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Formation of Yeast Mitochondria. 1. Kinetics of Amino Acid

Incorporation during Derepression”

Carl P. Henson,{ Celia N. Weber, and H. R. Mahler}

ABSTRACT: We have studied the kinetics of incorpora-
tion in vivo of isotopically labeled phenylalanine into
various subcellular and submitochondrial fractions of
Saccharomyces cerevisiae. Both pulse and pulse-chase
techniques were employed, alone and in conjunction
with studies on the effect of the selective drugs chlor-
amphenicol, cycloheximide, and antimycin A. One of
the mitochondrial fractions, containing approximately
109 of the total mitochondrial protein, was found to in-
corporate phenylalanine as rapidly as did the cytoplas-

Studies over the past decade on a wide variety of or-
ganisms have led to the conclusion that mitochondria
contain a system for the transmission and expression
of genetic information distinct from that constituted by
nucleus and cytoplasm. Furthermore, isolated mito-
chondria are now known to be capable of incorporating
labeled amino acids into at least some of the insoluble
proteins of the mitochondrial membranes. This incor-
poration is sensitive to chloramphenicol and insensitive
to cycloheximide, while the converse appears to be true
for cytoplasmic protein synthesis in vitro. For reviews
of these and related topics, see Roodyn and Wilkie
(1968) and Borst et al. (1967).

Such studies in vitro suffer, however, from some rather
severe limitations. Incorporation rates into proteins are
generally quite low, usually an order of magnitude less
than those observed with the same particle fraction of
intact cells. The danger of some of the observed effects
because of contaminating bacterial or microsomal
components imposes some rather stringent limitations
of technique. The actual concentration of amino acids
and cofactors (citric acid cycle substrates, purine nucleo-
side triphosphates, etc.) required in vitro may bear little
resemblance to those existing around and inside the mi-
tochondria in the intracellular milieu. Finally, and per-
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mic ribosomes and to export labeled material to other
fractions. Incorporation at this site was chloramphen-
icol sensitive.

However, it appeared that the protein(s) synthesized
at this chloramphenicol-sensitive site could account
for only a small proportion of the protein even
in the incorporating fraction itself. These results there-
fore suggest that only a small amount of protein is made
within the mitochondrion; the majority of the proteins
of this organelle is of cytoplasmic origin.

haps most importantly, the use of highly purified mito-
chondria of necessity eliminates any possibility of study-
ing the flux of stoichiometric or regulatory materials
either “inward” from nucleus plus cytoplasm into mi-
tochondria, or “outward” from the latter to the former.
For these reasons, we have chosen to extend our studies
on the extent and limits of mitochondriogenesis to an
investigation of the incorporation of radioactive amino
acids into intact yeast cells and their derived subcellular
and submitochondrial fractions.

This organism offers the following advantages. (1)
It is a relatively small, simple, single-celled eukaryote
capable of elaborating mitochondria of canonical struc-
ture and function. (2) It is characterized by a rapid gen-
eration time and capable of growth on simple and de-
fined media; therefore, cells, at any stage in their growth
cycle, as well as mitochondria and other subcellular
fractions and organelles, can be obtained rapidly, con-
veniently, and in large amounts, Labeled precursors such
as amino acids are taken up rapidly and their rate of in-
corporation into various products can be followed ex-
pediently. (3) It permits the use of well-defined nuclear
and cytoplasmic genotypes for the performance of ge-
netic crosses and the determination of theinfluenceofge-
netic conditions on mitochondriogenesis (Sherman and
Slonimski, 1964; Mackler et al., 1965; Negrotti and
Wilkie, 1968 ; Thomas and Wilkie, 1968a,b; Linnane et
al., 1968). (4) Its growth, and the development of its
mitochondria, are subject to physiological regulation;
for instance, when yeast is grown on 1% glucose, a
period of time can be elected where aerobic glycolysis
is replaced by terminal oxidation of ethanol (and ace-
tate) as a carbon and energy source. Coincident with
this change (release from glucose repression) there oc-
curs little increase in total cell mass or protein but a
rapid elaboration of functionally and structurally com-
petent mitochondria, as well as of certain cytoplasmic
enzymes (Ephrussi ef al., 1956; Linnane, 1965; Polakis
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FIGURE 1: Effect of chloramphenicol and cycloheximide on
L-[1*C]phenylalanine incorporation. Aliquots (25 ml) of
cells were mixed with 1.6 uCi of labeled amino acid (80 um
in the cycloheximide experiments (B), 162.5 um (A, C, D))
and at + = O the drugs were added. At the times indicated,
1-ml samples were pipetted into 10 ml of cold 577 trichloro-
acetic acid. After 1.5 hr at 0°, the suspensions were filtered
through Millipore filters, washed, dried, and counted in a
Beckman Widebeta counter. (A) Effect of chloramphenicol
on repressed cells (12 hr in 5§ glucose) (——A—) 4 mg/ml of
chloramphenicol. (—®@—) Control. (B) Effect of cyclohex-
imide on derepressing cells (12 hr in 19 glucose; oxygen
uptake = 75). (—W—) 1 ug/ml, (- - -O- - -) 2 ug/ml, (-0-) 3 ug/
ml, and (—@—) control. (C) Effect of chloramphenicol on de-
repressing cells (12 hrin 1% glucose) (oxygen uptake = 115).
(-+-<0O-++) 1 mg/ml, (—0—) 2 mg/ml, (—A—) 4 mg/ml, and
(—e—) control. (D) Effect of chloramphenicol plus cyclo-
heximide on depressing cells (oxygen uptake = 75), (—A—)
4 mg/ml of chloramphenicol, (——m—) 5 ug/ml of cyclo-
heximide, (---O---) 4 mg/ml of chloramphenicol + 5 ug/ml
of cycloheximide, and (—®—) control.

et al., 1965 ; Polakis and Bartley, 1966; Witt et al., 1966;
Jayaraman et al., 1966; Utter et al., 1967).

In the study reported here we have investigated the
synthesis of mitochondrial proteins during this derepres-
sion to determine the limits of the independence of these
synthetic events from those in the cytoplasm, and to
provide information on the products of mitochondrial
synthesis. Other studies, both in vive (Haldar et al., 1966,
1967; Beattie et al., 1966) and in vitro (Roodyn et al.,
1961; Beattie et al., 1967; Neupert et al., 1967; Kaden-
bach, 1967a), had already provided evidence that the
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main products form part of the inner membrane system,
but had not determined whether all the proteins of this
membrane share the same origin, nor whether any other
mitochondrial proteins are synthesized by the particle.
We have approached the problem by a variety of means,
all employing incorporation of radioactive amino acids
and designed to test the following hypothesis. We pro-
pose that the initial products of mitochondrial protein
synthesis will have the following characteristics. (1) On
exposure of cells to radioactive amino acids these prod-
ucts will become rapidly labeled with an initial increase
in specific radioactivity perhaps comparable with that of
the microsomal fraction of the cytoplasm, and higher
than that of other mitochondrial proteins. (2) After ex-
posure to a short pulse, followed by a chase with un-
labeled amino acids, their radioactivity will remain con-
stant, or decrease and appear in other fractions; and
(3) their synthesis will be inhibited by chloramphenicol
but not by cycloheximide. Lacking a technique that pro-
vides separation of individual proteins, we have at-
tempted instead to find a defined submitochondrial frac-
tion exhibiting some or all of these characteristics.

Results and Discussion

Preliminary Experiments. Linnane and his collab-
orators (Linnane et al., 1967; Huang et a/., 1966; Clark-
Walker and Linnane, 1966, 1967) have reported that
yeast cells are capable of normal growth in the presence
of chloramphenicol as long as glycolysis is the predom-
inant metabolic pattern but that they fail to produce cy-
tochromes a, as, and b and therefore are incapable of
respiration. We have made a detailed study of the de-
repression of mitochondrial development, respiratory ac-
tivity, and the levels of a number of characteristic mi-
tochondrial enzymes and the effect of chloramphenicol
and cycloheximide on these processes (Jayaraman et al.,
1966; Mahler er al., 1968; Henson ef al., 1968; South
and Mahler, 1968). Under our particular conditions,
with 197 glucose as the carbon and energy source, aero-
bic glycolysis is the predominant metabolic pattern dur-
ing the first 11-hr growth.! During this, the expo-
nential phase, mitochondrial development and activity
are severely curtailed due to glucose repression. Chlor-
amphenicol (at concentrations <4 mg/ml) has no ef-
fect on growth rate (as measured by ODgeo, or cell pro-
tein) and little on enzyme activity. After 11 hr the glu-
cose concentration drops to <0.19 (Henson et al.,
1968) and the cells go into early stationary phase, dur-
ing which there is a decrease in growth rate to <20 of
that in exponential phase accompanied by a significant
augmentation of the activity of a large number of mi-
tochondrial enzymes, of the amount of cytochromes, and
of mitochondrial structures with an attendant switch-

1 The particular medium used, as well as the response curves
relating oxygen uptake and the activity of a number of derepres-
sible enzymes to growth rate and glucose concentration (Mahler
et al., 1968; South and Mahler, 1968; Henson er al,, 1968),
ensures that the cells are in a state of continuously increasing,
rather than one of fluctuating, respiratory activity (Ohaniance
and Chaix, 1964),
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ScueME I: Fractionation Scheme Used in These Experiments.®

Broken yeast cells

15 min X 20,0004
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and debris

20 min X 20,000y
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Suspended in 0,01 M Tris—4 myM ATP-1 my Cleland’s reagent (pi 7.3),
frozen, and thawed twice. 30 min X 30,000y

Suspended in Tris~ATP-Cleland’s reagent, sonicated, and diluted.

30 min X 30,000y

Py Ss
Diluted to 10 mg of protein,/ml with 0.25 »M sucrose;
and added 1 mg 'mg of cholate and 2 mg/mg of protein deoxycholate.
25 min X 30,000¢
Pooc Sovoc
Added 40 mg of dithionite. I'ractionated
with (N H¢)2804
l 64 saturation 9, saturation r 129, saturation 35%¢ saturation ’
Py Py Py Sys

« By means of this scheme, the following marker enzymes are concentrated (both by total and specific activities) in the fra-
tions indicated: cytochrome oxidase and antimycin-sensitive DPNH-cytochrome ¢ reductase in the mitochondria; TPNHc
cytochrome ¢ reductase in P, (with considerable activity also in P;); DPNH-ferricyanide reductase and L-malate dehydro-
genase in both mitochondria and S,. The mitochondrial fraction contains both intact and damaged mitochondria, but its en-
zymatic activities are equivalent to those observed with the more homogeneous mitochondrial preparations obtained from
spheroplast lysates, and it is relatively free of other membranous components, at least in derepressed cells. Most mitochondrial
fragments and a variety of other membranes are concentrated in P;. Cytochrome oxidase and antimycin-sensitive DPNH-
cytochrome ¢ reductase remain associated with particulate fractions through Ps. The bulk of the mitochondrial L-malate de-
hydrogenase is liberated into Spr and the bulk of the mitochondrial ATPase into Ss. From their difference spectra, P is rich
in cytochromes 4 and ¢;, and P;; in cytochromes a and a;. DOC = deoxycholate.

over to respiratory metabolism. This derepression is vir-
tually complete in 6 hr at 30° and can conveniently be
monitored by any of the parameters just cited, including
the ability of cells to take up oxygen: this capability,
here called oxygen uptake,? rises from a value of <50
umoles/min per mg of cell protein at z = 11 hr
to ~250 umoles/min per mg of protein by ¢+ = 17 hr.!
Derepression is inhibited in characteristic fashion by both
chloramphenicol (added at any ¢ = <11 hr) and cyclo-
heximide (added at ¢ = 11 hr) (Mahler et /., 1968 ; Hen-
son et al., 1968). Hence some stage, at least, of this pro-
cess requires active protein synthesis by two separate
systems and is not likely to be due to enzyme activation,
e.g., the attachment of prosthetic groups to their respec-

2 Oxygen uptake is measured in micromoles per minute per
milligram of cell protein at 30°,

tive apoproteins, or of soluble proteins to an insoluble
matrix.

The effect of the addition of chloramphenicol and cy-
cloheximide on protein synthesis by whole cells, as mea-
sured by the incorporation of labeled phenylalanine,
is shown in Figure 1. Repressed cells, grown for 12 hr
in 5% glucose (Clark-Walker and Linnane, 1967), ex-
hibited no inhibition of incorporation by chlorampheni-
col at 4 mg/ml (Figure 1A), in accord with the absence
of any effect of the inhibitor on growth rate. With de-
repressing cells, however (12 hr on 1% glucose, oxygen
uptake ~ 100 umoles/min per mg of protein), chloram-
phenicol inhibited the rate of protein synthesis by 22%;
(Figure 1B), while cycloheximide at concentrations of
5 ug/ml inhibited it by 91 %7 (Figure 1C). Both inhibitors
together reduced incorporation to 6.1% of the control
(Figure 1D). Since the effect of both drugs together is
greater than that of either alone, each agent probably
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TABLE 1: Distribution of Phenylalanine Label at Iso-
topic Equilibrium.s

Total cpme % Recov
4,340,000 (100)
1,810,000 41.6

Homogenate

S, (cytoplasmic, solu-
ble)

P, (microsomes) 400,000 9.2

P; (mitochondrial frag- 1,280,000 29.4
ments, etc.)

Mitochondria (Mit) 551,000 12.7 (100)

(S, +P,+P,+ 4,041,000 92.9
Mit)

Sk (KCI extract) 86,800 15.7

Px (residue) 476,000 86.3

Sr (extract after freeze— 50,000 9.1
thaw)

Pr (residue) 372,000 67

Ss (extract after soni- 76,400 13.8
cation)

Pg (residue) 316,000 52.3

Z(Ps + Sk + Sr + Sg) 528,000 90.6

Spoc (bil salt extract)® 212,000 (100)

P (precipitate with 62,300 29.5
6% (NH:.S0.)

P, (precipitate with 20,600 9.7
9% (NH),S0.,)

P.; (precipitate with 26,800 12.5
129 (NH,).S0,)

P35 (precipitate with 34,900 16 .4
35% (NH.),S04)

S35 (soluble in 357 9,460 4.5
(NH).S0.)

Z(Ps+Py+ P+ 153,200 72.6
Ps; + Sss)

e Samples were labeled 2 hr with L-[!*C]phenylalanine
and fractionated as in Scheme I. The values shown are
averages for eight fractionations. Since the isotope
distribution between various fractions does not change
significantly between 30 and 120 min, we assume that
isotopic steady state has been attained by that time.
®* DOC = deoxycholate.

inhibits a different protein-synthesizing system, thus
confirming the results obtained in vitro (Siegel and Sis-
ler, 1965; Wintersberger, 1965; de Kloet, 1965, 1966;
Linnane et al., 1967; Mahler et al., 1967; Lamb ef al.,
1968). The total inhibition exerted by the two inhibitors
acting in concert is less than that expected by arithmet-
ical summation, which suggests that the two systems
may not be quite as independent from each other as the
results in vitro predicted. These experiments, together
with the response curves of release from glucose repres-
sion (Henson et al., 1968; Mabhler ez al., 1968; South
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and Mabhler, 1968), provide the rationale for the use of
these two drugs with cells during derepression.

Several previous studies indicated that the structural
proteins of the inner membrane might be synthesized
by the particles themselves (Roodyn et al., 1961 ; Haldar
et al., 1967 ; Beattie et al., 1967), and that these proteins
accounted for a sizable portion of the insoluble proteins
of the particle (Green er al., 1961; Richardson et al.,
1963; Kopaczyk et al., 1966; Woodward and Munkres,
1967). We therefore first attempted to isolate a struc-
tural protein fraction from inner membrane using a frac-
tionation scheme based upon experiments by Sharp
(1966) which indicated that treatment of mitochondria
with the nonionic detergent, Trition X-100, preferentially
solubilized outer membranes (see Materials and
Methods). In this study, 200 uCi of 3*H-recon-
stituted protein hydrolysate was added to 250-ml ali-
quots of yeast grown 12.6 hr on 19 glucose. Five min-
utes later, either chloramphenicol or cycloheximide was
introduced and incorporation was continued for 15 or
45 min, Cycloheximide caused a profound inhibition of
synthesis of all five classes of mitochondrial proteins (Px,
Pou, Sous Pin, and S, for definitions, see Materials and
Methods), while the synthesis of all except perhaps one
fraction was relatively unaffected by chloramphenicol.
Thus this system was not sufficiently sensitive to permit
detection of fractions susceptible to selective inhibition
by the two drugs.

Kinetics of Labeling and Experimental Design. These
preliminary experiments indicated that mitochondrial
protein synthesis proper accounts for only a relatively
small proportion of the total mitochondrial protein. In
studying the problem further, we divided the mitochon-
drial fraction into a total of 13 subfractions by means of
a modification of a procedure published by Richardson
et al. (1964) and Kopaczyk et al. (1966) for preparing
structural protein. It employed KCl extraction, followed
in turn, by freezing and thawing and by sonification
in Tris—ATP—Cleland’s reagent to remove readily sol-
ubilizable proteins (about 43 % of total) from the mito-
chondria. The residue was then suspended in cholate
plus deoxycholate (1 and 2 mg per mg of protein, re-
spectively). That portion which remained in solution
after 25 min at 30,000g (about 7097 of the total insol-
uble protein remaining after freezing and sonication)
was further fractionated with (NH ).SO; (Scheme I, Ma-
terials and Methods, and Table D).

For incorporation studies, phenylalanine was sub-
stituted for the labeled protein hydrolysate. This amino
acid was found to be incorporated into both mitochon-
drial and nonmitochondrial fractions of derepressing
cells without significant lag. When its addition at ¢ =
0 min was followed by a chase with a 100-fold excess of
cold phenylalanine added at 0.75, 1.5, or 3 minand main-
tained for 15 min thereafter, the rates of incorporation
(cpm incorporated X min™!) during this 15-min chase
period were 1.13, 0.95, and 1.0197 of the pulse rate for
mitochondria and 1.06, 1.15, and 1.14% of the pulse
rate for the supernatant. Therefore since none were sig-
nificantly different from the theoretical rate of 1.009,
the “cold” chase was fully effective.

In order to obtain maximal sensitivity, cells were first
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FIGURE 3: Distribution of vL-[*H]-
phenylalanine during a 30-min labeling
period. Cells labeled for various times
with 3H-labeled amino acid and then
mixed with cells labeled for 2 hr with
L-[1*C]phenylalanine. This mixture was
fractionated by Scheme I. The per-
’,,/f centages shown were obtained by taking
7’ the ratio of the total tritium counts
incorporated by a fraction (normalized
Pas to an average *C value for that frac-
tion) to the sum of the counts incor-
porated by the fractions making up
the homogenate (A), the mitochondria
(B), or a cholate~deoxycholate-soluble
fraction of the mitochondria (C). For
designations, see Table I and Figure 2.
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labeled with L-[*H]phenylalanine during the experiment
proper, then mixed with equal aliquots of other cells
labeled with L-[*“Clphenylalanine for 2 hr for kinetic,
and for either 5 or 20 min for inhibition studies, and
fractionated according to Scheme I. Results are ex-
pressed in terms of ®H/!4C ratios or as the ratio of this
8H/14C value for a sample point to that for a control.
The *H/'C values are equivalent to specific radioactiv-
ities calculated on a protein basis: they correct the data
for random variations in cell breakage, sample loss on
plating, etc.; and !*C counts are, in general, a better
means for determining protein concentration than are
the micromethods available. The standard deviation
for each set of 17 fractions (whole homogenate plus 16
subfractions) was determined for each experiment by
comparing the *H/'C ratios of each set from cells la-
beled for 2 or 10 min for kinetic studies and 5 or 20 min
for inhibition studies with both [*H]- and L-[1“C]phenyl-
alanine. For the kinetic experiments, with 2- and 10-
min points, the standard deviation in each set was 20%
of the average value. Significantly, the largest deviations
from the average occurred with the fractions obtained
after solubilization with cholate~deoxycholate (6 of
these 12 fractions had ®H/!4C ratios more than 1.5
standard deviations from the average). While all of the
counts had been corrected for quenching by the three-
channel method of Hendler (1964), apparently the chlo-
roform used as the standard quencher in determining
the corrections did not behave quite like the detergent-
treated mitochondrial material. However this type of
error should be constant for a given fraction and should
therefore disappear for the ratio of two values from the
same fraction. Indeed, when the 2-min 3H/“C ratios
were divided by the 10-min values, a normal population
of double ratios was obtained with 6 of the 17 values
falling between one and two standard deviations, and
with none falling more than two standard deviations
from the average. The standard deviation of the double
ratio (0.097) was only 1297 of the average value, and
the variances were about one-tenth of those for the ®H/
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14C values. For this reason, much of the data is pre-
sented as the ratio of the *H/'C ratios for any sample
point to that of an appropriate control for that partic-
ular mitochondrial fraction.

Kinetics of Labeling. CONTINUOUS INCORPORATION
(Figure 2). Kinetics of labeling have long been used to
identify precursor-product relationships in protein syn-
thesis. For continuous incorporation studies, we allowed
cells grown to the later stages of derepression (+ = 13.5
hr, oxygen uptake = 180) to incorporate L-[*H]phenyl-
alanine for 1, 2, 10, or 30 min. Incorporation into the
total homogenate was linear over the 30-min period,
with the mitochondrial fraction at isotopic steady state
accounting for some 13 %7 of the homogenate value (Ta-
ble I). To obtain the data of Figure 2, the 3H/C ratio
for each fraction was divided by the corresponding ratio
for the homogenate in order to aid in the ready identifi-
cation of those fractions which are potential sites of pro-
tein synthesis. A horizontal straight line with a value of
unity indicates a fraction with incorporation kinetics
that do not deviate significantly from those of the aver-
age of the whole cell, i.e., one in which export and im-
port remain balanced throughout the time of interest.
Positive slopes indicate import, negative ones, export.?

As in similar experiments with other cells (Keller er
al., 1954 ; Littlefield et al., 1955; Rabinovitz and Olson,
1956; Haldar et al., 1967), P,,, the microsomal fraction,
is a prime candidate for the site of cytoplasmic protein
synthesis in yeast (Hauge and Halverson, 1962). It ex-
hibits a very rapid rate of initial labeling, faster than
that of any other fraction, followed by a gradual loss of
label coincident with export to other components. Of all
the submitochondrial fractions investigated, only P,
the most insoluble fraction of the membrane proteins

@ While the shape of the curve for each fraction is correct, each
value on the curve (and also each slope) must be multiplied by
some unknown constant. For instance, the specific activities of
the detergent-treated fractions of the mitochondria are lower
than that of the supernatant from which they were derived.
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TABLE I1: Effect of a Standard Chase and a Chase in the Presence of Inhibitors following a 1-min Pulse with L-[3H]Phen-

ylalanine.=
Chloram-
phenicol Cyclohexim-
Std Chase/ in Chase/ ide in Chase/
Theor Chase % P Chase % P Chase % P
Homogenate 1.07 0.824 8.8 0.716 1.2
S, (soluble) 1.07 1.35 0.2 0.790 4.4
P, (microsomes) 0.774 3.4 1.10 0.968
Mitochondria 1.15 1.01 0.868
Sr (freeze-thaw) 1.18 9.2 1.13 0.793
Ps (sonic) 1.22 4.0 1.10 0.917
Spoc (bile salt) 1.03 1.72 <0.05 1.04
Ps 0.760 2.6 1.89 <0.05 1.10
Py 0.945 2.47 <0.05 1.49 <0.05
Py, 2.05 <0.05 1.47 <0.05 2.06 <0.05
P 1.45 <0.05 1.89 <0.05 2.13 <0.05
Sas 1.70 <0.05 2.50 <0.05 2.40 <0.05

« The *H/1*C values for each sample point have been divided by those for a corresponding fraction of a control.
Thus the ratios for a chase in the presence of 2 mg/ml of chloramphenicol or 0.625 ug/ml of cycloheximide have been
divided by those for a standard chase without inhibitor. The theoretical chase values were calculated on the basis of
those for a 1-min pulse making the assumption that 100-fold dilution of the label by unlabeled amino acid results in a
decrease in °H incorporation to 0.010 the initial rate. The probability, P, that a value is not different from 1 was calcu-
lated using a standard deviation of 0.097. This same standard deviation can be used to calculate the probability that
any fraction in the table is significantly different from any other, i.e., that the double ratio for P; is different from that
for the homogenate. Values for P which were greater than 10% are not indicated.

of the particle, shows an analogous labeling pattern,
There is evidence for rapid import into certain submi-
tochondrial fractions (Ps and S;;), as well as of flux
through (i.e., both import and export) the soluble por-
tion of the cytoplasm (S,), and through most of the
easily solubilized submitochondrial fractions. These
conclusions are strengthened by an examination of the
rate of change of the rotal activities in the various frac-
tions (Figure 3).

Although providing clear indication of import by
many mitochondrial components, the data do not per-
mit a decision as to its source. The two likely candidates
are Ps, and the microsomes, P,. Even at the shortest
time tested, however, Ps represents only 1.6 of the
protein label of the whole homogenate, while P, and
S, account for 15.4 and 41.1%;, respectively (Figure 2).
From similar experiments, Beattie ez al. (1966) concluded
that at least some of the soluble mitochondrial proteins
were exported into the mitochondria from the cytoplasm.

Kinetics of Labeling. PULSE-CHASE STUDIES. Cells were
pulsed for 1 min with labeled phenylalanine and then
mixed with a 100-fold excess of unlabeled phenylalanine,
either alone or in the presence of 2 mg/ml of chloram-
phenicol or 0.625 ug/ml of cycloheximide, and allowed to
grow for an additional 29 min (¢f. Diagram I; Materials
and Methods). The rate of incorporation during a 1-min
pulse period was used to calculate the amount of incor-
poration expected at the end of the 29-min chase period,
with the assumption (see preceding section) that incor-
poration during the chase should proceed at 0.010 times

the pulse rate. Table II shows the ratio of the actual *H/
14C value over the calculated value for this parameter
for each fraction, as well as the level of significance of the
deviations of this calculated double ratio from unity,
the value expected if incorporation into each fraction
did proceed at the theoretical rate. The expectation is
that a fraction such as P,, the microsomes, which syn-
thesizes and exports proteins to other parts of the cell,
will have a double ratio significantly less than unity,
while a fraction which imports proteins will have a dou-
ble ratio greater than unity. The results areingood agree-
ment with those of the continuous-labeling studies. P,
and Pg are the only fractions showing significant export
while various insoluble submitochondrial fractions all
show significant import.

The presence of cycloheximide during the chase pe-
riod had no effect on export from either P, or Ps. There-
fore the presence of this inhibitor does not prevent re-
lease of nascent protein to other parts of the cell. Since
it is specific for cytoplasmic protein synthesis, it would
not be expected to affect protein transport from Ps, the
mitochondrial synthesis site. Similarly, the presence of
chloramphenicol during the chase would not be expected
to have any effect on the export of proteins from the mi-
crosomes, and no change was found in P,. Chloram-
phenicol does cause a change in Pg, however, froma pat-
tern of export in its absence to one of import in its pres-
ence. We interpret this as an indication that the amount
of protein synthesized by and attached to the Ps par-
ticles is small. When the rate of synthesis by this frac-
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TABLE 111: Effect of 1 ug/ml of Antimycin A on a 10-min
Pulse and on a Chase following a 1-min Pulse.s

Anti (10 Chase +
min)/10-  Anti/l-min
min Pulse Pulse
Homogenate 0.130 0.634
S, (cytoplasmic, soluble) 0.236 0.576
P, (microsomes) 0.181 0.636
P: (mitochondrial frag- 0.110 0.546
ments etc.)
Mitochondria 0.0844 0.675
Sk (KCl extract) 0.0816 0.631
Sr (extract after freeze— 0.0779 0.636
thaw)
Ss (extract after sonica- 0.0744 0.509
tion)
P, (residue) 0.0719 0.635
Spoc (bile salt extract) 0.133 0.651
Ps (precipitate with 677 0.198 0.565
(NH),S80,)
P (precipitate with 9% 0.144 0.720
(NH),SOy)
Pi» (precipitate with 0.171 0.904
(NH,):S09)
P3s (precipitate with 0.207 1.01
(NH),S0,)
S35 (soluble in 359 0.181 1.07
(NH,504)

« The values in this table were obtained by dividing
the 3H/4C values for the antimycin samples by those
for the corresponding fractions from either a 10- or a 1-
min control pulse. The standard deviation to be used
for evaluating probability functions is 0.097. Anti =
antimycin A.

tion is stopped or slowed by means of chloramphenicol,
it becomes apparent that the major portion, even of its
proteins is imported from the cytoplasm.

Effect of Blockage of Respiration. ANTIMYCIN. When
antimycin A (at a concentration of 1 ug/ml) is added to
a suspension of yeast cells, energy production as mea-
sured by oxygen uptake stops immediately (or at least
within the response time of a Gilson oxygraph). There-
fore, this compound can provide a means for studying
the energy requirements for protein transfer in our sys-
tem. As illustrated in Table III, cells preincubated with
this drug for 2 min before a 10-min pulse and fraction-
ated as described in the previous experiments, incor-
porated L-[3H]phenylalanine at approximately 109 of
the control rate. However, when antimycin was added
following a 1-min pulse period together with a 100-fold
excess of cold amino acids, after an additional 29-min
growth most of the cellular fractions had lost activity,
and therefore their proteins had presumably become de-
graded to acid-soluble materials. These data therefore
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provide information required for the calculation of turn-
over rates. The fact that neither P, nor Ps appears to have
Jost a greater proportion of the phenylalanine incor-
porated than the bulk of the cellular material tends to
imply that protein export from these fractions also re-
quires energy. Interestingly, degradation does not ap-
pear to have occurred in the Py, P35 or Sg; mitochon-
drial fractions (¢f. Wheeldon and Lehninger, 1966).

Effects of Inhibitors. PULSE LABELING. Additional clues
concerning the site of mitochondrial protein synthesis
can be derived from studies on the effects of selective
drugs on incorporation into various fractions. We there-
fore preincubated cells with drugs for 2 min, pulsed them
with L-[*H]phenylalanine for an additional 5 or 20 min,
and mixed them with samples labeled forthecorrespond-
ing period with the *4C-labeled amino acid in the ab-
sence of drug (Diagram II; Materials and Methods).
Short pulse times were used to minimize aberrations
due to the action of cycloheximide (de Kloet, 1966 ; Fuk-
uhara, 1965) or chloramphenicol (Maaloe and Kjeld-
gaard, 1966) on RNA synthesis. Furthermore the sen-
sitivity to chloramphenicol was tested in the presence
of cycloheximide. Since the bulk of the protein synthesis
in these cells is ribosomal and, hence, sensitive to cyclo-
heximide, this paradigm should greatly reduce the noise
level, so that chloramphenicol inhibition, which effects
only a relatively small proportion of the total protein,
can be rendered more visible and its differential effect
on various fractions, if such exists, established.

Seventeen fractions were again obtained from each
sample. Double ratios were calculated as described ear-
lier to provide estimates of significance and to eliminate
any residual quench variations. The standard deviation
of the double ratio (20-min *H/*4C)/(5-min 3H/!4C) was
117 of the average value, while the standard deviations
for the 20- and 5-min *H/*‘C ratios were 13 and 16 % of
the average, respectively. The absolute value of the stan-
dard deviation of the double ratio, 0.17, valid for all
double ratios calculated in this experiment, was used to
assess the significance of all the data in Table IV.

Effect of Inhibitors. LABELING PATTERNS. If the most
insoluble protein fraction of the mitochondria is indeed
the site of mitochondrial protein synthesis, amino acid
incorporation into this fraction in the presence of chlor-
amphenicol plus cycloheximide should be significantly
lower than that in the presence of cycloheximide alone.
As Table IV shows, the least soluble fraction did indeed
behave in this fashion. This effect was seen in both the
sample labeled for 5 min and the one labeled for 20 min.
In a 5-min pulse, chloramphenicol exerted a significant
inhibition on this fraction even when compared with a
control with no inhibitor added. Several other mito-
chondrial fractions also showed significant inhibition
by chloramphenicol under these conditions but only the
least soluble was inhibited to a level significantly lower
than the average cell protein.

Nearly all of the fractions including the soluble por-
tion of the cytoplasm showed a suggestive, though statis-
tically not highly significant, inhibition by chlorampheni-
col. Because of the known specificity of this inhibitor
in vitro, this in vivo inhibition, if real, indicates that either
(1) some proteins synthesized within the mitochondria
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are exported to all parts of the cell, or (2) when mito-
chondrial protein synthesis is inhibited, a signal is trans-
mitted from the mitochondria to alter cytoplasmic pro-
tein synthesis. Since the extent of the informational ca-
pacity of mitochondrial DNA, as well as its expression,
appear limited to relatively few proteins (Tewari et al.,
1966; Borst et al., 1967 ; Roodyn and Wilkie, 1968 ; Meh-
rotra and Mahler, 1968), the first explanation seems un-
likely. We have no information on whether the hypo-
thetical signal affects all of cytoplasmic protein synthe-
sis or only those proteins that are to be exported from
the microsomes to the mitochondria.

Conclusions

In order to derive meaningful conclusions concern-
ing sites of synthesis from some of the isotope experi-
ments described here certain conditions must be satis-
fied (Kuehl, 1967). (a) Cell fractions must be obtained
without loss, gain, or redistribution of label; (b) added
amino acids must reach the pools surrounding the syn-
thesis site simultaneously and dilution by these preex-
isting pools must not be grossly different; and (c) any
hypothetical movement from a synthesis to a utiliza-
tion site must be relatively slow compared with the rate
of synthesis itself. The details of the fractionation pro-
cedure used, enzyme distribution data (Henson et al.,
1968), and the absolute energy requirement for both
incorporation and decay make it almost certain that
condition a is fulfilled. That condition b is met is indi-
cated by the absence of a lag in either incorporation or
chase. Some of the parameters concerning ¢ will be dis-
cussed in the next paragraph.

With these provisos these labeling experiments pro-
vide evidence that two fractions, namely, the microsomes
and P, the most insoluble of the mitochondrial sub-
fractions, can qualify on kinetic grounds as sites of pro-
tein synthesis and export. These two fractions not only
resemble one another in continuous-labeling and pulse-
chase experiments but they differ radically from all other
fractions. Our interpretation is that these two fractions
represent two independent sites of protein synthesis, P
being comparable with the mitochondrial protein syn-
thesis site observed in incorporation studies in vitro. A
possible alternative explanation postulates that the mi-
crosomal fraction is the only site of protein synthesis
and that this fraction, with only a very short transport
time intervening, directly furnishes all the proteins of
the insoluble protein fraction or, in other words, that
Ps merely represents a redistribution center. Two lines
of evidence tend to rule out this hypothesis, however.
(1) To date, there is no evidence that easily solubilized
mitochondrial proteins, synthesized by the ribosomes,
must become first and rapidly attached to an insoluble
component as an essential step in the transport process.
In studies on the mechanism of this transport in vitro
Kadenbach (1967a) reported that the rate of transfer of
proteins from microsomes to mitochondria was slow
compared with microsomal protein synthesis, and that
the proteins transferred were found directly in the easily
solubilized fraction of the mitochondria. Similarly he
(1967b), Freeman ef al. (1967), and Gonzalez-Cadavid

and Campbell (1967) all found that cytochrome ¢, syn-
thesized by a component of the microsomal fraction,
was transported only relatively slowly into the mito-
chondria. (2) In our own experiments, the most insol-
uble mitochondrial fraction was also the one most sen-
sitive to chloramphenicol. Inhibition by chlorampheni-
col is one of the characteristic properties of the mito-
chondrial protein-synthesizing system in vitro (Winters-
berger, 1965; Campbell ef al., 1966 ; Linnane et al.,1967;
Mabhler et al.,, 1967, Lamb ef al., 1968) and mito-
chondriogenesis is blocked by chloramphenicol in vivo
(Clark-Walker and Linnane, 1967).

The rate and extent of synthesis we have been observ-
ing in Ps can account for only a small proportion of all
the proteins required for mitochondrial biogenesis. In
vitro studies have provided some evidence that the major
product of mitochondrial incorporation is found in a
“structural” protein fraction (Roodyn ez al., 1961 ; Roo-
dyn, 1962; Truman, 1964; Wheeldon and Lehninger,
1966; Beattie er al., 1967; Neupert ef al., 1967). In our
hands, the total protein in this fraction itself can account
for only 119 of the mitochondrial protein at isotopic
steady state (Table I); and from pulse-chase experiments
with chloramphenicol and pulse-labeling studies in the
presence of either chloramphenicol or cycloheximide,
it is likely that the major portion of even this fraction is
synthesized in the cytoplasm. Although we have not at-
tempted to estimate the amount or destination of pro-
tein exported from Ps, it is not likely that it can provide
for the majority of other mitochondrial proteins. On the
other hand we estimate that the initial rate of amino
acid incorporation into the mitochondrion is quite high
(see also Jayaraman et al., 1966), of the same order of
magnitude as the rate of incorparation by microsomes.

Despite the small total amount of protein produced
by the mitochondrial system, however, it is also appar-
ent that the mitochondrial and cytoplasmic systems are
closely linked. As already discussed in the results sec-
tion, while chloramphenicol has no effect on phenyl-
alanine incorporation into repressed cells (and no non-
specific effect on the oxygen uptake or enzymatic ac-
tivities of depressed cells even after a 25-min preincu-
bation), chloramphenicol added to depressing cells re-
duces the phenylalanine incorporation of a// fractions
and thus of total cellular synthesis by some 20%. Fur-
ther insight is provided by enzyme data from which it
is apparent that activities of enzymes of cytoplasmic
origin, but resident at the time of assay both in the mi-
tochondria and the cytoplasm (e.g., L-malate dehydro-
genase, NADH:: ferricyanide reductase), are affected by
the drug (Mahler et al., 1968; Henson et al., 1968). For
these reasons, we propose that instead of the exclusively
structural role previously ascribed to it, the product(s)
of mitochondrial synthesis also fulfills a regulatory func-
tion, perhaps concerned with the integration of mito-
chondrial proteins, regardless of origin, a process which
in turn either directly or indirectly affects the rate and
extent of all protein synthesis during derepression. It
should also be mentioned that theelectrophoretic pattern
on acrylamide gels of this insoluble fraction is heteroge-
neous and complex (P. Periman and H. R. Mahler, manu-
script in preparation), thus confirming the heterogeneity
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0.213
0.155
0.197
0.225
0.254
0.272

0.191
0.218

0.525
0.422

0.434
0.369
0.350
0.386
0.430
0.351

PL;OC

Svoc
Py

7, NoO.

0.312
0.210
0.253
0.256

0.366
0.277
0.310
0.332

Ps

Py

12, DECEMBER 1968

P18

= The numbers shown are the ratios of the 3H/'“C values of the samples indicated. The probability that this double ratio is significantly different from 1 was calculated

on the basis of a standard deviation of 0.17. The fractionation scheme used differed from Scheme 1 in the concentration of mitochondrial protein during detergent treatment (15.1

mg/ml) and in the concentrations of (NH,),SO. used to fractionate the detergent-soluble material. ® Values for per cent P in these columns were all <0.05%,. Con

control.

of the kinetics of its synthesis, and that its analysis dur-
ing double-labeling experiments similar to those just
described form part of our current endeavor. None of
our experiments are inconsistent with a model that pos-
tulates that not only all of the easily solubilizable (ma-
trix space and easily detachable membrane bound) pro-
teins, but also many of those linked tightly to the inner
membrane of the mitochondria, including certain ones
located in and associated with the “structural protein”
fraction, are actually of cytoplasmic origin. By analogy
with cytochrome ¢ it might then be anticipated that these
proteins are coded for by nuclear genes (Sherman et al.,
1966). Suggestive evidence for this contention is pro-
vided by the observation that the structural protein frac-
tion of particles isolated from cytoplasmic (o~) respi-
ratory-deficient mutant cells, which are presumably de-
ficient in functional mitochondrial DNA (Tewari et al.,
1966; Corneo et al., 1966; Moustacchi and Williamson,
1966; Mounolou et al., 1966; Mehrotra and Mahler,
1968) cultured under conditions designed to minimize
repression by glucose, exhibit an electrophoretic pat-
tern indistinguishable from that of the wild type (o)
except for the absence of a single band (P. Perlman and
H. R. Mahler, manuscript in preparation). Very similar
conclusions have also been reported independently by
Work et al. (1968) and Tuppy et al. (1968).

Materials and Methods

Fractionation by Bile Salts. KINETIC STUDIES (see Dia-
gram ). S. cerevisiae was grown on 197 glucose in a
semisynthetic medium in a 10-1., New Brunswick Micro-
ferm. At 13.5 hr, 250-m] aliquots were transferred into
1-1. flasks, 200 uCi of L-[*H]phenylalanine (10 uMm) was
added, and the mixtures (flasks 1-4) were incubated with
shaking at 30° for 1, 2, 10, or 30 min. Incorporation was
stopped by pouring the cells over crushed ice. The sam-
ples were harvested and each was mixed with 12 g of
carrier yeast and with 41 ml of yeast labeled for 2 hr
with 4 uCi of L-[**C]phenylalanine (80 um) (flask 8). The
oxygen uptake of the labeled cells was 180 mumoles of
O./min per mg; that of the carrier 226.

PULSE-CHASE STUDIES (see Diagram I). Three aliquots
(250 ml, flasks 5-7) of the cells used in the kinetic stud-
ies were mixed with 200 uCi of L-[*H]phenylalanine (10
uM). One minute later, a 100-fold excess of unlabeled
phenylalanine (flask 5) or phenylalanine plus 2 mg/ml
of chloramphenicol (flask 6) or 0.625 ug of cyclohexi-
mide (flask 7) was added and incorporation was con-
tinued for 30 min. These samples were harvested and also
combined with 12 g of carrier and 41 ml of 4C-labeled
cells (flask 8).

INHIBITOR SENSITIVITY STUDIES (see Diagram II). S.
cerevisiae was grown for 11.5 hr as above, then 250-ml
aliquots of the yeast were transferred to 1-1. flasks. When
the oxygen uptake of the cells had reached approximately
78, they were preincubated in either 2 % methanol (flasks
17 and 18), 29 methanol plus 4 mg/ml of chloram-
phenicol (flasks 15 and 16), 297 methanol plus 5 ug/ml of
cycloheximide (flasks 13 and 14), or 2%, methanol plus
4 mg/ml of chloramphenicol and 5 ug/ml of cyclohex-
imide (flasks 11 and 12) and then allowed to incorporate
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Diagram 1

Inoculation ‘H
| /!

BIOCHEMISTRY

Harvest

t=0
0 hr 13.5 hr

Flask 1: harvested 1 min after *H
Flask 2: harvested 2 min after *H
Flask 3: harvested 10 min after *H
Flask 4: harvested 30 min after *H

Inoculation *H
| /[ 4

Ch[ase Halrvest

t=20
0 hr 13.5hr

= 1 min t = 30 min

Flask 5: chase with phenylalanine
Flask 6: chase with phenylalanine + chloramphenicol
Flask 7: chase with phenylalanine + cycloheximide

Inoculation 1C
| / /|

Ha‘rvest

0 hr t=20
Flask 8: ¢

=0
Flask 9: 7 =0

11.5 hr; harvested at 13.5 hr
13.5 hr; harvested at r = 2 min

Flask 10: ¢t = 0 = 13.5 hr; harvested at ¢t = 10 min

DiaGram I1

Inocuixlation

Flasks 1-7: each mixed with aliquot from 8
Flask 9: mixed with a flask duplicate to 2
Flask 10: mixed with a flask duplicate to 3

Iy Inh‘ibitor SH Harvest

0 hr

Flask 11:
Flask 12:
Flask 13:
Flask 14:
Flask 15:
Flask 16:
Flask 17:
Flask 18:

! |
t=0 t = 2 min
12.3 br

chloramphenicol %= cycloheximide harvested at ¢
chloramphenicol + cycloheximide harvested at ¢
cycloheximide harvested at ¢ = 7 min
cycloheximide harvested at ¥ = 22 min
chloramphenicol harvested at + = 7 min
chloramphenicol harvested at ¢ = 22 min
no inhibitor harvested at 7 = 7 min
no inhibitor harvested at r = 22 min

7 min
22 min

Inoculation uC
| 7/

Harlvest

|
t=20
0Ohr 12.3 hr

Flask 19: harvested at ¢
Flask 20: harvested at ¢

5 min
20 min

I

Flask 11, 13, 15, and 17: each mixed with one-fourth of 19
Flask 12, 14, 16, and 18: each mixed with one-fourth of 20

175 uCi of L-[*H]phenylalanine (10 uMm) for either 5 or
20 min. The samples were harvested and mixed with 41
ml of cells labeled either 5 or 20 min with 9 uCi of L-
[14C]phenylalanine (10 uM) (flasks 19 and 20) and with
11.5 g of carrier yeast (oxygen uptake 214).

StATISTICS. The data were calculated in terms of the
ratio of L-[*H]- to L-['*Clphenylalanine incorporation
since the 14C value could be used to correct
the *H data for incomplete breakage of the cells
and for experimental variations between the sam-
ples such as losses in plating. Data for statistical treat-
ment were provided by the control samples in the inhib-
itor studies and by fractionation of two extra samples
containing cells labeled for 2 or 10 min with 200 uCi of
L-[*H]phenylalanine (10 uM) mixed with cells labeled
for the same time period with 33 uCi of L-[!‘C]phenyl-
alanine (1.1 and 1.5 um) in the kinetic and pulse-chase
studies (P = probability; see also Table I).

FRACTIONATION SCHEME KINETIC AND PULSE-CHASE
sTUDIES (Scheme I). The labeled samples were suspended

HENSON, WEBER, AND MAHLER

to 20 ml in 1 M sorbitol, 0.1 M Tris, and 0.02 M EDTA
(pH 8), containing 0.2 %, bovine serum albumin, mixed
with 20 ml of glass beads, and shaken 30 sec in a Braun
cell homogenizer. Once the homogenate had been de-
canted, the beads were washed with the same buffer. After
the suspension had been diluted to 35 ml with this wash
fluid, the final pH was approximately 7.1. This mixture
was centrifuged for 15 min at 2000g to remove cell de-
bris and then 20 min at 20,000g to sediment the mito-
chondria. The supernatant from the treatment was di-
luted 5 to 9 with water, made 0.87 M in Mg(OAc),, and
centrifuged 20 min at 50,000g to give the fraction P,
and 90 min at 105,000g to give S, and P,

The mitochondria themselves were washed once with
12.5 ml of 1 M sorbitol and then suspended to 12.5 ml
in 0.6 N KCl. After 5 min at room temperature, these
solutions were centrifuged at 30,000¢ for 30 min and
the pellets were suspended to 12.5 ml in 0.01 M Tris, 4
mM ATP, and 1 mMm Cleland’s reagent (pH 7.5) and fro-
zen and thawed twice. The material sedimenting after
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30 min at 30,000g was suspended to 2 ml with the same
Tris-EDTA—Cleland’s reagent buffer, sonicated for 60
sec (8 A, setting 4, small probe) on a Branson Sonifier,
diluted to 12.5 ml with Tris—ATP-Cleland’s reagent,
and again centrifuged 30 min at 30,000g. This pellet was
suspended in 0.25 M sucrose to give 19 mg of mitochon-
drial protein/ml and treated with 2 mg/mg of deoxy-
cholate and 1 mg/mg of cholate. The supernatant after
25 min at 30,000¢ was mixed with dithionite (40 mg/ml)
and made 6% saturated in (NH,).SO.. The superna-
tant after approximately 10-min standing and after 10-
min centrifugation at 8000g was, in turn, made 9% sat-
urated in (NH,).SO., then 12, 15, and 357 as indicated
in Scheme I. The material was left overnight at 4° at
the 1297 (NH).SO step.

INHIBITOR SENSITIVITY STUDIES. The fractionation
scheme used in this experiment differed from Scheme I
only in that the sample for cholate-deoxycholate treat-
ment contained 15.1 mg/ml of mitochondrial protein and
that (NH).SO, cuts were made at 3, 6, 9, and 18%,. The
samples stood overnight at 4° in 6 7, (NH):SO..

CouNTING. The fractions in Scheme 1 were plated
and washed by the techniques of Mans and Nov-
elli (1961) and counted in a Packard Tri-Carb scintil-
lation counter. Quench corrections were obtained by
the method of Hendler (1964) using hexadecane with
chloroform as a quencher to construct standard curves.

Fractionation by Triton X-100. Mitochondria were iso-
lated from 250-ml aliquots of yeast cultures, as de-
scribed in the preceding fractionation scheme. After
being washed once in 1 M sorbitol-0.2 % bovine serum
albumin, the organelles were suspended in 20 ml of
water and stripped of readily soluble proteins by being
frozen and thawed twice in an ethanol-Dry-Ice bath,
centrifuged 25 min at 30,000g, suspended in 10 ml of
0.6 N KCl, incubated at room temperature for 5 min,
and, in turn, centrifuged 25 min at 30,000g. The residue
was suspended in 5 ml of 1% Triton X-100 in 0.25 M
sucrose-0.01 M Tris (pH 7.5) and incubated 30 min at
0°. That portion of this suspension which was sedi-
mented by centrifugation for 20 min at 30,000g was sus-
pended in 4 ml of a 1% sodium dodecyl sulfate, 0.25 M
sucrose, and 0.01 M Tris buffer (pH 7.5), and sonicated
30 sec with a Branson Sonifier. The solution was then
reduced with 1 drop of saturated dithionite, brought to
159 saturation with (NH4),SO,, and centrifuged 20
min at 30,000g to give Si, and Pi,. The supernatant from
the Triton extraction was also brought to 159 satura-
tion with (NH,),SO, and centrifuged 20 min at 30,000g
to give Po, and Seu.

Protein was determined by the method of Lowry et al.
(1951).

GrowTH MEDIA. Cells for these experiments were
grown in a semisynthetic medium containing 1 % glucose
and 2 g/I. of Difco-Certified Bacto yeast extract, 1 g/l. of
(NH,),SO4 and KH:PO,, and 0.5 g/1. of NaCl and Mg-
SO..

MaTeriaLs. The glass beads used in these studies
were Glasperlen (0.45-0.50 mm) from B. Braun. The
L-[*H]phenylalanine and the L-[!‘*C]phenylalanine were
both purchased from Schwarz BioResearch, Inc., the
specific activity of the former being 1.0 Ciymmole and of

the latter 315-355 mCi/mmole. Both were mixed with
Sigma Grade DL-phenylalanine to give the molarities of
L-phenylalanine indicated in the Methods section. The
reconstituted [*H]protein hydrolysate was purchased
from Schwarz BioResearch. Other reagents and their
sources were: Cleland’s reagent (dithiothreitol), A grade
from Calbiochem; Trizma base, reagent grade from
Sigma; ATP, grade 2 from Sigma; Triton X-100 (alkyl-
phenoxypolyethoxyethanol) from Rohm and Haas;
cholic acid from Matheson Coleman and Bell (recrys-
tallized from 709 ethanol); sodium deoxycholate
(Mann Analyzed) from Mann Research Laboratory;
and antimycin A from Sigma. The chloramphenicol
used was a gift of Parke Davis and Co.; the cyclohexi-
mide, a gift of Upjohn Research Laboratories.
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