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Fine Structure of RNA Codewords Recognized by Bacterial, 
Amphibian, and Mammalian Transfer RNA 

Abstract. Nucleotide sequences of 50 RNA codons recognized by amphibian 
and mammalian liver transfer RNA preparations were determined and compared 
with those recognized by Escherichia coli transfer RNA. Almost identical transla- 
tions were obtained with transfer RNA from guinea pig liver, Xenopus laevis 
liver (South African clawed toad), and E. coli. However, guinea pig and Xenopus 
transfer RNA differ markedly from E. coli transfer RNA in relative response to 
certain trinucleotides. Transfer RNA from mammalian liver, amphibian liver, and 
amphibian muscle respond similarly to trinucleotide codons. Thus the genetic 
code is essentially universal, but transfer RNA from one organism may differ 
from that of another in relative response to some codons. 

Many studies indicate that the genetic 
code is largely universal. However, 
the fidelity of translation can be altered 
in vivo by extragenic suppressors (1), 
and in vitro, by altering components or 
conditions required for protein synthesis 
(for reviews, see 1-3). Thus, cells some- 
times differ in specificity of RNA codon 
translation. 

Nucleotide sequences of RNA codons 
can be determined by stimulating 
AA-tRNA (4) binding to ribosomes 
with trinucleotide templates of known 
sequence (5). This approach has been 
used to determine nucleotide sequences 
of RNA codons recognized by Escheri- 
chia coli AA-tRNA (5-11). We now 
describe the nucleotide sequences and 
relative template activities of trinucleo- 
tide codons recognized by AA-tRNA 
from the South African clawed toad 
(Xenopus laevis) and guinea pig tissues 
and compare them to sequences rec- 
ognized by E. coli AA-tRNA. Almost 
identical nucleotide sequence-amino- 
acid translations were obtained with 
bacterial, amphibian, and mammalian 
AA-tRNA. However, Xenopus and 
guinea pig AA-tRNA differ marked- 
ly from E. coli AA-tRNA in relative 
response to certain trinucleotides. Thus, 
the genetic code is essentially universal, 
but AA-tRNA from one organism may 
differ from that of another in relative 
response to degenerate codons. 

Methods. Transfer RNA was pre- 
pared from livers of adult guinea pigs 
(250 g, average) of mixed sex, Hartley 
strain, and from liver and skeletal mus- 
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cle of Xenopus laevis (50 g, average) of 
mixed sex (12) by a modification of 
the method of Brunngraber (13) as 
follows. Transfer RNA was eluted from 
a DEAE column as described, and then 
precipitated with one-tenth volume of 
20 percent potassium acetate and three 
volumes of absolute ethanol. The sus- 
pension was stored overnight at -200C; 
the precipitate was fhen collected by 
centrifugation, subsequently dissolved in 
H20, and stored in a liquid-nitrogen 
refrigerator. 

Approximately 40 mg (960 A260 

units) of tRNA were obtained from 
100 g of guinea pig or Xenopus liver 
and 8 mg (192 A260 units) of tRNA 
from 100 g of Xenopus muscle, A solu- 
tion containing 1.0 mg RNA per milli- 
liter of H20 was assumed to be equiv- 
alent to 24 A260 units in a cell with a 
1-cm light path, with the use of a Zeiss 
spectrophotometer. 

Supernatant solutions (1 50,000g) 
were prepared from homogenates of 
guinea pig and Xenopus liver and Xeno- 
pus muscle (14). Aminoacyl-tRNA 
synthetases were precipitated by the 
addition of solid ammonium sulfate 
until the solution was 70 percent satu- 
rated; pH was maintained at approxi- 
mately 7.0 with solid ammonium car- 
bonate (added to the ammonium sulfate, 
1:50, by weight). Precipitates were 
collected by centrifugation, dissolved in 
medium A (0.35M sucrose; 0.035M 
potassium bicarbonate; 0.025M potas- 
sium chloride; 0.004M magnesium 
chloride; and 0.02M potassium phos- 

phate, pH 7.4), so that the final protein 
concentration was 25 to 30 mg/ml, and 
stored in a liquid-nitrogen refrigera- 
tor. Dithiothreitol was added to Xeno- 
pus AA-tRNA synthetase preparations 
15 minutes before use so that the final 
concentration was 6 x 10-3M. 

Transfer RNA was acylated in reac- 
tions containing 0.05M tris chloride, 
pH 7.5; 0.O1M magnesium chloride; 
0.005M ATP- (as the sodium salt); 
I X 10-4M H3- or C14-L-amino acid; 
1 X 10-4M each of 19 other C12-L- 
amino acids; 1 to 2 mg of tRNA 
per milliliter of reaction; and 1 to 2 mg 
of homologous (species and tissue) 
aminoacyl-tRNA synthetase protein per 
milliliter of reaction. Reaction mixtures 
were incubated for 20 minutes at 371C 
and were deproteinized with one-tenth 
their volume of 20 potassium acetate, 
pH 5.5, and one volume of phenol 
saturated with water. After a second 
phenol extraction, the combined aqueous 
phases were passed through a Sephadex 
G-25 column equilibrated with 5 X 
10-4M potassium cacodylate, pH 5.5. 
Fractions containing H3- or C14-AA- 
tRNA were lyophilized and stored at 
-200C. 

Trinucleotide synthesis, isolation, pu- 
rity, and nucleotide sequence analyses 
have been described (5-8, 10, 11, 15). 
The presence of an ultraviolet-absorbing 
contaminant comprising 2 percent of 
the total would be detected by the 
methods employed. The trinucleotide 
GGU contained a contaminant (10 per- 
cent). No contaminants were observed 
in other trinucleotide preparations. 

The assay for AA-tRNA-ribosome- 
codon binding has been described (5) 
as well as the preparation of E. coli 
W3 100 ribosomes (16). Each reaction 
mixture was incubated for 15 minutes 
at 240C and contained the following in 
a final volume of 55 il: 0.05M tris- 
acetate, pH 7.2; 0.05M potassium ace- 
tate; 0.02M magnesium acetate (unless 
otherwise indicated); E. coli W3 100 
ribosomes, washed three times; and 
H3- or C14-AA-tRNA, as indicated in 
Table 1; and oligonucleotide as speci- 
fied. Ribosomes were washed on Milli- 
pore filters (17) and dried, and radioac- 
tivity was determined in a liquid-scintil- 
lation counter (18) with a counting ef- 
ficiency of 70 to 80 percent for C14 
and 10 to 15 percent for H3. All assays 
were performed in duplicate. 

Data relating to C'4- land H3-amnino 
acids are listed in Table 1. The purities 
of guinea pig liver C'4-Ser-, C'4-Cys-, 
and C'4-Met-tRNA preparations were 
assessed by deacylating the tRNA in 
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ammonium carbonate (O.1M, pH 8.8) 
for 1 hour at 370C, followed by paper 
electrophoresis with 6.8 percent formic 
acid to separate the free amino acids. 
A 1-percent contaminant would be de- 
tected under the conditions used. None 
was found. 

Results. The amounts of AA-tRNA 
and ribosomes added to reactions are 
shown in Table 1. Acylation of the 
tRNA was catalyzed in all cases by 
aminoiacyl-tRNA synthetases from cor- 
responding organisms and tissues. Ri- 
bosomes of E. coli were used for bind- 
ing studies so that codon recognition 
by tRNA from different organisms 
could be investigated under uniform 
conditions. Xenopus and guinea pig 
AA-tRNA preparations bind lto E. coli 
ribosomes with approximately the same 
efficiency as E.- coli AA-tRNA. 

The specificity and activity of tri- 
nucleotides in stimulating binding to 
ribosomes of AA-tRNA from guinea 
pig liver, Xenopus liver, and Xenopus 
skeletal muscle are shown in Table 2. 
For most amino acids, three or four 
Xenopus liver and guinea pig liver 
AA-tRNA preparations were studied; 
however, only representative experi- 
ments are presented here. For com- 
parative purposes, responses of E. coli 
AA-tRNA preparations to trinucleo- 
tides (5-11) also are included. Almost 
identical translations of nucleotide se- 
quences to amino acids were found 
with bacterial, amphibian, and mam- 
malian AA-tRNA. Similar sets of de- 
generate trinucleotides usually were rec- 
ognized by AAtRNA from each or- 
ganism. However, Xenopus and guinea 
pig liver AA-tRNA often differ quite 
markedly from E. coli AA-tRNA in 
relative response to synonym trinucleo- 
tides; for example, Ala-tRNA from 
each organism binds to ribosomes in 
response to GCU, GCC, GCA, and 
GCG. However, mammalian and am- 
phibian Ala-tRNA responds only 
slightly to GCG, whereas E. coli Ala- 
tRNA responds best to GCG. 

The trinucleotides CGU, CGC, CGA, 
and CGG stimulate binding to ri- 
bosomes of Arg-tRNA from guinea pig 
liver, Xenopus liver, Xenopus muscle, 
and E. coli; amphibian and mammalian 
Arg-tRNA responded well to AGG; E. 
coli Arg-tRNA did not. Relative re- 
sponses of amphibian and mammalian 
Arg-tRNA to AGG and CGG are high 
compared to that of F. coli Arg-tRNA. 
As reported previously, the trinucleo- 
tide AGG had little or no template ac- 
tivity with F. coli Arg-tRNA or with 
unflrac~tionatted E. coli tRNA co~rre- 
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spending to each of the 19 other amino 
acids (9, 11). AGA does not stimulate 
binding of Arg-tRNA appreciably, ex- 
cept possibly in the case of Xenopus 
muscle Arg-tRNA. However, S611 et 
al. (19) have shown that one fraction 
of yeast Arg-tRNA responds well to 
AGA and AGG, whereas another frac- 
tion responds to CGU, CGC, CGA, 
and possibly also, to CGG. 

Preparations of Cys-tRNA from 
guinea pig liver and E. coli recognize 
UGU, UGC, and UGA; however, the 
relative response of mammalian Cys- 
tRNA to UGA is higher than that of 
E. coli Cys-tRNA. Both AGU and 
AGC stimulate binding of Cys- and of 
Ser-tRNA. The results are discussed 
below with other Ser-tRNA findings. 

Isoleucine-tRNA from guinea pig 
liver, Xenopus laevis liver, and E. coli 
recognize AUU and AUC. Guinea 
pig and Xenopus Ile-tRNA prepara- 

tions also respond to AUA. At 0.02M 
Mg++ AUU, AUC, and AUA are 
recognized, in order of decreasing 
template activity, by guinea pig and 
Xenopus laevis Ile-tRNA; whereas E. 
coli Ile-tRNA responds almost equally 
well to AUU and AUC, but does not 
respond detectably to AUA. In previ- 
ous studies AUA had little effect upon 
the binding of unfractionated E. coli 
AA-tRNA corresponding to any of the 
other common amino acids (11). How- 
ever, Wahba et al. (20) have reported 
that oligonucleotides containing the se- 
quence AAAAU(A)N direct isoleucine 
incorporation into peptide linkages in 
reactions containing supernatant from 
L. arabinosus homogenates centrifuged 
at 100,OOOg and E. coli ribosomes. At- 
tention should also be called to a uni- 
versal error; that is, Ile-tRNA from 
each species responds to polyU. 

In reactions containing 0.01M Mg++, 

Table 1. AA-tRNA and ribosomes added to reactions. GPL, guinea pig liver; XL, Xenopus 
liver; XM, Xenopus muscle. All isotopes were uniformly labeled except where specified. 

Components added to each reaction 

C14- or H3-AA-tRNA 
Origin E. coli 

Radioactive of Radio- ribo- 
amino acid tRNA A260 activity somes 

units (C'4- or (A260 
H3-AA) units) 

(qumole) 

DL-Ala-H3* GPL 0.15 3.2 2.0 
L-Ala-C14* XL .49 8.7 2.0 
L-Arg-H3* GPL .15 4.0 2.0 

XL .17 4.1 1.25 
XM .19 4.7 1.5 

L-ASp-Cl4II GPL .26 7.2 2.0 
XL . 35 6.0 2.0 

L-Cys-CX4t GPL .31 7.0 2.5 
DL-Glu-3-H3t GPL .18 1.7 2.0 

XL .20 2.2 2.0 
2-Gly-H3* GPL .18 12.8 2.0 

XL .07 11.0 2.0 
L-His-2,5-H3* GPL .02 0.3 1.0 
L-HiS-Cl4t XL .42 4.5 1.5 
L-Ile-CCl4t GPL .34 6.1 2.0 

XL .78 2.7 2.5 
DL-Lys-4,5-Hst GPL .07 2.0 0.5 

XM .14 2.4 1.5 
L-Lys-Cl4t XL .26 5.3 0.5 
L-Met-C'4* GPL .31 4.5 2.0 

XL .50 5.2 2.0 
XM .24 2.1 2.0 

L-Phe-4-H3* GPL .10 0.9 1.5 
XL .04 1.4 1.0 

L-Pro-3,4-H3t GPL .12 1.9 1.0 
XL .15 1.3 1.25 

L-Ser-H3t GPL .21 8.4 2.0 
XL .37 8.3 2.0 
XM .25 7.8 2.0 

L-Thr-Cl4* GPL .04 12.9 2.0 
XL .37 9.9 1.5 

L-Trp-H3* GPL .14 1.8 2.5 
XL .32 1.8 2.0 

L-Tyr-3,5-HWt GPL .17 2.7 2.0 
XL .60 2.1 2.5 

L-Val-C14* GPL .21 5.6 2.0 
XL .32 7.2 1.5 

* Nuclear-Chicago Corporation. t New England Nuclear Corporation. 4 Schwarz BioResearch 
Corporation. 
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AAA and AAG stimulate binding to 
ribosomes of Lys-tRNA from guinea 
pig liver, Xenopus liver, and Xenopus 
muscle. Under identical conditions, 
E. coli C14-Lys-tRNA responds to 
AAA, but not to AAG. However, at 
0.02M Mg++, E. coli C14-Lys-tRNA re- 
sponds to both AAA and AAG (data 
not shown here). This difference is 
probably due to the presence of an ad- 
ditional species of Lys-tRNA in tissues 
from higher organisms, for Carbon and 

Hung have shown that one fraction of 
Lys-tRNA from rat liver binds to ri- 
bosomes in response to AAG but not 
to polyA, whereas unfractionated Lys- 
tRNA responds to both AAG and 
polyA (21 ). 

Codon recognition by Met-tRNA is 
of particular interest, for N-formyl-Met- 
tRNA (22) from E. coli may initiate 
protein synthesis by selecting the first 
codon and thereby phasing subsequent 
reading (23). Two fractions of Met- 

tRNA from E. coli have been separated 
by countercurrent distribution. The ma- 
jor peak of Met-tRNA can be converted 
to N-formyl-Met-tRNA and responds 
to the codons, UUG, AUG, and, to a 
lesser extent, GUG; whereas, the 
smaller peak of Met-tRNA does not 
accept formyl moieties and responds 
primarily to AUG (24, 25). At O.O1M 
Mg++, mammalian and amphibian Met- 
tRNA responds well only to AUG. At 
0.02M Mg++ relatively small responses 

Table 2. The effects of trinucleotides and polynucleotides upon the binding of AA-tRNA from Xenopus liver, Xenopus skeletal muscle, and 
guinea pig liver to E. coli ribosomes. For comparative purposes, previous results with E. coli AA-tRNA are shown also (5-11). Reactions con- 
tained the components described; and ribosomes and C24- or H13-AA-tRNA as reported in Table 1. Reactions contained 0.150 ? 0.010 A2" 

units of trinucleotide or 0.250 A260 units of polynucleotide except where indicated. Unless otherwise indicated, reactions for guinea pig and 
Xenopus AA-tRNA contained 0.02M Mg++, and reactions for E. coli AA-tRNA contained 0.03M Mg++. 

AyyMole C14- or H3-AA-tRNA AyyMole C14- or H3-AA-tRNA 
bound to ribosomes* bound to ribosomes* 

Tri- or poly- Tri- or poly- 
nucleotides Guinea Xenopus laevis nucleotides Guinea Xenopus laevis 

pig - E. coli pig E. coil 
liver Liver Muscle liver Liver Muscle 

Ala-tRNA (cpm/,uumole, 412 guinea pig, 150 Xenoplis) Lys-tRNA (cpm/qtmole, 1342 guinea pig, 374 Xenopus) 
GCU 0.93 2.39 1.55 
GCC 0.67 1.96 0.70 0.e1M Mg++ 
GCA 1.05 2.43 2.66 AAA 0.33 t 0.87N 0.46 100T 
GCG 0.40 0.14 2.84 AAG 0.50t 0.621 0.57 0.07t 
UUU -0.03 -0.20 None (mmmole) (0.69) (1.20) (1.31) (0.70) 
None (yqmole) (0.44) (1.89) (0.38) 

- ~~~~~Met-tRNA (335 cpm/,utmole) 0.01 M Mg++ 
Arg-tRNA (404 cpm/yymole) 0.O1M Mg++ UUG 0.04 0.39 

CGU 0.62 0.49 0.64 CUG 0 
CGC 0.27 0.26 0.05 AUG 1.92 0.69 
GGA 1.10 0.70 0.26 
CGG 0.50 0.65 0.11 None(uygmole) (0.16) (0.25) 
AGA 0.02 0.09 0.01 0.02M Mgt+ 
AGG 1.27 1.37 0.04 UUG 0.17 0.23 0.12 0.41 

None (yyole) (1.0) (1.26 (0.43) GUG 0.08 0.09 0.13 0.15 
None(qtmole) (1e70) (1.26) (0.43) CAUG 1.67 2.24 0.73 1.00 

0.02M Mg++ GUG 0.47 0.81 0.26 0.65 
CGU 0.81 0.38 0.81 0.90 PolyUGt 0.10 0.30 0.09 0.10 
CGC 0.67 0.32 1.00 0.47 UUU, UAG,UGAUUA, 0 0 0 
CGA 1.28 1.09 1.09 AUA, AGG, PolyUCt 

AGGA 0.12 0.17 0.40 0.10 None (gymole) (0.15) (0.26) (0.05) (0.41) 
AGG 0.63 0.98 1.35 0.12 
AGU, AGC <0. 02 0 Ser-tRNA (225 cpm/ppmole) 
UAA,UAG,UUU 0 0 UGU 1.21 2.46 1.79 1.27 

UGG 0.13 0.48 0.38 0.54 
None moleol) (1.23) (1.41) (1.61) (t.27) UCA 0.77 2.27 1.54 1.56 

UCG 0.50 0.36 0.14 1.09 
Cys-tRNA (193 cpm/,umole) AGU 0.77 1.41 0.97 0.21 

UGU 0.49 0.93 AGC 0.83 1.23 0.96 0.26 
UGC 0.62 0.74 AGA 0.17 0.19 0.09 0.03 
UGA 0.34 0.10 PolyUCt 2.79 4.42 
AGU 0.39 PolyUGt -0.02 0.42 
AGC 0.27 0.53 UGUrUGC,UVGA,AGG 0.10 0.07 
PolyUG* 0.50 0.57 
UUU, UCC, PolyUCt 0 Nohe moleol) (0.68) (1.75) (1.39) (0.43) 

None (yumole) (0.41) (0.57) Thr-tRNA (238 cpm/,umole) 

AGUtN 
(3 

1.13 2.98o0.9 
Ile-tRNA (407 cpm/,ugmole) 0.01 M Mg++ ACU 0.938 2.07 0.91 

AUU 1.06 0.33 0.04 'AGA 0.94 2.67 0.45 
AUC 0.05 0.11 0.02 ACG 0.46 1.36 1.10 
AUA 0.05 0.08 0 
Polyu 0.80 0.44 0.88 UUU 0.01 -0.05 

None (yymole) (0.6) (0.29) (0.04) 
None (qtmole) (0.37) (0.66) (0.63) 

None (,uqumole) (0.46) (0.29) (0.04) 

0, 02M Mg++ Asp-tRNA (237 cpm/,uymole) 
AUU 1.78 1.15 0.64 GAU 1.22 1.62 1.29 
AUC 0.60 051 0.73 GAC 1.22 1.52 1.32 
AUA 0.38 0.34 -0.01 GAA 0.09 0.11 0.01 
UUA, UUU 0 <0.04 GAG 0.02 0.03 0.02 

None moleol) (0.81) (0.59) (0.15) None (,umole) (0.23) (0.28) (0.18) 
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to UUG and GUG are observed com- 
pared to those observed with E. coli 
Met-tRNA. Noll has reported the for- 
mation of N-formyl-Met-tRNA in re- 
ticulocyte extracts (26). Acceptance of 
formyl groups by guinea pig liver Met- 
tRNA has been studied (27). Only one 
Met-tRNA fraction was formulated in 
the presence of a highly purified E. 
coli formylase preparation. 

Ser-tRNA prepared from guinea pig 
liver, Xenopus liver, Xenopus muscle, 
and E. coli respond to UCU, UCC, 
UCA, UCG, AGU, and AGC. How- 
ever, AGU and AGC are relatively 
more effective templates for guinea pig 
and Xenopus Ser-tRNA than E. coli 
Ser-tRNA. Responses of amphibian and 
mammalian Ser-tRNA to UCG are low, 
compared to that of E. coli Ser-tRNA. 

Escherichia coli and guinea pig liver 
C14-Cys-tRNA also bind to ribosomes 
in response to AGC and AGU. 
Guinea pig liver Cys-tRNA, however, 
responds less well to these codons than 
E. coli Cys-tRNA. The possibility 
that Ser-tRNA preparations were con- 
taminated with Cys-tRNA, and vice 
versa, was negated, for Ser-tRNA 

did not respond to Cys-codons (UGU 
and UGC) and Cys-tRNA did not re- 
spond to Ser-codons (polyUC). C14- 
Ser-tRNA was deacylated, and the C14 
product was identified by paper elec- 
trophoiresis. C14-cysteine was not de- 
tected. Similarly, C14-Cys-tRNA was 
deacylated, and the product was then 
subjected to paper electrophoresis. C14- 
serine was not detected. 

ACU, ACC, ACA, and ACG stimu- 
late bacterial, amphibian, and mam- 
malian Thr-tRNA binding to ribosomes; 
however, ACG is relatively less active 
with Xenopus and guinea pig Thr- 
tRNA than with E. coli Thr-tRNA. 

Although Val-tRNA from each spe- 
cies recognizes GUU, GUC, GUA, and 
GUG, possible differences in relative 
response to GUG can be seen. Simi- 
larly, His-tRNA from each species rec- 
ognizes CAU and CAC, but relative 
responses possibly differ. Preparations 
of Trp-tRNA from guinea pig and 
Xenopus liver were poorly acylated and 
did not respond well to any trinucleo- 
tide tested. A slight response to polyUG 
may be seen. Although the response to 
polyUG is in accord with the assign- 

ment of UGG as an E. coli Trp- codon, 
further work is needed to clarify the 
base sequences recognized by amphibian 
and mammalian Trp-tRNA. 

The AA-tRNA from each organism 
responds similarly to the following 
trinucleotides; GAU and GAC, aspartic 
acid; GAA and GAG, glutamic acid; 
GGU and GGC, glycine (other Gly- 
codons, GGA and GGG, were not 
tested); UUU and UUC, phenylalanine; 
CCA, CCG, CCU, and CCC, proline 
(CCC had little template activity for 
Pro-tRNA from each organism); and 
UAU and UAC, tyrosine. 

UAA and UAG do not appreciably 
stimulate binding of unfractionated 
E. coli AA-tRNA corresponding to the 
20 common amino acids (10); Xeno- 
pus liver Arg-, Phe-, Ser-, or Tyr- 
tRNA; or guinea-pig-liver Ala-, Arg-, 
Asp-, His-, Ile-, Lys-, Met-, Pro-, Ser-, 
or Thr-tRNA (data not shown here). 

Studies in the laboratories of Brenner 
and Garen on extragenic suppressor 
mutations indicate that UAA and UAG 
may serve as terminator codons in E. 
coli (28). The lack of template ac- 
tivity of UAA and UAG for the prep- 

Table 2 (continued). 

AppMole C1- or H3-AA-tRNA AjoMole C14- or H3-AA-tRNA 
bound to ribosomes* bound to ribosomes* 

Tri-or poly- Tri-or poly- - -- ----- - - 
nucleotides Guinea Xenopus laevis nuclcotides Guinea Xenopus laevis 

pig E. coli pig - -- E. coli 
liver Liver Muscle liver Liver Muscle 

Glu-tRNA (1170 cpm/1,uumole) Pro-tRNA (1265 cpm/,upumole) 
GAU 0.03 0.09 0.05 CCU 0.13 0.01 0.15 
GAC 0.03 0.03 0 CCC -0.02 -0.02 0.08 
GAA 0.08 0.69 0.38 CCA 0.14 0.10 0.40 
GAG 0.15 0.56 0.46 CCG 0.28 0.07 0.75 
UUU 0 0 PolyUCt 0.91 0.68 
UUA, UAG 0.01 CUU, CUC, UAA, UAG 0.04 

None (,pqmole) (0.05) (0.07) (0.12) None (jzjzmole) (0.89) (0.48) (0.63) 

Gly-tRNA (240 cpm/,upmole) 
GGU 1.10 0.33 1.28 TrptRNA (792 cpm/,uumole) 
GGC 2.10 0.83 2.46 UGG 0.08 1.95 
AGG 0 0 PolyUGt 0.17 0.18 4.22 

None (,upumole) (1.12) (0.42) (3.20) None (,uumole) (0.05) (0.13) (0.53) 

His-tRNA (cpm/,upumole, 10,980 guinea pig, 375 Xenopus) Tyr-tRNA (1025 cpm/,4,4mole) 
CAU 0.15 1.25 0.88 UAU 0.40 0.18 0.81 
CAC 0.09 0.69 0.78 UAC 0.25 0.13 0.56 
UUU 0 UAA, UAG 0 0 
PolyACt 0.11 

None (,pprmole) (0.03) (0.51) (0.18) None (,umolc) (0.33) (0.27) (0.23 

Phe-tRNA (2250 cpm/,uumole) Val-tRNA (306 cpm/p,4mole) 
UUU 0.41 0.83 1.29 GUU 0.46 0.89 1.00 
UUC 0.37 0.75 1.59 GUC 0.12 0.40 0.75 
UUA 0.02 0.06 GUA 0.42 1.10 1.33 
PolyU 0.99 1.62 GUG 0.32 0.96 1.08 
UAA, UAG 0.03 UUU 0 0.01 

None (,uumole) (0.26) (0.32) (0.48) None (,1,jimole) (0.13) (0.23) (0.30) 

* The change in the number of micromicromoles, AAurnole, was obtained by subtracting C14- or H3-AA-tRNA bound to ribosomes without trinucleotides 
from that bound with trinucleotides. The number of micromicromoles of C14- or H3-AA-tRNA bound to ribosomes in the absence of trinucleotides is enclosed 
within parentheses. t PolyAC (designation S 182, No. 1087) was synthesized with an input ADP: CDP ratio of 1: 1. PolyUC (designation Jul. 271, No. 
845) by analysis contained 0.57 U/ 0.43 C. PoIyUG (designation Jul. 242, No. 1395) was synthesized with an input UDP: GDP ratio of 3: 1. : 0.075 
A260 units of trinucleotide. 
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arations of guinea pig and Xenopus 
AA-tRNA tested suggests that UAA or 
UAG also may serve as terminator 
codons in mammals and amphibians. 
Further studies are needed to clarify 
this question. 

Discussion. In this study, nucleotide 
sequences of 50 RNA codons recog- 
nized by preparation of amphibian and 
mammalian liver AA-tRNA are estab- 
lished and compared with nucleotide 
sequences recognized by E. coli AA- 
tRNA (5-11). Almost identical trans- 
lations were obtained with tRNA from 
each organism (Table 3). This an es- 
sentially universal genetic code is dem- 
onstrated. 

Nucleotide sequences recognized by 

Xenopus skeletal muscle Arg-, Lys-, 
Met-, and Ser-tRNA also were deter- 
mined and compared with sequences 
recognized by corresponding Xenopus 
liver AA-tRNA preparations. No differ- 
ences between liver and muscle AA- 
tRNA were detected, either in nucleo- 
tide sequences recognized or in relative 
response to synonym codons. 

However, marked differences were 
observed in the relative responses of 
AA-tRNA from various organisms to 
certain trinucleotides. Species-dependent 
differences are summarized in Table 4. 
Trinucleotides with high template ac- 
tivity for Xenopus or guinea pig liver 
AA-tRNA, but with relatively low ac- 
tivity for unfractionated E. coli AA- 

Table 3. Nucleotide sequences of RNA codons recognized by AA-tRNA from bacteria, am- 
phiban liver, and mammalian liver were determined by stimulating, with trinucleotide codons, 
the binding of AA-tRNA to E. coi ribosomes. The key is as follows. Boxed areas, relative 
response of AA-tRNA from. one organism to degenerate trinucleotides differs from that of an- 
other organism. Capital letters, AA-tRNA from guinea pig liver, Xenopus laevis liver, and E. 
coil (5-11) assayed with trinucleotides. Lower case letters, AA-tRNA only from E. coil assayed 
(5-11) with the exception of Cys-codons which were assayed with guinea pig liver and E. coi 
AA-tRNA. 

Ist 2nd Base 3rd 
Bas-e Base 

U C A G 

-PHE SER TYR Cys U 

PHlE SER TYR Cys C 
U 

(ieuophe?) SLR term ? jylA 

leu,IF-MET ISERi t erm ? TRP G 

leu PRO HIS ARG U 

leu PRO HIS ARG C 

left PRO gin ARG A 

leu PRO gin j~jG 

ILE THR asn E 1U 
ILE THUR asn E~IC 

I ILE~~~ THR LYS A 

MET, F-ME3 T~1R G 

VA AA SP.Lm 

VAL ALA ASP GLY U 

G 
VAL ALA GLU gly A 

VALIF-MET.i GLU gly G 
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tRNA are: AGG, CGG, arginine; 
AUA, isoleucine; AAG, lysine; AGU, 
AGC, serine; and UGA, cysteine. Those 
trinucleotides with high activity for 
E. coli AA-tRNA, but low activity for 
Xenopus or guinea pig liver AA-tRNA 
are: UUG, methionine (N-formyl- 
methionine in the case of E. coli); 
GCG, alanine; and UCG, serine. Addi- 
tional, less striking differences also are 
indicated. Thus, the results show that 
some degenerate trinucleotides are ac- 
tive templates with tRNA from each 
species studied; whereas, other trinu- 
cleotides are active with tRNA from 
one or two, but not from every orga- 
nism studied. Most of the major differ- 
ences are between E. coli tRNA and 
tRNA from higher organisms. Am- 
phibian and mammalian tRNA respond 
similarly to trinucleotide codons. 

The tRNA content of metazoan tis- 
sues and E. coli may differ qualitatively 
and quantitatively. Previous studies 
have shown that some species of tRNA 
recognize only one codon, other tRNA 
species respond either to two, three, or 
possibly four synonym codons (19, 25, 
29). Cells often contain multiple species 
of tRNA for the same amino acid which 
may recognize different codons or over- 
lapping groups of codons. Thus relative 
responses of AA-tRNA to each trinu- 
cleotide for the same amino acid may 
be due to the recognition of two or 
more codons by olne species of tRNA 
or, when multiple species of tRNA foir 
the same amino acid are present, to 
the sum of codons recognized by each 
tRNA species. 

Codon recognition is a function of 
three or more tRNA interactions; 
with mRNA codons, with ribosomes, 
and with aminoacyl-tRNA synthetases. 
Transfer RNA acylation was catalyzed 
in all cases by an AA-tRNA synthetase 
preparation from the same organism 
and tissue; however, E. coli ribosomes 
were used in all binding reactions so 
that codon recognition could be investi- 
gated under uniform conditions. Thus, 
differences could be due to tRNA inter- 
actions with heterologous ribosomes 
rather than with mRNA codons. Am- 
phibian and mammalian AA-tRNA ap- 
parently bind to E. coli ribosomes with 
approximately- the same efficiency as 
E. coli AA-tRNA; thus, tRNA and 
ribosomes from each species must con- 
tain many similar structural features. It 
seems unlikely that many of the low 
responses of tRNA to trinucleotides can 
be attributed to faulty interactions of 
tRNA with heterologous ribosomes, for 
low responses often were observed with 
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homologous E. coli AA-tRNA and ri- 
bosomes. 

Possibly, tRNA was lost selectively 
during deproteinization or unlabeled 
amino acids were still present on tRNA 
before incubation with labeled amino 
acids. However, results obtained with 
different AA-tRNA preparations for the 
same amino acid were fully reproducible 
[for most amino acids, three or four 
AA-tRNA preparations from Xenopus 
liver, three or four from guinea pig 
liver, and 6 to 20 from E. coli (5-11)]. 

A trinucleotide with little or no tem- 
plate activity in the binding assay may 
still serve as a recognizable sequence 
during protein synthesis, perhaps at an 
internal position of mRNA (3, 8, 30). 
For example, polyUC actively stimu- 
lates Leu-tRNA binding to ribosomes 
(8) and leucine incorporation into 
protein (31). In contrast, trinucleotides 
containing U and C have little effect 
upon Leu-tRNA binding to ribosomes 
(8, 9). Similarly, the trinucleotides, 
AUA and AGA, do not appreciably 
stimulate the binding to ribosomes of 
unfractionated E. coli AA-tRNA (9- 
11); yet results obtained by directing 
protein synthesis in E. coli extracts with 
synthetic polynucleotides indicate that 
AUA and AGA serve, to some extent, 
as codons for isoleucine and arginine, 

Table 4. Species-dependent differences in re- 
sponse of AA-tRNA to trinucleotide codons. 
The following scale indicates the approximate 
response of AA-tRNA to a trinucleotide relative 
to the responses of the same AA-tRNA prepara- 
tion to every other trinucleotide for that amino 
acid (with the exception of Gly-tRNA which 
was assayed only with GGU and GGC). 
?+++, 70 to 100 percent; +++, 50 to 70 
percent; ++, 20 to 50 percent; i, 0 to 20 per- 
cent. 

tRNA 

Amphibia Mammalia 
Codon Bacteria (Xenopus (Guinea 

(E. coli) laevis pig 
liver) liver) 

Arg AGG I: ++++ ++ 
CGG -= ++++ ++++ 

Met UUG ++ 1: 

Ala GCG ++++ d ++ 

lie AUA d ++ ++ 

Lys AAG A: ++++ ++++ 
Ser UCG ++++ -= ++ 

AGU i1 +++ +++ 
AGC i +++ +++ 

Cys UGA i 

Possible differences: AGC, Thr; AUC, le; GAG, 
His; GUC, Val; and GCC, Ala. 

No differences found: Other degeneracies for the 
amino acids cited above and codons for Asp, 
Gly, Glu, Phe, Pro, and Tyr. 
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respectively (31, 32). It should be em- 
phasized that one molecule of tRNA 
may function repetitively when protein 
synthesis is assayed; whereas, the bind- 
ing assay depends upon the amount 
of AA-tRNA forming stable codon- 
ribosome-AA-tRNA complexes. Other 
possible explanations for low template 
activities of trinucleotides in binding 
assays include the following: appropri- 
ate species of tRNA absent or in low 
concentration; competition for codons 
or ribosomal sites by additional species 
of tRNA; high ratio of acylated to 
deacylated tRNA; special codon func- 
tion; aberrant concentration of Mg"+ 
or other reaction component; or the 
temperature or length of incubation. 

Evolution of the Code. Fossil rec- 
ords of bacteria 3.1 billion years old 
have been reported (33). The first 
vertebrates appeared approximately 
510 million years ago, and amphibians 
and mammals, 355 and 181 million 
years ago, respectively (34). The ge- 
netic code may have been functional 
3 billion years ago; almost surely the 
code is more than 600 Aillion years 
old. Hinegardner and Engelberg (35) 
and Sonneborn (36) have suggested 
that the code became frozen by the 
time that organisms as complex as bac- 
teria had evolved. However, as Woese 
has noted (37), certain extragenic sup- 
pressors are capable of changing codon 
translation to some extent. For ex- 
ample, the specificity of codon recog- 
nition can be altered, in vivo and in 
vitro, by factors which modify compo- 
nents required for codon translation, 
such as tRNA, ribosomes, AA-tRNA 
syntheltases, and so forth. Some modi- 
fications also may influence the rates 
with which specific proteins are syn- 
thesized. Control mechanisms some- 
times may be based upon nonrandom 
codon frequency and distribution in 
mRNA, coupled with differential rec- 
ognition of degenerate codons by mul- 
tiple sets of tRNA (38). 

We find that bacterial, amphibian, and 
mammalian AA-tRNA use essentially 
the same genetic language, but that 
relative responses of AA-tRNA from 
higher organisms to trinucleotides some- 
times differs from that of E. coli AA- 
tRNA. The possible relation between 
such differences and changes in codon 
translation due to extragenic suppressor 
mutations should be considered. The 
species-dependent differences observed 
may reflect changes in the codon recog- 
nition apparatus, acquired after cells 
had evolved, which may enable cells to 
store additional genetic information and 

become more highly differentiated. Cer- 
tain aspects of embryonic differentiation 
may even be dependent upon changes 
in codon recognition. Further studies 
are needed to assess this hypothesis. 

RICHARD E. MARSHALL 
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MARSHALL NIRENBERG 

National Heart Institute, 
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Milk-Like Fluid in a Mammary 
Adenocarcinoma: Biochemical 
Characterization 

Abstract. The milk-like accumulation 
in the R3230AC mammary adenocar- 
cinoma that follows treatment with es- 
trogen contains lactose, fatty acids, 
and proteins with electrophoretic prop- 
erties similar to those of casein and 
whey of rat milk. This mammary tumor 
retains the biochemical capacity of the 
mammary gland in its lactational re- 
sponse to administration of hormone. 

Studies in our laboratory of the 
hormone-responsive, transplantable, 
R3230AC mammary adenocarcinoma 
have demonstrated that estrogen treat- 
ment of the tumor-bearing host results 
in many striking morphologic and bio- 
chemical changes. Microscopic exami- 
nation revealed extensive secretary ac- 
tivity and vacuolization, and histo- 
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chemical procedures employing oil red 
o clearly demonstrated the presence 
of sizable quantities of lipids. It has 
been reported that administration of 
estrogen increased: glucose-6-phosphate 
dehydrogenase, malate dehydrogenase 
(decarboxylating), and phosphogluco- 
mutase activities; concentrations of 
free fatty acids and triglycerides; and 
the RNA:DNA ratio (1). The fact that 
these changes can be prevented by con- 
comitant administration of actinomy- 
cin D or cycloheximide suggests that 
these hormone-induced alterations oc- 
cur by way of de novo synthesis of 
protein (2). Following excision and sec- 
tion of the tumors, a white fluid was 
readily expressed from the neoplasm. 
It was of interest, therefore, to ex- 
amine this milk-like fluid for lactose, 
fatty acids, and casein, substances that 
characterize milk. 

Tumor fluid was obtained by direct 
aspiration with a hypodermic needle 
and syringe from neoplasms of ani- 
mals that had received subcutaneously 
estradiol valerate at 10 mg kg-' 
week-1 for 3 weeks; the yield was us- 
ually 3 to 5 ml of a whitish, viscous 
fluid. Rat milk was obtained from ac- 
tively lactating Fischer rats (3). Fluid 
from tumors and milk were kept at 
-20'C pending analysis; both fluids 
were always treated identically. 

Lactose was determined on the de- 
proteinized filtrate by paper chroma- 
tography by the procedure of Roberts 
et al. (4). Under these conditions the 
tumor fluid contained a sugar identi- 
cal in RF with the lactose present in 
rat milk, as well as with a crystalline 
lactose standard. However, the content 
of lactose in the tumor fluid was ap- 
proximately 0.06 percent, considerably 
below the 3 percent reported for rat 
milk (5). Shatten et al. also investi- 
gated the amount of lactose in this 
neoplastic fluid by a calorimetric pro- 
cedure, finding 0.05 percent (6). It is 
of interest that Shatten, in her studies 
of galactose-synthesizing enzymes, ob- 
served that the activities of uridine di- 
phosphate glucose pyrophosphorylase 
and uridine diphosphate glucose epi- 
merase were lower in the neoplasm 
than in the lactating -mammary gland, 
an observation that would account for 
the low level of lactose found in the 
tumor fluid of these estrogen-treated 
animals. 

The fatty-acid composition of this 
tumor fluid was examined and com- 
pared with that of rat milk. Samples 
were extracted with Folch reagent and 
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Fig. 1. Starch-gel electrophoresis of casein 
and whey proteins from rat milk and 
R3230AC mammary-tumor fluid. Samples 
were electrophoresed for 2 or 3 hours as 
indicated. Origin, anode, and cathode are 
indicated. Normal (N) rat milk is located 
at the left of each cup; tumor fluid (T), 
at the right. 

the lipids were methylated directly, be- 
fore separation by gas-liquid chroma- 
tography (7). The areas under the peaks 
were calculated by triangulation, and 
the data are presented as percentages, 
the total area being set at 100 (Table 
1). The major components of rat milk 
analyzed in this manner were palmitic 
(16:0), lauric (12:0), oleic (18: 1), my- 
ristic (14:0), linoleic (18:2), and stearic 
(18:0), in descending order of magni- 
tude; they comprised 87 percent of the 
total. (The fatty acid ratios are of the 
numbers of carbons to numbers of un- 
saturated bonds.) 

Analyses of fatty acids in the 
tumor fluid by this procedure revealed 
the following, in descending order of 

Table 1. Fatty acids (percentages of totals) 
in rat milk and in tumor fluid from 
R3230AC mammary adenocarcinomas of 
rats being treated with estrogen. The fatty 
acids were extracted, methylated directly, 
and separated by gas-liquid chromatography. 
Areas under peaks were calculated by tri- 
angulation; total area was set at 100. 

Fatty Content (%to) 
acids* Rat milk Tumor fluid 

10:0 0.9 0.5 
12:0 16.3 20.9 
13:0 0.3 0.3 
14:0 14.5 21.1 
14:1 1.2 0.3 
16:0 27.0 21.3 
16:1 3.6 2.0 
18:0 5.3 3.8 
18:1 -15.8 15.2 
18:2 8.2 8.4 
18:3 0.9 0.4 
20:0 .3 .6 
20:4 5.0 5.3 
21:0 0.9 
22:0 .5 

* Expressed as the ratio of carbon atoms to 
the number of unsaturated bonds. 
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