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An Assessment of Polynucleotide Inhibition Studies of 
Aminoacyl-Transfer Ribonucleic Acid Synthetases* 

Virginia Zewe Holtent and K. Bruce Jacobson 

ABSTRACT: The nature of the interaction between an  
amino acid and its specific transfer ribonucleic acid 
(tRNA), as catalyzed by a specific aminoacyl-tRNA 
synthetase, was investigated using commercially avail- 
able polynucleotide inhibitors. The basis for such 
an experimental approach rests upon the hypothesis 
that this inhibition could involve a specific interaction 
between the active site of the enzyme and a certain 
sequence of the polynucleotide corresponding to the 
recognition site in the tRNA. The results indicate 
that the data obtained from such experiments are 
equivocal and must be interpreted with caution. First 
of all, the degree of polynucleotide inhibition is strongly 
dependent upon the Mg2+ concentration, being much 
more pronounced under conditions when the cation 

A perplexing problem in the area of protein bio- 
synthesis lies in an understanding of the process by 
which a specific amino acid is attached to a particular 
tRNA. At present, the nature of this interaction is 
little understood. One approach to the problem sug- 
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concentration is limiting. This raises the question as 
to whether the polynucleotide is inhibiting by virtue 
of competing with the tRNA for the active site on the 
enzyme or by Mg2+ binding. Secondly, the inhibitory 
principle in the commercial polynucleotide preparations 
survived alkaline, acid, and snake venom phospho- 
diesterase destruction. Thirdly, the criterion of com- 
petitive inhibition between the tRNA and the poly- 
nucleotide inhibitor as evidence for binding at the 
active site of the enzyme is questionable, since the 
metal chelator EDTA also acts competitively with 
respect to tRNA. Thus, until the metal requirements 
of each of the components in the system are under- 
stood and satisfied, it is not possible to attribute inhibi- 
tion by polynucleotides to binding at the active site. 

gested by Hayashi and Miura (1964) involves the 
use of synthetic oligonucleotides as inhibitors of the 
aminoacyl-RNA synthetase reaction. A possible mech- 
anism for this inhibition could involve a specific inter- 
action between the active site of the enzyme and a 
certain sequence of the oligonucleotide corresponding 
to the recognition site in the tRNA. Thus, those 
oligonucleotides which function competitively with 
respect to tRNA would give some indication as to 
the nucleotide structure at the recognition site of the 
tRNA molecule. 

Recently, several reports which utilize this approach 1293 
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FIGURE 1 : Plot of reciprocal of initial reaction velocity 
(counts per minute of [ 14C]valine incorporated into 
tRNAVa1 in 5 min) us. the reciprocal of the tRNA con- 
centration (expressed as A 2 6 0  units per reaction mixture): 
in the absence of (0) and presence of (A) poly (A,C,U). 
(A) Mg2+ concentration is optimal. The reaction mix- 
ture samples contained 0.5 mM ATP, 5 mM magnesium 
acetate, 10 mM mercaptoethanol, 0.1 pc of [I4C]va- 
line, tRNAva1 (0.14-1.05 Azeo units), and 0.15 pg of 
enzyme in 0.05 M Tris-C1 buffer (pH 8.5). Where in- 
dicated, 9.7 A260 units of poly (A,C,U) was added. 
(B) Mg2+ concentration is limiting. The reaction mix- 
ture was the same as in 1A except that the mag- 
nesium acetate concentration was 0.5 mM. The tRNA 
concentration ranged from 0.125 to 1.25 A260 units/ 
reaction tube. Where indicated, 4.8 A260 units of poly 
(A,C,U) was added. 

have appeared. Deutscher (1965) has found poly G 
and poly I to be effective inhibitors of rat liver glutamyl- 
RNA synthetase. Hayashi and Miura (1966) reported 
that with aminoacyl-RNA synthetases from yeast, 
the oligonucleotide complementary to the messenger 
codon corresponding to a given amino acid caused 
competitive inhibition, whereas the codon sequence 
itself showed slight effect. Phenylalanyl-, glutamyl-, 
and lysyl-RNA synthetases from Escherichia coli 
were inhibited by certain oligonucleotides, although 
the inhibition did not appear to be related to either 
the codon or the anticodon of the amino acid con- 

1294 cerned (Letendre etal . ,  1966). 

In the present series of investigations, various poly- 
ribonucleotides were tested on the valyl-RNA synthetase 
system from E. coli. The purpose of this communica- 
tion is to relate some of the difficulties involved in 
interpretation when polynucleotides are used as inhibi- 
tors in synthetase reactions. 

Methods 

The valyl-RNA synthetase used in these studies 
was purified from E. coli B according to the procedure 
of Bergmann ef al. (1961). Uniformly labeled [I4C]- 
valine (208.5 mc/mmole) was purchased from New 
England Nuclear Corp., and all polynucleotides1 
were Miles Chemical Co. products. All polynucleotides 
were dissolved in distilled water, and the pH was ad- 
justed to 6.7. tRNAVa', approximately 40% pure, 
was obtained by reverse-phase chromatography of 
E. coli tRNA (Kelmers et al., 1965) and was dialyzed 
us. distilled water before use. Aminoacyl-tRNA forma- 
tion was measured according to the filter paper disk 
method of Bollum (1959) as modified by Mans and 
Novelli (1961), and samples were counted in a Packard 
Tri-Carb scintillation spectrometer. 

Reaction samples in a final volume of 0.25 ml were 
incubated at 37", and two 0.1-ml aliquots were with- 
drawn at intervals. In all instances, initial reaction 
velocity was measured. 

The concentration of tRNA or polyribonucleotide 
was measured spectrophotometrically in 0.05 M Tris 
chloride buffer (pH 8.0) at 260 mp in a cuvet of 1-cm 
light path. One A260 unit is that amount of RNA that 
gives an absorbance of 1.0 when measured under 
these conditions. The amount of tRNA or polyribo- 
nucleotide in an incubation mixture is given as AY6" 
units added to a 0.25-ml volume. Thus the absorption 
at 260 mp of the material in the incubation mixture 
would be four times the A260 units value. 

Results 

In the initial phase of the investigation, 50 poly- 
ribonucleotides of varied base composition were 
screened for their ability to inhibit the valyl-tRNA 
synthetase enzyme system. Fifteen polynucleotides 
containing various ratios' of A, C, or U (poly (A,C), 
poly (A,U), and poly (C,U)) inhibited the reaction from 
10 to 20%. The reaction did not appear to be inhibited 
by the homopolymers A, C, U, I, and xanthylic acid 
nor by poly (1,U) (A,G) (3 : l) ,  (A,C,G,U) (1 :7:1 : l ) ,  
or (G,U) (1 :40). In these experiments, the final con- 
centration of inhibitor in the reaction ranged from 
2 to 33 A260 units, while the final tRNA concentration 
was 1.5 ,4260 units/reaction sample. Magnesium acetate 
concentration was 10 mM, and the magnesium :ATP 
molar ratio was 10 : 1. 

1 The nucleotide composition of the polynucleotides is specified 
by the manufacturer as the ratio of nucleoside diphosphate 
present a t  the initiation of polymerization by polynucleotide 
phosphorylase. 
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FIGURE 2: Plot of reciprocal of the initial reaction velocity cs. the reciprocal of tRNA concentration in the absence of 
and presence of EDTA. Magnesium acetate concentration was limiting. Reaction mixture samples contained 0.5 mM 
ATP, 0.5 mM magnesium acetate, 10 mM mercaptoethanol, 0.1 pc of [14C]valine, tRNAVa’ (0.125-1.25 A260 units), and 
0.15 pg of enzyme in 0.05 M Tris-CI buffer (pH 8.5). EDTA concentrations were none (o), 0.1 (A), and 0.2 mM (0). 
Samples were removed for assay at 14 min. 

In an attempt to examine this interaction in more 
detail, poly (A,C,U) (1 : 1 : 1) was tested, since this 
polynucleotide would contain the various permutations 
of A, C ,  and U which appeared to inhibit the reaction 
in the initial screening. Examination of the Lineweaver- 
Burk (1934) plot shown in Figure 1A indicates that 
poly (A,C,U) appears to function as a competitive 
inhibitor with respect to  tRNA. 

In view of the recent report that magnesium may 
be of great importance in tRNA configuration (Gart- 
land and Sueoka, 1966; Lindahl el al., 1966), the valyl- 
RNA synthetase reaction was examined a t  various 
magnesium concentrations, while the ATP was main- 
tained constant at 0.5 mM. In the absence of Mg2+, 
no reaction occurred; while a t  equimolar concentra- 
tions of magnesium and ATP, the reaction rate ob- 
served was about 4 0 x  of that observed a t  the optimal 
concentration of the cation ( 5  mM magnesium acetate 
and 0.5 mM ATP). At equimolar concentrations of 
Mg2+ and ATP (0.5 mM), poly (A,C,U) proved to  be 
an  extremely potent inhibitor of the valyl synthetase 
reaction, producing complete inhibition. Under optimal 
conditions, comparable amounts of polymer inhibited 
only 10-20z. The double reciprocal plot shown in 
Figure 1B reveals that when magnesium concentration 

2 Abbreviations used: ATP, adenosine triphosphate; AMP, 
CMP, and UMP, adenosine, cytidine, and uridine rnonophos- 
phates. 

is low, the inhibition by poly (A,C,U) is also competi- 
tive with respect to tRNA. 

Since the metal ion concentration influences the 
degree of inhibition by poly (A,C,U), the effect of a 
metal chelator on the system was of interest. The 
results are shown in Figure 2. EDTA appears to func- 
tion as a competitive inhibitor with respect to  tRNA. 
Thus, the criterion of using competitive inhibition 
between polynucleotide and tRNA as proof of binding 
at the active site appears to be equivocal. The involve- 
ment of Mg”, not only in the ATP-requiring activation 
step but also in binding to tRNA or the polynucleotide, 
precludes any simple interpretation of the data. 

Since exhaustive dialysis of the polynucleotide cs. 
EDTA is one of the steps in its isolation procedure 
(Miles Chemical Co. catalog), the possibility that 
enhanced inhibition at low magnesium concentration 
could be attributed to the tightly bound chelator was 
next considered. In the test system, the effectiveness 
of EDTA as a competitive inhibitor was assessed at 
increasing magnesium concentrations. At a magne- 
sium :EDTA ratio of 10 : 1, the chelator was no longer 
an effective inhibitor. On the contrary, poly (A,C,U) 
inhibition could be decreased but not eliminated by 
increasing the magnesium concentration. Thus the 
possibility that all the inhibition caused by poly (A, 
C,U) could be traced to a small amount of residual 
tightly bound EDTA appears to be invalid. 

The polynucleotide-dependent nature of the inhibition 1295 
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TABLE I :  Effect of Hydrolysis of Poly (A,C,U) on the Inhibition of Valyl-RNA Synthetase. 

HCl Hydrolysis. 

Activity 
(CPm) 

Poly 
(A, 

Con- C, 
tRNA A260 Units trolh U) 

KOH Hydrolysisc Phosphodiesterase Hydrolysisd 

Activity Activity 
(CPd (CPm) 

Poly Poly 
(A, (A, 

Con- C, Con- C ,  
tRNA ,4260 Units trolh U) tRNA A260 Units trole (U) 

0.125 18 0 0.132 28 0 0.125 262 71 
0.208 26 0 0.44 68 5 0.208 370 92 
1 .25  93 0 1.32 251 6 1.25 807 486 

a Reaction mixture samples contained 0 . 5  mM ATP, 0.5 mM magnesium acetate, 10 mM mercaptoethanol, 0.1 pc of 
['Clvaline, indicated amounts of tRNAVa', and 0.15 pg of enzyme in 0.05 M Tris-C1 buffer (pH 8.5). Where indicated, 
the final amount of hydrolyzed poly (A,C,U) in the samples was 7 Azso units. Poly (A,C,U) was hydrolyzed in 1 
N HCI for 1 hr at 95", chilled, and neutralized. The control tube was treated in a similar manner except that no 
polymer was added. Activity is expressed as counts per minute incorporated into tRNAVa'. h The difference in the 
control values for the HC1 and KOH hydrolysis experiments is due to a salt inhibition of the synthetase reaction. The 
salt arose in the course of neutralization of the poly (A,C,U) and control tubes. c Poly (A,C,U) was hydrolyzed 
in 0.1 N KOH at 37" for 16 hr. The control was treated in a similar manner except that no polymer was added. 
Assay conditions were as indicated in footnote a. The final concentration of hydrolyzed poly (A,C,U) in the reac- 
tion was 10 A260 units. d Poly (A,C,U) was hydrolyzed in 0.05 M Tris-C1 (pH 8.5), 3.5 mM magnesium acetate, and 
0.3 mg of Worthington snake venom phosphodiesterase at 37" for 18 hr (total volume, 0.9 ml). The control samp!e 
contained water instead of poly (A,C,U). Protein was precipitated by placing the reaction mixture in a boiling water 
bath for 20 min, followed by centrifugation. Assay conditions were the same as indicated in footnote a, except that 
the final concentration of poly (A,C,U) (hydrolyzed) was 10 A260 units. When the effect of hydrolyzed poly (A,C, 
U) was being assessed, no additional Mg2+ was added to the assay beyond that already present during the diesterase 
hydrolysis. The final concentration of magnesium (acetate) in the reaction mixture was 0.6 mM. 6 The high control 
values reported in the diesterase experiment are due to the following reasons: absence of the salt effect encountered in 
the HCI and KOH hydrolysis experiments, and the presence of an undetermined amount of magnesium in the snake 
venom phosphodiesterase preparation used for the hydrolysis. 

was next investigated. Poly (A,C,U) was hydrolyzed 
by using acid, base, or snake venom phosphodiesterase 
and was then added to the synthetase assay system 
to ascertain if the inhibitory ability was still present. 
DEAE paper chromatography using 0.5 M ammonium 
bicarbonate as solvent (Jacobson, 1964) revealed that 
in all cases the polymer was completely hydrolyzed 
to the constituent mononucleotides in the case of 
alkaline and enzymic hydrolysis. No attempt was made 
to identify the acid hydrolysis products. Results are 
summarized in Table I and clearly indicate that in all 
instances the hydrolyzed polynucleotide preparation 
still contained inhibitory material. Consequently, the 
polynucleotide itself appears not to be totally respon- 
sible for the inhibition, since the inhibitor survives the 
destruction of the polymer. That the mononucleotide 
hydrolysis products were not functioning as inhibitors 
of the valyl-RNA synthetase reaction was shown by 
experiments in which 2',3'-AMP, 2',3'-CMP, and 
2',3'-UMP singly and in combination at  a final con- 
centration in the assay of 10-12A260 units did not 
decrease the formation of [ 14C]valyl-tRNA. Similarly, 1 296 

the 5 '-mono- and -diphosphate nucleosides had no 
effect on the enzymatic reaction. These results were 
obtained under conditions of both minimal and optimal 
Mg2+ concentration. 

The acid-hydrolyzed polynucleotide was exhaustively 
dialyzed cs. distilled water and the nondialyzable 
material was examined for its inhibitory ability. The 
results above were corroborated, i.e., the inhibitory 
material was still present, even after the destruction 
of the polynucleotide and the subsequent removal of 
the hydrolyzed products by dialysis. In these experi- 
ments, the nondialyzable material possessed negligible 
absorbance at  260 and 280 mp, indicating that all 
nucleotide had been removed by dialysis. The nature 
of this inhibitory material is at  present unknown. 

Poly (A,U) (2 :l),  (A,C) (1 :l),  and (C,U) (1 :1) 
were obtained and assayed in the standard valyl-RNA 
synthetase system. As was the case with poly (A,C,U), 
aminoacylation of R N A ~ "  was virtually nonexistent 
under conditions when the magnesium concentration 
was limiting, while when the cation concentration was 
optimal, inhibition was marginal. 
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Discussion 

The results presented above indicate that caution 
must be exercised in the interpretation of polynucleo- 
tide inhibition studies of synthetase reactions. Because 
Mg2+ is involved in the activation step and perhaps 
also in tRNA or polynucleotide binding, it is essential 
to ascertain that the polynucleotide inhibition is not 
due simply to removal of the cation by the polymer. 

Also, the sole criterion of competitive inhibition by 
polynucleotide with respect to tRNA as sufficient evi- 
dence for its binding at  the active site of the enzyme 
is not satisfactory, as the EDTA experiment indicates. 
Because of the complications arising from metal bind- 
ing by the tRNA, the polynucleotide, or the enzyme 
itself, no simple kinetic interpretation of the competi- 
tive-type Lineweaver-Burk plots can be made at  this 
time. 

Another problem of primary importance is the 
source and purity of the poly- or oligonucleotide. The 
poly (A,C,U) used in this laboratory consisted of four 
different commercial preparations bearing different lot 
numbers. These polymer preparations varied consider- 
ably among themselves in absorbancy units (AZgO)  
per milligram. All solutions contained 4 mg/ml of 
solution, but the units per milliliter were 55, 16, 
12 and 77 (lot no. 185, 68, 225 and 238, respectively) 
for each of the four lots. When the high absorbancy 
poly (A,C,U) was dialyzed cs. distilled water, approxi- 
mately 50 of the absorbancy was dialyzable. 

Another problem which arose in connection with 
poly (A,C,U) was the inconsistency of the inhibition. 
The first three lots of poly (A,C,U) (which were 
used for all of the studies reported here) were inhibitory 
both before and after dialysis in the valyl-RNA- 
synthetase system, while the last preparation was not 
inhibitory even when the magnesium concentration 
was limiting. This seems to support the contention 
raised here that inhibition may result from some as yet 
unidentified contaminant introduced into the polymer 
preparation during its preparation or subsequent 
isolation. This does not preclude the possibility that 
inhibition by the polyribonucleotide may also be 
occurring under conditions where metal ion concentra- 
tion is limiting. However, whether this is by virtue of 
competing with tRNA for an active site on the enzyme 
or is due to Mg2+ binding remains the crucial point. 
Since the formation of the aminoacyladenylate is 
dependent on Mg2+ and since binding of Mg2+ by 
tRNA and polyribonucleotides occurs, this point may 
be difficult to establish because different synthetases 
require different amounts of magnesium for optimal 
activity (Holten and Jacobson, unpublished observa- 
tions). 

The inhibitory activity of oligonucleotide fragments 

of RNA on aminoacyl-tRNA synthetase was shown by 
Hayashi and Miura (1964). Since the unhydrolyzed 
RNA was not inhibitory, it is unlikely that magnesium 
binding by the inhibitory fragments was the cause of 
inhibition. In  their latter studies (Hayashi and Miura, 
1966) pentanucleotides that had been synthesized 
chemically were shown to be inhibitory. In the studies 
of Deutscher (1965) polyribonucleotides, synthesized 
by polyribonucleotide phosphorylase, were shown to 
inhibit the synthetase reaction in a restricted and rather 
specific manner. Since tests were not made to exclude 
the possibility of the presence of an inhibitor that is 
stable to alkaline hydrolysis the question of the identity 
of the inhibitor is raised. We also have observed such 
selectivity among polyribonucleotides, although in 
our case an appreciable amount of inhibition was 
caused by a nonpolynucleotide contaminant. In view 
of the variable nature of the polynucleotide preparation 
and the fact that the synthetase was from rat liver one 
cannot say whether the inhibitor studies of Deutscher 
(1965) were affected or not by the alkali-resistant inhibi- 
tor. Those of Hayashi and Miura (1966) using chemically 
synthesized pentanucleotides most probably were not, 
yet for future explorations in this area it is well to 
recognize these problems. 

Acknowledgment 

providing the purified tRNAVa'. 
We wish to thank A. D. Kelmers for generously 

References 

Bergmann, F. H., Berg, P., and Dieckmann, M. 

Bollum, F. J. (1959), J.  Biol. Chem. 234,2733. 
Deutscher, M. (1965), Biochem. Biophys. Res. Cornmun. 

Gartland, W. J., and Sueoka, N. (1966), Proc. Natl. 

Hayashi, H., and Miura, K. (1964), J. Mol. Biol. I O ,  

Hayashi, H., and Miura, K. (1966), Nature 209,376. 
Jacobson, K. B. (1964), J.  Chromatog. 14,542. 
Kelmers, A. D., Novelli, G.  D., and Stulberg, M. P. 

(1965), J.  Biol. Chem. 240,3979. 
Letendre, C., Michelson, A. M., and Grunberg-Manago, 

M. (1966), Biochem. Biophys. Res. Commun. 23,442. 
Lindahl, T., Adams, A., Fresco, J. R .  (1966), Pmc. 

Natl. Acad. Sci. U. S. 55,941. 
Lineweaver, H., and Burk, D. (1934), J.  Am. Chem. 

SOC. 56,658. 
Mans, R.  J., and Novelli, G. D. (1961), Arch. Biochem. 

Biophys. 94,48. 

(1961),J. Biol. Chem. 236,1735. 

19,283. 

Acad. Sci. U. S. 55,948. 

345. 

1297 

I N H I B I T I O N  S T U D I E S  O F  AMINOACYL- tRNA S Y N T H E T A S E S  


