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In Vitro Biosynthesis of Membrane Proteins in Isolated
Mitochondria from Saccharomyces carlsbergensis”
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ABSTRACT :The products of in vitro incorporation of [14Clamino
acids into isolated mitochondria from Saccharomyces carls-
bergensis have been investigated and found to be associated
with the membrane fraction. The yeast mitochondrial mem-
brane proteins were fractionated into four major subfractions.
The proteins of these subfractions were then solubilized by re-
duction and carboxymethylation or sulfonation in the pres-
ence of sodium dodecyl sulfate and separated by disc gel elec-
trophoresis. The level of incorporation of radioactive amino
acids was rather low; however, it was not due to microsomal
or bacterial contamination. Actinomycin D, rifamycin, and
ethidium bromide had no effect on this in vitro incorporation
into mitochondria. CS-1, the predominant component from

Tie ability of isolated mitochondria to incorporate radio-
active amino acids into protein was first detected by Siekevitz
(1952). Later studies by Roodyn er a/. (1961), Truman and
Korner (1962), Simpson (1962), and Kroon (1963a,b,
1964) have confirmed the original observation; however, so-
lution conditions reported for efficient incorporation were
rather conflicting. In recent reports, Wheeldon and Lehninger
(1966), Beattie et al. (1967), and Lamb e al. (1968) have estab-
lished quite well the requirements for iz virro amino acid in-
corporation. Most of the radioactivity incorporated has been
shown to be associated with insoluble membrane proteins
(Beattie er al., 1967; Haldar et al., 1966). Haldar et al.
have demonstrated that several protein species sep-
arable on disc gel electrophoresis have incorporated radio-
active amino acid; however, no specific protein products of
mitochonrial synthesis have been resolved. The present studies
provide a reproducible method for separation of membrane
components by extraction and electrophoretic procedures,
demonstrate that one of the membrane protein fractions con-
tains the major product(s) of protein synthesis in isolated
yeast mitochondria, and describe some properties of the pro-
tein from various membrane fractions.

Materials and Methods

p-Chloramphenicol, cycloheximide, oligomycin, and bovine
pancreatic trypsin (type I) were obtained from Sigma Chem-

* From the Department of Biochemistry and Biophysics, University
of California, Davis, California 95616. Received January 21, 1970,
This work was supported in part by U. S. Public Health Service Grant
GM 1001-17.

1 Predoctoral Trainee of U. S. Public Health training grant. Work
done in partial fulfillment for the requirements of Ph.D. degree, Univer-
sity of California, Davis. Present address: Section of Biochemistry and
Molecular Biology, Cornell University, Ithaca, N, Y.

membrane fractionation, has the highest specific radioactivity
and accounts for 50-60%; of the total radioactivity incor-
porated into insoluble membrane proteins. The incorporation
of radioactive amino acid into CS-1 is strongly inhibited by
chloramphenicol. While other membrane components are
labeled to a much lesser degree, incorporation into these other
components is not particularly sensitive to chloramphenicol
inhibition. Comparison of amino acid compositions and
fingerprints of peptides obtained from tryptic digestion of the
three major membrane components, CS-1, Ci-1, and Ci-3,
suggest that all are extremely similar in spite of differences in
labeling and in migration in a sodium dodecyl sulfate con-
taining disc gel electrophoresis system.

ical Co. Rabbit muscle A grade pyruvate kinase and ethidium
bromide were purchased from Calbiochem. Rifamycin was
purchased from Dow Chemical. Actinomycin D was pur-
chased from Merck Sharp and Dohme. Glusulase was ob-
tained from Endo laboratory. {1*C}Protein hydrolysate was
purchased from Amersham-Searle Corp. [1*C]Leucine, {1‘C]-
valine, [1*Cl]lysine, and [*H]protein hydrolysate were obtained
from New England Nuclear Corp. [**C]Tyrosine and {*‘C]-
arginine were purchased from Schwartz BioResearch Inc.
Other reagents were reagent grade and used without further
purification unless otherwise stated.

Isolation and Solubilization of Mitochondrial Membrane
Components. [ISOLATION OF MITOCHONDRIA., A double mutant of
Saccharomyces carlsbergensis requiring both lysine and meth-
ionine for growth was employed in these studies. Cells were
broken either by mechanical means or by enzymic digestion.

MITOCHONDRIA PREPARED FROM MECHANICALLY BROKEN
CELLS. Yeast cells were grown aerobically at 25-28° (room
temperature) in 1% peptone-1% yeast extract-1% glucose
medium and were harvested in late-log phase when the absorb-
ance at 660 mu reached 8-9 optical density units and were
collected with a Sharples centrifuge. A suspension of 10 g of
cells was added to bottles containing 20 g of 0.05-0.45-mm
glass beads and homogenized in a B. Braun cell homogenizer
at 0-4° for 45 sec. Crude mitochondria were obtained by
differential centrifugation at 1000g and 17,000g. The crude
mitochondrial fraction, suspended at 20 mg/ml in STE! buffer,
was purified in a 20 %7 to 60 9 (w/w) sucrose density gradient.
All sucrose solutions were made in TE buffer. The density

1 STE buffer, 0.0t M Tris-Cl-0.25 M sucrose-0.001 M EDTA (pH 7.4);
TE buffer, 0.01 M Tris-Cl-0.001 M EDTA (pH 7.4); MET buffer, 0.2 M
mercaptoethylamine-0.01 M EDTA-0.1 m Tris-Cl (pH 8.0); CPS
buffer, 3.08 mm citric acid-21.6 mM Na,HPO.~-1 mMm EDTA-1.2 M
sorbitol (pH 6.8).
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gradient was preformed in a Beckman L-4 zonal centrifuge at
4000 rpm at 4°. Equilibrium was attained after centrifuging at
20,000 rpm for 8-12 hr.

The purified mitochondrial fractions were pooled, diluted
with an equal volume of TE buffer, and centrifuged at 30,000
rpm in the Sorvall ultracentrifuge for 1-2 hr. The mito-
chondria thus obtained were used in preparative scale isola-
tion of membrane protein subfractions.

MITOCHONDRIA PREPARED FROM SPHEROPLASTS. Cells were
grown and harvested as above. Spheroplasts were prepared
using a modification of the method of Duell er a/. (1964).
Each gram of cells was incubated with 2.5 ml of MET buffer
at 30° for 30 min. The suspension was centrifuged at 1000g for
10 min and the pellet was washed with CPS buffer three times.
The final pellet was suspended in CPS buffer (1.7 ml of CPS
buffer/g of cells) and incubated with glusulase (20 mg of en-
zyme/g of cells) at 30° for 1 hr. The suspension was centrifuged
at 1000g, washed with CPS buffer three times and centrifuged
at 3000g for 10 min. The spheroplast suspension was homog-
enized in a Potter-Elvehjem glass homogenizer in the lysis
buffer (2 ml of lysis buffer/g of cells) containing 0.4 M sorbitol-
20 mm MgCl~10 mM KCl-5 mMm phosphate (pH 6.8). The
homogenate was mixed vigorously with Vortex mixer and
then incubated 20 min with shaking at 0°. A mitochondrial
pellet was obtained by differential centrifugation and then
purified by equilibrium sedimentation in linear sucrose density
gradients (Criddle and Schatz, 1969). Mitochondria prepared
in this way were used in all [1*Clamino acid incorporation ex-
periments.

FRACTIONATION OF MEMBRANE PROTEINS. Purified mito-
chondrial protein was fractionated initially into subfractions
by the method of Richardson er al. (1966). Soluble mito-
chondrial protein was removed by freeze and thaw treatments
followed by washing the mitochondria in 0.4 m KCI solution.
The KCl-insoluble membrane protein was solubilized with
deoxycholate (2 mg/mg of protein)-cholate (1 mg/mg of pro-
tein) solution and precipitated by addition of saturated (at 4°)
(NH,).SO, solution to a final concentration of 15 7 saturation.
Lipid was extracted with 959 acetone at 0° and the “struc-
tural protein® subfraction thus obtained was washed with 0.01
M Tris-Cl buffer (pH 8.5) three more times. The product was
either washed with 8 m urea (pH 5.5) at 5 mg/mi according to
the method of Lenaz and Green (1968) or suspended in 8 M
urea-0.1 N NaOH solution and then dialyzed exhaustively
against deionized water. All protein fractions were collected
and analyzed as described below for level of [1*Clamino acid
incorporation.

SOLUBILIZATION OF MEMBRANE PROTEIN SUBFRACTIONS BY RE-
DUCTION AND CARBOXYMETHYLATION, Membrane protein sub-
fractions were suspended in 0.01 M Tris-Cl (pH 8.5)-0.5 %] so-
dium dodecyl sulfate solution to a final concentration of 2 mg/
ml and reduced with 100 X excess (mole/mole of protein of
20,000 molecular weight) of dithiothreitol (20 mm) for 4 hr at
room temperature. A tenfold molar excess of iodoacetate (rela-
tive to dithiothreitol) was added and the reaction was allowed
to proceed for 1 hrin the dark at pH 8.5 and room tempera-
ture. The reduced and carboxymethylated protein was dialyzed
against three changes of 0.01 M Tris-Cl (pH 8.5) buffer.

SOLUBILIZATION BY SULFONATION OF MEMBRANE PROTEIN
SLUBFRACTIONS. Sulfonation was carried out essentially as re-
ported by Chen (1968). Membrane proteins were suspended
in 19 sodium dodecyl sulfate~0.2 M Tris-Cl (pH 8.4) solution
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and then incubated with shaking in a medium containing 0.05
M Na,SO;, 5 X 1071 M cysteine, 2 X 1077 M CuSO4, 0.5%
sodium dodecyl sulfate, and 0.1 m Tris-Cl (pH 8.5) at 25° for
1 hr. The solution was then dialyzed against 0.1 M Tris-Cl
(pH 8.5) with three changes of buffer.

FRACTIONATION OF COMPONENTS FROM SOLUBILIZED MITO-
CHONDRIAL SUBFRACTIONS BY DISC GEL ELECTROPHORESIS. The
system of preparative disc gel electrophoresis published in the
Biichler Instrument Manual (Ornstein and Davis, 1964) modi-
fied to contain 0.03% sodium dodecyl sulfate in the upper
buffer was used to further fractionate the major subfractions
into various compoenents. Preparative disc gel electrophoresis
was carried out in 0.5 X 3.375 in. tubes with 7 ml of running
gel and 1.2 ml of stacking gel solution. Stacking and running
were carried out at 4 and 8 mA per tube, respectively. Protein
bands were identified by staining gels in 0.1 Buffalo blue
black in 40 7 ethanol-15 7 acetic acid solution for 15 min, de-
staining with 10 % acetic acid until gels were almost completely
clear and then washing in 409 ethanol-5%; acetic acid solu-
tion. The gels were scanned in a Schoeffel spectrodensitometer
SD 3000 at 540 my. Protein bands could also be detected by
cooling the gels to 0° for 4 hr, Protein-bound sodium dodecyl
sulfate precipitated in the cold and facilitated the identifica-
tion of protein bands.

ISOLATION OF MEMBRANE COMPONENTS, The major membrane
components separated by preparative disc gel electrophoresis
were located by cold precipitation of the sodium dodecyl sul-
fate-protein bands and the gel segments cut out accordingly.
The membrane components were pooled and eluted electro-
phoretically through a coarse sintered glass filter and into at-
tached dialysis tubing. The protein components were dialyzed
against three changes of 0.01 N Tris-Cl (pH 8.5) buffer.

Characterization of Various Membrane Components. RE-
MOVAL OF PROTEIN BOUND SODIUM DODECYL SULFATE. Mem-
brane components were treated with 0.5 N~ KOH and centri-
fuged repeatedly to remove most of the bound sodium dodecyl
sulfate and then dialyzed exhaustively against deionized water
prior to any chemical or enzymatic analysis.

MOLECULAR WEIGHT DETERMINATION. Molecular weights of
CS-1, Ci-1, and Ci-3 were estimated in sodium dodecyl sulfate
gels according to the method of Shapiro er a/. (1967). The fol-
lowing proteins with known molecular weight: bovine hemo-
globin, ovalbumin, myoglobulin, lactate dehydrogenase, 8-
lactoglobulin, lysozyme, and chymotrypsinogen A were sul-
fonated or reduced and carboxymethylated at concentrations
of 2 mg/ml as described above. Electrophoresis was runin 129
polyacrylarnide gel.

AMINO ACID ANALYSIS, Purified membrane components were
hydrolyzed under vacuum in sealed vials for 12, 24, 48, 96 or
24, 48, and 72 hr at 110° in constant-boiling HCI (5.7 N).
After evaporating to dryness twice to remove hydrochloric
acid, the amino acids were dissolved in pH 2.2 citrate buffer.
The analyses were carried out on a Phoenix Precision Instru-
ment Co. amino acid analyzer Model K 800 VG at a tempera-
ture of 50° using the butfer system of Moore er a/. (1968).

FINGERPRINTING. The sodium dodecyl sulfate free sul-
fonated components were suspended in 107> M NHHCO;-
103 M CaCl, solution at pH 8.5 to 1-2 mg/ml and trypsin sus-
pended in 10~3 M HCI was added at 0.05 protein concentration.
The digestion was carried out at 37° for 6 hr and the reaction
was stopped by addition of 25 ul of 1 N HCI/ml. The peptides
were lyophilized, resuspended in H.O, lyophilized, suspended
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in minimum amount of 10~% N HC], and spotted on Whatman
No. 3MM paper.

Two-dimensional peptide maps of components were pre-
pared using the procedure of Katz er a/. (1959). Chromatog-
raphy was carried out at room temperature in freshly pre-
pared butanol-acetic acid—water (4:1:5, v/v) for 21 hr. Elec-
trophoresis was run in pyridine-acetic acid-water buffer
(25:1:225, v/v, pH 6.4) for 2 hr in the direction perpendicular
to the direction of chromatography. The peptide spots were
detected by spraying with 0.3 % ninhydrin suspended in 95%
ethanol.

Biosynthesis of Mitochondrial Membrane Proteins. INCOR-
PORATION OF [MCJAMINO ACIDS INTO MITOCHONDRIA. Mito-
chondria prepared from spheroplasts and purified in 20-60 %
w/w sucrose gradient were used in all incorporation experi-
ments. The incubation medium used for amino acid incor-
poration into isolated mitochondria was a modification of
that described by Lamb er a/. (1968). The standard incubation
mixture contained 40 mm Tris-Cl (pH 7.4), 250 mm sorbitol,
10 mm MgCly, 100 mm KCl, 5 mmM P-enolpyruvate, 1.5 mMm
ATP, 5 mm PO, (pH 7.4), and 0.18 mm cycloheximide. Also,
each 1 ml of medium contained [!4CJamino acid (0.8-1.2 uCi),
10 ug of oligomycin, and 1-3 mg of mitochondrial of protein. A
single [14Clamino acid or several different [14Clamino acids in
various combinations were used. In the incubation mixtures
containing chloramphenicol, the concentration of chlor-
amphenicol was 5 mm. Where possible solutions used were
sterilized and operations were carried out in a sterile hood to
minimize bacterial contamination.

All incubations were carried out at 32° in a metabolic
shaker. Mitochondrial suspensions were incubated with pro-
tein synthesis inhibitors for 15 min prior to the addition of
radioactive amino acids.

Incorporation was stopped by addition of an equal volume
of cold buffer (0°) containing 200 X excess of unlabeled amino
acids in STE buffer. After washing three times with STE
buffer containing unlabeled amino acids, mitochondrial pro-
teins were fractionated according to the simplified scheme of
Figure 1. Aliquots of each fraction were used in counting of
radioactivity. The proteins were washed according to the
method reported by Criddle and Schatz (1968) and radio-
activity of the protein solutions was counted in’ Nuclear-
Chicago scintillation counter using Bray’s scintillation fluid.
Protein concentrations were determined by the method of
Lowry et al. (1951).

Results

Isolation of Mitochondrial Membrane Components. ISOLA-
TION OF MITOCHONDRIA., The yield of mitochondria per cell
when prepared from spheroplasts is much higher (five times)
than the yield when prepared by mechanical breakage of yeast
cells. To obtain a high yield of spheroplasts a higher concen-
tration of mercaptoethylamine and higher pH than described
in the procedure of Duell et a/. (1964) was employed. Lysis of
spheroplasts in this case becomes the major limitation in ob-
taining high yield of mitochondria. Vigorous stirring at 0°
facilitates release of mitochondria from the spheroplasts.
Mitochondria obtained by this method are more intact than
those obtained by mechanical breakage and form a distinct
sharp band in sucrose density gradient.

FRACTIONATION OF MEMBRANE PROTEINS. The scheme for

Mitochondria

Wash with 0.4 ¥ I{Cl three times

(freeze and thaw)

Soluble protein (discard) ) -f
KCl-insoluble membrane protein (100 %)

Sodium deoxycholate (2 mg/mg of
protein) and CHO (1 mg/mg of
protein)

l

Sodium deoxycholate
msoluble (33 %)

Soluble protein (67 %)

I'urthier purified as 8P fraction | 156 (NI):804

|
|
|
I (NH,),S0; precipitate (44 %)
|
I Purification of XP fraction
1. Fxtract with 90¢f acelone three
times
2. Wash with TS badfer, pll 7.4,
three times

ED_ 3. Sulfitolysis

(4073)

l

Solubilize and separate by disc
gel clectrophoresis

FIGURE 1: Scheme for preparation of mitochondrial protein sub-
fractions. The deoxycholate—cholate-insoluble material was frac-
tionated further using the same conditions as used for structural
protein fraction. Abbreviations used: SP = structural protein
fraction; Dp = deoxycholate-cholate-insoluble fraction; SSP =
sulfonated structural protein fraction; SDp = sulfonated Dp frac-
tion.

fractionation of mitochondrial membrane proteins and yield at
each step are shown in Figure 1. The sulfonated membrane
protein subfractions are readily soluble at low protein con-
centration. When the SSP subfraction is subjected to disc gel
electrophoresis at pH 8.9 in 0.039 sodium dodecyl sulfate,
four distinctly resolved bands (plus trace amounts of other
components) are observed (Figure 2). CS-1, the fastest mi-
grating component, is 457 of the total protein of this frac-
tion; the remainder of the material is distributed among the
bands Ci-1 (30%), Ci-3 (12%), and Ci-2 plus Ci-4 (10%).
Disc gel electrophoresis patterns of the SDp subfraction is also
shown in Figure 2. While similarities exist among the major
components of these two subfractions, SDp has several addi-
tional minor components. The gel patterns of only two sub-
fractions are illustrated in Figure 2; however all major mem-
brane subfractions were collected, sulfonted, and separated by
disc gel electrophoresis.

ISOLATION OF MEMBRANE COMPONENTS. Membrane compo-
nents from the CMSP or SSP subfractions were isolated for
further characterization using preparative scale disc gel elec-
trophoresis. CS-1, Ci-1, and Ci-3 obtained under these condi-
tions appear to be pure when protein is reapplied in 8 %7 gel and
electrophoresed at pH 8.9 (Figure 3). However, when electro-
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FIGURE 2: Disc gel electrophoresis patterns of SSP (a) and SDp (b)
subfractions. SSP and SDp (700 ug) were applied on 8%, gel. The
front is marked by a copper wire.

phoresis is carried out at 129 gel concentration, CS-1 sep-
arates into four poorly resolved bands termed CS-1 a, b, ¢, and
d, while Ci-1 and Ci-3 still migrate as single components
(Figure 4). Ci-1 and Ci-3 remain as single gel components at
10-16%; gel concentrations (Figure 5). The multiplicity of
CS-1 bands seems to indicate either heterogeneity or a process
of association and dissociation in the solvent system em-
ployed. Disc gel electrophoretic separation at other pH’s, i.e.,
7.5, 8.3, 11.3, have been attempted, but have not been suc-
cessful because of protein precipitation or lack of resolution.

d

0.8

04

ABSORBANCE (540 M)

DISTANCE

FIGURE 3: Densitometer tracings of disc gel electrophoresis patterns
of CS-1, Ci-1, and Ci-3 obtained from SSP subfraction. Tracing
with peak at left is Ci-3, center Ci-1, and right CS-1. Electrophoresis
was carried out at 89 gel concentration. The dye front is marked
by an arrow and the direction of migration is left to right; 80 ug of
each protein was applied.
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FIGURE 4: Disc gel electrophoresis pattern of CS-1, Ci-1, and Ci-3
(left to right) obtained from SSP subfraction. Electrophoresis was
carried out at 129 gel concentration. The dye front is apparent from
marker wire; 80 ug of protein was applied per sample.

Characterization of Membrane Components. MOLECULAR
WEIGHT DETERMINATION. The relative mobilities of standard
proteins of known molecular weight as well as of CS-1, Ci-1,
and Ci-3 were measured and plotted as relative mobility vs.
the logarithmic value of the molecular weight. A best-fitted
straight line is obtained from this plot. With the exception of
the standards lysozyme and lactate dehydrogenase, which
show deviation, the other protein molecular weights fall
within +5% of a straight-line function. Molecular weights of
CS-1a,CS-1b, CS-1¢, CS-1d, Ci-1, and Ci-3 determined accord-
ing to this method are 15,000, 20,000, 26,500, 40,000, 39,000,
and 56,000, respectively.

AMINO ACID ANALYSIS. Acid hydrolyses of CS-1, Ci-1, and
Ci-3 were run using three to four different hydrolysis times for
each protein. Serine and threonine concentrations shown in
Table 1 were determined by extrapolation to zero-time hy-
drolysis. The amounts of the other amino acids reported were
determined at hydrolysis time which ensured complete hy-
drolysis of the protein.

In order to facilitate the comparison of the amino acid com-
positions in each protein component, results are presented on
the basis of an assumed molecular weight of 20,000 and the
number of residues of each amino acid in the various compo-
nents is normalized accordingly. It is apparent that the amino
acid composition of all three components, shown in Table I,
are extremely similar. On close examination, one notices that
Ci-3 has three to four more residues of Glu, one to two resi-
dues of fewer Leu, one residue less of Tyr, one to two fewer
residues of Lys, and two fewer met residues than either Ci-1 or
CS-1. The differences between CS-1 and Ci-1 are indeed
minute and can only be detected in Ser and Lys. The number
of residues of cysteine and tryptophan of these components
have not been determined.

FINGERPRINTING. A composite peptide map of the SSP sub-
fractions is shown in Figure 6. The number of peptides corre-
sponds fairly well with the number of lysine and arginine groups
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TABLE I: Amino Acid Composition of Membrane Compo-
nents.e

Cs-1 Ci-1 Ci-3
Asp 15 15 15
Thr 10.8 10.8 10.8
Ser 12.5 16.3 14.5
Glu 16.5 15.0 19.8
Pro 8.75 8.5 6.5
Gly 14.5 16.8 15.5
Ala 15.0 16 15.6
Val 11.7 11.4 12.5
Met 3.35 3.6 1.5
Ile 10.6 10.1 9.5
Leu 18.6 18.0 16.7
Tyr 5.4 5.5 4.4
Phe 8.8 8.9 6.5
Lys 13.8 12.5 11.7
His 2.8 2 2.6
Arg 7.2 6.6 7.7
NH; 4.73 20.63 20.65

« The number of residues of all amino acids are normalized
in such a way that the molecular weight of all three com-
ponents is set at 20,000. Data represent values calculated
from 18, 7, and 7 amino acid analyses of CS-1, Ci-1, and Ci-3,
respectively.

in the protein obtained from amino acid analysis assuming the
molecular weight of the protein to be 20,000. The number of
peptides in Ci-1 and Ci-3 is somewhat smaller than in CS-1 as
seen in Figure 6. Ten peptides are common to all the mem-
brane components studied.

In Vitro Biosynthesis of Mitochondrial Membrane Proteins.
Mitochondria prepared from spheroplasts were used imme-
diately after preparation in all studies of in vitro biosynthesis.
The radioactivity from “C-labeled amino acid mixture incor-
porated into mitochondrial protein as a function of time is
shown in Figure 7. Radioactivity is incorporated most rapidly
in the first 5 min, and the rate of incorporation levels out
slowly and approaches zero after a period of 1 hr.

At various time periods during the incubation, 0.1 ml of in-
cubation mixture was plated on enriched agar plates. The
number of bacteria in these plates was subsequently counted
after incubating the plates at 37° for 48 hr. The number of
bacteria counted was not proportional to the duration of in-
cubation with *C-radioactive amino acids and the maximum
number of bacteria detected per milliliter of solution was
never greater than 10, thus eliminating bacterial contamination
as a major contributing source of incorporation of [!*Clamino
acids into mitochondria in these experiments. Studies with pro-
tein synthesis inhibitors verify this conclusion.

Cycloheximide, a specific cytoplasmic protein synthesis in-
hibitor for eucaryotic cell, was shown to have no effect on
[*“Clamino acid incorporation into mitochondria. Even
though '“C incorporation experiments were routinely run with
added cycloheximide, the possibility of incorporation being
due to microsomal contamination was investigated by adding

: : ! ‘N-...../\_/

FIGURE 5: Disc gel electrophoresis patterns of Ci-1 and Ci-3 isolated
from SSP subfractions. Electrophoresis was carried out at 10, 12,
14, and 169 acrylamide gel concentrations (left to right). The dye
front is marked by wire; 100 ug of protein was applied on each gel.

different concentrations of microsomal material to the incu-
bation mixture. The specific radioactivity incorporated de-
creased as the concentration of microsomal fraction increased,
possibly as a result of nuclease activity. This indicates clearly
that the incorporation cannot be accounted for microsomal
contamination.

The incorporation of [**Clamino acid into mitochondria is
sensitive to osmolality. At 200 mwm sorbitol and 32 mm Tris-Cl
concentration, the protein-synthesizing system has maximal
activity.

TABLE 11: Effect of Antibiotics on Amino Acid Incorporation
into Isolated Mitochondria.

Added Antibiotics cpm/mg
None® 248
Ethanol (50 ug) (1.67%) 303
Actinomycin D (10 ug/ml) 285
Actinomycin D (40 ug/ml) 363
Actinomycin D (80 ug/ml) 342
Rifamycin (5 ug/ml) 219
Rifamycin (20 ug/ml) 254
Nonet 141
Ethidium bromide (10 um) 151
Ethidium bromide (20 uml 146
Blank 19

¢« Each 1 ml of reaction mixture contained 1.0 uCi of
[*4Clamino acid mixture. The mitochondrial protein concen-
tration was 0.8 mg/ml. * Each 1 ml of reaction mixture con-
tained 0.8 uCi of [1“Clamino acid mixture. The mitochondrial
protein concentration was 0.7 mg/ml.
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FIGURE 6: A representative tracing of “fingerprints” of the tryptic digested membrane components. Conditions for analysis are described

in Materials and Methods.

Actinomycin D has no measurable effect on the incorpora-
tion of ['*Clamino acid mixture into intact isolated mito-
chondria or osmotically shocked mitochondria (Table II).
Aside from the slight stimulating effect of low concentrations
of ethanol added with the actinomycin D, the radioactivity in-
corporated in the presence of actinomycin D is essentially the

CPM/M, PROTEIN
o
3
<

10 20 30
MINUTES

FIGURE 7: Time course of [*4*Clamino acid incorporation into mito-
chondria. Each 1 ml of reaction mixture contained 1 uCi of [**C}-
amino acid mixture, 10 ug oligomycin, and 2.0 mg of mitochondrial
protein. At each time interval noted, 2-ml aliquots were removed
and the reaction was stopped immediately with 2 ml of cold 107
trichloroacetic acid.
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same as the control. Similarly rifamycin, a bacterial RNA
polymerase inhibitor, and ethidium bromide, a DNA-poly-
merase inhibitor, exerted no effect on the incorporation.

Tu order to clarify whether lack of inhibition by actino-
mycin D is due to inability of the antibiotic to bind to mito-
chondrial DNA or whether simultaneous synthesis of mRNA
is not required for the protein synthesis in isolated mito-
chondria under the present experimental conditions, the in-
corporation of tritiated uridine into shocked mitochondria was
investigated in parallel with iz virro protein biosynthesis. The
results shown in Figure 8 indicate that the incorporation of
[*H]uridine into RNA is 90% inhibited by actinomycin D at
concentrations as low as 10 pg/ml. Simultancous incorpora-
tion of [!*Clamino acids is totally unaffected (Figurc 9).
Rifamycin does not inhibit the initial incorporation of [*H]-
uridine into RNA.

INCORPORATION OF LABELED AMINO ACIDS INTO MEMBRANE
PROTEINS. The uniformity of tritium label in all proteins from
cells grown in the presence of [*Hlamino acids serves as an
internal measure of protein concentration and thus allows ac-
curate evaluation of specific radioactivity in different mem-
brane components by determination of "C:*H ratios. The
results of radioactivity incorporated into major mitochondrial
subfractions are shown in Table III. The specific radioactivity
increases as the soluble enzymes are removed and the mem-
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TABLE 11L: Distribution of Radioactivity Incorporated into Major Mitochondrial Subfractions.e

Cycloheximide Chloramphenicol 4 Cycloheximide
SH 14C 1C/mg sH 14C 14C/mg 9 Inhibn
Whole mitochondria 2721 685 202 3321 281 68 66.4
KCl insoluble 1378 355 207 327 277 68 67.2
Deoxycholate insoluble 2300 584 204 2469 292 95 53.4
Ammonium sulfate pellet 731 240 264 807 24 24 90.8
Sulfonated SP fraction 2878 1394 389 2314 175 61 84.4
Sulfonated Dp fraction 2532 878 279 4046 901 180 35.5

@ [3H]Amino acid mixture (50 uCi) was added to 1 1. of growing culture of S. carlsbergensis 2.5 generations prior to harvesting
the cells. [1*C]Amino acid was then incubated with isolated mitochondria. For each 1-ml incubation mixture containing 1.67
wCi of [**Clamino acid mixture and 0.1 uCi of [1*C]Leu. The mitochondrial protein concentration was 3 mg/ml. Data represent
measured counts per minute of *H and *C. Ratios of !*C/mg of protein were determined from independent measurement of

3H/mg of protein; 823 cpm of *H was found per mg of protein.

brane proteins are purified in the fractionation process. SSP
and SDP subfractions contained the highest specific activity.

This incorporation is sensitive to inhibition by chloram-
phenicol but as shown, not by cycloheximide. While chlor-
amphenicol inhibition noted with this yeast strain is somewhat
less than reported with other mitochondrial systems, it is ap-
parent that inhibition of all subfractions occurs and that in-
hibition is greatest in the SP subfraction.

The sulfonated SP and Dp subfractions were subjected to
disc gel electrophoresis in 1297 gel solutions to determine the
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FIGURE 8: Time course of [*Hluridine into osmotically shocked
mitochondria in the presence or in the absence of inhibitors. Each 1
ml of reaction mixture contained 1.85 xCi of [*HlJuridine or 0.8
wCi[1*Clamino acid mixture, 10 ug of oligomycin, and 1.5 mg of
mitochondrial protein. At each time interval noted, 1.5-ml aliquots
were removed and the reaction was stopped immediately with 1.5
ml of cold 10%; trichloroacetic acid. (@—@) Control; (A—A—A)
rifamycin, 10 ug/ml; (X-—X-—X) actinomycin D, 1 ug/ml; (0—0)
actinomycin D 10, ug/ml.

specific activity of the separated CS-1 subbands. The amounts
of radioactive labels in each of the proteins of the SSP sub-
fractions are shown in Table IV. The specific activities of CS-1
components are higher than the Ci components. The inhibi-
tion of CS-1 by chloramphenicol is also greater than that of the
Ci components.

The distribution of the radioactivity in different components
of the sulfonated Dp subfraction is shown in Table V. The
specific activities of membrane components in this subfraction
are generally somewhat lower than the SP subfraction and the
inhibition by chloramphenicol is not as pronounced. How-
ever, the CS-1 components are again labeled to a greater ex-
tent and their synthesis is affected by chloramphenicol more
severely than the Ci components.

In vitro BIOSYNTHESIS OF MEMBRANE PROTEINS IN ISOLATED
MITOCHONDRIA OF GLUCOSE-REPRESSED CELLS. The yield of cells
of S. carlsbergensis grown in 5% glucose medium is higher
than those grown in 1% glucose; however, the yield of func-
tional mitochondria is greatly reduced. Mitochondria isolated
from these repressed cells have the same buoyant density as the
functional mitochondria even though the enzymic composition
is drastically different. The white color of mitochondria ob-
tained is indicative of the low content of cytochromes.

The kinetic profile for the incorporation of a ['*Clamino

CPM/MgPROTEIN

[ 10 20 ao
TIMEwmiN

FIGURE 9: Incorporation of [1*Clamino acids into mitochondria in
the presence of inhibitors of RNA production. Reaction conditions
and definition of points on curve are described in Figure 8.
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TABLE 1v: Distribution of Radioactive Label in Proteins of
Sulfonated Structural Protein Subfraction.«

Chloramphenicol +

Cycloheximide Cycloheximide
7 1C) LC/ o
HC SH mg 1#C H mg Inhibn
CS-1A 597 1032 477 26 1101 20 95.8

CS-1B 406 825 407 32 887 30 92.7
Cs-1C 553 557 823 26 619 35 95.8
CS-1D 265 554 396 5 533 7 98

Ci-1 81 1505 44 4 1859 2 95
Ci-2 218 1045 172 47 1045 37 78.5
Ci-3 267 2740 74 33 2284 12 83
Ci-4 227 1570 120 44 1301 28 76.6

(G 164 1355 100 32 120t 22 78

« Data represents measured cps for *H and "'C. Determi-
nation of C/mg was asin Table 1L

TABLE v: Distribution of Radioactive Label in Proteins of
Sulfonated Deoxycholate-Insoluble Subfraction.«

Cycloheximide +

Cycloheximide Chloramphenicol
14C‘/ 1 4(“" CV;)
uC H mg HC H mg  Inhibn
CS-1A 231 471 405 39 548 59 85.4
CS-1B - 247 672 304 54 694 65 78.6

Cs-1C 332 762 360 16 597 22 94
CS-1D 274 656 344 35 630 46 37
Ci-1 317 1763 148 216 2017 86 42
Ci-2 211 1320 132 82 1058 65 51
Ci-3 99 1315 62 76 1483 42 32
Ci-4 166 1137 121 67 1079 51 58
Ci-5 66 1226 45 §9 1568 47 0

« Data represents measured cps for *H and "*C. Determina-
tion of “C/mg was as in Table T1I.

acid mixture into protein resembles those of functional mito-
chondria with its rate decreasing 1o zero in 30 min; however
the level of the incorporation is only 1097 of the incorporation
into normal mitochondria.

The guantitative distribution of proteins fractionated into
virious membrane components is also different from the
normal mitochondria. Approximately 7097 of the membrane
protein is not solubilized by deoxycholate and cholate solu-
tions. Fherefore, the amount of the SP membrance subfraction
is greatly reduced. When the sulfonated SP and Dp subfrac-
tions were subjected to electrophoresis in this case, 3097 of the
total protein remained at the interface between the running gel
and stacking gels, Also, the distribution of the various compo-
nents is difTerent from that observed in functional mito-
chondria. CS-1 accounts for only 2097 of the protein in the
SSP or in the SDp subfractions.

The distributions of [Y*Clamino acids incorporated into
various components of the repressed mitochondria is also al-
tered. 1t is noted that a gel component migrating at the posi-
tion of Ci-21 has the highest specific activity and its synthesis
is inhibited most by chloramphenicol. Since the incorporation
level is low, the absolute magnitude of the incorporation is not
certain; however, it is clear the repressed mitochondria behave
differently from the normal mitochondria in their ability to
synthesize membrane protein components.

Discussion

The insolubility of membrane proteins has long been the
major obstacle in characterizing them chemically as well as
enzymatically.

Reduction and carboxymethylation or sulfonation of the
membrane subfractions in the presence of sodium dodecyl
sulfate by techniques described above provides a means for
solubilizing the subfractions so that well-defined membrane
components can be separated and quantitatively recovered by
dise gel electrophoresis. Of all the systems tried, the modified
Biichler system for disc gel electrophoresis employed here gives
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the best resolution of the membrane components. In contrast
to previously reported systems (Lenaz and Green, 1968;
Takayama er al., 1966; Lejsek and Lusena, 1969), 10097 of the
protein preparation enters the gel and its distribution can be
quantitatively evaluated. When lower pH buffer systems are
used, a high percentage of protein does not penetrate the gel,
but instead remains at the interface of the large pore size gel.
With the higher pH systems employed, a fast-migrating band
is observed but other bands are not well resolved.,

Of all the membrane components isolated. CS-1 is the major
membrane component in all subfractions. Although CS-1 is
present in all the membrane subfractions, it is most readily
isolated from the sulfonated structural protein subfraction
where it constitutes 4097 of the total protein. The available
cvidence suggests that CS-1 is the same from all subfractions.
This is based on observations that this component is the only
one highly labeled with [M'Clamino acids, specific activity of
lable in CS-1 from all subfractions is the same in a given
experiment, and the amount of chloramphenicol inhibition s
also the same for CS-1 from cach source. Based on tritium
labeling of intact cells, nearly 309, of the total membrance
protein is CS-1. When CS-1 is subjected to disce gel electro-
phoresis in 129 gel, it gives rise to four diffuse bands with
molecular weights ranging from 15,000 to 42,000. The multi-
plicity of CS-1 subfractions suggests either interacting subunits
or heterogeneity of the components. Sedimentation equilibrium
molecular weight determinations of this component dissolved
in 0.1 N NaOH-0.1 w NaCl solution indicate aggregation with
a minimum molecular weight of 20,000 and maximum of 70,000.
Another two major membrane components, Ci-t and Ci-3,
appear to be homogeneous under different gel concentrations
with molcecular weight of 39,000 and 60,000, respectively.

The peptide maps of cach component are very similar with
at least ten peptides common to all Ci and CS components in-
vestigated. This suggests that a rather farge segment of the
peptide within these components may be identical and possibly
originate from the same genetic message or that they are
homologous proteins with common ancestral gene. The homol-
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ogy noted is even more striking when it observed that the un-
fractionated SSP peptide map shows the same common pep-
tides as noted for the individual components. It is apparent
that those peptides predominate in the mixture to such an ex-
tent that those nonhomologous peptides simply fail to be de-
tected due to their relatively low concentrations.

The results of the amino acid analysis again showed ex-
treme similarity of the components. Thus minor differences ex-
isting among them cannot be identified without detailed ex-
amination. The high concentration of NH; detected in hy-
drolysates of the components lead one to suspect that most of
the glutamic acid and aspartic acid residues may exist as glu-
tamine and asparagine in the native components. This inter-
pretation may explain the absence of acidic peptides in the
fingerprinting of the components.

The present studies clearly show that isolated yeast mito-
chondria are capable of incorporating ['*Clamino acids into
their membrane protein fractions. The possibility of a bacterial
or microsomal contamination giving rise to this synthesis has
been ruled out by antibiotic studies. The insensitivity of this
protein synthesis to high concentrations of cycloheximide is an
indication that microsomal contaimination cannot be the
prime origin of this synthesis. Furthermore, the addition of
microsomal fraction retards the incorporation rather than en-
hances it, probably due to increasing concentrations of nu-
clease associated with the microsomal fraction.

Neither ethidium bromide nor actinomycin D exert any
effect on the incorporation of amino acids into the proteins of
isolated yeast mitochondria. Actinomycin D does inhibit the
simultaneous incorporation of uridine into RNA, however.
These two observations rule out a dependence of amino acid
incorporation on simultaneous synthesis of mRNA and sug-
gest the presence of stable mRNA within mitochondria.

As is consistent with the above findings, rifamycin, an effec-
tive bacterial DNA-dependent RNA polymerase inhibitor,
slso has no effect on this synthesis (Wehrli ef al., 1968, 1969).
It is somewhat more surprising, however, that rifamycin had
no observable effect on nucleotide incorporation into RNA by
the isolated mitochondria in contrast to the report that liver
mitochondrial RNA polymerase is sensitive to this inhibitor
(Shmerling, 1969). Since mitochondria were shocked prior to
incubation with this antibiotic, transport of rifamycin through
the mitochondrial membrane should not be a problem. How-
ever, an apparent inability of rifamycin to form a complex
with the RNA-polymerase could result from prior association
of enzyme with DNA. Association also depends upon the
macrocyclic ring portion in the molecule and oxygenation or
hydrogenation of this molecule may alter the steric configura-
tion and render it inactive. Other observations in our lab-
oratory, however, indicate that solubilized yeast mRNA polym-
erase is not inhibited by rifamycin (M. J. Tsai, 1969, un-
published observations).

Based on specific radioactivity, total radioactivity and its in-
hibition by chloramphenicol, one may conclude that CS-1
contains the major protein component(s), synthesized by iso-
lated mitochondria. In addition this fraction is miost sensitive
to chloramphenicol inhibition. The specific radioactivity of
each of the four bands of CS-1 separated at high gel concen-
trations is very similar, and all show similar sensitivity to
chloramphenicol. Whether these four subcomponents are dis-
tinct proteins or not cannot be concluded from this experi-
ment.

The incorporation of [14Clamino acids into other mito-
chondrial membrane components, though significantly lower
than that of CS-1, cannot be neglected. This background
incorporation is consistently present and is not as sensitive
to chloramphenicol. The nature of the systems which syn-
thesize these components is not clear, but must differ from the
synthesis of the chloramphenicol-sensitive CS-1 component.

If CS-1 is a membrane component specific to the inner
mitochondrial membrane, it would be expected that mitochon-
dria from repressed cells would have only a limited capacity
for synthesizing this component. This is indeed observed
to be the case. Promitochondria obtained from glucose re-
pressed cells have a rather low efficiency in incorporating
[t*Clamino acids. The specific radioactivity incorporated
into various components is in general only one-tenth of
those of functional mitochondria. The distribution of the
radioactivity incorporated into all of the various components
appears to be similar within experimental error and the
incorporation has very limited sensitivity to chloramphenicol
inhibition. It is very likely that this low level of incorporation
originates from the same system which gives rise to the
chloramphenicol-insensitive [14Clamino acid incorporation
in the mitochondira isolated from derepressed cells.

The distribution of the various mitochondrial membrane
components in the repressed cells is rather different from
the functional mitochondria. The high percentage of deoxy-
cholate-insoluble material in the repressed cells may arise
from differences in lipid composition in the organelles or
from different organization of the membrane. The lower
content of CS-1 seems to suggest that this protein(s) is one
of the major protein components synthesized during mito-
chondrial biogenesis. However, it is unlikely that this protein
is the obligatory “‘priori” for triggering mitochondria genesis
since it is still one of the major membrane components in
the repressed promitochondria.

A comparison of the chemical and structural properties
of the various membrane proteins with the results of [**C]-
amino acid incorporation studies leaves some major unre-
solved questions. The amino acid and peptide mapping
data clearly show major homologies among CS-1 and the
various Ci components, particularly Ci-1. In contrast, in-
corporation studies show distinct differences do exist in
either the mechanism of synthesis of these components or
in some fashion related to their time course of appearance
within the mitochondrial membrane. Differential sensitivity
to chloramphenicol suggests that real differences in mode
of [*“Clamino acid incorporation do exist.

Although it is clear in the experiments reported here that
the site of assembly of amino acids into protein is in the
mitochondrion, it is not possible to conclude anything re-
garding the site at which the RNA involved in this incorpora-
tion was produced. Since no requirement exists for continued
RNA synthesis, a stable messenger either of nuclear or mito-
chondrial origin must exist. While many mechanisms based
on production of RNA at either or both of these sites can
be proposed, it is evident that further work must be done
to resolve these questions.
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Dependence of Sterol Ester Hydrolase Activity on the Position
of Ethylenic Bond in Cholesteryl cis-Octadecenoates”

H. J. Goller,t D. S. Sgoutas,i I. A. Ismail, and F. D. Gunstone

ABSTRACT: The cholesterol esters of the 16 positional isomers
of cis-octadecenoic acid were synthesized and their rate of
hydrolysis with rat liver cholesterol hydrolase (EC 3.1.1.13)
was studied. The results showed that the enzyme exhibited a
distinct preference for the 9-octadecenoate. With the ethylenic
bond moving to either end of the carbon chain the activity
gradually decreased. The pattern of substrate preference did
not change during purification of the enzyme. When the en-

Deykin and Goodman (1962) have presented an exten-
sive study of liver cholesterol ester hydrolytic activity (cho-
lesterol esterase, an enzyme belonging to EC 3.1.1.13 group).
The subcellular distribution, properties, and relative activity
of the enzyme against commonly occurring cholesterol esters
were included in that report.

* From The Burnsides Research Laboratory, University of Illinois,
Urbana, Illinois 61801, and the Chemistry Department, St. Salvator’s
College, University of St. Andrews, St, Andrews, Great Britain. This
investigation was supported by Grant HE 10779-04 from the National
Institutes of Health, U. S. Public Health Service.

T Visiting Scientist, supported by Grant HE 5368, U. S. Public
Health Service, National Institutes of Health.

I To whom requests for reprints should be addressed.

3072

BIOCHEMISTRY, VOL. 9, No, 15, 1970

zyme preparation was allowed to age, the activity was lost at
uniform rates for each isomer and similar patterns of activi-
ties were observed. Comparison of the rates of cholesteryl
9,10-methyleneoctadecanoate with cholesteryl cis- and trans-
9,10-octadecenoates showed that the presence of = electrons
although perceived by the enzyme was not as important as the
configuration of the acyl moiety.

More recently the specificity of rat liver cholesterol ester
hydrolase with regard to the hydrolysis of cis- and trans-fatty
acid cholesterol esters was investigated (Sgoutas, 1968). It was
found that rrans-fatty acid cholesterol esters were hydrolyzed
to a lesser degree than cis esters. Furthermore, a preference
for the hydrolysis of the 9-cis-unsaturated octadecenoate was
indicated, suggesting a selectivity of the enzyme in response
not only to the configuration but also to the location of the cis
functional group along the acyl chain.

This led us to investigate the cholesterol ester hydrolase
activity further by using cholesterol esters of the complete
series of cis-octadecenoic acids. The results showed that a
remarkable selectivity of the enzyme with regard to the posi-
tion of the cis double bond in the fatty acid chain exists.



