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Transfer RNAs have been prepared from control and regenerating rat skeletal muscle. The yield of tRNA is
highest during the early stages of the regeneration process (5 and 8 days following the induction of
regeneration) and decreases to near control values thereafter. The amino acid acceptor activity (extent of
aminoacylation) of tRNA from regenerating muscle was also found to be higher for some amino acids than
the activity of control tRNA, and the maximum increase in activity was observed between 5 and 8 days
following the initiation of regeneration with a decrease to control levels through 15 and 30 days. The
isoacceptor pattern, determined by RPC-5 chromatography, for methionyl-tRNAs from control muscle and
5-day regenerating muscle were essentially indistinguishable, while a minor peak of prolyl-tRNA was
observed in the population from 5-, 8- and 15-day regenerates which was apparently absent from the control
tRNA. Lysyl-tRNAs from control muscle contain two major isoacceptors while a third isoacceptor is observed
in the tRNA preparations from 5-, 8- and 15-day regenerating muscle. The relative amount of this third
isoacceptor is highest in the 8-day population and decreases in amount in tRNAs from 15- and 30-day
regenerates. Control muscle also contains two major glutamyl-tRNA species while a third isoacceptor can be
detected in regenerates. The relative amount of this species increases during the early course of the
regeneration process but is present at near control levels by 30 days following Marcaine injection. Cell-free
protein synthesis using muscle polyribosomes showed that tRNAs from regenerating muscle were more
effective in stimulating [>*S}methionine incorporation than tRNAs from control muscle.

Recent studies from this laboratory have dealt
with the changes in protein synthesis which
accompany the regeneration of skeletal muscle in
rats. The model system used in these studies
involves the direct injection into the muscle of the
myotoxic drug, Marcaine (bupivacaine). It has been
shown by Hall-Craggs [1], by Carlson and co-
workers [2] and by others [3,4] that the injection of
Marcaine into an appropriate muscle leads to a
rapid and striking degeneration of that muscle
which is followed by an equally dramatic regenera-
tion phenomenon.

Changes in protein synthesis which occur be-
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tween 5 and 30 days following the injection of
Marcaine have recently been characterized in the
regenerating muscle system. In particular, it has
been observed that there is an increased ability of
muscle fragments to incorporate [>3SJmethionine
into protein during the early stages of regeneration
and that the incorporation activity returns to near
control values by the end of the regeneration pro-
cess [5] and unpublished data. The increased activ-
ity of muscle fragments in protein synthesis seems
to reflect, in part, an increase in both the yield and
activities of polysomes from regenerating muscle
as compared with controls. Again, the increases
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are maximal during the early stages of regenera-
tion and polysome yield and activity levels return
to near control values by 30 days following
Marcaine injection. The regeneration process is
also characterized by an increase in the yield of
total RNA from regenerates as compared with
controls. The larger yield of polysomes suggests
that an increase in ribosomal RNA synthesis 1s at
least partly responsible for the increase in the
amount of total RNA obtained from regenerating
muscle. This interpretation is also consistent with
earlier observations of an increase in ribosome
synthesis during the regeneration process [6] It
has further been shown that the regeneration pro-
cess occastons an increase 1n the amount of
Poly(A)* RNA which is present in the regenerat-
ing muscle (unpublished data).

The data described above are thus compatible
with the notion that increases in ribosomal and
messenger RNA levels are concomitants of the
process of skeletal muscle regeneration. It seemed
advisable, therefore, to determine whether the
transfer RNA fraction was similarly affected by
regeneration. Changes in tRNAs are known to
accompany a number of developmental processes
such as gland and organ development [7,8] tumori-
genesis [9,10] and changes in cell division rate [11].
To determine how the regeneration process affects
muscle tRNAs, the amimno acid acceptor activities,
isoacceptor profiles and function in protein
synthesis of tRNAs from control and regenerating
rat skeletal muscle have been examined. Results of
these experiments are presented below

Materials and Methods

Materials. Adult male Sprague-Dawley rats
(250-300 g) were used in all experiments. The
following amino acids utilized in the acceptance
studies were obtained from New England Nuclear:
[?H]Jleucine (45.7 Ci/mmol), [*H]glutamic acid (49
Ci/mmol), [*H]alanine (13.9 C1/mmol) {*H]meth-
ionine (80 Ci/mmol), ['*C]proline (290 mCi/m-
mol). [*H]Lysine (75 Ci/mmol), [*H]phenyl-
alanme (17 Ci/mmol), [*H]prohne (29 Ci/mmol),
[*Hlserme (3.4 Ci/mmol), [*H]glycine (12.3
Ci/mmol), [*H]valine (37 Ci/mmol) ['*C]lysine
(342 mC1/mmol), [**Clglutamic acid (275 mCi/m-
mol) and [*S]methionine (1220 C1/mmol) were

from Amersham. Adogen 464 for RPC-5 chro-
matography was generously donated by Dr. G.
Dawvid Novelli, Oak Ridge National Laboratory.

Marcaine njection procedure. Skeletal muscle
regeneration was induced by the direct injection of
0.75% (w/v) solutions of Marcaine in 0.9% NaCl
into the tibialis anterior of male rats as previously
described [5). Contralateral muscles were injected
with saline only and served as controls. Muscles
were excised for examination S, 8, 15 and 30 days
following incubation.

Isolation of subcellular components Transfer
RNA s were 1solated from control and regenerating
muscle essentially as described previously [12]. A
crude aminoacyl-tRNA synthetase preparation was
obtained from rat liver as described [11]. Follow-
ing DEAE-cellulose chromatography of the en-
zyme preparation it was dialyzed overnight against
two changes of Medium A [11] containing 25%
glycerol. Polyribosomes for cell-free protein
synthesis were 1solated from 5-day regenerating
skeletal muscle exactly as described previously [5]

Conditions for aminoacylation and cell-free pro-
tein synthests. Aminoacylation reaction mixtures
were prepared essentially as described previously
[13] except that ATP and magnesium concentra-
tions were optimized for each of the amino acids
tested 1n this study. All reaction mixtures con-
tained 50 mM Tris-HCI, pH 7.6/5 mM KCl/5
mM 2-mercaptoethanol. Most amino acids were
charged using final concentrations of 5 mM ATP
and 12 mM MgCl,. Aminoacyl-tRNA synthetases
were present at concentrations of 1-3 mg/ml and
radioactive amino acids at 1-200 puCi/ml The
lower amino acid concentrations were used for
14C-labelled amimo acids. Incubations were gener-
ally conducted for 15-30 min at 37°C. and reac-
tion muxtures were processed as described previ-
ously [13] Results expressed in Table II and Fig 1
reflect the extent of aminoacylation with the (ndi-
cated amino acids following a 15 min incubation
at 37°C. Condttions for cell-free protein synthesis
were as described previously [5] except that the rat
liver-soluble enzyme fraction was passed through a
DEAE-cellulose column before dialysis. In addi-
tion, polysomal reaction mixtures contained vary-
ing amounts of tRNA (1.5-15 pg). Reaction
volumes were 50 pl and mixtures were processed
as described previously [5].



Reverse phase chromatography. RPC-5 chro-
matography was carried out essentially as de-
scribed [9,14] using a 1.2 X 45 cmor a 1.2 X 95 cm
column maintained at 27°C. The columns were
run at a flow rate of 42-48 ml/h and 1.5-3 ml
fractions were collected. tRNAs from control and
regenerating muscle were differentially labelled
with *H- or 'C-labelled amino acids to allow
simultaneous separation on RPC-5 columns.
Aliquots of appropriate fractions were precipitated
with trichloroacetic acid and radioactivity was de-
termined by liquid scintillation counting.

Results

Yields of tRN A from control and regenerating muscle

As indicated above, the regeneration process in
skeletal muscle is accompanied by an increase in
total and poly(A)* RNA, The data given in Table
I also reveal that regenerating muscle contains
higher levels of total tRNA than does control
muscle. About 1.8-times more tRNA is obtained
from regenerating muscle 8 days following
Marcaine injection than can be isolated from con-
trol muscle. There is a decline in yield thereafter,
such that by 30 days post-injection, the yield of
tRNA is essentially identical to that of the control.
It should be noted that maximum yields of total
and poly(A)* RNA are also observed 8 days fol-
lowing the induction of the regeneration process
(unpublished data).

Anuno acid acceptor actwity of tRNAs from control
and regenerating muscle
To determine whether the regeneration process

TABLE I

YIELDS OF tRNA FROM CONTROL AND REGENERAT-
ING SKELETAL MUSCLE

Days post tRNA yield
injection pg/g muscle
Expt. 1 Expt 2

Control 208 272

5 395 335

8 448 412
15 295 215
39 206 254

# Results of two separate experiments.
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affected the acceptor activity of muscle tRNAs,
aminoacylation experiments were performed, using
10 of the 20 amino acids commonly found in
proteins. Results of typical experiments are pre-
sented in Table II. In these experiments, the accep-
tor activity (extent of aminoacylation) of control
tRNA and tRNA from 5-day regenerates was
compared. It should be noted that the enzyme
source in these experiments was rat liver, so that
observed differences in acceptor activity must be
due to differences in the tRNAs, not in the
aminoacyl-tRNA synthetase population.

The data given in Table II show that for some
of the amino acids tested there is little difference
between the acceptor activity of control tRNA and
tRNA from regenerating muscle. Thus, the accep-
tor activity of tRNA from 5-day regenerates for
the amino acids leucine, phenylalanine, serine,
glycine and methionine is within no more than
25-30% of control values. In contrast, the acceptor
activity of tRNA from 5-day regenerates for the
amino acids lysine, glutamic acid, proline, valine
and alanine was 1.5-3-times higher than the activ-
ity of control tRNA.

Fig. 1 shows the time course of the change in
amino acid acceptor activity for four of the amino
acids studied in Table II. It can be seen that in all
cases there is an increase in acceptor activity be-

n

RELATIVE ACCEPTOR ACTIVITY
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Fig. 1. Time course of the change in tRNA acceptor activity
tRNAs were 1solated from control muscle and from regenerat-
ing muscle 5, 8, 15 and 30 days following Marcaine injection
Acceptor activity was measured as described in Matenals and
Methods for the amino acids alanine, glutamic acid, lysine and
proline. Reaction mixtures contained about 15 pg tRNA. Reac-
tion muxtures were incubated for 15 min and the data in the
figure represent the extent of aminoacylation with the indicated
amno acids
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TABLE 11

AMINO ACID ACCEPTOR ACTIVITY OF tRNAs FROM CONTROL AND REGENERATING SKELETAL MUSCLE

Results of two separate experiments Results are expressed as pmol/pg of tRNA added to reaction mixtures For these experiments
muxtures contained about 15 pg tRNA, incubation was for 15 min and the data represent the extent of acylation with the indicated

amino acids
Amino tRNA source
acid

Control muscle 5-day regenerates

Expt 1 Expt 2 Expt 1 Expt 2
Lysine 28 32 56 64
Leucine 89 99 126 108
Glutamic acid 18 10 43 47
Phenylalanine 50 36 49 59
Proline 30 36 72 90
Serine 257 205 295 51
Glycine 110 100 89 129
Valine 131 75 189 195
Methionine 41 43 S1 63
Alanine 35 25 44 48

tween zero time and 8 days following Marcaine
injection, and that the activity gradually decreases
to near control values by 30 days following the
induction of regeneration.

RPC-5 chromatography of tRNAs

To determine whether the increased acceptor
activity of tRNA from regenerating muscle
reflected changes in the 1soacceptor patterns of
tRNAs for those amino acids, the tRNAs were
examined by RPC-5 chromatography. In these
experiments, tRNAs from control and regenerat-
ing muscle were labeled with either a [*H]- or
[**CJamino (or S in the case of methionine) acid
and were co-chromatographed on the reverse phase
column. Three of the amino acids (proline, lysine
and glutamic acid) for which large differences in
acceptor activity were observed were studied in
this series of experiments, and one amino acid
(methionine) for which activity differences were
minor was included for comparison.

The RPC-5 profile for control and 5-day
methionyl-tRNAs is shown in Fig. 2a. Although
good separation of the methionine isoacceptors is
observed there are no significant differences in the
isoacceptor profiles for control tRNA and tRNA
from 5-day regenerating muscle. Fig. 2b shows the
RPC-5 pattern for control and 5-day prolyl-

tRNAs. The control profile shows a single, broad
peak while tRNA from 5-day regenerates displays
a small shoulder (arrow) eluting slightly ahead of
the major 1soacceptor. Fig. 2b also shows the
profile for prolyl-tRNAs from 8-day regenerates
Again, a small peak eluting ahead of the major
1soacceptor can be observed. The prolyl-tRNA
pattern for 15-day regenerates 1s quite simular to
that for 5-day regenerating muscle, and by 30 days
the profile 1s essentially indistinguishable from the
control (data not shown). These differences were
observed 1n two separate tRNA preparations.
More striking differences were observed when
lysyl-tRNAs from control and regenerating muscle
were compared. Fig. 3a shows the isoacceptor pro-
file for control tRNA and tRNA isolated 5-days
post-injection. As has been observed by other
researchers [11,15], the lysyl-tRNA population
consists of two major 1soacceptors. These are the
predominant species in the tRNA pools from con-
trol and regenerating muscle (Fig. 3). In addition,
tRNAs from 5-, 8- and 15-day regenerates contain
a third lysyl-tRNA species which elutes between
the two major forms (Fig. 3, arrows). The relative
amount of this third species seems to increase
between 5 and 8 days and to decrease between 8
and 15 days post-injection (Fig. 3b) and the 1so-
acceptor pattern for tRNA isolated from 30-day
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Fig. 2. RPC-5 profiles of methionyl-tRNAs (a) and prolyl-tRNAs (b) from control and regenerating skeletal muscle RPC-§
chromatography was performed as described in Materials and Methods using a 1.2 X45 ¢m column and a NaCl gradient of 0 50-0 70
M 1n 400 ml for elution In (a), 71600 *H-cpm and 127400 3*S-cpm were applied to the column while in (b), 47800 *H-cpm (control)
and 17000 " C-cpm (5 day) were apphed In a separate experiment, 29000 YH-cpm of 8-day prolyl-tRNA were fractionated as
, 5-day; ------ , control, —-~-, 8 day.

described above

Fig 3 RPC-5 profiles of lysyl-tRNAs from control muscle and 5-day regenerating muscle (a) and from 8- and 15-day regenerating
muscle (b). The NaCl gradient was 0.50-0 70 M 1n 400 m! and a 1.2X45 c¢m column was used In (a), 183700 >H-cpm and 17600
14C-cpm were applied while 1n (b) 92200 >H-cpm and 43500 ¥ C-cpm were apphed to the column.

Fig 4. RPC-5 profiles of glutamyl-tRNAs from control muscle and 5-day regenerating muscle (a) and from 8- and 15-day regenerating
muscle (b) A NaCl gradient of 0.50-0 75 M NaCl in 800 ml was employed for elution from a 1.2 X95 cm column For the column run

shown 1 (a), 28600 >H- and 18950 *C-cpm were apphed and 1n (b) 25800 *H- and 10600 '*C-cpm were applied

regenerating muscle is essentially indistinguishable
from the control pattern shown in Fig. 3a (data
not shown). The possible identification of this
third isoacceptor as lysyl-tRNA , of Ortwerth and
Liu [11] will be discussed below.

Significant differences in the isoacceptor pro-
files for the glutamyl-tRNAs were also observed in
these experiments. As can be seen from Fig. 4,
there are two major glutamyl isoacceptors in con-
trol and regenerating muscle. The relative amounts
of these two isoacceptors appear to change over
the course of the regeneration process and the
relative amount of a third peak (peak II in Fig. 4)
increases dramatically. The two major isoacceptors
are present in a ratio of about 1.5:1 in control

muscle and the minor species (peak II) makes up
about 8% of the total glutamic acid acceptor activ-
ity (Table III). By 15 days following Marcaine
injection the ratio of the two major isoacceptors (1
and III) has increased from 1.5:1 to nearly 3:1
and peak II accounts for 18% of the total isoaccep-
tor activity. By 30 days following the induction of
regeneration, the relative amounts of the three
isoacceptors have returned to near control values
(Table III).

It should be noted that the isoacceptor profiles
shown in Figs. 2-4 were not changed if the iso-
topes used to charge the different tRNAs were
reversed, and that the patterns presented have
been observed with at least two independently



338

TABLE IIt

RELATIVE AMOUNTS OF GLUTAMYL-tRNAs 1. II AND
III IN CONTROL AND REGENERATING SKELETAL
MUSCLE

The relative amount 1s expressed as percentage of the total area
covered by the three 1s0acceptor peaks

Days Relative amount
st-tnjection
post-mectio 1 I i

Control 523 84 393
5 538 129 333
8 54 6 143 1

15 604 182 214

30 539 2 379

isolated tRNA preparations for each regeneration
time point.

Function of muscle tRNAs in protein synthesis
While the literature is replete with reports of
developmental changes in tRNA 1soacceptor pat-
terns, there are relatively few studies in which the
relationship of these changes to tRNA function in
protein synthesis has been examined. In order to
determine whether the changes in acceptor activity
and isoacceptor profiles reported above have func-
tional significance, the ability of tRNAs from con-
trol and regenerating muscle to stimulate protein
synthesis has been studied. In these experiments.
polyribosomes were isolated from 5-day regener-
ates and varying amounts of tRNA were added to
a polyribosomal cell-free protein synthesizing sys-
tem. Results of a typical experiment are shown 1n
Fig. Sa. It can be seen that the addition of tRNA
to the cell-free system caused a significant increase
in the level of [**S]methionine incorporated nto
protein. It 1s also apparent that tRNA from 8-day
regenerates was more effective in stimulating pro-
tein synthesis at a given concentration than was
tRNA from control muscle. Fig. 5b shows the
*spectfic activity’ of the tRNA preparations used
in this study, expressed as cpm [**S]methionine
incorporated into protein by the cell-free system
per pg of tRNA added, as determined from the
linear portion of curves similar to those presented
in Fig. 5a. Specific activities were determined at
points corresponding to the addition of 1.5-2 ug
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Fig 5 a Effects of increasing concentrations of tRNA from
control and 5-day regenerating muscle on protein synthesis in a
polysomal cell-free system Conditions for protein synthesis
were as described 1n Matenals and Methods and tRNA was
added as indicated 1n the figure Polysomes were tsolated from
5-day regenerates (b) Specific activity of (RNA from control
and regenerating muscle 1n stimulating protein synthesis Re-
sults are expressed as cpm [**Sjmethionine incorporated 1nto
protein/ug tRNA added to cell-free reacuon mixtures Activi-
ties were determined from the linear portion of curves similar
to those shown 1n (a). at points corresponding to the addition
of 15-2 pg tRNA to reaction mixtures The solid line repre-
sents tRNA stimulation as measured using polysomes from
5-day regenerates and the dashed line represents similar mea-
surements performed using control polysomes At each time
point the raw incorporation data were corrected by subtracting
the level of ¥*S-methionine incorporation obtained 1n the ab-
sence of added tRNA The level of incorporation observed with
control polysomes 1s lower than with 5-day polysomes because
of the decreased activity of the former preparation in protein
synthesis (Jones. 1982)

of tRNA to polysomal reaction muxtures. The
solid line in Fig. 5 represents the tRNA specific
activity determined using polysomes from 5-day
regenerating muscle, while the dashed line repre-
sents the specific activity as determined using
polysomes from control muscle. It can be seen that
there 1s an increase in the ability of tRNA from
regenerates to stimulate protein synthesis early in
the regeneration process, followed by a gradual
decline in stimulatory specific activity to near con-
trol levels by 30 days following the induction of
regeneration Further, it 1s apparent that the
tRNAs were more effective in stimulating protein
synthesis by polysomes from regenerating muscle
than control polysomes.



Discussion

The data presented in this report reveal a num-
ber of significant and reproducible changes which
occur 1n the transfer RNA population of regener-
ating skeletal muscle over the time course of the
regeneration process: (1) The yield of tRNA is
higher from regenerating muscle than from con-
trols. (2) There is an increase, for some amino
acids, in the acceptor activity of tRNAs from
regenerating muscle as compared with controls. (3)
Striking differences in isoacceptor profiles for the
amino acids lysine and glutamic acid are observed
when tRNAs from control and regenerating muscle
are compared. In particular, the RPC-5 column
profiles reveal the presence of a new lysyl-tRNA
during regeneration and a change in the relative
amounts of the three glutamyl-tRNAs which are
present in control muscle. (4) tRNA from regener-
ating muscle is more effective in stimulating the
incorporation by muscle polysomes of [3°SJmeth-
ionine into protein than 1s control tRNA.

While the molecular mechamisms responsible
for the changes just described are not known, it 1s
tempting to speculate that they represent the adap-
tation of the muscle translational apparatus to
meet specific demands for increased protein
synthesis during the regeneration process. In this
regard, it has been observed by others that dif-
ferences in the tRNA population of different
mammalian tissues may reflect different develop-
mental schedules for protein synthesis in those
tissues. Ortwerth, for example, has found that the
acceptor activity of lens tRNA for a number of
amino acids is significantly different from the ac-
tivity of muscle tRNA [7]. Ortwerth and coworkers
have also demonstrated an increase in dividing
cells in the amount of a specific lysyl-tRNA as
compared to the levels of this isoacceptor 1n non-
dividing cells [9,15). The elution position of the
lysyl-tRNA which increases during skeletal muscle
regeneration 1s similar to that described by
Ortwerth and others for the lysyl-tRNA whose
abundance increases in rapidly dividing cells
[9,11,15]. It has also been shown that one of two
glycyl-tRNAs is preferentially used for fibroin
synthesis in the silkworm [16] and that a specific
glycyl-tRNA is preferentially used for collagen
synthesis in chick embryos [17]. It seems reasona-
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ble, therefore, that the increased synthesis of con-
tractile proteins which takes place in regenerating
muscle might also require the participation of
specific tRNA isoacceptors which are absent from
or present in only small amounts in control muscle.
The results presented here also add to the data
which have been obtained on the effects of regen-
eration and other developmental processes, such as
aging, on the mammalian translational apparatus.
For example, Tidwell et al. [18] and Cajone et al.
[19] have shown that regeneration of liver is
accompanied by changes in the aminoacyl-tRNA
synthetase population. In contrast to the results
presented above for muscle, however, no dif-
ferences in isoacceptor profiles were observed when
tRNAs from normal and regenerating rat liver
were compared [18,19]. Manjula and Sundari [22]
and Mays et al. [23] have described age-related
changes in the yield and amino acid acceptor
activities of tRNAs from old rats as compared
with young. While the regeneration studies de-
scribed in the present report were performed using
a different mammalian model, it is possible that
the molecular mechanisms responsible for the al-
terations observed are simular to those which evoke
like changes in regenerating and aging rat liver.
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