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SUMMARY

A detailed investigation of rat liver regeneration and changes
in aminoacyl-tRNA synthetase, isoaccepting profiles of tRNA,
"tRNA pool" composition, and amino acid pool size has been

made for 15 of the common 20 amino acids. An understanding
of these changes aids in interpreting phenomena that may play
a regulatory role in protein synthesis in rat liver regeneration.
Under conditions of maximal acylation, aminoacyl synthetase
activities change during regeneration, but not synchronously.
By contrast, the tRNA composition of the effective tRNA
pool remains constant. That is, the proportion of tRNA that
will accept a given amino acid remains a constant part of the
total acceptor activity. Similarly, the isoacceptor profiles of
tRNA from normal and regenerating liver are identical. No
differences were noted in the assay conditions for maximal
acylation for aminoacyl synthetases derived from livers after
sham operation, or at 12, 18, or 24 hr posthepatectomy. There
is a general increase in the amounts of extractable amino acids
during regeneration. The concentrations of amino acids found
in vivo are higher than the concentrations of amino acids
necessary for optimal activity in vitro.

INTRODUCTION

The interactions of aminoacyl synthetases, amino acids, and
tRNA's constitute a portion of the initial events in protein

synthesis. The role of these components in possible control of
protein synthesis has been the subject of much speculation
[see reviews by Soil (29), Craddock (14), and Neidhardt (24)].
This study is a comprehensive investigation of the changes in
these enzymes, tRNA, and amino acids during the course of
liver regeneration, a classical system in the study of
biochemical events occurring in the cell cycle. The changes
observed in the synthesis and degradation of many of the
important macromolecules involved in cell division after
hepatectomy are well documented (7), enabling the
investigator to draw inference about control from correlative
data. Particularly, regeneration has been used as a model
system with which to compare the biochemistry of neoplasia.
A liver cell stops dividing when liver mass is restored, while a
hepatoma cell does not. Understanding regeneration, then,
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should aid in the understanding of the regulation of cell
division.

As a working hypothesis, we assume that aminoacyl
synthetase activity, tRNA composition, tRNA isoacceptor
profiles, or amino acid composition regulate(s) the rate of
protein synthesis during the 1st wave of cell division in
regenerating rat liver. We have suggestive evidence that this
hypothesis is incorrect, strengthening a view proposed earlier,
namely, that the rate of protein synthesis in liver regeneration
is under translational control resulting from a change in
maturation of the tRNA pool. Further, this study adds
significantly to the understanding of the interaction of
aminoacyl synthetases, amino acids, and tRNA in rat liver
regeneration in vivo.

MATERIALS AND METHODS

c.
Materials

Radioactive amino acids were purchased from New England
Nuclear, Boston, Mass. DEAE-cellulose was obtained from
Schleicher and Schuell, Keene, N. H.; concentrated liquid
scintillator was obtained from Packard Instrument Co.,
Downers Grove, 111.;and rats were purchased from Blue Spruce
Farms, Inc., Altamont, N. Y. The specific activities of
uniformly labeled 14C-labeled amino acids were:

tyrosine, 374 mCi/mmole; isoleucine, 273 mCi/mmole;
phenylalanine, 414 mCi/mmole; serine, 128 mCi/mmole;
arginine, 255 mCi/mmole; proline, 290 mCi/mmole; leucine,
240 mCi/mmole; tryptophan, 17.1 mCi/mmole; valine, 248
mCi/mmole; alanine, 136 mCi/mmole; leucine, 240 mCi/mmole;
threonine, 164 mCi/mmole; aspartic acid, 182 mCi/mmole;
glycine, 87.4 mCi/mmole; histidine, 255 mCi/mmole; and
proline, 213 mCi/mmole. The specific activities of uniformly
labeled 3H-labeled amino acids were: arginine, 1.28 Ci/mmole;

serine, 1.7 Ci/mmole; leucine, 58.2 Ci/mmole; phenylalanine,
8.3 Ci/mmole; serine, 1.7 Ci/mmole; tyrosine, 44.6 Ci/mmole;
leucine, 58.2 Ci/mmole; threonine, 2.25 Ci/mmole; aspartic
acid, 2.15 Ci/mmole; isoleucine, 470 mCi/mmole; valine, 2.34
Ci/mmole; glycine, 5.34 Ci/mmole; histidine, 2.44 Ci/mmole;
and proline, 6.0 Ci/mmole.

Methods

Rats. Male albino rats weighing 225 to 250 g were
maintained on Purina chow ad libitum. The animals were
hepatectomized by removal of two-thirds of the liver, the
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left lateral and median lobes. All of the rats were sacrificed
between 9:30 and 10:30 a.m. Sham-operated animals served as
controls.

Extraction and Purification of tRNA and Aminoacyl
Synthetases. tRNA was extracted and purified as described
before (33). After 2 phenol extraction and alcohol
precipitation steps, tRNA was adsorbed to DEAE-cellulose and
washed overnight with 10-column volumes of 0.1 M Tris-HCl
buffer, pH 7.5. The tRNA was eluted from DEAE-cellulose
with a 1.0 M NaCl, 0.1 M Tris-HCl buffer, pH 7.5, and
precipitated with ethanol. The RNA preparation was again
extracted with phenol and precipitated with ethanol. The final
ethanol pellet was extracted with 80% ethanol and absolute
ether and dissolved in water at 5 mg/ml. The method for
obtaining aminoacyl synthetase preparations was essentially
that described before (18, 33). A S-100 fraction was treated
with DEAE-cellulose to remove inherent tRNA. After gel
filtration on Sephadex G-25, synthetase preparations were
made 20% in glycerol and stored at â€”¿�70Â°.The enzymes lost

only 5% of their activity after 9 months of storage.
Amino Acid Concentrations. Free amino acids were

recovered from 10% TCA3 supernatants of homogenates and
were chromatographed on a Beckman-Spinco Model 120B
amino acid analyzer that had been modified for increased
sensititivity. Livers were homogenized in a buffer containing
0.250 M sucrose, 0.001 M EDTA, 0.001 M DTT, and 0.001 M
Tris-HCl, pH 7.2; 8 ml of buffer per g of liver were used. After
they were strained through flannelette and centrifuged to
remove microsomes, the homogenates were made 10% in TCA.
The homogenates were then centrifuged at 10,000 X g for 20
min, filtered through Millipore filters, and diluted 1:5 with
0.2 M sodium citrate buffer, pH 2.2. Small and large aliquots
of the pH-adjusted TCA supernatants were chromatographed
to get accurate results on amino acids that were in small and
large concentrations, respectively.

Aminoacyl Synthetase Activity. Synthetase assays were
made according to the procedure of Cantoni [Bluestein et al.
(5)]. Microassays were maximized with respect to the
concentration of ATP. MgCl2 DTT, amino acid concentration,
and pH, as noted in Table 1. The total volume for microassays
was 0.25 ml. All assays contained 0.125 ^rnole of CTP.
Preparative acylation for reverse-phase chromatography was
carried out under maximal acylation conditions. Usually. 5 mg
of normal and regenerating liver tRNA's were acylated with
either 3H- or l4C-labeled amino acids, and the tRNA was

recovered as described by Maxwell et al. (23). Homologous
aminoacyl synthetases and tRNA's were used. Aminoacyl

synthetase isolated from regenerating liver was used with
tRNA isolated from regenerating liver, and aminoacyl
synthetase isolated from normal liver was used with tRNA
from normal liver.

Reverse-Phase Chromatography. RPC-2 columns, 0.9 x 250
cm, were prepared and run as described by Novelli (25), Weiss
and Kelmers (37), and Goldman et al. (18). NaCl gradients
(2200, 2400, or 2600 ml) of 0.25 to 0.75 M or 0.25 to 0.50 M
were used. Reverse-phase columns were maintained at 27Â°;
fractions were collected at 4Â°.

'The abbreviations used are: TCA, trichloroacetic acid; DTT,

dithiothreitol.

Chromatography of Radioactive Amino Acids. A
Nuclear-Chicago scintillation counter with a solid state flow
scintillation cell was attached to the Beckman-Spinco Model
120B amino acid analyzer for simultaneous measurement of
radioactivity and concentration of amino acids. This procedure
was used when amino acids were suspected of containing
contaminants.

Stripping of tRNA. The tRNA preparations were partially
hydrolyzed with a 0.1 M Tris-borate buffer, pH 8.3, at 37Â°for

15 min. This procedure was shown to be effective in removing
residual bound amino acids from tRNA preparations, judging
by amino acid analysis of a 6 N HC1 hydrolysate of tRNA
(33). Less than 0.01 nmole of valine per mg of tRNA is
recovered from tRNA stripped this way.

RESULTS

The tRNA isoaccepting profiles of normal and regenerating
rat liver (18 and 24 hr posthepatectomy) for 15 of the
common amino acids have been compared. Under optimal
conditions (Table 1), tRNA's were charged with 3H- or
14C-labeled amino acids and cochromatographed on 0.9- x

240-cm RPC-2 columns (25). Tritiated amino acids were
diluted with cold amino acids appropriately to make the 3H
and 14C peak heights about equal. The use of maximal

acylation conditions is clearly desirable if all isoacceptors are
to be identified, since certain isoacceptors apparently have a
lower Km for tRNA in vitro. Results of 12 chromatograms are
given in Charts 1 to 3. No differences in profiles have been
detected. Our results are consistent with those of Taylor
(M. W. Taylor, unpublished results) and of Andron and
Strehler (L. A. Andron and B. L. Strehler, personal communi
cation), but they disagree with those of Jackson et al. (21).

Differential change in aminoacyl synthetase activity was
tested under optimal conditions of acylation (Table 2).
Activities for 15 of the common amino acids were tested.
There is no consistent pattern of change of aminoacyl
synthetase activities from synthetase preparations derived
from livers 12, 18, and 24 hr posthepatectomy (Chart 4).
Tyrosine, phenylalanine, and lysine aminoacyl synthetase
activity drops; phenylalanine and lysine aminoacyl synthetase
activities remain relatively constant; and alanine, glutamic
acid, and arginine aminoacyl synthetase activities increase.
However, the increases are not temporally synchronous. Few
of the changes of aminoacyl synthetase activities listed in
Table 2 correlate closely with changes in protein synthesis
accompanying regeneration (34).

Table 3 gives the change in concentrations of amino acids
recoverable from TCA supernatants of liver homogenates,
expressed in amounts per g of liver, at 12, 18, and 24 hr
posthepatectomy. From these data and those in Table 2. it was
possible to correlate aminoacyl synthetase activity and amino
acid concentration. Aminoacyl synthetase activity and amino
acid concentration do not correlate in a consistent way in time
after hepatectomy. This can be seen graphically in Chart 5,
showing the results for glutamic acid, lysine, and alanine.

Finally, we tested the tRNA compostion (28) of
preparations derived from regenerating liver. tRNA was diluted
and again assayed for acceptor activity for each of 15 amino
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Table 1
Optimal conditions for aminoacyl synthetase assays

SynthetaseSerineLeucineArgininePhenylalanineTyrosineValineGlycineProlineHistidineAlanineGlutamic

acidIsoleucineAspartic

acidThreonineGlycineProlineATP(AmÃ³les)1.252.50.25.25.25.25.252.502.500.621.251.251.251.251.252.50MgCl2

(iimoles)3.123.123.123.123.126.253.123.123.123.123.123.123.123.123.123.12DTT(Minole)0.40.40.40.40.40.40.40.40.40.4Buffer0.04

M potassiumphosphate0.04
M potassiumphosphate0.04
M potassiumphosphate0.04
M potassiumphosphate0.04
M potassiumphosphate0.04
M potassiumphosphate0.04
M potassiumphosphate0.04
M potassiumphosphate0.04
M potassiumphosphate0.04
M potassiumphosphate0.04
M potassiumphosphate0.04
M potassiumphosphate0.04
M potassiumphosphate0.04
M potassiumphosphate0.04
MHEPES"0.04
M PIPES6PH7.57.56.57.57.57.07.56.57.56.57.07.57.57.57.57.0Amino

acid
(pmoles)183210401013611448114428631175982183991710021371152428631175

" Af-2-Hydroxyethylpiperazine-2-ethane sulfonic acid.
b Piperazine-jVX -bisf 2-Â«thanesulfonicacid).

100 ISO 100 150200 0

FRACTION NUMBER (lOmlptf frodino!

Chart 1. Isoacceptor profiles of tRNA from normal (â€¢)and regenerating (o) liver. The numbers on the ordinate should be multiplied by 103.

acids. This procedure has been used to estimate the tRNA
composition of the tRNA pool (1, 28). Total acceptor activity
was used to compute percentage acceptor activity for each
amino acid-specific tRNA, and the results are shown in Table
4. The percentage of acceptor activity for each amino
acid-specific tRNA remains relatively constant, with no
dramatic changes.

DISCUSSION

The 1st step in protein synthesis, aminoacyl-tRNA
formation, involves many cell components, all of which should
be considered in an attempt to understand control. We have, in
this paper, examined several of the obvious variables in a
model system, rat liver regeneration wherein protein synthesis
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Chart 1. Isoacceptor profiles of tRNA from normal (â€¢)and regenerating (o) liver. The numbers on the ordinate should be multiplied by IO3.
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Chart 3. Isoacceptor profiles of tRNA from normal (â€¢)and regenerating (o) liver. The numbers on the ordinate should be multiplied by IO3.

undergoes a large stimulation and decrease, corresponding to Reverse-phase chromatography (RPC-2) has been widely
the cell cycle (6, 7, 34). Possible changes in amino acid used tc monitor differences of tRNA isoacceptor patterns
concentration, reverse-phase tRNA isoacceptor profiles, (25). The profiles of isoacceptors from neoplastic tissues are
aminoacyl synthetase activities, and tRNA composition have clearly different from normal (3, 16, 17, 31, 31, 36, 39).
been thoroughly investigated. Species and tissue differences have been studied (19, 20, 32);
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Table 2
The specific activity ofaminoacyl synthetases derived from

normal and regenerating liver
One unit of synthetase equals the amount of activity recoverable

from l g of liver.

Uptake of radioactive amino acid (pmoles/unit of
synthetase) at following times after hepatectomy

Amino acid Ohr 12 hr 18 hr 24 hr

AsparticacidGlycineHistidineIsoleucineLeucineProlineSenneThreonineValineAlanineArginineGlutamic

acidLysinePhenylalanineTyrosine105751693427801022206817348727670637112546918436593713926089012035125923732054810353822431524124030835712613204441292225110422782187610,54834413012963119044747839214724471384288013223128238811,3545635211659508311482398

3000n

2000-

1000-

X
o

I

o Alonme
a Arginine
â€¢¿�'â€¢Gtutamic Acid

â€¢¿�Tyrosine
â€¢¿�Pheny lolonme
Â»Lysine

O 12 24

Hours After Hepatectomy

Chart 4. The change in the specific activities of aminoacyl
synthetases during liver regeneration.

profiles in developing systems are different (4, 15), and
hormone-stimulated tissues have Chromatographie patterns
that are different from controls (9, 22, 35, 38). We tested
tRNA isoacceptor profiles of livers from the Gl stage of cell
division, 12 hr posthepatectomy; early S phase, 18 hr
posthepatectomy; late S phase, 24 hr posthepatectomy; and
sham-operated animals. DNA synthesis is maximal in young
adult rats after 24 hr of regeneration (8, 33), and cell division
occurs at about 32 hr. During the course of this work, 2
groups of investigators reported isoacceptor profiles of tRNA's

from regenerating liver. Agarwal et al. (1) monitored profiles
for 6 of the common 20 amino acids from normal rats and
from rats 12 hr after hepatectomy and found no
Chromatographie profile differences; only the GÃŒstage was

Table 3
The amino acid pool size of normal and regenerating liver

Amino acid (pmoles/g liver) at following
times after hepatectomy

Amino acid 0hrAspartic

acid890Glycine
2023Histidine
562Isoleucine
150Leucine
332Proline
163Serine
633Threonine
697Valine
264Alanine
2453Glutamic

acid2305Lysine
695Phenylalanine
138Tyrosine
93Methionine

105|

1500n GLUTAMICACIOÂ»-.Â§^

1000-Ir||

SOD

'SaIM//

1/

/vA/

\i/*i600

--

20400--

IO200-12hr

18hr1841

15071815
1611683
578156
114402
280319

2432157
9731643
1413343

2382493
32646203
51702026

1371175
116148
91152

109LYSINES/A/Â¡\/

J *>JOOO--60-

50 2000--40-

301000--20-

IO24

hr1465164053810625721292785520128025289130110997103ALANINEA-15!1-

IOâ€¢¿�Â£||i5

Imâ€¢5Ã¬

0 12 18 24 0 12 16 24 0 12 18 24

HOURS AFTER HEPATECTOMY

Chart 5. The change in specific activities of glutamic acid, lysine, and
alanine aminoacyl synthetase (o) and amino acid concentration (â€¢)
during regeneration.

Table 4
Percentage acceptor composition of the tRNA pools

of normal and regenerating liver

Acceptor composition (%) at following
times after hepatectomy

AminoacidAspartic

acidGlycineHistidineIsoleucineLeucineProlineSerineThreonineValineAlanineArginineGlutamic

acidLysinePhenylalanineTyrosineSham3.610.03.613.59.17.07.710.02.88.19.46.11.05.03.112

hr5.410.93.39.210.89.38.711.32.86.18.54.80.55.92.618hr5.36.63.710.17.69.58.913.01.37.010.95.70.86.43.124hr4.87.34.010.28.39.98.711.31.85.611.66.21.36.22.8
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tested. The probability of finding 1 difference in 20 by testing
6 is 0.35 or about 1 chance in 3. Jackson et al. (21) detected
a unique aspartic acid tRNA peak 40 hr posthepatectomy. We
have been unable to confirm that result. Andron and Strehler
(personal communications) and Taylor (unpublished results)
were also unable to demonstrate an additional aspartic acid
tRNA.

We tested 15 of the common 20 aminoacyl-tRNA's for

differences in profile and found none. A large part of the
genome is derepressed early in regeneration (26), and the
genome becomes fetal in nature, judging by the ability of fetal
RNA to hybridize with regenerating liver DNA compared with
DNA from normal liver (12, 13). tRNA genes may not be
among those that are derepressed "selectively" during

regeneration. The profiles shown in Charts 1, 2, and 3
demonstrate that the tRNA isoacceptor pool does not change
during the normal cell cycle, judging by reverse-phase
chromatograms of tRNA's acylated by homologous

synthetases in vitro. Our results are consistent with the notion
that the increase in protein synthesis observed during rat liver
regeneration is not a consequence of transcription of a new
isoacceptor. Our results do not rule out the possibility that
some isoaccepting peaks become more heterogeneous during
the course of liver regeneration; unusual nucleoside content
may vary. This seems probable in light of earlier experiments
(33). We are currently investigating the possibility directly by
sequencing tRNAtyr derived from normal and regenerating rat

liver.
The tRNA pool composition or percentage of acceptor

activity for each amino acid can vary, judging by aminoacyl
synthetase assays (1, 28). It is possible that an amino
acid-specific tRNA could exert a rate-limiting influence on
translation by being relatively small or large in percentage
activity. Smith and McNamara (28) demonstrated that rabbit
reticulocyte tRNA composition resembles the amino acid
composition of hemoglobin; the cell appears to be specialized
in tRNA composition. We have shown that, unlike the
reticulocyte, the parenchemal cell of regenerating liver appears
unspecialized. That is, the percentage tRNA composition
remains relatively constant throughout the cell cycle: G,,
early S, and late S. Our results agree with those of Agarwal et
al. (1), who tested only the G] phase.

Aminoacyl synthetase activities (under optimal conditions)
change unpredictably during the course of liver regeneration.
Unlike tRNA composition, specific synthetase activities may
rise, fall, or remain the same. It has been suggested that
aminoacyl synthetases play a regulatory role in development
(2), phage infection (10, 11), and tissue specificity (30). From
our results, it is not possible to rule out a regulatory role for
synthetase activity in regeneration. However, it is obvious
from Table 2 that a general increase in all synthetase activities
cannot account for a general increase in protein synthesis
posthepatectomy, since tyrosine, phenylalanine, and lysine
synthetase activities either fall or remain the same.

Finally, we investigated the change in amino acid
concentration during the course of liver regeneration. Amino
acids extracted from liver are apparently mainly cytoplasmic.
Portugal et al. (27) showed that the pool of lysine was much
larger in the cytoplasm than either the nucleus or
mitochondria. We have shown that the concentration of amino

acids extracted from total liver posthepatectomy is high,
relative to the requirement of the appropriate synthetase in
vitro; that is, the concentrations of amino acids found in liver
are higher than the concentrations of amino acids necessary
for optimal activity in in vitro synthetase assays. Further,
when amino acid concentration is plotted against synthetase
activity (Chart 5), there is no consistent positive temporal
correlation. If amino acid pool size regulated aminoacyl
synthetase activity in vivo during the course of liver
regeneration, one would expect a positive correlation between
the two.
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