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ABSTRACT A cockerel liver explant system has been used to
study protein synthesis and ribosome transit times. After a 2-hr
preincubation of explant tissue in the presence of a large con-
centration of nonradioactive leucine, a small quantity of PH]leu-
cine was added and the kinetics of uptake of [3H]leucine into the
intracellular acid-soluble leucine pool was compared to the in-
corporation of [3H]leucine into protein. Incorporation of [3H]leu-
cine into protein reaches a linear rate almost immediately after
addition of label, whereas the acid-soluble pool does not reach
constant specific activity until much later. The length of time needed
to reach a linear rate of incorporation of [3H]leucine into protein
is approximately equal to the length of time needed to equilibrate
nascent polypeptide chains with labeled precursor-that is, one
average ribosome transit time. Therefore, it seems that the im-
mediate precursor pool for protein synthesis reaches constant spe-
cific activity almost instantly after addition of [H]leucine. The
results indicate that at least part of the supply of leucine for pro-
tein synthesis is derived directly from the exogenous incubation
medium and not from the intracellular acid-soluble amino acid
pool.

Our analyses of protein synthesis in newt limb regenerates (1,
2) and in sea urchin embryos (3), along with data from other
laboratories, have indicated that the intracellular soluble amino
acid pool is not the exclusive source of amino acids for protein
synthesis. We recently reported a study of protein synthesis
and ribosome transit times in cockerel liver explants after an in
vivo injection of 17(3-estradiol (4, 5). During the characteriza-
tion of the organ explant system, it appeared that incorporation
of [3H]leucine into hot (90°C) acid-precipitable protein became
linear within minutes of addition of labeled precursor to the
incubation medium, whereas the acid-soluble pool did not seem
to reach constant specific activity until much later. Similar ob-
servations have been published by other investigators, with
several different experimental systems (6-10). To further ana-
lyze the source of amino acids for protein synthesis in the cock-
erel liver explants, the absolute specific activity of acid-soluble
leucine (dpm of [3H]leucine per nmol of leucine) has been de-
termined and these data are reported here. The intracellular
acid-soluble leucine pool does not appear to be the only source
of amino acids for protein synthesis in the liver explants; more-
over, the amount of time required to reach a linear rate of in-
corporation into hot acid-precipitable protein after addition of
labeled precursor is approximately equal to one average ribo-
some transit time. Therefore, at least part of the supply of amino
acids for protein synthesis appears to be derived directly from

the exogenous source in the incubation medium; these amino
acids seem to be incorporated directly into protein without en-
tering the intracellular acid-soluble pool.

MATERIALS AND METHODS
Cockerel liver explants (Gallus domesticus, obtained from Squire
Valleevue Farm) were prepared and incubated as described (4).
Four days after injecting two cockerels with 17(3estradiol the
livers were removed, pooled, and prepared as organ explants.
The explants were incubated for 2 hr in incubation medium
containing 450 AM L-leucine. After preincubation, 500 ,Ci of
[3H]leucine (9.1 nmol; 1 Ci = 3.7 x 10" Bq) was added and
tissue aliquots of o2o0 mg were removed at succeeding time
intervals and transferred to tubes containing ice-cold phos-
phate-buffered saline (0.15 M NaCl/20mM sodium phosphate,
pH 7.0). After all samples were collected, the explant tissue was
pelleted in a clinical centrifuge, gently resuspended, washed
with ice-cold phosphate-buffered saline, and then repelleted.
The washed tissue was sonicated in 2 ml of ice-cold 10% tri-
chloroacetic acid and left to stand on ice for 10 min. The son-
icate was centrifuged, and the pellet was washed twice with ice-
cold 5% trichloroacetic acid. All supernatants were pooled and
extracted three times with 10 vol of ethyl ether to xemove the
trichloroacetic acid. The acid-insoluble material was solubi-
lized, and RNA was hydrolyzed by incubation in 4.0 ml of 0.3
M KOH at 45°C for 3.5 hr. To precipitate DNA and protein,
2.5 ml of 1.2 M HC104 was added, and the solution was left to
stand 10 min on ice. The acid-insoluble material was collected
by centrifugation, and the pellet was washed twice with 0.6 M
HCl04. DNA content was estimated by using the indole tech-
nique of Cerrioti (11). The concentration of acid-soluble amino
acids was estimated by using the fluorescamine assay described
by Bohlen et aL (12) and Udenfriend et aL (13). Fluorescence
was measured in an Aminco-Bowman spectrofluorometer with
leucine as standard. The acid-soluble leucine concentration in
each timed sample was determined by analysis in a Durrum D-
500 amino acid analyzer. The lyophilized acid-soluble extracts
were solubilized in 20 ,ul of 0.2 M sodium citrate buffer (pH
2.2) containing a norleucine standard solution and were applied
to the analyzer column. Peak areas were automatically inte-
grated by a computer. The eluted amino acids were identified
by comparison of their elution times with those of previously
determined standards.
To ensure that the radioactivity measured had remained as

[3H]leucine during the explant incubation, an aliquot of the acid-
soluble fraction from the 120-min time point was analyzed by
two-dimensional ascending chromatography. One microgram
of standard leucine and 2.0 ,ul of the solubilized 120-min time
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point sample (11,000 cpm) were spotted onto individual washed
MN 300 cellulose thin-layer chromatography plates (Brink-
mann). The first dimension was developed in butanol/acetic
acid/water, 3:1:1 (vol/vol), for approximately 2 hr. After the
plate was completely dry, the second dimension was developed
in phenol/m-cresol/borate buffer, 25 g of phenol:25 g of m-
cresol:7 ml of borate solution, prepared by combining 50 ml of
0.1 M boric acid and 28.4 ml of 0.1 M NaOH. The second di-
mension was developed until the front was about 2 cm from the
top of the plate. The plates were dried in a fume hood over-
night. The leucine standard was visualized by staining the plate
in a ninhydrin reagent (14). Radioactive leucine was visualized
by fluorography after immersing the chromatography plate in
7% 2.5-diphenyloxazole dissolved in ether (15). The dried plate
was placed in contact with x-ray film (Royal X-Omat, Kodak) at
-70'C for 2 wk.
The amount of protein synthesized by the explants is pro-

portional to that synthesized by the livers in vivo (4). Electron
microscopy and radioautography of serial sections obtained from
explants after incubation show that all hepatocytes, including
those located on the surface of the explants and those located
in the center, are equally active in protein synthesis.

RESULTS
It has been demonstrated previously that the cockerel liver ex-
plants are very active in protein synthesis and that proteins are
synthesized in relative quantities that are very similar to those
found in vivo (4). The organ explants were preincubated for 2
hr in incubation medium containing a large amount (450 AuM)
of nonradioactive L-leucine; therefore, addition of [3H]leucine
(9.1 nmol) had an insignificant effect upon the total quantity of
leucine present. A high concentration of exogenous amino acids
also prevents reutilization artefacts because radioactive amino
acids that are the products of protein degradation are rapidly
diluted out by the high concentration of nonradioactive pre-
cursor (9). Hod and Hershko (9) have also shown that washing
the tissue in cold buffer before homogenization efficiently re-
moves exogenous amino acids without affecting the specific ac-
tivity of the intracellular pool. The uptake of [3H]leucine rel-
ative to DNA content is shown in Fig. 1 along with, the in-
corporation of [3H]leucine into hot acid-precipitable material.
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FIG. 1. Comparison of the labeling kinetics.of the acid-soluble and
acid-precipitable fractions ofcockerel liver explants. After a2-r prein-
cubation of explant tissue from a 4-day-induced cockerel, [5Hlleucine
was added, and tissue aliquots were removed at timed intervals and
sonicated in trichloroacetic acid. A representative experiment is de-
picted here; it was repeated >10 times with very similar results. Acid-.
soluble dpm x 10-' are expressed per nmol of leucine (left ordinate,
outside label) or per pg of DNA (left ordinate, inside label).

The equilibration of the acid soluble pool seems to follow the
shape of a logarithmic curve, whereas the incorporation of label
into acid-precipitable protein is apparently linear from the very
earliest time points. The curves presented in Fig. 1 were gen-
erated by performing either a logarithmic or linear regression
analysis upon the data points for the two curves. The coeffi-
cients of determination (r2) were >0.99 in both cases.

Because of the possibility that the acid-soluble pool was still
expanding during the experiment, the absolute specific activity
of acid-soluble leucine (dpm of [3H]leucine per nmol of leu-
cine) was determined by quantitating the leucine concentration
with an amino acid analyzer. A representative profile of the
separation achieved is presented in Fig. 2. To ensure that the
radioactivity measured had remained as [3H]leucine, an aliquot
of the final time point sample was analyzed by two-dimensional
ascending chromatography, and the migration of radioactivity
was compared with the migration of a leucine standard (Fig. 3).
The data in Fig. 3 demonstrate that all detectable radioactivity
remained as E H]leucine during the incubation. The results of
the analysis of the absolute specific activity of acid-soluble leu-
cine are presented in Fig. 1 along with the incorporation of [3H]-
leucine into hot acid-precipitable protein. The absolute specific
activity of acid-soluble leucine increased logarithmically, whereas
the incorporation into protein became linear almost immedi-
ately after addition of label. Other experiments in which sev-
eral additional time points were taken within a 15-min incu-
bation (4) have shown that the incorporation into protein indeed
becomes linear almost immediately after addition of [3H]leu-
cine.
The plot describing the absolute specific activity of acid-sol-

uble leucine (Fig. 1), which was generated by performing a
regression analysis, has an excellent fit to a logarithmic curve.
The coefficient of determination (r2) value again was >0.99.
Attempts to fit the data or parts of the data to other curves were
unsuccessful and generated low coefficients of determination
(<0.90). Because the data formed a logarithmic curve, a double
reciprocal plot enabled us to calculate the specific activity of
acid-soluble leucine at the point of equilibration; in addition,

Elution

FIG. 2. Automated amino acid analysis ofthe acid-soluble fraction
ofthe cockerel liver sonicates. Details ofthe procedures are given in the
text. Nor, norleucine.
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FIG. 3. Analysis by two-dimensional thin-layer chromatography
ofacid-soluble amino acids. An aliquot ofthe acid-soluble fraction from
the 120-min time point (Fig. 1) was analyzed by two-dimensional thin-
layer chromatography. (A) Fluorograph of the two-dimensional chro-
matograph of the 120-min acid-soluble fraction; (B) ninhydrin-stained
two-dimensional chromatography ofstandard leucine. Arrows indicate
the direction of the first and second dimensions and the black dot in-
dicates the origin.

the time at which equilibration was reached could also be cal-
culated.

Because the quantity of leucine in the incubation medium
was known, the theoretical specific activity of 96,500 dpm/nmol
of leucine was calculated.t The double-reciprocal plot pre-
sented in Fig. 4 showed that the acid-soluble leucine pool reached
constant specific activity of 83,500 dpm/nmol of leucine at 4100
min after addition of label. Therefore, the intracellular specific
activity in the 120-min time point sample is 86% of the cal-
culated specific activity of leucine in the incubation medium.
These data verify the hypothesis that the concentration of ex-

ogenous leucine is high enough to cause expansion of the in-
tracellular pool to a level that very closely approximates the
specific activity of the outside source. Therefore, changes in
the leucine pool that result in vivo from treatment with 17(-

*The theoretical specific activity of acid-soluble leucine in the incu-
bation medium was calculated as follows: the concentration of L-leu-
cine in medium 199 is 450 ,uM; therefore, 25 ml of medium contains
11.3 ,umot of leucine. Five hundred UCi of leucine was added to 25
ml of the incubation medium. Hence, the theoretical specific activity
of the acid-soluble leucine in the incubation medium is 9.65 x 104 dpm/
nmol of leucine.
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FIG. 4. Determinations ofthe time needed forthe observed specific
activity of acid-soluble leucine to reach equilibrium. The graph rep-
resenting intracellular acid-soluble dpm/nmol of leucine (Fig. 1) has
an excellent fit to a logarithmic curve. Therefore, a double-reciprocal
plot of the data has been used to calculate the specific activity of acid-
soluble leucine at equilibrium. The length oftime needed to reach equi-
librium is also calculated from the same plot. The equation and coef-
ficient of determination (r2) of the line presented were determined by
a least-squares linear regression analysis. The coefficient of determi-
nation (r2) of the line is 0.99. The inverse of they intercept represents
the value of the observed leucine specific activity at equilibrium (83,300
dpm/nmol of leucine). By applying this value in the logarithmic fit
equation from Fig. 1 (y = 9,630 + 15,800 ln x), we calculate that the
observed leucine specific activity is reached at about 105 min after ad-
dition of label.

estradiol (16) will be obviated by incubation of the tissue in ex-

plant incubation medium.
Average ribosome half-transit time refers to one-halfthe length

of time needed for a ribosome to translate an average-sized
mRNA and release a completed polypeptide chain (17). Av-
erage ribosome half-transit times have been measured in the
organ explant system by using estrogen-stimulated and unstim-
ulated cockerel liver tissue (4, 5). An example of the determina-
tion of the half-transit parameter in unstimulated cockerel liver
explants is shown in Fig. 5, in which the horizontal distance
separating the two lines represents the average ribosome half-
transit time. The x intercept of the line representing incor-
poration into "total" protein is the point at which incorporation
of [3H]leucine into acid-precipitable protein becomes linear.
The average ribosome half-transit time (i.e., the horizontal dis-
tance separating the two lines) is 0.6 min, thus making the av-

erage ribosome transit time 1.2 min.
Our hypothesis is that the immediate precursor pool for pro-

tein synthesis in the explants is not exclusively the intracellular
acid-soluble pool; instead, it appears that amino acids from the
explant incubation medium are utilized directly for protein syn-
thesis without passing through the acid-soluble pool. If the im-
mediate leucine precursor pool for protein synthesis equili-
brates with [3H]leucine almost instantaneously, then the length
of time needed to reach a linear rate of incorporation into acid-
precipitable protein should be approximately equal to one av-

erage ribosome transit time.
The data presented in Fig. 5 support the hypothesis by

showing that incorporation into acid-precipitable protein be-
comes linear in 1.25 min, which is slightly more than the av-

erage ribosome transit time of 1.2 min. We were not able to
perform a similar analysis upon cockerel liver explants after es-
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FIG. 5. Analysis of the average ribosome half-transit time in un-
induced cockerel liver explants. Details of the determination of aver-

age ribosome half-transit times have been published (3). Liverexplants
were incubated for 2 hr in the presence of [3H]leucine before addition
of [14C]leucine. The abscissa indicates minutes after addition of r14C]-
leucine. o, Incorporation into total postmitochondrial supernatant pro-
tein; *, incorporation into postribosomal supernatant protein. The hor-
izontal distance separating the two lines represents the average ri-
bosome half-transit time. The data presented are the average of two
experiments, utilizing four experimental animals.

tradiol stimulation for two reasons. First, after administration
of estradiol, the cockerel livers greatly increase synthesis of /&
apolipoprotein (subunit Mr, 380,000) and initiate de novo syn-
thesis of vitellogenin (subunit Mr, 240,000). Because of the large
sizes of the two mRNAs for these proteins, the ribosome transit
times are significantly higher than the average value (4, 5). Sec-
ond, the cockerel liver explants actively secrete proteins, and
secretion of labeled proteins becomes linear after -15 min (4).

Therefore, by the time the polysomes translating mRNAs for ,-
apolipoprotein and vitellogenin had reached constant specific
activity (i.e., after one ribosome transit time for these mRNAs),
the liver explants had already "lost" radioactive proteins by se-

creting them into the incubation medium. Secretion of proteins
has no effect upon the determination of ribosome half-transit
times because an internal control in the form of a double-label
analysis was performed. However, because of the transfer of

radioactivity into the incubation medium of the estradiol-stim-
ulated explants, we could only estimate the time at which in-
corporation into acid-precipitable protein became linear. Be-
cause the uninduced explants as described here do not synthesize
large quantities of the secreted proteins /&apolipoprotein and
vitellogenin, we were able to remove tissue aliquots for half-
transit time analysis before significant secretion of labeled pro-
teins began. In this way, the point at which the rate of incor-
poration of [3H]leucine into acid-precipitable protein became
linear was accurately determined.

DISCUSSION

The identification of the true source of amino acids for protein
synthesis has been an elusive and controversial experimental
problem. To define the mechanisms of amino acid utilization
more closely, we have attempted to relate three experimental
parameters-namely, average ribosome transit time, the ab-
solute specific activity of acid-soluble leucine, and the level of
incorporation of leucine into acid-precipitable protein. Pref-
erential utilization of exogenous amino acids implies that amino
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acids are taken directly from the explant incubation medium
and incorporated into protein without interacting with the in-
tracellular acid-soluble pool. The data in Fig. 1 show that in-
corporation into protein reaches a linear rate almost immedi-
ately after addition of labeled precursor, whereas the intracellular
acid-soluble leucine pool does not reach constant specific ac-
tivity until about 100 min later. These results show that at least
part of the supply of amino acids for protein synthesis comes
directly from the incubation medium and not from the acid-sol-
uble pool.
To further test the hypothesis of preferential utilization of

exogenous amino acids, we have compared the length of time
needed to reach a linear rate of incorporation into acid-precip-
itable protein with the average ribosome transit time. The ra-
tionale for this comparison is as follows: if the immediate pre-
cursor pool of amino acids for protein synthesis does indeed
reach constant specific activity directly after addition of labeled
precursor, then the linear rate of incorporation into acid-pre-
cipitable protein should begin after one full ribosome transit
time. One ribosome transit time is also equal to the amount of
time needed to equilibrate the nascent polypeptide chains with
radioactive label after constant specific activity of the imme-
diate precursor pool is reached. The data in Fig. 5 suggest that,
indeed, the incorporation into protein reaches a linear rate after
one average ribosome transit time. This analysis represents an
important approach to studying the immediate precursor pool
for protein synthesis and, in combination with the determi-
nation of absolute specific activity of leucine, the data indicate
that at least part of the supply of leucine is incorporated into
protein directly after transport from the incubation medium
and without equilibration with the acid-soluble pool.
The models that have been proposed to explain the discrep-

ancies between logarithmic equilibration of the acid-soluble pool
and linear incorporation into protein have generally involved a
"functional heterogeneity" (6) or compartmentalization of the
true precursor pool. Hod and Hershko (9) have proposed a two-
site activation model, in which there is one intracellular site of
aminoacylation, which utilizes amino acids from the intracel-
lular pool, and an external activation site (probably membrane-
associated), which activates amino acids as they enter the cell.
A similar model has recently been suggested by Reith et aL (10).
van Venrooij et aL (7) also reported that the kinetics of incor-
poration of amino acids indicate that aminoacylation of tRNA
occurs near or on the plasma membrane in close association with
the amino acid transport system. Tscherne et aL (18) described
aminoacyl-tRNA synthetases that were organized, in a complex
fashion, in large lipid-containing aggregates which may have
been membrane-associated. Our data support the model pro-
posed by Hod and Hershko, in which amino acids from the ex-
plant medium are activated as they enter the liver cells, and at
least some of these activated amino acids are directly utilized
for protein synthesis without entering the acid-soluble amino
acid pool.

The biological significance of preferential utilization of amino
acids for protein synthesis is not clear. However, it has been
suggested that at least part of the amino acids are activated for
protein synthesis on the plasma membrane (7-10, 19). The as-
sociation of amino acid activation and the plasma membrane is
energy dependent and implies the use of ATP for amino acid
transport. The first reaction in the activation is elevation of the
group potential of the amino acid as follows:

amino acid + ATP aminoacyl AMP + PPi

This is a fully reversible reaction and is often utilized for the
determination of amino acid-dependent ATP exchange reac-
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tion., It follows that the activated amino acid is either attached
to tRNA without further energy utilization or released to the
acid-soluble pool by the reverse of the above reaction. In the
reverse reaction, the ATP used for activation would be regen-
erated. This mechanism might allow the cell to make a more
efficient use of energy, because the supply of amino acids is
linked to feeding, which is periodic, whereas protein synthesis
must be continuous. For such a mechanism, the rate of amino
acid transport and activation must be greater than the rate of
protein synthesis; moreover, the affinity of the activating en-
zyme should be higher for exogenously supplied amino acids.
An abundant supply of exogenous amino acids could then be
coupled with expansion of the intracellular pool and increased
amino acid storage. Indeed, in sea urchin embryos, the pool can
expand 7-fold in 1. min when an exogenous supply is available
(20). The presence of an exogenous source of amino acids then
blocks almost completely the apparent use of the endogenous
pool (3), which is the natural supply of amino acids at that stage
of development.
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