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Although many properties of the 
RNA code and protein synthesis have 
been clarified with the use of synthetic 
polynucleotides containing randomly or- 
dered bases, a more comprehensive un- 
derstanding of certain aspects of the 
code clearly requires investigation with 
nucleic acid templates of demonstrated 
structure. Since oligonucleotides of 
known base sequence are readily pre- 
pared and characterized, we have tried, 
in many ways, to use defined oligonu- 
cleotide fractions for studies relating to 
the RNA code. In this article we de- 
scribe a simple, direct method which 
should provide a general method for 
determining the genetic function of 
triplets of known sequence. The system 
is based upon interactions between ribo- 
somes, aminoacyl sRNA (1), and 
mRNA which occur during the process 
of codeword recognition, prior to pep- 
tide-bond formation. 

The binding of sRNA to ribosomes 
has been observed in many studies (2, 
3); however, this interaction is not 
fully understood. An exchangeable 
binding of sRNA to ribosomes was re- 
ported by Cannon, Krug, and Gilbert 
(4). However, the addition of polyU 
induced, with specificity, Phe-sRNA 
binding to ribosomes, as demonstrated 
in the laboratories of Schweet (5-7) 
and Lipmann (8), by Kaji and Kaji 
(9, 10), and by Spyrides (11). Binding 
was reported to be dependent upon 
GTP (6, 7) and the first transfer en- 
zyme (5-7), but not upon peptide- 
bond synthesis. However, the mecha- 
nism of binding and the possibility 
of a prior, nonenzymatic binding of 
amino-acyl sRNA induced by mRNA 
have not been clarified. The second 
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transfer enzyme was shown to be re- 
quired for peptide bond formation 
(6, 7). 

To determine the minimum chain 
length of mRNA required for code- 
word recognition and to test the ability 
of chemically defined oligonucleotides 
to induce C"-aminoacyl-sRNA binding 
to ribosomes, we have devised a rapid 
method of detecting this interaction and 
have found that trinucleotides are ac- 
tive as templates. 

Methods 

Preparation, purification, and char- 
acterization of oligonucleotides. To ob- 
tain oligonucleotides with different 
terminal groups, polyA, polyU, and 
polyC (12) were digested as follows: 
(i) Oligonucleotides with 5'-terminal 
phosphate; 100 mg of polynucleotide 
were incubated at 37?C for 18 hours in 
a 28-ml reaction mixture containing 
29mM tris, pH 7.2; 0.18mM MgCI2; 
0.23mM 2-mercaptoethanol; 8.0 mg 
crystalline bovine albumin and 0.5 mg 
pork liver nuclease (13). (ii) Oligo- 
nucleotides with 3'(2')-terminal phos- 
phate; 100 mg of polynucleotide were 
incubated at 37?C for 24 hours in 20 
ml of 7.0M NHiOH. (iii) Oligo- 
nucleotides without terminal phosphate; 
Oligonucleotides with terminal phos- 
phate were treated with Escherichia 
coli alkaline phosphatase (14) free of 
diesterase activity as described by Hep- 
pel et al. (15). 

Oligonucleotide fractions were sepa- 
rated on Whatman 3 MM paper by 
chromatography with solvent A 
(H20: n-propanol:NH3, 35:55:10, by 
volume) for 36 hours (fractions with 
terminal phosphate) or for 18 hours 
(fractions without terminal phosphate). 
This procedure fractionates oligonucleo- 
tides containing less than eight nucleo- 

tide residues according to chain length. 
Oligonucleotides were eluted with H20 
and further purified on Whatman 3 
MM paper by electrophoresis at pH 
2.7 (0.05M ammonium formate, 80 
v/cm for 15 to 30 minutes). 

After elution the purity of each frac- 
tion was estimated by subjecting 2.5 
A20 units of each to paper chromatog- 
raphy (Whatman 54 paper) both with 
solvent A and with solvent B (40 g 
ammonium sulfate dissolved in 100 ml 
0.1M sodium phosphate, pH 7.0). In 
addition 3.0 A260 units of each oligo- 
nucleotide were subjected to chromatog- 
raphy on Whatman DE 81 (DEAE) 
paper with solvent C (0.1M ammonium 
formate), and 3.0 A260 units with solvent 
D (0.3M ammonium formate). The 
four chromatographic systems described 
separate homologous series of oligo- 
nucleotides according to chain length. 
Contaminating oligonucleotides present 
in amounts greater than 2 percent could 
be detected. Several preparations of 
each oligonucleotide were used during 
the course of this study. In almost all 
preparations, no contaminants were de- 
tected. The following preparations, spec- 
ified in legends of figures or tables 
when used, contained contaminants in 
the proportions indicated: No. 591, 
(Ap)4 [(Ap)3, 11 percent]; No. 599, (pA), 
[(pA)5, 37 percent]; No. 610, (pU)2 
[(pU)3, 10 percent], No. 613 (pU), 
[(pU)o, 14 percent]; No. 617, (Up)4 
[(Up)3, 12 percent]. 

Base composition and position of 
terminal phosphate were determined by 
digesting 2.0 A260 units of each oligo- 
nucleotide preparation with 3.5 X 103 
units of T2 ribonuclease (16) in 0.1M 
NH4HCO3 at 37?C for 2.5 hours. The 
nucleotide and nucleoside products were 
separated by electrophoresis at pH 2.7 
and identified by their mobilities and 
ultraviolet spectra at pH 2.0. Oligo- 
nucleotides with 5'-terminal phosphate 
yielded the appropriate 5'-3'(2')- 
nucleoside diphosphate, 3'(2')-nucleo- 
side monophosphate, and nucleoside. 
From the ratio of these compounds, 
the average chain length of the parent 
oligonucleotide was calculated. Since 
oligonucleotides with 3'(2') -terminal 
phosphate yielded only the appropriate 
3'(2')-nucleoside monophosphate (con- 
firming its structure), terminal and total 
inorganic phosphate was determined 
(15, 17) in order to estimate the aver- 
age chain length of each. 

Oligo-d(pT) and oligo-d(pA) frac- 
tions were prepared and characterized 
by B. F. C. Clark as described pre- 
viously (18). The UpUpUp with 3'- 
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Table 1. Characteristics of the system. Com- 
plete reactions contained the components de- 
scribed in the text, 15 m,umole uridylic acid 
residues in polyU, and 20.6 tulmole C'4-Phe- 
sRNA (2050 count/min, 0.714 A260 units). 
Incubation was at 0?C for 60 minutes. De- 
acylated sRNA was added either at zero time 
or after 50 minutes of incubation, as in- 
dicated. 

C1-Phe-sRNA 
Modifications bound to ribosomes 

(,Lu, mole) 

Complete 5.99 
-PolyU 0.12 
-Ribosomes 0 
--Mg++ 0.09 
+sRNA (deacylated) at 50 min 

0.500 A"26 units 5.69 
2.500 A200 units 5.36 

+sRNA (deacylated) at zero time 
0.500 A260 units 4.49 
2.500 A260 units 2.08 

terminal phosphate only was prepared 
and characterized by M. Bernfield (19). 

Assay of ribosomal bound C1'- 
aminoacyl-sRNA. Each 50-t1 reaction 
mixture contained: 0.1M tris-acetate, 
pH 7.2; 0.02M magnesium acetate; 
0.05M KC1; 2.0 A260 units of ribosomes 
(washed three times) and, as indicated 
for each experiment, oligo- or poly- 
nucleotide, and C14-aminoacyl sRNA. 
Tubes were kept at 0?C and C4-amino- 

acyl sRNA was added last to initiate 

binding (less binding was obtained if 

polynucleotide was added last). Incuba- 
tion for 20 minutes at 24?C was often 
convenient for studies requiring max- 
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imum binding, and incubation for 3 
minutes at 24?C or 30 minutes at 0?C 
for rate studies. 

After incubation, tubes were placed in 
ice and each reaction was immediately 
diluted with 3 ml of buffer containing 
0.10M tris-acetate, pH 7.2; 0.02M mag- 
nesium acetate; and 0.05M KC1, at 0? 
to 3?C. A cellulose nitrate filter (HA 
Millipore filter, 25 mm diameter, 0.45u 
pore size) in a stainless steel holder 
was washed under gentle suction with 
5 ml of buffer at 0? to 3?C. The 
diluted reaction mixture was imme- 
diately poured on the filter under suc- 
tion and washed to remove unbound 
C'4-aminoacyl sRNA with three, 3-ml 
portions of buffer at 0? to 3?C. Ribo- 
somes and bound sRNA remained on 
the filter. Since reaction mixtures are 
not deproteinized, it is important to 
dilute and wash the ribosomes imme- 
diately after incubation, to use cold 
buffer, and to allow relatively little air 
to be pulled through the filter during 
the washing procedure. The filter was 
removed from the holder, glued with 
rubber cement to a disposable plan- 
chette, and dried. Radioactivity was de- 
termined in a thin-window, gas-flow 
counter (20) with a C4-counting effi- 
ciency of 23 percent. In some experi- 
ments, radioactivity was determined in 
a liquid scintillation counter with a 
C'4-counting efficiency of 65 percent 
(21) and dried filters (not glued) were 
placed in vials containing 10 ml of 
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Table 2. Polynucleotide specificity. Reaction 
mixtures containing C14-Phe- and C'4-Lys- 
sRNA were incubated for 60 minutes at 0?C; 
mixtures containing C14-Pro-sRNA were in- 
cubated for 20 minutes at 24?C. In addition 
to the components described in the text, reac- 
tion mixtures contained, in a final volume of 
50 Iul, the specified polynucleotide and C14- 
amino-acyl-sRNA (14.7 juumole C'4-Phe- 
sRNA, 2015 count/min, 0.960 A260 units; 16.5 
u,tmole C14-Lys-sRNA, 1845 count/min, 0.530 
A260 units; 30 ujtmole Cl-Pro-sRNA, 2750 
count/min, 1.570 A260 units). 

C14-Aminoacyl-sRNA 
Polynucleotide bound to ribosomes 

(mumole base (u,umole) 
residues) residues) C4_-Phe- C14-Lys- C_4-Pro- 

sRNA sRNA sRNA 

None 0.19 0.99 0.25 
PolyU, 25 6.00 .67 .15 
PolyA, 16 0.22 4.35 .17 
PolyC, 19 .21 0.72 .80 

toluene-PPO-POPOP phosphor solution 
(22). 

Preparation of sRNA. Except where 
noted E. coli B sRNA (23), was used. 
Uniformly labeled C1-L-phenylalanine, 
C14-L-lysine, and C'-L-leucine with 
specific radioactivities of 250, 305, and 
160 Ac/,umole, respectively, were ob- 
tained commercially (24). The E. coli 
W 3100 sRNA was prepared as de- 
scribed by Zubay (25) from cells 
grown to late log phase in 0.9 percent 
Difco nutrient broth, containing 1 per- 
cent glucose. The C24-amino acyl-sRNA 
was prepared by modifications of meth- 

MINUTES MINUTES 

Fig. 1 (left). Effect of polyU upon the rate of C1-Phe-sRNA binding to ribosomes at 0?, 24?, and 37?C. Each point represents a 
50 i,1 reaction mixture incubated for the time and at the temperature indicated. Reaction mixtures contain the components described 
under Methods; 9.65 tumole of C4-Phe-sRNA (1180 count/min, 0.380 A'?); and polyU, 25 mpmole base residues, where speci- 
fied. Fig. 2 (right). The effect of polyA and polyC upon the rates of C -Lys- and C4-Pro-sRNA binding to ribosomes, respec- 
tively. Each point represents a 50-A1 reaction mixture as described under Methods. The reactions specified contained 27.5 tAmole 
CL-Lys-sRNA (3080 count/min, 0.880 A260 units) and polyA, 25 mumole base residues, or 11.8 uumole C'-Pro-sRNA (2660 
count/min, 0.905 Al? units) and polyC, 25 m/Amole base residues. The temperature and the time of incubation iare shown in the 
figure. 
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ods described previously (26). Unless 
otherwise specified, sRNA was acylated 
with one C4-amino acid plus 19 C12- 
amino acids. The formation of C4- 
aminoacyl sRNA was catalyzed by the 
supernatant solution obtained by centri- 
fugation of E. coli (W-3100) extracts 
at 100,000g. 

Elution and characterization of C1"- 
phenylalanine product bound to ribo- 
somes. Reaction mixtures (0.5 ml) in- 
cubated at 24?C for 10 minutes with 
C'-Phe-sRNA and polyU were washed 
on cellulose nitrate filters in the usual 
manner. The ribosomal bound C4-prod- 
uct was eluted from filters by washing 
with 0.01M tris-acetate, pH 7.2; 10-'M 
magnesium acetate; and 0.05M KC1 
at 0?C. 

The C4-product eluted from ribo- 
somes was precipitated in 10 percent 
TCA at 3?C in the presence of 200 ,ug 
of bovine serum albumin. Specified 
samples were heated in 10 percent TCA 
at 90? to 95?C for 20 minutes and then 
were chilled. Precipitates were washed 
on filters with 5 percent TCA at 3?C. 

Aminoacyl sRNA was deacylated 
in 0.1M ammonium carbonate solu- 
tion adjusted with NHO4H to pH 10.2 
to 10.5 by incubation at 37?C for 60 
minutes. 

Digestions with ribonuclease were 
performed by incubating 0.4-ml portions 
(each containing 1500 count/min pre- 
cipitable by 10 percent TCA at 3?C) 
with and without 10 tjg of purified 
pancreatic ribonuclease A (purified 
chromatographically) (27) at 37?C for 
15 minutes. 

Results and Discussion 

Assay of ribosomlal bound C'"-amino- 
acyl-sRNA. The assay is based upon 
the retention of ribosomes and C14- 
aminoacyl sRNA bound to ribosomes 
by cellulose nitrate filters. After un- 
bound C'4-aminoacyl sRNA is removed 
by washing with buffered salts solution, 
as already described, the radioactivity 
remaining on the filter is determined. 
Thirty reaction mixtures can be washed 
per hour easily. The sensitivity of the 
assay is limited primarily by the spe- 
cific radioactivity of the aminoacyl- 
sRNA used. With sRNA which has ac- 
cepted a C'-amino acid of specific 
radioactivity 100 to 300 Mtc/tmole, 
the binding to ribosomes of 0.2 MtMtmoles 
of C"4-aminoacyl sRNA readily can be 
detected. A filter 25 mm in diameter 
with a pore size of 0.45 M retains up 
to 1200 txg of E. coli ribosomes. The 
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use of larger filters or columns packed 
with cellulose nitrate may be useful 
for preparative procedures. 

The retention of ribosomes by cellu- 
lose nitrate filters may be the result of 
absorption rather than of filtration, for 
filters with pores 100 times larger than 
E. coli 70S ribosomes can be used. 
The rapidity of this assay, compared to 
others which depend upon the centri- 
fugation of ribosomes, has greatly 
simplified this study. 

The data of Table 1 show that little 
C'-Phe-sRNA was retained on filters 
after incubation with ribosomes in the 
absence of polyU. Incubation in the 
presence of both polyU and ribosomes 
resulted in marked retention of C`4- 
Phe-sRNA by the filter. Ribosomes, 
polyU, and Mg"+ were required for re- 
tention of C'-Phe-sRNA. Spyrides 
(28) and Conway (29) have reported 
that polyU-directed binding of Phe- 
sRNA to ribosomes is dependent upon 
K+ or NH4+. 

The addition of deacylated sRNA to 
reactions shortly before incubation was 
terminated, after C'4-Phe-sRNA binding 
had ceased, had little effect upon ribo- 
somal bound C'-Phe-sRNA. The bound 
C'4-Phe-sRNA fraction apparently is 
not readily exchangeable. 

In contrast, the addition of deacyl- 
ated sRNA at the start of incubation 
inhibited C'4-Phe-sRNA binding. In 
other experiments, the extent of inhi- 
bition was found to be affected by the 
ratio of deacylated to acylated sRNA. 

Deacylated sRNA added near the 
end of incubation often reduces back- 
ground binding without polynucleotide 
and may afford a way of differentiating 
between exchangeable and nonex- 
changeable binding. It should be noted 
that the presence of a polynucleotide 
which is not recognized by a C14- 
aminoacyl sRNA (for example, polyA 
and C'-Phe-sRNA) also reduces back- 
ground sRNA binding, perhaps by 
saturating ribosomal sites with specified 
nonexchangeable sRNA. 

Characteristics of binding. The assay 
was validated further by demonstrating 
that the binding of sRNA to ribosomes 
was directed with specificity by differ- 
ent polynucleotides. As shown in Table 
2, polyU, polyA and polyC specifically 
directed the binding to ribosomes of 
C'I-Phe-, C'-Lys-, and C'-Pro-sRNA, 
respectively. These data agree well with 
specificity data obtained with a sucrose- 
gradient centrifugation assay, reported 
by Nakamoto et al. (8) and Kaji and 
Kaji (9, 10) (also compare 5-7, 11) 
and with data on their specificity for 
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Fig. 3. Relation between polynucleotide 
concentration and C'-aminoacyl-sRNA 
binding to ribosomes. Each point repre- 
sents a 50-Atl reaction mixture with the 
components described under Methods; A, 
polyA as specified and 27.5 gumole C14- 
Lys-sRNA (3080 count/min, 0.880 A"10 
units); 0, polyU as specified and 15 
,/,mole of C4-Phe-sRNA (2050 count/ 
min, 0.714 A20? units). Incubation was at 
24?C for 20 minutes. 

directing amino acid incorporation into 
protein (30, 31). 

The rate of binding of Phe-sRNA 
to ribosomes at 0?, 24? and 37?C, in 
the presence and absence of polyU, is 
shown in Fig. 1. During incubation 
at each temperature polyU markedly 
stimulated C4-Phe-sRNA binding; how- 
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Fig. 4. Relation between ribosome con- 
centration and C'4-Phe-sRNA binding. 
Each point represents a 50-,l reaction 
mixture containing the amount of ribo- 
somes indicated; 0 No additions, (-poly 
U); A + poly U, 25 mtmole base resi- 
dues. In addition, reaction mixtures con- 
tain the components described under Meth- 
ods and 9.65 tgmole of C4-Phe-sRNA 
(1180 count/min, 0.380 A260 ). Incubations 
were for 10 minutes at 24 C. 
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0?, 24?, and 37?C. 0, No addition; A, addition of 3.67 m/mole pUpUpU. Each 
point represents a 50-,l reaction mixture incubated for the time and at the temperature 
specified. Reaction mixtures contain the components described under Methods; 9.65 
gmole of C'4-Phe-sRNA (1180 count/min, 0.380 A260); and oligoU as specified. 

ever, the rate of binding increased as 
the temperature of incubation was 
raised. Although polyU induced C14- 
Phe-sRNA binding at 0?C, maximum 
binding was not observed after 60 
minutes of incubation. Maximum bind- 
ing concentrations of C'4-Phe-sRNA, 50 
minutes of incubation at 24?C and 

after 6 minutes at 37 ?C. In this ex- 
periment equal amounts of C14_ 
Phe-sRNA were bound at 240 and 
37?C. In other experiments, with limit- 
ing concentrations of C4-Phe-sRNA, 50 
to 98 percent of the C14-Phe-sRNA 
was induced to bind to ribosomes by 
polyU. Kaji and Kaji have suggested 

the possible utility of this system for 
the purification of sRNA species (9). 

In the absence of polyU, relatively 
little C14-Phe-sRNA associated with 
ribJsomes. Such binding may be due 
to endogenous mRNA on ribosomes or 
in sRNA preparations. Alternatively, 
this binding may be nonspecific, pos- 
sibly similar to that described by Can- 
non, Krug, and Gilbert (4). 

The effect of polyA and polyC upon 
the rates of C14-Lys- and C14-Pro-sRNA 
binding to ribosomes is shown in Fig. 
2. Maximum stimulation of C4-Lys- 
sRNA binding by polyA, and of C"- 
Pro-sRNA binding by polyC, occurred 
after 10 minutes of incubation at 24? 
and 27?C, respectively. In this experi- 
ment, C14-Lys-sRNA binding observed 
in the absence of polyA was higher 
than that found in experiments with 
other sRNA preparations. 

The relation between polyU or polyA 
concentration and the amount of C14- 
Phe- or C4-Lys-sRNA bound to ribo- 
somes is shown in Fig. 3. Binding of 
sRNA was proportional to polynucleo- 
tide concentration in both cases. 

In experiments not presented here, 
the effect of pH upon sRNA binding 
was studied. PolyU directed C4-Phe- 
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Table 3. Oligonucleotide specificity. Reaction 
mixtures containing either C14-Phe-, CL4-Lys-, 
or C14-Pro-sRNA, and oligonucleotide were 
incubated at 24?C for 20 minutes. Compo- 
nents of reaction mixtures are described in 
the legend accompanying Table 2. The num- 
bers in parentheses are millimicromoles base 
residues. 

C14-Aminoacyl-sRNA 
bound to ribosomes 

Oligonucleotide (uumole) 
(m/Amoles base 

residues) C14-Phe- C1l-Lys- C-Pro- 
sRNA sRNA sRNA 

None 0.34 0.80 0.24 
pUpUpU (10) 1.56 0.56 0.20 
pApApA (7) 0.20 6.13 0.18 
pCpCpC (8) 0.30 0.60 0.73 

sRNA binding to ribosomes throughout 
the pH range tested, from 5.5 to 7.8. 
Binding was maximum in reactions 
buffered either with 0.1M tris, pH 7.2, 
or with 0.05M cacodylate, pH 6.5. 

The addition of GTP, PEP, and 
PEP kinase to reactions, with or with- 
out polyU, did not stimulate C4-Phe- 
sRNA binding; however, further study 
is necessary to determine whether bind- 

ing in this system is dependent upon 
enzymatic catalysis or GTP or both. 

Polyphenylalanine synthesis (that is, 
radioactivity in the fraction precipi- 
table with hot TCA) was not detected 
in reaction mixtures incubated under 

optimum conditions for C4-Phe-sRNA 

binding in the presence of polyU. In 
additional experiments, C4-Phe-sRNA 
induced by polyU to bind to ribosomes 
was eluted with 10-'M Mg+ as already 
described. Although 50 to 98 percent 
of the ribosomal-bound C4-product was 
eluted (in different experiments), few 
ribosomes were released from filters. 
The C14-product was insoluble in TCA 
at 3?C, but was converted quantita- 
tively to a soluble product by (i) in- 
cubation at pH 10.2 for 60 minutes at 
37?C, (ii) heating in TCA, or (iii), 
incubation with pancreatic ribonuclease. 
Further characterization of the bound 
C'4-product is necessary; however, these 
preliminary results are in accord with 
the demonstration by Schweet and 
his co-workers that the binding of 
Phe-sRNA to ribosomes induced by 
polyU is not dependent upon peptide- 
bond formation (6, 7). 

The relation between ribosome con- 
centration and the amount of bound C14- 
Phe-sRNA is illustrated in Fig. 4. 
C14-Phe-sRNA binding was stimulated 
markedly by polyU and was propor- 
tional to the ribosome concentration, 
within the range 0 to 1.0 A200 units of 
ribosomes. The number of 70S E. coli 
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ribosomes and ribosomal-bound C14- 
Phe-sRNA molecules can be estimated 
from such data; however, various fac- 
tors, such as the inhibitory effects of 

deacylated sRNA (see above) and 
mRNA terminal phosphate (described 
below) undoubtedly reduce the accur- 
acy of such calculations. However, in 
the presence of polyU approximately 
4.0 ,/~mole of C"-Phe-sRNA became 
bound to 23.2 /,/,mole of 70S ribosomes 
(4); therefore, the C4-Phe-sRNA ribo- 
some ratio was 1 : 5.8. Arlinghaus et al. 
(7) and Warner and Rich (32) re- 
cently reported two binding sites for 
each ribosome for sRNA. One site is 
thought to hold the nascent polypeptide 
chain to the ribosome; the other, to bind 
the next aminoacyl-sRNA molecule 
specified by mRNA. 

EfJect of oligonucleotides on the 
binding of C'"-aminoacyl sRNA to 
ribosomes. OligoU preparations of 
different chain length were prepared, 
and their effect upon C'-Phe-sRNA 
binding to ribosomes was determined. 
The effect of the trinucleotide, 
pUpUpU, upon C4-Phe-sRNA binding 
to ribosomes, at 0?, 24?, and 37?C, is 
shown in Fig. 5. The C'-Phe-sRNA 
binding was stimulated by pUpUpU at 
each temperature; however, binding 
was maximum in reactions incubated 
at 24?C for 20 to 30 minutes. These 
results demonstrate that a trinucleo- 
tide can direct C'-aminoacyl-sRNA 
binding to ribosomes and suggest a 
general method of great simplicity for 
determining the genetic function of 
other trinucleotide sequences. 

The binding of C'-Phe-, Ct'-Lys-, 
and C4-Pro-sRNA was induced with 
apparent specificity by pUpUpU, 
pApApA, and pCpCpC, respectively 
(Table 3). In additional experiments, 
each trinucleotide had no discernible 
effect upon the binding to ribosomes 
of 15 aminoacyl-sRNA preparations, 
each charged with a different C'4- 
amino acid (C'-asparagine and C'4- 
glutamine-sRNA were not tested). 
Therefore, the specificity of each tri- 
nucleotide for inducing sRNA binding 
to ribosomes was high and clearly 
paralleled that of the corresponding 
polynucleotide. 

The T,, of the interaction between 
pApApA and polyU is 17?C (33). 
Therefore, hydrogen-bonding between a 
triplet codeword in mRNA and a com- 
plementary "anticodeword" in sRNA 
would not by itself appear sufficient to 
account for the stability of the inter- 
action between C'4-Phe-sRNA, polyU, 
and ribosomes. An interaction between 

Table 4. Template activity of oligodeoxy- 
nucleotides. The components of each 50 {tl 
reaction mixture are presented in the text. 
In addition, each reaction mixture in Expt. 1 
contained 9.65 ttumoles of C14-Phe-sRNA 
(1370 count/min, 0.380 A260 units); and in 
Expt. 2, 16.5 /umoles C'4-Lys-sRNA (1845 
count/min, 0.530 A260 units) and the oligo- 
nucleotides specified. Mixtures were incubated 
at 24?C for 10 minutes. 

C'4-Aminoacyl-sRNA Oligonucleotide C4-Aminoacyl-sRNA 
O(rionucleotie) bound to ribosomes 
(mtgmole) (uA/~mole) 

Experiment 1: C"4-Phe-sRNA 
None 0.29 
1.00 pUpUpU 1.29 
3.33 pUpUpU 2.40 
6.67 pUpUpU 2.90 
3.33 oligo d(pT)3 0.35 
6.67 oligo d(pT)3 0.39 

10.00 oligo d(pT)8 0.40 
1.67 oligo d(pT)12 0.31 
2.50 oligo d(pT)12 0.44 

Experiment 2: C'4-Lys-sRNA 
None 1.27 
0.17 pApApA 3.48 
1.37 pApApA 5.99 
3.60 pApApA 7.40 
0.65 oligo d(pA)s 1.45 
1.30 oligo d (pA)s 1.68 
2.00 oligo d(pA)8 1.61 

the -CpCpA end of sRNA and ribo- 
somes is possible, for several labora- 
tories (3, 4, 34) have reported that 
removal of the terminal adenosine of 
sRNA greatly reduces its ability to 
bind to ribosomes. The participation of 
an enzyme in the binding process also 
must be considered. 

The data of Table 4 indicate that the 
2'-hydroxyl of RNA codewords may 
be necessary for codeword recognition. 
Oligodeoxynucleotides such as oligo- 
d (pT)3-12 and oligo-d(pA) apparently 
were inactive as templates. In addi- 
tional experiments not presented here, 
the effects of time and temperature of 
incubation (0?, 24?, 37?, and 43?C), 
template concentration, and chain 
length were studied. No template 
activity was found. 

The template activities of pUpU, 
pUpUpU and polyU at different con- 
centrations of Mg+ are shown in Fig. 
6. Both tri- and polyU induced maxi- 
mal binding at approximately 0.03M 
Mg++ (0.02 to 0.03M in other experi- 
ments). Although the dinucleotide, pU- 
pU, stimulated binding slightly, it is not 
known whether the activity of pUpU in- 
dicates partial recognition of a triplet 
codeword as previously suggested (35). 
At 0.02M Mg+, the concentration used 
throughout our study, little binding of 
C'-Phe-sRNA was found in the ab- 
sence of polyU. However, at higher Mg++ 
concentrations, Phe-sRNA binding in 
the absence of template RNA increased; 
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Fig. 8. A, B, and C, Relation between template activity and oligoU chain-length, concentration and end-group. The activities of 
oligoU with 5'-terminal phosphate are shown in Fig. 8A; with 2'(3')-terminal phosphate in Fig. 8B; and without terminal phos- 
phate in Fig. 8C. Symbols represent oligoU chain-lengths as follows: 0 2; A 3; E 4; m 5; * 6; A 12. Each reaction mixture 
contained, in a volume of 50 ul, the components specified in the Methods section; oligoU preparations and concentrations speci- 
fied; and 10.8 /g/mole C4-Phe-sRNA (1880 count/min, 0.714 A260). Oligonucleotide preparations (pU)2, No. 610; (pU)5, No. 
613; (Up)., No. 617; with the contaminants specified under Methods were used in these experiments. Incubations were at 24?C 
for 30 minutes. 

whereas binding induced by tri- and 
polyU, decreased. These data suggest 
that certain ribosomal binding sites be- 
come saturated with sRNA at Mg+ 
concentrations greater than 0.03M, but 
are not saturated at lower concen- 
trations. 

Leucine-polyU ambiguity. Since 
polyU is known to direct some leucine 
incorporation into protein in cell-free 
systems (36), especially at high Mg"+ 
concentrations (37), the effect of poly- 
U upon the binding of C4-Leu-sRNA 
was determined (Fig. 7). In the ab- 
sence of polyU, background binding 
saturated at 0.02M Mg". The addition 

5'-TERMINAL PHOSPHATE 24?C 

of polyU clearly stimulated the binding 
of C'-Leu-sRNA. It is possible that 
the Mg+-dependent leucine-polyU am- 
biguity occurs before peptide-bond 
synthesis. 

As shown in Table 5, C'4-Leu-sRNA 
binding was stimulated with specificity 
by polyU, but not by the trinucleotide, 
pUpUpU, polyA, or polyC at 0.07M 
Mg+. In additional experiments, pU- 
pUpU had no effect upon the bind- 
ing of C'--Leu-sRNA at other Mg+ 
concentrations. These data suggest that 

pUpUpU may be recognized by amino- 
acyl sRNA with greater specificity 
than polyU is recognized. 

2'(3')- TERMINAL PHOSPHATE 24? C 

Effect of oligonucleotide chain length, 
concentration, and terminal phosphate. 
In Fig. 8 the template activity of oligo- 
U preparations differing in chain length 
and position of terminal phosphate are 
compared at different oligoU concen- 
trations. The activity of oligoU with 5'- 
terminal phosphate is shown in Fig. 
8A; preparations with 2'(3')-terminal 
phosphate in Fig 8B; and preparations 
without terminal phosphate, in Fig. 8C. 

As shown in Fig. 8A, the dinucleo- 
tide with 5'-terminal phosphate, pUpU, 
had little template activity, whereas the 
trinucleotide, pUpUpU, markedly stim- 
ulated C'-Phe-sRNA binding. This ob- 

NO TERMINAL PHOSPHATE 24?C 

(Ap)6 

AP)4 3 

I (Ap(Ap)23 

I I I I 
0 1 2 3 4 5 

MP MOLES OLIGO A 
) 1 2 3 4 5 

Fig. 9. A, B, and C, Relation between template activity and oligoA concentration, chain-length, and end group. The activity of 
oligoA with 5'-terminal phosphate is shown in Fig. 9A; preparation without terminal phosphate in Fig. 9C. The symbols indicate 
the chain-length of oligoA as follows: 0 2; A 3; [l 4; * 6. Each 50 1l reaction mixture contained the components specified under 
methods; 15.9 u/imole of C'-Lys-sRNA (1780 count/min, 0.562 A260 units); and the oligoA preparation specified. Incubation 
was at 24?C for 20 minutes. Oligonucleotide preparations (pA), No. 599 and (Ap)4, No. 591, containing the contaminants 
specified under Methods, were used in this experiment. 
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servation provides direct experimental 
support for a triplet code for phenyl- 
alanine and is in full accord with earlier 
genetic and biochemical studies (30, 
38). 

In addition, the data demonstrate 
that the template activity of pUpUpU 
equals that of the corresponding tetra-, 
penta-, and hexanucleotides. 

In striking contrast to these results, 
the trinucleotide, UpUpUp, with 2'(3')- 
terminal phosphate, induced little or 
no binding of C4-Phe-sRNA to ribo- 
somes (Fig. 8B). The template activ- 
ity of the tetra- and pentauridylic acid 
fractions with 2'(3')-terminal phos- 
phate also were markedly reduced when 
compared to similar fractions with 5'- 
terminal phosphate. 

As shown in Fig. 8C, UpUpU and 
UpUpUpU, without terminal phos- 
phate, induced C'-Phe-sRNA binding, 
but less actively than pUpUpU. The 
template activity of the pentamer, 
UpUpUpUpU, was almost equal to 
that of pUpUpU. 

Since the sensitivity of an oligo- 
nucleotide to digestion by a nuclease 
often is influenced by terminal phos- 
phate, the relative stability of pUpUpU, 
UpUpUp, and UpUpU incubated with 
ribosomes at 37?C for 60 minutes was 
estimated by recovering mono- and 
oligonucleotides from reaction mixtures 
and separating them by paper chroma- 
tography. In each case, the expected 
trinucleotide was the only component 
found after incubation. Hydrolysis of 
oligoU was not observed. 

The template activities of oligoA 
fractions with different end groups are 
shown in Fig. 9, A, B, and C. The re- 
sults were similar to those obtained 
with oligoU; however, pApApA in- 
duced maximum C4-Lys-sRNA bind- 
ing at one-fifth the oligonucleotide con- 
centration required previously (com- 
pare with Fig. 8A). The hexamer with 
3'-terminal phosphate induced as much 
C4-Lys-sRNA binding to ribosomes as 
the trimer with 5'-terminal phosphate, 
pApApA. When reaction mixtures were 
incubated at 0?C (Fig. 10) the differ- 
ence between the template activities 
of ApApAp and pApApA was more 
marked than when incubations were 
at 24?C. 

Since each oligonucleotide prepara- 
tion with 2'(3')-terminal phosphate is 
a mixture of molecules, some chains 
terminating with 2'-phosphate and oth- 
ers with 3'-phosphate, a trinucleotide, 
UpUpUp, with 3'-terminal phosphate 
only, was prepared and found to be in- 
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active as a template for C1'-Phe-sRNA. 
Attachment of ribosomes to mRNA. 

It is not known whether ribosomes 
attach to 5'-ends, 3'-ends, or internal 
positions of mRNA. The template ac- 
tivity of trinucleotides indicates that (i) 
ribosomes can attach to terminal code- 
words of mRNA, (ii) terminal code- 
words are capable of specifying the 
first and the last amino acids to be 
incorporated into protein, and (iii) the 
attachment of a ribosome to only the 
terminal triplet of mRNA may provide 
the minimum stability necessary for 
codeword recognition, and possibly for 
the initiation of protein synthesis. 

The demonstration that terminal and 
internal codeword phosphates strongly 
influence the codeword recognition proc- 
ess indicates that phosphate may take 
part in the binding of codewords to 
ribosomes. Watson has suggested inter- 
action between phosphate of mRNA 
and amino groups of ribosomes, be- 
cause 30S ribosomes treated with form- 
aldehyde were found by Moore and 
Asano to bind less polyU than did 
ribosomes not so treated (39). 

Although terminal codeword phos- 
phate is not required for the recogni- 
tion of a codeword on a ribosome, the 
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observation that the template activity 
of trinucleotides with 5'-terminal phos- 
phate equals that of tetra-, penta-, and 
hexanucleotides, even at limiting con- 
centrations, suggests that 5'-terminal 
codewords may attach to sites on ribo- 
somes where codewords are recognized, 
in correct phase to be read. A prefer- 
ential, phased recognition of either 
terminal codeword by ribosomes would 
provide a simple mechanism for select- 
ing the polarity of reading, the first 
word to be read, and the phase of 
reading. Since 5'-terminal codewords 
of mRNA most actively induce sRNA 
binding, such codewords would appear 
to serve these functions best. Although 
the polarity with which mRNA is read 
may be from the 5'- towards the 3'- 
terminal codeword, further work is 
necessary to clarify this point. The op- 
posite polarity has been suggested (45). 

We have reported (40) that tri- 
nucleotides can be used in this system 
to determine the base sequence of code- 
words and have shown that the se- 
quence of the valine RNA codeword 
is GpUpU. Codewords are recognized 
with polarity in this system, for GpUpU 
induced C'-Val-sRNA binding to ribo- 
somes, whereas UpUpG did not. 

3 4 5 " 7 

Mp MOLES OLIGO A 
Fig. 10. Template activity of oligoA with 5'- or 2'(3')-terminal phosphate in reac- 
tion mixtures incubated at 0?C for 60 minutes. OligoA concentrations, chain-lengths, and end-groups are shown in the figure. Each 50-A1 reaction mixture contained the 
components specified under Methods; 11.8 qjumole C1-Lys-sRNA (2840 count/min, 0.767 A2o units); and the oligoA preparation specified. 
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Regulatory Codewords 

Terminal codewords. We suggest 
that 5'-terminal, 3'-terminal and in- 
ternal codewords of RNA and DNA 
constitute separate classes of code- 
words, for each differs in chemical 
structure as shown diagrammatically in 
Fig. 11. The 5'-terminal codeword con- 
tains a 5'-terminal hydroxyl, the in- 
ternal codeword is attached to adjacent 
codewords on both sides by way of 
(3'-5')-phosphodiester bonds, and the 
3'-terminal codeword contains 2'- and 
3'-terminal hydroxyl groups. It should 
be noted that phosphate, linked to a 
terminal hydroxyl is a monoester, 
whereas, an internal phosphate is a 
diester. Therefore, the 5'-terminal, 3'- 
terminal, and internal codewords differ 
in chemical structure. To avoid con- 
fusion between the three codeword 
classes, the codeword with free or sub- 
stituted 5'-hydroxyl will be designated 
the 5'-terminal codeword, and the 
codeword with a free or substituted 3'- 
hydroxyl, will be designated the 3'- 
terminal codeword. Internal codewords 
will not be designated by position. These 
differences raise the possibility that 
codewords may occur in three chemi- 
cally distinct forms and that RNA and 
DNA may contain either one, two, or 
three forms of any triplet codeword, 
depending upon the position of the 
codeword in the molecule. 

Sense-missense-nonsense codewords. 

A 

HO 

A 

\p 

A 

\ 
5'-TERM I NAL 

A 

Genetic evidence suggests that cert; 
mutations result in the conversion 
readable into nonreadable codewor 
that is, sense-nonsense interchan, 
(41). The addition of terminal ph 
phate to a 3'-terminal codeword sii 
larly changes a readable into a n( 
readable codeword and resembles 
sense-nonsense interchange. Two ad 
tional mechanisms for converting re, 
able into nonreadable words have be 
found in cell-free systems; that is, 
increase in secondary structure (. 
42) and specific base methylations (3 
It should be noted that each type 
sense-nonsense interchange involves 
modification of codewords rather tl 
modification of a component requi] 
for codeword recognition. 

It is possible that the synthesis of c 
tain proteins may be regulated in v 
by sense-nonsense interchanges invc 
ing either modification of a codew( 
or, as proposed by Ames and Hartn 
(43), modification of sRNA, that 
codeword recognition. It seems pr 
able that terminal codewords may h; 
special functions in addition to dire 
ing amino acids into protein. For 
ample, in mRNA they may specify 
attachment and detachment of ri 
somes, (ii) the first codeword to 
read, (iii) the phase of reading, 
(iv) the sensitivity of the message 
degradation by exonucleases. Simila. 
terminal DNA codewords may influe 
the rate with which DNA is cop 

A A 

P\ P\ 

INTERNAL 

A 

D 

P 

A A 

p 

3'- TERMINAL 

Fig. 11. The structures of three classes of codewords, 5'-terminal, internal, and 
terminal, are illustrated diagramatically. The figure represents oligoA of chain-ler 
9, ApApApApApApApApA. Although the three triplet codewords have identical b 
sequences, AAA, each differs in structure. The 5'-terminal codeword contains a 
terminal hydroxyl; the internal codeword is linked to adjacent codewords on ei 
side by way of 3', 5'-phosphodiester bonds; and the 3'-terminal codeword cont 
2', 3'-terminal hydroxyl groups (3'-hydroxyl only if deoxyribose). Phosphate, w 
present at 5'-, 3'-, or 2'-terminal hydroxyl positions, may be a phosphomonoester, 
therefore may differ from an internal phosphate which is a phosphodiester. 
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Table 5. Specificity of polyU-leucine-sRNA 
bound to ribosomes. Reaction mixtures con- 
tained 0.07M magnesium acetate; other com- 
ponents as described in the text; 3.1 ,uLmoles 
of C14-Leu-sRNA (2280 count/min, 0.565 
A260 units of E. coli W 3100 sRNA acylated 
only with C'4-Leucine); and oligo- or poly- 
nucleotides as specified. Incubations were at 
24?C for 20 minutes. The magnesium acetate 
concentration of the solution used to wash 
ribosomes on filters after incubation was 
0.07M. 

Addition C-4-Leu-sRNA 
(base residues) bound to ribosomes 

(m,umole) (,uumole) 

None 1.00 
25 PolyU 2.02 
15 pUpUpU 0.70 
25 PolyA .99 
25 PolyC .85 

:er- by DNA or RNA polymerase. Experi- 
ivo mental observations support this possi- 
)Iv- bility, for DNA without terminal phos- 
ord phate has been found to serve as a 
ian template for DNA polymerase, whereas 
is, DNA with 3'-terminal phosphate has 

ob- no template activity (44). 
ave Terminal words with 3'-phosphate 
ect- may be members of a larger class of 
ex- DNA and mRNA nonsense words, with 
(i) substituted 5'-, 3'- or 2'-hydroxyl 
bo- groups. Many enzymes have been de- 
be scribed which catalyze the transfer of 

and nucleotides, amino acids, methyl groups, 
to carbohydrates, and other molecules, to 

rly, or from mononucleotides or terminal 
nce ribose or deoxyribose of nucleic acids. 
fied Such enzymes may recognize terminal 

bases or conformations of nucleic acids 
and catalyze group transfer reactions 
with great specificity. 

The data of Figs. 8 to 10, and the 
chemical and biological considerations 
described, suggest that codeword modi- 
fication may serve a regulatory or op- 
erator function. Modification of code- 

OH words, at both terminal and internal 
positions, may regulate the reading of 
DNA or RNA by converting a readable 

OH - word into one read incorrectly or not 
read. It should be noted that both 3'- 
and 5'-terminal codewords could serve, 
in different ways, as operator words. 

The capacity of trinucleotides to di- 
rect the binding of sRNA to ribosomes 
and the ease with which the process can 
be assayed should provide a general 

igth method of great simplicity for study- 
ase- ing the base sequence and genetic func- 

5'- tions of each triplet codeword. In ad- 
ther dition, this method should permit the 
ains detailed study of interactions between then 
and codewords, sRNA, and ribosomes dur- 

ing the codeword recognition process. 
SCIENCE, VOL. 145 



Summary 

A rapid, sensitive method is described 
for measuring C4-aminoacyl-sRNA in- 
teractions with ribosomes which are 
specifically induced by the appropriate 
RNA codewords prior to peptide-bond 
formation. Properties of the codeword 
recognition process and the minimum 
oligonucleotide chain length required 
to induce such interactions are pre- 
sented. The trinucleotides, pUpUpU, 
pApApA, and pCpCpC, but not dinu- 
cleotides, specifically direct the binding 
to ribosomes of phenylalanine-, lysine-, 
and proline-sRNA, respectively. 

Since 5'-terminal, 3'-terminal, and in- 
ternal codewords differ in chemical 
structure, three corresponding classes 
of codewords are proposed. The recog- 
nition of each class in this system is 
described. The template efficiency of 
trinucleotide codewords is modified 
greatly by terminal phosphate. Triplets 
with 5'-terminal phosphate are more 
active as templates than triplets without 
terminal phosphate. Triplets with 3'- or 
3' (2')-terminal phosphate are marked- 
ly less active as templates. These find- 
ings are discussed in relation to the 
probable functions of terminal code- 
words. The modification of RNA and 
DNA codewords, converting sense into 
missense or nonsense codewords, is 
suggested as a possible regulatory 
mechanism in protein synthesis. 
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