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ABSTRACT

Experiqents on-the reconstitution of cytochromerxidase into
phéspholipid vesicies were carried out using techniques of selectively’
énergizing the suspensions with aséorba;e and cytochrome E_or_éscorbafe,
PMS, and internally tfapped cytochrome ¢. It was found that the K+
selectiye'ionophore,valinomycin sfimuléted the rate of respiration of
cygochrome oxidase vesicles regardless of the direction of the K+ flux
across the vesiéle membranes. 4The stimulation occurred in the presence
of_protonophoric uncéuplers and in the complete abéence of potassium
or'inidetergent—lyéed suspensions. Gramicidin had similar effects and
it was deﬁermined that the ionophores acted by specific interaction with
cytochrome oxidase rather than by the previously assumed gollapse qf'
memsrane poteﬁtials.

Wheﬂ hydrophobic proteins and aﬁﬁ;opriate.coupling factors were
incorporated into the éytochroﬁe:oxidase vesicles phosphorylation of
.’ADP could be coupled to the oxidation reaction of cy;ochrome 6xidase.~

Relétively low P:0, representing poor coupling of the system, were prob-
lematical and pfecluded measurements of protonmotiﬁe force.. However
the system was used to study ion translocation.

‘The'primary problem in the study:of ion transpért in-proteoliposomes
is the difficulty of separating the sﬁall_vesicles frém the suspending
medium by conventional techniqﬁes of filtration or centrifugation. A

~System of vesicle aggregration was‘developed which involved the addition
of polylysine or ﬁrotamine to vesicle suspensions to cause clumping so

‘that conventional filtrations could readily be used to quantitate ion
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transport; The system was found to be applicable to a wide range of
types of artificial and natural vesicles.

Using this separatory system, cation uptake in éubmitochondrial par-—

ticles énd cytochrome oxidase vesicles was studied. A number of tests
of the sidedness of the vesicles demdnstrated the cytochrome oxidase to
be in bidirectional orientation in both types of vesicles, and techniques
of selective energization were developed to allow generation of -either
internally positive or-hegative membrane potentials in the vesicles.
Under thése conditions of selective energization it was found that sub-
mitochondrial particles accumulated calcium when either internally neg-.
atiye or positive membrane potentials were generated. The characteris-
tics of the transport were studied and uptake against the electrochemical
gradient (in internally positive submitochondrial particles) of both
calcium and manganese was.found to be inhibited by levels of protonophoric
uncoupler too 1ow to dissipate the protonmotive force. Other experiments
'indicateq that the mechanism of this type of transport was either an elec-
trogenic pump coupled to oxidation or an antiport type of carrier, while
the mechanism in the internally negative particles was consistent with a
uniport, '

Cytochrome oxidase vesicles were found to take up calcium and man-
ganese when energized to generate inside negative membrane potentials.
Uptake in inside positive veéicles or enhancement of uptake in inside neg-
ative vesicles could be obtained by co-reconstitution with cumpiex V.

This uptake was also sensitive to low levels of uncouplers aud further
experiments indicated similarity to the submitochondrial particle

experiments, in that uptake in internally negative vesicles was mediated
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most likely by a uniport tyfe of carrier while .uptake égainst_the'elec-
'trochemical grédient in the inéernally positive vesiclés was .more éon—
sis;ént with an. antiport or elgctrogenic pump éoupled.fo oxidation.
Upﬁake of aiGalent cation in both submitochondrial particles and the
reconstituted system was seﬁsitive to uncouplers,df inhibitors ofloxida—

tion.
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" Preface

‘The nature of thi§ work required the use of ﬁumefous teéhniques,
procedures and systeﬁs; 4The'experiﬁental methddology was quife diverse
and variations of the same methods were frequently used in many phases
of this research. Because of this the MATERIALS and METHObS sections are
contained in a single chapter toAminimize redundancy in the subsequent

material. The chapters on the different experimental areas each include

a pertinent Introduction, Results, and.Discussion sectiom.

The experimental work was done in several phases and covers a
number of areas such as vésicle reconstitution, mitochondrial calcium
transport, and oxidative phosphérylation. These areas are so broad
that it was necewsary to present a somewhat cbndensed introductory sec-

tion on each focussed on the more relevant agpects of the topic and

its relation to. the present work.



- fication procédures. 1'Z*C—ADP and

" 'MATERIALS

54Mn, éSCa, 32P, and 14C—sucrose were pﬁrchased both from Amérsham -

' Searle and New England Nuclear. 32P was used without any furthervpﬁri—

oc-ate were purchased. from Amersham

Searle, and 86Rb and 22Na were purchasé&‘from Newzﬁngland Nuclea;.

All ammonium sulfate.used ﬁas Schwarz-Mann ultra.ﬁure enzyme
grade. DeoxycholicAacid and cholic acid weré purchased from Sigma and
purifieﬁ as described later in this section. Lysolggitgin, phospha-
tidyl.cﬁoline, phosphatidyl ethanolamine, phosphati&yl~sérine, hexo-
kinase (;ype C-300), pyruvate kinase (type 1I), propamine, polylysine,
cytochrome ¢ (type III, horse heart), PMS, CCCP, and valinomycin wére
purcﬁased from Sigma Chemical Co. Soy asolectin was obtained from
Associated Concentrates and from Sigma (type II-S). The Ca++ liéand
wés kindly supplied by Dr. W. Simon of the Swiss Federal Institute of
Technoloéy, Zurich. FCCP was a gift from Dr. P. G. Heytler of Du Pont,
A23187 was generously provided by Dr. R. J. Hosley of Eli Lilly Co.,
aﬁd the dicarbocyanine dyes Di—S—CB-(S), Di—O-CB(S), and Di-Q-CS—(3)
were a gift ffom Dr. Alan Waggoner of Amherét. .Dr. E. Racker of

Cornell kindly provided samples of hydrophobic protein, mitochondrial

_phosphatidyl choline and phosphatidyl ethanolamine, and antibodies to

F Samples of cytochrome oxidase were supplied by Dr. B. Love.and

1

highly purified F, by Dr. A. Senior. Dr. R. Mavis. provided a sample "

1

of ‘lysolecithin.
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All distilled water used in these experiments was passed Fhrough
an ion exchange column to remove.residual heavy metal ionms.

In the protéin‘extraction procedures‘which wiil be detailed below,
modifications of the original prdcedures were liberally employed with
respect to centrifugation. All centrifugations were designed to allow
an amount of g fofce x minutes equivaient to the original published

procedures, but frequently because of lack of availability of specific

rotors or centrifuges, or differences in the amount of tissue processed,.

substitutions had to be made.



METHODS

Purification of phospholipids

(A) Removal of neutral lipids from asélectin (Kagawa and Racker, 1971)
5 grams of crude asolectin was placed in a flask with 100 ml of

acetone and‘.S mg of antioxidant (N,N'-diphenyl-p-phenylenediamine).
The mixture ﬁas stirred with a magnetic stir bar at room temperatﬁre
and under nitrogen for 24-48 hours. The acetone was carefully removed
with a Paséeur pipet and the residue dried under nitrogen and then
vdissolved in 20 ml .of diethyl ether containing approximately 20 Mg of
antioxidant.(usually a small speck was added). This solutiop was
-centrifuged in a JA-20 rotor at 0°C. for 10 minutes at 10,000 rpm.

The supernatant was decanted and dried under nitrogen. The yellow
residue was dissolved in a 4:1 chloroform:methanol solution at a con-
centration of about 100 mg/ml (as determined by weighing an aliduot

of knowﬁ volume after dryingvit‘on a pre-weighed piece of paper);

The phospholipid solqtion was stored in ﬁhe dafk under nitrogen at
-20° C.

(B) Ethanol extraction of asoiectin (Small, Bourgési'Dervichian, 1966)

Acetone—treated asoiectin was e%tracfed'with ethanol to produce

a phospholipid fracfion enriched in phosphatidyl choline and Suitaﬁle
for use in the reconstitution of oxidative phosphofylation (personal
communiéation, A. Kandrach5. An aliquot of the chlofoform—methanol

asolectin solution was dried under nitrogen and redissolved in a small



volume of diethyl eﬁher'(Z ml/g‘of phospholipid). '12.5.v§lumes of

106% ethanol'was';dded énd the mixture stirred at room tempefature
unde; nitrogen for 2 hours. The solution became quite turbid upon
addition of the ethanol. After the 2 hour incubation the suspension
was centrifuged in a JA-20 rotor at 10,000 rpm for 10 minutes and the .
supernatant was dried under nitrogen and rédissolved in 4:1 chloro-
form:methanol.at'a concentration of 30-40 mg/ml. The ethaﬁol extracted

phospholipid.solution was stored under ﬁitrogen at -20°C.

Purification of cholic acid and deoxycholic acid
(Kagawa and Racker, 1971)

100 g. of cholic acid or deoxychoiic acid was dissolved in 800-900
ml of 95% ethanol by heating on a magnetic stir plate. While Eoiling,
a 250 ml beaker of activated charcoal powder was gradually added and
the‘mixture allowed to gently boil for about 36 minutes. A large
Buchner funnel was fitted with Whatman #1 filter paper, and the filfer
papef then washed with hot ethanol to remove'any residual detergents.
The charcoal mixture was poured into the Buchner funnel, to which
vacuum was applied from a water aspirator. The filtrate was then
refiltered through two léyers of fresh fiitef péper which had been
washed with hot ethanol. The.cleat filtrate was concentrated by
boiling until the cholic acid §r deoxycholic acid just started to come
out Qf solution as a milky suspension. 367 volumesAof distilled water
was added to give .a final efhanol concentration of 707, and the mix-
ture heated until complete dissolution of the solute occurred. The

solution was then cooled to 4°C. and some seed crystals of either



cholic acid or deoxycholic acid were added. The crystallization pro- i
cess was allowed to proceed for ;bout 48 hours at 4°C. The precipi- |
tate was removed by filtration through Whatman #1 filter paper inla
Buchner funnel. Cholic acid crystais were washed with diethyl ether
and driéd in a drying oven overnight. Deoxycholic acid crystals were
not washed with ether (since it dissolves them) but were simply d;ied
in.an oven overnight. All cholate and deoxycholate solutions were
made from this purified‘material by gradually adding KOH 6r NaOH while .
lstirring and conﬁinuously monitoring-pH until all the cholic acid or

deoxycholic acid was in solution and the appropriate pH was reached.

Protein measurement

Protein concentrations were generally measured by a modification
of the biuret technique (Jacobs, Jacob, Sanadi, Bradley, 1956). The
modification simply involved subtraction of the intrinsic protein
absorbance at‘560 nm from the absorbance of the sample to be measured
by using alcontrol sample containing no copper. When the proteinlcon—
centration was expected to'be less than 10 mg/ml the Lowry method was

used (Lowry, Rosebrmngh, Farr, Randall, 1951).

Preparation of beef heart mitochondria

For protein extractions and other experiments beef heart mito-
chondria were prepared as follows ( Crane, Glenn, Green, 1956)i

All operations were carried out at 0-4°C. Two beef hearts were
trimmed to remove fat and connective tissue, cut into small pieces,

and ground in a meat grinder. The ground heart tissue was homogenized



by.placing 100 ml of mince, 300 ml of .25 M sucrose, 10 mM Tris-Cl

(pH 7.4), .4 ml of 1 M EDTA (final concentration of 1 mM); and 1.0 ml
of 6 N KOH in a l—iiter'Waring b;endér and homogenizing fof 40 seconds
at the maximum speed. 'The pH of the homogengte was checked after the
first aliquot was blénded and the amount of KOH added tb subsequent
aliquots adjusted so as to~give a final pH of 7.8. The homogenate waé
lfiltered first through 2 layers of cheesecloth and then through 4 lay-
ers of cheesecloth, and the filtfate centrifuged at 3000 rpm in a‘JA—l4
rotor or at 2700 rpm in a JA-10 rotor for 5 minutes. The centrifuga-
tion times were clocked from the time the rotor reached about 2/3 of
its final speed. The s;pernatant was carefully decanted through 4
'layers of cheesecloth and recentrifuged in a JA-10 or JA-14 fotor at-
ZOOQ rpm for 3 minutes. The supernatant was carefully decanted and
centrifuged in a JA-14 for 20 minutes at 14,000 rpm or in a JA—iO at
10,000 rpm for 40 @inutes. These times and épeeds apply to all subse-
quent centrifugations. The brown pellet was homogenized using a glass-
tube/teflon pestle in 1/8 of the volume of the original homogenate of
.25 M sucrose, 10 mM Tris-Cl, pH 7.4. After centrifugation the ﬁellet
was hohogenized ané centrifuged again. The final pellet was dark
brown in the center (heavy layer mitochondria) and the fest of the pel-
let ié a lighter brown in color and mdre fluffy in consistencyA(light
layer mitochondria). The pellet was resuspended in about 25 ml of
s;crose-Tris per liter of original homogenate and stored at 40 mg/ml

(protein concentration determined by biuret method) in liquid nitro-

gen.



Preparation of rat liver mitochondria

Rat 1iver‘mitochondfia were made according to.a modification of
the method of Schnaitman and Greenawalt'(l968). Sprague-Dawley rats
were killed by decapitauion after being anesthetized with diethyl
ether, and'the-livers were removed, blotued; anu placed iu ice cold
mannitol prep solution (.22 M mannitol, 70 mM sucrose, 2 mM HEPES, and.
1 mM EDTA, pH 7.4-7.5). All Subsequent operationé were carried eut
at 0-4°C. The maximum amount of liver which could be conveniently
processed was 60-65 g. The livers were fineiy chopped with scissors
and washed with the mannitol prep solution uutil the wash solution
was clear. The mince was then homogenized in mannitol prep solutionl
using a 40 ml glass tube with a motor-driven teflon pestle.  The final
voiume of the homogenate was approximately 320 ml. The homqgenate was
centrifuged in a JA—ZO rotor at 1800 rpm for 12 minutes. The super-
natant was decanted into cold centrifuge tubes and centrifuged at 1800
rpm for 2 minutes. This supernatant was then centrifuged at 7000 rpm
for 20 minutes. The supernatant was discarded and the iooSely packed
pellet retained. The white 1lipid layer which is adherent to the sides
of the centrifuge tubee was removed by wiping with tissue paper. The '
- pellets were then resuspended in mannitol prep selution as before and
. the suspension centrifuged at 8000 rpm for 11 minutes. The supe£na—
tant and loose upper portion of the pellet were decanted and the brown
pellet was resusuended in mennitol—sucrose—HEPESA - (MSH'; 135 uM man-
nitol, 45 mM sucrose, 24 mM HEPES, .5 mM sodium succinate, pH 7.2 ~
after Lowenstein, Scholte, Wit-Peeters, 1970)

The homogenate was adjusted to a final volume of 40 ml and cen-




trifuged at 12,500 rpm for 5.5 minutes. Tﬁe brown pellet was resus-
pended in MSH to a final protein concentration of 75 mg/ml as deter-

mined by the biuret method.

Preparation of submitochondrial particles

Methpd 1 (digitoniﬁ method)

SMP for sidedness and cation‘uptake sfudies were generaily made
by sonication of mitoplasts made by digitonin treatment of Séhnaitman
and Greenawalt (1968). An aliquot of mitochondrial suspension |
(75 mg/ml) was treated with digitonin as follows: .12 mg digitonin/mg
protein was weighed out and dissolved in a volume of suspeﬁding medium
(MSH for rat liver mitochondria or .25 M sucrose, 10 mM Tris-Cl, pH
7.4 for beef heart mitochondria) equal to 1/2 the volume of the mito-
chondrial suspension to be treated. The solution was heatedehile
stirring to dissolve the digitonin, and was then céoled to 4°C. This
digitonin solution was slowly added to the mitochondrial suspension,
which was magnetically stirred with two small stir bars in a 40 ml
centrifuge tube at 0°C. The suspension was stirred slowly for 15
ﬁinutes and then rapidly diluted to a total volume of 80‘ml with the
buffer solution and centrifuged in a JA-20 rotor at lZ,SOO.rpm for
5.5 mindtes. The pellet was resuspended in 80 ml of buffer with a
glass/teflén homogenizer and recentrifuged. The pellets were reéus—

pended in a small volume (about 5 ml) of buffer and powdered cyto-

chrome ¢ was then added to a final concentration of 12 mg/ml. This

step was omitted when beef heart SMP' were being made for protein

extractions. The suspension was sonicated in an L&R type 210




(or equivalent) Bath sonicator for 15-20 minutes at 4°C. The SOnicatBr
wés tuned to ma%imum sonic activity bf observing the agitation of the
suspension; Thé'sﬁspension was then dilutea to approximately 40 mi
with :125 M KC1l, 10 mM HEPEs; .5 mM sodium succinate, PH 7.2. For

SMP'. made without cytochrome c the suspension was diluted with the

previous suspending medium. The diluted suspension was then centri-

fuged for 1 hour at 4b,000 rpm in a Sorvall type A-841 rotor and Sor-

vall type OTD—65 ﬁitraéentrifuge at 4°C. The pellet was washed with

suspending medium énd then‘resuépended with a glass/teflon homogenizer
in either MSH or sucrose-Tris at a protéin concentration of 30-40 mg/ml
as determined by biﬁret. The SMf were either kept on ice until used

or frozen as described below.

Method 2 (bsmotlc shock method; Loyter, Chrlstlansen, Steensland,

Saltzgaber, Racker, 1969)

This methpd was used only to produce SMP - for protein extrac-
tions: Aftef the last centrifugation of the beef heart mitochondrial
pfeparation; the fluffy light brown layer of the pellet (ligﬁt layer
ﬁitochondria) was removed by gentle agitation with a small amount of

25 M sucrose, 10 mM Tris-Cl, pH,7 4 added to the centrifuge tube.
The flrm dark brown pellet remaining in the tube after decanting the
liquid was separately resuspended in sucrose-Tris, and represented

the heavy 1ayer mltochondrla. Both fractions of mitochondria were
homogenlzed with a glass/teflon homogenizer to a final protein concen~ °
tration of approximately 40 mg/ml, and were then stored at -20°C until

needed. SMP were made as follows:




(A) Light layer SMP

Light layer mitochondria were diluted to 20 mg/ml usitig 30 mM
Tris—SOa, pH 7.4. The suspensidn was sonicated in 75 ml batches'af
the maxiﬁum setting of a Branson type W 140 probe sonicator for 2
minutes. The éucrose concentration of the suspension was increased’
to .65 M‘by the addition‘of én appropriate amount of 2 M sucrose;'”
The sudpension was ﬁhen‘homoéenized using a glass/tefion homééenize#
and stirred at 0°C. for 10 minutés. 9 volumes of cold 10 mM Tris—SOa'
A(pH 7.4) was added and the diluted suspension centrifuged in a JA-10
rotor at 4000 rpm (2000 xg) for 5 mlnutes. The pellet was discarded
and the supernatant centrifuged at 10,000 rpm for 45 minutes in a JA-10
rotor or at 14,000 rpm for 20 minutes in a JA-14 rotor. The péllet,
representing the SMP ,. was resuspended in ;25 M sucrose, 10 mM
Tris-Cl (pH 7.4) and the protein concentration determined by the
biuret technique.
(B) Heavy layer SMP

Heavy layer mitochondrda were diluted to 20 mg/ml by additiod of
- 30 mM Tris-SO4 (pH 7.4) dnd'thgn sonicated at the maximum power set—
Ating of the Brancon probe éonicator in 60 m1 hatches for Z'ﬁindtesu
The sucrose concentrafion was increaéed to .65 M by addiéion of 2 M
Sudrose and théAsuspension was then homogedized and stirred for 10
minutes. 9 volumes of cold 10 mM Tris- SO “(pH 7. 4) were added and the
suspension was centrifuged in a JA416 rotor at 4000 rpm (2000 xg) for
5 minutes. The pellet was resuspended in .25 M sucroselllo mM Tris—ClA

(pH 7.4) and protein concentration determined by biuret.
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Freezing of mitochondria, submitochondrial particles, and mitoplasts

Mitochondria, SMP ;v and mitoplasts were stored after freezing
according to the method of Walton,~Kervina, Fleischer, and Dow (1970).
Mitoplasts were obtained by stopping the SMP preparation (digitonin
method) justbbefore addition of cytochrome c¢ and sonication. This
was done because the yield of SMP ' made from mitoplasts which had
been frozen was greater than the ;ield of SMP which was obtained
- after ffeezing them. Dimethyl sulfoxide was'addea to a suspension
of mitochondria, mitoplasts or SMP to be frozen to a final concen-
tration of 10% (v/v). _Crystalline bovine serum albumin was added
to a final concentration of 10 mg/ml and the suspension stirred until
the BSA was entirely dissolved. The suspension was then stored frozen
in liquid nitrogen for up to 2-3 weeks: To remove ;he dimethyl sulf-
oxide and BSA from a suspension before use, the suspension was thawed
at room temperaturé and theh diluted by a factor of approximateiy
20-40 with cold suspending medium (usually MSH). The diluted suspen-
sion was then centrifuged either in a 3A—20 rotor at 12,500 rpm for
6 minutes (for mitochondria and mitoplaéts) or in a Sorvall A-841
rotor at 40,000 fpm for 1 hour (fﬁr SMP:). The pelleted particleé
were resuspended in suspending medium using homogenization and then

used or processed further.

Preparation of cytochrome oxidase -

Cytochrome oxidase was prepared by both a modification ot the
method of Kuboyama, Yong, and King (1972) and by the method of Fowler

Richardson, and Hatefi (1962). The Kuboyama method (Method 1) was



more time-conSuming and difficult, but pfoduced'oxidase which gave
good respiratory control rétios in cov and was uséd for all recén-
stitution experiments. The Fowler oxidase (Method é) was used only
tfor the experiments on subfractionation of ﬁhe oxidase into component
parts and was not found to be suitable for reconstitution experimenFs,
Method 1 |

The mince was made by the method -of Yoneéani‘(1966) as foliows:
Fat and connective,tissuelwere“cut into small pieces and ground in a
meat grinder in a cold room at 4°C. The mince was washed 2 timés with
10 volumes ‘of crushed ice and distilled water for 304minutes with occa-
sional stirring, then with 10 volumes of 20 mM sodium phosphaté (NaPi)
buffer pH 7.4 and finally 2 more times wi;h crushed ice and distilled
wafer, The mince was collected after each wash by squeezing through
2 layers of cheesecloth. The washed mince was either processed further
or stored overnight at 0-4°C. |

The mince was subsequently processed according to the method of
Kuboyama et al (1972), and all further operations were carried out at
0—4°¢. 300 gfam aliquots of fhe mince were homogenized at the maximum
 speed setting of a 1 liter Waring blender_with 150 m1 of .2 M éodium
phosphate (pH 7.4) and 150 grams of crushed ice for 8 minutes. 2/3
volume of distilled water was added to the homogenate and the mixture
waé centrifuged in a Beckman jA—lO rotor at 2700 rpm (860 xg) for 20
minutes. The supernatant was saved and the loose precipifate rehomog-
enized for 3 minutes with 1/5 volume (of the diluted hémogenate) of
20 mM sodium phosphate (NaPi), pH 7.4. This second homogenaté was

recentrifuged as before and the precipitate was discarded. The pooled
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supernatént was écidified-tozpﬂ 5.6 by gradual addition of 1 M acetic
acid while stirring in centrifugable batches (3 liters for the JA-10
rotor). Approximatelyﬁl3 ml of.aceticlacid was required per liter of
supernatant. The suspension was immediately centrifuged in the JA-10
rotor at 2700 rpm for 10 minutes. The frecipitate was washed with

10 volumes qf distilled water and recentrifuged. Tﬁe washed precibi—
tate was resuspended in approximately 40-60 ml (ﬁérAliter of original
diluted homogenate) of .2 M-NaPi, pH 7.4, using a 40 ml glass homoge-
nizer tube with a motor driven teflon pes;le. The pH of the homoge-
nate was adjusted to 7.4 with 3M ammonium hydroxide if necessary, and
the homogenate then diluted by addition of.an‘equal voiume of dis-
tilled water. Ordinarily this particulate prebaration was then sfored
Qvernight at 0-4°C. before furthef processing.

While stirring, a 10% (w/v) solu;ioﬁ of sédium choiate (pH 7.4)
was added to give a final cholate concentration of 1%. Solid ammonium
sulfate was ground to a fine powder with a mortar and pestle and then
slowly added (over a period of about 30 miqutes) to the suspension
with continuous stirring to a final ammoniumlsulfate saturation of .25, -

as calculated from the formula

7506 (s, = 8

1= (.286'82)

x=

where x is the émount of ammonium sulfate added in g/ml, 82 is the
desired final ammonium sulfate saturation, and Si is the initial'ammo—
nium sulfate saturation of the suspension. Saturation'here is used

as a fractional value, with 1.00 representing a cbmpletely saturated

solution of ammonium sulfate. At 0°C., this is about 4.1 M in ammonium
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sulf;te. Therefore at .25 satufatiqn the solution contains 25% of
the cbncentration of ammonium sulfate at full saturation, orbl.025 M'
ammonium éulfate.i The pH was adjuste& to 8.0 with 1 N sodium hydrox-
ide.(USually required about 1.2 ml/100 ml of suspensién), and the;sus-
pension was then incubated fof 1 hour with occasional stirring. Addi-
tional solid ammonium sulfate was then added to bring the saturation
to .35. After 10 minutes, the suspehsion was cehtrifuged at 14,000
rpm in-a JA-14 rotor for 90 minutes (or at 20,000 rpm in a JA-20
rotor for 60 minutes, depending on tﬁé size of the batch). The clear
and faintly orange supernatant was discarded and the precipitate was
reSuspen&ed in .1 M NaPi (pH 7.4) to a final volume equal to 3/4 of
the previous particulate preparation volume using a glass/teflon homog-
eniéer. While stirring the suspension, 10% sodium cholate was added
to give a final cholate concentratiop of 2%.- Solid powdered ammonium
sulfate was added as before to a saturation of .25 and the pH was
adjusted to 7.6 with 1 N sodium hydroxide. ‘The mixture was then
incubated at 0°C. for 10-12 hours.

,The'suspenSion was centrifuged at 19,000 rpm in a JA-20 rotor
for 30 winutes. The pcllet was discardéd, and the supérnatant filtered
through Whatman #1 filter paper to removevany small parﬁicles of the
pellet. The supernatant was then brought to .40‘saturation éf.ammof
‘nium sulfate by addition of powdéred ammonium sulfate as before.
After 10 minutes of incubation with occasional stirring the mixture
was centrifuged at 19,000 rpm in the JA=20 rotor for 15 minutes. All
subsequent centrifugations in this preparation7Were done at 30,00Q rﬁm

in a Sorvall A-841 rotor and a Sorvall OTD-65 ultracentrifuge for 20



i
minutes, or at 19,000 rpm iﬁ the JA-26 fotor for 30 minutes, depending
on the batch.' The éup;rhataﬁt was discarded ané the dark green-brown
pfecipitate was dissolved in 1/4’volume-(pf the previous particulate
preparatidn) of .1 M ﬁaPi (pH 7.4) containing 1.5% sodium:cholafe
(w/v). While this clear green solution was stirred, a saturated (at _
0°c.), neutraliéed.(to‘pH 7.0 by addition of a sﬁall aﬁoﬁnt of 1 N
ammonium hydroxide) solution~of ammonium sulfate was added siawly
- until a slight but persistant turbidity‘became‘apparent. This was
usually judged by observing‘a decrease in the visibility of the grad-
uvations on the side of the beaker when viewed thréugh the solution
from above. The turbidity usually occurred at an ammonium sulfate
saturation of approximétely_.ZS. The amount'of saturated ammonium
sulfate solution to be added to a solution to achieve a desired satu-
ration was calcula;ed from the formula

y=

where y is the amount of ammonium sulfate solution to be added in ml
per ml of cytochrome oxidase solution, Sl is the initial ammonium sul-

fate saturation? and 82 is the desired final saturation. The mixture
was incubated for 30 minutes and then cenfrifﬁged. The brownish opaque
pellet was discarded and saturated ammonium sulfate solution added to
the supernatant to give .a saturation of .37. Since the oxidase should
not be ekposed to amménium éulfate concentrations'highér'than necessary
to minimize denaturation of the enzyme, wheﬁever 1arge aggregates

(visible clumping) of the precipitate occurred during ammonium sulfate

" addition, further addition of the sat?rated ammonium sulfate solution



was discontinued.- This‘would usually occu£ at abouﬁ .36 saturation ' 
at thisAstage of the>preparation.' The turbidity and aggregation were
used as ;riteria for determining the cutoff points for ammonium sulfate
addition and the subsequent saturations suggested here are taken from
the Kuboyama procedure (1972) and were only used as guidelines, since
it was found that usﬁally adding slightly less ammonium sulfate was
neéessary. Any floating oily precipitates noticed after centrifuga=-
tion were carefully removed By filtration through glass wooli

After a 10 minupe incubation, theAsuspension was cen;rifuged and
the clear or slightly green supernatant was discarded. 'Ihe &ark green-
brown pellet was dissolved in approximately 20.ml of .1 M NaPi (pH
7.4), 1.5% cholate per 100 mi of original particulate preparation.
Saturated ammonium sulfate.was agéin added. to the solutioﬂ'until a
slight but bersistgnt turbidity appeared. Afteflcentrifugation, the
supernatant was brought to about .36 saturation by addifion of satu-
rated ammonium sulfate solution. The precipitate obtained by centri-
fugation was dissolved in 15 ml per 100 ml of original particulate
'preparafion of .1 M NaPi (pH 7.4) containing 1% Tween 20. The sdlutiog
Wés.brought tb slight turbidity by addition of saturated ammonium
sulfate solution and incubated for 3Q»minuteé with occasional agifa~
tion. After'centrifugétion the ammqnium sulfate fractionation proce-
dure was repeated_twice, but each time‘the ammonium sulféte'satu:ation
used to precipitate out the oxidase was decfeased by~abou£ .01l. The
final pellet was dissolved in .25 M sucrose and then diaiyzed against
about 25 volumes of .25 M sucrose for 8 hours. The dialysis solution

was changed and dialysié then continued for an-additional 8 hours to
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remove residual detergents and ammonium sulfate.

The.o#idaseAprotein concentration was determined by a modified
biuret assay and the.protein,coﬁcentration was adjusted to 25 mg/ml
by addition of .25 M sucrose. The cytochrome oxidase was then stored
in .5-1.5 ml aliquots in liquid nitrogen. |
Method 2 (Fowler“eflal,.1962)

B;ef heart mitochondrié prepared as previously described were
thawed and diluted with 3 volumes of .25 M sucrose, lO‘mM Tris-C1,
pH 7.4; The,suépénsion was ceﬁtrifuged in a JA-20 rotof at 14,000
rpm for 15 minutes. The miﬁochondria wéfe resuspended using'glass
tube/teflon pestle homogenizer in .66 M sucrose, 1 mM histidine, 50
oM Tris-Cl (pH 8.0). Protein concentration wés determined by the
biuret méthod and adjusted to 23 mg/ml. 10% (w/v).potassium déoxycho—
late solution (pH 9.0) wés slowly added with stirring fo give é final
concentration of .3 mg/mg protein. Crystalline KCL was then slowly
added (72 g/1 of suspension) while stirring over é period of about
15 minutes. After the KCL was completely dissolved the suspension
was centrifuged in a Sorvall A-841. rotor and Sorvall Modél'OTD—65
hltracentrifuge at 30,000 rpm for 30 minutes.

The reddish supernatant was discarded and the dark gfeen pellets
were resuspended in an eéual volume of .66 M sugrose; 50 mM Tris-C1,
1 mM histidine (pH 8.0), homogenized, and recentrifuged as before.
The supernmatant was discarded, and the pellef, which has 3 layers
(a 1light brown fluffy upper 1ayér, a dark green middle layer repre-
senting the bulk of.the peilet, and a dark brown bottom layer) was

selectively removed by aspiration of the top layer with a pasteur

17



pipet éonnected by plastic tubing to .a water aspirator, with subse=
‘quent removal of the middle layef witﬁ a small spatula (avoiding any
of the bottom layer). This sepéfation is critical to the purity of
the preparation, and must be done very carefully. The middle layer
of the pellet :was then resuspended and_hoﬁogenized in sucrose-Tris- .
histidine to a final protein concentration of 19‘mg/ml; 10%Z potas-
sium deoxycﬂolate was added to a final concentration of .5 mg/mg
protein and then 74.5 g/1 of crystalline KC1. The suspeqsion was
then centrifuged for 20 minutes at 30,000 rpm and the pellet dis-
carded; fhe supernatant was dialyzed against 30 volumes of 10 mM
Tris-Cl pﬁ 8.0 for 90 minutes at 0°C. Ammonium sulfate was added
(from a solution saturated at 0°C. and neutralized to ﬁH 7.8 with
ammonium hydroxide) in the amount of .19 ml/ml dialysate. After 10
minutes of incubation at 0° the mixture was centrifuged in a JA-20
rotér’at 19;000 rpm for 15 minutes. The dark'green pellet was resus-
pended in sucrése—Tris—histidine'at 26 mg/ml (as’determined by modi-
fied biuret technique). A second fraction was precipitatéd by adding
.04 ml of saturated ammonium sulfate soiution per ml of supernatant .
and centrifuging at 19,000 rpm for 15 minutes after a 10 minute incu-
bation.  This green pellet was also reéuspended in sucrose-Tris-his-
tidine at a protein concentration of 20 mg/ml. Both fractions were

stored in liquid nitrogen.

Fractionation of cytochrome oxidase

(A) Ammonium sulfate refractionation method (from Roger Carroll,
personal communication, and Carroll and Racker, 1977)

In order to increasc the purity of the cytochrome oxidase used



in the reconstitution of CdV A~tﬁe fbilowing procedire was carried
 out: Cytochrome o#idase prepared by the Kuboyama method was thawed
out and.diiuted to 5 mg/ml'with NaPi (pH 7.4) té a final concentré—
tion of .1 M NaPi. 20% (W/v) sodiﬁm'cholate (pH -7.4) was added with
stirripg to give_a final .cholate concentration of 1.5%. Saturated
ammonium sulfate sélutipn (saturated at 0°C. and heutralizedvto

pH. 7.4 with ammonium hydro#ide) was slowly added to the oxidasé sus-
penéion until slight but persistant turbidity appearedA(usually at
about .25 saturatioﬁ). The suspension waé incubated at 0°C. for

30 minutes and.centrifuged in a JA-20 rotor at 18,000 rém for 25
minutes.. The supernatant was brought to .35 saturationvby addition
of saturated ammonium sulfate solution and the precipitate was col;
lected by centrifugation and dissolved in .1 M NaPi (pH 7.4) contain-
ing 1% (w/v) Tween 20. The final volume was 1/2 the Volume of the
suspension of oxidése at 5 mg/ml. Satu?ated ammonium sulfate was
added to give slight turbidity (approximately .28 satufation)iand

the mixture centrifuged as before. . The precipit;te_wés dissolved

in a small amount of .25 M sucrose and represented the first.fraction
of the oxidase. Further fractions‘we;e collected by sequenti#l addi-
tion of ammonium sulfate solution in increments of .02 saturation,
followed by a 10 minute incubation period and cenérifugation each
time. The precipiﬁates from each fragtion were dissolved in a small
amount of ;25 M sucrose. This procedufe was continued untii no more
.green color remained in the sﬁpernatant (usually at ébOut .36 satura-
tion).  Any floating oily precipitafes appearing in the supernatants

~after centrifugation were carefully removed by filtering the super-



natant through glass wool several times. The various fractions of
the oxidase were stored in small (.5 ml) aliquots in liquid nitrogen,
and later the best fractions weré selected for use in further eﬁperi—
ments by ascertaining their ability to produce COV's with_higb respi-.
ratory control ratios. o

¢:)) quification of cytochrome oxidase made by the Fowler technique

This method of purification of cytochrome oxidase was carried

AOut according to the procedure of Kopaczyk, Perdue, and Green (1966).

The 2 fractions of the oxidase were diluted to 1 mg/ml in .25 M

sucrose, 10 mM Tris—Cl‘(pH 7.8). After approximately 10 minutes the

solutions became turbid as the oxidase precipitated out of solution
due to the dilution of the residual detergent in the preparation.

fhe suépensions were centrifuged in a Sorvall rotor at 40,000 rpm

for 90 minutes at 4°C. The crystal clear supernétants werevdiscarded
and the dark green pellets were resuspended in .25 M sucrose, 10 mM .
Tris-Cl (pH 7.5) at a‘protein concentration of 20 mg/ml. Theéé pel-
lets were not solﬁble, éince‘the résidual detergent had been removéd.
The resuspension was accomplished'with the use of a élaés/teflon
homogenizer. The green, turbid suspensions were stored frozen in

liquid nitrogen overnight and after thawing ﬁhe next day the follow-

"ing additions were made (in the indicated order) whileAstirring at

0°C.: 10% (w/v) potassium deoxycholate (pH 9.0) to a final amount of

1.5 mg/mg protein, 20% (w/v) potassium cholate (pH 8.0) to a final

amount of .75 mg/mg protein, .5 mM EDTA (pH 7.6) to a final concen-’

tration of 1 mM, 1.2 mg/ml of sodium dithionite powder, and 1 mg.qf

vitamin E per 100 mg of protein. The solutions were then brought to



.15 saturatiﬁn of ammonium'suifate by addition of appropriate amounts

of satﬁrated ammonium sulfate solution. The mixture was‘incubéted

in tﬁe dark at room temperatufe for 8 hours. After the incubation

period the'suspensions were centrifﬁged at 30,000 rpm for 18 minutes

at 0°C. A green—brown pellef and green supernatant were obtained.

Saturéted ammonium sulfate was added to increase'thé éaturation to

.28 and the suspensions were centrifuged at 30,000 rpm for 25 minutes.

The supernatants were clear aﬁd ;olérless and the pellets &ere dark

éreen and oi1§ in consisfehcy.. The pellets were dissolved in .25 M

sucrose, 10 mM Tfis—Cl, 1 mM EDfA (pH 8.0) at a protein concentration

of 10-15 mg/ml and dialyzed overnight against 100 volumes of fhe same
buffer solﬁtion at 0°C., and then frozen in liquid nitrogen.

(C) Fractionmation of cytochrome oxidase into an electron transfer
complex and an ionophore transfer complex (ETC/ITC; Kgssler, Blon-
din, VandeZande, Haworth, Green, 1977)

Method 1

Cytochromé oxidase made by the method of Fowler and purified

by the procedure of Kopaczyk was placed in dialysis(tubing and dia-

lyzed for 12 hours at 0°C. against.aboﬁt 2b0 volumes of 50 mM Tris-Cl

(pH 8.0).‘ The protein qoncentration was 10 mg/ml. While‘vorfexiné

the cytochrome'oxidase solution in a centrifuge tube 5 volumes of

methanol cohtaining 30 mM HC1l was added. The suspension was cooled

to -10°C. for 10 minutes in a centrifuge and then centrifuged in a

JA-20 rotor at 8000 rpm for 10 minutes. The brown supernatant was

decanted into a smali beaker. The pellet, which represénted the ITC

fraction, was rinsed with meth;ﬁol containing 30 mM HC1l and 16.7%

water and then resuspended by homogenization in 10 mM Tris-Cl (pH



8.0) to a final concentration of 5-10 mg/ml és.déterﬁined by the
Lowry technigue. The sﬁpernatagt was adjusted.to pH 6.5 by addition .
of approximately 1 drop of 3.8 M'sodium acetate (pH 7.7) per. 10 ml
of supernatantf A green precipitate appeared after this pH adjﬁst—
'ﬁent and was cdlleéted by centrifug#tion in the JA-20 rotor at 4°C.
and 17,000 rpm for 20 minutes. The green pellets obtained were rinsed
with 10 mM Tris-Cl (pH 8.0) and then resuspended by homogenizatioﬁ
in .25 M sucrose (the‘pellets we;e not soluble) to a.final protein
concentration of 5-10 mg/ml as detefmined by the Lowry techinique.
These precigitates reéresénted the ETC..'All aliquots of. ETC and ITC
were stored in liqui& ﬁitrogen.
Method 2

- Cytochrome oxidase made by the metﬁod of Kuboyama was diluted
with water,‘.2 M pofassium phosphate (pH 7.4),'and 10% (w/v) potas-
sium cholate (pH.8;0) such that the final mixture contained 10 mg/ml
protein, .1 M potassium phosphate, and 2% potassium cholgté. A satu-
rated solhtién of ammonium sulfate was added with stirring at 0°C.
to give a final saturagion of .25 and the pH was adjusted to 8.0 by
addition of a small amount of 1 N KOH. The mixture was incubated
at A;C, for 4 days and ﬁhen centrifuged in a JA-20 rotor at 17,500
rpm for 45 minutes. A light green pelle£ was obatined which repre-
sented the ITC fraction, and the clear green supernatant contained
the ETC fraction. The supernafant was'brought to .36 saturation of
.ammonium sulfate and the green prgcipitate was removed Ey centrifuga-~
tion in the JA-20 at 18,000 rpm for 35 minutes. Both pellets (ITC

and ETC) were dissolved in .25 M sucrose at 10-20 mg/ml and stored



frozen in liquid ni;rogén.<

. 1.5 mM EDTA, 3 mM MgSO

Pfeparation of hydrophobic protéinA(Serrano, Kannef? Racker;’i9%6)

_All operations were carried 6ut at 0—496: Beef”héért mitochon~
dria.madé as'previouslf Aéscribed were treated with’digitOnin a;
previously described qnder the digitonin methéd'of makihg SMP ,T
ekéept that the parficies were fesuspended,in 75 ml of_:25 M é#croée;
10 mM Tris—Cl (pH 7;4) per gram of original mitochondria after the

first centrifugation. Then the suspension was centrifuged in a JA-14

rotor at 11,000 rpm for 6 minutés and the pellet resuspended in

sucrose—fris to a final volume equal to 33 ml/g ofiginal mitochon--
dria. The mitoplasté weré sonicated in 80 ml batches at thé ma%imum
power setting of a Branson W140 ﬁrobe sonicator f&r 2 miﬁutes: The
suspension was centrifuged in a JA—ZO'at 18;500 rpm for 1 hour and
the pellets, repreégnting SMP ,. were resuspended in 10-15 ﬁl sucrosé—
Tris/g mitochondria and stored frozem at -20°C. overnight. The pro-
tein concentration was adjusted to 50 mé/ml prior to freezing.

To 3 g of the SMP (60 ml) was added 40 ml of 30’mM Tris—SOA,
,» 1.5 mf dithiothreitol (pH 7.5). 12 ml of
a saturated neutrélized solution of "ammonium sulfate was added to
give a final saturation of .10, and 9 ml of a 26% (w/v) solution of
sodium cholate (pH 7.5) to gi&e a final cholate concentfatién of
1.5%. The mixture ﬁaé stirred for 7 minutes and immediately centri-
fuged in a 50 Ti rotor in a Beckman L-250 ultracentrifuge at 50,000

rpm for 90 minutes. The supernatant was brought to .38 saturation

of ammonium sulfate by addition of .45 ml of saturated ammonium sul-



fate solution per ﬁl of-supefnatant.- Afte? centrifugation in a JA-20
rotor at 17,000 rpﬁ for 20 ﬁiﬁutes fﬂe saturation of the supernatant .
,was‘incréased'to .45 by.addition'Of .127 ml of saturatéd ammonium
sulfate solution per ml of.SUpernatant. After a 5 mingte incubation,
‘the mixture was again centrifuged ét 17,000 rpm for 20 minutes.. Tﬁe
:Superﬁatant Qas discarded and the brown pellet was ;esuspended by
stirriﬁg with a glass rod:in'23 mM‘Trisfsoa, 1.2 mM'dithioth?eitol,

1.2 mM EDTA, 2.3 mM MgSO,, 50 mM sucrose (pH 7.5). The pale, yellow-

49
brown, clear solution was stored in liquid nitrogen in .5 ml aliquots, -

after adjusting the protein concentration to 30 mg/ml as determined

with the biuret technique.

Preparation of oligomycin sensitivity conférring protein (OSCP)
(Tzagaloff and MacLlennan, 1968)

6 g of SM? made as described for the preparation of the hydro—
phobig protein‘fractioﬁ were suspended at 10 mg/ml in .35 M sodium
bromide (NaBr), .25 M sucrosé,'lO mM Tris-Cl, 1 mM dithiothreitol
(pH 7.5) and incubated at 0°C. with slight stirring for 20 minutes.

. The suspension was cengrifuged in a JA-20 rﬁtor at 18,SOQ rpm -for 90.
minutes. The flodting brown precipitate was resuspended in the same
‘volume of the NaBr solution again and recentrifuged. The floaﬁing
pellet was homogenized in the same fiﬁal volpme of .25 M sucrose,
.10 thTris-Cl (pH 7.4) and centrifuged at 18,500 rpm for 1 hour;

The pellet Qés rehomogenized in sucrose-Tris and the centrifugation
.repeated. After this centrifugation the pellet was :ésuspendéd'in

.3 M KC1, 1.5 mM EDTA at 15 mg/ml as determined by biuret. 1/2 vol-



ume of 1.2 N ammonium hydroxide was added with stirring and the_mix—'
ture incubated with slight étirriﬁg at'0°C. fér 30 minutes.' The sus-
- pension was céntrifuged at 18,500urpm for 45 minﬁteslandAthe superné-
tant decanted and éet'éside'oﬁ ice while the pellet waé'resuspénded

in KC1-EDTA and treated with NH,OH as before. While stirring, 10 N

4
acetic acid. was added to the combined supernatants to bring the pH

to 8.0 (the améuﬁt-of acetic acid added was about equivalent to 6%
‘of the total volume of the suspeﬁsion). 'The éuspensioﬁ was then
,centrifuged at 18,500 rpm for 30<miputes‘and the superqataﬁt brought
to .40 saturation of ammonium sulfate by addition of a satﬁfated
neutraliéed solution of ammonium sulfate. The sﬁspensipn was centri-
fuged at 18,500 rpm for 30 minutes andithe pellet dissolved in a

small amount of 20 mM Tris-SO,, 1 mM EDTA (pH 8.0). The solution

4°
was dialyzed for 4 hours against 30 volumes of this resuspension
buffer, after thcﬁ the dialysis solution was replacéd with fresh
buffer and the diaiysis continued for 4 more hours, during which
time the diélysate Became turbid. The dialysis was centrifuged at
17,000 r?m for 25 minutes‘and the protein concentration in the clear

yellow supernatant determined. The OSCP was frozen in:l;S ml ali-

quots in liquid nitrogen.

Preparation of mitochondrial ATPase'(FLl (Horstman and Racker, 1970)

6-7 g of beef heart mitochondria made as previously described
were diluted to 15 mg/ml with .25 M sucrose at 0°C. and centrifuged
in a JA-20 rotor at 18;000 rpm for 20 minutes. The pelleted mito-

chondria were resuépended with a glass tube/teflon pestle homogenizer



to a concentration of 30 mg/ml;inA.ls-M sucrése, 2 mM ATP, and 2

mM EDTA-(pH 7.4). Thelsusﬁension was éonicated in a single batch

at thé>maximum power setting éf ? Branson W140 probe sonicator for

30 minutes. The gemperature was éilowed to rise to 45?C. during the
first hglf of the sonication and to 52—55°Cﬂ during thé second half
of the sonication period. The mixtﬁfe was then éooled to room tem-
pefature in a wate? béth and all sdbsequent operations were carried
_6ut ét room temperature unless otherwiée specified. The sonicated .
suspension was'thén centrifuged at 18,500 rpm inva JA-ZO rotor for
2.5 hours. All subsequent centrifugations were also done in é iA—ZO
rotor. The précipitéteiwas resuspended using homogenization in dis—
tille& water (a v§1umeveQual to the vélume of fhe suspension at 30
mg/ml) and the sonication and centrifugation were repeated. The
supernatants from these two centrifugations were both processed
separately. Thé pH of th;a first supernatant (#1) was adjgsted to
5.4 with'l N acetic acid and the mi#ture was}immediately centrifuged.
at 14,000 rpm for 5 minutes. The pH of the supérnatant was quickly -
adjusted to‘6.7 by addition of unneutralized 2 ﬂ Tris buffer. The
total time of exposure ‘to the acidic pH should not é%ceed 10 minutes.
The acidification and centrifugation procedure wasAthen_repeated on
supernatant #2. The next step in the procedurg is a protamine pre-
cipitation; but the amount of protamine to be used is extremely
critical and varies from batch to batch so a pilot pfecipitation must
be carried.out; it was found that adding more protamine than the
minimum amount necessary to rendef the solution tufbid would tend

to precipitate out all the Fl, SO protamine (f;om a freshly made .5%



sélu;ion adjusted to bH'6.0 with 1N stoa) was-added to ; ml aliquots
of supernatant #1 ﬁntil the minimﬁm amount producing.turbidity was
found. This .varied from .007-.018 ml/ml for diffetent batches.. The
original prepérative procedure suggests approximately .02 ml/ml.

When the appropriate aﬁdunﬁlwas determined; this amount of protamine
was added dropwise with stirring into solution #1. After a 5.minute
incubatioa, the susﬁension was ceﬁtrifuged ét 15;500 rpm for 5 minutes
-and the whipe precipitaté was discarded. 40 ml of the protamine
solution per 100Im1 of suéernatant was tﬁen added and the suspeﬁsion
centrifuged at 14,000 rpm for 15 minutes after a 5 minutes incubation.
With supefnatant #2, the pilot precipitation step is ommitted and

42 ml of the protamine solution per 100 ml of supernatant added in

one step. After‘S minutes of incubation the suspension was centri-

' fuged'aﬁ 14,000 rpm for 15 minutes. The brighf yellow pellets were
combined and dissolved in a small amount (5-10 ml) of .4 M ammonium

4> +2 mM EDTA (pH 7.5). If

tﬁrbid, the suspension was centrifuged at 15,500 rpm for 5 minutes

sulfate, .25 M sucrose, 10 mM Tris-SO

and the precipitate discarded. An equal volume of ammonium sulfate»
solution (saturated at room temperature and neutralized to pH 7.2
with 1 N NHQOH) was added wh%le stirring. The suspen;iop was céoiéd
on ice for 10 minutes and centrifuged at 4°C. and.15;500 rpm for 10
minutes. The bellet was fesuspended in about 5 ml of .25 M sucrose,

10 mM Tris-SO,, 2 mM EDTA, 30 mM ATP (pH 7.4) and a small aliquot’

4°
removed for. protein determination by Lowry or biuret assay. The

protein concentration was diluted to 4 mg/ml by the addition of an

appropriate amount of the same solution used to resuspend the peéllet.




The solution was placed in a glass‘gtaduated cyiinder and immetsed

in a 72°C. water bath until the temperature‘of the solution reached
64°C. and wee then ttansferted to a'64°C.-watet'bath for thelremain—
der of<the 4 minute‘heatiné'petiod. Atter being cooled in a waten
Bathrto'30°C. the suspension was centrifuged at room temperetnre at
16,000 rpm'for 10 minutes. An equal volume of a saturated ammonium

| sulfate solution‘was then adden to the supernatant and the snspension

wae cooled on ice for}lO’minutes and centrifuged at 4°C. and 15,500
rpm forﬁs minuteé. The white precipitate Qas resuspended in 10 ml

of .25 M sucrose, 10 mM Tris-SO,, 2 mM EDTA, 4 mM ATP (pH 7.4) and

4°
stored frozen in .5 ml aliquots in liquid nitrogen. When used for

lexperiments,’a vial of F. was quickly thawed and kept at room temper-

1

ature until being returned to storage. .

Preparation of'c0mplex V (Hateéefi, Haavik, Jurtshuk, 1961; Hatefi,
Stiggall, Galante, Hanstein, 1974)

., All operations were carried out at 0-4°C. Beef heart or rat
liver mitochondtia were thawed at room temperature,.diluted-with .25
M sucrose.to‘e_protein concentration of 30 mg/ml, and centrifuged
-in a JA-20 rotor at 19,000 tpn for 30 minutes. TheAsedimented mltou=
chondria were suspended in 50 mM Tris-Cl, .66 M sucrose, 1 mM histi-
dine (pHiS.O) by homogenization with a giass/teflon homogenizer to
a final prOtein concentration of 23 mg/ml. ;3 mg of potessium deoky—
cholete/mg'ntotein'were added from a 10% (w/v) solution (pH‘9.0),
and then 72 g/1 of crystalline KC1 nas added over a period of 15

minutes with continuous stirring. After complete dissolution of the



KC1 the suspensioh was centrifuged for 45 minutes at 19,000 rpm.(all'

centrifugations were. done in the JA-20 rotor). According to the

. original published procedure the -supernatant is supposed to be red
in color, but in 5 preparations, this was never the case, and the

. supernatant was always a clear brown color. .25 volumes of distilled

watet was added to the supernatant and the‘suspension was recentri-
fuged for ; hout; The Supernatant-(again; supposedly elear red. but
actually clear hrown) was diaiyzed.against 20 volhmes'of 10 mM ifis—Cl
(pH 8.0) for 3-4 houre, during which time the'dialysate became i
cloudy. The dlalysate was then centrifuged at 19 000 rpm for 2.5
hours (the actual procedure quggested centrlfugatlon in a Spinco #30
rotor for 90 minutes at 30,000 rpm, or 78,000 xg). The supernatant
was decantedAand the brown pelletx(which should be red in color
according to the original procedure) was dieearded; Instead of the

Sephadex treatmentAsuggested‘by_the original publishe& procedure,

‘the supernatant was dialyzed overnight'against 20 volumes of.10 mM

' Tris-Acetate (pH 7.5), W1th the d1a1y31s ‘solution being replaced with

fresh solution after 6 hours of d1a1y51s The dlalysate was brought

. to .42 satyration of ammonium sulfate by the addltlon of a saturated,

neutralized solution of ammonium sulfate and was centrifuged at

19,000 rpm for 35 minutes. The pellet was resuspended in .25 M .if
sucroee, 10 mM Tris-acetate (pH 8 0) at a proteln concentratlon of
20 mg/ml as determined by the biuret reaction. Potassium eholate
was then slewly added while stirring from a 20% (w/v) solation (pH
8.0) to a finai concentration of .365 mg cholate/mé protein. The

solution was then brought to .24-,25 saturation by addition of a




saturated solution of ammonium sulfate, at which_fimefa white precip-
itate formed and QasAfemoned'by centrifugation for 35'minunas at
19,000 rpm. The clear yéllnw supernatant- was brought to .42'satura—
tion by addition of more ammoninm sulfate SOIution; and the yallow‘
gelations pellet which was ontained after nentrifngation at 19,000
rpm for 35-minuteS'was dissolved in a small anount of .25 M sucrose,
10 nM'Tris—acenate (pﬁ'S.O) to a final prntein'connentration,of

15-25 mg/ml and stored in small aliquots in 11qu1d nltrogen This
-solutlon represented the complex V preparationmn.

The'appearance of the'beef heart mitochondria and rat liver
mitochondria preparations was similar phronghout the protein extrac-
tions: Hnwener; thefé'Were SOne differences at nhe ammonium sulfate
franninnation stage. With the fat liver'prepanation; the supernatant
nas atill'yellon after the‘;42 saturation;centrifuéation; so a second-
fraction of rat~1i§er complan V was recovered by increasing the satu—
ra;inn of ammonium sulfata to :50 and recentrifuging the suspension.
Thé final supernatant was COmpletely‘clear; and the yellow pnecipi—
tate reprasenting the second (;42—.50) fractiqn of the complex V Qas
nen0vered as. a yellow'gelatinous floaning layer. This layer nas best
rennvadjbyfita adherance to the'tip of a J-shaped Pasteur pipet,
wién subsequent dissolution in .25 M sucrose, 10 mM Tris—acatate 4
(pH 8:0}; |
| Wlth the beef heart preparatlon, the supernatant was clear after
the’ 42 saturation centrlfugatlon, and the pellet was a yellow gelat-
inous floating layer. 'However, the precipitation at .24—.25 satura-

tion was variable, and if a clear yellow supernatant and white pellet




were not obtained, after the .25 saturation centrifugation or a..
yellow gelatiﬁous fioatingAlayer was not obtained qfter-the .42 éat-
uration centrifugation, thé fraéfionation'procedure with potassium
cholate and ammoniuﬁ sulfate was repeated on the material obtained
after the .42-saturation‘centrifugation. After the cholate additioﬁ,(
the ammonium suifate ééturation was grad;ally increased until‘a white
precipitate and élear'yellow supernatant Qefé obtained after'cenfri— ‘
fugation. It was necessary to increase the ammonium sulfate satura-
tion as high as .31 for this to oécur. Then the éat&ration was
increased to .42 and after centrifugation the floating yello& precip-
itate was removed and dissolved in .25 M sucrose, 10 mM ?ris-acetate

(pH 8.0) as described above.

Preparation of the adenine nucleotide transporter (Shertzer and
Racker, 1976) : -

SMP were made from.beef heart mitochondria by.the,osmotic
shock‘methpd detailed pfeviously. All operations wérelcarried out
at 0-4°C. 3.6 g of SMP  were incubated at 30 mg/mi in 2% (w/v)
sodium -cholate, 1 ﬁMldithiothfeitol,‘SO M EDTA, 125 mM sucrosé,

.4 M ammonium sulfate, and 10 mM Tricine-KOH (pH 8.0)- for 30 minutes

with stirring. The insoluble residue was removed by centrifugation

- at 50,000 rpm in a Beckman 50Ti rotor for 1 hour. The supernatant

was brought to .32 saturation of ammonium sulfate by addition of an
appropriate amount of a saturated neutralized solution of ammonium
sulfate, and then centrifuged at 19,000 rpm in a JA-20 rotor for 30

minutes. The precipitate was discarded and the supefnatant was -




brought to .40 saturation with ammonium sulfate and the precipitate
obtained aftér centrifugation in a JA-20 for 30 minutes at 19,000 rpm
was also discarded. The saturation of fhe supernatant was then
increased to .45 and the yellow-brown pellet obtained after centri-
‘fugation was dissolved in a small amount of 125 mM sucrose, 1 mM
dithiothreitol, 10 mM Tricine-KOH (pH 8.0) at a protein concentra-
tion of approximately 10 mg/ﬁl as determined by the biuret technique.
The supernatant was brought to .50 saturation by addition of more
ammonium sulfate solution and a second fractioﬁ of the adenine
nucleotide transporter was obtained aé another yellow pellet thch
was also dissolved in sucrose—dithiothreiﬁol—Tricine buffer at about
10 mg/ml. Both fractions of the adenine nucleotide transporter Were

stored frozen '‘in liquid nitrogen in small aliquots.

Preparation of the phosphate transportér from mitochondria (Banerjee,
Shertzer, Kanner, Racker, 1977)

Beef heart mitochondria were prepared in the usual manner.
A-particles (SMP made by sonication‘in the presence of ammonia and
EDTA) were made'accdrding to the procedure of Fessenden and Racker
-(1966) as folléws: 5¢g of'mitochondria‘were thawed at room tempera-

ture and then placed on ice. "The mitochondria were diluted to 17
mg/ml with .25 M sucrose, 10 mM Tris-Cl (pH 7.4) and centrifuged in

a JA-20 rotor at 15,000 rpm for 20 minﬁtes. The pelleted mitochon-
dria were rgsuspended in 48 mM sucrose, .62 mM FEDTA (pH 7.45) using
>a glass/teflon homogenizer to a final protein concentration.of‘

27.5 mg/ml.  An aliquot of this suspension which could be centrifuged

in a single hatch in a Beckman 50 Ti rotor (120 ml) was then brought

32



to pH 9.2 by addition of 1 N NH,OH (approximately ..01 ml/ml of sus-

4
pension) with continuous stirring and pH ménitoring.' The.suspeﬁsion
was then sonicafed for 2 miputes.at the maximum p§wer setting of a
Brénson WlAO probe sonicator in 30 ml .batches. The sonicated'solu-
tion wastcentrifugéd-in a-JA-ZO rotor at 18,000 rpm for 10 minutes
and theAsupernatanCIWas carefully decanted and centrifuged in a
SO'Ti.rotor at 50,000 rpm for 45 minutes. The dark green-brown
peliets wére res#spended in .25 M sucrose, 1 mM EDTA (pH 7.5) by
homogenization. Any remaining mitochondrial suspension was processed
to this point and the resuépended dark green-brown pellets were
pooled and the volume adjusted toAlZO ml by additioﬁ of .25 M sucrose,
1 mM EDTA (pH 7.5). The suspension was then centrifuged in a 50 Ti
rotorlét 50,000 rpm for 20.minutes. If the supernatant was clear
further washing of the suspension was omitted, otherwise_thé pellets
should be resuspended and.centringed again. The final pellet repre-
sénts the A-particles, énd was resuspended in 5% glycerol, 2 mM
dithiothreitol, 10 mM EDTA, 50 mM potassium phosphate (pH 8.0); The
A-particles were stored frozen in liquid nitrogen.

All further operations were carried out at 0-4°C. The A-parti-
" cles were thawed and dilutéd to 2.25 mg/ml in 5% glycerol, 10 mM
EDTA,'Z mM dithiothreitol, 50 mﬁ potassium'phosphate (KPi) (pH 8.0).
Triton X-100 was added with stirring to a final concentration of 1%.
This mikturé wasisfirred for 30 minutes and'centrifugéd in a JA-20.
rotor at 19,000 rpm for 5 hogrs (160,000g x hr.). The dark brown
pellet wés discarded and to the clear yellow supernatant was added

SM~2 Biobeads ﬁhich had been incubated overnight in 57 glycerol,



10 oM EDTA, 2 mM dithiothreitol, 50 mM KPi (pH 8.0) and drained on-
a Buchne?;funnel; -12 gwof Biobeads were added per 90 mg of A-parti-
cles with which the prgp;ration was started. The suspension was
genfly stirred for 2 .hours and then cenfrifuged in £hé JA-20 at
15,000 rpm for 10 minutes. The supernatant was filtered through
Whatman #1 filter paper in a Buchner funnel andlthen twiée throﬁgh
glass wool. To the filtered supernatant was added an equal voluﬁe
6f saturated ammonium sulfate solution (pH 7;4); The sﬁspension was
inéubated for. 10 minﬁtes and then centrifuged in a JA=20 rotor for
15 minutes at 19,000 rpm. Theilight brown; friable, floating
precipitate was collected and resuspended by. homogenization in 5%
glycerol, .05 mM dithiothreitol, 1 mM MgCl,, .5 mM EDTA, 10 mM Tricine-
KOH (pH 7.5). The pellet is not soluble in the solution and is * -

stored as a suspension in small aliquots in liquid nitrogen.

Preparation of antibodies to Fl

Antiserum to F. was made by injection of rabbits with a sus-

1

pension of F Antibodies have been madg-previously using mice and

1°
horses (Fessenden and Racker, 1966; E. Racker, personal communication);
but the procedure for bleeding the mice is difficult and traumatic

_and the use of horses was precluded because of their size and expense.'
Rabbits and chickené have been used in the past, but givé variable
results.(Fessenden.and Racker, 1966). However rabbits wéré used in
these experiments because of the greater practicality of the proce-

dure. 3 rabbits weighing about 3 kg were immunized as follows:

.4 ml of a suspension of highly purified Fl (supplied by Dr. A.



Senior) and containing 7.5 mg/ml was added to 2.1 ml of 40 mM

Tris-SO,, 1 mM EDTA, 4 mM ATP (pH 7.4). 2.5 ml of a saturated solu-

4°
tion of ammonium sulfate'ahd 5 ml of complete freund's adjuvant were
added to this. Thg mixture was émulsified with a Vertiée homogenizer -
fqr 10 minutes (or'until a drop of the emulsion placéd on the surface
of distilled water remained intaét).A.Z.S ml of the emulsion was
drawn-into'each of three 5 ml syringéé. Usiﬁg 1 i/2" 20 gauge
needles, 1.25 ml:of‘the emulsion was injécted into the innér aspect
of- the thigh muscle of each leg of the 3 rabbits. This was fepeated
}3 times at 1 week intervals. For the last 2 sets of these injectioné.
water was substituted for the saturated solution of ammonium sulfate
beacuse of possible irritant effects of the ammonium sulfate.

10 days after the last injection the rabbits were test-bled by nick-
ing a vein in the gaf and reméving several ml of blood.: The blood
was placed in test tubes at 4°C. ovefnight and the tubes rimmed with
a wooden stick to-allow clot retraction. The blood was then centri-
fuged in a JA-20 rotor at 15,500 rpm for 15 minutes. The serum was
decanted and_recenfrifuggd at'18,000'rpm.f6r 15 minutes to remove:

aﬁy ;esidual blood cellé. The éntibody‘titers,were then checked *
using the Ouchterlony double diffusion assay (O. Ouéhterlony, 1967).
ﬁecause the titers were.loﬁ, the rabbits were given a booster injec-

» 'tion of Fl 1 week later, and the blood removedvfrom them by cardiac
puncture 10 days after the boostervinjectionf The'blqod was pro- -

cessed by centrifugation as above and the antiserum was storéd frozen

~at -20°C.
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 Isolation of the immunogldbulin'fra tion of

(P. Stelos, 1967)
An equal volume of saturated neutralized ammonium sulfate solu-

tion was slowly added to an aliquot of antiserum with continuous

~stirring at 0°C. The suspension was then incubated at 4°C. over-

night and then centrifuged at 16,000 rpm for 20 minutes in a JA-20
rotor. The pellet was resuspended in 607 saturated ammonium sulfate

solution (pH 6.5) and recentrifuged. The precipitate was dissolved

- in a volume of .85% NaCl equal to the original‘VOlume of the anti-

serum. An equal volume of a saturated solution of ammonium sulfate
was added and after lgAminutes of incubation at 0°C. the suspénsion
was centrifuged as 5efore. The pellet was dissolved in a small

amount of .97 NaCl,. 10 mM HEPES (pH 7.2) and dialyzed against approx-
imately 30 volumes of this buffer for about136 hours, with 2 changes
of buffer at 12 hour intervals. The pfotein concentration was deter-
mined by the biuret méthod and the immunoglobulins were stored at .. ..

-20°C.

Phbspholipids'were.stored as a 4:1 chloroform:methanol. selution-
at -20°C. under ﬁitrogen. The phospholigids generally used for
making 1ibqsomes and proteoliposomes were soy asélécfin which had
been acetonéfexﬁrécted to remove neutral lipids as previéusly

desdribed; Generally the phospholipid solution contained about 100

mg/ml of phospholipid. The appropriate amount of the phospholipid




solution was pipetted into a pyrex'test tube and dried by blowing a
stream of nitrogen on the aliquot of phospholipid solution. To allow
more complete drying, the phospholipids were then dissolved in a.

N

small amount of room temperature diethyl ether (.S'ml/IOO mg) and

dried again.

‘Phospholipid vesicles (PLV)

Liposomes containing no proteins were made by one of tﬁé methods.
Method 1 |
o Aﬁ approprigte salt and buffer'solution (ﬁsually 40 mM KZSOA’
10 mM HEPES; pH'7;0) was.added to the dried phospholipids -in an
amount so as to give a final phospholipid cbncentration of 20 mg/ml.
The total volume of a éuépension to be sonicated in a single batch

should not exceed 3-4 ml, or the suspension would take a very long

. time to clarify. Ihe suspension was vortexed for about. 2 minutes to

partially suspend the phospholipids and then sonicated in an L & R

ztype'ZlO (or equivalent) bath sonicator at room temperature until

the Sﬁspension became clear (nonturbid). The length of time required
for this sonication depends on the effectiveness of tﬁe sonic action
at dispersihg the ﬁhospholipids, which necessitates tuning the soni-
cator for maximum visible agitation of the éuspension. Upon clari-
fication (after 5-20 minutes of sonication) the suspension of lipo-
somes (PLV) was pl;ced on ice until used.:
Method 2

This method takes longer becaqée of the time required for dial-

ysis but was used when liposomes and proteoliposomes were being com-




pared in an experiment because this method of making the PLV more -
closely parallels the methods of formation for most of the proteo-
liposomes used. Distilled water and sodium cholate (from a 20% (w/v)
solution, pH 7.4) were added to an aliquot of dried phospholipids to
give a final phogphélipid:coﬁcehtraﬁion‘df 80 mg/ml'and 2% cholate.
The volume of the phospholipids was neglected in this calculation.
The tube was vortexed for about l minute fo partially soiubilize the
phospholipids. The suspension was then sonicated at room temperature
under nitrogen at the maximum tunable sonic action of the L & R type
210 (or equivalent) bath sonicator. Sonication continued until a
clear (nonturbid) suspension was obtained. The maximum vblume should
not exceed 4-5 ml per batch or the sonication takes excessively long
“times. All sonication was done in pyrex tubes to minimize breakage.
iny one tube was ever sonicated in the bath at a time. While phos-
pholipid suspensions were always sonicated at room temperature, pro-.
tein-containing suspensions were generally sonicated at 0°C. After
sonication the suspénsion was diluted to 40 mg/ml by addition of an
éppropriate buffer solution (usually 80 mM KZSOA’ 10 mM HEPES,

PH 7.0). After mixing well the suspension was placed in dialysis
tubing both ends tied tightly with braided nylon string, minimizing
any trapped air in the tubing. The liposomes were then dialyzed
approximately 16 héurs by either of the following methods:

Dialysis.

The dialysis tubing, after being tied shut with braided nylon

string, was placed in a beaker or flask which contained approximately

100-300 volumes of buffer solution (usually 40 mM K2804’ 10 mM HEPES,
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pH 7.0) and gently stirred at 0°C; for 6-10 hogrs. The dialysis
solution was then rep}aced with.fresh solution.and dialysié was con-
tinuedﬂfor an additional 8-10 hours.
Flow dialysis

Because the‘above_method of dialysis often required buffer

changes at inconvenient times a flow dialysis was devised (see

Figure ] ). The system consisted of a 50 ml chamber (a piastic grad-

uated cylinder with spout cut off so as to create a completely
round cross section at the top) with a stir bar in the bottom. The

dialysis solution was pumpedAthrough a tube in a 2-hole rubber stop-

per in the top of the chamber into the bottom of the chamberiby a

Sage model 375A peristaltic pump a; a flow rate of approximately

SS ml/hr.  The solu;ion effluxed from the top of Fhe chamber through
a tube in the*othef hole of the rubber stopper and into a container.
Ihe qhamber was placed on a small magnetic stir plate which alléwed

continuous stirring of the chamber. Stirring was absolutely essential

* for effective dialysis to occur. The entire assembiy was housed in

~a refrigerator so that the operation could be carried out.at 4°C.

Generally dialysis of a suspension of vesicles was accomplished By
placing thé suspenéion in dialeis’tubing as usual and placing the
tubing in the chamber'(which had been fiiled Wi;h the apprdpriate
dial&sis éolutidn) and pumping fresh dialysis solution throﬁgh the
chamber at a ;aCe of 35-45 ml/hour for 12-16 hours. The Eeristaltic
pump had'ﬁ channels; so up to 4 chambers could bé operated simulta-

neously.
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'Figure 1. . FLOW DIALYSIS APPARATUS
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4 diffg;ént methods are detailed below fér the formation of
Cov. The method.genérally employed was cholate dialysis, since it
gave the best respiratory control ratios. When multiple batches of
COV - had to be made simultaneously to vary certain parameters such
as tﬁe buffer SOiution compdnents or éitochrome4oxidase type or con-

centration, it was more convenient to use the cholate dilution tech-

nique. This method obviates fhe need for multiple diélysis chambers

and diaiysis solutions, and is also much more rapid than dialysis.
The lysolecithiﬁ incorporatibn method was only used for the prepara—
tion of large-volume COV since itAwas the only effective means of
forming large*voluﬁe COV with good respiratory control. It was not
used for standard preparation of COV because of low activity due

to the low concentrationé of cytochrome oxidase which must be used.
The phosphatidyl serine incorporation technique was used only in
attempts to form right-side out systems of oxidative phosphorylation
since selective incorporation of cytochrome oxidase and hydrophobic

protein into the same vesicles can be achieved with this technique

(Eytan and Racker, 1977). Relatively poor respiratory control
ratios were obtained with the Phosphatidyl serine incorporation
method;

Method 1 - cholate dialysis"

COV: were made by cholate dialysis according to the methods

of Hinkle, Kim, and Racker (1972). Acetone-extracted asolectin was

dried in a pyrex tube as previously described, and sonicated to

clarity after the addition of sodium cholate and water as in the




seéond method of making PLV , except that the volume of cytochrome
oxidaée which is to be ad&ed is subtracted from the volume of water
added prior to sonication. The amount of cytochrome'oxi&ésebgenerally
used was between .125 mg and ;625 mg per ml of final COV suspénsion
(at 40 mg/ml phéspholipid.concentration); Afﬁér-the,buffer was addedi
to the sonicated phospholipids (again this was usually 80 mM Kzsoa,
20 mM HEPES (pH 7.0)) the aﬁpropriaté amount of éytochrome oxidase
was added and the susﬁension vortexed about 10'seconds and then son-.
icated in~£he bath sonicator at 0°C. for approximately 20 secon&s.
After the sonication'the vesicle suspension was dialyzed as previ-
ously‘described. When making COV  which could be energized so as
to forﬁ~an internélly positive membraﬁe potential (usually referred
to as inside-oﬁt energized vesiclés by analogy with mitochondrial
orientation of cytochrome oxidase and membrane potential), .75 mg/ml
of cytochrome ¢ waé added at the time the cytochrome oxidase was ‘
'was added to the suspension. The volume of the cytochrome ¢, which
was added from a solution of 30 mg/ml, was also éubtracted from the .
"volume of water added to the phospholipids prior to the first soni;
cation. After dialysis, the vesicle suspension was treated by Sepha-
dex filtration to remove excess external cytochrome c as will be

. described later in this section.

" Method 2 - cholate dilution (Racker, Chien, Kandrach, 1975)

A moré rapid method of making COV  was the éholate dilution

method of-Racker et al. Asolectin was dried in the usual mannef and
sonicated to clarity at a phosphoiipid concentratioﬁ of 80 mg/ml and

a cholate concentration of 1.4-1.6%. Then the phospholipids were
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‘diluted to 40 mg/ml by addition of an equal volume of buffer (80 mM
KZSOA’ 20 mM HEPES (pH 7.0)), and cytochrome oxidase was added. The
usual amount of cyfochrome oxidase addéd was .25 mg/ml of suspension.

The suspension was -incubated at least 1 hour at 0°C., and up to sev-

" eral days. The vesicles weré-férmed at the time of assay by dilution

of at least 25-fold (and the usual dilution factor was about 125)
inﬁo'the appropriate ass;y mixturé. COV made by the dilution tech-
nique were used primarily used for oxygen consumption studieé.and ‘
therefore were diluted by a&dition to 3.0 ml of buffer in an oxygen
electrode.chamber. |

Method 3 - lysolecithin incorporation (Eytan, Matheéon, Rackér,'1975,
1976)

Lysolecithin'was added to the-aéolectin solution so as to com-
prise 10% of the total phospholipid in the solution. The solution
was then dried in the usual manner. Buffer solution was then added
to give a. final concentratiop of 20 ﬁg phospholipid per ml of suspen-
sion. After vortexing for 1-2 minutes, the suspension was sonicated
to clarity. .Cytochrome oxidase was added to the suspeéension to a
final concentration of .03-.10 mg/ml and the suspension was'mixed by

' vortexing and incubated at 4°C. for about 20 héurs.

Method 4 - Phosphatidyl serine incorporation (Eytan and Racker, 1977)

Bhosphplipids were dried as described after adding a solution
of phosphatidyl serine to comprise 30%Z of the total phospholipids.

The phospholipids weré sonicated to clarity after addition of 50 mM

potaséium phosphate, .5 mM EDTA (pH 7.0) to give a final phospholipid

concentration of approximately 7.5 mg/ml. After sonication an equal
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volume of the same buffer was added as well as .125-.500 mg of cyto-
chrome oxidase. The mixture was incubated for 30 minutes at room

temperature and the vesicles then stored on ice until used.

Preparation of ATP-'-32Pi exchange vesicles (Racker, Chien, Kandrach,
1975) '

Aéoléctin was dried in a pyrex test tube. Sodium‘cholate (from
é 20% (w/v) solution (pH 7.4)) and'watér were added to the phospho-
lipids to give a final cholate concentration of 2.257% and a phospho-
lipid concentration of approximately 75 mg/ml. After vortexing‘the
tube 1 minute to partially solubilize the phospholipids the $usp¢n—

sion was sonicated to clarity. 1.25 volumes of 8 mM Tris—SO4, .4 mM

EDTA, .8 mM.MgSO .4 wM dithiothreitol (pH 7.5) were added. Hydro-

4°
phobiC'prétein was then added from a solution of 30 mg/ml to a finai“
concentration of 4 mg/ml. The final phospholipid_poncentfation was
30 mg/ml and the final cholafe concentration was .852;. The migtﬁfe
was incubated at 0°C. for 3 hours and the vesicles then assaféd for

ATP—32Pi exchange by dilution into an appropriate assay mixture as

will be detailed later.

Preparation of phosphorylating ;jtséh;ém;:ogid;ée;Qe;iciésfﬁPéév.5

PCOV were made bésically aégording to the preparative prpcé-'
dure of Racker and Kandrach.(1973) with a few-modifications; Ethanél—
extracted asolectin was dried in a pyre# test tube: Sodium chélatg
was added from a 20% (w/v)'solutiOn to a final concentration of 2;8%
and water to give a final phospholipid goncentration of 68 mg/ml:

An equal volume of 10 mM Tricine~KOH, 40 mM ammonium sulfate, 2 mM
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~dithiothreitol, .2 mM EDTA, 50 mM sucrose (pH 8.0) was added and the
tube .vortexed 2 minutes and then sonicated to clarity in the usual
manner. The following additions were then made: hydrophobic protein

from a 30 mg/ml solution (.133 ml added per ml of sonicated‘suspén—

sion), cytochrome c from a 30 mg/ml solution (.06 ﬁl/ml of sonicated .

sﬁspension); and cytochrome oxidase from a 25 mg/ml solution (.012'
ml/ml of soﬁicafed suspensidn; The final concentrations of tﬁe com-~
ponenté were: hydrophobic protein ; 3.3 mg/ml, cytochrome ¢ - 1.5
:mg/ml, cytochrdme oxidase - .25 mg/ml, chqlate - 1.17%, and phospho-
lipid - 28 mg/ml. After mixing Briefly the suspension was sonicated.
at 0°C. and then dialyzed in the usual'manner against 10 mM Tricine-
KOH, 1 mM dithiothreitol, 10% (v/v) methanol, .2 mM EDTA, .1 mM ATP
(pHIS.O). The PCOV were subseqﬁently treated to remove external
cytochrome ¢ and assaye& fof oxidative phosphorylétion as described

elsewhere in the Methods sectionm.

Preparation of complex V—contaihing cytochrome oxidase vesicles
~ (Complex V-COV)

These vesicles were made in the same manner as inside-out (cyto-

éhrome ¢ containing) COV, except that in additioﬁ to cytochrome c
and -cytochrome oxidase, complex V was added just before‘dialysis.

As with the other pr&teins the volume of the éomplex V added was sub-
tracted from the volume of'water added to the.phospholipids prior to
"sonicatidn. The buffer moét often used for the preparation of Eomp
plex V-COV  was 80.mM.KZSO4,
solution was therefore 40 mM Kzso4, 10 mM HEPES (pH 7.0). Complex V

20 mM HEPES (pH 7.0), and the dialysis
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was added from a solution containing 25 mg/ml to a final concentration

of .6-.8 mg/ml.

Preparation of large—leume 1ipoSomes

Following the ether va?orization techniques .of Degmer and mny
. Bangham (1976) a device waé developed which allowed the continﬁoﬁs
infusion -of an ether solution of phospholipids into an aqueous solu- -
tion under partial vacuum, which céused vaporizétion-of the ether
solution at room temperature. A vaporization chamber Qas‘constructed
by grinding away the bottom tip of é conical 50 ml graduated pyrex
container and fitting it with a small rubber plug (see Figure 2). |
The top &f thé chambe; was fitted with a oﬁe—hole rubber stqpper with
a tube which could be coﬁnected to vacuum. The chamber was élaced

in a plastic container through which water could be circulated for
temperature control. ' A 25~gauge hollow needle was inserted through
a-rubber piﬁg in tﬁe center of the bottom of the water-bath container
and through the rubber plug in the bottom of the vapqrigation chémber.
The needle was connectgd to 17 feet of coiled .015" i.d. polyethylene
Intra—Medicjtgbing-which was placed in an ice bath beloﬁ'thé chamber.
The othef end of the polyethylene tubing was fitted over a 25-gauge
needle attached to a 10 ml glass syringe, which was also kept on ice.
Thelvacuum.was produced by a water aspirator and was regulated by a:

" leak to the.atmésphere thrqugh 3 é-foot plastic‘columns filled ﬁith
watér aﬁd connected in series so that air was drawn into the system
against a head of pressure determined by the toﬁél height of thé,

water in the 3 columns..
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Figure 2. SCHEMATIC DIAGRAM OF LARGE-VOLUME LIPOSOME APPARATUS
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The thin tubing provided flow resistance which limited the rate of
‘influxibf thé ether soluﬁion'of phospholipids, which was contained
vin:the glass syringe to a rate which produces effective liposome for-
mation. The vacuum allows the vaporization éo take place at room
temperature or 4°C. so thgt proteoliposomes can be made without
damage to the proteins because of heat. The vacuum also provideé a
- constant driving force for the iﬁjection of the efher phospholipid
solution; |

From 1 to 5 ml of buffer solution was placed in the‘yapbrization
chamber, and room temperature water was circulated around it. 10 ml
of diethyl ether containing approximately 1.4 mg/mi of phosﬁholipids
was’ drawn up in the 10 ml syringe after wetting the ground.glass
plunger with distillea water to seal it. Vacuum was applied to the
chamber and the sy;ingé connected to the polyethylene tubing and:
placed on ice. The vacuum was'adjusted'by varying the height of the
‘water in the columns until an injection rate of .5-1.0 ml/minﬁte was
obtainéd.' After the 10 ml of ether solution had been injecfed tﬁe
syringe was removed from the tubing and air was drawn through the
tﬁbing and bubbled through the suspension for 5 @inutes to remove

residual ether. The liposomes were removed from the chamber with a

Pasteur pipet.

Large-volume cytochrome oxidase vesicles

These vesicles were made using a combination of the ether vapor-
ization technique and the lysolecithin incorporation technique.

The large-volume liposomes were made -as described above using either




90% asolectin, 107 lysolecithin, or 427% phosphatidyl choline,
42% phosphatidyl ethanolamine, 6% cardiolipin and 10% lysolecithin
in ether solution at 1.4 mg/ml. After formation of_ﬁhe vesicles in

2.5 ml of aqueous buffer (usually 40 mM K, SO,, 10 mM HEPES (pH 7.0))

2774
the suspension was cooled té 0°C. and .25 mg'of éytochrome oxidase
was added. The suspension was then incﬁﬁated at 4°C; for approxi-
matély 20 hours. o

Large~volume PCOV, hyd;ophoBiCAprotein—containing vesicles, and
complex V-COV were also made using tbe above technidues and adding

the appropriate proteins. Details of these experiments will be dis-

cussed im the RESULTS section.

Other vesicle preparations

For testing.the polyiysine/protamine preéipitation separatory
technique réd blood cell gﬁost vesicles and sarcoplasmic' reticulum
vesiclés were prepared. The red blood cell ghost vesicles were
prepared by sonicating a suspension of red blpod cell ghosts (made
according to Dodge, Mitchell, Hanahan, 1963) in 20 mM NaPi. The
‘sonication wae done for 20 minutes iﬁ an LSR bath sonicator. The
saéropiasmic reticulum vesicles were made fromArabbit muscle accord-

ing to the method of MacLenmnan (1970).

Removal of 'external cytochrome c

Two methods of removing external cytochrome ¢ were employed,
based on the methods of Jacobs and Sanadi (1960). The Sephadex

method was used for proteoliposomes and the centrifugation method



.was used for SMP . - Proteoliposomeé were difficﬁlﬁ to resdspend
homogeneously when pelleted. by cgntrifugégioﬁ and SMP suspensions
tendea to clog the Sephadex coluﬁns.

Séphadex method .

All'operationé were carried éut at 0-4°C. Sephadek G-150 was
pre-equilibrated with a buffer with a high ionic strength. For
éOVEnd comﬁlex'V-COV,'-lS M KCl,‘lormM HEPES (pH 7.65 was usually
used. 1In exﬁeriments where né potassium was desiréd, NaCl was sub-

stituted for KCl. For PCOV' 10 mM Triciﬂe-KOH, 1 mM ditﬁiothreitol,
.2 mM EDTA, .15 M KCl (pH 8.0) was used; The vesicle suspension'was
removed from dialysis and carefully layered on.topAof a column of
Sephadex. 1In general the shape of the column was not critical as
long as the total volume of the Sephadeg'it c&ntained was at ieast
10 times the volume of vesicie suspensién to be treated. The vesi-
cles were allowed to pass through the column by gravity and elu;nt
was added frequently to tﬁe top‘of the column. The suspénsion sepa- .
rated into a fasf-mpving pink to orange band which reprsented the
vesicle fraction, and a slower-moﬁing red to pink band which rébre—
" sented the external cytochrome c. The.veéiéles were qoliected by
visually‘folléwing their progress in the column and stopping thé
éollection ofAthé effiuént before the cytochrome ¢ band started to
leave the column. The éytochrome c.was fluéhed.from the column and -
the column was then ready for reuse. The volume of the suspension
wés'measured both prior to and after Sephade# filtration, and thgre

was generally about 2-fold increase in volume. The vesicles were

stored on ice until used.



.Centrifugation method

 SMP were diluted into 15-20 volumes of .125 M KC1, 10 mM HEPES,
.5 mM sodium succinate (pH.7.2) and cegtfifuged‘at 40,000 rpm in a
Sorvéli fype A;Sél rotof for 1 houf. The.ekternél cytochromélg
remainéd in the subernatant and the pellet was resuspended in MSH

" with a glass/teflon homogenizer at a concentration of 10-20 mg/ﬁl.

Measurement df ion uptakeA

ion trahsport in‘vésicular.systems such as SMP or proteolipo-
somes was measured-by 6ne or two techniqués. .The first ihyolves the
use of ion exchange columns to remove external cations of a given
type so that.the fr;ction taken up can be measured. The second
method involves precipitating the vesicles using basic polypeptides
such as protamine or polylysinemand subsequent separation of the
aggregated vesiéles from the medium using a modified milliporé'fil—
tration technique. The ion exchange technique was used in earlier
experiments before the development of the agéregation—filtrafion'
method. It sufferé from the disadvantages of being moreAdifficult
to process many samplés (a'sebarafe ion exchange column is needed
for each‘sample), rete;tion of up to 20—40% of the particles in tﬁe4
cdlumn, and of high backgroﬁnd activity when anions are present which .
bind the transported cation with high affinity (such as.ATP with
nMﬁf+ or Ca++). The aggregation-filtration method’was the method of
choice. for studying tranquri in vesicular systems and was used in'

all later experiments.



Ion exchange

 Measurémeht 6f catioﬁ (Rb+, Mn++, Ca++) gptake ih-SMP or Qrb-

‘ teoliéosomes was ;céomplished'by first.coﬁverting Dowex 50-W cation
exéhange resin'from.the hydrdgén to the sodiumAfbrm. A guantity of
resin (5-6 ml per sample to bé.assafedj was placed inAa beakef and

"washed with 2-3 volumes of &istilled water severai times. Then the‘
water wés:decahted énd 2-3 volumes of 2 NlﬁaOé wés added and the
resin stirred for about 5‘minutgs. The NaOH was decanted and

- replaéed wiﬁh fresh.Z N NaOH and the stirring cqnfinued.untii the
resin turned é‘deep orange color (which indicated complete conver-
sion to the sodium form). The resin was-washed.with distilled water
séverai times to remove all residual ﬁaOH and.then washed twice with
2-3 volumes of the buffer to be used in the experiﬁent. This was |
uéually 10 mM HEPES, 40 mM Kzsd4 (pH 7.0) for protedliposémes and

MSH for SMP. . 5-6 ml of the resin was placed in S'ml plastic pipets
plugged with a small amouﬁt of glass wool at the tip. ‘Thé pipets
were held vertically in a plastic rack and were fitted with stopcocks
at thé bottom. Cafe was'taken in packing the columns tq'avoid any
air pockets in the resin. The buffer level in the columns was 1.0

~ml above the top dflthe resin. The top of the column-was fitted with
a three-way stopcock through<whic£'a sample could be introduced to
‘the column via a 5 ml syringe, and eluant subsequently pumpéd through
the column b§ a Sage mode 375A peristaltic pump (see Figure N.

Samples consisting of 2-4 mg of SMP protein or 4-12 mg of pro-
!teoliposémes were incubated in medium conéaining éppropriaté buffer,

salt, substrate, and substances required for cation uptake in a final
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Figure 3.. DETAILS OF ION EXCHANGE COLUMN
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volume of 2.0 ml. TUptake wasAinitiated by the addition of an aliquot
of radioactive plus carrier cation (usually about 1 uCi per sample).
The samples were then incubated for a .variable iength of time (0-30
minutes) and oxygenated by. continuous slow bubbling of oxygen into
the samples via é series of Pasﬁeur pipets connected to an oxygen
tank. At the end of the incubation time the sample was quickly drawn
up into a 5 ml syringe, air bubbles expelled, and then forced into
the top of the ion exchange column over about 5 seconds. The stop-
cock was then turned so as to admit eluant to the top of the column
and the peristaltic pump was simultaneously stafted. Eluant was
pumped through the column at a flow rate of 14 ml/minute for 30-40
seconds, or until approximately 8-10 ml of eluant had been pgmped
thrﬁuéh the column. The external radioactively labelled cations

were thus removed by the resin and the eluted volume contained the
vesicles and any transported cation. In a given experimgnt all the
eluted samples were normalized to the same final volume and an aliquot
of each removed for gamma or scintillation counting for quantitation
of the uptake. Because of the time;consuming nature of the elution
of the radioactive cations from the resin using HC1 washing, the
plastic columns of resin were disposed of after being used for a

single sample rather than being reconverted for reuse.

Protamine filtration

Later experiments with cation uptake by SMP and proteolipo-
somes were quantitated using the more convenient technique of aggre-

gation of the vesicles with basic polypeptides followed by modified
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Millipore filtration.

Forlany given type 6f yesicleslfhe optimum amount of polylysine
or protgmine which had to be addéd to the saﬁple of vesiclgs to form
filtefable aggregatés had to be determined. This was most conven--
iently - doné by moniﬁoring the light scattefing of the filtered
suspension. Samples Qere'made-éoqtéining‘;he.solution and amount -

~of vesicles to be used in subsequent upt;ke ekpériments. In general‘
1-12 mg of the vesicles to be aSsa&éd weré added to a volume of
appropriate buffer solution such that the final volume after the
additiop of thé pfotamine.or polylysine would be 2.0 ml. Varying
.amounts of protamine or polylysine were then added to tﬁe samples
(0-1.5 mg) from a stock solution of 4 mg/ml. The suspension was
agitated 15-30 seconds and poured into a 5 ml syringe attaéhea to a
Swinnex type Millipore filter holder containing a glass prefiltér and
a .45 A{Millipore filter. After filtration the filtrate was assayed
by placing 1.0 ml of it in a 1 ml cuvette and reading absorbance
‘against a blank solution containing no vesicles in a Beckman DU-2
spéctfophotometer. The wavélength uéed depended on the turbidity of
the vesicle suspension but was between 450 and 500 nm. More turbid
solutions scattered more light at a given wavelength'and the wave-
lengtﬁ was accordinglyladjusted to keepAthe filtered samples with
no protamine or.polylysiné'on readable absorbance scale. The émount
of polypéptide to be added to a given sample‘was the minimum amoﬁnt
which gave a filtéatg‘with essentially no absorbance, indicating
therefore complete removal of the vesicles from the medium?

When the optimum amount of precipitating polypeptide for the



samples had been determined, the uﬁtake experiment was done as fol-
lows: An aliquot of vesicles (2-4 mg for SMP , and 8-12 mg for pro-
teoliposbmes) was added to a 20 ml plastic scintillation vial contain-
iﬁg buffer)salt, and substances required for the uptake (or inhibi-
tors). Then substra;e and radioactively labelled cation were added
in that order and mixed by brief agitation. The sample was then
iplaced in a mechanical shaker bath to insure adequate oxygenation
and agitated for a predetermined length of time (up to 60 minutes).
At the end of the incubation time, the appropriate amount of prota—
mine or polylysine (usuaily about .8 mg for proteoliposomes and about
A mé for SMP' ) was added from a stock 'solution ofla mg/ml, bring-
ing the final -volume of the sample to 2.0 ml. The sample was agi-
tated by hand for 15 secénds to insure complete aggregation of the
vesicles and then filtered through a glass prefilter and a 45 u
Millipore filter. The filter was washed by forcing 5-10 ml of buffer
(usually containing 10 mM of the carrier cation) through it. The
filtration and washing was done by either of 2. techniques.

The first filtration technique involved the use of a modified
Swinnex Millipore filter holder (see Figure4') which contained an
vl8 gauge x 1 1/2“ needle (bevel up) inserted into the side of the
filter holder above the filter and cemented in place with epoxy.
The wash solution was‘drawﬁ into a 5 or lb ml syringe which was then
plugged into the needle. This was referred to as the ''side-wash"
technique.» The sample to be filtered was poured into a 5 ml syringe
attached to the top of the filter holder and forced through the

filter with a plunger while just enough pressure was exerted with
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Figure 4. '"SIDE-WASH'" FILTRATION DEVICE
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the other‘hand on the wash syringe to prevent reflux of the 'sample
into the>wash syringe. Immediately after fil;ration the waéh was
manually injected over»about:S seconds. The uptake was quantitated
by-counting thg filters usingvappropriaté techniques.

A secon& methad employed 'in later experiments involved the use
‘éf a filtration device wﬁicﬁ gave more reliable and.reproducible-:
resﬁlts. . The filtratiom devicé consisted of a se?ies of Swinnex tyfe
. Filter holders which had the tops sawed off just beyond the gasket~
holding surface and 20 ml syringe barrels were glued in place on tﬁe
top with hot-melt glué (see Figure 5). A tube connected to the bot-
tom of the filter holder contained a piastic vélve which allowed
application of a water-aspirator vacuum through a filtfate'collecting
trap to an individual given filter holder. A plastic pipet tip was
insérted about 1/8" into the bérrel of the syringe just above the
top of the filter‘ﬁolder and served as'an inlet for the wash solution
and a stop for the plunger. The wash flow was also confrolled by a
plastic valve. Operation of the device was as foltows: Samples for
uptake of cations were prepared and incubated as previousl§ describéq
for thg‘"side—wash" technique. At the appropriate'time‘fof filtra-
tion of a givén sample the lower valve was opened on a filter holder,
which had been fitted with a gasket, glass prefilter,land .45 ;L
vMillipore filter? thgs applying vacuum to the'filtér.. The protaminé.
" was added to the sample and the suspension agitated manually for
10—i5 seconds and then poured info the syringe barrél ofAthe filter
holder. The sample vial was quickly riﬂsed with 2 ml of wash buffer

which was also poured'into the filter holder. A plunger was quickly
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Figure 5. VACUUM ASSTSTED FILTRATION DEVICE

Top portion of sawed-off 20 ml

~plastic syringe

Hot-melt glue

3/4" piéce. of plastic pipet tip -

Hot-melt Third port of valve plugged with
glue hot-melt glue
'~ 3. - way plastic stopcock
“Plastic tubing

Rubber'stopper

r—rr—— - Rubber gasket ’_:9
————— N ] . A

, / - \pw— Swinnex type fil- — To
.~ N ter holder water
“ //- & ’ il aspirator

Glass ,
prefilter m

Plastic e——p=
stopcock

-~

filter

"1/4" acrylic. plas-
tic support rack

Plastic tubing

- 454 Millipore

Plastic t:ubing'//"-r

o oth

? 't.er Beaker of
identical wash solution
filtration - °
units

Glass jar for filtrate'trap




60

inserted into the syringe'and the sample forced throhgh the filter.

. Duripg this time the wash valve was closed. As sbon as thelplunger
was fbrced all the way»down the wash valve'was.quickli ;pened and

.5 ml of wash drawn into the syringe barrel. The valve was closed

and the wash forced through the filter. This wash was then repeated.’

The entire filtration and wash procedure takes about 30 seconds.

N
i

Generally the experiments were done by initiating.the samples 1

minute apart so ﬁhat samples could then be filtered sequentially.

Gel electrophoresis

Polyacrylamide gel electrophoresis of proteins was done using

107% polyacrylamide ‘'gels according to the method of Weber and Osborne
(1969, 1975). A slab gel electrophoresis was constructed following
the design of Reid and'Biéleski (1968) (see Figure 6). Two‘glass
plates (6 1/4" x 5 1/2" x 1/16" and 6 1/4" x 4 3/4" x 1/16") were
clamped together"with'l/aﬁ x 1/16" acrylic plastic spacers coated>
with Cello;Seal between them so as to form a compértment for the
slab gel. A 10% polyacrylamide gel'was made by adding 3.75 ml of

3 M Tfis—Cl (pH 8.9),. 10 ml of 30% (w/v) acrylamide, 8% methyl
bisacrylamide, 15.5 ml of water, .3 ml of 10% sodium dodécyl sulfate
(sDs), and'.015 ml‘of N,N;N',Ni—tetramethylethylenediamine (TEMED) |
to a 50 ml beaker;‘ .18 ml of freéhly made 10% (w/v) ammonium per-
sulfate was added and mixed well.. The'solution was immediately
poured between the gla;s plated until they were filled to within
1/2" of the top. A 1/16" acr&lic spacer wés inserted into the top

of the plates to a depth of 1". : The gel was allowed to polymerize
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Figure 6. POLYACRYLAMIDE GEL ELECTROPHORESIS APPARATUS
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45 minutes to 1 hour. The spacer at the tép of the gel was carefully
removed. A 4.15% spacer gel was made by mixing 2.5 ml of .5 M Tris-Cl
(pH 6.8), 1.4 ml of 30% acrylamide, .87% methyl bisacrylamide, .1 ml
of 10% SDS, .005 ml of TEMED and 6 ml of water inva small beaker.
.1 ml of the 107 ammonium persulfate catalyst was added to this mix-
ture and a comb spacer placed in the top of the gel to create 12
individual wells at the top of the gel. The spacer gel was quickly
poured into the top of the gel to fill the cavities around the comb
spacer, with care being takeh to avoid any trapped air bubbﬁlés.
After allowing 30-60 minutes for the spacer gel to polymerize,

the comb épacer and the bottoﬁ spacer were carefully removed from
between the plateé. The plates were fastened to the buffer reser-
voirs shown in the figure and buffer (50 mM Tris, 384 mM glycine,

.1% (w/v) SDS, pH 8.5 ) was placed in the upper and lower reservoirs
such that the upper and lower surface of the gel was in uniform con-
tact with the liquid. The platinum electrode wires were connected
(negative to the top reservoir, positive to the bottom reservoir)

to a 300 volt filtered DC power supply, which was connected to a
variac for voltage control. A milliammeter was connected in series
with the gel to monitor the current.

The protein sémples were 1 mg/ml in 50 mM Tris, 5% mercaptoetha-

nol, 2% SDS, and 5% glycerol. To each ml of sample was added .05 ml
of .1% bromthymol blue as a marker. .05 ml samples (50 ug of protein)
were injected into each well using a tuberculin syringe. The voltage
source was adjusted by means of the variac to él1ow a current flow

of 1.5-2.0 ma per well used. The current was stopped when the marker



dye was visible at the boftom edge.of,the gel (3—5'hours later) and
the gel was removed from bereen the plates in water. The gel was
then stained by incubation at 37°C. in 150-200 ml of 3 1/2% (v/v)
‘acetic acid, 50% (v/v) methanol containing .20-.25% (w/v) Coomassie
briliiant blue stain for about 12 hours. The gel was then destained
at room temperature in 3 1/2% acetic acid, 50% methanol for 12 hours
and subséquently swollen in 7% (v/v) acetic acid fér 24 hours. The

gels were stored in 7% acetic acid solution at room temperature.

Radioactive counting techniques

Calcium-45. Fér counting of liquid samples (e.g,; aliquots 6f
eluant from ion exchange columns, filtrates from '"side-wash' filtered
samples, and standard solutions for quantitétion), .1 or .2 ml of the
liquid was placed in a plastic scintillation vial with 1.0 ml of a
solution of 1 part Beckman Biosolve and 2 parts toluene—Omnifluér
scintillation fluid. This mixture was vortexed to solubilize the
aqueous sample. 9 ml of'tolugne containing 4 g/l of Omnifluor (New
England Nuclear) was added and the sample capped and vortexed to mix
thoroughly. The samples were then counted using a Beckman LS-235
scintillation coﬁnter with either a 0-600-or a wide 14C window.

For counting of filters, the filters were dried in a drying

oven overnight and then added (both the glass prefilter and the

Millipore filter) to a scintillation vial. 10 ml of toluene-Omnifluor

scintillation fluid was then added and the vial. capped and vortexed.
The samples were then counted in the scintillation counter.

Manganese-54. For counting of liquid samples, ;5 ml of the sample
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plus 1.5 ml of water were placed in a plastic_gémma—counting vial
and.counted in a Beckman Biogamma couﬁter. The manganese samples
.~were counted using a window of 0-400. Fof counting of filters, the
filters were placed in the counting vials while still wet and counted
the same way.

Rubidium-86. These samples were counted either by gamma or scin-
tillation counting as describea abové except that for gamma coﬁnting
a window of 0-560 was used and for scintillation counting a wide open
window was used;

Sodium-22. These samples were counted using the same technique
described for Manganese-54 except that a window of 0-1000 was used.

Carbon-14. Samples containing 14C were céunted in the same manner
as the 45Cé samples with a wideilac window.

Phosphorus-32. The solution in which 32P was extracted for mea-

surements of oxidative phosphorylation and ATP—32Pi exchange reacted
with the toluéne—Omnifluof scintillation fluid to produce a yellow
color and some turbidity so all 32P samples were counted by Cerenkov
counting (Gelsema, delLigny, Luten, Vossenberg, 1975). 1.0 ml of the
aqueous sample containing 32P was added to a plastic scintillation
vidl containing 10 ml of 2 M sucrose. After mixing well, the sémples
were counted in the scintillation countér with a wide open window.

2 . . ' . .
P uptake in vesicles was measured by counting the filters as

s

described for 45Ca except that a wide open window was used.

Volume determinations of proteoliposomes

All operations were carried out at 0-4°C. Proteoliposomes were
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made in the usual manner for the cholate dialysis technique except
that the suspension contained either 10 mM sucrose and 2 uCi/ml of
14C—sucrose or 2 mM RbCl and 10 )JCi/mi of‘86Rb/ml in addition to

40 mM Kzsoa, 10 mM HEPES (pH 7'0)f The suspension was dialyzed
against approximately 10-20 voluﬁesAof ﬁhis same buffef fdr-4-8
hours. An a;iquot of tﬁe dialysis solution was retained for later
éounting as a standa?d‘and the dialysis solﬁtion was changed.. The
dialysis continued as'before and the dialysis solugioﬁ w;s changed
2-3 moré times. This series of diaiysis changes was to insure com-

. plete removal of the cholate in the presence of the radioactive label
so th;t the label would be trapped_in the internal volume of the -
vesicles in proportion to the fraction of the total volume which it
represented. fhe suspension. was then dialyze& against 100-200
yoldmes~of dialysis buffer which was identical except tﬁat it did
not-cbntain any radiéactive label. The suspension was dialyzed for
6~8 hours and the dialysis solution changed. Dialysis was continued
in this manner until no radioactivity could be détected in the dial-
ysis splution. This usually required a total of 3-4 changes of
dialysis solution. The in£erna1 volume of the vesiclé suspensibn

. was judged by counting aliquots of the suspensioh and comparing this

.to the standard.

"Flow dialysis for testing vesicle lysis

A flow dialysis chamber of the type used by Colowick and Womack
(1969) was set up with stirring of two compartments on either side

of a dialysis membrane. . .8 ml of a suspension of vesicles (20 mg/ml
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phospholipid) which had been labelled by trappiné of 14C—sucrpse
inside with dialysis to remove extermal laﬁel was placed in the upper
chamber qf the device. Buffef, water dr'substances to be tested for
lytié effect (detergents; protamine, p§lylysine) was added to.the
suspension to bring the final volume to 1.2‘ml. 4O-mM'K2804,'10 mM
HEPES, 20 mM sﬁcrose (pH 7.0) was pumped through the lower cﬁamber

by a perisfaltic pump at. a flow rate of .36 ml/minute, and the efflu-

ent was collected in timed:aliquots. The rate of appearance of the

_radioactive label in the effluent solution was used to judge the

Adegree of lytic effects.

Measurement of oxidative phosphorylation

Oxidative phosphorylation was measured according to. the method.
of Racker and Kandrach (1973) with séme modifications due prim;rily
to the use of a larger volume oxygen electrode chamber. .5 ml of a
suspension of PCOV . which had'been treated to remove external cyto-
chrome c. (usually by the Sephadex filtration method) and cbntaining
.5-.8 mg of protein was added to a test tube containing .5 ml of 80
oM pd;assium phosphate, 2 mg/ml bovine serum albumin, 2 mM MgSO4 
(pH 8.0). .05 ml of 20 mM Na-ATP (pH 7.0), .066 mg of OSCP (.012 ml
of a 5.5 mg/ml solution), and .05 mg of Fl (.018 ml of a 2.8 mg/ml
solution) were added. to the vesicle suspension and incubated for 10
minutes at room temperature. ;l mg of polylysine, M.W. 70,060, was
then added to 2.0 ml of room temperature, air-saturated buffer which
coﬁtained 25 mM D—g;ucﬁse,’.B mﬁ EDTA, 5uM antimycin A, 5.6 mM MgSOa,

2 mg/ml bovine serum albumin, and 5 mM Tris-SO, (pH 6.9). .05 ml of
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20 mM Na-ATP (pH 7{0), .05 ml of .2 M pofassium phosphate (pH 7.0)
containing approximately-Z X 108 cpm OfABZPi’ and 86 units (.02 ml
of a‘suépension containing 4310 h./ml)-éf hexokinase were added ip
that ordér. Aftef a 3 minute incubation at room temperatﬁre the
reaction was initiated.by addition of .1 ml of .S‘M Tris—éscorﬁate
(pH 6.8-7.0)-containing IO/ngbf bﬁenazine methosulfate (PMS). The
final volﬁme.was 3.37 ml. .The reaction was terminated after 10
ﬁinuteS'by the addition of .3 ml of SOZ (w/v) trichloroacetic acid.’
Two parallel aliquots were run with eaqh sample to-ailoﬁ quantitétion
of the P:0 ratio. The first of these was identical.to the sample
except for the addition of .01 ml of_oligomyéin (from a2 1.3 mg/ml
solution in 95% ethanol) during the initial incubation of the vesi-
cles with Fl and OSCP. ihis was to allow a determination of the
background, or nonextractable 32PiAwhich could be subtracted from
the total counts in the sample to give ‘the éctual amount of esteri-
fied 32Pi. An alternate method was to tefminate the reaction of the
parallel samplé immediately after initiation with PMS-ascorbate.

It should be noted that the PMS-ascorbate solution must be kept in
tﬁe dark to prevent breakdown of the photosensitive PMS. The second
‘parallel aliquot contained the saﬁe amount of carrier phosphate, but
no 32P,.an.d.was used to'quantitate‘o#ygen consumption. This was
necessary because of ;he tendency éf’32P to adhere to the‘lucite
oxyéen electrode chémber. The sample for oxygen consumptién deter-
mination was added to the 2.0 ml of buffer directly in the 3.4 ml

-chamber of the oxygen electrode, and oxygen consumption was monitored

after initiation with PMS-ascorbate‘using a Yellow Springs type 5331



oxygen eleétrbde connected to a polarizing volﬁage source (.8 volts)
and a Hewlett Packard model 7100BM strip chart recorder. After tri-
chloroacetic acid termination of‘the reaction in the 32P-;ontaining
samples they were centrifuged at 10,000 rpm for 10 minutes in’a*JA—ZO
rotor to.remove phqspholipids and protein. .5 ml of the clear super-
natant was added to a 15 ml plastic test tube containing 1.5 ml of
2:52 (w/v) ammonium molybdate, and .3 ml of 6 N H2804. The solution
immediateiy turned dark blue in color. After about 5 ﬁinutes, 4 ml
of isobutanol was added and the mixture vigorously shaken. Seﬁara—
tion of the isobutanol and aqueous phases was allowed to occur by
incubating several minutes. The blue color (representing the reduced
phospho-molybdate complex) partitions into the upper isobutanol
phase, which is carefully removed with a pipet. The aqueous phase

is re-extraéted with 1.0 ml of isobutanol and then 1.0 ml of the
aqueous phase is carefully removed and added to a scintillation vial
containing 10 ml of 2 M sucrose for Cerénkov counting. A standafd
was made by removal of .0l ml of the remaining TCA-treated super-
natant; dilution with buffer to 1.0 ml, and addition of this to 10
ml of 2 M sucrose. From the concomitant oxygen consumption measure-

ments the P:0 ratio was calculated.

Measurement of ATPase activity

An ATPase assay was developed which was convenient, allowed '
processing of many samples, and ohviated the need for the usc of
2 . .
P-containing compounds. The technique is a combination of the Pi

assay of Chen, Toribara, Warner (1956) and the molybdate-isobutanol
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extraction procedure of Rose and Ochoa'(1955). 20-50 Mg of pfotéin
(ATPase) or .5~1 mg of SMP | was added to 1 ml of a solution con-
taining either 5 mM MgSO,, 20 mM Tris-S0, (pH 7.7) for ATPase or

MSH containing 5 mM MgSO4 for SMP - The reaction was carried out

at room temperatu?e, and was initiated by the addition of .025 ml of
.2 M Na-ATP (pH 7.2). The reaction was terminated after 1.5-2.5
minutes by addition of .1 ml of 50% TCA. The test tubes were immedi-
ately placed on ice to prevent any spontaneous breakdown of ATP and
centrifuged at 0°C..in & JA-20 rotor at i0,000 rpm for 10 minutes.
":5 ml of the éupernatant was added to 3.5 ml of water in a 15 ml
plastig test tube at room temperature. Also a series of standards .
were prepared (usually 5) containing from 0~20/Ag of phosphorﬁs in

4 ml fo water. .4 ml of freshly prepared reagent consisting of 1

part 10% ascorbic acid, 1 part 6 N HZSOA’ 1 part 2.5% ammonium molyb-
. date and 2 parts water was édded to each.tube. The samples were
incubated atAroom temperature for 15-30 minutes until a discernible
blue color change occurs in the standards. fhe color reaction is
then terminated in the samples and standards sequentially in the

same order in which the reagent was added to initiate the reaction
so that each sample will have.Been incubated the same length of time.
Termination is accomplished by addition of 4 ml of isobutanol fol-
lowed by vigorous shaking. The blue color partitions into the upfer
isobutanol phése, which is removed with a pipet and placed in another
tube as soon as possible to prevent the continuing color reactién

in the aqueous phase from altefing it.

The isobutanol phase was placed in a quartz cuvette and its



absorbance read at 820 nm using a Beckman DU-2 spectrophotometer.
By comparing to the standard curve and control sampleé which were
terminated with TCA at t = 0, quantitation of the Pi cleavage from

the ATP possible.

Measurement of ATP-32Pi exchange

~ A’I‘P—32Pi exchange was measured in both ATPase containing vesicles
and in SMP  according to the method of Kagawa and Racker (1971),'and

Racker, Chien,‘énd Kandrach (1975).

ATP-32Pi exchange vesicles
.04-.05 ml of hydrophobic protein containing vesicles pfepared
as previously described was diluted into 1.0 ml of 50 mM KC1, 20 mM

2 mM MgSO

Tris-SO " .5 mM EDTA (pH 8.0) containing 2.5 mg/ml of BSA.

4’ 4!

Coupling factors were then added to the suspension, which was incu-

bated at room temperature. GenerallyA20-30/4g of F. and 55Mg of

1

0SCP were added and the mixture incubated for 5-10 minutes. For

experiments involving antibodies to F, the appropriate serum (in .1

1
ml volume) was added at this time and incubated for an additional -
10 minutes. The exchange reaction was initiated by the addition of

.12 ml of .1 M Na-ATP, .1 M MgSO 125 M KPi (pH 8.0), containing-

approximately 108 cpm of 32-Pi/ml. The suspension was incubated at
room temperature for 20 minutes and terminated by the addition of
.1 ml of.SOX TCA. The samples were‘immediately placed on ice and

then centrifuged in a JA—ZOjrotor at 10,000 rpm for 10 minutes.

.3-.5 ml of the supernatant was added to .3 ml of 6 N HZSO4’ 1.0 m1
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of 2.5% ammonium molybdate, and .5 ml of water. The mixture‘was~‘
inéubéted at room temperature fof 10 -minutes with occasional agita-’
tion, aﬂd'thén extractéd-with 4 ml of isobutanol. Aftér removal of
the isobutanol phase a second éxtraction.withvl.O mi of isobutanol
was carried out, and 1.0 ml of thelaqueous phase was added to 10 ml
of 2 M sucrose for scintillation counting. A standard was made froﬁ
.01 ml of the TCA éupernétént and nonextractable phosphate was deter-
mined from a parallel sample containing ..0l ml of an ethanolic solu-

tion of oligomycin at 1.3 mg/ml.

.5 mg SMP protein was incubated at room temperature with .1 ml
of antiserum or immunoglobulins (when used) for 10 minutes. Then

10-15 umoles of Na-ATP, 10-15umole of MgSO,, 15-20 umoles of KP:,L

4’
were then added in .4-.8 ml of MéH to‘initiate the exchange reaction.
After 10-20 minutes of incubation at room temperat;re‘the reaction
was terminated bybthe addition of .1 volumes of 50%Z TCA. The samples
were cooled on ice and centrifuged as described above, and then .3
ml of the supernatant was added to .5 ml of 6 N HZSO4 plus 2’ml,o£
2.5% ammonium molybdate. After incubation at room temﬁérature for

15 minutes, extraction with isobutanol and counting of the samples

was carried out as described.

Assay of uncoupler'bindigg
To assay'the uncoupler binding capability of complex V, 3 mg of

the fraction of complex V to be tested was diluted to a final volume
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of .2 ml by the addition of 1 mM.histidine, 50 mM Tris—SO4 (pH 8.0)
and placed in a 3" x 1/4" piece of dialysis tubing which had one end
tied shut. The tubing was placed in a & mlAglass4test tube contain-
ing 3.0 ml of the same buffer with 3.5 nmole/ml of CCCP or'FCCP
(addéd from a 2.0 mM solution in 95% ethanol). A control sample
containing buffer and dialysis tubing without tﬁe prbtein was pre-
pared. The samples were incubated at 4°C. for 24 hours. Absorbance
of aliquots of the dialysis solufion from each sample was read using
. a Beckman DU-2 specfrophotometer at 375 nm (for CCCP) or 362 nm (for
FCCP), and quantitation of the émount of uncoupler bound was deter-
mined from comparison with the absorbance of solutions containing

known amounts of uncoupler.

Density gradient separation of vesicles

A density gradient forming device was constructed, consisting
of two 50 ml plastic graduated cylinders connected at the bottom by
a plastic tube containing a valve. Equal volumes of buffer (10 mM
HEPES, 40 mM KZSO4, pH 7.0 for COV, 10 mM Tricine-KOH, 50 mM suérose,
.5 mM EDTA, 1 mM dithiothreitol, ﬁH 8.0 for PCOV j containing the
maximum and miniﬁum amounts of ficoll desired for the gradient range
(generally 0-2% ficoll for the minimum density'and 10-207% for the
maximum density) were placed in each chamber of the device. Either
18 or 5 m;:was~the“t0tal'volume in each chamber, depending on whether
a 40 ﬁl-centrifuge tube or a 10 ml centrifuge tube was to be used.
Both chambers were magnetically stirred and the valve between them

was opened at which time a peristaltic pump began pumping buffer out
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of the high density chamber and into a polycarbonate centrifuge tube
at a rate of .5-1.0 ml/minute. This was continued until all the
iiquid had been removed from both chambers and pumped into the
~centrifuge tuEe. A vesicle suspension of either COV' or PCOV

from which the external cytochrome ¢ had been removed by Sephadex
filtration was carefully layered on top of the gradient using a
Pasteur pipet. Thé volume of the vesicle suspension was 5-7 ml for
a 40 ml tube and approximately 1.0 ml for a 10 ml gradient. The
tube was carefully tilted and placed in a JA—20‘fixed—éngle rotor
and centrifuged at 19,000 rpm fof.24 hours at 4°C. The centrifuge
was stopped wiﬁhout the brake to minimize swirling effects. The
vesicle fractions were visible as bands in the tube and were -removed
carefully using a.J—shaped Pasteur pipet. The fractionated vesicles

were stored at 0°C. until used.

Fluorescencg measurements with dicarbocyanine dyes

Qualitative measurements of membrane potential in energized
proteoliposomes and SMP ) using the fluorescent dicarbocyanine dyes
Di—S-C3— (5) and Di—O—C3~(5) according to the methods of Sims,
Waggonef, Wang and Hoffman (1974), and Laris, Bahr, and Chaffee
(1975), were carried out as follows: |

SMP . The following sugstances were added to a quartz cuvette in

a final volume of 1.2-1.3 ml, .9—1.9 ml of MSH, l/umole of ADP,
1 umole of MgSOA, 14 nmole of éntimycin A, 50 umole of Tris-ascor-

bate (pH 7.0), and either .25 mg of cytochrome ¢ (for right side

out energization) or 1 ug of PMS and 28 ug of protamine (for inside
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out enefgization). The cu&ette wés placed in aﬁ Aminco-Keirs spectro-
phosﬁhdrimeter with Aminco corrected spectra attéchment and magneti-~
cﬁlly'stirred. .012 ml of a 21.3/1M solution of‘Di-S—C34(5) in 100%
ethanol was added to the cuvette. Excitation was at 620 nm-and emis-
sion was read at 670 nm. The fluorescence was monitored on a Mosley
Model 7630AM Autograf recorder with a 50 second/inch sweep; .35+=.65
mg of SMP was ad&ed>from a 10 mg/ml suspension which had been treated
by centfifugation.tb remove external cytochrome c. After a steady
state flﬁorescence level was réached the sample was de-energized by
the addition of .01 ml of .5 mM CCCP in 957 e#hanol; ana the fluores-
cence level was.monifored until a new éteady—state level was reacﬁed.
When the Di-O-C3—(5) dye was used the same procedure was
employed except that the amounts of substances added to the cuvette
were .9-1.0 ml of MSH', 10 ymole of Tris-ascorbate, 1 umole of ADP,
1 ymole of Mgso,, ‘
20 ug protaﬁine plus .5 #g PMS), .005-.025 ml of Di—O—C3—(5) (from

10 nmole of antimycin A, 150 pg cytochrome c (or

an 81 uM solution in 100% ethanol) .2-.6 mg of SMP (from a 10 mg/ml
suspension), and .0l ml of .25 mM CCCP for de-energization. The
excitation and emission wavelengths were 560 nm and 600 nm re%pec-
tively. | |

Proteoliposomes. The Di—S-C3-(5) dye was used in the same manner

as for SMP except that the following amounts of substances were
used: 1.0 ml of 40 mM K,SO,, 10 mM HEPES (pH 7.0), 50 mole of Tris-
.ascorbate, and either (a) .5 mg of cytochrome ¢, .05 ml of proteo-

liposomes from a Sephadex-treated suspension at 20 mg/ml, and .01 ml

of 21;3/1M Di—S—C3-($), for right side out energization; or (b) 40
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Mg of protamine, .5 ug of PMS, .003 ml of the proteoliposome suspen-—
sion, gnd .025 ml éf 21.3 uM Di—S—C;-(S) for inside-out enérgization.
The final sample volume was 1.2—1;4 ml and was constant for all sam-
ﬁles.in a given experiment.: The pfoteoliposomes were de;enérgized

by the addition of .01 ml of .5 mM CCCP in 95% ethanol.

Oxidative sidedness assays

(A) PMS—AscarbateA A

A solution was prepared consisting of 29 ml of MSH, 1.5 ml of
.5 M Tris-ascorbate (pH 7.0), .1 ml of 1.2 mM antimyciﬁ'A, .1 ml of
20 mM CCCP, and .012 ml of PﬁS (from a 5 mg/ml solution). A second
‘sélution was made with the,same components except that 1.0 ml of
polylysine (from a 4 mg/ml solution) was added. Both solutions wefg
incubated at room temperature in the dark (due to the photosensitiv-
ity of PMS) for about 1 hour. 3.1 ml of the first solution and .05
ml of c?tochromelg (from a 30 mg/ml solution) were'added to a 3.4 Ql
lucite chamber contéining a fellow Springs Model 5331 oxygen elec-
trode which was attached to a polarizing voltage source and Hewlett
Packard model 7100BM strip chart recorder. The chamber Had'a cool-
ing jacket through which room'temperature water was circulated to
miﬁimize temperaturg variations, and was slowly stirredeithza mag-
netic stif'bar; After-a brief equilibration period .2 mg of sSMp
A protein (orv.S;i.O mg of proteoliposomes) was added and the rate of
oxygen éonsumptibn obtained. The contents of the chamber were removed
and the chamber was thoroughly washed with ethanol and then'water.

‘This measurement was generally repeated several times. 3.1 ml of the



solution gontaining polylysine was then added to the chamber and
aftér equilibration was reachgd'a'quantity of SMP or proteéliposomes
equal to that used in the previous detefminations was added to the
chamber and the rate of 6xygen consumption again obtained. After
repeating this measurément several tiées the percéntage of inéide out
oxidation was calculated from the rate of the okygen consumption with
polylysine to the rate with<cytochrome.é, |
(B) Succinate

2;9 ml of MSH, .1 ml of .1 M sodium:succinate, ;05 ml of‘cyto-

chrome ¢ (from a 30 mg/ml solution), .06 ml of .2 M KP,, and .01 ml

of .3 M MgSO, were added to the oxygen electrode chamber and allowed

4
to equilibrate several minutes. 1-3 mg of SMP were added and the
oxidation rate obtained. After cleaning the chamber 2.9 ml of MSH,
.1 ml of .1 M sodium-succinéte, .06 ml of KPi’ .01l ml of .3 M MgSOa,‘
and'.05 ml'of protémine (from a 4 mg/ml solution) were added and the
oxidation rate of an equal améuht of SMP .- measured under these con-

ditions. The percentage inside out was calculated from the ratio

of the rate with protamine to the rate with cytochrome c.

Measurement of respiratory control ratios in proteoliposomes

All assays of respiratory control ratios (RCR'é) wére done at:
room temperature. The chart récorder.was adjusted to zero oéygeﬁ '
by placing,bdffer in. the chamber which had beeﬁ bubbled with nitro-
gen for 15-20 minutes and the gain of the recorder was adjusted so
;hat air-saturated buffér would give a reading which was on scale.

3.0 m1 of the buffer in which the COV were made was placed in the



3.4 ml oxygen elect;ode chamber,'and slowly stirred with a magnetic
stir bar. .05 ml of a 30 mg/ml solution of cytochréméls and .lS'ml
of .5 M Tris-ascorbateA(pH 6.8-7.0) was added to the chamber. Any
background.oxidation rate was noted (with Kzéoa—HEPES this was

usually zero but it varied with other buffer solﬁtions). .025-.05

ml of a.susﬁension of COV was added to the chamber and oxidation

proceeded with a constant rate of oxygen consumption. When oxidation -

Ahad continued long enough to obtain an accurate slope from Fhe chart
recorder .0l ml of aﬁ ethanolic soiufion of 10-20 mM CCCP was added
and the uncoupler-stimulated rate of ogidation recorded. The sample
was tﬁen withdrawn and the chamber thoroughly wgéhed with 95% ethanol
and then with distilled water. The slopes of the lines representing
gfaphically the rates of oxygen consumption were used to determine

the RCR as follows:

(oxidation rate of uncoupled COV - background oxidation rate)
(initial oxidation rate of COV - ‘background oxidation rate)

RCR =
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I. RECONSTITUTION OF CYTOCHROME OXIDASE VESICLES

Introduction

" Cytochrome oxidase, also known as complex IVZ(Hatefi Haavik,

© Griffiths, 1961 1962), is the terminal enzyme in the respiratory chain '
of the mitochondrion and catalyzes. the transfer of electrons from cyto-;v'“
chrome.g to molecular oxygen resulting -in the formation of water (Hatefi,
Haavik; Fowler, Griffiths, 1962). " A number of preparations for the oL
extraction of cytoehrome from the mitochondrial membrane_have been devel-
oped (Kuhoyama, Yong; King, 1972; Yonetani, 1966; Fowler, Richardson,
Hatefi, 1962; Hochli,;Hackenbrock, 1978) along with various purification
procedures (Kopaczyk, Perdue, Green,11966; Carroll, Racker, 1977). The
‘enzyme is hydrophobic in natureAand is closely associated with mitochon-
.drial phospholipids (Carroll, Racker, 1977;‘Marsh,.Watts,.Maschke, Knowles,
1978; Jost, Capaldi, Vanderkooi, Griffith, 1973).

Purified enzyme has been reconstituted in<a<functional manner in .
vesicles known as cytochrome oxidase vesicles (COV) in which the enzyme
is incorporated in the phospholipid bilayer membrane<of artificial‘
phospholipid vesicles'(Hinkle; Kim; Racker, 1972; Racker, 1972). These
vesicles catalyze the transfer of reducing equivalents from an appropriate
reductant (genrallylascorbate plus cytochrome ¢) to molecular oxygen,
generdting in the process a transmembrane proton gradient (Racker, 1974;
Skulachev, 19748, 1974b). The reconstitution of cytochrome oxioase ves-—
icles. has..been accomplished by a number of different methods. The oxi-

dase is located in a transmembranous orientation with the cytochrome ¢
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reactive portion of the molecule on one side of the membrane and the

02-reactive portion of the molecule on the otﬁer sidedbf.the membrane.
(Reuben, Telford, Carroll, 1976; ﬁacker, Loyter, Christiansen, 1971;
E:ecinska, Wilson, 1978). .Becéﬁse of this vecﬁorial arréngemen£ elec-
tron transport by'cytochrome dxidase‘is anisotropic and leads to for-
mation of a membrane poteﬁtial. 'Thé-membrane potential retards elec-
tron ﬁransport and tends to limit the oxidative réte (Rgcker, 1974;
>Miller,¢Racker, 1976) .- This causes:.the ﬁhenomenOn.of respiratory con-
trol in COV, as diséipa;ion of the proton gradient by an uncouplér will
remove thg-inhibitory effects of the membrane potential on the electron
tfansport process énd thereby stimulate the rate of respiration (Hinkle,
1970a; 197Qb; Hinkle, i973). Inclusion of c&tqchrome ¢ in the interior
of COV induces random bidirectional orientation of. the oxidase in the
membrane and allows eithef energization with external cytochrome c¢ and
‘ascorbate of thé mitéchondrially oriented oxidase (cytochrome c-reactive .
portion of the.oxidase on the outside of the vesicle) or éne;gization
with membrane permeable PMS as a car;ier of reducing equivalents from
exﬁernally locatéd impermeant ascorbate to the internal qytoéhréme g
(Carroll, Racker, 1977; Skulache?, 1974a). The two moaes of‘énergizﬁ-
tion are referred to as right side out (RSO) and inside out (ISO), re-
speétively. éhe energization schemes are shown inIFiguré 7. This pro-
vides a system of préton gradient generation which is readily céntrolled
with regard;to.poiarity{
Among methods used for the reconstitution of'COV are the cholate

dialysis meﬁhod, where a solubilized suspension of phospholipids and
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‘Figure’7. ENERGIZATION OF RSO AND ISO COV
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cytochrome oxidase Wiﬁh‘Na-cholaté isAdialyzed for deﬁergent removal
resulting in COV formétion (ﬁinkle, Kim, Racker, 1972; Racker, 1972).A
Another method is the cholate dilution procedure, where a solubilized -
'suspensiéh forms COV when diluted so as to reduce the detergent(conéen-
tration (Racker, then, Kandfach, 1975).-'Incorporation‘intq preformed‘
vesicles containing lysolecithiﬁ or éhosphatidyl serine hé5»al§o been
réported tEyﬁan, M#ﬁheson, Récker,‘l9?5;.i976; E&tan,hRacker, 1977;
:_Eytan, Broza, 1978a; 1978b). Sonication of a mikturelof phospholipids
and cytochrome oxidasé has also'been used to form. COV (Racker, 1973).
Vesicles prepared by-all of these methods demonstrate the property of
respiratory control. The‘oxidase has beén co-reconstituted in vesicles
with other enzyme systems in a functional manner, including bacterié-
rhodopsin (Hellingwerf, Arents, VanDam; 1976), hfdrophobic mitochondrial
" proteins (Racker, 1972), and ATPase (Racker and Kandrach, 1971; 1973).
Investiggtions of the phenomeﬁon of respiratory control-in COV have pro-
. duced evidence consistent ﬁitﬁ the coﬁcept that the stimulation.of res-
piration by uncouplers is in'fact‘related to inhibition of the electron
transport reaction by the proton gradient generated by the oxidative
pfocess (Hihkle, Kim, Racker, 1972; Hinkle, 1970; 1973). Measurements
have been made of the transmembrane poteqtial generated by. cytochrome
oxidase both in vesicles (Drachev et al, 1974) and in planar phospholipid
bilayeré (Drachev et al, 1976). These measurements are consistent with
the proposed scheme of membrane potential generation. The inhibition of
the redo# reaction by the formation of a transmembrane potential has
also been demonstrated in reconstituted vesicular systems containing

complex III (Wielburski, Nelson, 1978). Cytochrome oxidase is known to



consist of 6 peptide subunits (Keirns, Yang, Gilmour, 1971; Kessler,
Blondin, VandeZande, Haworth,‘Green, 1977; Erecinska, Wilson, 1978).
Recent work indigates that subunié II is probably the site of reactiﬁn
with cytochrome ¢ and is located on the outside of the mitochondrial-
membrane (Frey, Chan, Schatz, 1978; Briggs, Capaldi, 1978). There is

“ also feéent evidence;for specific interactions of cations with the oxi-
IAase molecule, particulérly potassium and calcium‘(Saris, Wikstrom,
‘Saari, 1975; Wikstrom, 1974; Wikstfom, Harmon, Ingledew, Chance; 1976;
Wikstrom, Saari, 1977). The mechanism of action of c&tochrome qxidase

is still aAsubject of much debate (Erecinska, Wilson, 1978; Wikstrom, -
H;rmqn, Ingledew, Chance, 1976).. It hés been proposed tha; in addition
to functioning as a transporter of electrons cytochrome o#idaSe may be
involved in active pumping of protons againstian electrochemical gradient.
(Wikstrom, Saari, 1977; Wikstrom, 1977a; 1977b; Krab, Wikstrom, -1978).

In RSO energized COV this would involve the addition of ‘electrogenic
proton transport outward by the oxidase in a stoichioﬁetric~fashion, tend-
ing to augment the formation of the proton gradient resulting from elec-
tron transport and proton consumptidn within the vesicie. Although there

has-been some dispute concerning this model (Moyle, Mitchell, 1978), other

. workers have corroborated the finding (Brand, Harper, NiChblls, Ingle-

dew, 1978). This does not change the overall piéture of the formation of
a proton gradient in COV and the relation of the proton gradient to the .

phenomenon of respiratory control, but does give evidenée_of a new type

of ion pumping mechanism coupled conformatiohally to the energy of elec-
‘tron transport (Krab, Wikstrom, 1978; Wikstrom, 1977a), and may have rele-

‘vance to ion transporting systems to be discussed later.
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Experimental ev1dence indicates that cytochrome ox1dase is only
assoc1ated with a small fraction of the total phospholipid vesicles in
a suspension of COV made by conventional techniqueS’(Carroll, Racker,
1977; Eytan, Broza, 1978)' This fact suggests that.there is less dis-

parity between the proteln phospholipid ratios in COV and mitochondria'

‘than would be indicated from the amounts of phosphollpld and cytochrome

: oxidase~1n the suspensions.

The controllable mode of the energization of COV with generation
of transmembrane'proton gradients'and.the compatibility of the enzyme
with other proteins makes these vesicles an ideal system for the study

of ion transport. : -
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Results

, Bgcausé of the importance of;functional cytochrome oxidase Qesi—
‘cles as an energy'source‘for reéonstituted systems of mitochondrial o#i-.
dative phdsphorylation'and calcium transport initial experiﬁéntél work.
was'difécted toward the development of active preparations of COV. The
activity‘of ﬁhe éréparatiohé?was judged b& oxygen cénsumptién'éeéondéry
to substrate oxidatioﬁ, ana the stimulation of respiration by uncouplers
(respiratory confrol).

The iniﬁial preparatioh of cytochrome oxiaase waé done‘accordiﬁg
to the préviously outlined method of Kuboyama (1972).’ The heme to
protein ratio of thisAprepération (referred to as batchll).was determined

from the difference-in the 0.D. between the reduced and oxidized form

' 605
of the oxidase and was calculated to be 10.9 nmole heme a/mg protein.
This was jﬁdged to bé an adequétely pure preparation to begin the produc-
tion of COV. COV were prepared according to both the cholate dialysis.
method of ‘Hinkle,Kim énd Racker (1972) and the dilution procedure of
- Racker, Chien, and Kandrach (1975); "Various salts were used in the vesi-
Ele’solhtions in an effort to optimize the RCR. As can be seen from
'- Table 1, KZSO4 -HEPES and KPi worked better than KC1-HEPES (which had been
suggested by Dr. Chris Miller, Cornell). The backgrouﬁﬁ oxidations
obtained with KZSO4—HEPES were generally zero whereas those obtained with
4—HEPES was selected as the best solutlon
for general use. The dialysis method consistently produced- COV with higher

the KPi buffer were not, so K SO

'RCR than the dilution method.

It can also be seen that slightly higher cholate concentrations



Table 1,

~~ CONDITIONS FOR RECONSTITUTION OF COV

Mode of preparation: = ‘ Dilution - ' ‘ ~ Dialysis
Buffer [cholate]: .7% - .75% .85% .95% 1.0% 1.0%
Respiratory Control Ratios (RCR'S) v

50 mM KB | . 2.64+.44(2) 2.52+.23(2)" 2.77+.38(3) 3.37+.26(3) 3.30+.62(4) |.73 .4141%.54(2)
- - - - 3.22+.30(3) 4.72+.02(2)

40 mM K,80,-{ - S - - 3.20£.15(3) | - 4.29+.23(2)

10 mM HEPES - - - - 3.81+.29(4) -

%0 mM KC1l- 1.72+.23(2) - - - 2.17+.10(2) -

10 mM HEPES -

COV were made as described under METHODS using the buffers and final cholate concentrations
shown above. Final asolectin concentration was 40 mg/ml, pH was 7.0, and cytochrome oxidase . - -
(batch.l) concentration was 417 ug/ml. The different samples of COV were made in .6 ml ali-
quots and were assayed for RCR'by placing .025 ml of the vesicle suspension in an oxygen electrode
chamber with 3.0 ml of appropriate buffer, .15 ml of .5 M Tris-ascorbate (pH 6.8), .75 mg of cyto-
chrome ¢ and dividing the respiration rate obtained into the rate obtained after the addition of”
.01 m1 of 16 mM CCCP in ethanol. The RCR's given above represent the mean +.one standard devia-
tion of the number of observations in parentheses. .
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(around 17%) gave better RCR's than the concentrations recommended by
Racker, Chien, and Kandrach (1975) with the dilution procedure. It was
also found that sucrose, EDTA, and histidine seemed to have some dele-

terious effects on the RCR's of COV. This was of concern in later recon-

stitution experiments where these components were occasionally used. The

data is shown in Table 2. A second bétch'of éytochroﬁe oxidase'was
extracted and then fractionated according to the method of Carroll aﬁa _
R;cker (1977) as preﬁiously mentioned in the METHODS section. A total of
- four fracfions,wére obtained. The RCR of the COV1made-from any parti-
cular fra;tion depended on the relative concentrations of phosphélipid
and cytochroﬁe oxidase. Figure 8 shows the variation of RCR‘with [cyté-
chrome oxidase]. Each fraction of bxidase which was tested showed an
optimum protein concentration which gave the best RCR.

The oxidative activity and RCR of COV made from:all tﬁe various
batches of o#idasé that were extracted aré shown in Table 3; The cyto-
chrome oxidase made by the method of Kuboyama (1972) shows consistently
higher oxidative activity as well as RCR. The fractionation procedure
of Carroll and Rackér greatly improved the RCR's of the COV made from
the Kuboyama oxidase, while the Kopaczyk purification of the Fowler

Aokidaée di@ not seem to change the activity very much. It ié nofed Fhat
the fractions with greater oxidative activity per ig of protéin also
gave higher RCR's,bindicatingAthat some removal of protein impurities
had occurred.
Polyacrylamide gel électrophoresis was.-done on all the various frac-

tions of cytochrome oxidase. Figure 9 shows a gel electrophoresis pat-
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Table 2.

EFFECTS OF VARIATION. IN. BUFFER SOLUTION.ON. RCR'S OF COV -

[K 4] [HEPES] (pH 7). ~[sucrose] [EDTA] [histidine] [DTT}?.;;tRCRuZ,‘

40 mM 10 mM ‘ - - -

- 7.95
5mM 10 mM - - - - = 7.16
5md 10mM 100 mM - - - 5.7141.26(2)
5o 10 mM 0 100mM .2 mM - — 3.08
5mM 10 mM 100 mM - .2 mM 2-mM - 1.66+.37(2)

5 mM 10 mM 100 mM. .2 mM 2-mM 1-mM  2.12+.26(4)

cov in‘tﬁe aone experiment were made in .55 ml aliquots by the
dilution technique described in the METHODS section. The final asolectin
concentration was 40 mg/ml, cholate “concentration was .8%, and cytochrome
oxidase (batch 2, fraction 1) concentration was.225 mg/ml. .025 ml of
COV  were added to an oxygen electrode chamber containing 3.0 ml of the
buffer ‘in which the vesicles were made, .15 ml of 5 M Trioiascorbate
(pH 7.0), and 1.5 mg of cytochrome c. The rate of oxidation obtained was
divided into the rate obtained after addition of .01 ml of 10 mM CCCP to
detetmine:therRCRS shown.
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Figure 8- [CYTOCHROME OXIDASE] VERSUS RCR IN COV’

'COV‘  were made by the dilution téchnique at a final cholate concentration of 1% and varying

final cytochrome dxidasg concentrations as shown. .The COV . made using fréctions I and III of
batch 2 of cytochrome'oxidase_wére made in a final buffer concentration of 40 mM Na2804e 10 mM
HEPES (pH 7.0) and the COV  made using unfractionated cytochrome oxidase from batch 1 were made.
in a KPi buffer with a final'goncentration of 50 mM (pH 7.0). RCR's were measured as previously"
described, with 1.5 mg of cytochrome c per sample for the COV. made from the batch 2 fractionms,

and .75 mg of cytochrome c per sample for the COV made,ffom batch 1.

LY
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Table 3.

OXIDATIVE ACTIVITY OF COV. MADE FROM VARIOUS CYTOCHROME
OXIDASE PREPARATIONS ‘

Max. (uncoupled) oxidation rate-

Cytochrome Oxidase RCR nmole Oz/min/ug’:PrOtein
Batch 1 (unfractionated)*  3.05 4.20

Batch 2 (unfractionated)* 4.97 - 4.80

Batch 3 (unfractionated)*  5.44+.60(3) 4.67+.41(3)
Batch 2, fraction I ** ~°  7.50 : 5.24

Batch 2, fraction II #%* 6.11+.58(3) 6.28+.16(3)
Batch. 2, fraction III **  7.52+.45(2) 6.07+.48(2)
Batch 2, fraction IV *%  5.40+.42(2) 6.75+.14(2)
Fowler, fraction I # : 1.15 -
Fowler, fraction II # 1.36 -
Kopaczyk, fraction I ## . 1.10 ' - 1.59
Kopaczyk, fraction II #f 1.66 2.28

* Cytochrome oxidase made by the method of Kuobayama (1972)

**Cytochrome oxidase made by the method of Kuobayama and purlfled by the
method of Racker (See METHODS section)

# Cytochrome oxidase made by the method of Fowler (1962)

## Cytochrome oxidase made by the method of Fowler and purified by the
wethod of Kopaezyk (1966)

The above preparations of cytochrome oxidase were incorporated into
COV- and assayed for RCR using the cholate dilution technique. as pre-
. viously described. The final cholate concentration in the suspension
was 1% and the cytochrome oxidase concentration was between 333 and
417 ug/ml of vesicle suspension. The COV . were made and assayed in

40 mM KZSO4’ 10 mM HEPES (pH 7.0).



Figure 9. GEL ELECTROPHORESIS OF VARIOUS CYTOCHROME OXIDASE FRACTIONS (1)

1 2 3 4 5 6 7 8 9 10 11 12
e — pr— Sians B
Wxﬁ ‘ s . et .t
' . / . 'la -
- - A it Lot
i ;b ." " o (
' i .
);
mnnaasm—ﬁ%w!?‘ﬂﬂggfiffP!?"F!E::QQ“W!:E“”“'"Eﬁgvfep-'?§!EE:=5555:5?‘“!’*~5
1 - Cytochrome ¢ .
2 - Cytochrome oxidase (batch 1)
. 3 - Cytochrome oxidase (bapch 3) o
"4 — Cytochrome oxidase (batch 2, unfractionated)
5 - Cytochrome oxidase (batch 2, fraction I)
6 - Cytochrome oxidase (batch 2, fraction II)
7 - Cytochrome oxidase (batch 2, fraction III)
8 - Cytochrome oxidase (batch 2, fraction IV)
9 - Cytochrome oxidase (Fowler preparation, fraction I)
10 - Cytochrome oxidase (Fowler preparation, fraction II)
11 - Cytochrome oxidase (Fowler preparation, Kopaczyk puri-
fication, fraction I)
12 - Cytochrome oxidase (Fowler preparation, Kopaczyk puri-

fication, fraction II)

Polyacrylamide gel electrophoresis was done as described in the METHODS
section. The gel contained 107% acrylamide and approximately 35 ug of each of
the above protein fractions was used per well. The cytochrome oxidase frac-
tions in wells 2 - 8 were prepared by the method of Koubayama as detailed in
the METHODS section.
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tern run on a 10% acrylémide gel. Since this' type of gel.works'beét’

- for proteins in the molecular weight rangeApf 10,000 - 100,000 (Weber

and Osborne, 1969; 1975),. it waé-ﬁsed as a screening gel; Numerous high
molecular weight impurities. are e&ident in batches 1 and 3 of the Kuboya-
ma 6kidase, as &ell as in the oxidase ﬁade according to the‘Fowler method.
Batch 2 had the cleahest péttern.on gel electrophoresis, and the subse-
quent f?actiénatioﬁ'of bétch 2 appeéred to remo&e much of the higher
molegﬁlar weight contaminants. The 15% gel of Rigure 10 shows much bet=:
fer'détail; particularly in the low moleéula; wéight rénge. 'Whét appears
to be a single low mblecﬁiar weight band at the bot;om of the gel of
Figure 9 is resolved into the.3 low molecular weight sﬁbﬁnits of the
oxidase ig figure 10. S(Note that the order of the proteins.isvreversgd
in Figurecl0)i: This band doeé'appear to be pre;ent in all the oxidase
preparations to some extent. There also éppearé to be some correlation
between the purity of the protein and tﬁé RCR, since the highef RCR's:-
were always found with the cleaner préparatioﬁs;

Phosphatidyl serine incorporation was ;lso used as a method of pre-
paration of COV. It was felt that this method might be useful in the
.'récpnétitution of oxidative phosphorylation in a mitqchondrial orienta-
tion, since proteins could be selectively inéorporated'into vesicles in
thié manner (Eytan,. Racker, 1977). Tablelﬁ shows the RCR's obtained using
the phosphaﬁidyl seriﬁe incprporation method.' The optimum protein con;
centration was much lower ‘than that used by Eytan and Racker, but despite
protein opfimiiatioﬁ and variation of the tfpe of phoéphatidyl serine used,

RCR's greater than between 2 and 3 were not obtained.



Figure 10. GEL ELECTROPHORESIS OF VARIOUS CYTOCHROME OXIDASE FRACTIONS (@),

1 2 3 4 5 6 7 8 9 10 11 12
‘ i

1 - Cytochrome oxidase
fraction II)
2 - Cytochrome oxidase
fraction I)
3 - Cytochrome oxidase
4 - Cytochrome oxidase
5 = Cytochrome oxidase
6 — Cytochrome oxidase
7 - Cytochrome oxidase
8 - Cytochrome oxidase
9 - Cytochrome oxidase
10 - Cytochrome oxidase
11 - Cytochrome oxidase
12 - Cytochrome ¢

Polyacrylamide gel electro
described in the METHODS sectio
approximately 50 #g of protein per well.

(Fowler preparation, Kopaczyk purification,
(Fowler'preparation, Kopaczyk purification,

(Fowler preparation, fraction II)
(Fowler preparation, fraction I)

(batch 2, fraction IV)
(batch 2, fraction I11)
(batch 2, fraction II)
(batch 2, fraction I)
(batch 2, unfractionated)
(batch 3)

(batch 1)

phoresis was done according to the procedure
n. This gel contained 15% acrylamide and

The cytochrome oxidase fractions

in wells 5 - 11 were prepared by the method of Koubayama as detailed pre-

viously.
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Table 4- .

VARTATION-OF CYTOCHROME OXIDASE CONCENTRATION IN COV MADE
BY PHOSPHATIDYL SERINE INCORPORATION

.'[pytochrome oxidase] - Respiratory Control Ratio
400 ug/il o 1769
200 yug/ml : 1.47
125 ug/ml : : 2.19
62.5 ug/ml . - 2.07
37.5 ug/ml : - 2.26

"COV were made by the phosphatidyl serine incorporation technique as
described in the METHODS section. The phospholipid'cqmposition was
3:patts mitochondrial’phosphatidyl ethanolamine, 1 part mitochondrial
phosphatidyl choline, and 2 parts phosphatidyl serine (Brain extract,
Sigma type III) at a final concentration:of 3.7 mg/ml in 50 mM KPi’
.5 mM EDTA (pH 7.0). .2 ml aliquots of COV - were prepared using cyto-
chrome oxidase from batch 2, fraction I. After a 30 minute incubation
at room‘temperature;the vesicles were assayed for RCR in the usual

P

-manner, ‘.o.in.p Tlot.osvoL ST ol Tl ere L0
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It was desirable to produce large-volume cytochrome oxidase vesicles
for the feconstitution of a mitochondrially oriented system of oxidative

: ’ ‘o
molecule (dia. 90 A)

phosphorylation.. - Significant‘amoﬁnts of the large'F1

must be incorporated into the interior of the vesicles for this type of
orientation. However, the diameter of the COV is typically 300-1000 A,

so steric hindrance is likely to impair the trapping of F, within the

1

AVesicles. Therefore.a procédure for the reconstitution of lérée;volﬁme
&OV‘was developed. TheAbésic tecﬁnique involved the ether vaporization

of a solution of phospholipi&s in buffer following the methods of Deamer
and Bangham (1976). Because the ether'vaporization only'wofks well at
about 40° C., deleterious effects on proteins could occur. By using a .
vacuum to lower the vaporizaﬁipn temperature of the ether, the vaporiza-
tion pr0ceés can be carried out at lower temperatures. The method of
Deamér and Bangham did not allow continuous infusion of the soiution,
howevef, SS only very small amounts of the vesicles couid be produéed.

By using a piece of.sméll diameter ﬁolyethylene tubing to provi&e a flow
résiétance, the vacuum could be used as the driving force for the ether
infusion, and continuous infésioﬁ of the phospholipid solution at the

op timum infuéion rate fpr giaﬁt iiposome formation was‘possiblea Table

5 shows a summary of tﬁe three methodsAﬁhich were used to produce large-
vblumé GQVcsamhe_firstlﬁethod ihvolVed vaporization of thé ether solution
. in the preséncé of the oxidase in hope of incorporating the oxidase into
the vesicles at the time of formation. The technique had limited.success
at low profein éoﬁcéntrations, but the RCR's were too low to be useful.
Then the inco;por;tion was tried in.the presence of small amounts ofhcholv

ate, as in the'incorporation method of Eytan and Racker (1977). 1t was



Table 5.

7-14 mg of asolectin in ether at 1.4 mg/ml was injected into 2.5-3.0 ml of
40 mM K, SO 25 M sucrose, -1 mM EDTA, 10 mM HEPES (pH 7.0) at a rate of .5-1.0
' ml/minu%e gm'room.temperature and under vacuum as.described in the METHODS section.
For direct incorporation, cytochrome oxidase (batch 2, fraction I) was included
in: the buffer at the time of ether injection. For. cholate incorporation, the
appropriate amount of sodium cholate was added either during vaporization or to
preformed liposomes .prior to incubation. For lysolecithin incorporation, a
'1:1:.15:.25 ether solution of phosphatidyl choline : phosphatidyl ethanolamine :
. cardiolipin : lysolecithin at. 1.4 mg/ml was injected into the buffer and -an appro-
. priate amount of cytochrome oxidase was added to the suspension after.vaporizas -
. tion.. .THeé control sample for the lysolecithin incorporation technique was formed
. by sonicating phosphollpids to clarity in the same. buffer at the same concentration
and adding cytochrome oxidase.

Cah



Table 5. LARGE-VOLUME CYTOCHROME OXIDASE VESICLES

[Cytochrome ‘ -
R P T RS -~ -Incubation oxidase] - - [Phospholipid] - [Cholate] ~RCR vt
Method 1 B HMg/ml mg/ml : B
Direct ... . none 208.3 2.3 - 1.00
incorporation ‘
24 hr., 4°C. 208.3 2.3 - 1.03
, . , *
none 83.3 2.0 - 1.40
none 62.7 2.7 - 1.52
none 41.7 3.3 - 1.40
~ none 8.3 3.0 - 1.65
Method 2
Cholate cholate |16 hr., 4°C.,  66.7 4.7 1% 1.00
- incorporation added at dialysis
.formation  : none 66.7 4,7 .07% 1.00
S *
cholate |12 hr., 4°C. 114.6 2.0 .047% 1.00
added éfter 12 hr., 4°C. 83.3 3.3 .05% 1.00
formation )
Method 3
*
Lysolecithin 20 hr., 4°C. 38.5 . 9.0 - - 3.30
incorporation ’ :
: *
(Standard sonication 20 hr., 4°C. 33.3 5.0 - 3.80 ).#

% _ '
Buffer contained only 40 mM K,SO, and 10 mM HEPES (pH 7.0)
Control sample for lysolecithin incorporation.

c6.



found that addition of cholate either at.the time of formation of the
vesiclgs.or subsequently was not cdndgqive-to the formation of COV which
had respiratory éontrol. Finally, the lysolecithin incorporation tech-
nique of Eytan and Racker was:employed. 'Lysolecithin was uéed as 0%

_of the tétal-phOSﬁhdliéid in thé‘efher‘soiution. After formation of
.large-voluﬁe, lysolgéithin—éoptaiﬁing liposomes by ether vaporization,
cytochfbme oﬁid;se waé addea and the miktﬁreAincubated a£'4°:C. over-
night. This method was able to‘produce COV with RCR's*greéter'than 3.

It was hoped ;hat this method could sﬁbsequently be used to produce mito-
chondriaily oriented PCOV.

. In order to measure membranedpgtentiéls or transport of ions in
reconstituted vesicular systems it is desirable to sepafate,fhe particles
from the suspending medium. Labelled cytachrome oxidase vesicles were
formed.with‘86Rb trapped insi&e them., As is shown in‘Figure il, even
after 1.5 # 106 g-miﬁutes of centrifugation, almost half of the COV
remained in the supernatant fraction. It is apparent that centrifugation
is not én effective means for rapid seﬁaration of COV from'suspending
medium.’

Fiitration of COV suspensionsi;using Millipore filtersiwas next em-
ployed as a separatory technique. Table 6 shows the resuits of‘these

experiments. COV were generally labelled by trapping of a radioactive

substance which waé present during the first phasevof the dialysis (chol-

' ate removal phase). After the cholate had been removed and the vesicles
were able to rétain internal contents, a second phase of dialysis was
employed to remove any label external to the vesicles. The labelled

suspensions were then forced through Millipore filters of varying pore
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Figure 11l. CENTRIFUGATION OF 863 b-LABELLED COV. |

COV were labelled by the dilution procedﬁfe by incubating .6 ml of COV
(made with 40 mg/ml phospholipid, 1% sodium cholate, 50 mM KPi (gg 7.0), and
417 ug/ml cytochrom= oxidase, batch 1) with .01 ml (2574Ci) of ~ Rb for 30 min-

utes and then diluting into 4 ml of 50 mM KP, (pH 7.0) containing 515 44 Ci of 86Rb.

After 5 minutes of incubation the mixture was further diluted to a fipal volume
of 15 ml by addition of 50 mM KP,, and then dialyzed 3 times against 1000 volumes
of this buffer for 12 hours at OiC. to remove external label. 4 ml aliquots of
COV' were then mixa2d with 4 ml of buffer and centrifuged in a JA-20.rotor, with
serial removal of aliquots of supernatant for radioactivity determination.
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. Table €. FILTRATION OF CYTOCHROME OXIDASE VESICLES .

Formation

86

[Cytochrome Filtration Results ,
oxidase] , . [cov] : % retained
Ug/nl . Buffer. . . Dialysis.l . Dialysis .2 mg/ml Volume Filter Assay on filter

250 40 mM K,SO, . 3 volumes 139 volhmes" 3.2 2.0 ml -45u 14C?count- 5.5%

“ 10 mM H%PEé, 5-8 hours 8 hours ing of
20 mM sucrose, x7 x4 filtrate
2.35 uCi/ml of -
lic-sucrose ,
',312 40 mM K,SO ," 8.3 volumes 208 volumes 4.0 2.0 ml .4%u 4C-count- - 14.0%
10 mM HEPEé, 4-8 hours - 10 hours(avg) ing of ‘
50 mM sucrose, - x5 x3 filtrate
2.0 pyCi/ml of ‘
) 14Q-sucrose _ v o

417 40 mM K,SO,, 208 volumes 4.0 2.0 ml .45 0.D. .. of  12.0%

10 mM H%PEé . 11 hours and - K filtrate
‘ ' 7 hours _

833 40 mM KC1, 833 volumes 833 volumes 1.0 1.0 ml .22, 6Rb—count— ' 58.3%
10 mM HEPES, 8 hours 6-12 hours ~.1ing .of o
2pci/ml 86RbC1  x2 x3 2.0 1.0 ml .22, filtrate  44.7%

417 50 mM KPia - - 53 3.0ml .0su>>? 8CRp_count- 65:0%

b ing of g
.53 3.0ml .05m . filtrate 51.04.
.53 3.0 ml .05x%°°° - 79.0%
53 0 3.0 ml. . 0545 . . o 75,0% o




Table 6.

2 cov ~containing trapped 86Rb as a label were formed by a combination dilution/dialysis
technique as indicated ia the legend of Figure 12.

c Filters were placed in holder with shiny side distal to the sample.
Filters were placed in holder with flat side distal to the sample.
Filters were prewashed with 10 ml of water.

"COV were made by tha= dialysis technique as detailed in the METHODS section using unfrac-
tionated cytochrome oxidasa from batch 2 for the. upper two experiments and from batch 1 for
the lower 2 experiments in the above table at the concentrations 1ndicated After sonication )
solution shown under Dialysis 1. The approximate length of time of each dialysis cycle and
the number of cycles (dialysis against fresh buffer solution) is also indicated under Dialy--
sis' 1. The suspensions were subsequently dialyzed against buffer containing no radioactive
label as indicated under Dialysis 2. Samples were diluted in the nonradioactive buffer to the
[COV] (mg/ml of phospholipid) and volume shown and then filtered through Millipore type EH
filters in Swinnex type filter holders. A glass prefilter was used with the .45n  filters.
The % of COV  removed from the suspension was determined by radioactive counting of the fil-
trates and comparison with unfiltered controls, or by measuring light scattering of the fil-
trates at 470 nm and comparison with unfiltered controls.
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gize. In one experiment the 0.D. of the filtrate was. used to quaﬁtitate
;hé vesicles. (The linearity of the vesiclesconéehtratioﬁ with the amount
of iight scattefing at 470 nm is ;hown later in Figure 16). It is obvious
ﬁtomcthe-tablé that the smallé& pore size filters retain ﬁore of the
vesiclés. Héwe&er, even with a .05/‘fil£er a significant fraction of the .
pafticles passes througﬁ, and Any smaller filters.woﬁld be impractical
‘since it Qddld be too difficult to force a significant amount of suspen-
sion through them due tolcloggiﬁg. In féct? a suspension of COV at .53 mg/ml
;An bafely be manually forced through the .O%u filters. 1In éddition,
ha&ing to apply such large forces for filtration might increase the ten-
dency for the vesicles>to lyse on the filter.

Table 7 shows the results of filtration of COV made by the lysoieci—
thin incofporation technique (bdth large-volume and sonicated types). It
can be seen that a .45/1'filter (which removes 5.5—14% of dialyzed COV,
or 4.5% of.sonicated lysolecithin COV) removes 32.5% of the large-voiume
COV, indicating that theée prq;eoliposomeé are in fact larger in size.

It is also noted that the RCR's of either sonicated or large-volume COV

Lo

,iﬁp%ggé Qi%ﬁlgiitraéiéﬁl &ﬁié iﬁﬁiiéé Eﬁﬁé the iﬁrger5vééicles have lower
RCR's. ‘ \_

" In the‘dialySis fype of labelling of COV it was assumed thét the
innate loy permeability of proteoliposomes (which is preéumab}y respon-
sible for:the phenomenon of respiratory controi in COV because pH g£ad-
ients.and membrane poténtials can be:maintained) allows retention of the
interpél label during the second bhase of the dialysis. The fact that
vesicles could be produced in which the external dialysis solution had no

radioactivity while the vesicles themselves retained significant radio-



Table 7. A FILTRATION OF COV MADE BY LYSOLECITHIN INCORPORATION

% oxidative activity

cov. - | ' |
LoV “m°1e 0,/min/ug proteln  RCR removed by filtration

(1)'Largefvoluﬁe‘COY

unfiltered suspeﬁsion‘ A 2.1° 6.9 3.3 ..
filtrate 1.2 : 4.7 " 4.0 _ 32.5%

-(2) Sonicated COV

unfiltered suspension 1.8 6.6 . _ 3.8 .
filtrate.. .. . L4 63 . - 45 . 45z

Large-volume COV . were made by the ether vaporization technique as previously described.
13.6° mg of phospholipid solution. (1:1:.15:.25 phosphatidyl choline:: phosphatidyl ethanolamine :
cardlolipln : lysolecithin) in-10 ml of ether was injected under vacuum into 2.5 ml of 40 mM K,SO.
10 mM HEPES (pH 7. 0) at 40°C. over a period of 15 minutes. Cytochrome oxidase (batch 2, fract on4’

I) was added to a final concentration of 38. 5ug/ml and the suspension was incubated at 4°C. for-
20 hours. Sonicated COV were made by sonicating 13.6 mg of the same phospholipid mixture in .
1.5 ml of buffer until clarified and incubating the suspension at 4°C. for 20 hours after adding
cytachrome oxidase (batch 2, fraction I) to a final concentration of 33. 3ug/ml. For oxidative
assay .2 ml of COV - was addéd to an oxygen electrode chamber containing 3.1 ml of 40 mM K,SO, -

10 mM HEPES, 22.7 mM Tris-ascorbate (pH 7.0) with 1.5 mg of cytochrome c. After obtaining the
initial oxidation rate .0l ml of 10 mM CCCP was added and the uncoupled rate determined. .5 ml .
of the suspension was ‘diluted to 2.0 ml.and filtered through a .454 EH type Millipore filter with
a glass prefilter, and .8 ml of the filtrate was assayed for oxidative activity as above. The

%Z of oxidative activity removed by filtration was determined from the uncoupled respiration rates.
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activity support this'asstmption. Vésicles were made with sucrose as a
iabel (to minimize any binding to the vesicles)'énd after the éecond
phasé of dialysis waé complete, leakage of the label with time was fol2:..:
lowed, as is shown in Figure 12. It is apparent that COV retain the inter—
nal label for long periods of time with very little efflux. The pre.u-
sence of hydrophobic protein such as complex V appears to méke the ves-
icles more>permeabie:to the label.u As is exbected, chélate greatiy'
accelerates the efflux of label by increasing the permeability of the
membraﬁe.~

‘Because of the relative impermeability of COV to small molecuies,
it was possible to use the labelling experiments.to,determine the inter-
nal volume of thé Qesicle suspensions. During‘the initial labelling
(cholate dialysis phase) samples of the dialysis solution were taken for
radioactive countinéi Afﬁer the second phase of the dialysis was cbﬁplete
and no further radioactivity could be detected-in theldialysis solution
(all éxternal label presuﬁably having been removed) a sémple of the ves-
icle éuspension was taken for counting. By comparing the iﬁitial and
final concentraﬁions of the :adioactivé:subs;ance the internal volume
of ‘the suspension éould be-detefmined. The experiments were not prac-
tical,as a éoutiﬁe determination of Vvolume on vesicle suspensions because
of the énormous amounts of'radioactive label which were required fof the
first dialysis ph#se. Table 8 shows the results of several volﬁme deter-
mination ekperiments on COV and comple# V-COV.. The percentages shown refer
to suspensions of vesicles at 40 mg/ml phospholipid concentration. By
using an. average of theseAvolume measurements an estimate of conceﬁtrations
of substances transported by the vesiclevsuspensi&ns.in later experiments

could be made.

101



Figure 12. RATE OF LEAKAGE OF INTERNAL RADIOACTIVE LABEL FROM

.- COV. AND COMPLEX V-CONTAINING COV’

14C-—sucros_e-containing vesicles were made by dialysis. 1.5 ml of each
suspension was prepared containing 40 mg/ml asolectin, 1% sodium cholate,
40 mM K,S0,, 10 mM HEPES, 5 mM sucrose (pH 7.0), 417 Mg/ml of cytochrome oxi-
dase (batch 3), .76 mg/ml cytochrome c, 24 Ci/ml l4c-sucrose, and, in the ali-
. quot of complex V-COV ~ 633/4g/m1 of complex V (from beef heart, batch 2).
The_vesicles werz placed in separate dialysis tubing and dialyzed together
against 20 ml of 40 mM K280 , 10 mM HEPES, 5 mM sucrose (pH 7.0) containing
2uCi/ml of l4¢-sucrose. Tﬁe total time of dialysis was 57.5 hours, and the
dialysis solution was changed at 2.5, 5, 26, 34, and 47.5 hours of dialysis.
Then the suspensions were-dialyzed against 500 ml of nonradioactive dialysis
solution for 60 hours changed at 15, 22, and 47 hours. .3 ml aliquots of the
vesicle suspensions were placed in dialysis tubing and incubated in 4 ml of
nonradioactive dialysis solution for the times indicated in the Figure , with
serial removal of .1 ml of the dialysis solution for radioactive counting to
allow quantitation of the rate of label efflux. All dialysis was carried out
at 4°C. ' :
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® - Complex V-COV

‘-A - COV'-l.- 1% sodium cholate

A - Complex V-COV + 1% sodium cﬁolate
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Table 8.

Radioactively labellad COV  were made by dialysis as previously described for
determinations of internal volume. All vesicles were made in 40 mM K?So , 10 mM HEPES
“(pH 7.0), with the additions shown above. After addition of. the apprdpréate<amounts of
the proceins to give the final concentrations shown, the vesicle suspensions were dialyzed
against the indicated volume of buffer for the lengths of time (shown per each dialysis
cycle) and for the number of cycles (dialysis against fresh buffer)} indicated under

Dialysis 1. The vesicles were then transferred to a dialysis container with the indicated _

volume of nonradioactive buffer and dialyzed as shown under Dialysis 2, - Aliquots of the
initial labelled dialysis solution and the labelled vesicles were counted with appropri-
ate techniques to determine the internal volume.

€01



Table.8, INTERNAL VOLUME DETERMINATIONS OF VESICLE SUSPENSIONS
[Cytochrome. - . [Cyto- . Buffer - Internal Internal
 oxidase] [Complex V] chrome c] ‘additions Dialysis 1 Dialysis 2 volume volume
Ag/ml Mg /ml AMg/ml % of suspen~ .4l/mg phospho-
' sion lipid
417 @ - - 2.5 mM RbCl, 16.7 vol. 188 vol. 3.3% 0.83
12.54Ci/ml 8 hours 8 hours
of86Rp x3 x4
417 P - - 10 4Ci/ml  83.3 vol. 83.3 vol. 5. 3% 1.30
' of 86Rb 4-8 hours 3 hours
» x3 x 3.
417 € - 760 5 mM sucrose 8.3 vol. 208 vol. 3.3% 0.83
2 uCi/ml of 3-12 hours 8-24 hours
_ _ C-sucrose x6 x4 i
417 € 633 760 5 mM sucrose 8.3 vol. 208 vol. 3.9% 0.98
2mCi/ml of 3-12 hours 8-24 hours o
14¢-sucrose x6 x4 _
550 © 800 760 5 mM sucrose 13.3 vol. 167 vol. 3.3% 0.83
2mMCi/ml of 8-24 hours 6-20 hours
C-sucrose x4

‘x4

g Cytochrome
Cytochrome oxidase from batch 1
Cytochrome oxidase from batch 3

oxidase from batch 2, unfractidnated_'

£0T
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Discussion

The recbnstitﬁtion of COV was successful with regard to p£oduction
of vesicles with the characteristic of respiratory control. As was
demonstrated in the Resiilts section COV produced by the cholate dialy—'
‘sis, éhélate dilution, lysolecithin incorporation; and.phosphatidylﬁ
serige incorporation techniques ail showed stimuiation of resﬁiratdry.
- rate by uncouplers. Because the COV made by the dialysis teéhnique
possessed the highest RCR;s,;cbnsistent with reports by.other workers
(Carroll and Racker, 1977), these preparétions were used in most of £he
experimental work. Dialyzed preparatioﬁs woﬁld thedretically have the
higher membrane potential and pH gradiént formation. The variations in
buffer solutions and cytochrome oxidase concentrations and fractionation
procédures as detailed earlier, were used to optimize tﬁe BCR's of the
cov. The'electrophoresis results demons;rated that the cleaner fractions
of cytochréme oxidase produced the bétter RCR's, probably secomdary to
minimization of proton leakage due to incorporatioﬁ of contaminatigg
protgins in the prepafations. The‘okidative activity of the prepara-
tions also correlated with the purity, which Qould be'expected.

| The development of methods for reconstitution of lafge—volume

COV did not prové to be dseful for the investigations of oxidative phos-
phorylation and calcium transport which were undertaken later and will
be described. However the technique does demohstrate that functional
activi;y of two meibrane associated enzyme systems can indeed be recon-
stiﬁuﬁed in large—ﬁoldme vesicles (cytochrome oxidase.and the hydro-

phobic protein catalyzing the ATP—32Pi exchange reaction), and provides
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an alterﬁative method of proteoliposome reconstitution which may prove
to have usefulness in other types of experimental investigation of recon-
stituted systems.

The extremely small size éf the COV and éther proteoliposomes has been
reported by others (Carroll, Racker, 1977; Eytan and Broza, 1978; Ruben,
Telford, Carroll, 1976). The experiments reiated tb dévelopment‘of sepé—
ratory techniqﬁes for proteoliposomes clearly show the difficulty of
using the conventional techniques 6f filtration and centrifugation. Fur-
thermore recent studies have shown that cytochrome oxidase is actually
incorporated in a §mall fraction (only about 26%) of the total amount
of phospholipid vesicles. This has been demonstrated by fractionation of
COV on ficoll density gra&ient centrifugation. This work also indicates
that the smaller diameter vesicles are the population associated with
the oxidase (Carroll, Racker, 1977; Eytan, Broza, 1978a). This means
that separatory methods such as filtfationAwould tend to be ‘the most inef-
fective with the most important fraction of the vesicles.: Célculation
of internal concentrations of transﬁorted substances ié also rendered
inaccurate because of the selective incorporation 6f fhé enzyme in a

subpopulation of the suspension of vesicles.



II. EFFECTS OF IONOPHORES ON COV

" Introduction

The ionophore valiﬁomycin (Brockman,ASchmidt;Kastﬂer,'l956) is
.known to be én unCﬁarged cyclic polypeptide which caﬁ complé#-with”
-alkalai ﬁetél_ions‘anﬁ'mediate transmeﬁbraﬁe tfanépoft in an:eleétré-
genic mode (Moére, Pressman, 1964§APressman, 1965; Mueller; Rudin,
1967; Ptéséman, Harris, Jagger, Johnson, 1967;.Stef§ﬁac, Simon, 1967).
The cation selectivity for valinomycin has been shown to be Rb+;>Kf>

cs's Nats Lit (Mueller, Rudin, 1969; Simon, Morf, 1972;Hayden, Hladky,
1972). 'Gramicidin‘is another uncharged ionophore‘which mediates cation
'transport in an electrogenic mode by channel formation with a stoichio-
mgtry"of 2 gramicidin molecules per channel (Urban, H;adky, Haydon, 1978).
’ +

The selectivity of gramicidin has been shown to be Rb+>»Cs > Kf) Li+}

Na;+ (Hladky, 1974). It has been noted that uncouplers increase the
respifatory rate of COV by dissip;tion of the membrane potential which

is inhibitory to the electron transport process as previously discussed.
Experiments‘have shown tha; valigomycin in the presence of. potassium
increases the ¥e$piratory rate of RSO energized COV (Rackér, 1974). This
was supposed to be due to tbe dissipation of_the membrane pbtentialAby
inward diffusion of.pﬁtassium. The combination}of‘vélinomycin and nigé
'éricin is méfe5gffég;ive~than”valinomyciﬁ“alone;fbresﬁmébl§-Because the
exchangé of potassium and protons allowed by nigericin c;uses breakdown
of the pH gradient in addition to membrane potential dissipation (Racker,

1974). TUncouplers such as CCCP also cause marked stimulation of the

respiratory rate and addition of valinomycin increases this somewhat.
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This haS'been.euplaineo as .due. to diésipation,of the pH gradient‘by toe
.CCCP and dissipation of the membrane potential by valinomycin in the pre-
sence of pota331um (Racker, 1972 1974 Skulachev, l974a) Because of -
this other workers have routinely used the combinatlon of vallnomycin
plus.a protonophoric uncoupler for the measufement of RCR's in CQV
(Eorroll, Racker, l§77). .Howevgr, the.rate of’oxid;tion‘is constant.
after oddition of»valluoﬁyciu; whlch~would‘not bélexpected.if inuard
diffusion uere the sole mechanism because after equilibrium were reached
the membrane potontial should be re—establishod and the initial oxidation
rate rosuméd. Fupthermorelsince in COV the membrane potential results
from net proton pumplng,dissipation of the proton gradient by protono-
phoric uncouplers should eliminate both:.the membrane potential and the -
pH gradient. Thus there is some question as to the validity of the model
proposed for the uncoupling of COV by vallnomycin. | |

The addltion of valinomycin to a cellular, organelle, or ve51cular
system followed.by measurement of K or Rb, distribution is a common
technique for measurement of membrane potentials (Rotuenberg, Scarpa,
1974; Puskin, Gunter, Gunter, Russell, 1976;'Rottenberg; 1975; Azzone,
Bragadin, Pozzan, DellAntone, 1977). It isAimportant that the mechanism
of action of valinomycin‘beuundefstood for*these measurements to be
meaningful. Data will be discussed later wﬁich indicates that there are
.specific stimulatory effects of valinomycin and gramicidin on cytochrome

. oxidase which account for some of the findings mentioned above.



Results

It was noted that the increased rate of oxidation 6f COV in the:. -

presence of Valinomycin and beis-cqnstaﬁt and doeslnot returiy ;oAa loﬁer
rate after time for K+ equilibration has occurred, as it shoﬁld as long

. a$ electrons continue to bettraﬁSpor;éd.r It was found that the valino~
mycin-mediated stimulation of COV oxidation éccurred not only when the~
[K'] was greater outside the vesicles (as would be Aexpected' if the break-
down of membrane potential due to K influx is the mechanism), but also
occurréd when the [K+] was greater inside the COV or when no K+ was pre-
sent at all. This data isAsummarized in Table 9. The amount of stim-
ulation is variable between different batches of cytochrome oxidaééiand
preparation5~ofjveéicles, but‘isAalways'present.

Unc;uplers presumably stimulate the rate of respiration of COV by
breaking down the proton gradient. Since the membrane potential and pH
gradient are both p%odﬁced by the net transport of protons (Skulachev,
1974b) and the vesiclés arelquite impermeable to most ions (Racker,
1974), dissipation of the proton gradient by a protonophore shoul& eliﬁ-g
inate both membrane potential and pH gradient across the membrane.
Therefore, addition of valinom;cin and K+ should have little or no effect
in the presence of CCCP. If an& stimula;ionAwould occur;“it would. have
to be due to a siightly positive (internally) diffusion poteﬁtial resul-
ting from thé inward transport of K+, which would quickly dissipate when
equilibrium is reache&. However és is illustrated by Table 10 the stim-
ulation of respiration occurred in the presence of CCCP and is indepen-

dent of the direétion of flux of Kf. The stimulated rates are also con-
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Table 9. * STIMULATION OF COV RESPIRATION BY VALINOMYCIN

Formation = Assay Initial respiration Respiration rate zafter . % stimulation
buffer ‘buffer rate addition of valinomycin -
nmole O,/min/Mg protein nmole O,/min/Mg protein

K,S0, Na,S0, 1.63 2.44 o O 49.7%
Choline-Cl Choline-Cl 3.34 3.71- o 11.1%
Kzso4 Choline-Cl 1.3 . 2.33 - 79.2%

2so4 Choline-C1 1.36 ' 1.99 ' 46.3%
* S0 1.61 2.90 80.1%
2 4 Na2 4 . . JU . e Y3
2 4 Na,SO, 0.91 1.31 | : 44.0%
) Na,SO, Nazso4 1.07 1f45 A 35.5%
Na2 A Choline-Cl 1.29 . 1.81 . 40,3%
# K80, Nayso, 0.83 - 3,92 O 472.3%
i : -
TR so44 ........ Nazsoa 10260 . S ..5.19. .. . . ... .. 411.9%

" Cytochrome oxidase from unfractionated batch 2
Cytochrome oxidase from batch 2, fraction III

COV were made in 20 mM HEPES plus the salt:indicated under Formation buffer (at 40 mM

concentration) at pH 7,0. The dialysis technique was used to prepare the vesicles, - .025-.05 ml -

of the dialyzed vesicle suspension was assayed for oxygen consumption in a volume of 3.2 ml of
10 mM HEPES (pH 7.0) plus the salt (at 40 mM concentration) indicated under Assay buffer above,
The. assay medium also contained 23 mM Tris-ascorbate and .75-1.5 mg of cytochrome c. Vesicles
assayed in choline;Cl me 1um were dialyzed against this medium prior to assay for 4 hours to
remove external Na or K . After obtaining the initial respiration rate 1 Mg of valinomycln
in .0l ml of ethanol was added to obtaln the stimulated rate of respiration.
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Tablelog STIMULATION OF COV RESPIRATION BY VALINOMYCIN IN THE PRESENCE OF CCCP

Cytochrome Formation . "Assay "7 . Respiration rates S
- oxidase ... buffer... .. .buffer . nmole.0,/min/ Mg protein . % Stimulation
' o o oo 'Initial” L +CCCP - '+Valinomycin
Na2304 NaZSO4 3.90 6.62 - 6.73 1.0%
Srnol oo ' 1.2 . . 447
BEich I K2804 K2804 1.24 3.96 4,53 ) 14 4%
W K.ZSO4 - Choline-C1 1.15 4,23 5.18 - 22.5%
Na,S0, Choline-Cl - 4.15 4.50 S 8.4%
batch 2, Na,SO, ~ Na,S0, 1.85 7.41 10.76 - | 45.2%
fraction 1 K30, K,50, 2.03  12.16 18.48 . 52.0%
batch 2, K,SO . .~ Na,SO 0.97 5.01 8.20: . 63.7%
fraction III( 274 274 : ' .
R NaZSO Na, SO 0.81 3.81 4,05 6.3%
batch 3 ' 4 2 4
narttt 2. §Na.SO.. . . Na 804 S 0.73 - 4,660 . 5,25 . . .. ... .. 12,7%

2774 2

- COV'were made in 10 mM HEPES (pH.7.0) plus 40 mM of the indicated salt at a cyto-
chrome oxidase concentration of 417 4g/ml by the dialysis method. .025-.05 ml of COV
was added to 3.2 ml of assay solution containing 40 mM of the appropriate salt, 10 mM
HEPES, .75-1.5 mg of cytcchrome ¢, and 23 mM Tris-ascorbate (pH 7.Q0). After obtaining
the initial respiration rate .01 ml of a 20 mM ethanol solution of CCCP was added and
the uncoupled respiration rate determined. Finally .01 ml of ethanol containing lug
of valinomycin was added to obtain the stimulated rate of respiration. The % stimulation
was taken as the percentage increase in the valinomycin stimulated rate over the CCCP
stimulated rate. ' o '

01T
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¢
ét;n;'with time and do not show dissipatiop. Stimulation occurred

-in the complete absence of K+;4or when the [K+] Wa; greater inside the
vesicles thaq outside. Because of the lack of dependenﬁe of the stim-
ulatory effects of vaiinomycin on COV on the flﬁx 6f'K+ it is unlikely
that these stimulatory effects are due to the dissipation of the membrane
poteﬁtial.

A suspension of cytoéhromé oxidase mixed with phospholipids in an
oxygen electrode chamber does not show rgspiratory contfol.- This is i
shown in Table 1l. ﬁowever valinomycin stimulates the rate ofloxidgtidn
of sﬁbstrate. This occuéred in the absence of Kf or in the. presence of
lytic amounts of detergent such as Tween-20. The stimulation ddd.not
occur in ;he absence of édded phospholipid.l Furthermore the order of
addi;;onvof the ingredients has an effect in that the phéspholipidé must
be added after the oxidase for the stimulation to be observed.

As is shown in Table 12, the stimulatory effect of a. constant amount
of valinomycin is greater as the cytochrome oxidase concentration of the
suspension‘decreéses. Thié occurs in the presence of a constant aﬁount
of phospholipid. Ihe amount of stimulation appears to be rglateé to
the relative amounts of proﬁein and valinomycin présent.' iable 15 shows
'iﬁcreasing stimulatorf effect with incréasing amounté of wvalinomycin
over a 1000 fold concentfafion range. The effect is present to a lesser
extent in the absence of K+.

Table 13 showé the effects of various other ionophores on-the res-
piration of COV. Gramicidin stimulates COV in the absence of Kf or Na+'

However this stimulation is probably largely due to transport of protons



Table 11. STIMULATION OF CYTOCHROME OXIDASE BY VALINOMYCIN

[K+] [Tween-20] [Phospho- Initial respiration Additions Final respiration % change
1ipid] rate (final con- rate - . ... .. .in rate
mM 5 (v/v) mg/ml  nmole 0,/min/ Kg protein centrations) nmole 0,/min/ug prot,
0.0 0.0 _  0.66 3.65 63 uM CCCP 3.38 O S7.4%
0.0 0.0 0.66 3.65 63 uM CCCP + 4.67 +27.9% -
‘ ‘ .31 pg/ml valino-
mycin

0.0 ~.0 0.606 1.68 .31 ug/ml valino- 2.09 _ +24.47,

. mycin :
7.3 0.0 0.66 2.29 .31 pmg/ml valino- - 2.63 +14.8%

. mycin

7.3 0.0 0.00 2.87 .31 4 g/ml valino- 2

mycin

.75 =-4.27%

_ Cy=ochrome oxidase was prepared as previously described (Koubayama method)
40 mM Nazsoq, 10 mM HEPES, 5% Tween-20 at pH 7.0 and at a concentration of 2.5 mg/ml. .01 ml of
this suspension was added to an oxygen electrode chamber containing 3.2 ml of 40 mM Na,SO,, 10 mM
HEPES (pH 7.0), 23 mM Tris-ascorbate with .47 mg/ml of cytochrome c¢ and the indicated amounts of
After obtaining the initial respiration rate the substances shown
above were added in a volume of .0l ml of 957 ethanol and the change in respiratory rate noted.

KC1l, Tween-20, and asolectin. .

and suspended in

(A4



Table 12, -. VALINOMYCIN STIMULATION VERSUS [CYTOCHROME OXIDASE]

[Cytochrome oxidase] Respiration rates

. pglml. .. ... _ . ... ¢moleO,/min/pmg protein % Stimulation
 Initial .+ cctp + Valinomycin =~ .

208 4.08 17.96 ©20.91 | 16.4%

417 - . 3.21 11.43  12.14 6.2

© 833 0,95 - 4.94 '5.20 | 5.3%

COV vere made by the cholate dilution method as previously described‘in 40 mM
KéSOA, 10 @H HEPES (pE 7.0) with the indicated concentrations of thochromé oxidase
(batch 2, unfractionated). After 1.5 hours of incubation at 0°C. .05.m1 aliquots of the
vesicles were assayed fér-Oz consumption in the presence of 23 mM Tris-ascorbate and
1.5-3,0 mg of cytochrome ¢. The uncoupled rate was determined by addition of .01 ml-
of 20 mM CCCP in ethanol, and the subsequent valinomycin-stimulated rate waS‘obtéined
by adding .91 ml of ethanol containing 1 Mg of valinomycin. The % stimulation waé deter-
‘mined from the increase in the valiﬁomycinfstimulated rate over the‘CCCP—stimqlated

rate.
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Table 13.
ﬁ These measurements are the average of two experiments. ' ' : o
Cytochrome oxidase used in these experiments was from batch 2, unfractionated.

- COV were made in 10 mM HEPES plus the indicated salt (40 mM) as previously described.
The pH was 7.0, the cytochrome oxidase concentration (batch 1) 417MAg/ml, and formation was
according to the cholate dialysis method. .025 ml of vesicles was assayed for respiration
in 10 mM HEPES, 23 mM Tris-ascorbate (pH 7.0) plus 40 mM of the indicated salt. The assay
mixture had a final volume of 3.2 ml and contained .75.mg of cytochrome c. After determin~
ation of the initial respiration rate .0l ml of a 20 mM ethanolic solution of CCCP was added
and the uncoupled rate obtained.where indicated. Subsequently, .01 ml of an ethanolic sol-

ution cf the indicated ionophore (in an amount such as to give the final concentration shown

above) was added and the % change in the respiration rate was noted. COV formed in Na
or K containing buffer and assayed in choline-Cl containing buffer were dialyzed for 4

: . . : . +
hours against the choline-Cl containing buffer prior to assay to remove external Na or K.

BT



STIMULATION OF RESPIRATION OF COV BY VARIOUS

YT

Table 13. IONOPHORES
. . Rates of respiration

Ionophore Formation Assay o
(final con- - buffer buffer nmole 0,/min/Hg protein # change in
centration) : Initial + CCCP + Ionophore ate
Gramicidin

3.143/ml  Choline-Cl Choline-Cl 3.22 - 4.68 +45. 3%

3.1 u3/ml  Choline-Cl Choline-Cl 4.26 5.92 6.23 +5.2%

. _ : o
3.1 p4z/ml Na2304 Na2804 0.55# | 5.33 7._39# +38.6%
0.31 Mg/ml Choline-Cl Choline-Cl 3.49 - 4.51 +29.2%
0.31 pg/ml K,S0 Choline-Cl 0.91 3.70 4.39 +18.6%

. #- # o -
0.31Mg/ml  Na,SO,  Choline-Cl  1.32 3.89 4.54 +16.7%
Nigericin ' o .
0.31 #g/ml Choline-Cl Choline-Cl 3.62 - 3.57 - =1,4%
0.31 Mg/ml - Choline-Cl Choline-(Cl 3.25 5.28 5.28 0.0%
0.314g/ml K2504 Choline-Cl 1.34 2.26 2.04 - -10.8%
H . - I : ) -— oo
*0. 78}lg/ml NaZSOL.’ NaZSOA 0.96 5.24 4,72 11.0%
X537A '
*3.1 Mg/ml Na, SO, Na,SO, 0.73 - 0.93 +27.4%
‘*3.1/ug/ml. Na,s0, NaZSO4 - 4.74 4.78 +0.8% .
A23187 ' '

'*3.1,ug/ml ~ NaZSO_,‘ NazSO4 0.84 - 1.00 +19.0%

*3.1 pg/ml Na, SO, Na, SO - 4.74 4,70 - -1.7%
. 2774 2774 ) -

Ca ligand _ '
*15.4 Mg/ml Na,SO, Na,SO, 0.54 1.88 1.38 -26.6%
. *¥15.4 ug/nl ‘KZSOZ‘ . ‘KZ'S'OZ‘"” 7 0.67 ©3.32 3.09° - <6.97%
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by tﬁe nonspecific gramicidin (Myers, Héydou, 1972). When CCCP is used %
to break down .the proton gradient the stimﬁlaﬁofy effect is much less but
is étill present. Significant s;imulation algo occurs when thefe is
internal K+ or Na+‘but only choline ekternally. Therefore the stimula-
tory effects of gramicidin are also independeﬁt of ion fluxes.

Iﬁ theﬂabsence_of K*, or with greater intermal thaﬁ external [K+],
nigeriéin does not stimﬁlate respifatioh of COV. X537A stimulates COV
-respifation only in the absence of CCCP, implying that it is in this case’
acting as a prbtonophore. Ip_the presence of CCCP, significant stimula-
tion does not occur. A23187 also shows this property of stimulation
only in the absence of cCcecp énd probably acts the same way. The Ca++?-'
ligand of Vuilleumier,'Gazzoti, Carafoli, and Simon (1977) does not stim-
ulate respiration but is somewhat inhibitory.

Because valinomycin h;s been used to determine membrane potentials
in mitochondria it is significant that there are specific stimulatory
'properties of valinomycin on cytochrome oxidase, as this could alter the
measurements considerably. However va;inomycin was not.fbund to have
any §timﬁlatory effects on mitoplasts as depicted in Tablé 14. The
fact that there is stimulation‘of’COV energizéd so as to have an internally
A positive membrane pgtential (using PMS-ascorbate and internal cytochrdme é)

further indicatesithat breakdown of membrane potential is not.the mechanism

of action of valinomycin in COV.



Table 14. COMPARISON OF VALINOMYCIN-STIMULATED RESPIRATION IN . COV,, INSIDE-OUT
: o COV, AND MITOPLASTS S

Rates of respiratidn
nmole Op/min/ Mg protein : :

Pfepafatioﬁ Ianitial + CCCP + 1pMg valinomycin. + 10 Mg valinomycin - 2 Stimulation
cov - , 2,03 12.16 - ‘ 18.48 ©52.0%
(right side out : : ’
energization)
cov: ' 0.91 0.94 - - 1.00 6.4%
(inside out ' :
energization) _
.35 mg of ﬁitoplasts: 0.13 0.55 0.55 0.55 0.0%
.25 mg of mitoplasts  0.09 0.52 ' 0.52 .- 0.0%

COV.:: were made by the dialysis method, with 417 Mg/ml of cytochrome oxidase (batch 2,
fractionI). Inside-out energized vesicles were made in the presence of 1:5 mg/ml of cytochrome c .
Mitoplasts were made by subjecting rat liver mitochondria to digitonin treatment as described
in the METHODS section to remove the outer membranes. COV' were made and assayed in 40 mM’KZSO4,
10 mM HEPES (pH 7.0), with 23 mM Tris-ascorbate and either 1.5 mg of cytochrome ¢ or, for
inside out energization, 80 Mg of protamine and 1.0 g#4g of PMS. Mitoplasts were assayed in
135 mM mannitol, 45 mM sucrose, 24 mM HEPES, .5 mM sodium succinate (pH 7.2) containing 1.5 mg
of cytochrome ¢ and 23 uM Tris ascorbate. Uncoupled rates were obtained by adding .0l ml of
20 mM CCCP, and valinomycin was subsequently added in .0l ml of ethanol to obtain the stimulated
rates. ' :

oTT



Table 15. VARIATION IN VALINOMYCIN STIMULATION OF COV WITH [VALINOMYCIN]

[K+] Iﬁitial respiration ' Valinomycin added. Valinomycin-stimulated 9 Stimu—'
rarte final concentration respiration rate lation
- mM nmole Oz/min//Ag protein in ng/ml nmole Oz/min//lg protein ;
7.3 3.93 0.3 4.15  s.6%
7.3 3.93 | 3.4 4030 9.4%
7.3 3.33 34.2  4.52 15.0%
7.3 3.93 342.2 4.78 21.6%
0.0 3.70 30.8 4.00 . 8.1%
0.0 3.70 . 338.8 4.05 . "9.5%
0.0 3.70 o 3418.8 4

.20 . 13.5%

COV were made by the dialysis technique in 40 mM choline-Cl, 10 mM HEPES (pH 7.0)
with 417 #g/ml of cytochrome oxidase (batch 1). .05 ml of the vesicle suspension was
added to 3.2 ml of 40 mM choline-C1l, 10 mM HEPES (pH 7.0) containing 1.5 mg of cyto-
chrome c, 23 mM Tris-ascorbate, and the indicated concentration of KCl. After obtain-
ing the initial respiration rate, the appropriate amount of valinomycin was added in
.01 ml of ethanol and the stimulated rate of respiration was determined.

[TT
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Discussion
Previous explanations- of ﬁhg stimulatory effect of.valinomycin on

the respiratory raﬁe of COV have assumed the direction of t:he,K:-+ flux
to be inward with resultﬁnt collapse of the ﬁembrane potential initiating
the stimulation. While this may be partiy correct, such a.ﬁmechanismi
would require a return to the initial oﬁidafion rate after equilibrium
is re—established. This fact has been generally overlooked in the past.
Investigations carried out here have demonstrated a lack of dependence
of the stimulatory effects on the K+ flux direction. Indeéd the stim-
ﬁlation was found to occur in the complete absence of K%,Aunder condi-
tions when-t—he'I_i+ flux would be.outward instead of inward, ;nd in solu-
bilized cytodhrome oxidase where no membrane potential pfoduction would
be possible. It is noteworthy that the stimulation occurs in the pres-
ence of CCCP whicﬁ dissipéteé the protonmotive force. Therefore it is
concluded that the stimulatory effects of valinomycin on COV respiration
are not solely related to the cqllépse of the membrane pofential by a Kf
flux.. Others have noted greaterhstimulation of respiratién by the com-
bination of valinomycin and CCCP than by CCCP alOne and. ‘have stated

that this is due to the fact that the valinomycin dissipates the mem-—
brane potential whilg the CCCP dissipates the pH.g?adient. Since the
membrane potentia1 and pH gradient may be both a result of net'profon
puniping it would .seem that CCCP could dissipate both without the need
tfor valinomycin.to dissipate the membrane potential.

The stimulation observed with valinomycin was generally greater in the

presence of K+ than when no K+ Qas present. It is also interesting thét

the stimulation occurred with batch 1 (extracted with only Kf salts)

[l S
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as well as with batches 2 and‘3 (extracted'only with Naf salts). The
decrease in the stimulatory effect of valinomycin with increasing concen-
trations-qf cytochrome oxidase s;pports the idea of valinomycih—protein
interaction.

The similar stimulatory effects of gramiéidin with éomplete lack’
of such effects by nigericin suggest that the effect may be common to
electrogenic K+ ionophores, even though they operate by different ioné-
phoric mechanisms. It has been suggested that cytochrome oxidase may
contain an ionophoric polypeptide with‘K'+ specificity (Kessler, Blondin,
VandeZande, Haworth, Greem, 1977; Biondin, Kessler, Green, 1977). The
effects of valinomycin and gramicidin may be related.to the intgraction‘
. with or substitution for this ionbphore. It is also known that pre-
parations of cytochrome oxidase contain significant amounts of bound
- phospholipid (Jost,a' Caéaldi, Vanderkooi, Griffith, 1973; Marsh, Watts,
Maschke, Knowles, 1978). The ionophores may allow greater ;ccessibilit&
of either.bound or external K+ to a'catalytic‘site within the oxidase
which is shielded by the phospholipids. The lack of effects of
valinomycin on mitoplésts or (from some recent work completed by Dr. T.
Gunter) mitochondria indicates that measurements of membrane poten-
tials using.valinomycin may not necessarily be invalid, but  the spgci—
fic effects of vélinomycin on the oxidase should be taken inﬁo accoun£
in these instances. Furthermore the routine use of the combination
of CCCP plus valinomycin for measuring'RCR's in COV by many researchers
is probably‘not indicated and should be re-examined in the ligﬁt of
these data. The lack of stimulatory effects in intact mitochondria

may be related to the location of the rate-limiting step in the oxid-
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ation process. While ﬁhe‘oxidﬁtion by cyﬁochrome oxidase is'rate;

limiting in the COV case, if thié is ndtlfhe case in mitochéh%ria stim-
ulation by valinomycin_would not'be exéected. Furthérmofe interaction
with the mamy other proteins present.in the mitochondrial memBrane‘may

alter or prevent the interaction with these ionophores.



I1I. RECONSTITUTION OF OXIDATIVE PHOSPHORYLATION

Introduction

The actual mechanism of the coupling of phosphorylation to sub--
strate oxidation is ﬁot yet known. However there are at ﬁresent tﬁree
basic gfouésAof theories which have been advanced.: fhey are the chemi-
gal intermediate, conformationalland.chemiosmotic coupling theories.

The chemicallintermediate theory was»the ear1iest and was set forth

by Lipman in 1946 and later modified by Slater (1953) and others (Skul-
achev, 1972). According to this idea a reducéd electron carrier combines
with én unknown.chemical:intermediate which forms a high'energy phosphaté
bond upon oxidation, the energonf thié bond subsequently béing trans-
ferred to the binding of phosphate ;o'ADP to form ATP. The conformational
theory propoééd by Boyer (1964; 1974) suggests thgt redéx energy is trans-
‘ferred into conformational changes in proteins which is subseéuently_
transferred to the formation of the bond of phosphate to ADP when relak—
atioﬁ of the strained conformation occurs. The chemiosmotic theory of
‘Mitchell (1961§ 1966) proposes that coupling of oxidation and phosphoryi—
afion is through the protonmotive force established by a proton gradient
which results from the anisotropic arrangément of the redox chain in the -
mitochondrial memb;ane-(Skuiachév, 1972;Racker,»l975)."This last theory
4réquires coupling'of'oxidation'to.phosphorylation to occur only in closed
membrane-bound systems in which a membrane potantizl can be'developed,

‘and experimental evidence supports this coﬁcept (Racker and Kandrach, 1973;
Soﬁe, Yoshida, Hirata, Kagéwa; 1977). Reconstitution of the third site

of oxidative phosphorylation in vesicles has been achieved bty co-recon-
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stitution of cytochrome oxidase_and the mitochondfial ATPase system
'(Rgcker and Kaﬁdfach,.l971; 1973;‘Kagawa; 1972).‘ The protqﬁmotive
force generated by cy£ochromé oxidase appears to be responsible for 
the coupling of oxi&ation and phosphoryl;tion. Similar results have
been obtained with protonmotive forces generatéd in'recbhsﬁituted‘veSv
icles with bécteriorhqdopsin'plus the ATPase system (Racker, Stoeckenius,
1973). T n e st . | |

The exact stoichiometry of the number of protons franslocatéd
through the ATPase per ATf molecule synthesized is a subject of contro-
versy, with numerous recent reports indicating that the’original num-
bér of 2 protons per ATf proposed‘by Mitchell (1966) may be inadequate.
Current experimental evidence indicates that probably>3 or 4 protons
are transported per ATP synthesized (Alexandfe, Reynafarje, Lehninger,
1978; Reynafarje? Lehninger, 1978; Brand, Lehninger, 1977). This would
allow oxidative phésphorylation to occur with lower ambient membrane
potentials than o:iginally proposed (Mitchell, 1966)..
| One of the major problems associatéd with the reconstituted systéms‘
"of oxidative phosphorylation is the low P:0 ratios which have been "
obtaiﬁed (Racker, Kandrach, 1973). This makes evaluation of the quan-
titative impoftance of the proton gradient in the coﬁpliné proéess '
rather difficult. The scheme proposed for tﬁe operation of the reconsti-=
tufed sygtem of oxidative phgsphorjlation in PCOV and the location of
the compopeﬁt parts is.éhown in Figure 13, |

To-date- the system haé been reconstituted only in the ISO orien-
tation,';hoﬁgh current ﬁqu is beiné carried out toward development of

a mitochondrially-oriented system (Banerjee, Racker, in preeg). Quan-
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‘Figt'lre 13.
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titation of the protonmotivé force in a reconstituted system of ATPaSe 

has produced~results consistentvwitﬁ the chemiosmotié theoryA(Kagawa,41977). |

However the mecﬁaniSm of 6xidétive phbsphorylation-remains controversial.
Inveéﬁigafions of a fecdnstitutéd”system of the tﬁird site of oki—

aativg phosphorylation kas led to the devéloément of recogstituted iqﬁ

transportlgyétems; 'prever; resolution of thé‘problem of thg mecﬂéﬁism

of cpupling of oxidation to phosphorylation will'have to await the devel-

'opment of techniﬁues for reconstitution of the oxidative phoépho?&lation

system with much more efficient coupling of the two enzymatic processes.
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Results .‘: - - " | . : -

‘ The various components for thé reconstitution of the ghird site
éfonidative‘phosﬁhorylation weré extracted from Beef heart according
to the'procedures outlined in the METHODS section. Figure 14 ‘shows
the polyacrylamide gel electrophoresis pattern of vafious°ﬁitochondriai

1
of the protein complexes : "O0SCP", hydrophobic protein, complexV,

'proteins. "It is apparent that the subunits of F. are common to several
adeniné nucleotide transporter, and'phOSphate transporter. ‘Since éll
the protein- extracts are hydrophobic protein fractions, some dverlap
of the components would be expécted. It is also noted that - the hydro-
phobic protein and complex V prepérations were fairly similar in elec—
trophoretic patterns.

.In érder to allow rapid quantitation of the ATPase activity of the
various protein preparations, a simple ATPase assay'waé developed as is
detailed in the METHODS section. Basically the phosphate assay of Chen
Toribara, and Warner (1956) was used to form alreduced (colored) phospho-
vmplybqate,cdmplex. The reaction was stopped By the extraction of the come
plex'intb isobgtanbl, Qherefthe O.D.820_could bé read to quantitate the»
amouﬂé‘oprhoséhate. This simple &etecﬁion of phosphate cleaved from
ATP wgs used to judge the ATPase ;ctivity. Relatively large amounts of .
substrate were used so that the reaction would be fairly constant for
a short period of time. However the build-up of ADP would'rapidly inhi-
.bit the reaction;- This is sﬁown in Figure 15.  Because of this limitation

of the assay, the enzyme was incubated for short periods of time only.

Table 16 gives the ATPase activity of some of the mitochondrial protein.

extracts.  The ATPase activity of the hydrophobic protein and complex V
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Figure 14. GEL ELECTROPHORESIS OF VARIOUS MITOCHONDRIAL PROTEINS .

B

|
: x
S § - >~ e \

- F1 (batch 1)
- F. (batch 2)
- OS5CP (batch 2)
- Hydrophobic protein (batch 2)
Complex V (Lrum beef heart, batch 1)
- Complex V (from beef heart, batch 2)
- Complex V (from rat liver, fraction I)
- Complex V (from rat liver, fraction II)
- Adenine nucleotide transporter (fraction I)
10 - Adenine nucleotide transporter (fraction II)
11 - Phosphate transporter
12 - cytochrome ¢

Lo~~~ =

Polyacrylamide slab gel electrophoresis was done as described in the
METHODS section. The gel contained 107 acrylamide and approximately 40 Mg
of each of the above protein fractions was used per well. The protein
fractions were extracted from beef heart except where otherwise indicated,
and all extractions were performed as outlined in the METHODS section.



Figure 15, ~ Time Dependence of the ATPase Assay

was incubated for the indicated length of time at room'tempe;atpre in'

200 pg of Fl
: 11.4 uM MgSO,, and 9.1 mM Na-ATP at pH 7.5. The reaction was

2.2 ml of 20 mM Tris—SO4,
terminated by addition of .05 ml of 50% trichloroacetic acid and centrifugation in a

JA-20 rotor At 10,000 rpm for 10 minutes. .5 ml of the supernatanf was added to 7.5 ml

of 1% ascorbic acid, .25% ammonium molybdate and .6 N H2504 and iqcubated at room tempera-
ture for 30 minutes. The solution was extracted with 4 ml of isobutanol and the absor-
bance of the isobutanol phase read at 820 nm and compared with controls containing known
amounts qf P, to quantitate the P, cleaved from ATP., Samples were corrected for spon-
taneous nonenzymatic hydrolysis of ATP. The points shown represent the average '

for two experiments.
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#H
. Table' 16. ATPase Activity of Various Proteins

Rate of ATP hydrolysis

Protein oo A mole/mg/min
Hydrophobic protein (i) : ' .18
Hydrophgbi;jprqtein (2) | 2.0
Hydrophobiéiprotein (1) + 250 Axg ésblectin . .75
Fpo() : ‘ , 22.2
F, (2) | 15.7
F, (1) + 6pg oligomycin ' ' 23.0
F, (1) + 20 ug OSCP (1) ' : 19.0
F1 (;) + 20 #g OSCP (1) + 6y g oligomycin - 17.0
Complé# V (from beef heart (1)) _ .25
Complex V (from beef heart (1)) + 250 #g asolectin .25
Complex V (from beef heart (1)) + 250 Mg asolectin +

?,4g oligomycin .25

' Complex V (from beef heart (2)) : 0.0

Coﬁplex v (frbm rat liver, fraétion 1) 0.0

20 - 50 ug of the appropriate protein was incubated at room tempera-
ture for 1.5 - 2.5 minutes in 1.0 ml of 20 . mM Tris-SO,, 5 mM MgSO,, and
5> mM Na-ATP at pH 7.6. The reaction was terminated by the addition of
.1 ml of 507 trichloroacetic acid. After centrifugation at 0°c. .5 ml of
the supernatant was added to- 7.5 ml of 17 ascorbic acid, .25% ammonium molyb-
date, .6 N H, SO, and incubated at room. temperature for 15 minutes. The
solution was extracted with 4 ml of isobutanol and the absorbance of the
_isobutanol phase was read at 820 nm and compared with standards to allow
quantitation of the P, which had been cleaved from ATP. The number in A
parentheses after eacﬁ protein indicates the batch number of the protein.
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is quite low compared to the purified ATPase. The 0SCP was found to

confer a slight degree of oligomycin sensitivity to F .The OSCP from

1’
.batch 1 was insolub;e, howgver, éhd might have contained some phospholipids
which sould have'resultéd in some fraction of membrane-bound ATPase which
would be sensitive to oligomycin.

‘Having found the ATPase to be functional, the next.phase of the
reconstitution was to reéénstitute ATP—32éi exchaﬁge.:'Table'l7'summa;_
izes the reconsfitution of the ATE-32fi exchange. It can Be.seen'tﬁat
the coupling factors Fl and OSCP stimulaﬁed the exchange. The A.TP'—32Pi
exchange waé éomplete;y sensitive to‘oligomycin. The hydrophobic prqﬁein
fraction from batch 1 was not effective in the reconstitution of the -
exchange reaction. Later this batch of hydrophobic protein was incor-
porated into COV. According to Racker (1972), this should resglt in
loss of respiratory control which can be restored by rutamycin orioligoi
mycin. The restoration of respiratory control is due to blockage of the
oligomycin-senéitive proton pore. Batch 1 of hydrophobic protein
did not coﬁfer an oligomycin—éénsitive loss of respiratory control to
COV. Because of this 'a second batch of hydrophobic prbtei@ was extrac-
ted and found'té be effective in the reconstitutién of the ATP—32Pi
exchange reaction. The temperature at which the assay was run was found
ﬁo have a large éffection the rate of'éXChange as can be - seen from the
Table. Hydrophobic protein obtained from Dr. E. Racker did not produce
as high a rate of exchange as the second batcﬁ made in this laboratory.

Large-volume ATP-32Pi exchange vesicles weré also reconstituted using

the lysoletithin incorporation technique described earlier. Thisswas

done as a test of the compatibility of the phospholipid mixture used
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Table "17. Reconstitution of:ATP-BzPi exchange
" Lpd e Added coupling factors Incubation - ATP- exchange

Type of vesicles HP /Sample [HP] Fl ... ..os¢cp ... ... ,4..temperature..'...A.nmole}mj_nute/mg HP

HP vesicles’ 155ug 3.9 mg/ml - - 30°. ' 36..5 + 0.4 (2)

HP vesicles’ 155 ye 3.9 mg/ml 30 ug® - | 30°. 78.6

HP v’esiclesb‘ . 155 Mg 3.9 mg/ml 30}lgc S5 Mg 30%. 113.8 + 2.8 (2)

HPvesiclesb + : e « N - :

12 ng oligomycin 155p4g 3.9 mg/ml 30MUg 55Mg ' 30°C. 0.0 . . .

HP vesicles 193 ug 3.9 mg/ml 21 pmg 5548 30°c. 188.9 + 5.7 (4)

Large-volume HP ' ' o : T

By T 0.6 mg/ml 11 pg 25 pug 30°. 9.8% 1.0 (2)
. HP.vesicles 170 ug 4.3 mg/ml lhmg 28 ug 23°c. . 18.3

HP vesiclesd 17C ug 4.3 mg/ml 14 pg . 28ug - 23%. 11.6

PCOV " 30Mg 5.2 mg/ml  léug = 28ug 23°c. 11.3.

pcov* . 30Hs 5.2 mg/ml  lbpg  28ug . 23%C. 41

a

= hydrophobic protein , .
PPi in these samples was 25 umole instead of 15 umole.

cF1 in these samples was from batch 1.

HP for these experimentsvwas.obtained from E. Racker, Cornell‘Univérsi;y.



- Table '17. .

Vesicle Formation:

HP vesicles - Asolectin was sonicated to clarity at a concentration of 28.9 mg/ml in 4 mM Tris-SO

.2 mM EDTA, .4 mM Mgso, , .2 mM dithiothreitol, and 1% (w/v) sodium cholate at pH 7.5. HP from b%tch
2 was added to give the fiinal concentration shown above. The suspension was then incubated at 0°C.
for 3 hours.

Large-volume HP vesicles ~ An ether solution of 9:1 asolectin:lysolecithin at 1.g'mg/m1 was injected
into 4 mM Tris-SO,, .2 mM EDTA, .4 mM MgSO,, .2 mM dithliothreitol (pH 7.5) at 38°C. at a rate of about -
.8 ml/minute under vacuum as described in ‘the METHODS section.The final phospholipid concentration in
the suspension was approximately 8 mg/ml. After addition of the appropriate amount of HP the suspen-
sion was incubated for 3 hours at 0°C.

PCOV (phosphorylating cytochrome oxidase vesicles) - A 4:1 mixture of mitochondrial phosphaditylethan-
olamine: phosphatidylcholine was sonicated to clarity at a phospholipid concentration of 40 mM in 4 mM
Tricine-KOH, 16 mM (NH,),.SO,, .8 mM dithiothreitol, .1 mM EDTA, 20 mM sucrose, and 1.8% (w/v) sodium
cholate at pH 8.0. Cytochrome oxidase (batch 2, fraction III) was added to a final concentration of
.5 mg/ml and cytochromé c to a final concentration of 2 mg/ml. After addition of HP to a concentration
of 5.2 mg/ml the suspension was dialyzed overnight against 160 volumes of 10 mM Tricine-KOH, 1 mM di-
thiothreitol, .2 mM EDTA and 10% {(v/v) methanol at pH 8.0, with one change of buffer after 6 hours.
Defatted BSA was added to the suspension to a final concentration of 16 mg/ml and dithiothreitol to a
final concentration of 3 mM, and .5 ml of the suspension was then layered on top of 9 ml of 10 mM
Tricine-KOH, 1 mM EDTA, and 10 mM MgCl2 (pH 8.0). The suspension was centrifuged in a Beckman 50 Ti
rotor at 50,000 rpm for 9C minutes and the pellet resuspended in 1.6 ml of 10 mM Tricine-KOH, 1 mM
EDTA, 1 mM dithiothreitol, and .25M sucrose at pH 8.0.

Assay:

An aliquot of vesicles was added to 1.0 ml of 50 mM KCl, 20 mM Tris-SO,, 2 mM MgSO,, and .5 mM
EDTA (pH 8.0). ‘Fl(batch Z) and OSCP (batch 2) were added and the mixture incubated at the appropriate
temperature for 5 - 10 mirutes. Defatted BSA was added to a final concentration of 2.5 mg/ml. The
reaction was in;tiated bgzaddition of .12 ml of .1 M Na-ATP, .1 M MgSO,, and .125 M KP, (pH 8.0) con-
taining 10 - 10" cpm of “"P. -After 20 minutes the reaction was discontinued by addition of .12 ml of
50% trichloroacetic acid and after centrifugation .3 - .5 ml of the supernatant was added to 1.0 - 1.5
ml of 2,57 ammonium molybdate and .2 - .3 ml of 6N H,S0,. After two extractions with isobutanol 1.0 ml
of the aqueous phase was counted to quantitate the exchange.



in the large-volume veéicles with the functionality of the proteiné.

‘The reconstitution was ca;éied 6ut in the "inside out' mode (Fi and

OSCP 6n the outside'of the vesicie). Because of the difficulty in recon-
stituting the third site of oxidative phospﬁorylation_at this time,

PCOV were also tested for ATP—32P exchange'and found to be almost as-

i
active as Hydrophobic-protein vesihles assayed under the same condi-.
cions. | ‘

Although the exéhange rates were not quite ‘as h;gh as those repor-
ted by Kagawavand Rgcker (1971), they were reasonably good and the pré-
teins were judged to be functional in phosphorylation. The next phase
of the reconstitution was the combination of the COV system with the

ATPfszPi exchange system to form a substrate dependent system of ADP

éhosphorylation.

‘ Table 18 summarizes some of the reconstitution of oxidative phos-
phorylation. HP(1l) ohly produced phosphorylating vesicles in éne exper-
iment and was later abandoned in favor of the second batch of‘HP, which
consistently produced phosphorylating vesicles, although the rates of
phosphorylation were low. The use of mitochondrial phospholipids and
hydrophobic éro;ein obtained from Dr. Racker produced no better results
than the asolectin and hydrophobia protein from this laboratory. An
ethanol extract of asoleztin (E. Racker, A. Kandrach, personal commun-
ication) was used instead of the crude asolectin and produced slightly
.béﬁter'results. In view of the high RCR's attainﬁble with batch 2 of the
cytochrome oxidase and the éresence of ATP—32Pi exchange in PCOV it
seemed likely that two populations of vesicles were present: COV and

exchange vesicles , in which both sets of proteins were somewhat segre-



Table 18,

PCOV' were made essentially as detailed in the METHODS section with the modifications
detailed in the above table. The indicated phospholipids were sonicated in a cholate solution
to clarity and an equal volume of 10 mM Tricine-KOH, 40 mM (NH )ZSO', 2 mM.-dithiothreitol,

.2 mM EDTA, 50 mM sucrose (pH 8.0) was added. Then cytochrome oxidase -(batch 2, fraction III),
cytochrome c, and hydrophobic protein were added in the appropriate amounts. At this time.
the suspensions were sonicated at 0°C. for the indicated lengths of time. The suspensions were
" then dialyzed against 10 mM Tricine-KOH, 1 mM dithiothreitol, 10% (v/v) methanol, .2 mM.EDTA,
.1 mM ATP (pH 8.0) overnight. " The dialyzed suspension was treated to remove external cyto-.
chromé c either by passage through a G-150 Sephadex column equilibrated with 10 mM Tricine-KOH,
1 mM dlthiothreitol .2 mM EDTA, .15 M KC1 (pH 8.0), or by adding 10 = 20 mg/ml of defatted
BSA , layering the suspension on about 10 volumes of .25M sucrose, 10 mM Tricine-KOH, 10 mM -
MgCl,, 1 mM EDTA, 1 mM dithiothreitol (pH 8.0), and centrifugation in a 50 Ti rotor at 50,000

rpm for 60 - 90 minutes, followed by resuspension of the pellet.in a small yolume of ,25M sucrose

10 mM Tricine-KOH, 1 mM EDTA, 1 mM dithiothreitol (pH 8.0).

Oxidative phosphorylation was measured using .5 ml of the vesicle suspension, preincu*
bating with appropriate amounts of F, and OSCP, and making the parallel measurements of oxid-
ation and phosphorylation in a volume of 3.4 ml as detailed in the METHODS section.

P



Table: 18. '~ RECONSTITUTION OF OXIDATIVE PHOSPHORYLATION

HP type® | ()% BP(1) HP(1) HP(2) HP(2) HP(R) HP(2) HP(2)

[HP] - mg/ml 3.9 3.7 3.6 3.9 5.2 53 53 2.6

. [eytochrome c] - mg/ml , 1.9 1.8 2.5 2.0 2.0 2.0 - 2.0 ‘272
Phospholipid type® L A A A A A M M TEE
[Phospholipid] - mg/ml | 46 44 43 47 47 37 37 25
(ohotate] b 35 4y a7 dy o ss o as an b
(oyeochvone oxtaase) T MBS, 0430 0 e 30 4 a0 o
Sonication time (seconds) 20 none 15 none 30 noﬁé' none '45

. Method of cytochrome ¢ removal ¢ cent. ceﬂt. seph. seph. cent. cent. cent. cent.
Respiration rate - nmole O/minute . 142 34 37 61 225 75 68 322

Phosphorylation rate - nmole ATP/minute 0.0 0.0 ° 2.3 0.0 1.8 0.3 0.7 14.1

P:0 ‘ ‘ 0.0 0.0 0.062 0.0 0.008 0.004 0.010 0.044

HP type = hydrophobic protein from batch 1 - (1), batch 2 - (2), or from E. Racker, Cornell
University - (R)

A = soy asolectin, M = 4:1 mixture of mitochondrial phospﬁatidyl ethanolémine : phosphatidyl
choline, EE = ethanol extracted asolectin. :

¢ cent. = centrifugation method, seph., ='sephadex ‘method

In this experiment .43 mg/ml of F1 (batch 1) and .36 mg/ml of OSCP (batch 1) were added to
the suspension prlor to dialysis.
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gated. This would explain the presence of ampleboxidation rates and
functional phosphorylating proteins but miniscule P:0 ratios, since

the proton gradients of the COV were not difiving the ADP phosphdrylation
reaction in the exchange vesiclesf Instead of mixing the proteins.

in the suspension prior to dialysis a brief sonication was employed to
try to''scramble''the proteins so as to allow a more homogeneous distri-
bution. Better P:0 ratios were obtained with this technique (compare
last two columns of Table 18). Next the amounts éf the hydrophobic pro-
ﬁein and cytochrome oxidase were varied. The amounts of proteins are
quite critical according to Racker and Kandrach (1973). The optimization
of the protein éoncentrations is shown in Table 19; At optimum [HP]

and [cytochrome oxidase] the P:0 rose ‘to .133. It was also found that
using the Sephadex method of cytochrome c removal instead of the centri-
fugatioﬁ method gave higher P:0 ratios (See Table 20).

The P:0 ratios were still not high enough to allow any quantitation
of the protommotive forces to be meaningful. The problem was thought to
be still a matter of nonhomogenéity of the protein. distribution in the
vesicles. It had been shown by Carroll and Racker (1977) that a popu-
lation of COV can be separated into two separate groups of vesicles:
-phospholipid,vesicles devoid of any cytochrome oxidase and vesicles
containing the oxidase. The separation of the two populations was effec-
ted by density graaienticentrifugation. PCOV were run on a ficoll
density gradient as described in the legend of Table 20 in order to
separate the denser proteoliposomes (hopefully those containing the cyt-
ochrome oxidase plus hydrophobic protein) from the lighter‘fraction

(COV, hydrophobic protein vésicles, or phospholipid vesicles). Three



Table 19, OPTIMIZATION OF [HYDROPHOBIC PROTEIN] AND [CYTOCHROME OXIDASE] IN PCOV

[HP] [Cholate] [cytochrome c] [cytochrome oxidase] Respiration Phosphorylation P:0
mg/ml = % - mg/mg HP mg/ml Mg/ml - Mg/mg HP rate © rate
' ' nmole O/min. nmole ATP/ min.

1.8 1.5 - 8.4 0.9 29 - 52 - : 111 : 4.0 0.036

3.8 1.5 - 4.0 1.9 190 - 50 121 7 0.059
7.2 1.4 - 1.9 2.5 260 - 36 110 2.1 . 0.019
3.4 1.2 - 3.5 1.5 o125 - . 35 | 149 - 17.0 0.113
3.4 1.2 = 3.5 1.5 250 - 75 177 23.4°  0.133
3.4 1.2 -

3.5 1.5 500 - 150 ) - 304 29.4 ° 0.097

PCOV' were made as previously described with the amounts of cholate, cytochrome ¢, cytochrome-
oxidase (batch 2, fraction III), and Hydrophobic protein (batch 2) indicated ahove. Ethanol extrac~’
ted soy asolectin was the type of phospholipid used in these experiments and the final concentration
was between 24 and 28 mg/ml of suspension. The suspensions were sonicated at 0°C., for 30 ~ 45
seconds in a bath sonicator prior to dialysis. After dialysis the external cytochrome ¢ was removed
by the sephadex technique. -After addition of the coupling factors F_ (batch 2) and OSCP (batch 2) -

.5 ml aliquots of the, vesicle suspensions were assayed for axidative phosphorylation as detailed in
the METHODS section.
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Table 20. FICOLL DENSITY GRADIENT PURIFICATION OF PCOY

Cytochrome_g .. Ficoll gradient Respiration Phosphorylation
removal . fraction rate rate ' P:0
nmole O/min. nmole ATP/min.

Sephadex _— 53.: 4.4 .084.
Centrifugation -— le6 - 1.6 .015
Sephadex 3-4% ficoll 86 0.0 | 000
Sephadex 5-6% ficoll “ 111 ' 5.6 .051
Sephadex 7-8% ficoll 98 | 18.5 4.189
*Sephadex  7-8% ficoll 98 20.9  .213

*
The .ATP added to this sample was increased from 2umoles to 20umoles
‘at the time of assay for phosphorylation.

~

PCOV" were made as previously described with 26 mg/ml ethanol
extracted asolectin, 4.6 mg/ml hydrophobic protein (batch 2), 1.5% sodium
cholate, 2.3 mg/ml cytochrome c, 240 #g/ml cytochrome oxidase (batch 2 frac-.
tion III). The suspension was sonicated in a bath sonicator. for 45 seconds
prior ‘to dialysis. External cytochrome c was removed from one aliquot by
the centrifugation method previously described and from another aliquot by
the Sephadex method. P:0 ratios were then measured on the two aliquots in
the usual manner. 7 ml of the Sephadex treated suspension was layered on
top of a linear density gradient containing 10 mM Tricine-KOH, 50 mM sucrose,
.5 mM EDTA, and 1 mM dithiothreitol (pH 8.0). The volume of the gradient
was 32 ml and the ficoll concentration ranged from 0% at the top of the
tube to 20% at the bottom. The gradient was centrifuged in a JA-20 rotor
at 19,000 rpm for 36 hours at 0°C. Three bands were visible after cen-
trifugation and were removed using J-shaped Pasteur pipets. Each fraction:
of the gradient was assayed for oxidative phosphorylation in the usual .
manner.



bands were visible on the ficoll gradient. The upper most band was piﬁk

"in color and located at 3-4% ficoll; the middle band was yellow-orange,

and was located aﬁ 5-6% ficoll; and the lower.bandlwas yellowish and
slightly turbid,'located at 7-8% ficoll. The P:0 ratios of theAvariouS'
fractionsAare'shown in Table 20. The lower band had by far the most pﬁds-
phorylgtion cogéLed to oxidatton. The upper band had oxidative activity
byt no phosphorylétién.' This was consistent with the idea that the heavier
vesiclés'contained,both pfoteins. ‘ |

ngever despite all the variableé which were optimi;ed in the recon-
stitution of the third site of éxidative phospho:ylationé the highest
attainable P:0 ratio was 0.213, which was sfill pot’high enough to allow
meaningful quantitation of the role of protonmotive force in oxidative
phasphorylaﬁion. |

Attempts were made to prodﬁce a right side out {mitochondrially
oriented) reconstituted system of oxidative phosphorylation. This was
undertaken because of the availability of cation ionophores, which would
allow quaﬁtiﬁatioﬁ of the membrane potentiél from the Wernst distribution
after catioﬁ uptéke h&d réaﬁhed steady state values in respiring vesicles.
Cation uptake would oniy occur in vesicles with an inside negative mem-—
brane potential which woﬁld be produced by the cytochrome o#idase in a
mitocﬁondrially oriented system. |

Because of the la?gebdiameter of F1 (90 &) compared to the inside
aiameter of the COV made bj conventional techniques (200-400 1), inclu-.

sion of adequate amounts of F, inside these vesicles to reconstitute

1

oxidative phosphorylation was felt to be sterically unfavorable. For

this reason these experiments involved the use of the large-volume lipo-



isoﬁeé previously discussed. The fact that both ATP-32Pi exﬁhange and -
cytbchrome oiidaseAaétivity with respiratory control were récéﬁstituted
in the'largé-volume liposomes indicated that the proteins were comp;ti-
bie‘wigh the lyéoleéithin—asolectiﬁ phospholipid membraﬁefsysfem.of the =
large=volume liposqmes.' Se&eral experiments were carried out ﬁith the
large-volume liposomes_in whicthl and OSCP were élacéd in the vaporiza-
tién chamber at the time of formation. of the vesicles,,ﬁith eiternal
proteins subsequently being removéd by centrifugation. 'Affér this, hydro- .
.phébic protein and cytochrome oxidase were added to the lysolecithin—con-.
taiqing vesicles aﬁd incorporated by overnight incubation. In some éxper;
iments 32Pi’ hexokinase, glucose, and ADP were included at the time of
vesicle formation. {so that the substrates for ATP formation and assay
were retained inside the vesicles with the'Fl),_and in other‘experimeﬁts
the phosphate transporter and édenine nucleotide transporter (isolated
aé<previously describéd) were incorporated along with the hydrophobic
proteins and the cytochrome oxidase so ﬁhat the substrates for phosphoryl-
ation could be added externally and the ATP formed could also‘se measured
. externally. ‘H0wevef despite variation in buffgrs,'amounts of protein,
aﬁd phpspholipids no phoéphofﬁlation couﬁled té oxidatioﬁ_was obtained 
in any of these experiments. More recently it has been found by Baner-
jee and Racker (iﬁ press) that ATPase incorporation into the interior of
phdspholipid'vesécles requires avvery alkaline pH (about 10) at the
time of vesicie formation. '

Although the experiments leading to the reconstitution of oﬁidative
phosphorylation did‘not produce a gystem which was tightly coupled enough .

to allow quantitation of the protonmotive forces involved in oxidative
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phosphorylgtion,'it did'produce a technology fqr formétionhof-protéo—
liposomes which could produce aﬁd maintain protonmotive forces acroés
fhéirlﬁembranes in a»cqntrolled fashion,' This seemed to.be an ideél
system fér the study of ion transpért'in vesicies.. The only impediment
to using cytochrome oxidase and/or ATPase ves;cies as ion tran5porﬁing
sy;tems was the difficulty of separating fhe_vesicles from the suspend-
ing medium'té duantitate the transport. Because éf this;problem a tgchéi

nique was developed which allowed rapid and complete separation of proteo:-—

liposomes from suspending media.

-~



Discussion

The ofiginal goai oflthe investigative efforts;presehted in this
dissertation was examinatioﬁ of>éhé role of the protonﬁofive f;rce
in a reconéti;uted 'sysﬁém'of oxidafive phosphorylatioh. The experi-
mental work was-dirgcted at production of fuﬁctional vesiélés coupling
‘oxidation and phosphorylatioﬁ of AbP and at‘methods of measurement

of the pH gradients and membrane potentials developed by these systems.

Most of the methods of measurement of protonmotive force depended on the

separation of the vesicles from the suséension ﬁedia, and it was for
.this reason that the physical characteristics of the vesicles and var-
ious séparatory teéhniques were investigated to such a great eXtent.
The devélopment.of functional cytochrome oxidase vesicleé repre—
sented the first step in the process of the reconstitution of oxidative
phosphoryladtion. The methods of Racker and Kéndr;chh(1973) were gener-
-ally followed in this work. The protein extractions of F

1’ 0SCP, and

HP were in:. general successful and the ATP—;ZPi exchange reaction was

reconstituted without difficulty. However when the oxidative and phos-—

phorylating systems were co-reconstituted the results were generaily
poorer than those obtained by previous workers. The introduction ot
" sonic mixing of the proteins prior to dialysis greatly improved. the

results, as did ficoll gradient separation of the vesicles to enrich

the population of vesicles containing both proteins. Despite multiple

preparations of proteins and the use of preparations from Dr. E. Racker
P:0 ratios greater than about 0.2 were not obtained. Since the recon-

stitution is so strongly dependent on the incorporation of both oxida:

Pt
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tive and phosfﬁofyléting énzymes in the same vesicles, and the_pr;teins
when assayed separately seemed to be a&equately functional, it appears
that the aifficulpy was in the c6—reéonstitutiveAprocess.~ The ﬁse of"‘ 
purified mitochondrial‘phospholipids instead of asoléctin.did_not sig—
nificantly iﬁprove the co-reconstitution. The reason for the lack of 
_sucéess with the technique is not ciear. It is poésible that a differw
ence in thg-type of sonicators used was responsible, though the use
of several different soﬁicatofs.did”not-appear to make a differenée. Even
thoughfthe;proteiﬁs possessed adequate -individual functiqnal capabilities
it is possible tha£ subtle differences in the extractiﬁn,procedures
caused alterations whiéh'interfefed with co-reconstitution. Certainly
the OSCP was not extracted as a pﬁre protein (as judged from gel elec-
trophoresis patterns) though siﬁce this was-added at the time of assay
it probably.did.nqt.affect the recopstitution process. However, the
HP preparations also contained.impurities when coﬁpared with'previous
published results (Serraho, Kanner, Racker, 1976), and this may have
caused the faulty co-reconstitution. |

Othér difficulties weré subsequently encouhtered which would have
4méde measuréments of  the protonmotive force difficult in any‘event. One
of these is the previously mentioned tendency of thé protéins,to-incor-'
porate into only a fraction of the phospholipid vesicles. This makes
- volume determinations for calculation of accumulated‘c;néentratibns of
ions quité inéccurate. Also calibration of dicarbocyanine dyes for meas-
urement of internally positive membrane potentials in the ;nticipated

range (50-200 mV) was found to be difficult and inaccurate (Dr. A. Waggoner,



personal communication). A method of measurement using the lipophilic
anion tetraphenyl boron was tried but required precipitation of the TPB

from the solutions, whichvwas found to be experimentally impossible at

the low concentrations which had to be used to prevent uncoupling. - -

KR.=Roéieré;thpb1ishe&;ob5ervations). Preliminary measurementé of

A membfane po;entials in COV were made using equilibration of‘Rb+ in the
presence of very low concentratioﬁs of valinomycin (lower than those
which cause a stimulatory effect on respiration)‘with ion exchange col;
ums to remove egternal cation. Calcﬁlations gave. membrane potentials

- 1n the range of 40AmV (based on the use of the ;otal internal volume of
the suspension and corrections for both external and internal binding),
for a numbér of different experiments. Because of. the uncertainty of
the internal volume of the active fraction'of the spspension the actual
membrane potenfial may have been somewhat higher, although these results
compare favorably with the results of others (Drachev et al, 1974; 1976).
Reconstitution of RSO (mitochondrially .oriented) PCOV was unsuccessful,
however, as previously described in the MEfHODS section. 

Recently a system of measurement of membrane potentials using -

3
positive membrane potentials (Kell, John, Sorgato, Ferguson, 1978). Such

senSitive SCN~ and NO electrodes has been introduced for intermally .

a system would be readily applicable to the measurement of membrane poten-

tials in oxidative phosphbrylation if the difficulties of co-reconstitu-
tion aﬁd‘volhmé determination could be overcome.

| The developmeqt of functional membrane potential.generating systems
of proteoliposomes did provide>a vehicle for the study of ion transport

in simplified reconstituted systems. The method of measurement of ATPase
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acti&iﬁy which was used for assay of various preparations of ATPase

was anothe:’ﬁéeful development of the invesﬁigations'of oxidative phos-
‘phorylation. This asséy has advéntaégé over previously uséd assays
_(Kagawé, Racker, 1966;VPullmaﬁ, Penefsky, Datta, Racker, 1960) in that
it does nbt.require'the use of.radioactive‘?zPi, is -inexpensive, and allows
for raéidhp;oééséing of many'sampies conveniently. Thelprimary draw-t

. backzof this method ié the &epeﬁdence of tge'assay oﬁ the incubation timé.
For the experimental purposes of this work, relative amounts of ATPase
activity were of more concern than absolu;e numbers, and”since éll sam-
ples were incubated for the same lengths of tdime, this was not a ﬁrob—
'lem. A subsequéht iﬁprovement in éhe technique was developed which'
circumvents this difficulty. A lower concgntration of ATP is used in
conjunction with an ATP regeneragint system (phosphoenolpyruvate plus
pyruvate kinase) to ensure a constant ATP concentration without time
dependence. With this modification the ATPase assay is mofé accurate

and applicable to the determination of absolute rather than relative

ATPase activity.



IV. AGGREGATION OF VESICLES WITH BASIC POLYPEPTIDES

Introduction

The study ofrion transport in reconstituted vesicular systeﬁs
requires methods of separating thé vesicles from the suspending mediuﬁ
lafﬁer the tfanépoft.has-taken place so that it éan be quantitated.' coﬁ
have been shown to be extremely small in size, rénging'from 250~1000AR
in diameter (Ruben, Telford, Carroll, 19763 Racker, 1972).. Filtration
with conventibnal'filtration techniques ofteﬁ gives satisfactory results
where the Vesicle diameter is larger than the pérg diameter of the fil-
ter. However the amount of vesicularimaterial wh;ch can be sepéfated‘
by filters of small pore size is limited because of clogging of the
filters and decreases with decreasing pore size. In addition it is
often desirable to wofk with vesicles whose diameter is' less than the
smallest-available pore size for conventional filters. Since it has
-been shown that the cytochrome oxidase in COV associates with the small-
est vesicles (Carroll, Racker, 1977; E&tan, Broza, l978b) filtration o£~
‘,centrifugatién techniques run. the risk of iosing,a significant frac-
tion of the active vesicles even when most of. the &esiclgs are recovered
- in the pellet or on .the fiiter. With small vesicles centrifugation is
a slow technique and rapid time points cannot be resolved. i

Ion exchange columns have been used for quantitation of ion. uptake
in vesicles (Gasko, Knowles, Shertzer, Suqlinné, Racker, 1976).. The dis-
advantages of this technique are (1) retention of some of the particles
in the columns (2) timé consuming and expensive set-up of equipment

for proceesing reasonable numbers of samples (3) interference witli
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measurements by any ;substances which are used in the saﬁples wﬁich bind
» s;gnificant amounts of the ions (4) lack of usefulness of the,technique7
for quantitation of the tran;ppr; of nonionized substances (5) minimum
time resolution of 45 to 60.seconds (6) dilution of samples so .that very
small amounts éf ion transport are measured with poor accuracy.‘
'._'The.aggregration of vesicles with basie poiypeptides such as pro—.
tamine and polylysine,provides'a method'éf sepération which is rapid,
inexpensivé, complete, and versa;ile. The method.is effective for use
in combination with either centfifugatidn or filtration, and can be.used

for a wide variety of natural and artificial membranes.



14O

ﬁesults .

- It was. necessary to achievé separation qf vesicles in order to
measure membrane poténtials and ion_transport in SMP.and proteolipo-
somes. Ion exchange columns were used in early experiments, but
recovefy of vesicles wasifound to .be oﬁly 60-90% (R. Rosigf? unpublighed
observétioﬁs), and quite variable. Furthermore in the'pfesencé of
highly chérged proteiﬁs such as pol&lysine which are used in the selec—~
tive energization of SMP and vaiwifh PMS and ascorbate, even.highef
percentages of the vesicles are lost due to retention in the :columns
of ion exchange resin. When substances such as ATE,are‘includea in the
samples during divalent cation transport large amounts of cation ére
not removed by the resin and result in very high background activities
observed in the elﬁant solution. " Setting up and recoﬁverting the
resins to the appropriate ionic form is time consuming, an& processing
aAsaﬁple takes a minimum column transit time of about 1 minute, which °
does not allow resolution of shorter tramsport times.

For these reasons ion exchange résins were not fourd to be satis-—
factory as a'séparatory technique. The results'&iscds;ed‘earlier’indi—
cate that centrifugation and filtration of proteoliposomes is impractical
because of their exfremely small size. However it was noted that when
basic polyﬁeptides such as polylysine were added to sﬁspénsions of pro-—

teoliposomes the turbidity of the suspensions greatly increased, and

"with large amounts of polylysine macroscopicaily visible aggregrates of"

the particles appeared.
' It was also noted that the light séattering of a suspension of

vesicles was essentially directly proportional to the concentration of



the vesicles in the suspension, particularly at low concentrations.
Figure 16 shows a plot of the-optical density of various suspensions
of vesicles versus concentration. Aggregration of vesicles with basic

polypeptides produced suspensions of particles which were readily T 

filterable using conventionalAMillipore filtration techniques. Since'the

objective was removal of as many vesicles from the suspens;ons_as pos~-
sible (optimally greater than 95%), monitoring of opticél density of
thelfiltrafés provided an easy and répid assay for the presencerf
wfiltered particles; Obviously the size of the particlegiincreases‘
with aggregration so that the_optical density is not a quantitafive
 measure of the amoun; of Unfilpered V¢sicles. However.since the end
point of the procedure is complete removal of vesicles and agg:egatioﬁ

increases the effective size of the light scattering particles (thereby

. »
increasing the 0.D. of the suspension), the sensitivity of the light

scattering measurements of residual particles in the filtrates is actually

increased by the aggregration. Thus measurements of the optical density -
of the filtrates provides a sensitive measure of the completeness of the
filtratiom.

Figure 17 and 18 show the optical density of filtrates of suspen-

sions of vesicles as a function of the amount of pdlylysine added. There

is an‘oétimum amount of polulysine. which causes essentially complete
‘remaval of aggregated vesicles by a .45uMillipore filter with a glass
ﬁrefilter ;é prevent clogging. This optimgh amount oftpdiylysine~is
slightly different for each type of vesicle ﬁested, as can be seen from

the Figures. At larger amounts of polylysine the light scattering of
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Figure 16. OPTICAL DENSITY OF SUSPENSIONS OF VESICLES VERSUS CONCENTRATION

SR-vesicles, RBC-vesicles, COV, SMP’, and Liposomes were prepared as described in the
METHODS section. The protein concentration bf the SR-vesicles, RBC-vesicles, and SMP~._was measured
by the biurét'techniQue . The vesicles Qere suspended 1in the following:buffers: SR~vesicles,
"~ .25 M sucrose, 10 mM Tris, 1 mM histidine (pH 8.0); REC veéicles, 9 mM NéPiA(pH 7.4); SMP‘;XMSH _
. (pH 7.2); COV  and liposomes, 40 mM KZSO4; 10 mM HEPES (pH 7.0). The phospholipid concentration
of the liposomes and COV . was 40 mg/ml. Suspensions of the particles were diluted to the approp-
riate corcentrations of protein or phospholipid and' the O.D.500 was read on a Bgckman DU-2 spectro-

photometer (o; the 0.'D.470 for COV' and liposomes).
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Figure 17. OPTICAL DENSITY OF -FILTRATES OF-SR—VESICLE, SMP, AND RBC-VESICLE SUSPENSIONS

WITH VARYING AMOUNTS OF POLYLYSINE

SR~vesicles, SMP and RBC-vesicles were prepared as previously described and susbended in

the media given in the legénd of Figure 16. 2 ml samples were made éontaining 5 mg of SMP or
SR-vesicle protein, or 4 mg of RBC-vesicle protein in the appropriate buffer. Varying amounts
oflpolylysine were also included in each sample (MW 70,000). After several minutes of inciibation

. at room temperature the sémples were filtered through a .45 MEH type Millipore filter with a

glass prefilter, and the optical density of the filtrate was reéd at 500 nm.
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Figure 18. OPTICAL DENSITY OF FILTRATES OF COV AND LIPOSOME SUSPENSIONS WITH

VARYING AMOUNTS OF POLYLYSINE

COV'  and liposomes (PLV') were made.as previcusly describéd in 40 mM K28b4, 10 mM HEPES
(pH 7.0). The cholate dialysis procedure was used for the formation of the vesicles. The cyto-
chrome oxidase was from batch 2 (unfractionated) and was at a final concentration of 417 4g/ml
in the COV suspension. 8 mg of vesicles (phospholipid weight) was placed in 2.-ml aliQuots of
buffer containing varying amounts of polylysine (MW 70,000). After incubation for several
minutes at room temperature, the suspensions were filtered through a .45f¢EH type Millipore
filter and the optical density of the filtrates were read at 470 nm.
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the filtrate begins to increase again, implying that the passage of

particles through the filters occurs. It is possible that the excess

‘of polylysine results in more binding of the highly charged polylysdime

mqlecules to individual vesicles with less bridging of polylysine between
binding sites on different vesicles. This would expiain the decrease’
in effectiveness.of aggregégzahiWIth,large; amounts of polylysine. Simi-
larly; too little:polylysine would ﬁot bind enough of fhe vesicles toge-
ther and result in incoﬁplete aggregation. The optipum amount of poly-
lgsine for a giveg suspension of vesicles. can thus readily be determined-
from light scattéring. It can be seen from Figure 18 that vesicles
éuch as COV and liposomes whichAcontéin a g¥eater proportion of phospho-
lipid and less protein require relatively more polylysiﬁe to attain
maximum aggregation. Protamine was also found to be’effective as an
aggfeéating polypéptide fof vesicle filtration. The filtration of pro-
tamine-aggregated vesicles as a funetion of protamine concentration is
shown in Figure 19; Excess protamine in contrast to‘polylysineldoes not
appear to impair aggregatién of the vesicles.

The aggregatioﬁ of the vesicles begins immediately upon addition
of the precipitating poiypeptide and proceeds rapidiy sé that4within‘
seconds macroscopicélly visible aégregates are present. Taﬁle 21 shows
the 0.D. of-a suspension of‘COV at various ﬁime points after addition
of an aggregating amounf of polylysine. It can be seen that - tke -
aggregation is instaneous and is compléte within 30 seconds.

Table 22 shoﬁs the results of filtration of SMP with va;ying amounts

of polylysine of high and low molecukar weight and protamine. In addition

to monitoring the optical density of the filtrates the actual protein



Figure 19. OPTICAL DENSITY OF FILTERED SMP AND COV SUSPENSIONS

WITH VARYING AMOUNTS OF PROTAMINE

\ . - S—p— Ccov:

OPTICAL DENSITY OF FILTRATE

T o100 200 275

AMOUNT OF. PROTAMINE ADDED . (,ue/bf\e OF PARTICLES)

, SMP - and COV  were made by thé previously described techniques.
'SMP° - were suspended in MSH (pH 7.2) and COV . were made by the dialysis
- method and éuspended in 40 mM KZSO4, 10 mM HEPES (pH 7.0). 6 mg of

COV . or 4 mg of SMP was diluted in the appropriate buffer to a final
volume of 2 ml. Each éample contained protﬁmine in the amount shown
above. After incubation at room temperature for several minutes the
suspensions were filtered'through a-.454 EH type Millipore filter witﬁ
a glass prefilter and the 0.D. of the filtrate was read. ‘The SMP fil-

trates were read at 500 nm and the COV filtrates at 470 nm.

et he



Table 2L.. POLYLYSINE AGGREGATION OF -"COV: AS A FUNCTION

OF TIME
. . . .Incubation . . '
::Sample . Lk time O.D.450 oftfd%trate
Control . I '

¥ ~(No.polylysine) Lt A .047

' Control : .

(10 Mg/mg poly- - 012

lysine;.no additional
polylysine before fil-

tration)
90 Mg/mg polylysine t=0 .008
90 mg/mg polylysine t = 5" .008
90 ug/mg polylysine t = 15" .006
90 Mg/mg polylysine  t = 30" ' .000

COV  were prepared by the cholate dialysis technique in the
dsﬁéi mdnner. .1 ml of the COV suspension (4 mg of phosphqlipid)
was added to.2.3.ml of 40 mM KZSO4, 10 mM HEPES, 4 mM MgSO4 (pH 7.0)
containing (except in the control above with no polylysine) 10 Ug
of polylys1ne (MW 70 000) per mg of vesicles. Afﬁer 30 minutes of .
1ncubat10n at _room temperature, 904 g of polylysine was added per
mg of vesicles(in.a volume:.of-..09 ml .of water)to each sample (except
the control above with no‘additional'polylysine) and after an incubation
for the indicated length of time the sample was filtered through a
.45y EH type Millipore filter with a glass prefilter. The 0.D.

450
of the filtrates was read on a spectrophotometer.
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Table 22,. OPTICAL DENSITY AND PROTEIN MEASUREMENTS ON FILTRATES OF SMP SUSPENSIONS
WITH VARYING AMOUNTS OF PROTAMINE AND POLYLYSINE ‘

€CT

(4) gzi;izizzeor ‘ t-.PfOtamine‘i'f' - Polylysine'(MW 3400) ¢ | Po;ylysine (gw 70,000)
concentration O.D.450 [pﬁztein] 0_.D.450 [protein] O.D.450 [protein]
Mg/mg_ SMP g/ml Mg /ml . Adg [ml

0 1.790 945 1,790 945 | 1.790 945

0 940 403 .019 - 54 005 . 52

25 o .007 39 .005 33 .005 28

50 .008 35 .010 37 195 138

100 . ©.008 36 .012 58 1.070 383

(B) 6.7 1.630 1090 .304 175 . u128 . 126

10 . .125 103 - .016 51 : .016 61

20 008 25 008 - 18 .000 16

40 003 10 .004 8 . .007 10

80 o .004 10 .007 12 - .017 14




Table .22,

SMP~ were made as described and susperded in LSS. In part (A) SMP were suspended
at a final concentration of 2: mg/ml:in .2 ml final volume of MSH' containing the indicated

- amounts of protamine, 3400 MW polylysine or 70,000 MW polylysine. After several minutes of

incubation at room temperature the suspensions were filtered through two glass prefilters
and the 0.D. of the filtrates were read at £50 nm. An aliquot of SMP . was diluted to .
concentrations between 1 and 100 A4g/ml in 25 mM KP, containing .1%Z SDS . The fluorescence
of the 'suspensions (excitation 280 nm, emission 336 nm) was measured and a standard linear

" plot of SMP protein versus fluorescence obtained. Aliquots of the filtrates were then

assayed for fluorescence to determine the protein concentration.

. In part (B) the procedure was ‘similar except that 40M g of protamlne or the appropriate
MW polylysine was added to each of a series of samples. SMP'. were then added in varying
amaunts to give the polypeptide/SMP protein ratios shown. After filtration the 0.D. and
prctein concentrations of the filtrates were determined as above. :



<

_content was measured using calibrated fluorescence as described in the
legend of the table. It can belseeﬁ that the 0.D.. of the filtrates
correlates Qell with the actual.émounﬁ of SMP~protein\passing through
the filters. Again the existence of an optimum.améunt of polylyéiné is’
_e&ident above which the_filtfation is less complete. These data show-
the lack of this effect with pro;aminé over thé concentration range employed,
Furthermore the second paft‘bf this table illusﬁrafeS‘that the amount of
polypeptide needed to bring about‘effective'aggfegation does not depend on
the concentrations, but rather the relative amounté of particles.and
polypeptides. Approximately the same minimum amount of polypéptide_is
required per mg of particles.regardless‘of whether the amount of poly-
ﬁepéide is held constant and the amount of particle concentration varied

. or the particle concentration held constant and the polypeptide conceh—

'tration vafied. The ;bsolute particle and polypeptide concéntrations in

part (A) and part (B) of Table 22 at maximﬁm filter retention of SMP
differ by a factor of about 2-4 while the relative amounts of polypeptide

~and particies ( Ug/mg) ét thch optimum»fil;ration occurs are about the .

same. |

Table 23 shows the removal of oxidative activity of SMP by'Millipore
filtfation with aﬁd wiﬁhout added polylysine. It can be seen tha; removal
of the particles by the filtér as judged from the presence of oxidation

is only partial without polylysine,-but‘that with added polylysine (at

anlamoﬁnt which was judged to-be opﬁimal from the 0.D. measurements )
filtratién is complete.

The presence of such strongly charged polypeptides in membrane



' Table 23. OXIDATIVE TEST OF POLYLYSINE FILTRATION OF SMP

Respiration rate

Sample » __U.nmole:Oy/minute -----
Control - : 51
Control + polylysine ‘ " 54
‘Filtrate (no polylysine) : 37

Filtrate (+ polylysine) - 0

SMP were made from rat liver mitochondria as detailed in the

METHODS section. After removal of external cytochrome ¢ by :the cen-

‘trifugation method 100 4g of SMP protein was placed in an oxygen elec=..

trode ‘containing 3.1 ml of MS'vaith_Zl; mM Tris-ascorbate, 65 UM CCCP,

3.9 uM antimycin A, 2. 4g PMS, pH 7.2. After obtaining the respira-

tion rate + 130 #g of polylysine, parallel aliquots were filtered
through a .45/1 Millipore filter with a glass prefiiter and the fil-

trates analyzed for respiration rate.

4109



400

aggregation brings up the issue of disruption of the integrity of the

, : ++
membranes by the polypeptides. Figure 20 shows uptake of Ca

.in SMP
with botb-RSO and ISO energizatidn. The particles were removed from the
suspension to quantifate the uptake either by the use of protein—ﬁinding
HATF-type Millipore'filters'or by protamine aggregation and filtration
with nonbinding filters. The protamine techniqﬁe results in retention

A

of even more of the transported Ca  than the other method, so lytic .

effects do not appear to be reducing the amount of reténtibn of Cé++
with the aggregrafidn iechnique. ‘ |

| Tab;e 24 shows filtration and centrifugation of‘COV which were iabelled
with intefnélly trapped l4C—SﬁcrOSE1 The polypeptide was incubated with .
tﬂé particles for vafying lengths of time prior to filtration or centri-
.fugatién of the suspension to determine whether leékage'of the label was
induced by aggregation. fhe data show that pfotamine produces the mostl
effective particle aggregation without appreciable lysis with time.
Polylysine appears to induce some lysis of the.vesicles with retentién of
only 60-70% of the internal label iﬁ the centfifuged pellet or on the
'filte:. | | |

Flow dialysis monitoring of leakage ot 14C%sucrose is shown in

Figure 21. There appears to be significant leakage induced by.polylysiné,/
~ whereas the leakage dﬁe to protamine is not much more than control until
after several minutes of exposure to the polypeptide have occurred.
" Since aggregation is complete in 15-30 seconds the vesicles cap be filtered
and washed before significant lytic effects occur.

Table 25 shows filtration of vesicles of varying phospholipid com-

position. The data indicate that the presence of acidic phospholipids is



Figure 20. COMPARISON OF CALCIUM UPTAKE IN "SM®~ FILTERED WITH PROTAMINE

FILTRATION AND WITH PROTEIN-BINDING FILTERS.

SMP': were made Erom rat liver mitodhondria as déscribed in the METHODS section.. The

particles were suspended in MSH after removal of external cytochrome ¢ by centrifugation Sam-"

ples consisted of 3.4 mg of SMP in 2 ml final volume of MSH plus 882 nmole/mg of Ca with
11“Ci of 45 H (added 1ast:), 4 mM ADP, 4 mM MgSO4, 50 mM Tris- ascorbate, 3 uM-antimycin:Aj. and
either 5 #g PMS (for Inside-out energization) or 3 mg of cytochrome c (for Right side. out
energization). After incubating for an appropriate length of time with agitation to insure
adequate oxygenation of the samples, the sample was either filtered through a 45}1 HATF type
protein-binding Millipore filter with glass prefilter, or mixed with 2004 g of protamine and::

then filtered through a Millipore .454 EH type Millipore filter with glass prefilter.

1T
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Table ‘24,1POLYLYSINE AND PROTAMINE FILTRATION AND CENTRIFUGATION OF =~ C-SUCROSE LABELLED COV

Incubation Z of COV's retained on filters or in pellet

time Control Control + Lubrol + Polylysine + Protamine
t = 30" o 1.8% 0.7% 60.0% . 97.9%
Filtration t=5 - . - 60.6% 96.6%
t = 10° - - ’ 61.3% . 96.3%
€= 30" . 8.8% 6.9% 70.6% 97.0%
Centrifugation t =5 _ 4 _ 63.8% 96.5%

14C—éucrose labelled COV  were prepared as described previously with 277 Ug/ml of cytochrome
oxidase (batch unfractionated) in 40 mM K,SO,, 10 mM HEPES, 20 mM sucrose (pH 7.0), with
2.85 yCi/ml of ~ C-sucrose in the first dialysis phase (against 2.7 volumes for 5-8 hours ’x7).

After the second phase of dialysis to remove external label ( against 167 volumes of nonradioactive -

buffer for 6-24 hours x4) samples were made in the same buffer solution consisting of 3.2 mg/ml

of vesicles, with 180 Mg/ml of polylysine (MW 3400), 180 udg/ml of protamine, or .5 mg/ml of

Lubrol in the appropriate samples. The samples for centrifugation were 1 ml and -those for fil-
tration were 2 ml in volume. The samples were incubated at room temperature for the indicated
lengths of time after addition of the vesicles and were then either filtered through a .45

EH type Millipore filter with a glass prefilter or centrifuged in a JA-20 type rotor for 3 min-

utes at 15,000 rpm (the centrifugation time being started when thelzotor reached a speed of

10,000 rpm). The filters were washed with 4 ml of buffer and the =~ C-sucrose activity in the fil-
ters, filtrates and wash was determined to obtain the % retention cf the COV:. on the filter. The
% of COV in the pellets was determined from the decrease in the radioactivity of the supernatants.

e —
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Figure 21. FLOW DIALYSIS DETERMINATION OF LEAKAGE OF 14C—SUCROSE FROM

'LIPOSOMES BY POLYLYSINE AND PROTAMINE

Liposomes were made by sonicating asolectin in 40 mM K SOA’ 10 mM
HEPES, 20 mM sucrose (pH 7.0) containing 3'uC1/ml of 14C-suCrose at
a phospholipid concentration of 20 mg/ml until the suspension clarified.
The suspension was .then dialyzed against nonradiocactive buffer solution
using the flow dialysis technique at an average flow rate of about
40 ml/hr for about 30 hours (until no detectable radioactivity was. pre—
sent in the dialysis solution).

Samples were made consisting of .8 ml of vesicle suspension (16
mg of vesicles) in a final volume of 1.2 ml of 40 mM K.S 10 mM
HEPES, 20 mM sucrose (pH 7.0) containing 75/(g'of‘polyfyséne(MW 3400) .
or protamine per mg of phospholipid in the appropriate samples, or
.3% sodium cholate + 4.1%7 (final concentration ) of trichloroacetic
acid in the lysis sample. = Each sample was placed in the flow dialysis

. chamber of Colowick and Womack 31969,immediately after addition of the

liposomes and buffer: solution pumped through the other part of the
chamber at a rate of .36 ml /minute. The radioactivity of the effluent
solution was measured at the time points indicated and the total’
cumulative efflux quantitated.
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Table - 25, . PROTAMINE FILTRATION OF VARIOUS TYPES OF PHOSPHOLIPID VESICLES

Phospholipid. composition v_ Without protamine With protamine
. o . O.D.450suspension .O.D.450filtrate O.D.450filtrate
PC STV 114 .111
'1rl PC:PE .10 - .077 .099
5:5:2 PC:PE:CL | .086 ©.076 .003.
1:1:1 PC:PE:PS .110 .068 .002
| .001

Asolectinf 3 .098 o .083

PC= phosphatidyl choline (egg yolk, Sigma type IX E), PE = phosphatidyl ethanolamine
(ovine brain, type II-S), PS = phosphatidyl serine (brain extract, type III), CL =

cardiolipin (beéf heart).

The different types of pﬁospholipid vesicles shown above were made by drying
the appropriate phospholipids under nitrogen and suspending them at a concentration
of 18 mg/ml in 40 mM KZSOA,_IO mM HEPES (pH 7.0) by sonicating to clarity. A 2 ml

with a glass prefilter and the 0.D.

on weight.

sample of each aliquot was prepared by .adding 5.5 mg of vesicles (.3 ml) to the
appropriate amount of buffer + 600 Ug of protamine. After reading the O.D.4 of the
.suspension containing no protamine it was filtered through a .45y Millipore ?91ter
450 of the filtrate was read.
protamine were filtered similarly ana the O.D.4 0 read to determine the amount of
vesicle retention due to the protamine. The.rat;os‘of all phospholipids are based

The aliquots with

noT
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ne;essary‘for aggregation by protamine to occur. It is likely that
ghe aggreg;tion process works by binding of the positively charged pro-
tamine mélécule to acidic.phosph;lipid groups in the membrane of the
vesicles and‘thereby‘binds the vesicles together. Sincelacidic phospho-v
lipids are present in virtually all natural mémbranes, this process één.
- be used for separation of a wide variety of sm&il,vesicles.from sus-
pendiné media to allow quantitatipn Qf'traﬁsported substances.

it-has also been.noted-that strongly charged substances chénge
ghe optimum gmouﬁﬁ of polylfsine or protamine nécesséry for complete.fil—
tration. Negatively charged substances such as adenine nucleotides greatly
increase the amount of polypeptide needed for filtration, presumably.by
binding to some of the éositively chafged polypeptide. Addition of dival--
ent éations in the presence of adenine nucleotides negates ‘this effect..
Since ionic interaction is the basis of the‘agg:egation‘fechnique the
ionic species present in the suspension will obviously affec; the aggre-
gation. For this reason it is.important to test the filtration using
the simple optical density measurement to determine the necessary amount

‘of protamine for any given system of vesicles, transported substances,

and substrates.
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- Discussion | ‘ -

The major impediment. to the. study of ion translocation in recon-
stituted proteoliposoﬁes is the iack of adequate separatory.technoloéy.
Turbidity noted when polylysine was added- to suspensiéns»of PCOV to dis-
place external c&tochrome.g 1éd to the development of theAaggregation—
filtration technique for vesicle separation from suspension media. The
use of light scattering as a monitorlof‘completeqess of v;sicle-filtration
is a simple and sensitive method of optimizing the aggregation- filtra-
tion procedure forla given system. Since the polypeptide addiﬁion causes
‘aggregation of the §esicles, aggregates which are not filtered out will
be present in the filtrate and will be larger sized particles than the
original'vesicles. The square law dependence of light scattering on
particle size will accentuate fhe apparent amouﬁt of unfiltered material.
The filfration is seen with.both 0.D. and protein measurements of the
filtrate to be quite compléte for both natufal and reconstituted parti-
cles. The dependence of the aggregation on the-relative amounts of thé :
‘vesicles and polypeptides rather than on the concéntr;tions supports the
id¢a~that it is binding of the polypeptides to ghe vesicles Which-causes
the.aggregatiog.' This is not unreasonable since protamine and polylysine
are both highly positively charged moleéules (Kurt, 1960; Harmbn,'Hall{
Crane, 1974; Smith, Conrad, 1956) , and the Résults section shows'that
‘the presence of acidic phoépholipids (negatively charged) in the membranes
of vesicleé is necessary for aggregration to occur. One of the main
differences in the use of polylysine or protamine for thelagg:egatioﬁ—fil-
trationvprbcess is the response to amounts of ‘polypeptide wh%ch are |

larger than the optimum amounts'for'agg:egation (which is usually in the
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range of 50-100 U4 g/mg particles for most types of particleé tested).
. With larger amounts of polylysine aggregation is inhibited and increas-
ing amounts. of the particles pass through the filters. Polylysine is a
‘highly chargedAréndom coil which probably occupies a larger volume than
a iess charged protamine of similar molecular:iweight. At low améunts
of polypeptide relative to a given amount of vesicles both polylysine and
protamine may bind to ionic sites on different vesicles, causing aggre-
gation, As the amount of polylysine is increased more vesicles will
have polylysine associated with them, which will tend to repel other
polylysine molecules seeking to bind to the vesicles. There:may then be
an increased tendency for polylysine to bind to multiple binding sifes
on the same vesicle and less bridging between vesicles would occur. Pro-
tamine would not be expected to be as effective in covering the surface
of a vesicle with positively charged areas and would not be as effective
as polylysine in repelling the binding of other protamine molecules to a
given vesicle. The situation with polylysine would be analagous to anti-
gen~antibody interaction, which produces aggregation only in a certain
optimum range of antigen and antibody.

Another difference in the behavior of polylysine and protamine is .
the amount of leakiness induced in the vesicles by.thé_aggregation
In the first 1-2 minutes of exposure protamine produced no more leakage
of internal label fraom vésicles than control. This is more than enough
time for fi]rration.‘ Polylysine on the other hand causes much more
leakage. This is probably due to the more highly charged nature of the
-polylysine'molecule, which would tend to interact with more of the phos-

pholipid groups of the vesicle membrane and may tend to pull some of the
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acidic phosphdlipids from the membrane or disruptAthe packing of the
. phqspholipids_in the membrane. For this reason protamine was felt to
be a better aggregating agent éﬁd was used routinely in uptake experi-
ments. The leakage was less of a problem in membranes such as SMP ‘which
‘contained higher proportions of protein,-#nd polylysine was'found_ﬁo '
aggfegate these types of vesicles with minimal evidence of lytic effects.
The,conveniénce, low cost, and complete filtration afforded by tﬁe
. protamine filfration méthod'made it the method‘of choice for separation
of all tyﬁes of vesicles from suspending media. Ion exchange colummns
‘are hafderAto use and suffér ~from variable vesicle rétention in the
columns (Gasko et al, 1976). They cannot be used in the presence of .
polylysine or proﬁamine because of this problem, and ﬁhisAis importadty ..
in the selective ehergization technique for COV and SMP. The protamin;
’ filtratién fechnique is also a more general technique as it_céﬁ be used
for the quantitation of uptake in vesicles of.uncharged substances such

as sugars as well as ions. This technique shouid be invaluable in the

reconstitution of sugar transporting systems.





