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Summary.  In teract ion based on possible chemical  
affinity o f  an amino  acid for t R N A  was examined  
as a model  for the aminoacyla t ion  of  pr imit ive t R N A  
without aid of  an enzyme  system. Two  types of  re- 
action were carried out and  compared .  One was the 
acyl linkage o f  amino  acid to the 5 ' - te rminal  phos-  
phate of  a t R N A  act ivated as an imidazol ide.  The  
other was the incorpora t ion  o f  an amino  acid acti- 
vated as an imidazol ide  into 2 ' (3 ' ) -hydroxyl  groups 
of  intact tRNA.  Both types o f  reaction indicated that  
none of  the amino  acids tested had  any selectivity 
for the t R N A s  examined.  However ,  the rates o f  re- 
action with a given t R N A  were different a m o n g  ami -  
no acids. In the second type o f  reaction, amino  acids 
were found main ly  at loop-out  regions o f t R N A ,  but 
not at either its 5'- or T - t e rmina l  sites 

Key words: Pr imi t ive  t R N A  --  t R N A  --  Ami-  
noacyl imidazole  - -  Aminoacy l  t R N A  --  A m i n o  
acid charging --  Prebiot ic  - -  A m i n o  ac id -po lynu-  
cleotide interact ion 

Introduction 

In modern  organisms,  specific interact ion between 
an amino  acid species and its cognate t R N A  is cat- 
alyzed by the corresponding a m i n o a c y l - t R N A  syn- 

Abbreviations: AA-Im, amin0acyl imidazolide; 2'(Y)-O-AA- 
tRNA, 2'(3')-O-aminoacyl-tRNA; 5'-O-AA-tRNA, phosphate 
ester of amino acid at the 5'-terminal phosphate of tRNA; CDI, 
N,N'-carbonyldiimidazole; DMF, dimethylformamide; DMSO, 
dimethylsulfoxide; EDTA, ethylenediaminetetraacetic acid; TFA, 
trifluoroacetie acid; Im-tRNA, 5'-imidazolylphosphonate oftRNA 

One A~60 unit is defined as an amount of material which gives 
an absorption of 1.0 at 260 nm when dissolved in 1 ml water 
and measured with a l-cm light path 
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thetase. At the pr imi t ive  stage o f  the origin o f  life, 
however ,  we would not  expect the existence o f  such 
a specific catalytic system. It  has been assumed  that  
nucleotide or polynucleot ide directly d iscr iminated  
a specific amino  acid at such an early stage o f  bio-  
chemical  evolut ion (Ishigami et al. 1977). Crothers  
et al. (1972) poin ted  out the existence o f  a relation- 
ship between the fourth nucleotide f rom the 3' end 
of  t R N A  and the physicochemical  nature  of  its cog- 
nate a m i n o  acid. They  also postulated that  this re- 
lation reflected a p r imi t ive  categorizat ion o f  var ious 
amino  acids retained in the mode rn  organism.  On 
the other  hand,  Weber  and Lacey (1978) repor ted  a 
correlat ion between the hydrophobic i ty  o f  a dinu-  
cleotide in the ant icodon sequence and that  o f  the 
cognate amino  acid. Weber  and Fox (1973) repor ted 
that transfer o f  N-acetylaminoacyl- imidazoles  to the 
2 ' -hydroxyl  groups o f  the four kinds o f  h o m o p o l y -  
r ibonucleot ides  [poly(A), poly(G), poly(C), and 
poly(U)] occurred in the highest yield with poly(U). 
N-acetylglycyladenylate  anhydr ide  also t ransferred 
to poly(U) in the highest yield in the presence o f  
imidazole  (White et al. 1973). Weber  and  Lacey 
(1975) repor ted that  unprotec ted  phenylalanylad-  
enylate could be t ransferred to h o m o p o l y r i b o n u -  
cleotides by using imidazole  as a catalyst. The  trans- 
fer reaction was again mos t  effective for poly(U), 
and the reaction to a po ly(A)-poly(U)  double  helix 

w a s  negligible. 
In the present  paper,  specific interact ion between 

polynucleot ide and amino  acid was tested using bac- 
terial t R N A  as a model  polyribonucleot ide.  In one 
series o f  exper iments ,  amino  acids were chemical ly  
at tached to the 5 ' - te rminal  phospha te  of  t R N A  by 
the me thod  o f  L o h r m a n  et al. (1975). In ano ther  
series, they were at tached to the 2 ' (3 ' ) -hydroxyl  
group(s) o f  t R N A  by the me thod  o f  Go t t i kh  et al. 
(1970). In the first type o f  exper iment  (Fig. 1A), only  
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Fig. l .  Two types of reaction between amino acid and tRNA. A Amino acid reacts with activated tRNA (Im-tRNA) to form 5'-O- 
AA-tRNA. B Activated amino acid (Im-AA) reacts with the 2'(3')-hydroxyl group(s) of tRNA to form 2'(3')-O-AA-tRNA 

5 ' - t e r m i n a l  p h o s p h a t e  o f  t R N A  c o u l d  a c c e p t  t h e  

a m i n o  a c i d .  I n  t h e  s e c o n d  t y p e  o f  e x p e r i m e n t  (Fig .  

1 B),  t h e  a c t i v a t e d  a m i n o  a c i d s  a r e  p r o b a b l y  b o u n d  

t o  t h e  2 ' ( 3 ' ) - h y d r o x y l  g r o u p ( s )  o f  e a c h  n u c l e o t i d e  i n  

t h e  t R N A  s e q u e n c e .  

Materials and Methods 

~H-labeled amino acids, Phe (18 Ci/mmol), Gly (23 Ci/mmol), 
and Val (33 Ci/mmol); and ~4C-labeled amino acids, Ser (171 
mCi/mmol),  Thr  (238 mCi/mmol),  and Val (270 mCi/mmol),  
were purchased from New England Nuclear and Radiochemical 
Center (Amersham, England), respectively. Unlabeled amino acids 
were from Kyowa Hakko Kogyo Co., Ltd.; N,N'-carbonyldi- 
imidazole (CDI) was from Sigma Chemical; and triphenylphos- 
phine, cetyltrimethylammonium bromide, and triethylamine were 
from Wako Pure Chemical Industry, Ltd. 2,2'-Dipyridyldisulfide 
was from Tokyo Chemical Industry Co., Ltd.; and trifluoroacetic 
acid (TFA) and imidazole were from Nakarai Chemical, Ltd. 
Dimethylsulfoxide (DMSO) and dimethylformamide (DMF) were 
dried with synthetic Zeolite (CA-3, short 14-30 mesh), which 
was purchased from Wako Pure Chemical Industry, Ltd. Brewer's 
yeast tRNA T M  was purchased from Boehringer Mannheim GmbH. 
tRNA from Bacillus subtilis W 168 was prepared as described 
previously (Hasegawa and Ishikura 1978). Crude tRNA was first 
fractionated by Sepharose-4B column chromatography (Holmes 
et al. 1975). Purified tRNA T M  was prepared by the successive use 
ofBD-cellulose (Gillam et al. 1967) and RPC-5 chromatography 
(Void 1973). Escherichia coli tRNA s~r was kindly given by Dr. 
Y. Yamada, Jichi Medical School. 

Determination of Aminoacyl Imidazolide 

The amount  ofaminoacyl  imidazolide (AA-Im) was determined 
by the absorption at 245 nm by the method of Jencks and Car- 
riuolo (1959) as follows: 0.5 mmol TFA salt of amino acid was 

dissolved in 250/zl DMF. A portion of this solution (10 ul) was 
added to CDI solution (20 ~mol/10 ~1 DMF). After the sample 
was stirred vigorously for 3 min, 5 gl of the reaction mixture was 
poured into 3 ml 0.5 M imidazole-HC1 buffer (pH 7.0) and the 
time course of the absorbance shift at 245 nm was examined. 

Formation of 5'-O-AA-tRNA 

The 5'-phosphate ester of amino acid at the 5'-terminal phos- 
phate of tRNA (5'-O-AA-tRNA) was prepared from amino acid 
and the 5'-imidazolylphosphonate of tRNA (Im-tRNA). Im- 
tRNA was prepared by the modified method of Mukaiyama and 
Hashimoto (1971) which was originally used for synthesis of 
adenosine-5'-imidazolylphosphonate. Crude tRNA (40 A26o units) 
was modified to the cetyltrimethylammonium salt to increase its 
solubility in organic solvent (Johes 1953). The crude tRNA was 
dissolved in 100 ~l DMSO containing 132 ~mol imidazole and 
56 ~mol dipyridyldisulfide, and 56 ~tmol of triphenylphosphine 
was added to the DMSO solution. To stabilize the reaction prod- 
ucts 30 #1 triethylamine was added. The mixture was shaken at 
room temperature overnight. The reaction mixture was poured 
into a mixture of acetone (5 ml), ether (2.5 ml), and triethylamine 
(0.25 ml) containing NaClO4 (9 mg) under vigorous stirring. The 
resulting precipitate o f l m - t R N A  was collected by centrifugation, 
washed with acetone and ether, and then dried over P205 and 
solid NaOH. 

5'-O-AA-tRNA was prepared from Im-tRNA and amino acid 
by the modified method of Lohrman et al. (1975). [14C]Ser (100 
nmol) plus [3H]Phe (10 nmol) in 700-~1 solution was added to 
40 A26o units of Im-tRNA and the mixture adjusted to pH 4.0 
with 0.1 N HC1. This opt imum pH was determined by prelim- 
inary experimentation. This reaction mixture was lyophilized and 
kept at 4~ for 24 h over P205 in vacuo. The specimen was 
dissolved in 200 gl l0  mM sodium acetate buffer (pH 4.5) and 
applied to a Sepharose-4B column, as described by Holmes el 
al. (1975). For the assay by filter paper disk, 1 nmol [3H]Phe, 10 
nmol [l*C]Ser, and 4 A26o units tRNA were used as starting ma- 
terials. 
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Fig, 2. Analysis of 5'-O-AA-tRNA by Sepharose-4B column chromatography (l x 33 cm). [~4C]Ser (100 nmol) or [3H]Phe (10 nmol) 
and 40 A260 units of  Im-tRNAs were reacted as described in Materials and Methods. After the reaction, the reactant was dissolved 
in 10 mM sodium acetate buffer (pH 4.5) containing 10 mM MgC12, 6 mM 2-mercaptoethanol, 1 mM ethylenediaminetetraacetic 
acid (EDTA), and 2 M ammonium sulfate. Elution was carried out at 4~ with a reverse gradient of ammonium sulfate from 2 to 0 
M. The now rate was 5 ml/h. Each fraction contained 1 ml eluent and was assayed for its absorbance at 260 nm. A portion (0.5 ml) 
of each fraction was diluted to 2.3 ml with H20 and its radioactivity in 10 ml Aquazol-II counted on a liquid scintillation counter 

Table 1. Yields of 5'-O-AA-tRNAs from amino acid and Im- 
tRNA 

Amino acid 

tRNA Phe Ser 

Phe 0.33 1.4 
Ser 0.38 1.9 
Thr 0.34 1.9 
Gly 0.28 1.9 

5'-O-AA-tRNA was obtained from [3H]Phe (1 nmol) or ['4C]Ser 
(10 nmol) and 40 A260 units of tRNA, respectively. Yield was 
calculated by taking the radioactivity of the products as a per- 
centage of the total amino acid put into the reaction mixture. 
Only tRNA T M  from Bacillus subtilis was a pure preparation. The 
other tRNAs were partially purified specimens 

Formation of 2'(3')-O-AA-tRNA 

2'(3')-O-aminoaeyl tRNA [2'(3')-O-AA-tRNA] was prepared by 
the method of Gottikh et al. (1970), which had originally been 
applied to the synthesis of 2'(3')-O-aminoacyl mononueleotide. 
Amino acid was activated as the aminoacyl imidazolide and 
transferred to the 2'(3')-hydroxyl groups of the ribose moiety in 
tRNA as follows: 10 nmol [14C]Ser and 10 nmol [3H]Phe were 

dried, dissolved in 100 pl TFA, and dried again. The trifluo- 
rnacetate salt of the amino acid was kept overnight in a desiccator 
in the presence of  PzO5 and solid NaOH to remove excess TFA. 
The trifluoroacetate salt of the amino acid was dissolved in 2 pl 
DMF containing 200 nmol CDI and agitated for 3 rain. Then 40 
A2~0 units of crude tRNA in 20 pl 0.5 M imidazole-HC1 buffer 
(pH 7.0) was added to the reaction mixture. This was kept for 3 
h at room temperature. The resulting 2'(3')-O-AA-tRNA was 
precipitated by addition of two volumes of ethanol and collected 
by centrifugation. The precipitate was dissolved in 200 pl 10 mM 
sodium acetate buffer (pH 4.5) and the yield of  2'(3')-O-AA- 
tRNA analyzed by Sepharose-4B column chromatography. For 
the assay by filter paper disk, 0.5 nmol of each amino acid and 
2 A26o units of each tRNA were used as starting materials. 

Determination of Aminoaeyl-tRNA by Filter Paper Disk Assay 

A 20-ul portion of  the reaction mixture containing 2'(Y)-O-AA- 
tRNA was diluted with imidazole-HC1 buffer (pH 7.0). The dried 
reaction mixture containing 5'-O-AA-tRNA was diluted with 200 
t~l 10 mM sodium acetate buffer (pH 4.5) containing 2 M am- 
monium sulfate. A portion of this mixture (50 ul) was put on a 
filter paper disk (Whatmann 3 MM, 2.4 cm). Unreacted amino 
acid was washed off by gently shaking twice with cold 5% tri- 
chloroacetic acid for 15 min. After the paper disks were dried, 
their radioactivity was measured by a toluene-based (0.4% PPO, 
0.01% POPOP) liquid scintillation counter. 
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Fig, 3. Analysis of Sepharose-4B column chromatography of 2'(Y)-O-AA-tRNAs. The reaction mixture contained ["C]Ser (10 nmol) 
or [3H]Phe (10 nmol) and 40 A~6o units of crude tRNA. The conditions of chromatography were as described in Fig. 2. The reaction 
conditions are described in Materials and Methods 
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Determination of A mino Acid Binding 
Region in tRNA 

The aminoacylated region in the total 2'(Y)-hydroxyl groups of 
tRNA was determined as follows. Purified tRNA T M  from Bacillus 
subtilis was aminoacylated as described above. The modified 
tRNA T M  was digested with RNase T1 and analyzed by two-di- 
mensional electrophoresis (Sanger et al. 1965). Each spot of oli- 
gonucleotide was cut out and immersed in toluene scintillator 
solution and the radioactivity counted on a liquid scintillation 
counter. 

R e s u l t s  a n d  D i s c u s s i o n  

A minoacylat ion on 5'-Phosphate o f  tRNA 

Aminoacyla ted  product  was analyzed by Sepharose- 
4B column chromatography  (Fig. 2). No  significant 
incorporat ion o f  [~4C]Ser was detected, whereas ra- 
dioactivity o f  [3H]Phe was observed along with var- 
ious t R N A  fractions. Analysis by filter paper disk,  
however,  indicated no differences in degree o f  ami- 
noacylat ion among  the various kinds o f  tRNA,  but 
the relative yield o f  Phe bound  to t R N A  was more  

than that o f  Ser, because ten times as much Ser was 
added as Phe (Table 1). Tailing o f  the radioactivity 
in the chromatographic  pattern suggests that  5 ' - 0 -  
A A - t R N A  may be labile and was hydrolyzed to ami- 
no acid and t R N A  during elution. 

Aminoacylat ion  on 2' (Y ) -Hydroxy l  Groups o f  tRNA 

Aminoacyla t ion  products on 2 '(3 ')-hydroxyl groups 
o f t R N A  were also analyzed by column chromatog-  
raphy on Sepharose-4B (Fig. 3). It was found that 
the distribution o f  radioactivity of  [14C]Ser roughly 
paralleled the elution curve of  tRNA,  suggesting 
nonselective incorporat ion o f  the amino  acids. The 
distribution o f  peaks o f  incorporated [3H]Phe subtly 
but definitely corresponded to the t R N A  elution 
curve. In general, the peaks o f  [3H]Phe were slightly 
retarded compared  with the peaks of  absorbanee. 
This disagreement may  come from the difference in 
mobility between free t R N A  and t R N A  charged with 
a hydrophobic  amino acid such as Phe. This phe- 
nomenon  was also observed with purified t R N A  T M  
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Fig. 4. Analysis of Sepharose-4B column chromatography of 
2'(Y)-O-pH]Phe-tRNA T M  and intact tRNA T M  from Baci l lus  sub-  
tilis. Conditions of chromatography were as described in Fig. 2. 

, Ultraviolet absorbance at 260 nm of intact tRNA TM from 
Bacillus subtilis; - - - ,  radioactivity (DPM) of 2'(3')-O-pH]Phe- 
tRNAThL 

Table 2. Yields of 2'(3')-O-AA-tRNAs 

Amino acid 

Phe Ser Thr Gly Val 

tRNA - M g  +Mg - M g  +Mg - M g  +Mg - M g  + M g - M g  +Mg 

Phe I 1.0 2.3 0.1 0.2 0.2 0.4 3.8 3.9 1.4 1.4 
Ser ~ 2.9 3.9 0.1 0.5 0.2 0.6 7.8 6.6 3.0 1.6 
Thr 2.7 4.3 0.2 0.9 0.2 0.6 7.9 7.0 2.6 2.3 
Phe 3.0 4.2 0.2 0.5 0.4 0.5 9.3 6.8 3.3 1.7 
Ser 2.8 4.2 0.2 0.6 0.1 0.6 7.6 6.4 3.3 1.8 
Gly 2.6 4.0 0.2 0.7 0.5 0.6 8.8 6.7 3.2 1.9 
Val 3.5 4.6 0.4 1.0 0.3 0.6 8.3 6.8 3.3 2.0 
Arg 3.0 4.1 0.4 1.0 0.4 0.6 9.3 6.8 3.5 1.8 
Pro 2.9 4.1 0.3 0.9 0.2 0.6 7.3 6.4 3.3 1.7 

2'(Y)-O-AA-tRNA was prepared from each amino acid (0.5 nmol) 
and tRNA (2 A26o units). Yield was calculated as described in 
Table 1. tRNA T M  (Baci l lus  subtil is) ,  ttRNAPh~ (Brewer's yeast), 
and 2tRNA s~' (Escher ich ia  colt) were pure preparations. The other 
preparations were partially purified specimens from Baci l lus  sub-  

tilis 

and 2'(3')-O-Phe-tRNA TM- 2'(3')-O-Phe-tRNA T M  

eluted in slightly later fractions than intact tRNA T M  

(Fig. 4). 
No significant difference was observed between 

the yields of the various 2'(Y)-O-AA-tRNAs for a 
given amino acid when they were analyzed by the 

21 
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The rate of hydrolysis of AA-Im. Each amino acid was 
imidazolized with CDI as described in Materials and Methods. 
After 3 rain of reaction, 5 ~1 reactant was transferred to 3 ml 0.5 
M imidazole buffer (pH 7.0). Spontaneous decay of excess CDI 
occurred in the initial 1 rain. Phe (O), Gly (O), Val (A), Ser ([~), 
Thr (A) 

filter paper disk method (Table 2). However, the 
yields of 2'(3')-O-AA-tRNA were different when dif- 
ferent amino acids were used as the starting ligands. 
The yield of 2'(3')-O-AA-tRNA decreased in the 
order Gly > Val > Phe > Ser - Thr. A similar dif- 
ference was observed in 5'-O-AA-tRNA formation 
experiments. Ehler and Orgel (1976) indicated that 
N,N'-carbonyldiimidazole reacts with amino acid 
in aqueous imidazole buffer to yield N-[imidazolyl- 
(1)-carbonyl]-amino acids, which cyclize to N-car- 
boxyanhydride. Aminoacyl imidazolide derived 
from N-carboxyanhydride probably transfers to 
tRNA. The cyclization of N-[imidazolyl-(1)-car- 
bonyl]-L-serine to L-2-oxo-oxazolidine-5-carboxyl- 
ic acid (Ehler et al. 1977) may compete with tRNA 
acylation and result in the low yield for this amino 
acid. A similar result was obtained for Thr. The 
lower yield of Phe-tRNA compared with that of 
Gly-tRNA may be due to the more rapid competing 
hydrolysis of Phe-Im than of  Gly-Im, as reported 
by Weber and Fox (1973). Preincubation with MgC12 
(10 raM) had some effect on the yields of  the 2'(3')- 
O-AA-tRNAs of Phe, Set, and Thr, but no effect on 
2'(3')-O-AA-tRNA of Gly and Val. This can be ex- 
plained on the basis that MgCI2 has some effect on 
the structure of tRNA and changes the correlation 
for some kinds of  amino acids. The yield of AA-Im 
Was not different among the various amino acids 
used (Fig. 5). Thus, the different yields of amino 
acids bound to tRNA seem not to depend on the 
different yields of AA-Ims, but on the binding rates 
of the activated amino acids (AA-Im) to tRNA. 

To elucidate the reacting site(s) of the tRNA with 
AA-Im, purified tRNA TM from Bacillus subtilis, the 
nucteotide sequence of which had already been de- 
termined (Hasegawa and Ishikura 1978) was ami- 
noacylated. The resulting 2'(3')-O-[3H]Phe-tRNA T M  
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Fig.6. Two-dimensional fingerprint analysis of complete diges- 
tion products of 2'(3')-O-[3H]Phe-tRNA T M  with RNase T ,  First 
dimension: cellulose acetate, 5% acetic acid (pH 3.5) containing 
7 M urea, 5 kV per 76 cm, 45 min; second dimension: DEAE- 
cellulose paper, 7% formic acid (pH 1.9), 980 V per 60 cm, 5 h. 
Radioactivity was observed in the hatched spots (nos. 1 and 2). 
B and Y are xylene cyanol FF and Orange G markers, respectively 

was digested with RNase T~ and the fragments sep- 
arated by two-dimensional electrophoresis. Each 
spot was cut out and counted in a toluene-based 
liquid scintillation counter (Fig. 6). The nucleotide 
compositions of spots no. 1 and 2 were confirmed 
by two-dimensional  thin-layer chromatography 
(Hasegawa and Ishikura 1978). [3H]Phe bound to 
oligonucleotide no. 1 of  Fig. 6 corresponding to mo- 
lecular region (a) in Fig. 7. [3H]Phe also bound to 
oligonucleotide no. 2 of Fig. 6, corresponding to 
molecular regions (b), (c), or (d) in Fig. 7. This result 
suggests that [3H]Phe has no specific affinity for the 
amino acid acceptor stem, the anticodon, or the 
diseiminator base of the tRNA. It mainly bound to 
the loop-out regions. This result seems quite rea- 
sonable, since the transfer of N-(aminoacyl)-imid- 
azole to a poly(A)-poly(U) double helix was negli- 
gible (Weber and Lacey 1975). 

In conclusion, 5'-O-AA-tRNA and 2'(3')-O-AA- 
tRNA were chemically formed in the reaction be- 
tween amino acid and tRNA when either of the two 
reactants was chemically activated. The yields of 
various aminoacyl-tRNAs thus obtained were not 
different for different kinds oftRNAs, but were dif- 
ferent for different kinds of  amino acids. [3H]-Phe 
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Fig. 7. Aminoacylated oligonucleotides in tRNA T M  from Ba- 
cillus subtilis depicted in cloverleaf model, a corresponds to spot 
no. 1 of Fig. 6, and b, c, and/or d correspond to spot no. 2 

bound to 2'(3')-hydroxyl groups of the tRNA was 
located only in the loop-out regions. 
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