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Ribosomes from 8-day-regenerating rat skeletal muscle have been shown to be more active in poly(U)-di- 
rected polyphenylalanine synthesis than ribosomes from control muscle. This difference persists after salt 
washing of the ribosomes and does not appear to be due to the presence of ribonuclease associated with the 
control ribosome population. Ribosomes from control muscle were also less active than those from 
regenerates in the nonenzymatic binding of phenylalanyl-tRNA to ribosomes and in the peptidyltransferase 
reaction. Three glutamyl-tRNA isoacceptors have been isolated from 8-day-regenerating rat skeletal muscle 
by preparative RPC-5 chromatography of total tRNA charged with [3H]glutamic acid. The two major 
isoacceptors observed, tRNA~ lu and tRNA~,  respond to the glutamic acid codons GAG and GAA, 
respectively. A third, minor glutamyi isoacceptor, tRNA~ u, also responds to the codon GAA. When the three 
isoacceptors were tested for function in a polysomal cell-free protein synthesizing system, it was found that 
their relative levels of utilization were essentially identical to their relative abundances. Thus, the tRNA 
which increases in relative amount after the induction of regeneration, tRNA~ u, is not preferentially utilized 
for overall muscle protein synthesis. 

Marcaine (bupivacaine) is a myotoxic drug 
which has been useful in the study of skeletal 
muscle regeneration. It has been shown by Hall- 
Craggs [1], by Carlson and co-workers [2] and by 
others [3,4] that the injection of the drug leads to a 
rapid degeneration of rat skeletal muscle followed 
by a synchronous regeneration process. Recent 
studies from the author's laboratory have been 
directed toward the changes in protein synthesis 
which accompany Marcaine-induced regeneration 
of rat tibialis anterior. It has been shown that 
there is an initial increase in the concentration and 
activity of polyribosomes in regenerating muscle 
as compared to controls [5] and that there are 
changes in the amino acid acceptor activities, iso- 
acceptor profiles and function in protein synthesis 
of transfer RNAs from regenerating muscle as 

compared with controls [6]. The observed changes 
in parameters associated with the translational ap- 
paratus are greatest during the early stages of the 
regeneration process (5-8 days post-injection) and 
the values return to near control levels by 30 days 
following Marcaine injection, at which time re- 
generation is essentially complete [5,6]. 

In view of the possible involvement of the ob- 
served translational changes in the synthesis of the 
myofibrillar proteins required for muscle regenera- 
tion, it is of interest to examine further the molec- 
ular mechanisms responsible for those alterations. 
To this end, the function of ribosomes from con- 
trol and regenerating tibialis has been compared. 
Ribosomes have been tested in a poly(U)-depen- 
dent protein synthesizing system, for their ability 
to support the binding of aminoacyl-tRNA, and in 
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the peptidyltransferase reaction. In addition, the 
function of the three glutamyl-tRNA isoacceptors, 
whose relative proportions change during regener- 
ation, has been tested in a polysomal protein 
synthesizing system. Results of these studies are 
presented below. 

Materials and Methods 

Materials. Adult male Sprague-Dawley rats were 
used in all experiments. Sources and specific activ- 
ities of radioactive amino acids were as indicated 
previously [6]. 

Marcaine injection procedure. Rats were injected 
with 0.75% Marcaine in one tibialis muscle as 
described previously [5,6]. The contralateral muscle 
served as a control and was injected with saline 
only. Muscles were generally removed 8 days fol- 
lowing injection, as changes in the translational 
apparatus were maximal at this time point [5,6]. 

Preparation of components for cell-free transla- 
tion. Procedures for the preparation of polyribo- 
somes, transfer RNAs (from both muscle and rat 
liver) and soluble enzymes were exactly as 
described previouly [5,6]. Total ribosomes were 
obtained from control and regenerating muscle as 
described in ref. 7, except that cycloheximide and 
the sucrose cushion were omitted. Salt-washed 
ribosomes were obtained as described previously 
[8]. 

Conditions for cell-free protein synthesis, amino- 
cylation of tRNA, aminoacyl-tRNA binding and 
peptidyltransferase assay. Conditions for cell-free 
protein synthesis were as described previously [5,6], 
except that reaction mixtures contained 0.3 mg/ml 
poly(U), 5 /~Ci/ml [14C]phenylalanine and 1200 
units/ml human placental ribonuclease inhibitor 
(RNAse inhibitor). Conditions for polysomal pro- 
tein synthesis using [3 H]glutamyl-isoacceptors were 
as described in Ref. 6 and in the legend to Table 
IV. 

Muscle tRNA was acylated with [3H]phenyl- 
alanine, [14C]- o r  [3H]glutamic acid as described 
previously [6]. Glutamyl-tRNA isoacceptors were 
fractionated by RPC-5 chromatography as indi- 
cated in Ref. 6 and in the legend to Fig. 2. 
Individual isoacceptors were isolated by ethanol 
precipitation of appropriate column fractions. N- 
acetyl[aH]phenylalanyl-tRNA was prepared as de- 
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scribed by Haenni and Chapeville [9]. 
Binding of aminoacyl-tRNAs to ribosomes was 

carried out according to Nirenberg and Leder [10]. 
In some experiments, binding mixtures were sup- 
plemented with soluble enzymes at 8 mg protein 
per ml. To determine the codon responses of the 
glutamyl-tRNA isoacceptors, reaction mixtures 
contained the trinucleotide codon GAA or GAG 
(kindly supplied by Dr. Dolph Hatfield, National 
Cancer Institute). Other reaction conditions are 
indicated in the legends to Tables II and III. 

The peptidyltransferase assay was performed 
following binding of N-acetyl[3H]phe-tRNA to 
muscle ribosomes [10] in the presence of poly(U) 
and soluble enzymes as described above. After a 
15 min incubation at 37°C, 10 /~1 of 10 mM 
puromycin was added to each 100 /~1 reaction 
mixture. Incubation was continued for 15 min 
when 0.1 ml of 1 M KOH was added. Reaction 
mixtures were then extracted with 1 ml of ethyl 
acetate, and 200-/~1 aliquots of each extract were 
examined by liquid scintillation counting. 

Results 

Function of muscle ribosomes in poly(U)-dependent 
protein synthesis 

In a previous report, evidence was provided for 
an increase in the activity of polyribosomes from 
regenerating as compared with control skeletal 
muscle [5]. The data of Fig. 1 show that this 
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Fig. 1. Effects of ribosome concentration on the incorporation 
of [14 C]phenylalanine in a cell-free system. Reaction conditions 
were as specified in Materials and Methods and in Refs. 5 and 
6. Ribosomes were isolated from control tibialis and from 
8-day-regenerating tibialis. CON, control; MAR, Marcaine- 
treated. 
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p h e n o m e n o n  persists  when total  r ibosomes  are 
i sola ted  and tested in a cell-free system p r imed  
with a synthet ic  m R N A .  It can be observed that  
r ibosomes  f rom 8-day regenerates  were over  twice 
as active (per  unit  of  r ibosomes  added)  in 
po lypheny la l an ine  synthesis  as were r ibosomes  
f rom control  muscle. Since the soluble  enzymes 
used in these exper iments  were ob ta ined  f rom rat 
liver, the r ibosomes,  or  fac tor  associa ted with them, 
must  be respons ib le  for the differences dep ic ted  in 
Fig. 1. 

It was of  fur ther  interest  to de te rmine  whether  
the differences descr ibed  above  could  be e l imina ted  
by salt  washing of  the r ibosomes  from cont ro l  and  
r egene ra t ing  muscle .  W h e n  once - sa l t -washed  
r ibosomes  were tested in cell-free pro te in  synthesis  
the results shown in Table  I were obta ined .  Al-  
though salt washing did result in a decrease  in the 
act ivi ty  of bo th  cont ro l  r ibosomes  and r ibosomes  
f rom 8-day regenerates,  it is clear  f rom Tab le  I 
that  the di f ference in act ivi ty between the two 
r ibosome popu la t ions  persists  af ter  washing.  Thus, 
the difference canno t  be due to pro te in  factors  
which are only  loosely associa ted  with the r ibo-  
somes in quest ion.  Tab le  I also e l iminates  
r ibonuclease  as the source of  the act ivi ty  dif- 
ference observed.  Again ,  a l though some decrease  
in act ivi ty  accompan ies  the omiss ion of  R N A a s e  
inh ib i to r  f rom reac t ion  mixtures,  this effect canno t  

TABLE I 

EFFECTS OF SALT WASHING AND RNAase INHIBITOR 
ON THE ACTIVITY OF MUSCLE RIBOSOMES 

Cell-free protein synthesis was carried out as described in 
Materials and Methods, Reaction mixtures (50 /.d) contained 
0.14 A26 o units of unwashed or 0.24 units of salt-washed 
ribosomes. Values in the table have been corrected by subtrac- 
tion of a zero time control. 

Ribosome Salt RNAase cpm [14C]phe 
source washing inhibitor polymerized 

per A 26o of 
ribosomes 

Control - + 11160 
8-day - + 50 865 
Control + + 6191 
8-day + + 25 655 
Control - - 8 470 
8-day - - 45 259 

expla in  the difference in act ivi ty of control  r ibo- 
somes as c o m p a r e d  with r ibosomes  from regener- 
a t ing muscle. 

Binding of [3H]phenylalanyl-tRNA by ribosomes 
from control and regenerating muscle 

To localize the differences repor ted  in the pre-  
ceding sect ion to a specific par t ia l  react ion of 
p ro te in  synthesis,  the abi l i ty  of  r ibosomes  to b ind  
[-~H]phe-tRNA has been studied.  As is shown in 
Table  II, r ibosomes  f rom control  muscle were not  
as active in p h e - t R N A  binding  as those from 
regenerates  when soluble enzymes were omi t t ed  
f rom react ion mixtures.  This difference in b ind ing  
capac i ty  was e l imina ted  when soluble  enzymes 
were present  (Table  II). Thus, cont ro l  r ibosomes  
have a decreased abi l i ty  to suppor t  the nonen-  
zymat ic  b ind ing  of  at least one species of aminoa-  
c y l - t R N A  under  the assay condi t ions  employed  in 
the exper iments  repor ted  here. 

Function of ribosomes in peptide bond formation 
The abi l i ty  of  muscle  r ibosomes  to funct ion in 

pep t ide  b o n d  format ion  was tested in a model  

TABLE I1 

AMINOACYL-tRNA BINDING AND PEPTIDYL- 
TRANSFERASE ACTIVITIES OF MUSCLE RIBOSOMES 

Reactions were carried out as described in Materials and 
Methods. Mixtures contained 0.83 A260 units of salt-washed 
ribosomes, 30750 cpm of [3H]phe-tRNA (A) or 73 570 cpm of 
N-acetyll3H]phe-tRNA (B). In all cases values have been corr- 
rected by subtraction of a zero time control. 

(A) Aminoacyl-tRNA binding 

Ribosome Soluble cpm [3H]phe-tRNA 
source enzymes bound/A 260 ribosomes 

Control - 1286 
8-day - 1994 
Control + 2005 
8-day + 1914 

(B) Peptidyl transferase 

Ribosome cpm N-acetyl[ 3 H]phe-puromycin 
source formed/A 260 ribosomes 

Control 635 
8-day 2205 



system with puromycin as the acceptor for the 
peptidyltransferase reaction. To eliminate dif- 
ferences in activity which might be due to the 
relatively lower efficiency of control ribosomes in 
the nonenzymatic binding of aminoacyl-tRNA, re- 
action mixtures contained soluble enzymes. As is 
shown in Table II, ribosomes from control muscle 
were still significantly less active in the pepti- 
dyltransferase reaction than were ribosomes from 
8-day regenerates. This difference in activity was 
nearly 3-fold when calculated on the basis of the 
quantity of ribosomes added to the reaction mix- 
tures. 

Function of glutamyl-tRNA &oacceptors in poly- 
somal protein synthesis 

In a previous report, it was shown that changes 
in the relatige amounts of the muscle glutamyl- 
tRNA isoacceptors take place over the course of 
the regeneration process [6]. Three glutamyl-tRNA 
species could be separated by RPC-5 chromatogra- 
phy of tRNA from control tibialis [6], and these 
species were also present in regenerating muscle. 
In control muscle, the percentages of total glutamic 
acid acceptor activity represented by each iso- 
acceptor were 52.3, 8.4 and 39.3 for isoacceptors I, 
II  and III ,  respectively. By 8 days following the 
induction of regeneration, the percentages were 
54.6, 14.3 and 31.1 (see Fig. 2 for a representive 
RPC-5 profile of tRNAs from 8-day regenerates) 
and by 15 days the values were 60.4, 18.2 and 21.4 
for isacceptors I, II  and III.  Thus, the relative 
amount of tRNAg~ u increases by about 2.5-fold 
during regeneration, while the amount of tRNA~ u 
increases slightly and the level of tRNA]~ actually 
declines. By 30 days following the injection of 
Marcaine, the levels of all three isoacceptors have 
returned to near-control values [6]. Since the re- 
generation of skeletal muscle must involve the 
synthesis of new contractile proteins, it seemed 
possible that the changes in isoacceptor patterns 
just  described might reflect the adaptation of the 
muscle translational apparatus to the demand for 
the synthesis of those proteins. To examine this 
possiblity, the coding responses and the function 
in protein synthesis of each of the three muscle 
glutamyl isoacceptors has been tested. 

Fig. 2 shows a typical RPC-5 profile for the 
glutamyl-tRNAs from 8-day regenerating muscle. 
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Fig. 2. RPC-5 separation of glutamyl-tRNAs from 8-day-regen- 
erating skeletal muscle. Skeletal muscle regeneration was in- 
duced by injection of Marcaine into rat tibialis anterior as 
previously described [5]. Isolation and charging of tRNAs and 
RPC-5 chromatography were also performed as described pre- 
viously [6]. Approx. 2.106 cpm of [3H]glutamyl-tRNA were 
applied to the P,PC-5 column, and 100-/~1 aliquots of each 
fraction were removed and precipitated with trichloroacetic 
acid to generate the profile shown above. 

Each isoacceptor was collected from the ap- 
propriate column fractions by ethanol precipita- 
tion and utilized for ribosome binding studies in 
the presence of the trinucleotide codons GAA and 
GAG.  The results of these experiments are pre- 
sented in Table III .  It can be seen that tRNA~ lu of 

TABLE III 

CODON RESPONSES OF SKELETAL MUSCLE GLUTA- 
MYL-tp,NAS 

[3 H]Glutamyl-tRNAs were isolated from the reverse-phase col- 
umn of Fig. 2 as described in the text. Binding of tP, NAs to 
ribosomes was performed as described by Nirenberg and Leder 
[10] using once-salt-washed Escherichia coil M ~  ribo- 
somes. Reaction mixtures contained approx. 2.7 pmol of 
[3H]glutamyl-tRNA, 2.11 A260 units of ribosomes, 0.164 A260 
units of GAA or 0.103 A26 o units of GAG. Reaction volumes 
were 100 ~l, incubation time was 20 rain at 25°C , and the 
Mg 2+ concentration was 20 raM. 

tRNA 
isoacceptor 

pmol [3H]glu-tRNA bound in the presence of: 

GAA GAG no template 

I 0.011 0.101 0.008 
II 0.098 0.009 0.006 
III 0.238 0.016 0.010 
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Fig. 1 binds preferentially to the codon GAG. 
while tRNAgI~ u and tRNAg~ recognize the codon 
GAA. This result, at least for the two major iso- 
acceptors, I and III, is in accord with the codon 
assignments determined by others for mammalian 
glutamyl-tRNAs fractionated on RPC-5 columns 
[111. 

The function of the glutamyl-tRNAs in protein 
synthesis was tested using the procedure of 
Carpousis et al. [12]. In their procedure, each 
[3H]glutamyl-tRNA is added to a polysomal reac- 
tion mixture containing total tRNA labeled with 
[14C]glutamic acid. The advantage of this method 
is that all the glutamyl isoacceptors are present 
simultaneously in the reaction mixture, and the 
translational apparatus is not forced to use one 
isoacceptor simply because the others are absent. 
The realtive utilization of each glutamyl-tRNA 
was calculated as described by Carpousis et al. 
[12], and results of these experiments are presented 
in Table 1V along with the percentage of the total 
glutamic acid acceptor activity represented by each 
isoacceptor. It is evident from the data of Table IV 
that each isoacceptor is utilized for protein synthe- 
sis at a relative level which corresponds to the 

TABLE IV 

RI~LATIVE UTILIZATION OF MUSCLE GLUTAMYL- 
tRNA ISOACCEPTORS 

[3H]Glutamyl-tRNAs were fractionated by reverse-phase chro- 
matography as decribed in the legend to Fig. 2 and were used 
for protein synthesis in a polysomal cell-free system. Polysomes 
were isolated from 8-day-regenerating rat skeletal muscle as 
described previously [5]. Conditions for cell-free protein 
synthesis were as previously described [5], except that [3H]- 
and [14C]glutamyl-tRNAs were the sources of labeled amino 
acid. Reaction mixtures contained 5100 cpm of [14C]glutamyl- 
total tRNA and the following amounts of the [3H]glutamyl- 
labeled isoacceptors: I, 9400 cpm; II, 2160 cpm; lit,  4970 cpm. 
Mixtures were incubated and processed as described previously 
[5], and precipitated proteins were solubilized with NCS 
solubilizer prior to liquid scintillation counting. Percent utiliza- 
tion was calculated according to the formula of Carpousis et al. 
[121. 

Isoacceptor % of totalisoacceptor activity % utilization 

Expt. I Expt. 2 

I 55.9 56.6 54.4 
II 12.6 9.1 12.0 
III 31.6 34.3 33.6 

abundance of the isoacceptor in the total popula- 
tion. 

Discussion 

The data presented in this report further char- 
acterize the changes in the translational apparatus 
which are associated with Marcaine-induced 
skeletal muscle regeneration in the rat. It has been 
shown that ribosomes from regenerating muscle 
retain the increased activity which has been found 
for polysomes (as compared with controls) and 
that this increased activity is not abolished by salt 
washing of the ribosomes. Further, the increased 
activity appears to be due to a relatively higher 
efficiency of ribosomes from regenerating muscle 
in the nonenzymatic binding of aminoacyl-tRNA 
to those ribosomes and in the efficiency of the 
peptidyltransferase reaction in regenerates. It is 
not clear at thise time whether the molecular mod- 
ifications responsible for the observed effects re- 
sult in a decrease in the activity of control ribo- 
somes (in which case the modification would pre- 
sumably be reversed during the regeneration pro- 
cess) or whether 'normal'  ribosomes are modified 
during regeneration so that they become more 
active. It is also not certain what ribosomal com- 
ponents(s) may be altered to effect the changes 
which have been described above. That these 
changes affect the ability of ribosomes to bind 
tRNAs and catalyze peptide bond formation would 
seem to implicate ribosomal proteins in the ob- 
served phenomena. Indeed, there is evidence in 
prokaryotes, at least, that some of the proteins 
involved in the recognition and binding of 
aminoacyl-tRNA are also involved in peptide bond 
formation [13,14]. 

Ribosomal proteins from control and regener- 
ating muscle have been examined by one-dimen- 
sional polyacrylamide gel electrophoresis and no 
significant differences have been observed (unpub- 
lished results). One likely way in which muscle 
ribosomes might be chemically modified would 
involve phosphorylation of specific ribosomal pro- 
teins. Ribosome phosphorylation has been shown 
to affect ribosome activity, and both decreases and 
increases in that activity have been observed to 
result from protein phosphorylation [15]. Changes 
in protein charge due to phosphorylation would 



probably not be detectable on one-dimensional 
polyacrylamide gels. Experiments are in progress, 
therefore, to examine the ribosomal proteins from 
control and regenerating muscle by two-dimen- 
sional electrophoresis. 

With regard to the funciton of the glutamyl- 
tRNA isoacceptors in muscle protein synthesis, 
there is accumulating evidence that, at least in 
some systems, changes in tRNA isoacceptor pro- 
files may represent an adaptation of the cellular 
translational apparatus to facilitate the synthesis 
of new proteins. Thus, it has been reported 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 col- 
lagen synthesis in chick embryos [17]. In contrast, 
Smith, et al. [18] have shown that the lysyl-tRNA 
which increases in relative amount in rapidly di- 
viding mammalian cells is not used preferentially 
for the translation of globin mRNA. This lysyl- 
tRNA has been shown to be a hypomodified form 
of one of the major lysyl isoacceptors [19]. The 
situation described above for the muscle 
glutamyl-tRNAs seems akin to that found for 
mammalian lysyl-tRNA. It seems possible that 
t R N A ~  is a hypomodified form of one of the 

glu 
major isoacceptors, perhaps tRNAIII, since the 
relative amount of t R N A ~  decreases in regener- 
ating muscle and both isoacceptors II and III 
recognize the codon GAA. If this is so, the results 
presented above would be consistent with those of 
others which indicate that fully modified isoaccep- 
tors are usually utilized for protein synthesis in 
preference to hypomodified forms [18,20]. 
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