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SUMMARY: Isoacceptors of Ala-, Arg-, Glu-, Gln-, Gly-, l l e - ,  Lys-, Set-, 
Thr-, and Val-tRNAs from Hymenoptera were resolved by reverse phase chromato- 
graphy, isolated, and examined for codon recognition properties. Codon assign- 
ments have been made to most isoacceptors. Evolutionary changes which have oc- 
curred in patterns of codon recognition and in the re lat ive abundances of isoac- 
ceptor aa-tRNAs in Hymenoptera and other organisms are discussed. 

INTRODUCTION: Amino acyl-tRNAs have been fractionated and codon recognition 

properties of the result ing isoacceptors characterized from the tRNA populations 

of E. col i  ( I -3 ) ,  yeast (1,2), mammals (3,4) and wheat germ (5). These studies 

have shown that isoacceptor aa-tRNAs from di f ferent  organisms may recognize d i f -  

ferent codons within a synonymous codon set. Furthermore, such studies have 

shown that d is t r ibut ions of isoacceptors within an amino acid family may vary in 

d i f ferent  organisms ( I -5 ) .  Thus, evolutionary changes have occurred in patterns 

of codon recognition as well as in the relat ive abundances of isoacceptor aa- 

tRNAs which recognize specif ic codons. 

An analysis of the patterns of codon recognition by isoacceptor aa-tRNAs 

from other organisms may provide further insight into how these changes may have 

occurred in evolution. Therefore, an examination of the patterns of codon recog 

ni t ion of eleven aa-tRNAs fractionated from a lower animal, Hymenoptera, was un- 

dertaken. The results of th is  study are described in the present report. 

MATERIALS AND METHODS: [3H]Amino acids were commercial products with the follow 
ing specif ic ac t i v i t i es :  Alanine, 36 Ci/mM; arginine, 28.7 Ci/mM; glutamic a- 
cid, 15 Ci/mM; isoleucine, 99.2 Ci/mM; leucine, 118.4 Ci/mM; lysine, 72.13 Ci/mM 
serine, 19 Ci/mM; threonine, 2 Ci/mM~ and valine, 19 Ci/mM. A shipment of six 
pounds of Hymenoptera (Apis mel l i fera mel l i fera Star l ine Hybrid) without queens 

ABBREVIATIONS: GUA, UCG, e tc . ,  Guanyly l -3 ' ,5 ' -ur idy ly l -3 ' ,5 ' -adenosine 
dlphosphate and u r idy ly l -3 ' ,5 ' - cy t idy ly l -3 ' ,5 ' -guanos ine  diphosphate, etc. 
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was obtained from Jo L. O 'Far re l l ,  La Bel le,  Fla. On arr iva l  the deceased 
Hymenoptera were discarded and the remaining organisms stored at -80uC unt i l  
ready for  use. Transfer RNA was isolated from Hymenoptera (4-7) and aa-tRNA 
synthetases prepared from Hymenoptera and from rabbit  re t icu locytes by the 
procedure of Muench and Berg (8) as described (4-7).  Transfer RNA was amino- 
acylated with L3H]amino acid under l imi t ing tRNA condit ions (4-7). [3H]Arg-, 
l l e - ,  Leu-, Lys-, Ser-, Thr- ~nd Val-tRNAs were prepared in the presence of 
Hymenoptera synthetases and [~H]AIa-, Glu-, Gln-, and GIy-tRNAs in the pre- 
sence of re t icu locy te  synthetases. Attempts to obtain preparations from Hy- 
menoptera which were active for a l l  synthetases by the Muench and Berg pro- 
cedure (8) using e i ther  0.02 M 2-mercaptoethanol or 0.001 M d i t h i o t h r e i t o l  
or by a l ternat ive  procedures (6,9) were unsuccessful. [JH]AA-tRNAs were re- 
solved on a reverse phase column [designated RPC-5; ( I 0 ) ] ,  as described (4),  
f ract ions pooled from developed columns as shown in the f igures by hatched 
areas, and prepared for codon recognit ion studies (7). Ribosome binding stud- 
ies were carried out by the procedure of Nirenberg and Leder (I~) as given 
(4,7). 0.01 M Mg++ was used in ribosome binding studies with [ °H] -AIa- ,  Arg-, 
Glu-, Gly-, Lys-, Thr- and Val-tRNAs and O.02M with [JH]GIn-, l l e - ,  Leu- and 
Ser-tRNAs. 2 0 A 6 units of E. col i  ribosomes were used in binding assays with • • 2 0  
each f rac t lon of aa-tRNA wlth the exception of IIe-tRNA Fraction I I I  and IV which 
used 1.2 A260 units and Lys-tRNA Fractions I-VI which used 0,4 A260 units.  

RESULTS: I .  Fract ionat ion and codon responses of aa-tRNAs: Eleven aa-tRNAs 

from Hymenoptera were fract ionated on a RPC-5 column and coding assays were 

performed with resolved isoacceptors as shown in Figure I .  Codon assignments 

were made to most isoacceptor aa-tRNAs and are indicated in the text  by 

underlined codon(s). The results are as fol lows: 

A. AIa-tRNA: The peak which elutes f i r s t  (Fract ion I) from the column 

binds to ribosomes most strongly in the presence of GCG. Fractions I I  and I I I  

bind s l i g h t l y  in presence of al l  four codons I. The binding of f rac t ion  IV is 

stimulated s ign i f i can t l y  in the presence of GCU, GCC and GCA and Fraction V 

in the presence of GCU, GCC, GCA and GCG. 

B. Arg-tRNA: The minor, i n i t i a l  e lu t ing peak (Fraction I} responds to 

CGU, CGC, and CGA and the second peak (Fraction I I )  to CGU, CGC, CGA and 

s l i gh t l y  to CGG. Fraction I I I  responds strongly to AGG and Fraction IV to AGA. 

Icompared to the binding of Fractions I ,  IV and V, Fractions I I  and I I I  bind 
less well to ribosomes in the presence of any of the four codons in propor- 
t ion to the amount of AIa-tRNA adde d to assays. Since the binding of Frac- 
t ions I I  and I I I  is low and since [°H]AIa-tRNA was prepared in the presence 
of mammalian synthetases, these two f ract ions may be the resul t  of misrecog- 
n i t ion of Hymenoptera tRNA by mammalian synthetaseso Attempts to prepare 
active AIa-tRNA synthetase have thus far  been unsuccessful (see Materials and 
Methods). 
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Figure I .  RPC-5 chromatography of [3H]aa-tRNAs from Hyme~optera and their 
codon responses. Columns were developed, the resulting [JH]aa-tRNA fractions 
pooled and prepared for coding, and coding studies carried out as given in 
Materials and Methods. The results of the coding studies are shown in the 
Figure. Codons are given in the f i rst  column to the lef t .  The order in which 
the cpm are listed by columns corresponds to the binding obtained with each 
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C. GIu-tRNA: The in i t ia l  eluting peak (Fraction I) recognizes GAG and 

the second peak (Fraction If)  GAA. 

D. GIn-tRNA: The ini t ia l  eluting peak (Fraction I) recognizes CAG and 

the second and third peaks (Fractions II and I I I )  CAA. 

E. GIy-tRNA: The large, in i t ia l  eluting peak (Fraction I) responds most 

strongly to GGA, the second minor eluting peak (Fraction I I )  to GGG, and the 

third peak (Fraction I l l )  to GGU and GGC. 

F. IIe-tRNA: Fraction I responds to AUA and Fractions I f ,  I I I  and IV 

to AUU, AUC and AUA. 

G. Leu-tRNA: The in i t ia l  eluting peak (Fraction I) recognizes CUG and 

the second peak (Fraction I I )  UUG. The later eluting peaks did not J~nifest 

a significant response in presence of any of the leucine codons and therefore 

codon assignments were not made to these isoacceptors (data not shown). 

H. Lys-tRNA: The large peak which eluted f i r s t  from the column and the 

second and third eluting peaks (Fractions I - I I I )  recognize AAG. The fourth 

and f i f th  eluting peaks (Fractions IV and V) respond to AAA and AAG and the 

large, late eluting peak (Fraction Vl) primarily to AAA. 

I. Ser-tRNA: The in i t ia l  eluting peak (Fraction I) responds to AGU, AGC 

and slightly to UCU, UCA and UCG. The response to the latter codons most cer- 

tainly is due to overlap of this peak with the second eluting peak (Fraction 

II) which responds strongly to UCU, UCA and UCG. The second eluting peak 

also responds weakly to UCC. This peak may be assigned UCC by ana]ogy to a 

mammalian serine isoacceptor (3,6). Fraction I l l  responds to UCU, UCA, and 

weakly to UCC and Fraction IV to UCU, UCA, UCG and weakly to UCC. Additional 

tractlonatlon ot the second and fourth eluting peaks would be required to 

determine i f  these peaks contain isoacceptors recognizing four serine codons 

or contain isoacceptors recognizing UCU, UCC and UCA and recognizing UCG (3,6). 

fraction in response to codons in the order of fraction elution (designated by 
Roman Numerals) from RPC-5 columns. The cpm were obtained by subtracting the 
number of cpm bound in the absence of codon from that bound in the presence of 
codon. Cpm obtained in the absence of codon are given in parentheses and listed 
as NONE. Total cpm and A260 units added to codon assays are also shown. 
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J. Thr-tRNA: Fraction I responds most strongly to ACG. Fraction I I  

responds to ACU, ACC, ACA and ACG, and Fraction I I I  to ACU, ACC, and ACA. 

K. Val-tRNA: Fraction I responds strongly to GUA and less well to GUG. 

Fraction I I  responds to GUU, GUC, GUA and GUG, and the strongest response is 

to GUA. Fraction I I I  responds most strongly to GUG. 

I I .  D is t r ibu t ion  of Isoacceptors: The d is t r i bu t ion  of Hymenoptera isoacceptors 

resolved by RPC-5 chromatography is shown in Table 1 along with the i r  codon 

assignments. The most abundant isoacceptor of AIa-tRNA recognizes GCU, GCC, 

and GCA. Approximately equal amounts of the remaining AIa-tRNA respond to GCG 

and to GCU, GCC, GCA and GCG, respect ively.  Approximately one-half  of the 

Arg-tRNA recognizes CGU, CGC and CGA while approximately equal quant i t ies of 

two other arginine isoacceptors respond to AGG and to AGA. More than 60% of 

the Glu- and Gln-tRNAs respond to GAA and to CAA, respect ive ly .  About one-half 

of the Gly-tRNA responds to GGA, about 40% to GGU and GGC and less than 7% to 

GGG. Most of the IIe-tRNA responds to AUU, A~C, and AUA while less than 25% 

responds to AUA. About one-half of Leu-tRNA recognizes CUG while about one- 

t h i rd  recognizes UUG. The most abundant isoacceptor of Lys-tRNA responds to 

AAA and the second most abundant isoacceptor responds to AAG. Most of the 

Ser-tRNA responds to UCU, UCC, UCA and UCG. About one-third of the Thr-tRNA 

responds to ACG, and about 60% responds to al] four threonine codons. Approxi- 

mately one-half  of the Val-tRNA responds to GUU, GUC, GUA and GUG and about 

20% and 29% respond to GUA and GUG and to GUG, respect ively.  

DISCUSSION: The patterns of codon recognit ion of eleven aa-tRNAs from Hyr~nop- 

tera have been characterized. The patterns of recognizing codons by these iso- 

acceptor aa-tRNAs are s imi lar  in most cases to those observed in mammals (3,4).  

Possible exceptions are minor Lys-tRNA isoacceptors which recognize AAA and 

AAG and serine isoacceptors which may recognize UCU, UCC, UCA and UCG in Hymenop- 

tera, whereas different isoacceptors respond to AAA and to AAG and to UCU, UCC 

and UCA and to UCG in mammals. Additional differences occur between Hymenop- 

tera, wheat germ and lower organisms. For example, an isoacceptor of Arg- 
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Table I. DISTRIBUTION OF HYMENOPTERA ISOACCEPTORS RESOLVED BY RPC-5 CHROMATOGRAPHY 

Isoacceptor Fractions 
aa-tRNA a of EIution b Codon AssiBnment c Distribution d 

AIa-tRNA 20-30 GCG 18.8 
3l-J5 ? 18.9 
36-40 ? 10.5 
41-49 GCU,GCC,GCA 33.8 
5 0 - 6 0  GCU,GCC,GCA,GCG 17.8 

Arg-tRNA 37-42 CGU,CGC,CGA 2.5 
4 3 - 5 1  CGU,CGC,CGA,CGG 48.6 
52-64 AGG 23.3 
76-92 AGA 25.6 

Glu-tRNA 20-36 GAG 37.3 
37-51 GAA 6].5 
52-59 ? 1.2 

GIn-tRNA 24-47 CAG 35.6 
48-67 CAA 59.8 
68-74 CAA 4.6 

G]y-tRNA 35-40 ? 1.2 
41-55 GGA 52.2 
56-63 GGG 6.2 
64-85 GGU,GGC 40.4 

IIe-tRNA 42~47 ? 1.5 
48-55 AUA 22.2 
56-62 AUU,AUC,AUA 29.3 
63-70 AUU,AUC,AUA 21.5 
71-86 AUU,AUC,AUA 25.5 

Leu-tRNA 33-46 CUG 52.4 
47-58 UUG 33.2 
59-70 ? 8.2 
71-80 ? 2.4 
91-95 ? 3.8 

Lys-tRNA 34-43 AAG 34.1 
44-50 AAG 4.5 
51-61 AAG 7.0 
62-67 AAA,AAG 1.7 
68-77 AAA,AAG 5.9 
78-93 AAA 46.8 

Ser-tRNA 56-64 AGU,AGC 16.0 
6 5 - 7 1  UCU,UCC,UCA, UCG 42.4 
72-76 UCU,UCC,UCA 26.5 
7 7 - 8 8  UCU,UCC,UCA,UCG 13.0 
89-95 ? 2.1 

Thr-tRNA 39-49 ACG 30.5 
5 b - o u  ACU,ACC,ACA,ACG 60.6 
61-66 ACU,ACC,ACA 5.9 
67-76 ? 3.0 

Va]-tRNA 35-45 GUA,GUG 20.2 
4 6 - 5 4  GUU,GUC,GUA,GUG 50.6 
55-67 GUG 29.2 

a~ract~onat~on of aa-tRNAs are shown in Figure I. 
bFract~ons in wh]ch isoacceptors eluted from the RPC-5 co]umn (see Figure I) .  
CCodon asslgnnents are given ]n text and are t~ken from the data given in Figure 1. 
~ question mark ~nd~cates that codon assignments were not made. 
Dlstr~but~on of Isoacceptor aa-tRNAs were determined from the elution profi les 

shown in F~qure I. 
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tRNA in wheat germ responds to AGG and s l i g h t l y  to AGA and an isoacceptor of 

GIu-tRNA responds to GAG and s l i gh t l y  to GAA (5), whereas d i f fe rent  isoaccep- 

tors of Ar9- and GIu-tRNAs respond to these codons in Hymenopterao The major 

isoleucine isoacceptor in E. col i  responds to AUU and AUC ( I -3)  and serine iso- 

acceptors respond to UCU and UCC and to UCU, UCA and UCG ( I -3,12) .  E. co l i  and 

yeast contain valine isoacceptors which recognize GUU, GUA and GUG (13-16). 

Patterns of codon recognit ion of the other val ine isoacceptors in E. co l i  

(13-15) are d i f fe ren t  from those in Hymenoptera. 

Differences in the re la t i ve  abundances of speci f ic  isoacceptors also 

ex is t  in the tRNA populations of d i f fe ren t  organisms. For example, isoac- 

ceptors of alanine and threonine which recognize GCG and ACG, respect ive ly ,  

are minor isoacceptors in mammals (3,4) ,  but comprise a s ign i f i cant  proportion 

of the corresponding aa-tRNA fami l ies in Hymenoptera. More than 6~  of the 

GIn-tRNA recognizes CAA in Hymenoptera while less than I(Y/~ recognizes CAA in 

wheat germ (5). About 50% of the Arg-tRNA isoacceptors in Hymenoptera responds 

to AGG and to AGA and the isoacceptors which recognize these codons are present 

in minor levels in E. coli (17). 

Recent studies which report the sequence of mRNAs from procaryotic and 

eucaryotic sources show that the frequency of usage of certain codons has 

also undergone evolutionary change (18-24). Thus, evolutionary changes have 

occurred in patterns of codon recognition, in relat ive abundances of isoaccep- 

tors and in frequency of usage of codons in mRNA. Although the means by which 

these changes have occurred in evolution are not understood, i t  seems l ike ly  

that a tRNA population must maintain an appropriate level of isoacceptors for 

ef f ic ient translation of the corresponding codewords. The i n i t i a l  evolutionary 

events may involve, therefore,  an expansion in the tRNA (anticodon) population. 

Such an expansion could resul t  e i ther  in an increase in the re la t i ve  abundance 

of an isoacceptor or in generation of an isoacceptor wi th a d i f fe ren t  pattern 

of codon recognit ion. Subsequent changes in codon frequency followed by loss 

or reduction in expression of the more pr imi t ive pattern of codon recognit ion 
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or isoacceptor d is t r ibu t ion  may then occur. Aminoacylation of tRNAs from a 

variety of organisms under homologous and heterologous conditions are being 

examined in th is  laboratory to understand better the evolutionary changes 

whlch have occurred in tRIgA:synthetase interact ions. The fact that evolution- 

ary changes have occurred in patterns of codon recognit ion, in frequency of 

codon usage and in tRNA:synthetase interactions raises an important question: 

"How can genetic information which is carried in one region of a genome (e.g. ,  

in a tRNA gene) and codes for interact ion with genetic information carried 

in another region ( e.g.,  in an aa-tRNA synthetase gene) undergo genetic 

var iat ion?" Studies are in progress to elucidate fur ther the means by which 

these changes have occurred in evolution. 
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