solid phase binding competition study was performed as described in
section 2.2.7. Binding plates were prepared using pure 8 subunit at a
concentration of 0.4 ug/ml. Each well received 04 ug/ml 1251-g-1 in
various dilutions of hybridoma culture media. The plates were

incubsted overnight and then the wells were excised and counted in a y-

counter. The symbols are as follows: 4, B-%; @, 5-2; B, B-3; O, B—&;

0, B-5; &, B6; V, y-1.
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Figure 2.5. Binding competition studies with anti-y monocional

antibodies. Solid phase binding competition studies were performed as
described in section 2.2.7. Binding plates were prepared with 05
uwg/ml of y subunit. Each well received 2 ug/ml of labeled antibody and
various concentrations of purified unlabeled antibodies. The plates
were incubated overnight, then th; wells were excised and counted in a
y-counter. Experiments in each panei ﬁeexved the following iodinated
antibodies: panel A, 1251-y-1; panel B, 1251-y-2; panel ¢, 1851-y-3,

The symbols are as follows: O, y-1; A, ¥-2; & Y-3; O, B-1, A, B-2.
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Figure 2.6. Monoclonal antibody competition for J4-3-binding site. A
solid phase binding competition study was performed as described in
section 2.2.7. Binding plates were prepared using pure J subunit at a
concentration of 1.0 ug/ml. Each well received 2 ug/mi of 1251-6-3 in
various dilutions of hybridoma culture supernatant. The plates were
incubated overnight, then the wells weie excised and counted in a y-
counter. The symbols are as follows: @, &-1; B, 3-2; A, 6-3; O, &-&;

a, a-3.
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thure 2.7. Monoclonal antibody competition for ¢-3-binding site. A

solid phase binding competition study was performed as described in
section 2.2.7. Binding plates were prepared using i ug/ml of e

subunit. Each well received 2 ug/ml of 1251-¢-3 in various dilutions
of hybridoma culture media. The plates were incubated overnight and

the wells were excised and counted in a y-counter. The symbols are as

_ follows: O, e-1; B, €-2; A, €-3; O, e-&; A, a-&.

<
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binding of iodinated -2 was inhibited strongly by €-& and less
strongly dy -3 (data not shown). Thus e-2 may have the weakest

affinity for e in the E.‘-I} competition subgroup.
2.4 Discussion

In order to make fullest use of .the monoclonal antibodies,
extensive characteriz;tion of their properties w;s requlreﬁ. The
ability of antibedies to bind to soluble and membrane-bound Fy and the
proximity of antibody epitopes relative .to one another were determined.
Other properties characterized by workers in the laboratory included
the ability of antibodies to recognize ATPase subunits de.rived fr'ou;
other sources and the effects of cer.tam ‘antibodies upon Fy-hydrolytic
activity (Dunn et al., 1985). These.results are summarized 1in .
Table II1.

The unifying observation was that antibodies whose epitopes are
located near one another (il.e. -elber.s of the same competition

subgroup) tend t.s share similar properties. This does not imply _that.

“—-lhese antibodies are identical. Differences were observed among o

mt—

members of the same competition subgroup in regards to ease of elution

from Fyi-affinity columns, shape of inhibition curves and direction of

- activity effects. Thus antibodies in the same competition subgroup may

recognize overlapping epitopes or may recognize and ltabniu'qnferent

conformations of the same epitope. ‘
Competition ‘spb.rc‘nip A-1 contains the anu-a‘anubodiu a-{ and «-

2. Both these antibodies recognize epitopes not exposed®on the surface

of intact Fy; and have no effect upon the enzyme’'s activity. Antibody
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TABLE 11

Sumamary of Antibodies

Able to ATPase
Competition - Clone precipitate  activity Cross-
subgroup . ATPase -~ etffects reaction
A-1 a-i No ND2 Azotobacler
AT a-2 No ND ND
A-11 a-3 Yes Partial (-) ND
A-11 a-& Yes Stimulation ND
B-1 B-1 Yes Strong (-) ND
B-1 B4 Yes Strong (-). ND
B-1 - B-S Yes Strong (-) ND
B-1 B-6 Yes Strong (-) ND
B-11 - B-2 No ND Widespread
B-II B-3 No ND Widespread
C-1 y-1 No ND Azotobacter
C-11 y-2 No - ND Mitochodri-
al,
" chloro-
. plast Fy
C-111 y=-3 No ) ND ¢ ND
D-1 -1 Yes ND ND
D-1 -2 Yes ND ND
D-1 é-3 Yes ND - ND
D-1 é-4 Yes ND ND
E-I e-1 No ND ND
E-I1 e-2 No ND RD
E-II e-3 No ND ND
E-I1 e-4 Yes ND RD

AND, not detected.

Antibodies were placed in binding competition subgroups based on
the results of solid-phase competiton studies such as those shown
in Figures 2.3 through 2.7. Competition subgroups are designated
by an upper case letter which corresponds to the Greek letter

name of the subunit recognized, and a Roman numeral. Ability to
precipitate ATPase was determined by immunoprecipitations such as
the experiment shown in Figure 2.1. ATPase activity effects and
cross-reactivity are described in section 2.4.
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a-1 recognizes a 53,000-dalton protein found in whole cell SDS-extracts
of Azotodacter macrocytogenes using Western Dblots. Weak cross-
reactivity is also observed for proteins found in Bacillus

subtiils, Lactobaclllus casel and Micrococcus luteus. The -
‘other competition subgroup, A-II, contains antibodies a-3 and a-&,
which recognize epitopes on the external surface of Fy. Antibody a-3
partially inhibits the activity of soluble Fy; by 30X and has no effect
upon membrane-bound Fy, whereas a-4 stimulates the activity of'spluble
Fy by 80% and that of membrane-bound Fy by 10X. The stimulatory effect

-

0f a-4 may be due to P&Ptl?l relief of ADP tnhibition (Dunn and-
Za‘doromy.i unpublished observ'au»ons). The contrast in activity effects
emphasizes thé fact that members of each competiton subgroup are not
jdentical. Neither of these antibodies cross-react with ATPase

subunits from other sources.

The six anti-p antibodies belong po‘t.vo different competition
subgroups, B-1I and B-II._';he fou: B-.I' intibodies, 8-, B-4, B-5 and B-
6 au'reco"nue epitopes on the surface of Fy. They are all strong
inhibitors of ATPase activity, reducing the activity of soluble F;
bet.v\een 65 to 90X and the actiyity of membrane-bound Fy between 40 to
60%X. Preliminary st:udle.a of their inhibitory effects seem to show
tmt}o-e antfodies inhibit: W1ve cooperativity while others
inhibit with negative cooperauv;ty (Dunn and Za.d.orozny. unpubdlished
observations). The B-II antibodies, -2 and B-3 recognize an epitope
buried within the assembled holoensyme and have no effect upon
activity. These antibodies recognize ATPase subunits from spinach
‘chioroplast and rat liver mitochondria using purified Fy and ELISA.

They also ‘romm'u proteins on Western blots of the whole cell SDS-

*
-
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extracts described previously for the anti-a inubodxes as well as
extracts from Norcardia rhodochrous and Streptococcus '
faecalls,

Similarities appear in the properties of the A-1 and B-1I
antibodies and @e A-1I and B-1 antibodies. Both the A-I and B-II
antibodies recognize mternal' epitopes that are conserved In Fy~-ATPases
from various sources. Perhaps these epitopes are located in regions
important for the structural stability of the holoeniyme. Mutant F.
coll strains exist that produce unstable F; complexes (Kanazawa et
al., 1980). As described 'm section 1.2, it s app‘arent Wwat subunit
interactions are essential for normal catalytic activity. Therefore
subunit interfaces must play an important role tn the catalytic cycle
and thus it is not surprising th'at certain structural features qf these
regions shouid be conserved through evelution. The A-II and B-1
antibodies recognize external epitopes and have effects upon catalytic
activity. Their epitopes do not appear to be conserved in F-ATPases
from other sources and thus it is not likely that they recognize a
s.t.ruct.ure such as the catalyi.lc site or other nucleotide-binding sites
that have been tentatively identified using sequence homologies betveen’\.
E. colf Fy and other nucleotide-blndlna proteins (Walker et
al., 1982). As conformational changes are posiulated to occur during
catalysis, it is possible that these antibodies could restrict
necessary conformational freedom by binding anywhere on the surface of
the enzyme. ‘

The three anti—y antibodies recognize distinct epitopes and are

thus placed into three competition subgroups. Unfortunately the

immunoprecipitation resuits were thconclusive as to whether any of




'f..chloroplan Fy. .,

these antibodies recognize exposed epitopes on soluble Fy. More

sensitive 1nuno?reclplutlom unn‘ a method described elsewhere (Dunn
a'nd Tozer, 19206) also failed to immunoprecipitate Fy using the anti-y
monoelonal antibodies (Dunn and Zadorozny, unpublished data). These
studies aid indicate however that y-i immunoprecipitates e-depleted Fy,

=

sugdesting that the y-i epru-:pe might be located at the y-€ interface.
None of {he anti-y antibodies were ;ble 't.o ‘bmd to membrane-bound Fy,
u-omt;atmc that the-epitopes are not exposed on FiF, either.’
Polyclonal anti-y _antuerai‘ are ableftt;:lnhxbit E. coli Fq¢ in both
the soludble and membrane-bound foras of.the enzyme indicating that some
.:urfaces‘of the v'subum‘t must be exposed t:o the medium (Smith and
. Steran 1902) gilttbody y-1 recognizes a protein from 4. -
.acrocyto:ene: with an apparent molecular weight of 36,000 and
) 'anubedy y-2 recocnues the v subunit from mitochondrial and
‘rh.e anti-$ antMtu all belong to a single competition subgroup,
. D-1 and all recognisé an epitope that is exposed on the surface of Fy
Whether 1t is Bound to the membrane or not. The & Jubunit is
postulated to serve in Unking Fy to F, (Sternyeis, 1976), and
. consequently a great deal of its-surface area :ﬁould be invoived iIn
suimnitnubupit lnter.a:.txoni (see, Figure 1.1). It i3 interesting
ho'vovor. that t.wg is a .sufficiently large region of the & subunit
oxpoud to aliow the binding of an antibody molecule.
The anti-e anttbodies have been placed into two competition
Mgrpup& subdoup E-1 Mmm ¥ and. subgrowp E-1L contains e-3,
€2 and.e-8. As with the anti-y antibodies, the immunoprecipitation

" results were inconclustve. Modified imsunoprecipitations shdwed that
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€-% could immunoprecipitate the holoensyme wherease e-i could only
immuncprecipitate free ¢ (Dunn and Tozer 1921), Antidody e-& 1s also
able/to bind "to membrane-bound Fy and partially inhibit the -icuvlty of
the "compiex (Dunn and"rozer. 1967). The ¢ subunit, like the J subunit
i3 postulated to have a role in binding Fy to F, (Sternweis, 1978).

.

Since € is even smaller jthan é and it is proposed to have a spherical
shape rather than 4's elongated one (Sternweis and Smith, 1980; _ )
Sternwels and Smith, 1977), the finding that a large area of this’
subunit is exposed in memdrane-bound F; i{s even more surprising. The
anti—e antibodies, €-1 and e-4, are also able to silnulate ATPase
activity. These properties will be d'ucr'ibeq' in chapter &,

Neither the anti-é nor theé anti-€ antibodies cros3-react with
ATPa;e from rat liver mitochondria or spinach chloroplast as determined
using purified Fy and ELISA. More conclusive results might be obtained(
using whole cell SDS-extracts and Western blots.

This ext._enslve characterization of the antibodies has allowed
their use inm a variety of applications. The antibodies of the B-I
competition subgroup are being used as tools .t-n the study of the
erizyme"s catalytic 'I;echanlsn.o Immobilized antibody e-% has been used
for the preparation of e-depleted Fy for studies of the mechanism of
the inhibitory effects of that particular subunit (Dunn, 1986a; Dunn -
et al., 1987T). COll_oidal gold-=labelled € subuntt, anti-d . .
_ monoclonal antibodies and immunoelectronmicroscopy are being used as a
potential :neam to map the location of the 8 and ¢ lubunit; within Fy
quat;rnary structure. The antibodies have alto been used in the

. development of an improved .Vutern blot protocol (Dunn, 1966b). In

subsequent chapters studies will be described 1ﬁ'whlch the antibodies

¢
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served is tools for identification of subunit products, for
determination of holoenzyme integrity after particular treatments, and

as agents for perturbation of the entyme.
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30 MAPPING THE LOCATION OF THE ANTIBODY EPITOPES WITHIN THE PRIMARY

STRUCTURES OF THE a AKRD £ SUBUNITS

3.1 Introduction

The characterization of a bank of 21 monoclohal antibddies that
recognize the subunits of the 5. colif F~ATPase was descrlbe& in
the preéevicus chapter. Two Competition subgroups, A-II and B-1 contain
antibodies that recognize the a and 8 subunits respectively and affect

] the activity of the holoenzyme. Two other competition ,subcro:ups. A-l
and B-II cont‘am antibodies inat recognize epitopes on the a and B8
subunits that are buried wtthm' the holoenzyme and have been conserved
in ATPases from various sources. [Kifowledge of thé'{ocatton of t.h.e
el;ltopes of the anti-a and anii-a antibodies within each subunit's
primary structure -a} Provige useful tnsights 1nto the propgruesl of
the antibodles_' and their ef_fécts upon the enzyme. | |

Understanding the mode o action of the A-II and -B-I antibodies

™~ may fﬁwtdé faformation about the catilytic mechanism of the e‘iu'yn‘e.
e B .

Kinetic studies are under way by other workers in the laboratory to

define which step or Steps in the catalytic cycle the antibodies

perturb. Conformational changes in Fy are thought to be crucial for

catalysis (Cross, 1961). It 11 possible that these might be hindered

by the binding of antibodies anywhere on the surface of the a and B
subunits and thus the antibuly effects would be somewhat non-specific
in nature. A more interesting possibility is that the antibody effects

result from specific interactions with regions of . the subunits that are
. . . a -~
important for catgjytic activity. The nucleotide-dinding sites on the

N
-
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G and B subunits have been tentatively identified and various amino
acid residues have been shown to be important for catalytic activity
through the use of mutants and chemical modification studies (Duncan
et-ai, 1966). Thus the possibility that the antibodies are

binding at or near catalytic or regulatory sites can be determined by
orienting the epitopes relative to the sites aiready determined. ‘Such

information in tandem with the kinetic studies might allow further

o

definition of subunit regions important for catalytic activity.

- Determination of the actual quaternary structure of Fi‘ is an
on¢61u goal of 4 number of workers. To this end studies have made ‘use
of cross-linking reagents (Bragg and Hou, 1982), florescent energy
‘tram{er measurements (Richter et a/., 1985), electron microscopy
(AKkey et al., 1983), and most notably x-rgy diffraction (Pedersen,
1982). The resuits, often inconclusive and sometimes conflicting, have
led to the formulation of several models: Kone of these is ;nurely
satisfactory. X-ray crystallography appears to be the most promising
approach to uluu.tely define the ;tructure of Fy. Studies of Fy from
i*at liver mitochondria at 0.9 nm resolution show & large masses
arranged in 3 hexagonal manner around a central space with a two fold
axis of symmetry. The nono::lonal mtxiiodtes may provide useful
information for these studies. !novlcd:e of the location of the
epitopes within subunit primary structure, whether the epitopes are

. exposed or buried within the holoenzyme and the proximity of the
epitopes to neighbouring subunits could be used to orient subunit
primary structure within Fy quaternary structure.

in this chapter, the efforts to map the location of the epitopes
of the anti-u and anti-f momocional antibodies will be described. One

5?7



common method of epitope mapping makes use of the complete cleavage of
the protein, separation of the fragments by a method such as reversed
phase high performance liquid cnroln_tocraphy (HPLC) and then assay of
the fragments' ability to bind to the antibodies. The composition of
the antibody-binding fragments is then determined by either amino acid
analysis or the use of a sequenator, and by comparing this result to

. the known sequence of the protein, the origin of the fragment can be
identitied (for an .exanple see Altschuh and Regenmortel, 1982).
Problems associated with this technique because of the structural
nature of some epitopes will be illustrated and netho;ls to partlally'

-

overcome these problems described.

32Cter1ﬁau and Methods

3.21 Materials

The sources of most chemicals used in this section have been
described in section ;:.2.1. Worthington TPCK-Trypsin was purchased
from Technicon (Mississaugs, Ont.). Goat anti-rabbit IgG, clostripain,
Staphylococcus aureus Vé protease, pronase, a-ntf.ro-s- ’

thiocyanobenszoic acid and N-bromosuccinimide ‘were purchased from Sigma
(St. Louis, Mo). Nitrocellulose (0.2 smicron) was prepared by MSI Inc.
' and purchased from Fisher (‘;oronto. ont.). HPLC-grade acetonitrile and

isopropanol were also purchased from Fisher.
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3.2.2 Preparation of Fq, Subunits, Membranes and Antibodies

E. coil strain AN1a60 (unct overproducer) (Downie et

al., 1980) was grown as previously described (Dunn et aJ, 1985).
E. colf strain KF20 (uncD”), an amber mutaht which produces a
truncated 8 subunit (Noumi et al., 1906), was odbtained from Dr. M.
Futai (Department of Microbdiology, Okayama University, Okayama, Japan)t
Fy and the a, 8 and y subunits were purified using published methods
(Futai et a/., 1974; Smith and Sternweis, 1977; Dunn and Futai,
1960). The production and characterization of the :ubunlt-:peciﬂ'c

antibodies have been described previously (Dumi ‘et al, 1985 and

chapter 2).

3.2.3 Cleavage of the a and § Subunits

CHBr cleavage (for cleavage at methioninyl residues)--Purified
subunit was precipitated by the addition of & volumes of acetone and
incubation on 1ce for 1 h. The solution was then centrifuged for 20

min at 15,000 rpm in a Beckman JA‘20 rotor at A°C. The supernatant was -

.
e

removed by aspiration and the pellet was washed with cold 80X M.xtone
and centrifuged as before. The pellet was dried under nltr;:cen anmd
then dissolved in TOX formic a'cld 80 that the protein concentration was
1 mg/ml. CHBr, dissolved at 3Xw/v) in 70X formic acid, was added to «
the protein solution to a final concentration of 0.5X. The solution b
was incubated for various periods of time at 37°C. The cleavage was

terminated by the addition of 10 volumes of distilled water and
. Q .



‘Iyophilization.

S. aureus V8 proteast‘dlgesnon (for cleavage at glutamyl
residues)--Purified subumit was ‘preclpltated by acetone as described
prevaiously. The protein was tr}en resolubilized at a concentration of
mg/mi 1n 04 M NH4HCO3..\% M urea. After @ 30 min incubation at room
temperature, the urea was diluted to 2 M with 014 M NH4HCO3. The
protease, dissolved in distilled water, was added for a 20 pg/ml final
concentratiorn to the protein. The solution was mcubate;i 16 h at 37°C.
The reaction was terminated by boiling for S5 min.

Trypsin digestion (for cleavage at arginyl and lysyl residues)--

-

Purified subunit was precipitated by acetone as described previously.
The protein was dissolved in S0 -mM Tms\-HCl. pH 8.0, 1 mM CaCl;, 8 M
urea and incubatec at room temperature for 30 min. The urea was
diluted to 2 M by tpe addition of SO mM Tris-HCI, ?H 8.0, 1 mM CacCl, -
and the resulting protein concentr'atlon was { mg/ml. TPCK-treated
trypsin dissoilved at { mg/ml in { mM HCl was added for a final
concentr:ation of 10 ug/m! to the denatured subunit and the cleavage was
allowed to proceed 16 h at 37°C. The reaction was terminated by the
addition of phenylmethylsulfonylfluotide, _gissolved in a minimum volulﬁe
of 954 ethanoi, to a final concentration of 1 mM. Both removal of the
amino-terminal fift;en residues of the a subunit and tleavage of the a
) subunit in half were performed using published procedures (Dunn et
al., 1980 Senda et al., 1983). "

Clostmp'am digestion (for cleavage at Srunyl residues)--Purified
subunit was precipitated by acetone as described previously. The
protein was then resuspended in 50 mM sodium phosphate, pH 7.5, 1 mM

DTT, 8 M urea and allowed to incubate at room temperature for 30 min.
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DTT resuiting in a 1 mg/ml protein concentration. Clostripatin
dissolved at 1 mg/ml in 50 mM N-ethylmorpholine-HCI, pH 8.0, i mH DTT, :
10X glycerol was added for a final ooneontra.uon of 10 u.c/:l to the
protein solution. The solution was incubated at room te-;irature for
various pericds of time and the digestion was terminated by boiling for
S min. Co

Weak Acid Hydrolysis (for cleavage at aspartyl-prolyl bonds)--
Purified subunit was dissolved in 20X acetic acid and incubated at 60°C
for the specified period of time. The reaction was terlxnat;d by
freezing the solution followed by lyophilization. For “in gel” weak
acid hydrolysis, a lane containing protein of interest was excised from
an SD8-polyacrylamide gel and incubated in 20X acetic acid, 50x
methanol for 32 h at 60°C with two changes of buffer during the first
hour. The gel slice was then incubated in three changes of 1X acetic )
acid for 1 h at room temperature to remove excess methanol and was then
frozen and lyophilized. Prior to electrophoresis, the gel slab was
incubated for 20 min at 60°C with 3 changes of D‘l"l'—eontﬁmu SDS-
sampie buffer to resolubilize the protein ﬂ"a:l'ents. The gel was then
M on top of W gel of a 10 to 20x SDS-polyacrylamide
gradient gel. Electrophoresis was carried out in the uot.md dimension
and the samples were electroblotted onto nitroceilulose for subsequent
immunciogical probing.

Other Qo‘vam--Cyany[aum (for cleavage at cysteinyl! residues)

et

were performed using the method of Jacobeon et al. (1973) N
Cleavage with K-bromosuccinimide (for cleavage at tryptophanyl and

tyrosyl residues) was performed by dissolving the protein to a 2 mg/ml
conceatration in 8 M urea/acetate, pH 4.0 and adding M-bromosuccinimide
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at 2 10 M excess over protein. The reaction mix was incubated at 37°C
in the dark for various {?tm of u-e‘ and the reaction was terminated
by {reezing and lyophilization. Weak base hydrolysis (mon-specific
Cleavage method) was performed by dlu;)lvuu acetone-precipitated
subunit to 1 mg/ml in 0.5 M MaOH, incubating the protein at 37°C for
various lengths of time and terminatihg the rgattion by neutralizing
th_e solution with the addition of an equal volume of 0.5 M HCl

Pronase (non-specific pfot.em) was added to a & ug/ml final

- concentration to 0.44 mg/ml of acetone-precipitated subunit dissolved
in 100 mM Tris-HCl, ph 7.5, S mM MgCly, 10 X glycerdl. It was incubated
fqr various lengths of time at 37°C and then the digestion was
terminated by the addition of SDS-sampie buffer and subsequent boiling.
Subtilisin (non-specific protease) digestion was performed as for S.
aureus V8§ digestion using 30 ug/ml protease.

3.2.4 Reversed Phase HPLC .

Reversed phase HPLC was performed on ; Waters (Mississauga, Ont.)
systea uiumn. an neao ¢?acuent: controlier, two M3510 pumps, an MAS1 .
variable wavelength UV-vis detéctor and a Rheodyne injector. \;:pzldcl
were detected by l'euuruu the absorbance of the eluate at 210 nm.
Separations were performed using V’auu phenyl, Cyg or Cg uﬁondapu
reversed phase columns. Several gradients were appliied using
acetonitrile or isopropancl as solvents and trifiuoroacetic acid as the
counter lon and all were applied at room temperature. All buffers and

samples were filtered before use.

-
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SDS-polyacrylamide gel. electrophoresis was performed as described
by Lasmmii (1970). SDS-sample buffer, gel stain and destain were
described in section 2.28. Western blots were performed as fc;llova,
Proteins were electrophoretically transferred to Mtroceﬁulooe
essentially as described by Towbin et al. (1979) with the
modifications suggested by Dunn (1906? Prior to electroblotting, the
SDS-polyacrylamide gel was incubated for 1 h with-four changes of a’
buffer consisting of S50 mM Tris-HCl, pH 7.4, 20X glycerol. Proteins
were electroblotted for 1 h at { amp at 30°C using a ‘Bio-Rad
(Mississauga, Ont.) Transblot apparatus equipped with a glass cooling »
coil. The transfer buiffer consisted of 10 mM spdtu- bicarbonate, 3.3
mM sodium carbonate. 20% methanol. The nitrocellulose was stained with
04X Amido Black in fixative (45X methanol, 9% acetic acid) and
destained. in fixative. The nitroceliulose was biocked by incubation
in Blot Rinse Buffir (30 mM Tris-HC), pH 7.4, 045 M NaCl, 1 mM EDTA,
0.4X Tween 20, 0.04X m;,) with 4X BSA for 1 h at room temperature.
The nitrocellulose was then incubated in a dilution of hybridoma
culture supernatant in Blot mnu. Buffer containing 0.4X BSA for & h at
Nol temperature with .cnuo agitation. The nit.rocanulou was then

rinsed with three changes of Blot Rinse Buffer over 0 mn. Rat

antundm were dot.ct.od by incubation "ot t.m nntroeoumue in Blot
' Rtnse m with 0.4% BSA containing rmu m!-auu-rat 1g6 at an

activity of 50,000 dpm/mi. VWhen blots were probded 'nn rabbit
polycional sera, goat 3231-anti-rabdit 1g6 was used for detection. In
several instamces, proteins op the nitrocellulose were detected with
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iodinated monocional aftibodies, thus omitting the need for labelled
second antibody. The nitroceliulose was washed az before, dried jnd
radicautographed. Antibodies were iodinmated by the lom (Ptcreo.)
le‘thod (Fraker and Speck, 1978). Protein determinations were performed
as described in section 2.2.8. ,A ..
Cleavage fragments were assayed for ability to bind antibodies
using methods described in section 2.2.7. Fragments were added to a
dilution of alkaline phosphatase or 1251-labelled-antibody in ELISA
buffer C and this mixture was added to wells of microtiter plates

containing bound, whole subunit.

Distilled, defionized water was used in all experiments.

3.3 Results

334 Exhaustive Cleavages of the a, B8 and y Subunits

In qrder to produce small sized epitope-containing peptides
suitable for purification using reversed phase HPLC and subsequent
amino acid analysis, the a and S subunits were cleaved by a variety of
chemical and entymatic means. Cleavage methods were chosen on the
basis of specificity for certain low frequency peptide bongs and
etficiency of reaction. Thiz was essential for production of peptides
that could be identified by comparison with peptides predicted from the
known amino acid sequence of the subunits. The resuiting peptides were
then MY(N for' their ability to bind to monoclonal antidbodies by
determining whether they could compete with whole subunit for binding

\)
of labelled antibody in a solid phase assay (similar to that described



in section 2.2.7).

An Wt initial expormnt was performed to determine whether

the anti-a and anti-8 antibodies eould recognize dehatured subunit.

Pgr;?fod a or B subunit was denatured by performing an acetone

' precipitation and resuspending the protein tn 8 M urea and incubating

the solution for 30 min at room temperature. The denatured subunit was
then added to the wells of the microtiter plates in an antibody-
containing buffer which diluted the urea to 2 M. No loss of binding
activity was observed with any of the anti-a or anti-8 antibodies (data
not shown). This suggested that either the anuhotuu were recognizing
-;cq dc;er-uunu or that tho epitopes were able to partially
rena . These mulu -encouraged proceeding with tive peptide mapping
through zomplete do;vuu of the subunits.

Th.: results of a typical epitope mapping experiment are shown in
Figure 3i. In this experimfat different soncentrations of a subuntf..

digested for various periods of time with clostripain, were added to

" 1000-fold dilutions of alkaline phosphatase-labelled a-1 or a-3.

antibodies (rommtauvu of the A-1 and A-11 co-peutton subgroups
mmuvoly) m wells of mmuur plates coated with 10 ng of whole
a. The longer g was duut.od with clostripain, the less etfectively 1‘t
inhibited the binding of a-3 antibodies to the a subunit bound to the
Plate. This indicated that clostripain rapidly destriyed the a-3
epitope. In contrast, the length of time of clostripain digestion had'
less effect upon the inhibition of a-i binding. Although there was
some 1088 of binding inhibition, a clostripain-resistant peptide
appeared to be formed. This encouraged attempts to isolate the

. epitope—containing peptide by HPLC as will be described below.
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Figure 3.1. Loss of binding inhibition by clostripain-digested a
subunit. Purified a subunit was digested for various periods of time.
Digested a was added to wells of a microtiter pla:te coated with 10 ng
of undigested a subunit in a 1,000 fold dilution of alkaline
phosphatase-labelled a-i{ or a3 monoclonal antibodies. Binding of

labelled antiSody was measured by a colorimetric assay. Details arg

described in section 3.2. SY-DOlS represent “Lhe follovlnlz g, a1
J

antibody with i ug digested a suh»&t; A, a-1 antibody with 0.4 pug

digested a subunit; B, a-3 antibody with 10 ug digested a subunit: 9,

. a-3 antibody with 1 ug digested a subunit.

. G
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Similar experiments were performed using clostripain-digested B
subunit and trypein, S. aureus V8 protease or CNBr—cleavdd a and 8
subunits (data not shown). It was observed that exhaustive trypsin or
- 8. aureus V0 pratgase digestion of either ‘aubunlt abolished all
inhibition of antibody binding. Exhaustively CNBr-cleaved a subunit
was aiso unable to inhibit binding of the anti-a antibodies. Peptides
procuced from exhaustive CNBr “cua'va_ce of the 8 subunit did not inhibit
b'mdlnc of the anti-§ antibodies of the B-I subgroup to whole 8
suggesting that the epitope was destroyed. However, dinding of the B-
11 anubody.' p-2, to whole B was tnlub'tted nearly 100x by 8 ch;ved by
CNBr for /Z(‘m There was, however, a siow loss of binding activity
over extrenely prolonged CNBr cleavue

Similar ﬂuwy trials werse attempted with the anti-y
a:)ubodte: y-1 and ¥°3 cleaving the y subunit with CHBr and clootrl.pu;n
(data not shown). It was found that the y-3 epitope neariy®compiitely
destroyed after ;nhpr cleavage method but some residual activity '
remained (<3X) suggesting that neither of the cle‘qv'm methods was
colp;o.u. The y-1 epitope ssemed to be resistant to cleavage by either
-;t.nod. - Due to the difficulties in obtaining sufficient quantities of
this subunit for purification.of peptides and subsequent analysis, the
project was not continued. . o .

Attempts were me t.o purify the clostripain fragment of b that
b.oundanuhodyc-iuuuvnlmmmmwwumam
solvent gradients. . In a typical experiment, 50 ug of clostripain-
Mcmbmtvuludnootoavnwscwmmmma
unur sradieat fm 0 to 608 acetomitrile with 04x t.nmuc

acid as the counter lou.y- applied @ver 0 min with a tiow -rate of 1
. ‘c. ;‘. s ‘\ R . .
- ? - . A .
- L2
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t/,-m 1-ml fractions were collected. All of the binding activity
uted Detween S5 and 60X acetonitrile (data not shown). The

-

absorbance profile at 210 Am showed three unresoived peaks in this area
but the activity did mot coelute precisely with any of them. Further
attempts to resoive the active peptide by modifying the chromatographic
conditions were unsuccessful. That this peak eluted witll such a hul:

cone.ntrauoﬁ of acetonitrile suggested that the fragment had a high

~lolocuur'vi.cntvtm:n'ouldlavusunfulncuforemt.ope-appmc

doubtful. A large size fragment or a family of fragments would not be
Al enable to amino acid analysis geared to locate;a-an region of y
sequence. Similar probiems also plagued purification of .the B-2 '
epitope—containing CNBr fragment. sns—po:y;éryum« gels of
cmmunly Cleaved B revealed that a fragment with an apparegt
molecular weight of 13,700 was produced and Western blots ‘showed that’
this !ru.oa.t was recognized by -2 (data not shown). Other approaches
were used to identify this fragment.
* L

332 Partial CHBr Fragmentation of the § Subunit

'

Further attempts at locating the epitopes of the anti-8 monocional

"antibodies made use of partial cleavages of the 8 subunit in an .

extension. of the technique of Cleveland mapping (Cleveland et al.,
1977). Comditions were chosen wcn g.l;at cluv‘a occurred at only a
fraction of susceptipje sites yumiu labge fragments which could be -
analysed by m—mymyum gel *octropboncu and VWestern

_blotting. The utmu of total fragmeats obtained and those

recognized by the antidedies pl:ovud information: about the likely



locations of the epitopes within the amino acid sequence of 8. Filgure

3.2 shows a time course of CHBr cleavage of the S subuait in Which the
fragments were electrophoresed-on an SDS-polyacrylamide slab get and
‘stained (panel A) or clwtm onto nitrocellulose and probed
using -ouoclonal antibodiés B£-1 (pane! B) and 5-2 (panel C). £-1,is an
example of the inhibitory B-1 antibodies; -2 is an example of the non-
inhibitory B-1I antibodies. The smallest fragment l(oco.nlud by B
(labelied CB-1 in panel B) had an apparent molecular weight 4of 12,600,
appeared eafly in the time course (5 -mf and dlsappeared upo:t
prolonged cluvm (dat; not shown). It was the oaly fragment '
reeocmud by B-1 but not by q—a, whereas there were several fragments
recognised by B-2 alone. The smallest fragment recognized Sy B-2
’(ihboued CB-11 1n panel C) had an. apparent molecular weight of 13,700,
appeared nlauvely late in the time course (20 -m) and was 1donucal ,
to the CHNBr resistant peptide. dneuued eariier. Other antibodies in

classes B-l1 and B-ll had speculclue: Mmucal t.o those of -1 and B-

’

2, mpoct‘oly. . , ' | 4
The § subunit was cyanylated to cluvo-. u; at 1& single cysteinyl -

residue Cys-137, the products were electrophoresed on a 10 to 20%—8D8-
polyacrylamide lnclwt gel, eiectroblotted onto nlu-oeouulou and
probed with the monocional antibodies. It 'u oburvcd t.nat bothl—i
l.lld B-2 recognized the WMI tmwt&mu m—ﬂlm

mt (‘lu not shown).- In order to ‘Cm 'h.tb.l‘ “Y of the
nco&i‘d CHBr tragments contained sequences anmo—umul ‘to Cys-
137, a two dt-onuoul cluvuo -otnod was und. The products of

urtuuy cnnruuc 8 were separated n n m—mymu-m .ol.

QMMlubmtomu&Cl&'cthmihu‘lunwmm
- . ¢ ‘ -~ .




A

Figure 32. Time course of CHNBr cleavage of B subunit. Purified B
subunit was cleaved by CNBr for vamous'\u.e;. electrophoresed on a 0
to 20X 8DS-poiyacrylamide gel, stained '1.th Coonu;e Briiliant Blue R-
250 (Pum A), or cloctroblotm onto nitroceliulose. The

nttroeouuluo lh..tl wer'e biocked with BSA and oxpoced to hybridoma
culture media and 1231-apti-rat ue and tnen radioautographed. Details
mdmﬂbodmucuonu mblotabovnmumlnvumm
with g1 hybﬂdou culture medium. The blot shown m'ml C was
probed with g2 nfbrldou culture chnll- Digestion of B was carried
out for ‘the indicated times. CB-I and CB-II are the two smallest

fragments recognized by antibodies 8-1 and §-2 respectively.’

\

I
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The pleces of gel were placed itnto the sample weui of a second gel

which was then run and electroblotted onto nitroceltutose. The

'_ 8

mobilities of the CNBr fragments recognized by the anti-g antibodies in
this experiment were identical to those with molecular weights less
than 35,000 obtained by The CNBr fragmentation of whole B {data n'ot

’

shown). Tmi result ‘implies that the epitopes are located close to ihe
carbox;l'termmus. To map the epitopes 0f the anti-8 antibodies more
precisely, agother cleavage method was looked for that: would take
advantage of any unique peptide bonds present in the carboxyl-terminal

region.

3.3.3 Weak Acid Hydrolysis of the 8 Subunit

£ J

¢ . P

The A subunit has three aspartyl-prolyl bonds involving aspartyl
residues 305, 335 and 3a5 (Figure 3.3, panel A). The aspartyli-prolyl
Peptide bond is sensitive to hydrolysis by weak acid under mild

conditions that do not hydrolyse most other peptide bonds involving

aspartyl residues (Inglis, 1983). Treatment of B with 20X acetic acid
at 60°C for 4 h produced fragments with apparent -molecular weights, on
SDS-polyacrylanldE gels, of 33,000-3%000, 17,500, 15,400 and 14,400

(data not shown), as expected if cleavage occurred at a fraction of the

*

A ]
aspartyl-proiyl bonds, The three smaller fragments cohstitute a néated

set, each Il:‘ltin. {rom cleavage at one of these bonds, and all
containing the carboxyl .terminus of 8 :(Flcure 3.3, panel B)* A'nalysu

by wutorn blotting revealed that all three small fragments were
. . . . S
.recognized by both B-i1 and B-2, indicating that both epitopes lie

within the last 144 amino acid residues of the B subunit (data not



Figure 3.3. Cleavage sites within the 8 subunit and resulting
fragments. In panel A the primary structure of the B subunit 1is
represented by a line on which are shown CNBr and weak acid cleavage
sites (Walker et al/., 1964). The termination site of the 8 su-bumt
at R-398 in the mutant KF20 is also included (Noumi et al., 1986).
'Panel B shows a schematic representation of the nested set of weak acid
fragments recognized by ‘the antibodies, their relative molecular

weights and, in parentheses, their apparent ﬁoleo;ular wetghts from SDS-
polyacrylaﬁl’de gels. Panel C shows schematic representations o¥f the
two smallest CNBr fragments recognized by B-1 (CB-I) and B-2 (CB-I‘I).
thglr rg.lau\;e molecular weights and, in pgrentnescs. fnelr apparent
molecular weights from SDS-pol;racrylamme gels. The N ah;x C denote the

amino and carboxyl termini respectively.
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shown). 'rn;- carboxyl-termm'al weak acid fragments were alsqg proQuced_
during the CNBr cleavage (note the p;'e:ence of these recogniied
fryments at the shorter times shown in Figure 3.2, panels B and C).V
due ‘t.o the acidic conditions present during this procedure.

Cleavage at the aspartyl-prolyl bonds was used for determining
" which C‘RBP fragments contain?d the carboxyl terminus of B8 by é'two-
'dﬁennonal method (Figure 3.4) The CNBr frqcments were separated on
an SDS-polyacrylamide~gel, then lanes were treated with weak acid as
described in section 3.2.3. The l2nes were applied to the secondjel.v
and the fragments separit.ed by electrophoresis and then electroblotted
. onto nitrocellulose. This method was us;ful because the ! 2
elecirophoretlc' nesolutlor; of peptides produced by the first ‘cleavage
method was preserved during the weak acid hy:drolysxs ste-p. facmtau'na
comparison of tﬁe origtﬁal fragments aﬁd their products. lefusloﬁ of
the polypepud;s during the lengthy weak acid hydrolysis step was
‘prevented by'mclusidn af 50X methanol, which precipitated the protein
within the gel and shrank'the polyacrylamide gel matrix. -
Resolubilization of the frizments after' the methanol! treatment was
_reuo:ubly conpiete.' but a small fraction was ‘only slowly solubillzed
during electrophoresis in the second dimension. With very r.uah e
affinity antibodies and very sensitive ‘staining methods, this led to.
streaking, as seen with B-2 in Figure 3.4, panel B. .

Figure 3.4, panel A ;nows an mm‘moblot probed with antibody B-1.
The weak acid fragments iie below the original CNBr fragments which are
on the diagonal. All of the CNBr fragments which were both larger than
17,500 daltons and recognized by B-1 were cleaved Py weak acid to  °

generate three recognized fragments which are identical to those

76
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Figure 3.4, _’rwo-dmensu;nal CNBr-weak acid clgavm of 8 subunit. Ten
g of purified B ;ubunlt was cleaved with 0.5X CHNBr in :IOI formic acid
for 20 min at' 37°C and electrop‘horecéd. on a 12} sns-poly;crylallde gel.
It was sub,;ected to an "in. gel" weak acid hydrolysis, electrophoresed
in the second din&mton in a 10 to 20X SD.S-polyacryla-rde gradient gel,
electroblotted onto nitrocellulose, blocked with BSA, QMM to

hybridoma culture media and 1251-anti-rat IgG and then

radloa{ltolnphed. Details are described x'n section 3.2. The blots
were probed as follows: panel A, B-4; panel! B, f-2. The arrows on the

-

left hand sides of the figures point to the three weak acid fragments

produced from intact B. In panel B, spots 2, b and c represent three

classes of fragments as discussed in section 3.3.3.

— - o
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derived from intact S subunit. Thus, all of the large 017,500
daltons) recogniszed CHBr fragments must contain the aspartyl~prolyl
‘onds and. the original carboxyl terminus. This result’ suggests that
residues very near the carboxyl terminus form par;. ot the B-1-
epitope. : e

“he immunoblot probed with S8-2 (panel B) showed a very different
pattern; one can discern three classes of recognized CNBr fragments.
Some generated the same woak aca fragments that were produced from
intact B subunit (such as the spot labelled “a"). These CHNBr fragments
contain the carboxyl tef"-mm and corréspond to those which vere
r«x?cnu,d by antibody B-1 in panel A. Others, such as the spot
labeiled "b", generated wpak acid fragments that migrated with apparent
molecular weighté of about 2,000 less-than the fragments derived from
intact 8. These CHBr fragments thus contain the aspartyl-praliyl bonds.
They must’ also contain part of the sequence which lies to the calboxyl-
terminal side of these bonds, as the epitope is located in this region.
The smaller molecular weights of the recognized weak acid !ra'c'.nonts o
imply that they arose from CHBr fregments which had beén cleaved at a
methionine residue near the carboxyl terminus. Two methionine
residues, Met-S31 and Met-#45, are located' in the appropriate region to
6ive rise to frigments of the observed sites. The only other
_ methionine residue which is located to the carboxyl-terminal side of -
the aspartyl-prolyl bonds is Met-300. It is probable that a homoserine’
residug derived from cleavage at this latter methionime residue is the
carboxyl tecminus of the sPot labelled *c", which gave no recognised
weak acid fragments. CNBr fragments which have this carboxyl terminus
'om be expected to yield weak acid fragments with -oloannr vﬂau

-
- -
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,0f 6,000 daltons and less, which are probably too small to bind to

-

nitrocellulose. In order to account for these three classes of

] E
fragments, thg B-2 epitope must lie between PQS!de’ ASp-3R5 and Met-

380 (Figure 3.3, panel A).s‘rhe CNBr fragment CB-II observed in Figure

3.2, panet C thus re:ub&d from cleavage at Met-275 and Met-380 (Figure

F— ~

3.3, paret C). . ) : T —_—

The lacKk of recognition, by B-1 (Figure 3.8, panel A), of spots

’3‘
such ag "b" which were recognized by g-2 Mdtcite{ that reéesidues l);uu
to the carboxyl-terminal side of Met-3) u_ust be an essential part 'o:f
‘the B-1. epitope. The CNBr fragment CB-l, recognized by B-{ (Figure - *

3.2, panel B) nust t.herefore cont.am the” carboxyl t.ermmus. amd consl:t .

Ay

of regjdues Asp-381 (the amino terminus produced by cleavage at Met-

~

380) to Leu-459 (Figure 3.3, panel c}.

' Further experiments suﬁported this auunment of epitopes within -

the pmmarz structure. Partially CNBr-cleaved 8 subun}t was sub,)ecte‘d

to various periods of weak acid nydrolyns. The CNBr frunent. CB-1,

recognlzed by B-1 was’resistant to prolonged weak acld hxdrolyns. as

expected for*the sequence from Asp-aai to Leu 459 In contrast, tne

' CNBr fragment CB-1I recognized by B 2 }vas senutive to weak acid

ﬁrolyns. as expected since the ﬂquenc_e between _'Het‘Z‘rS an! H’et-ué

contains the three QSPIP'.YI'PPOl%l bonas. Othelf supporting evidence

was derived from analysis of E. coli strain KF20, which has an- rv—l

’ ‘ 4
amber mutation in the uncD gerfe resulting in termination of 4 at

residue Arg-398 A (Figure 3.3, panel A) (Noumi et a/., 1986). An S8SDS
‘ o - y , “ [
‘extract of whole celis was analyzed v Westerg blotting. Both .

/

polycional anti-g rabbit antibodies and monoclonat antibody a;z.‘ bl

—
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not antibody B-1, recognized a 85.000-dalton protein in this extract
(data not shown) |

3.3.4 Preliminary Mapping of Epitopes Within the a Subunit

As With the 8 subunit, the a subunit could not be cleaved to
generate small fragments that were able u_; bind to the anti-a
monocional antibodies. A preliminary experiment made use of the
observation that the a subunjt in the presence of ATP is cleaved by
trypsin to yield two fragments (Senda et al., 1983). The larger
30,000—-dalton fr‘u-ent confains the amino terminus and the smaller,
25,000-dalton fragiment contains the carboxyl terminus. The resuits of
an experiment in which the G subunit was cleaved under these
conditions, electroblotted onto nitrocellulose and probed with
moficclonal antibodies is shown in Figure 3.6, panel A. The first lane
shows a blot Which was probed with polycionai rabbit anti-a antiserum.
The two termini-containing frulc.nu can be distinguished. The .
antisera ruct:;\pﬂ_uruy against the 30,000-dalton fragment, but the
25,000-dalton fragment is also recognized. Three representative anti-a
antibodies, a1, a-3 and a-4 all recognize the smaller, carbaxyl
't._er-mu:-eonumtu fragment (lanes 2, 3 and &)

The a subunit was then subjected to clﬁr Cleavage for various
periods of time as shown in Figure J)S5. Panel A shows the stained gel
and panels B and C show Western biots probed with the monocional
antibodies a-1 and a-3 (representatives of the A-1 and A-1 competition
subgroups, respectively). It can be seen that both antibodies seem to
recognise. the same CMBr fragments. Veaker recognition by a-3 of the



N2

.~

Figure 35. CHBr time course cleavage of the a sub'{l\t. Purified a

subunit was cleaved by CNBr for vaﬂous u-es, elect horesed on a 10
A

.to 20 SDS-polyacrylamide gel and electroblotted onto troceliulose.

The nitrocellulose sheets were blocked with BSA and exposed

hybridoma culture media and 1251-anti-rat IgG and then

radioautographed. Details are described in section 3.2. Panel A shows
the stained gel; paneis B and C show Western blots probed with a-{ and
a-3 hybridoma culturevmpornaunu respectively. Lanes are as follows:
lane {, O min; lane 2, 1 min; lane 3, 5 min; lane &, 10 min; lane 5, 20
min; lane 6, 40 min; lane 7, § h; lark 8,1 h 30 min; lane 9, 2 h; lane

.
10, & h. )
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fragment which migrates with an apparent molecular weight of 10,000 13
Prodably due to lower afffhity for its epitope. It was important to.
determine if any of the three fragments migrating 'lth'ammnvt'. ‘
molecular weights in the range of 30,000 to 50,000 were primary
fragments that contajned the original amino terminus. Thus whole Fy
was cleaved With trypsin in the presence of 1 mM ATP which leads to
removal of fifteen amino acids from the amino terminus of the a subunit
(Dunn et al/., 1960). The material was then -cleaved !'orj \gar.tous..
lengths of time “_;h CHBr, the fragments electrophoresed on an SDS-
polyacrylamide gradient’gel and electroblotted onto nitrocellulose.
This experiment is sbown in Figure 3.;, Panel B showing a Western biot
probed with lodinated a-i and panel C, a" Western blot probed with a=3.
The difference in mobilities of the trypsin-cleaved and uncleaved a can
be seen _\(éry clearly by comparing non—CMBr cleaved-g ;:Lbunlt in unu'l

1 and 2 of panel B. The change in migratjon appears to be due to a loss
of between 2,000 to 3,000 daltons from the subunit. As can be seen by
comparing lanes 3 with & and S with 6 in panels B and C, no difference
is seen m‘tno mobilities of any CNBr fragmént. As no large fragment
.has an altered apparent -olocuhr weight, none contains the original _

amino terminus. In.conjunction with the pattern of fragments produced

PN

gxmmmu-eeim»uurmu.munamc.uwmc

>

appear that both epitopes are probably lying within carbexyl-terminal
half of the molecule. If the 14,800-dalton fragment is a primary
fragment then the epitopes are lying witlin the Mltmﬂul-t:mm
. of the molecule. The fragment that migrates with an apparent molecular
weight of 25,000 in the trypein cleaved lanés is the same clesvage
Prodict ‘observed when purified a subunit is Zleaved' with trypein in the

-
3

£



Figure 36. ‘rryptic digest of puriﬂed a mbunu. in presence of ATP
and time course of CNBr cleavage of trypsun treated Fy. l-'or the :
expert-ent shown in panel A, purified a subunit was cleaved by ‘trypsin )
In the presence of 1 mM ATP, the products electrophoresed on a 10 to
20x SPS-polyacrylamide gel and: eiectrobiotted onto nitrocellulose. The
mmnmm sheeu were blocked with. BSA exposed to hybridoma
culture media fouowed by 1251-anti-rat_or 1251:anu-rat;b1t antibodies
and then radioautographed. Details mmcr;bed In section 3.2. Lane
: * 1 shows a nitrocellulose strip probed With' rabdit anti-a anuserum; .
. lanes 2, 3 and N show nitrocellulose strlpa probed with antibodlen a-1,
a-3 and a-4 respecuvely. Paneis B and -C shov an expeﬂlem. in which
" native Fy was treated with trypsin in the presence of ATP to remove {5
Amino acid residues from the amino terminus.of the a subunit. Cleaved
/a:d uncleaved Fy; were then subject to CHNBr cleavage for various lengths
of time and th.e prod\_ncu were electrophoresed, olectroblotted and
probed as deacﬂbod above. The nitrocelluiose was probeﬂ with either
1251-¢-1 (panel B) or 1251-a-3 (panel C). 0dd numbered lanes show CNBr
‘ cleave; Fgi© even nulbem lanes .show CNBr cleaved, trypsin-treated Fy.
Ttnea of cunr cleavm are as follows: unu 1 and 2, zero time; lanes
.3 and &, 5 min; lanes S and 6, 10 -m: lanes T and’ 0. 20 lm. lanes 9

and 10, t h.



’ P

sawhcmvnuﬁ

0168 L98Y8E1

;
:
2590
ok ..'
.

-l9
l“

Zve




-

o

presence of ATP. Unfortunately the a subumit contains no usefui

d«vmummﬂuammamwwmmmm:ctw
Jocations o! the \t.'o‘ epitopes. _ . N

mmmtt&tgmumwmmutmmm
fragments recognized by members of either the A“I or A-II competition
subgroup is not surprising in View of the ability of the two

cc-peuuon' subgroups to partially inhibit one' anotw'a binding to-

" whole a. Msnﬂmmmttyumtnmmmwmry_ .

structure. Partial cleavuu of the a subunit using amu such as l!-
bromosuccinimide, pronase, subtilisin and weak base (data not shown)
also did not produce fragments that were recognized by antibodies of _
one competition subgroup only.
v
. \ . \‘

3.4 Discussion

-

Difficulty .vu wter;d m’ pndidy iapping the eplt.ép« of
the anti-a and auu—p monocional ant.momu. mmquu relying upon '
emwuve cletvm of the mnumu and m.nuﬂuuon ot opltope-
oonummc peptides m.umuweutul as cleavage o! the c and g
subumu by several chmcal and eumuc .ot.hoa dtd not ytold
‘peptides nauor ‘Ahan.. m,ooo to n.ooo dallfons vnicn wm rocoqund ny

the mt.lbodtu. 'ruu mts that the cpttopu ‘of u\. A“'l. A‘n. D—I

and D-l!chuuofmubmummmaﬂaam acld muluu ¢

ﬂuch m vmly smnud in thc prllarr structm A n-un

. utuauon has been documud fﬂ‘ t.ln mtm of an nu-lym )

.

. monocionsl. mt.nndy (Altt. ot al.. 1906). X-ray. crnwlocrnny vu ;

wmwmmummauummmuuu...“
- - ‘ ) - .-)_ S .
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mo'mup“oyumuuq'muwntn‘w:u
approximately 2 by 3 nm and structurally to consist of a fiat surfzCe
with some shallow depressions and el¢vations. MNore significantly, t.ne‘
Amino acid residues that form the epitops are contributed by two

stretches of the polypeptide chain separated by- 89 residues in the

f»m structure. Cleavage in the intervening region would separate

the two sections of polypeptide chain and destroy the epitope. Such
topographically assembled epitopes may in fact be more common than
-'oquu!tm epitopes (Benjamin et al., 1964). )
,rﬁmummn(dmmmm&onwomn
biots has only been possibie with the modified Western biot protocol In
which SD8 is largely removed frod the proteins following
electrophoresis allowing their rematuratton. uum of peptides:
smaller then 10,000 daitons is not feasible in this system duie to the

.fﬂg\)u of resolu of small proteins by 8SD8-gel oloctrmu

Mm«mmmuyummmuotwum One
m\tnmmmmmmmmemmm
carboxyl-terminal regions of the a and 8 subunits and ses if they
iahibit Dinding. -Synthetic peptides would be chosen containing amino
MWthcu.anum Revertheless, the previous .
fatlure to obtain inhibltory pegtides from a wide variety of means of

clsavage shows that this strategy would probably fall One could also

- purity large mun-eonuuuu fragments, such as &Mnm by

clostripain with affinity columns utilising immodilised monocional
aatibody of interest. These tnmﬁ-m then be c:hnnunly cleaved
nwmmmmmumumwmm
HPLC. mmmmmmummmmuuum

. ‘e . ) .
. ! N ' - <
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uthm-ubunlt prinary structure. High abundance fragments would be
expected either to contain or to be near the actual epitope.

The epitopes of both groupe of anti-f monoclonal antibodies are
located ‘near the carboxyl terminus of the 8 subunit of E. coll Fy-
ATPasé (Figure 3.7). Antibody B-1, a r,epruen;.auve of the oo-peutiQn
subgroup B-1 Which contains antibodies able to inhibit hydrolytic
activity of the ATPase, binds to a region between Asp-381 and Leu-4959.
Residues around Met-431 or Met-&445 may be involved in the epitope, as
Cleavage at either of these residues did not produce a polypeptide
“recognized by the antibodies. noco.mtlon of an assembied epitope by
the B-1. anubodles mpues that t.he carboxyl-tor-lml region of the -3
subunit f§s orunued into a compact unit, fe., a domatn. Chemical
modification studies have demonstrated that one residue in the

—

CIPDOXYI'!OI‘IH.!CI region of the B subunit is closely associated with

"the catalytic site. Residue Ser-413 is equivajent to His-A27 in the

mitochondrial 8 subunit, a residue whbich i3 labelled by S—p-

A

fluorosulfonylbenzoy! adenosine (Esch and Allison, 1976; Bulleugh and

Allison, 19662, 1986b) (Figure 3.7). It is noteworthy that the .
reactive group ef this afﬂnity_ label is situated m the position of

the phosphoryl mofety of the nucleotide. Thus part of the postulated

carboxyt-terginal domain 1s, located in the region of the nucleotidé-

binding site where catalysis occurs. A#finity reagents which have the

reactive group.situated on the purine ring label 8 more toward the-
centre of the sequence (Vmau and Satre, 19“), muutm that '

rulduulntnumuono!tmmmmuuwmhblmtm'

uu¢loocldo mojety of. A‘l‘? One possibie atmctm for a eoatul

nudooudo-mmm do-aln has been formulated by Duncan and coworRers

.o

- 4’ . .’ - e . .
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' Figure 3.7. Location of chemically modifiable residues and renon;
mumﬁ anubod); epitopes \m.ﬁm the 8 subunit. The primary

structure of § 1s represented by the bar. Indicated residues are
modified by NDf-Cl (K-155, Y-297) (Andrews et al., 1984a, b; Sutton
and Ferguson, 1963), DCCD (E-1681, E-192) (Escn et al., 1961;

Yoshida et al,, 1901‘. 1982), _phenylllyox‘al (R-281) (Viale and
Vallejos, 198S), 8-a31do-ATP (K-287, I-290, Y-297) (Hollemans et

al., 1983), S'-p-fluorosulfonylbenzoyl adenosine (Y-354, S-413) (Esch
and Altison, 1976; Bullough and Allison, 19662) and S*-p- |

. fluoro‘uuonylbenzoy)y inosine (Y-330) (Bullough and Allison, 1986Db).
The portion af the subunit containing tho B-Il epitope is shown in ___
whité;. the portion containing the B-1 ep l(tjope u_ stippled. ‘l'he N and c’

denote the .-m6 and cardoxyl termini respectively .

Y
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(1966). It is possible that. this postulated carboxyl-terminal domain,
together with the central domain, provides the unique environment-
required at the catalytic site where the free energy ot ATP hydrolysis
is essentially nil. The carboxyl-terminal domain could also function,
as a gate which can close over a bound substrate molecule by moving
N.lattve to the central domain. Release of product should then require
a mbn:antul conformational change, in which the carboxyl-terminal
domain would move away from the central domain. ’

Antibody B-2, a representative of the competition subgroup B-II
which contains antibodies that recognize highly conserved epitopes not
exposed on the surface of Fy-ATPase, binds to a region located between
ASp-343 and Met-300. 'l'hu region is thus located at a subunit
interface an: its conservation in other A‘l‘Pam may suggest functional
importance as discussed in chapter 2. Examination of § subunit
sequences from organisms that did and did not cross-react with s_-eu did

not provide a muu;of further narrowing down the location of the

. - . .

. epitope. ,

The aspartyi-prolyl linkKages of the 8 subunit provided an -
important key in mapping the B8 eim.opu. The acid lability of these
bonda enabled development of a simpie -ethod for mapping t.ne epitopes
wu two-dimensional sns-polyacryhlido gel e!ectrophonsls and

—

partially CHBr-cleaved 5. The three amrtyl-mlyl bonds are a

. Conserved feature in many A subunits (Walker et al, 1965; Ohta and

Kagawa, 1906). All three bonds are found in Rhodospirilium rubrum,
Rhodopseudomonas blastica and human mitochondrial 8 subunit. The
first two bonds are found in bovine and yeast mitochondrial B subunit
as well as the chioroplast B subuaits from tobacco, sch, bariey,

..
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wheat and maise. These residues and the unique pattern of fragments
t.hatmmtummlaadbywymunmeuaml»ufma
suqult They may also serve as a means to localize the epitopes of
other antj-8 monocional antibodies currently being investigated by
other workers. '

The one nilent q:onéluslon about the epitopes of the two anti-a
competition subgroups is that they are fairly close together in primary
structure, separated by a distance of at most 90 amino acid rumuu.
The fact that the competition subgroups also partially inhidit each
other's bmduu suggests that they are close in subunit tertiary .
structure. As the two competition subgroups recognise mﬁrui and
ext.erlulA epitopes respectively, the emtop?a ny'bg located very close
"to a subunit junction. Some workers have suggested that the catalytic

sites of the eniymes ane located at a/B junctions (Senior and -Wise, .

1963). ¢ . * . i | .
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! Chemical cross-linking has beem used to obtain structural

!

Afformation about the quaternary structure of proteins and large
, .

/% pacromolecular complexes. The ability to cross-link two polypepiides

’ :th a relatively short crou-unliu reagent indicates that they must be

proximai to one anaother (for a review of applications see Peters and
Richards, 1977). This_chapter will describe a number of experiments
USiKg chemical cross-linking o investigate a number of structural
aspects of F; and F¢F, ‘

A number of. workers havé used cross-linking to study the

* quaternary structure of Fy (reviewed by Kiein et al., 19TT). Brage

and’Hou have made ext.on.u\o use of various ‘bifunctional alkyl imidates
to study E. coll Fy (Brags and Hou 1975, 1976, 1960 and 1986a).
They.m;tl‘lm the foruuon of ap, a-B, a-§, By, B-v, P-4, B¢ and
ye clw-uuud/prodm Similar cross-linked products have been
»ummwr‘mamm-m:wn

Hor-oun and coworkers (1503) studud subunit arrangement in E.
calt Fq by. c:-ou-umu Fy-stripped membranes and then purifying F,.
They detected a—b. a-bg nud bp cross-linked products. Aris and Simont
" 1963) crossvinked pu‘ﬂﬂcd FiFo and detected a-b, bp, B-a, b and cp
erou—u-m products. S8imilar studies have also been mfor-od on
m‘;m chioroplast r,rg m.uu close interactions between the

@, A and y subunits With F, subumits (Siss, 1966). All the previous
. | N ‘

o 9% -
\/ ° ' .
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studies used D&Slble cross-linkers and identified the resulting

the cross-li In the second dimension. Although this method 1s

cross-linked Pj(products by two-dimensional gei-electrophoresis, reversing
effectivé for purified proteins, it 1$ cumbersome and mpi*act.xcal for
very complex mixtures of proteins such as those that result from the
cross-linking of membranes.

One disadvantage of performing cross-linking studies using
purified Fy or FyF, 1s that the subumt arrangement of these complexes
may differ from ‘that of native FyF, present in membranes. Aris and
Simoni (1983) used antisera raised against. the a, 8 and b subumts'of

E. coli F4F, and Western blots for the analysis of the products
resulting from cross-linking of membranes. They observed.the for;matxon
of B-b cross-linked products. Unfortunately their limited bank_of
antisera precludgd more detailed investigation of FyF, subunit
interactions.

Further investigation 1s needed to better define the proposed
interactions-of the 4 and € subunits with F, Although several models
of FyF, place the & and.e subunits close to one another, at the
Lﬁterface between Fy and F, (Figure i.1) they have never been cross-
linked either to each other or to any FQ subunit. Data placing these =
subunits i1n this location have been obtained from reconstitution
studies (Sternweis, 1978; Sternweis and Smith, 1977), subunit
homoloalesl(sémor and Wise, 1983) and fluoresence enercf transfer
measuréments (Richter et aJ% 1985). . Ar;'—unlikely explanation for
the negative cross-linking -resuits 1s that these subunits are located:

neither near each other nor F, A more likely explanation is that the

previous studies used methods of cross-linking and analysis not

99
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mtmmmuuornmmum«w-m This. Bmay
result from lack of suitably placed subunit side chains or lack of
sensitivity 'of previous methods of analysis.

Honoclional antibodies and Western biots provide a powerful means
to overcome the above problems. Monociona! antibodies with their
extreme specificity and high sensitivity facliitate detection of low
frequency products. Used in conjuaction with Western biots, cross-
linked proteins can by analyzed by a one dimensional system
circumventing the need for reversible cross-linkers. Thus a wider
range of cross-linking reagents can be used including non-specific,
photoacuvatal;lo cross-linkers. Some studies to be described in this
chapter make use of these t.ocﬁuqun to mmctuate the subunit
.arrwt ot FyFo in membranes.

Cross-linking studies may auo. be a useful means to detect changes
in subunit interactions. Some agents which affect the activity of Fy

- » BAay do 30 by perturbdation of Fy quaternary structure. _m ¢ subunit is
a dissociable jnhibitor of soluble Fy (Sternweis and Smith, 1960; Laget
and Smith, 1979) which binds tightly to the y sudbunit (Dunn, 1962) and
can be cross-linked to both the 8 and y subunits (Létscher et al,

1964; Bragg and Hou, 1980). Froa the study of the activation of ATPase

activity in the presence of the detergent LDAO it was postulated that
e-inhibition results l? the interaction of ¢ with a 8 subunit rather
- than the y subunit (uuchor ‘et al, 1968). Bragg and Hou (1966b)
showed that LDAO did not affect the formation UTTiie sero-leagth cross-
ulll between B and ¢ by. the water scluble carbodiimide i-ethyl-3-{3-

(dimethylaminoipropylicarbodiimide (EDC). Thua the subunit through
mane-mmuoaummn-uuumt.
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ougo} studies to be described in this chapter iavestigated two
other acuvafon of Fy in addition to LDAOC that may operats by altering
subunit interactions involving ¢. Antibody ¢-& can bind to.e and
activate ATPase activity vnue e is still associated with Fy (Dunn and
Toser, 1967). ' Ethylene giycol inqreases medium viscosity and should
" inhibit ATPase activity by retarding conformational changes. Instead,
at certain concentrations it actually activetes e-replete F; (Dunn and
Zadoromny, unpublished obseryations). Study of the effects of these
two agenis upon the formation of cross-links involving the ¢ submu:.
may provide useful information concerning the mechanism of e-
inhibition. Partial cleavages using techniques described in chapter 3

were also applied to cross-linked B-¢ to map the e-binding site on 8.

8.2 mte_guu and Methods

4.2.1 Materials

Sources of most chemicals have been described in previous
Haterials ssctions. LDAO was purchased from’ Caibiochem (San Diego,
Ca.) ‘ Cross-linking chc-tcau were purchased from Plerce (Rockford,
IlL). Ethylene glycol .wn purchased from Baker ‘(Phillipsburg, N.J.).
WM'“MMMWP‘LB!WNM.
Sweden). Cysteine was purchased fm Sllll‘ (8t. Lodis, Mo) Papain
MADP“NNM!N.W“I‘OQ Mannheim (Dorval, Gués.)




%22 Preparation of Materials for Cross-linking

The methods for growing celis, purifying Fq from £. coll

strain AN1a60 (unc* overp}odgcer) (Downie et al., 1980) and

purifying and jodinating antibodies were described in section 224 .
Subunit b was purified py S. Dunn using the method of Perlin and Senior
(1965) with the modification that the partially purified subunit was {

' run on an SDS-polyacrylamide gel, electroblotted onto m;rdceuulose

and extracted with pyridine. Subuhit ¢ was purified using the netnéd °,
of Fillingame (1976) except that gel filtration was performed using 3
Sephadex LH60. Polyclonal antisera were riped in rabbits with these
subunits using methods described in section 2.2.4. Antibodies were
' purified on affinity columns made by conjugation of the appropriate
subunit to CNBr-activated Sepharose using the carbonate method (March .-
et al, 1978). Purification followed methods described in section )
2.2.4 but the a;lubodtes were elu,téd with 025 M NHy4OH into tubes
containing an equal volume of 1 M r:-h—ncx. PH 6.8. The anti-8
antiserum was partially purified Dy incubating it with l-",-s't.rlpped‘
le-brm;. followed by the removal of the membranes by oentrtfu;tmn.
Membranes nr; prepared for crou—unxuu st‘udm as follows. All
procedures were p«;for-og at 8°C. Frozen celis obtained from E.
colf strains AN1860 (unc* overproducer) or ML308-225 (unc*)
(Downie et al., 1960) were suspended as a 20X%(w/v) solution imn S0
mN potassium phosphate, PH 7.4, 5 mM MgClp, 10X glycerol, 1 mM PMSF.
mammbmﬁbytvonsbummunammm;tw.ooo
p.s.i. To remove unbroken cells and dedris, the cell suspension was

.
centrifuged twice in a Beckman JA-20 rotor at 11,000 rpa for 10 min
. \

”
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saving the supernatant each time. The supernatant was then centrifuged

for 2 h at 38,000 rpn tn a Beckman “Ti50 rotor. The supernatant was

o L
dxscarded and the pellet. was resuspended ‘ 10 mM trlethanolamlne-
HpSOy4, PH 7.5, 10 mM EDTA. tox glycerol and cen_u‘tfuced as before. The
supernatant was dxscgrded and the pellet was resuspended in a minimum
volume of SO mM tm\etﬁanolamne HCl, PH 7.5, 5 mM MgClp, 10 glycerol,
frozen using dry ice/ethanol and stored at -80°C.
2N - -

. Fab fragments of antibody B-6 were prepared by digesting 0.5 mg/ml E
‘y’/i > antibody with io ug/ml papiin in S0 nH- Tris-HCl, pH 8.0, 150 mM NacCl, ’
10 im cysteine, 2 mH:E:DTA for 2 'h at room temperature and terminating
" tné digestion with tne addzt;on ef'NEH t;: a concéntrauon of ,10‘ mM. .

The Fab fragments were purified on a Pharmacid P-L Biochemicals Mono-S
™ fast protein liquid chromatography column connected to the wWaters HPLC

system described in secigiis.2.4. ‘fhe ‘Fab fracﬁénts were eluted by. , N
ot . running a linear gradient from 100X buffer A to 100X dbuffer B, over ‘30 o L

"« min at room temperat.ure' Buffer A connsiéd of 100 mM sodium aéetat‘e,_(" L';-

-

pH 45 2 mM EDTA and buffer B conslsted of ¢ M sod1um acetat.e. pﬁ%’ o

“'; . /l_ . Al "" —f‘ - B r ]
T \a mM EDTA. AR ;’;J'“ p
Al A ,-’,‘ .
. ‘:_:}" Vhen neeessary. Fy was chanced into appropmat.e buffers uslnc the

’?h\\\.

column centrifugatlon method gescr‘lbed in section 2.2.4.

~— .
e 4.2.3 Membrane Cross-hnking ‘ ' :

Dlthiobts(:ucélnmmyl propionate)--DSP was dissolved in a minimum

volume of Hegso' and added to a final concentration of 0.4 mM to 2 mg/ml

membranes in 20 mM triethanolamine-HCl, pH 7.5, 5 mM MgCI, 0.5 mM

- ' EDTA, 10X giycerol. The reaction mix was inchHbated for 3 min at room
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HCL PH 7. and NEM to final concestrations of 05 N and 10 mM
‘respectively. | | ‘

EthylenSgiycol biatsuccinimidy) sbectmu) (EGS), ‘
Wmmuymau M Sulfosuccinimidyl 4-(N-
maleinidomethyl)cycichexane-i-carboxylate (sulfo-SHCC),
Sulfosuccinimidyl &-(p-maleimidophenylibutyrate (sulfo-SMPB)--EGS, BSJ,
L . sulfo-SNCC and sulfo-SMPB were dissolved in 2 minimum volume of MesSO-

: and added to 5 mg/ml membranes in 20 mM uibmmm—ud. ﬁ;l'vs. S
“WO—S“MA;!O’.IYW to a final concentration of 2 mM. °
The reaction mix was incubated for 1 b at room temperature (ﬁmim for
_? £as) and the reaction was mmm by the addition of Tris-HCl pa
78 and uu toﬂnal muaumocbcsumm-n respective)y.

. mc'a_sdummmamm-n-volmoofsou.ltrut_.lunounm_e-
- nm.pﬁr.s.s-umg.mzumma«uto'su/umamim' g
. B the same buffer for a final concentration of i @M. Thé reaction mix

mmnmmthnmmmawummmmonwu
- : umamwmawuonofmm-muummufmn
concentrations of SO mM and 10 mM rupcuvony.° . |

Sulfo-succinimidyl s-«'-ama'-umyu-mmumte“
WmmmmmamwtunpgaoaMamm 4 ‘
u-wmm&mummmmw.forafmn
‘mtrauoaofz.s-ll. mm«.nmwummtn'lnmm -
Gark at room temperature. . mmmwmmmwmmun 2

o

> ,ofcmm-lm.lao-o.mmAmmmunw

<

4

mmmmm\nmn-ﬁazmmﬁmna ’

. .\C

Muamuamsmummmmmy._,m ST s
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distance of S cm from an unfiltered short wave witraviclet lamp
(mmn Light L2537, Ultra-wiolet Products, Inc. San Gabriel, Ca)
The reaction was terminated by the additioh of DTT-contalning SD6-
sample butfer and subsequent boiling.

A

8.2.8 DSP.and EDC Croas-linking of Fy in the Presence of e-& Fad

Purified e-4 Fab (Dunn and Toser, 1987) was added to 1 me/ml Fy 1in
the buffer appropriate for the crm-un'ler used, m e &-f0old molar
excess over F, aad mcuuted at. room temperature for 15 lz\ DSP

dissoived In a minimum a-ount..of Me»S80 was added to a final’

concentration’ of 0.4 mM +a protein in 20 mM uletmwnw PH _

75, 0.5 mM EDTA, 225% pucrose. The reaction mix was incubated for 30

sec at room temperature and the reaction was then terminited with the

addn:ton of.'rru-l-l(:l. pH 7.8-and NEM to mu} concentrations of 0s M

and 10 mM chuvel.? EDC, dtuolved m'a -mt-un amount of 20.mM
Mops-NaOH, pH 1.5, was ‘added ‘fto‘a final ooneentmuon of 0.36 mM to

. protein present in the same buffer The- mcuou ®mix was incubated for

wmatmtmatmmmrmuouvutmum“mwm

" ." acdition of sodium acetate to a final comcentration of 50 mM.

-
-

izzmg& x_n_lg‘ *mthomg:thzmg
Glycol and LDAO ° - -

{t

!‘.atalwmmntntmvuwwmw-matm
mmmmmm-uoa.mv.s.m-um.s-nmmgﬂmm.

) 393 and- ¥0% ethylene glycol. ,m dissoived in a mininum volume of

!
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' - .
mquw.'u.mmwainﬂfuu

concentration. Sampies were removed lk. various time intervals after

incubation at rooa M‘m and sodium acetate and ethanoclamine—HCl,

L 4

pﬁﬁ.ﬂmucumu'so-ufnu concentrations to terminate
t.homcuoa. Am-uumtmum«rguvmmmm- .

muumewnc&.ﬂiuvmmmmmm For

’
.

D8P cross-linking, reaction oonditfods, m the same except t.lut'

‘

'Mmawuonofm mcwmmofr‘mthemot
<
OdX and 0.3 LDAO was performed as described JSfor EDC cross-linking in .

_ the presence of cthylene glycol. | - x

- . ' —
426 W d of EDC 1 F ’

: EDC cross-linked F; was prepared using the method described in
. “e »
section 4.23., Weak acid hydrolysis utilized the two-dimensional

method described in section 3.23.
327 Chemical Cross-linKing of £-6 Fab to Fy
- Purified F; was cross-linked to -6 Fab-fragment with u3 or

DSOIIMUIMQAPH“MIHMZDHMA’.ZI&AIT.

..
5
"
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Purified F; was present at 0.2 -c)-l and p-6 l‘ab. when required, was
present at 0.5 mg/ml, resulting in a 15 molar ratio of Fy to Fab. BS’.
was added in cross-linking buffer to a final concentration of 0.05 mMN
and m-"o_m to a .fuul concentration of 0.2 mM. The reaction
mixtures wore incubated for 30 min at room temperature and then the
reactions were terminated with the addition of Tris-HCI, pH 7.8 to'a

0.5 M final concentration followed by a 10°min mcubauo’l;““zat room
temperature. .[For those experiments in which the proteins were
allyiated, NEM was added to a final concentration of 10 mM and the
sampies were incubated a further 10 min at room temperature. The SDS-
sample buffer did riot contain DTT for these samples. - -

[ d

§.2.8 Gel Western Blot and Assays

» B
) R

These procedures have been described in sections 2.2.8 and
3.2.5.
Distilled, deionized water was used in all experiments.

' 5.3 Results

4,341 Cross— of Membranes

’

MM from E. coll strains AN1A60 and MLI0S-223 _von"
c::ofn-lmnd with & variety of cross-linking reagents in order to
/Anvestigate the subunit arrangemént of FiF,  Figure Ad shows an
experiment in which ANIA60 membranes were cross-linked with D8P, a DTT-

reversible, 8 carbon atom-loag cross-linking reagent. It is'a




Figure 44. E. col: membranes cross-linked with DSP. DSR was ‘used
to cross-1tnk memb:anes from E. coll strain "AN1860 as described 1n
section &.2.3. Samples were prepared for electrophoresis using NEM-
containing S'Ds-sample buffer, ele;:tropnoresed on 5 10 to 20x SDS-
polyacrylamide gradient gel andﬁ electroblotted onto nitrocellulose as
described in section 3.2.5. Lanes contained SO pg of protein. The
nitrocellulose was probed with the antibod‘x_e.; laisted below followed by
1251-ant1-rat or 1251-anti-rabbit antibodies and then radicautographed.

Odd numbered lanes shaw DSP cross-linked membranes; Even numbered lanes

shcw Me>SQ control membraries. Lanes show Western blots probed with the

-following antibodies: lanes | and 2, a-{; lanes 3 and "}. B-2; ianes S

and 6, y-1; lanes 7 ‘and 8, 4-2; lanes 9 and 10, €-i; lanes 1t and {2,

affinity purified rabbit anti-b antibodies. .

Figure 4.2. Cross-linking of E. col/i membranes with EDC. E.

coll AN1460 membranes were cross-linked with EDC as described in
section 4#.2.3. The samples were prepared for electrophoresis using

DTT-containing SDS-sample buffer, electrophoresed on a 10 to 204 SDS-

ﬁolyacrylamme gradient gel and electroblotted onto nitrocellulose as

described in section 3.2.5. The lanes contained 50 ug of protelln. The
nitrocellulose was probed with the antibodies listed below followed by
125i-anti-rat or 1251 anti-rabbit antibodies and then radicautographed.
Odd numbered lanes show HO control membranes; even n}mbered lanes show
EDC cross-linked membranes. Lanes show Western blots probed with the

following antibodies: lanes 1 ara 2, a-1; lanes 3 and 4, *B-2; lanes 5
and 6, y-i; lanes 7 and 8, 6-2; lanes 9 and 10, e-f; lal-mes i1 and 12.

rabbit anti-é antiserum; lanes 13 and 1&, affinity purified rabbit

anti-b antibodies.

+
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homodifunctional imidoester that cross-links lysyl residues Dy reacting
With their e-amino groups. Cross—linked subunits were identified by
comparing protein bands recognized by different monoclonal antibodies
on Western bDiots in cross-linked and non-cross-linked membranes. As an
exampie, note the protein migrating with an apparent molecular weight
of 74,000 that was recognized by the anti-a antibody, a-3 in lane { and
also by the anti-8 antibody, $-2 in lane 7. “As this band was not
_ detected In non—Ccross-iinked membranes (Compare lane 1 with lane 2) and
disapp€ared upon rodzcuon with DTT (data not shown) it must contain
cross-linked proteins. - From this information the protein bang. must
navé resuited from cross-linkage of the a and 4 subunits. Other
predominant cross-linked products detected by this method included the
85-90,000-dalton B-y product (lanes 3 and 5) the 66-69,000-dalton p-e
Product (lanes 3 and 9), the 42-44,000-dalton y-e product (lanes S and
9. The ap (lane 1) and the a-B products (lanes i and 3) migrated with
apparent molecular weights' greater than 100,000 and are difticult to
distinguish. All of these products have been reported for soluble Fy
(Bragg and Hou, 1960). The identity of the 85,000-dalton product
recognized by .tho' anti-a antibody in lane i is unknown. It may b? an

ap product which contains an intrasubunit cross-link leading to

anomalous migfhtion on the gel. It could also' be an a-y cross-linked
-.llroduct or a product involving an unknown membrane -eo-pom-mt.
Neévertheless, these mﬁlt.a indicate that at least at the level of
resolution of the cross-linking reagent DSP, there is no large ’
'm in subunit arrangement between soludie and membrane-bound
Fi. These experimefits were also repeated using membranes prepared froa

. -
K. coli strain MLI08-225 and the same cross-linked products were




obgerved (data not shown).

As stated in the introduction, a goal of these studies was to
determine the nature of the subunit interactions between Fy and F,
The cross—link formed between 8 and Fo subunit b is evident in lane fi,
lmatin& with an am;‘ent mojecular weight of 32-84,000. The by dM
was also formed, migrating with an apparent molecular weight of 33.000.
Another protein band migrating with an apparent molecular weight of 26-
31,000 na.y Nmmt.m-unIod \Irc. These products have aiready
been reported by Aris and Simoai (1983} No cross-linked product
representing an e-Fg or 4-F, product was detected using the monocional
antibodies (lanes 7 and 9) and either anti-b (lane 1) or anti-c
antisera (data not shown). ’

EDC was also used to cross-link membranes from both §. cbu
strains ANIA60 and ML308-225.° EDC forms a mo-le:i.tn cross-link
between amino and dfm:yl groups and its cross-linking of ¢ to a B
subunit has been documented (Lotscher et al, 1984). An lenl;t

using AN1460 membranes iz shown in Figure 4.2. The B-¢ product was

10?7

formed in membrane-bound F; migrating with an apparent molecular weight

of 68,000 (lanes & and—TOI> This aiso dGemonstrates the similarity of
quaternary structure of soluble an? membrane-bound F; as the fornttoi;
of this cross-1ink requires closely opposed reactive groups. Other
cross-linked products formed included a-é& cross-linked products running
with apparent moleculsr weights of 64-68,000 and 72,000 (lanes 2, 8 and
12), a y-¢ product migrating with an apparent molecular weight of
approximately A46-48,000 (lanes 6 an&‘ 10), and a B-y-¢ product 'llﬂ'atml
with an apparent molecular weight of 86,000 (lanes 8, 6 and 10). A Dp

dimer With an apparent molecular weight of 35,000 was also forhed (very
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faint band in lane 18) The multjpie a-4 products may result from
intrasubunit cross-links or different sites of.intersubunit cross-
Unks. They may aiso result from ditferent stages of proteolytic
ﬂ“V&“ﬁtMé.lmt A cross-iinked product recognized by the

anti-4 antiserum and migrating with an apparent molecular weight of

36,000 is observed in lane 12. This protein was also observed in

membranes croas-linked with DSP and proded with anti-é antiserum (data

not shown) and it disappeared when the cross-link was reversed with

" DIT. This product did not react with the anti-8 monoclonal ‘antibody

Uane 6), the mt;-e monocional ‘antibody (lame 10) or with the anti-b
(nne 18) or anu-c (uu not SM“) antisera. It is too Sltu to
conuln 4 cross-linkéd to :ub\uut a. As it dou not appear to contain
any Fy' ttr Fo subunits and it only reacts with the anti-& antiserum not
with the anti-é monoclonal antibody, it is possible that it is an
artifact resulting from lack of specificity of the antiserum. If it
does ‘involve 3 1t is possible that the formation of the cross-1ink
destroys the é-2 epitope ao;unm for its lack of recognition by ‘the
momoclona) amtibody. The € subunit also appeared to have been’ cross-

linked to an uludonuﬂod protein yleiding a product that, migrated wn.h'

an amt lolocuuv weight of 34.000 (lane 10). This product was not.
m 'u.b other crou-unlmp mau and was not oburved when, *

_thu, experiment was Nmtod._ Thus it may be an aruuct.. m

twe, m-umc producu did not react vtf.n ther the anti-b or anti-

gwmumuumtmn;.
loumtu?umt:.tbomu-ymuunuboﬂyamsto
mmcmpmmunnusmumnu-zmm

mymnummcthmfmmaum

R
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anti-4 antiserum appears to recogaise b\othcandﬂ(hnuulndlz).
Tbupheno-enonoe::ursoftenwhen Western blots, in conjunction with
the renaturation protocol, are used for analyses involving the Fy minor
subunits. As the subunits have largely regained their native
conformations, if they desord frol the nitroceliulose t{ny are capable
of binding to their binding sites on the a and 8 sudbunits. This is
particularly apparent with 4 and ¢ because their small size leads to a
weak interaction with the nltrocenulose and increases the probabdility
of desorption. .

Membranes from E. coll strain ANi&60 were cross-linked with a
variety of other cross-linking reagents in order to optimize the chance

ot crou-lmkuu amino acid ude chains wli.h dtﬁe‘rent che-lcal natures

* or distances of semmon from t.hou cr-ou-nnked by DSP, EDC or

.

reamu used by other vorlen (Fuure 4.3). EGS. ;3 ‘a lmer. non-.
reversible Version of DSP with a_length of 2. catbon atoms. BS3 is the
same lmtn as DSP but is -ore hydrophmc. smfo-su?n and sulfo-SMCC
m hYdehluc. hetembtfuncuonal reuenu that cross-iink lysyl and
cystet.nyl‘ residues and have c:wbon atom-lengths of 8. and 6
respectively. None of these reagents are reversible by DTT. The same
cross-linked products produced by DSP seem to have been also produced
by most of the reagents with the following exmuolu. 8ulfo-SMCC and
sulfo-SMPB did not produce the y-—e product which migrated with an
apparent lolmnr: weight ofns—u.ooo (paneis C and F, lanes & and 9)
and tm B-¢ cross-linked product which migrated wsth an apparent
Iolcc\llal:*wouht of 74,000 (panels B and F, lanes & and 35). This
probably reflects a lack of adjacent lysyl and sulfhydryl r‘ulduc‘a in

the two subunits. Sulfo-SMCC also did not produce the A"V product

-
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Figure 4.3. E. col! membranes cross-linked with a variety of
cross-linking réu‘enu. E. coli AN1A60 membranes were cross-
linked with EGS, BS3, sulfo-SMCC and sulfo-SMPB as described in section
4?2.3. Samples were prepared for electrophoresis with NEM-contaiming
SDS-sample buffer, el@trophoresed on a 10 to 20X SDS-polyacrylamide
gradient gel and electroblotted onto nitrocellulose as described in
section 3.2.5. Lanes contained 50 ug of protein. The nitroceliulose
was probed with the antibodies listed below followed by 1251-anti-rat
or 1251-anti-rabbit antibodies and then it was radioautographed.

Panels show blots probe;: with the following antibodies: panel A, a-3;
gmel B, -1, panel C, y-1; panel D, 6-2; panel E, rabbit anti-4é

antiserum; panel F, e-i; panel G, affinity purl{ied‘ rabbit anti-b
antibodies. Lanes contain -—c:bnhu treated ﬁth the following

reagents: lane 1, EGS; lane Z.‘883.; lane 3, sulfo-SMCC; lane 4, sulfo-

SMPB; lane S, MepS0 control; lane 6, HoO control.
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which migrated elsewhere with an apparent molecular weight of -
approximately 94,000 (panels B and C, lane %) This difference between
llllfo-m Aand sulfo-SHNCC may refiect the shorter length sulfo-SMCC,
As with DEP, all the cross-linked products observed with these reagents
have been reported by other workers using different reagents and
soluble Fi. The anti-é antiserum recognized the same protein observed
with the EDC in Figure 8.2 here migrating with an apparent molecular
weight of approximately 36-80,000 (panel E, lanes 1 to 4). This
mu;m band was Rot observed in non-cross-linked membranes (panel E,
lanes 5 and 6). This protein band was not recognized by the anti-é
ml antibody, 4-2 (panel D, lanes 1 to &) thus exhibiting the
same properties of the proum.band seen with EDC.
" Another cross-linking reagent, sulfo-SANPAH, was used on ANi860

.membranes. This reagent is a non-reversible, heterobifunctional
reagent tmt has an amino-reactive group at one end of the molecule and
an aromatic ;ndc at the other. Upon irradiation, the azido group is

+ converted Into a nitrene which can react with virtually any nearby

- _covalent bond and form a mew bond. Thus it is the least specific

reagent used so far. It i3 i1 carbon atoms in length. This reagent
was applied to ANIS60 membranes :dau not shown). The same products

+ formed by the other reagents were also produced by sulfo-SANPAH. In .
particular it formed a 74,000-daiton a-é product, l Wton e
product, a 84,000-dalton y-¢ product, a 76,000-dalton B-b product and a
36-39,000-daiton by dimer. The products observed in this exportnoht
were produced with other cross-linking reagents and no interaction
Detween either. e or & with an F, subunit was demonstrated.

-
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.32 Oross-linking of Fy_in Presence of e-& Fad

[ . —

AN
.

As dcacrtbed in the section &4. & -onocloml antibody 18-
capable of activating Fi perhaps by alteﬂn; the mteracuom betveen L4
and the oth* subunits. 8uch alterations might lead to sub:tantul .

changes in entyme quat?rwy ltructure multuu in an altered cross-
_linking pattern. The cross-linking of ¢ to 8 and / 1° n—u' documented
(see section 44) and quantitative changes in the formation of thé g-¢
and y-e¢ cross-linked products would’ indicate alterations in subunit
’ f interactions.

Figure 4.8 shows an experiment in which Fy; was cross-linked with
éither EDC (panels A and B) or DGP (panels C and D) in the presence of
e-A Fab. The f-¢ cross-linked product which migrated with an apparent
-oleco/lar weight of 68,000 was produced Nurdle:; of the presence of

e-& Fab (panels A and C, lanes 3 and 5. The sam¢ was true for the B-y

product which migrated with an apparent molecular weight of 80,000 and
is visidble in panels B and D, lanes 3 and S. The p;eunce of.e-4-Fab
also m-od tb have little effect upon the amounts of crou-lu!led .
subunits produced. ﬁo y—e product, formed by DSP, migrated with an
apparent molecular weight of #4,000 and thus unfortunately migrated .
with the same approximate -ol;cular weight of the Fab fragment. 1253
y-1 detected y-e in panel D, lanes 3 and S5, but 1251-¢-1 detected both
e-4 Fab and y-¢ (panels A and C, lands z.am 5). Antibody e-i can
detect e-4 Fad because small amounts of ¢ dissociate from the
‘nitroceliulose and bind to the Fab fragment. Since the Fad fragment .
and the jodinated antibody recognise distinct epitopes, they can bind

simultanecusly (see section 2.3.3). Consequently it is impossibie to
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Figure 4.4, Effect of e-% Fab upon EDC and DSP cross-linking of F,.
EDC u;d DSP cross-linking of Fy in the presence or absence of ¢4 Fab’
was performed as described in section 8.2.4. ‘Samples were phepared for
electrop_norem using llml-eont'amm( SDS-sample buffer, electrophoresed
on a 10 to 20x sné-pgnyac;yunxde gradient gel and electroblotted onto
nitrocellulose as described in section 3.2.5. Lanes contained 2.5 ug
of Fy. The panels show" blots probed with, 1251-¢-1 (panels A and ‘C} and
1251_-ﬁ (nnols B and D). The bilots in panels A and B are an EDC

. . —
cms:unnnc_ experiment and the blots tn panels C and D are a DSP

cross-linking experiment. The lanes are as follows: lane §, Fy
standard; lane 2, control Fy and e-& Fab; lane 3, cross-linked Fy and

e-4 Fab; lane a, control Fy; lane S, cross-iinked Fy.

D
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quantitate differences in the formatiom of this cross-iinked prodyct
using the anti-¢ antibody. Mevertheless it is barely detectable by the
anu-ytnubody.and no change in amount of y-¢ seems to have occurred
_(panel D..unu 3 and S). This poor detection of y-¢ by the anti-y
antibody may result from the antibody epitope being destroyed by cross-
linkage. Mote that the y-i epitope iz believed to be near the e-
binding site on Yy (Sectiop 2.5). It is also odd that the e-&% Fab ’.
fragment was not cross-linked to ¢ (panels A apd C). Nevertheless, ¢-4’
"activation does not ippear to be the result of a sqmixcant_ change in
quaternary structure of the complex. This alsd shows that mere. ..
_association of the e subunit with Fy and with 8 in particular, is not.

always inhibitory.
- L J

8.3.3 Cross-linking of Fy in the Presence of Hucleotide. and Ethylene
Glycol , B ' v .

At concentrations of up to ‘30x, ethylene glycol activates the
hydrolytic activity of e-replete F; (Dunn a;id Zadorozny, unpablished
Pesults). In order to understand the mechanism of this effect,
experiments u-uar to those using e-% Pn; were performed. Fy was .

cross-linked with EDC in the presence of various conmt.nuons of
ethylene giycol to see whether its presence affected the formation of
the f-e¢ cross-link. The cross-linking reaction was w-imted at
various points of time to- observe the rate of cross-iink foruuoq. ‘
under the various eondtuou. MgADP was present in the cross-linking
butfeg to simulate nucl“ﬁd. concentrations used in ATPase activity
assays. MgATP was not used as its hydrolysis by t.ho enzyme during the
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course of the experiment would lead to different ratios of MgATP snd
MgADP concentrations at each time point. A Coomassie Blue stained gel
of such an experiment is shown in Figure 4.5. The band that migrated
with an apparent molecular weight of 68,000 is the p-e cross-iinked
product. To confirm its identity, a Western blot using an identical
cel was probed with 1oduuted anti-subunit monoclonal antibodies. The
68,000-dalton Band was recognized by MSth the anti-B and anti-e
antibodies (data not shown). Panel A shows the EDC cross-linking
pattern of Fy in the absence of ethylene ¢lyeol and each lane shows a
different time point; panels B and C show the same experiment performed
in the presence of 30X and "0z ethylene glycol, respectively. In panel
A one observes the increase in the for-auon of the cross-link over

" time. The amount of cross-iink formed in the presencé of 30 ethylene
glycol (panel B) was fess than that formed in its absence (panel A)
.Iu formation in the presence of 40X ethylene glycol wa; even less
still (panel C). Maximai et.hile_ne .glycol activation occurs at
approximately 30X concentration. Activation could thus result from an
alteration of the interaction between 8 and e. Note tno presence of
high molecular weight cross-linked products in the three panels which
were formed- efficiently regardless of the mur;oe of ‘ethylene glycol.
This indicates that ethylene glycol or impurities in it did not block
croa'cﬁmnn( between § and e by reacting with the EDC.

- " AS lllhlb".lon by e could lllo be mediated through the y Oub\lll“..

it vu nocuury to detor-me whether ethylene glycol altered un

’ munctton of ¢ with y. As EDC does not cross-link these subunits
efficiently, DSP was used. Figure 4.6 shows radicautographs of Western

Diots of DSP cross-linked Fy. Due to the number of cross-iinks formed

.




Figure 4.5. EDC crm-unluu of Fy in the presence of various
concentrations of ethylene glycol. F; was cross-linked with EDC in the
presence of 0X (panel A), 30X (panel B) and 40X (panei C) ethylene
slycol as described in section 4.2.5. Samples were prepared for
electrophoresis using DTT-containing SDS-sample buffer, electrophoresed
on a 10 to 20X SDS-polyacrylamide gradient gel which was stained with

Coomassie Brilifant Blue R-250 (as described in section 2.2.8). Lanes

eontamed -9 wa of protein. SCIPIQS in each ‘lane were crou-flnked for

" the following lengths of time: lane i, "sero time;” lane 2, 5 min;

lane 3, 10 min; lane 4, 20 min; lane 5, 40 min; lane 6, 60 min.

ruure 4.6. DSP cross-linking of Fy in the prcaeneg of various
concentrations of ethylene ¢lyeol. Fy vu cro.ia-unted vith DSP for 2
min in the mum of 0%, -30% and 40X ethilem ¢lyeol as ducﬂhed in

section &4.2.5. saapm were mmred for electropnmsu using HE:H-

containing SDS-sample buffer, olectropnoeued on a 10 to 20% sns-

polyacrylamide gradient gel and electroblott.ed onté ult.rocenulo:e as
described .in uct,ton d.2. 5. Each lane contalned 1.5 ®g of protein.
Paneis :now blots. probed as follows: A, 1351-5—.’: B. 13511-1 pl\u
1281-¢-4; ¢, 1251-y-1. Lanes 1, 3 and S show 3non-grou-lgnked zero
time controls janes 2, 8% and 6 show cross-linked simples. Lanes 1 and
2ahov}“1ntncmmofozothymoayeol.hmssmd4.aoz ‘

-~

ethylene .lyeol. um S and 6, 40X ethylene leool.

]

LY
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by this reagent, the patterns observed on a stained gel would be
difficuit to interpret and thus a geli is not shown. Each pair o4, lanes
shows an experiment performed with a different concentra.uon of
ethylene giycol in the same buffer used in the previous EDC cross-
uanni cxperilopt. In each pur of lanes, the first shows a xero-time
point, and the second, a 2 min time point. DSP reacted far mare
efficiently than EDC even at a concentration of 0.4 mM and thus only
the 2 min ﬁolnt was informftive as subunit dimers were 1 apidly cross-
linked to form high molecular weight aggregates. The blots shown in
paneis A, B and C were prodbed with jodinated g-2, e-4 and y-1
‘respectiveiy. It can be seen that the amount of 84,000~dalton y-€
cross-linked product was slightly greater in the presence of 30X
ethylene glycol (panels B  and C, lane &) than in its absence (panels B
- and 'C, lane 25 however the amount of produ;:t was lower in the presence
of 80X ethylene glycol (panels B and C, lane 6)}. This implies that at
maximum ethylene glycol activation, the ¢ aubun.n. is still bound to Fy
and 1ts interaction with the y subunit has not changed appreciabiy.
mfs is consistent with ethylene glycol activation resulting from a
change in the interaction between 8 and ¢ This is also consistent
with e-inhibition resulting from g-¢ interaction rather than y-e
interaction. It is also interesting to observe that there does not
.appear to be a substantial decrease in the 68000-dalton f-e product
for-o_dbymatmomylmglmlmeuhaﬁds.ml). This
contrasts with the result -obtained using EDC. This probably results -
from the fact that EDC forms a zero-length cross-link wno.rn.s DSP can
cross-link residues 1.2 nm apart. Thus EDC cross-linking will be more

sensitive to sudbtie changes in quaternary structure. ‘l'hu:mult. would

- -
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then imply that e is still in close proximity to a 8 sudunit, but that '
ethylene glycol moves specific mlqm of the two molecules further
apart. ‘

. The detergent LDAO also leads to activation of Fy (Lotscher et
al., 1968). Bragg and Hou (1906b) published results showing that the
presence of 0.5% LDAO did not atfect the formation of the f-¢ cross-
linked product by; EDC. The experiment was repeated using conditions
analogous to the ethylene glycol experiments and only a wery small

WIVQ decrease in the PM\.IC‘!AOI! of the B-¢ cross-link in the

.presence of 0.i1X and 0.3x LDAO was shown to occur (data not shown).

Thus LDAO activation results from a different mechanism than that

observed with ethylene glycol.

4.3.4 Determination of the Region of the e-Binding Site on the 8 -
Subunit

Changes in the interaction of e with the region o} g to which it
can be crou-ltqied by EDC activates the enzyme. Consequently, this
region of B may have an important functional role in the activity of
the eniyme. Knowledge of the location of this region within the
Primary structure of the S8 subunit would allow one to orient it with
respect to other catalytically important réc_toul as dt.tcr-und b_y
modification of amino acid residues by chemical or genetic means. This
could lead to a better understanding of the_ltructuﬂ/mcuon
relationships within the § subuait. In uéuonua.a.s. the locatipas of
the epitopes of the anti-p ;nuhodm vﬁ deterained through the use
of partial cleavages of the B subunit and the idegtification of
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fragments recognized by the antibodies using SDS-gel electrophoresis
and Western blots. One cieavage methed that proved to be very useful
was weak acid hydrolysis using conditions that hydrolyze only aspartyl-
'prolyl mttde bonds. The B8 subunit contains three such bonds
mvolvuu aspartiyl meducs 305, 334 and 385. The € subunit contains
none and is thus not affected by weak acid. The following experiment
va'k performed to locate the site of the EDC cross-iink between the B8,
\and‘ ¢ subunits relative to the B subunit's aspartyl-proly! bonds. ’
Pu;-lfaed Fy was cross-iinked with EDC and u:e products Were separated
by SD&-polyacrylamide gel electropborém Lanes containing the Bg-¢
product wére subjected to ve;l acid hydrolysis under conditions
cleaving only a portion of the aspartyl-prolyl bonds, and then the
fragments were separated on another SDS-polyacrylamide gei and
ele&troblotm onto nitroceliulose. The Vestern dlot was probed with -
either g-2 or e-iJ-onoclonal antibodies and this experiment is sm;\vn in
Figure &.7.
" The major components detected by antibody B-2 wet:e residual

. cross-linked f-e¢ (68,000 daltons) and fragments with apparent molecular

“ weights of 27,000, eo.ooo and 38,000. The same set of proteins was
Frecognized by antibody e-i. These fragments ‘-ust. t.herefore contain the
e subunit aud the carboxyl- t.crmnu region of B. 'l'he mobilities of the
!qaﬂgnu are also consistent with this assignment (compare with the
fragments. produced in chapter 3 from pure B in P’um 3.3). One should

* algo note the trace amounts of 8 and ¢ subunit in these lanes, implying
'Mt reversal’ :f the 'crou-unk during the acidic treatment. Thus
e ¢ subunit makes contact -'—ith the carboxyl-terminal portion of §.

. It 18 interesting to_potc that this is the same region of 8 that

Y
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Figure &4.7. Weak acid cleavage of F{-ATPase after EDC c:'ou-lmlmg.
Fy was cross-linked with EDC, then the f-€ product was separated from
other proteins by SDS-polyacrylamide gel electrophoresis. The 8-e¢
pProduct was subjected to weak acid hydrolysis within the gel as

described in section 8.2.6. Fragments were separated by

elqctrophor_‘esu on a 10 to 20x SDS-pquacryl_anide gradient gel, tr}en
electroblotted onto nitrocellulose. Tﬁe blot was blocked with BSA and
exposed to 1251-5-2 (lane 1) or 1251-¢~4 (lane 2) and then

radioautographed. These procedures are described in section 3.2.5.

Figure &.8. Cross-linking of Fy i@s to B-6 Fab fragment using
BS3. Fy was cross-linked with BSS in the pr;aence or absence of 86
Fab as described in section 4.2.7. Samples were either allylat;d‘vuﬁ
'NEM or reduced with DTT, electrophoresed on a 10 to 20X SDS-
polyacrylamide gradient gel and.electroblotted onto nitrocelluiose (as
described i section 3.2.5). Each lane contained 1.5 ug of Fy. Blots
were probed as follows: panel A, !1251-8-2; panel B, 1251-¢-1; panel C,
1251-5-2. Lanes in panels A, B and C are as follows: lane §, Fy
cross-linked with BS3 and alkylated; lane 2, F; and B-6 Fab cross-
Iinked with BS3 and alkylated; lane 3, alkylated Fy; lane 4, alkylated
Fy and B-6 Fab; lane S, Fy cross-linked with BS3 and reduced; lane 6,
Fy and g6 Fab cross-linked with BS3 and reduced; lane 7, reduced ‘F‘;

lane 8, reduced Fy and B-6 Fab.
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contains the epitopes of the imhibitery B-1 anti-8 monoclonal
antibodies. This suggests that this region of the S subunit functions
in a catalytic or regulatory role, as two agents which interact with it
both exhibit inhibitory activity effects. -
* ’
' EDC also forms a slight amount of y-e cross-linked product. The vy
subunit has a auulg aspartyl-prolyl bond located gt ‘position Zjliﬂ_'hl(:!l_
is cléaved by weak acid. Using the same procedure dea;:rtbed‘, for -the B-
e cross-linked product, the y-e ;rou-lmled product was subjected to
weak agm hydrolysis. A fragment with an apparent molecular weight of
80,000 was generated that was recognized by both anti-y and anti-e
monoclonal antibodies (data not shown). Its size 13 congistent for it
being the weak acid fragment containing the first 211 residues of y

cross-linked to e. Thus the €-binding site on y i3 located within the

ast 211 residues.

8.3.5 Proximity of Binding Sites for B-1 Antibodies and ¢ on B in

Native Fy

The simjlar effects of ¢ and the B-1 antibodies on ATPase
activity, and the proxmn..y of their binding sites in the primary
structure of B, suggested a reiauomlup between their binding sites in
the native en:yno.. This possibility was investigated by treating
mixtures of Fi-ATPase and Fad fragment prepared from the B-I antibody
A6 with various cross-linking reagents. Products were anaiysed Dy
SDS8-polyacrylamide gel electrophore?u and immunoblotting. Some
samples were reduced with DTT before electrophoresis to allow

separation of the two chains of the Fab, while others were treated with
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NEM. The Diots were probed with iodinated IMOF!OMI antibodies to
each of the subunits of ATPase. .

An sxperiment performed with BS3, a non-reversible reagent that
1inks lysy! residues, is shown in Figure &.8 The blot in panel A was
probed with 1251-g-2, and contains samples which were not reduced
before electrophoresis. The sample shown in lane t was cross-iinked

~—without 'Fab present. while the sample (n lane 2 was cross-linked in the
presence of S-6°Fab. banes 3 and 4 contain non-cross-linked controls.
The labelling of -6 Fab, which migrated just below B, by 1251-g-2
probably retflects pinding of free A which desorbed from the
nitroceliulose by the Fab, and subsequent recognition of this bound B  _
by the 1251-p-2 (see section #34). In support of this hypothesis,
the 8-6¢ Fab was not labellied by todinated monoclonal antibodies of the
B-1 group, as they possess the same binding site. Furthermore, 1251-g
strongly labelled Fab on the blot. Note the presence of a mzjor.

~ product, with an apparent molecular weight of approximately 94,000, in

lans 2, indicating formation of a cross-link between 8 and the Fab, as
would be expected

Panel B shows blots which were probed with 1251-¢-1 to detect
Products containing e. Lanes § to & are otherwise equivalent to those
of panel A. A major e-containing product with an apparent molecular

‘ weight of 70,000 can be seen in lane 2 but not in lane 1, suggesting
the formation of an e-Fab product. Potential ambiguity in this
assignment arises because f-¢, which is produced ‘with' low efficiency by
383, migrates to an identical position in the gel. This ambiguity was
resolved by a similar experiment in which the sampies were reduced with

DTT bDefore eclectrophoresis (lanes 5 to 8) ﬂnu.)or_e-conumm_
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product in the reduced sampie migrated with an apparent molecular
weight of 39-41,000 (lane 6). The large decrease in size of this
product upon reduction indicates that the ¢ was linked to the g—6 Fab.
This result indicates that the ¢ subunit and the antibody 8-6 dind to
adjacent, non-overiapping sites when the 8 subunit is in its natt\;e
form in Fy-2TPase.

No other subunits were cross-linked to the Fab in these
experiments. An example is shown in panel C, which is similar to panel
B, except. that the blot was probed with 1251-6-2. The cross-linked
product with an apparent molecular weight of 74,000 was produced
regardless of the presence of Fab, and was unaffected by reduction.
Thus it is the product of 4 and another Fy subunit. Recognition of
this product by an anti-a antibody confirmed that it is an a-4 product.
The specific cross-linking of -6 Fab to the B and ¢ sudunits was also
demonstrated using sulfo-SMCC, S heterobifunctional, non-reversible .

cross-linking agent that .cross-links lysyl and cysteinyl residues

Y

(results not shown).
&.4 Discussion

It appears that the quaternary structure of the soluble and
membdrane-bound forms of Fy are very similar as the cross-linked
products observed using soluble Fy (see section &.4) can be produced in
membrane-bound Fy. ‘It i3 striking that a cross-link has yet to be
observed either between the & and ¢ subunits or between these subunits
and the subunits of F,, Though some of the protein bands seen produced

l the CPO““IU!.U\. reagents on Western blots are suggestive, they are




either not recogniszed by anti-sera raised against subunits b and ¢ or
their Iol;cuu!‘ weights are too small to invoive subunit a. As stated
in the introduction, several models of Fq structure place the & and ¢
subunits across :t:o-_one another on the face of the holoeniyme that
interacts with F, (Bragg and Hou, 1960; Aris and Simoni, 1983; F;tat
and Kanasawa, 1963 and see Figure i{4) The inability to cross-link &
to € implies that either the subunits are not actually located near one
another or that the the amino acid side chains that would redact with
the cross-linking reagents are not favourably oriented. The€ same
argument applies to the location of & and e with respect to F,
”subumu. It 1s interesting to note that although & and e are required
for Fy binding to Fo neither the individual subunit nor both subunits
together have been shown to bind to membranes (Dunn and H-eppel. 1961).
Attempts are in the process of being made by Dunn and coworkers to
locate the é and ¢ suMU within F; using anti-é monoclonal
anubodtu,. colloidal gold-labelled ¢ subunit, e-depleted Fy ‘and
electronmicroscopy.

The activation of Fy by two different agents, e-& Fadb and ethylene
Slycol, was studied by observing the effects these agents had upon
cross-iink formation. Changes in the nature or amount of products
formed would refiect conformational changes brought about by these
agents. The anti-e antidody, e-4 led to no detectable dispiacement of
the e subunit from the 8 subunit, suggesting two possibilities. .mt.her
any conformational change induced between the 8 and ¢ subunits is too
subtle to be detected Dy this method or it is an alteration in _the
association of vy with ¢ that is crucial. Unfortunately change in

cross-link formation between the y and ¢ sudunits was not easily
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measured in this experiment. Nevertheless this demonstrates that
simple association of € with 8 is.not always inhibitory. A similar
effegl was observed with the detergent LDAO. In contrast, the
activation of the Fy in the presence of 30X ethylene giycol was
concurreht with a decrease 1in t.ne. amount of € that was cross-linked to
B by EDC. The association of € with y actually 1?crea'§ed sn.ghtly at
maximum ethylene glycol activation. This result implies that

inhibition is probably mediated through a.g8 subunit rather than the y
subumt. It w;s mtleres'tmg that the changes i1n association of B with
€ brought about by this agent, were not deteggable when DSP cross-
linking was studied, implying that this effecgm"volves a fairly

localized displacement of € from B. Another agent ;hxch activates Fy
1s the antibody €-{ and its effect results from competition with F{ for
the bmdmg of € (Dunn and Tozer, 1987).

The binding of the B-1 antibodies or the € subunit to the
carboxyl-terminal domain of B inhibits ATP hydrolysis by 85-90% The
anti-g antlb-odles and-the € subunit are able to bind simultaneously to
sites in -tms region of B and are able to be oross-linked to one
.another. This shows that this area contains regions of primary
structure that are folded.into a compact structure. This lends
credence to the idea put forth in chapter 3 that this region is
orcahxzed into a distinct domain. Studies of the effects of.the €
subunit during unisite catalysis indicate tihat € reduces the rate of
product release but does ndt alter the equilibrium between ATP and
ADP-Pl at the catalytic site (Dunn et a/, 1987). The e subunit
also increases the probabulty of oxycen exchange during ATP hydrolysis

(Wood - et al., 1987). As stated in chapter 3, it is possible that

-
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movement of this carboxyl-t.er‘m-mal domain is necessary for product
binding and release. Perhaps the presence of € subunit bound to this
carboxyl-terminal domain hinders its motion, slowing the release of
product. Alternatively, if one accepts the rotational theory (Cox et
al., 1964, mt.c'nell. 1,985'). in which the single-copy subunits rotate
relative to the a/B hexamer during catalysis, prb'duct release could
require € to move 0;1 ttq the next B subun.t.
It has been demonstrated that € binds tightly to y (Dunn, 1982).
Based on the effecj.s: of sulfhydryl reagents, McCarty .1979) suggested
S that the y subunit of chloroplast Fy-ATPase plays a role 1n channelling
-t.he flow of protons ihroug]}. the enzyme. Though € is agpartial inhibitor
s of f.he activity of soluble Fy (see. section 4.), 1t is present in F,F;O
and the enzyme 18 active. It has erven been demonstr'at.eq that ‘t.ne
binding of €-inhibited Fy to membranes leads to its activation
(Sternweis and Smith, 1980). ‘Tms may indicate that € interacts with 8
or y differently in the two coiplexes. This does not appear to be the
result of any gross change in quat "nary s{rﬁcture as € can be cross-
linked to both B and vy in tne/iqomplexes (especially notablie in the
efficiency of EDC cross—lmkltj’g;o«f € to B8 i1n membranes).

The above suggest a possible role for the € subunit in FyF,. The
€ subunit could serve as a mea;xs fér‘ coupling the flow of protons
through Fy and y to the conformational changes that occur in the 8
subunits during catalysis. Chloroplast Fy lacking € will bind to F,
but will not prevent préton leakage through Fy (Richter et a/,
1984) also suggesting a role for € in coupling. € may aiso serve as a

means to ensure that Fy is only active in the cell when-coupled to F,

thus preventing potenttally deleterious hydrolysis of ATP.
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Areas currently under investigation by other vorle;"c in the
laboratory concern the effects of the anti-g antibodies upon unsaite
catalysis particularly in comparison to those seen with e. As these
proteins bind to the same region of 8 one might expect to observe some
similarities 16 ‘effects. However it is ndtable that the anti-8
monocional antibodies and € subunit are able to partially cou;n.enct

one another’s effects (Dunn and Zadorozny, unpublished resuits).




5.0 FORMATION OF A DISULFIDE BRIDGE IN Fi-ATPASE
3.4 Introduction

During the preparation of Fq for several of the cross-linking
studies (chapter &) it was necessary to change the buffer of the
sample u;m. co!uin centrifugation. This method, ﬁeveloped by Penefsky
(1979) is used primarily for small volumes. Vlt is faster than dialysis
and has reasonably good sample recovery. After experiments using
centrifuge columns equilibrated with certain buffers a high moiecular
welght product was observed using SDS-polyacrylamide gel
electrophoresis. It was discovered that a croas-link had formed
petween two subunits ;nd that the reaction was quantitative.

In the study of E. coli Fy-ATPase, the formation of a such a
cross-1ink could serve as a means to test a recent model of the
mechanism of the enzyme. This model was originally proposed by Gresser
and coworkers (1962) and was developed more fully by Cox and coworkers
(1964). A siightly different version was also proposed by Mitchell
(1963). According to the binding change mechanism (Cross, 1981), there
are two or three sites that alternaté between catalytic and promotional
roles during the catalytic cycle. "I# this mechanism is correct, during
the catalytic cycle each a/8 pair oY subunits should be in different
euiforuu;nc reflecting differences in their respective promotionnl or
catalytic roles. A certain amount of asymmetry has aiready been shown
for the 8 subunits in terms of chemical reactivity and also for the a |
subunits in uru of nuclectide-binding site occupancy (see section
13} It is important to note that the asymmetry observed in these

- . -
-
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experiments may M!xt either traasient or permanent differences
between subunits; these alternatives could not be duun.uuﬁ«.

The y subunit is required for proper assembly of the a and B
subunits into a catalytically competent a3Siy complex. .Its function
has therefore been &eﬂm as organizational (Dunn and Futai, 1960).
This may be a simplification as antibodies raised against the E.
colf y subunit and modification of chioroplast y subunit suifhydryl
-lroups both inhibit enzyme activity (Smith an‘a Sternwets, 1982; Nalin
et al, 1963). Thus important interactions must occur between the
Y and the a and B subunits that are not purely organizational in nature
and may have some infiuence upon the enzyme's cau-lyuc activity
(McCarty, 1979). It is notable that although a single y subunit
interacts with three a/8 pairs of subunits that may undergo tdentical
cycies of confo.rlattonal change, the y\:ubumt shows no evidence of |
threefold symmetry in its amino acid sequence (Walker et al,
1984). Thus each a/f pair of subunits interacts with a distinct y
surface. The rotational model proposes that cyclical conformational
and functional changes are concurreng with rotaion of the a/B8 pairs
around the y subunit. A different surface of the y subunit would be
associated with each a/B pair depending upon the stage in the catalytic
- cycle. The remaining two minor subunits, & and e, are propoud' to
remain associated with the y subunit and thus the a/8 hexamer should
rotate with respect to them also. One means of testing this hypothesis
would be to cross-link a major subunit to a minor subunit.

In this chapter, the corditions that lead to the formation of the
cross-link in F; following column centrifugation are examined. In

addition, its effects upon the activity of the eniyme and the ability

.




of 7, to interact with Fo are detailed. Finally the implications that
the formation of this cross-link has upon the rotational model are

discussed.

S.2 Materials add Methods

5.2.1 Materiais
- ——
Sephadex G-50 was purchased from Pharmacia P-L Biochemicals
(Uppsala, Sweden). Sodium periodate and o-1,10-phenanthroiine were
purchased from Sigma (St. Louis, Mo.). Whatman JMM paper was obtained

from Canlad (Mississauga, Ont.). The sources of other materials were

l1isted in previous materials sections.
S5.2.2 ation of F,, Subunits and Membranes

E. colf strains ML08-225 (unc*) (Simoni and

Shallenberger, 1972), ANi20 (uncA40f) (Butlin et al., 1971) and
ANIR6O(unc?t) (Downie et al., 1960) were grown . as described
previously (see section 2.2.2). Fy was prepared from strain uwoe-_zzs
and ¢ ltd e subunits were prepared from strain ANiA60 using published
procedures (see section 2.22). ARI20 Fy-depleted membranes were
prepared using the methods for F, purification except that the final-
low-ionic m wash was repeated twice and the membdranes were

saved.
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- 9.2.3 Column Centrifugation

9
Centrifuge columns were prepared essentially as described by

Penefsky (1979) using i-ml or 3-ml disposable syringes, a glass wool
plug and Bio-Gel P-10 or Sephadex G-50 resin. The column was
equilibrated with 5 column voiumes of the appropriate buffer and

centrifuged for 2 min at 2000 rpa in a Sorvall General Laboratory

.Centrifuge. The relative centrifugal fo'ce generated at the tip of the

syringe was 580 x g. The protein was then appiled to the top 3f the
partially dehydrated resin, the column was centrifuged as before, and
the eluate was collected. Unless otherwise specified, the eluate was
incubated for 10 min at room temperature before EDTA was added to a

final concentration of 2 mM.

5.2.4 Assays

Binding of Fy to membranes was -;uured by preparing Fy with
columns of Bio-Gel P-10 equilibrated with 50 mM Mops-NaOH, pH 7.5, 10
uM CuCly, with or without the addition of 2 mM EDTA. Once the sniyme
had been eluted and incubated at room temperature for 10 min, gly 1
was added to 10X, ATP to 0.5 mM, and EDTA to 2 mM final concentrations'
Yarious a.oun:s of cross-linked or non-cross-linked F; were added to
AN120 Fl-dc;leted membranes and binding was allowed to occur by
incubating the mixture at 37°C for 10 min in a reconstitution buffer
contnx;lnc S0 mM Tris-HClL, pH 7.5, 10 aM MgClp, 10X glycsrol and 100

ug/ml Mlttod\ BSA. Controls in which no membrane was smum.' were

also prepared. One hundred-ul samples were centrifuged at 111,000 x ¢
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tor 3 nln in a Beckman Alrfuge ultracentrifuge using-an 18° A-100
rotor. The supernatant was recovered and assayed for A'I'Pta;e activity
using the method of Futai and coworkers (1974)

Protein concentrations and ATPase actlvtty were assayed a:
described in section 2.2.8. When the activity of membrane-bound Fy and
scluble Fy m measured in the same expeﬂlent_.,.t.he incubation buffer
contained S0 mM Tris-HCl, pH 8.0, 13 mM MgClp, 4 mM ATP and 10 ug/ml
- d;fatto'd B8A. Awnt transhydrogenase activity was measured by

LS
the method of -Saith and Sternweis (1977).

S.2.5 Other Methods i
B : \d
- _Gel electrophoresis and Western blotting were described previously
. (sections 228 and 37Ei"ﬂnunorreclmuum were performed as A
described previously (section 2.2.5) except that the Sepharose was not
a washed after incubation with purlﬁed Fi. The supernatant was renoved
by .aspiration, extess liquid was removed using a small ‘strip of Whatman
3MM paper and the proteins were solubiiized as in section 2.2.5.
mxt anti-rat I1gG was coupled ? Sepharose as des:c’rlbed érevlouxly
(section 2.2.8). - Duult.o.etry was porfor-cd using a Beckman DU-a Vis-
uv thtﬂ' oqmpped with a slab gel scanner lyst.e-. Gels
vm scanned ‘at”: 550 nm, ) - *
Cupric phenanthrolinste cross-linking of the a and & subunits was :
per-formed using methods described by Brage and Hou (1960). Cross- '
' Uinking of the -Mu with sodium periodate was perfdrmed by
ulc\lnttop of { I./ll Fy tn SO0 mM glycyigiycine-NaOH, pH 7.5 S maM

‘MgClp, 100 uM mo‘ for 30 min ux the dark. The reac‘t.ion was

T * -
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terminated by the addition of ethylene glycol to 20X final

concentration. Cross-linking of the subunits by aeration of the '
dialysis buffer was pertformed as fou;'s. Purified Fy at a
concentration of 2 mg/mi was dialysed for S h against 50 mM sodium
phosphate, pH 7.5, 10 uM CuClp, 20X glycerol. The buffer was aerated
throughout the experiment by bubbling air into it and stirring
vigorousty. ‘

Distilled, deionized water was used .n all experiments.

5.3 Results

S.3.4 For-auo'n and ldentification of Cross-linked Product

when E. coll F(-ATrage was passed through a centrifuge column

consisting of Bio—Gel P-10 or Sephadex G-50 equilibrated with 50_mM .

sodium phosphate, pH 7.5, as described in section 5.2.3, and the eluate

was electrophoresed on an SDS'POIYICPYIQ!IGQ gel under non-reducing
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conditions, a new protein band was observed migrating with an amﬁent\

molecular weight of 72,000 (Figure 5.4, lane 2). The product was not
observed if 50 mM DTT was incorporated in the SDS-sample buffer
indicating that the produc resulted from the formation of a disulfide
bridge (Figure 5., lane &) . : /

Experiments were performed to determine the nature of the reaction
leading to the formation of this_Pnroduct and these are described below
and shown in Figure 5.2. The band was not observed if Fy was passed
through & column equilibrated with sodiu-;mumu. with the addition

of 2 mM EDTA (lane 3). The formation of the product was not observed

‘§
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Figure S4. Themical nature of the cross-liak. Fy-ATPase was run
through a centrifuge column equilibrated with 50 mM sodium phosphate pH
7.3, as described in section 5.2.3. Portions of the sampie were

prepared for electrophoresis as descrided beiow and electrophoresed on
a i2% SDS-polyacrylamide slab gel as described in section 22.8. The
lanes are as foliows: unevt. Fy standard; lane 2, column-centrifuged
Fy alkylated in SD3-sample buffer containing 10 mM MNEM; lane 3, column-
centrifuged Fy reduced in SDS sample butfer containing SO mM DTT.

Numbers on the right indicate molecular mass in Kilodaltons.

Figure 5.2. For-;uon of the 72,000-dalton prod'uct upon column
centrifugation of Fy. Purified Fy-ATPase was run through centrifuge
columns and electrophoresed on a 12X SD8-polyacrylamide slab gel as
described in section 5.2. Lanes 1 and 7 contain alkylated F

standards. The centrifuge column buffers of lanes 2-6 were as follows:
"lane 2, S0 mM sodium phosphate, PH T.5; lane 3, 50 mM sodium phosphate,
PH 713, 2 mM EDTA; lane 4, S0 mM triethanolamine-HC}, pH T.5; lane 5,
S0 mM triethanolamine-HC, pH 1.5, 10 uM CuCly; lane 6, 50 mM
trlet.hanola.lne‘-HCl, PH 735, 10 uM CuClp, 2 mM EDTA; for lanes 8-12, F,
was centrifuged in 50 mM s0diUm phosphate pH 7.5, and the -
,concentrations of EDTA and NEM were brought up to 2 mM and 10 mM,
respectively at the indicated times: lane 8, zero time (Fy spun

directly into EDTA and MEM) lane 9, 5 min; lane 10, 10 min; lahe 1,

1S min; lane 12, 30 min.
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if the column was equilibrated with a triethanciamine buffer (lane &%)
It 10 uM CuCly; “‘was added to the triethanclamine buffer, the product did
appear (lane S). If 2 mN EDTA was added to the CuCly-supplemented
triethanclamine buffer, the product was not observed (lane 6). Further
experiments (not shown) revealed that a set of buffers including
carbonate, Mops, Hepes, Pipes, Tes and imidazole ali led to the

formation of the 72,000-daiton product only if CuCl, was added.
Glycylglycine, ethyienediamine, and tricine buffers did not lead to the
appearance of the product even with the addition of CuCly. These
butfer effects all indicated that there was an involvement of heavy
metal ions such as copper (II) in the formation of the product. The
appearance of the product m‘a buffer not supplemented with CuCl,
implied that the buffer had sufficient heavy-metal-ion contamination to
catalyze the reaction leading to product formation. Most of the
buffers that did not lead to the formation of the product even after
?upplelgnuuon with CuCl, Qore found to be fairly strong metal ion
chelators (Hm 1912)..

The Kinetics of the formation of the 72,000-dalton product were
studied by centrifuging Fy through a column and then stopping the
reaction at various time intervals by the addition of 10 mM NEM and 2

.-ll EDTA (Figure S5.2). A ztero-time- point was obtained by centrifuging
the Fy into a wluugn containing NEM and EDTA. The reaction was
virtuaily complete at this point (lane 8) and no additional product was
formed even with a 30-min incubation period before the addition of EDTA
:ad NEN (lane 12). The majority of the reaction must thercfore take
place on the column and since Penefsky (1979) found that most of the

applied . protein passes through centrifuge columns in the space of 30 8,
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the reaction must be extremely rapid.

The 72,000-daiton produ.ct could be generated by three other
methods. It could be generated by copper phenanthrolinate (data not
' shown), a reagent commonly used to generate disulfide bridges. Sodium
periodate also catalyzed the formation of the cross-link (data not
shown). The cross-link could also be generated by aerating the buffer
against which the entyme was being dialyzed. None of these methods °
resulted in as high a yield of the 72,000-dalton product as column
centrifugation. Sodium periodate was the least efficient method
overall.

The product was identified by running column-centrifuged Fy on a
12X SDS-polyacrylamide gel, electrobiotting the protein onto
nitrocellulose and then probing the nitroceilulose with subunit-
specific monoclonal antibodies. As can be seen in Figure 5.3, the
72,000-dalton product was recognized only by antibodies specific to the
@ and & subunits (lanes 3 and 6), indicating that the product is an «
subunit cross-linked to a 4 subunit. The apparent molecular weight of
the product was also reasonable for a complex of the 55,000-dalton «

subunit and the 19,000-dalton & subunit.

S5.3.2 Integrity of Fy After Formation of the Cross-link

It seemed 'poutble that the cross-linked product was formed from
dissociated subunits rather than on the intact enzyme. It was also
possible that if the cross-link formed on the intact entyms, it would
lead to dissociation of the subunits. To determine whether either

situation was occurring, imaunopfecipitations were performed with



Figure S.3. Identification of the 72,000~dalton product using subdunit- °
specific monocional antibodies. Purified F{-ATPase was run through
centrifuge columns as aucrnn.d in section 5.2.3. Sampies were
elect.r&phoreud on a 12X SDS-polyacrylamide slab gel. Portions of the
gel were stained with Coomassie brilliant biue R-250 and other portions
were electroblotted onto nitrocellulose. Nitrocellulose strips were
blocked with BSA, exposed to 1/100 dilutions of hybridoma culture
media, followed by 1251-anti-rat IgG, and then radicautographed.

Details are described in section 3.2.5. Cen‘tr"uuce column buffer
contained 30 mM sodium phosphate, pH 7.5 with (lanes 1 and 8-12) or
without (lanes 2 and 3-7) 2 mM EDTA. Lanes 1 and 2 are from the

stairied gel. The remaining lanes are from the radioautograph: lanes 3
and 6, a-3; lanes & u'zd 9, B-1; lanes 5 and 10, y-i; lanes 6 and {1, &-
2; lanes 7 and 12, e-1. ‘

Figure S.4. Immunoprecipitations of column-centrifuged Fy-ATPase. Fy
was run through a centrifuge column equilibrated with 50 mM sodium
phumu. ‘Immunoprecipitations were performed and the samples
electrophoresed on a 10-20X SDS-polyacrylamide gradient gel. These .
methods are described in section 5.2. The lanes are as follows: lane
i, column-centrifuged F; immunoprecipitated by &-2 monoclonal antibody;
lane 2, column-centrifuged Fy, control with no antibody: lane 3,
column-centrifuged F; with one equivalent of added 4 subunit,
immunoprecipitated by 8- monocional antibody; lane &, column-

centrifuged Fy with one equivalent of added & subunit, control with no
antibody; lane 3, column-centrifuged Fy lane 6, column-centrifuged F,
with one equivalent of added 4 subunit; lnne 7, Fy; lane 8, Fq with one

equivajent of added 4 subunit.
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'co!u-n centrifuged Fy to see if :t,he cross-linked subunits would be
immunoprecipitated with the rest of the complex. Immunoprecipitations
were porformed as described in section 225 and are {llustrated in
Figure 5.4. Note that in lanes { to &, the band migrating Ju:t. above
the band corresponding to the G subunit is non-reduced BSA and that the
band migrating near the top of the gel in lanes {1 and 3 is non-reduced
monoclonal antibody. As isolated Fy 1s |eherauy partially deficient
in é subunit (Sternweis, 1977), one molar equivalent of 4 subunit was
added to Fy prior to centrifugation on the column for use in the
immunoprecipitation using the anti-g8 monoclonal antibody. Both the
anti-é (lane 1) and the anti-g8 (lane 3) monoclional antibodies were
capable of immunoprecipitating the a-é cross-linked product as well as
the rest of the eniyme. This indicated that .the a-4 cross-linked
subunits were still assoctated with the rest of the complex.

Densitometry was used to quantify this result. The gel was
scanned as described in section 5.2.5 and the areas under the peaks
were calculated. In each lane the area of each ‘subuntt was normalized
with respect to the area corresponding to the y subunit. The
normalized area of the a-é cross-iinked product was 2.7 in the anti-é
immunoprecipitation and it w‘u 2.2 in the anti-8 immunoprecipitation.
The similarity of these figures indicates that the a-d cross-linked
product is being imm itated in a .constant ratio to the y
subunit and tmmoﬂlnust be an integral part of the entyme ‘complex.
Comparison of the areas of the subunit peaks between cross-linked and
non-cross-linked F; revealed that approximately 25X of the a subunit ..

Ttool part in the formation of the a4 érm-llul.d product which is

very close to the 33X of the a subunits one would expect if the

[4



reaction was quantitative with respect to the a subunit. All of the 4
subunit was cross-linked to the a subunit, as shown by the complete
disappearance of the 4 band. Thus with respect to both the a ang 4
subunits, the formation of this cross-iink titative.

5.3.3 Effects of a-é Cross-link on_ Activity of the Enzyme

Since a cross-link could be specifically and quaatitatively
_generated between two subunits in Fy without leading to subunit
dissociation, it was of interest to determine whether the cross-link
had any effects on the activity of the s‘olub.le and membrane-bound forms

of the eniyme. Soluble F; with one added equivalent of purified ¢

subunit was passed through a centrifuge column equilibrated with 50 mM ’

- Tris-HCL, PH 7.5 and 10 uM CuCl;. Non-cross-linked control Fy was
produced by the addition of 2 mM EDTA to the column buffer. As shown
in Table III, the specific activities of the cross-iinked and non-
cross-linked eniymes were the same. Table III also shows the extent of
inhibition of cross-linked and non-cross-linked Fy; by the e subunit.
The a-oul!t. of e-inhibition at various amounts of added e¢ and the
maximal extent of e-inhibition were the same for both the cross-linked
and non-cross-iinked forms of the eniyme. Thus neither the affinity of
e for Fy, nor the amount of residual activity at maximum c-inhibition
was changed by the Formation of the cross-link. -—
Experiments were pérformed to determine whether the cross-linked
enzyme was able to function when bound to F, Cross-linked Fy -vu
Mk to stimulate ATP-dependent transhydrogenase activity in Fy-

depleted membranes (data not shown) and this implied that the eniyme
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TABLE III

ATPase activity of cross-iinked F4 and inhibition by ¢ subunit

€ added Specific activity of Fy .

control cross-linked
ng units/mg
0 56.1 S4.0
6.5 - 32.0 33.8
13 26.% 25.9
52 16.4 16.1
210 . 10.1 10.5

- €ross-iinked Fq was produced by centrifugation through columns

equilibrated with 50 mM Tris-HCl, pH 7.5, 10 uM CuClz Non-
cross-linked (control) Fy was produced-in the same panner except
that 2 mM EDTA was added to the column buffer. Note that one
oequivalent of puritied 4 s it was added to each sampie before
column centrifugation. F4 solution was brought up to 10x
glycerol, 0.5 mM ATP and 2 mM EDTA following a 10 min incubattion
at room temperature. Assays were performed as in ucuon S5.2. 4
and each con.ained 0. isuo!rl
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vas .umble to couple the pumping of protons across the membrane to the
hydmly;u of ATP. One possible explanation for this result was that
Fy was unable to bind to F, and proton pumping was not coupled to ATP
hydrol};su.

To determine whether the modified eniy‘e was capatic of binding to
Fo. .the following experiment was perff)rled. Various amounts of cross-
linked or non-cross-iinked Fy were added to Fy—depleted membdranes and
the mixtures were incubated under conditions that wouid promote Fy
binding to F,. The sample was centrifuged and the sup'ernatant.
containing soluble Fy, was assayed for ATPase activity. If F; was
capable of binding to F, it should havg sedimented with the membranes
during centrifugation, resuiting in a depletion of ATPase activity in
the supt'.-rnatant., Once the Fy-binding sites became saturated with Fy,
the amount of F; in the supernatant would begin t.o.lncreau. As can be
seen in Figure 5.5, panel A, a control using non-cross-iinked Fy,
approximately 2 ug of Fq specifically bound to the membranes. The same
experiment performed with cross-linked Fy (Figure 5.5, panel B)

demonstrated no specific binding to membranes. The slightly greater

amount of cross-linked Fy that was sedimented in the presence of

membranes in contrast to the amount sedimented in their absence may be
due to a small population of Fy that was not cross-iinked and thus
still capable of binding to F,. Non-specific binding to membranes and
trapping by membpranes may also have contributed to the small amount of
binding.

A final experiment determined whether the a-é cross-link could be
formed while the ensyme was still associated with Fo. These

experiments are iliustrated in Figure 5.6? ~ E. coll wmembranes were

.
.
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Figure S.5. Binding of cross-linked (B) and non-cross-linked (A) Fy-
’A'I"Pue to membranes. Fy was prepared by column centrifugation and
incubated with AN$20 Fy depleted membranes. Free and membrane-bound Fy
were separated by centrifugation. .Depletion of Fq{ in the supernatant
was measured by a colorimetric assay. Controls in which no membrane
was present were ‘also prepared. Details are described in section 5.2.
The panels are a; follows: pahojl A, experiment performed using non-

crou-llnled‘ Fy ; panel B, experiment performed using cross-iinked Fy.

(@) In presence of membranes; (A) m absence of membranes.

7

~—




149

T T
" O
¢
N o
=3,
o
@ <
1 | ©
<{
O o
7))
. O
-
<
¢
Q¥
1 -~ i 1 1 1 1 i ' /
@© © < o |
O O O @)

W/spun ‘9sDdly 21Anios



T

Fl.(ure 5.6. Formation of a—é cross-link on le.brmu conumuu Fq-
A'rPue in the prebence or absence’ of MgCl, Fifty ug of purified Fy or
le-hram obwmd fro- E. cou strain AN1a50 were run throu.h
‘ mt.rlfucc columns equmbrated ﬂ\fth i IE Tris-HCI, pH 75, S -H H‘Cla,
10. uM CuCl,. Samples in lanes 3 and & were prepared with the same
-wfﬂr m:t‘ 'gthout the addition of 5 mM H‘Clz. ‘8§-ples were |
elec;r;ophonud on a El.sps-polyacry!nme slab gel_and electroblotted
onto nitrocellulose. The nitrocellulose was blocked with BSA, expoied
to a (/100 dijutien of a-3 hybﬂdon cuiture supernatant, followed by
* 125_1-anti-rat 1gG and then radicautographed. Details are described in
mtton 5.2 The lapes are as follows: lane 1, Fy vtth MgClp; lane 2,
m:na with MgClp; iane 3, Fy without H‘Cla. lane A, membranes
without luCl!. Numbers on the right indicate -olecular Rass in

[N

kilodaltons.
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spun through i-ml centrifuge columns in the presence of 10 uM Cuflp.
One set of buffers contained { mM Tris-HCl, pH 7.5 and 5 mM MgCly, with
the high MgCly concentration ensuring that the ensyme remained on the
membrane, bound to F,. These membranes did not exhibit a-J cross-
iinked Fy when examined using Western biots and anti-a monocional
antibodies (lane 2). Vhen the membranes were incubated and run in the
m‘unee of the same buffor lacking MgCio, a condition pro-.ou:u the
release of Fy from Fo cross-link formation was observed (lane &). The
”ma did not inhibit cross-link formation in isolated F; (lane 1) and
thus it was the association of Fy with F, in the presence of membranes
rather than either the buffer or the mere presence of membranes that
prev.anted ‘férutlon of the disulfide bond. This result is consistent

with the results of the previous experiment in which the cross-linked

‘enzyme did not bind to Fy-depleted membranes.

5.8 Discussion

It is possible to generate a disulfide bridge between the a and &
subunits of the E. coli Fy-ATPase biv a heavy--eta!-ton-cataiy:ed
reaction that occurs while the enzyme passes through a centrifuge
column. This implies that there are two closely pladed cysteinyl
residues oo the a and & subunits. As the genes for all the Fy subunits
' have been sequenced, the number and location of the cysteinyl residues
in the c and 4 subunits are known (Walker et 2/. 1968). The three
systeinyl residues of the a subunit are located towards the a-m;
terminus of the frimary structure (residues A7, 90 and 203), while the

two cysteinyl residues of the 4 subunit are evenly distributed



<

HIVIP

(residues 65 and i&1). Stan-Lotter and coworkers (1906) have evidence
that there might be an additional cysteinyl residue in the a subunit at
position 243. It has been shown that the last 15 amino acid residues
at the anmo terminus of the a subunit interact with the & subunit
(Dunn et a/., 19680). The formation of an a-4 disulfide bridge
indicates that a more extensive region of the amino-termina! end of the
a subunit is in proximity to the 4 subunit.

The a-é cross-linked Fy cannot bind to membranes, nor can the a-é
cross-link be generated in membrane-bound Fq. This implies that there
must be some change in the arrangement or conformation of the a and &
subunits i)etvecn the membrane-bourd and soiuble forms. Perhaps the a
and & subunits are held in place more rigidly -in the membdrane-bound
form, preventing transient co.nuct of.'t.he cysteiny! residues. Since
the 4 subunit has a role in mediating the binding of Fy to F, -
(Sternweis and 8-1t.n 1977), the formation of the a-é cross- unk may
hold the & subunit in a conformation that is umble to interact wnn

*
Fo- It i3 also possible that 4 mediates binding to Fy through an

indirect mechanism. There is still no evidence to place 8 at the Fy/F,

L4

intertace (see chapter 8). Bragg (1964) has even proposed the a
subunits interact with the c subunits of Fo, and it is possible that it
i3 this interaction that is affected by the a-4 cross-link.

Brnu‘ and‘ Hou (1986b) independently cbserved the formation of the
a-6 disultide. In their hands, ‘they found thft cross-linked Fy was '
able to bind to membranes but t.!nt. the membranes were proton-leaky as
measured by ATP hydgplysis driven quenching of the florescent dye
quinacrine. Other than that, they found that cross-linked and non-.

cross-iinked Fy were identical in terms of activity, stimulation by
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LDAO, aurcovertin binding and pattern of cross-linked ppoducts formed by
DSP.

F{ undergoes conformational changes during its catalytic cycle
(Cross, 1961). Monoclonal antibodies have relatively little effect on

ATPase activity when they have bound to the a subunit (Dunn et al.,

' 1965), s0 the addition of extra mass to a should not necessarily hinder

conformational changes the subunit might undergo. Therefore it is not
surprising that the covalent attachment of the 4 subunit to an a
subupit has no effect on ATPase activity. However, these results do
cast some doubt on the validity of the rotational model of A?‘P
synthesis as put forth by Cox and coworkers (1964). This model deals
specifically with membrane-bound form of the ensyme in which subunit b
of Fo, and the y, é and ¢ subunits of Fy rotate relative to the‘ a/B
subunit hexamer. The changing juxtaposition of each a/8 pair of
subunits with respect to the minor subunits are pl‘opoug_to contribute
to the conformational changes that are associated with the alternating
catalytic sites of Fy. In the soluble form of the enzyme one would
still expect rotation of the minor :ubuniks with' respect to the major
subunits. One would predict from this model that by covalently linking
A Bmajor subunit to a minor subunit, the rotational movement would be
blocked and thus snzymatic activity would be inhibited.
pmimmttMréwnnlmmtmIDiwmectw
ATPase activity is therefors evideace against the rotational theory.
One could argue, however, t;hat in soluble Fy, the 4 subunit may not be

~ulmuuurtoithorotor. Anlnt.oractlonnuyottobc

demonstrated botvoon the 4 subunit and the y and e subunits. It could

muuamtummmmuar,ramtuunmm«



enzyme did not bind to F, this cannot be tested. In some models of the
structure of Fy (Aris and Simonl, 1983, Futai and Kanazawa, 1983, Bragg
and Hou 1980), the 4 and € subunits are shown underneath the central y
subunit, directly across from one another (see Filgure 1.1). If the &
subunit was locked in position by cross-linking it to the a subunmt,
the rotational movement of the € subumit, still a part of the rotor,
would be blocked. Therefore one would predict that 1f the rotational
model 1s valid, cross-linked Fy containing both ¢ and € subunits wouid
be inhibited. However, equivalent residual activity 1s o;talned in
cross-linked and non-cross-linked F; under conditions.in wmcﬁ the
enzyme is saturated with the € subunit. This argues that either the
rotational model 1s i1ncorrect, or the & and € subunits trace out very
different paths during rotation.

Kandpal and Boyer (1987) have tested the rotational hypothesis by'
cross-liinking E. colr Fy with the reversible cross-linking reagent,
DSP. They found that approximately 2/3 of the activity of the enzyme
was lost upon cross-linking with the formation of intersubunjt and
intrasubunit cross-l1inks. The m‘mbitlon was reversed upon cleavage of
the cross-links. Though these results are consistent with large
conformational' changes Deing required f‘or‘ catalysis, 1-t is not the
. perfect test of the rotational mode]l due to lack of specificity of the
cross-links formed. One cannot say which particular cross-links
actually lead to the-inhibitfon. It is easy to imagine the formation
0of a-B cross-links that prevent motion of domains without evoking a
rotational modei. workers in that lab are currently attemp€ing to

specifically form a cross-link between a 8 subunit and the y subunit

which if formed and proven inhibitory, would be more conclusive a test
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of the rotational model. Vorkers in this lad are attempting to create
a similar cross-link by forming Fy—dimers by cross-linking Fq with
anti-a or anti-g and anti-y monoclonal antibodies and observing effects

upon entyme activity.
the cross-iink has nk

It is still surprising that the for-a‘uon
effect upon the acﬁvity of Fy. Mutations in the « it can lead te
inactivation of the enzyme and this has been used as evide
importance of cooperative interactions between the a and 8 subumui.
Perhaps the region of the a subunit that is cross-linked to & is not
invoived in these interactions. Bragg and Hou (1906D) explain the lack
of effect of the cross-iink upon entyme activity by evoking the recent
observations of subunit asymmetry. They propose that only the a
subunits not in proximity to the 4 subunit are involved in catalysis.

The results illustrate that disuifide bridges can be generated
between suitably placed cysteiny! residues in proteins by a heavy-
metal-ion-catalysed oxidation reaction which occurs under the highly
aerobic conditions that proteins experience while passing through
centrifuge columns. This reaction presents a potential hazard in the
use of centrifuge columns for pnoocdure; such as the rapid deult;tnc of
proteins. In order to prevent potential protein modification following
column ceatrifugation, coqﬁmn;uon by heavy metal ions of buffers
used to equilibrate the ceatrifuge column should be controlled by the
use of a suitable chelating agent. Reducing a-cenu can aiso be used in
the column buffer as a further precaution. As a method of generating
cross-links, however, column eontrtf&utsou has advanmo'c over the
more common chemical methBds, in that is gentle, rapid, specific, and
most importantly, quantitative. Thus, it is ideal for studies
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involving the effects of limiting conformational changes both within

and between subunits.




Bl

6.0 CONCLUSION

Monoclonal antibodjes can serve as useful tools for various
enzymological investigations. As monoclonal antibodies con;ut of
homogeneous populations of antibodies that recognize a single epitope,
they are ideal probes for studies of enzyme structure and func_uon.
Their high specificity and often high affinity also make them useful
for the analysis of complex mixtures of proteins using Western biots.
This thesis described the characterization of a set of 21 monoclonal
antibodies that bind to subunits of the E. col/f Fy-ATPase and their
application to the study of subunit structure/function relationships in
this enzyme.

Extensive characterization of the antibodies was necessary in
order to assess their utility in future studies. Workers in the

laboratory had previously determined that someé antibodies’ recognizing
-

"the a and B subunits inhibit or stimulate the activity of the eniyme.

Other studies had demongtrated that some antibodies recognizing the q,
B and y subunits cross-react with ATPases from other sources (Dunn et
al., 1985). Studies described in chapter 2 used immunoprecipitations
and membrane-binding studies to determine which antibodies recognize
buried or exposed ;mtopu on the soluble and membrane-bound forms of
the nolocn:y-o It was notable that of the anti-a.and anti-g

antibodies, only t.hou recognizing buried epitopes cross-react with
ATPases from other organisms. This demonstrates that subunit

interfaces have been highly conserved during evolution and emphasizes
the importance of subunit/subunit interactions in Fy. Another

interesting ‘inding was that some anti-é apd anti-e antibodies are able

-

158



159
, e

to bind to Ielbl‘-ane-bound Fi. This shows that despite the proposed
location of & and ¢ at the Fy/Fo interface (Figure 1i.14), a substantial
region of each subunit is exposed on the external sur}ace ot FyF,.

Solid phase binding inhibition studies (a/uﬁ, described i{n chapter
2) determined the spatial relationships betm.:en antibody epitopes on
isolated Fy subunits. Those antibodies which recognize the same or
overlapping epitopes were placed into the same competition subgroup.
It beca_-g apparent that members of a particular co-pe-ution subgroup
share common characteristics. For example, the anti-g antibodies were
placed irrto two competition subgroups. One competition subgroup, B-I,
contains antibodies that recognize external epitopes and are strong
inhibitors of the enzyme. The other competition subgroup, B-II,
contains antibodies that recogniie buried eiutopu and croas-react with
ATPases frrom several eukaryotic and prokaryotic organisas. *
Nevertheless, differences in affinity for epitopes, ease of elution
from affinity columns and shape of inhibition curves among members of

the same competition subgroup showed that member antibodies are not
“"\.

identical. These results are summarized in Table IlL.

Studies described in chapter 3 attempted t.o_ map the location of
antibody epitopes within the amino ac’d sequence of the a and 8
subunits. This was expected to provide useful information regarding
subunit structure and antibody activity ezfecu.' ”Exhaustivc‘ cleavage
of these s,\}bunlu with a variety of chemical and ensymatic agents
fatled to produce small fragments capabie of competing with whole
subunit for binding of a;!tlbody. This result suggested that the
epitopes are predominantly conformational in nature and possibly formed

from not-contiguous sequences of each subunit’s amino acid sequence.




Usetful information was derived from partial enzy-atic and chemical
Cleavages of the subunits and analysis of the resulting fragments
through sns-polyaéryla-.lde gel electrophoresis and Western blotting.
Tryptic digestion of the a subunit in the presence of ATP and partial
CNBr éleavm of trypsin-treated Fy revealed that the epitopes of the
anti-a antibodles of both competition subggoups lie towards the
carboxy! terminus of the subunit. Lack of useful cleavage sites within
this region of the molecule prevented further proireu. .

A two-dimensional cleavage mapped the locations of the epitopes of
the anti-B8 antibodies. The products of partial CNBr cleavage of the B
subunit were resoived using SDS-polyacrylamide gel electrophoresis. .
Methano! was used to temporarily fix the fragments within the gel, and
weak acid hydrolysis was performed to cleave the fragments at aspartyl-

proly! peptide bonds, The weak acid fragments were then resolved by.

J .
electrophoresis in a second dimension and analmJ by Western blotting.

This technique mapped the epitopes of the B-I antibodies to a region
between pp-sa: and the carboxy! terminus at Leu-4%59 avnd t.n;se <;f the
B-I1 an?.ibodles to a region between Asp-345 and Met-380.

Cross-linking exﬁrlmqts described in chapter 4< obtained results
with interesting implications regarding the e subunit. This subunit,
like the.B,-l anub‘odte:.. is a part.hl lnmbltop of eniyme activity
(Laget and Smith, 1979; Sternweis and Smith, -1960). ‘e-inhibition may
result from either its interaction vith a2 B subunit (Lotscher et
al., 1964a) or from its interaction \;lth the y subunit (Dunn, 1982).
To distinguish Detween these possibilities, the following experiments
were performed using agents that activate Fy hydrolytyc activity.

Activation Bay result from changes in subunit interactions invoiving e
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and may lead to sizeadble alterations in subunit arrangement. Such
alterations may be observed by comparison of the patterns of cross-link
formation in the presence and absence of these agents through the use
of Western blotting ll;d monocional antibodies.

Two cross-linking reagents were chosen. The water w!uple
carbodiimide EDC forms a zero-iength crou-:link in high yield between

-

the B8 and e subunits (Létscher.et al., 1984). Formation of this
cross-link should be very sensitive to changes in subunit arrangement.
The homobifunctional cross-linker DSP Dbridges lysyl residues which are
situated at most 1.2 nm apart. Although less sensitive to
_conformational changes ‘because .of the greater length of the crosas-iink
formed, DSP cross-links ¢ to both B and y. The activating agents
sttidied included the viscosogen ethylene glycol, the monocional
antibody e-& and the detergent LDAO. It was observed that ethylene
glycol decreases the efficiency of EDC cross-linking of ¢ to B8 without
aftecting DSP cross-linking of ® to either 8 or y. This implies that
ethylene glycol activation results from a subtle change in the
interaction between ¢ and a specific region of a B8 subunit. This
resuit further implies that e-inhibition is mediated through a B
subunit rather than the y subunit. LDAO and e-& activation do not
decrease EDC or DSP formation of the g-¢ cross-link suggesting that it
1s not the mere association of ¢ with a 8 subunit that is inhibitory.

;rn; methqd used to nip the location of epitopes ¢f the anti-p
antibodies was applied to EDC cross-linked B-¢ to determine the
location of the e-binding site on B. The results showed that the e

) mibunlt binds to the same carboxyl-terminal region of g as the

inhibitory B-1 antibodies. A variety of chemical cross-linking.




mmg_could cross-iink the Fab fragment of B-1 antibody B¢ t0 €
sho;inc that these binding sites are adjacent in the tertiary structure
of the B8 subunit. "l'ms suggests that this region is folded into a
compact structure such as a domain. That interactions by both the €
subun.lt and the B-I antibodies v;tth this putative domain inhibit ATPase
activity suggests that this region of 8 may have an mpor;ant

functional role.

Resuits using chemical modification reagents show that this
carbox‘rnmal region of B contains residues that may be located
near the catafyiic site (Esch and Allison, {978; Bullough and Allison,
1986a, 1986b). Another group has proposed that the central-third of
the molecule forms a domain containing the nucleotide-binding site

{(Duncan et al.,, 1966). Regidues at the catﬁhlc site may be

contrihuted by bot'.h‘of these putative domains. It is also possible

that the carboxyl-terminal domain may function as a gate. The imtque

environment at the catalytic site may result from movement of the
carboxyl-terminal domain relative to the central domain ?;hereby
enclosing bound substrate. A similar conformational change would be
;'equlred for product release.

The ¢ subunit appeam‘ to inhibit a conformational change required
for product release (Dunn et a/l., 1987, Wood et 'u.. '1907).
Perhaps this conformational change is movement of the carboxyl-terminal
region which could be nmcem' by the presence of ¢. As ¢ does not
appear to inhibit membrane-bound Fy ‘and EDC efficiently cross-links e
to 8 in membrane-bound Fy, the difference between the B/e¢ interaction
in FiFo and that in soluble F; must be very subtle. This aiteration

may reflect the role of e in FiF,. Perhaps € couples proton flow

L4
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through Fo to ATR _synthesls/hydrolysls at catalytic sites through its
. interactions with both the y subunit or the F, subunits and the
car.boxyl-ternmal region of the B subunits. A direct interaction with
Fo subunits is possible as a role for e in linking Fy to Fy, has been
- proposed (Dunn and Heppel, 1982). Thus e-lnmbluon{ay reflect
alteration of mteracuom'that normally result in coupling of Fy to
proton flow and the inhibition may have some sort of regulatory rold
(Dunn and Heppel, 1982). Furthermore, this role may be reflected in
the observation that the amount of e¢-& antibody that binds to membranes
as'measur’ed by a direct approach (chapter 2) is much less than that
measured using a kinetic a‘pproach (Dunn and Tozer, 1987). Two possible
explanati'ons for this result are ihat. e-4 i3 lost ir the membraffe
binding assay during washes or that the a;ﬂmty of the antibody for e
is different in the two assays. The proton motive force generated
during measurements of antibody activity effects may result in a change
in the conformation of € making it more accessible to antibody in one
complex than anotl\\‘,r. Thus this may be suggestive of an involvement of
e in the coupling of catalysis to proton flow.’ |

The nature of the propoie_d interactions between ¢ and F, as well
as those proposed between 4 and F, is not upderstood. The & and e
subunits have sometimes been depicted as forming a s.talk bztween
Fy and F, but the only demonstrable interactions between Fy 2nd F,
involve 8 and subunits a gnd b (Aru’ and Simoni, 190J). U.se of a wide
variety of crou-ilnklnc rea‘unts. including a non-specific,
photoactl\;atable reagent and a sensitive means of analysis using ¢

- -

Western blots and monoclonal antjpodies failed to demonstrate proximity,

of € or & to any of the F, subunits. Eitlier the cross-linkers chosen

. s
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wer‘e not suluble f‘ the sld{ chains exposed 6n the subunits, or ¢ and

4 do not lie at the Fy/F, interface. - g v LT

The mrauve procedure of column centrifugation resulu ln the

heavy-metal-fon-catalysed formation of a disulfide bridge between the a.

and & subuhits (Chapter 5). This reaction is quantitative and does not

lead to subunil dissociation. The cross-link has no effect on either

—

the en:r.q'_s: hydrolytic acttvfty or its sensitivity to e-inhibition.

_'rhu'mult casts some doubt upon the rotational model of the catalytic

. ‘mechanism of ¥ proposed by Cox and ‘coworkeps (1986) in which rotation
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of.t.hrujor'subumu in relation to the minor subunits is an eu_enuai.

feature of- catalytic activity. If this model is val\id. cross-linking a

_ major subunit to a mihor subunit shouid completely inhibit the activity

!J"» . ..
g ) ¢ of the enztyme. The la_ck of effect of the a-4é cross-link implies that

-

.

~

2 » .

N . ,-',
* .

- ' -

1 the model ig correct, the & subynit must not be an essential part of

.. the rétor in soluble Fy» Furthermore, the é and e subunits must be

 located far enough apart to allow a moving e subunit to trace a path

.'

fl‘,‘ of 6bctrucuon. Nevertheless, as 4§ is required for the binding of

. «
Fi1 to F, 1t wouid be expected to be a component of the rotor in FyF,.
4

- 'ruua the ¢éross-link shoyld inhidbit PyF,. As cross-linked entyme is

L ) L . - :
.unabfe tec reconstitute with F, this could not be tested. This -

mmty for a-3 cross-linked enzymg to bind to. Fo does reaffirm the

tnpqrtance of'S 1n intcracudnl of [Fy with Fo. However one cannot

’gonm:.w tpu efféct 1s mediated Dy & directly, or indirectly

"t.nroun a. ‘:nm i8_possible ‘a3 Bragg has proposed that the a and 8

subunits m comtacts with subumt c of ?o (Brau 190&) and thus

£

b.\ndl.u to r, may be mtod throuln t.ne a subumq. uutud of s

®q
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