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A t  a recen t  mee t ing  on t R N A  x three  new p r imary  
s t ruc tures  have  been repor ted .  This  migh t  be an  
a p p r o p r i a t e  t ime  to ask  the  quest ions:  wha t  informa-  
t ion  has  been ob t a ined  so far from the known p r ima ry  
sequences of t R N A s  and  w h a t  can we deduce from 
t h e m  a b o u t  t he  genera l  s t ruc ture  of these molecules ? 

W h e n  t R N A s  were discovered and thei r  role in 
accep t ing  amino acids  and  t ransferr ing t hem to r ibo-  
somes was e lucidated,  a t o t a l  of 20 different  t R N A s  
would  have  been sufficient to  account  for all the i r  
functions.  This  was st i l l  so when the  first  code was 
publ i shed  in 19622 . B u t  i t  was soon recognized t h a t  
the  genet ic  code was degenera te  3 a n d  therefore  i t  was 
though t  t h a t  64 t R N A s  would be required.  F o r t u n a -  
te ly ,  in 1966 CRICK'S wobble  hypothes i s  4 was p u t  
forward,  which again  reduced  the  n u m b e r  of requ i red  
t R N A s  b y  one half. Up  to the  yea r  1968 on ly  t R N A  
sequences from yeas t  were known, i.e. alanine,  serine, 
tyros ine ,  pheny la lan ine  and  val ine t R N A  s-l°.  Bu t  in 
tha t '  yea r  sequences of s imilar  t R N A s  f rom o the r  
sources were repor ted ,  n a m e l y  f rom E.  coli n - l a  and  
from ra t  l iver  15. These t R N A s  showed m a r k e d  dif- 
ferences from thei r  yeas t  counterpar t s .  This  i nd i ca t ed  
t h a t  the  p r i m a r y  s t ruc ture  of the  t R N A  migh t  v a r y  
from species to  species and opened the w a y  to  a va s t  
n u m b e r  of different  t R N A  p r i m a r y  sequences.  F u r t h e r  
s t ruc tu res  of whea t  germ and  Toru la  yeas t  t R N A s  
have  a l r eady  ex tended  this  po in t  16-18. Whi le  on the  
one h a n d  all t R N A s  have m a n y  fea tures  in common,  
on the  o ther  there  is good evidence t h a t  the  n u m b e r  
of t R N A s  wi th  different  p r i m a r y  sequences,  even  those  
specific for the  same amino acid, is p r o b a b l y  e x t r e m e l y  
large.  This  va r i e ty  of s t ruc tures  is due to  3 t ypes  of 
var ia t ions .  

1. Var ia t ions  in p r i m a r y  s t ruc tures  be tween  species. 
2. Var ia t ions  of isoaccept ing t R N A s  wi th in  a given 

species. These are of two k inds :  a) t R N A s  wi th  different  
coding  proper t ies ;  b) t R N A s  wi th  di f ferent  p r i m a r y  
s t ruc tu res  recognizing the  same coding t r ip le t .  

Tha t  large species differences exist  in the  p r i m a r y  
s t ruc tu res  of t R N A s  is appa ren t  from a compar ison  
of the  s t ruc tures  of valine,  ty ros ine  and  phenyla lan ine-  
t R N A  in E.  coli and  yeast ,  or of s e r ine - tRNA in yeas t  
and  r a t  liver.  One of the  first  ins tances  in wlaich the  

he te rogene i ty  of i soaccep t ing  t R N A s  wi th in  one species 
was recognized is t h a t  of l e u c i n e - t R N A  from E .  coli, 
where  5 fract ions,  some wi th  d i f ferent  b u t  also some 
wi th  s imi lar  coding proper t ies ,  were found  b y  counter -  
cur ren t  d i s t r i bu t ion  19.2°. S tud ies  on sequence de te r -  
m ina t ion  have  also ind ica t ed  t h a t  i so la ted  t R N A s  m a y  
consist  of mix tu res  of t R N A s  wi th  v e r y  s imi lar  s t ruc-  
tures .  Thus,  in severa l  ins tances  in h igh ly  pur i f i ed  
t R N A s  minor  va r i a t ions  of 1-3  nuc leo t ides  in t he  
e x t r a  a rm and  the  T~vC a r m  have  been  r epo r t ed  1°, 11,14. 
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Table I, Major and minor fragments obtained from rat  l iver  serine tRNA highly purified on part i t ion chromatography- columns 

t Major fragments 
Pancreas RNase m=iG A ~ [ G 
RNase T 1 A ~rl G 

I I  Minor fragments 

a) Pancreas RNase m~G 

b) RNase T 1 ~r/ ~ G 

G A maC U ] I G A igA A ~r/m C UmG G G G U 
A maC U I A i~A A (//m C C A U UmG 

A mac U G A iSA A ~rlm C A A UmG 

A m3C U C G [ A i~A A ~/]m C C A A UmG 
A maC U ' ~ '  G 

G G G U 

With improved methods of separation in combination 
with sequence analysis the nature of this heterogeneity 
of isoaccepting tRNAs has become more apparent. 
Recent studies on rat fiver tRNA ~1 have shown that  
by partition chromatography 2 fractions of serine- 
tRNA can be separated. Enzymatic  digests of highly 
purified serine-tRNA from peak A yielded a series of 
closely similar fragments, some of which are indicated 
in Table I. That  this tRNA fraction actually contained 
different serine-tRNAs became apparent when it was 
examined by  reversed-phase chromatography, where 2 
species with different coding properties could partially 
be separated. These (I ---- UCU, UCC and UCA, I I  = 
UCG) together with the coding properties of serine- 
tRNA III  from peak B (AGU and AGC) account for 
all 6 known serine codons. But sequence analysis of 
serine-tRNA II I  indicated that it contained at least 
2 serine-tRNAs differing in the amino acid arm. Serine- 
tRNA II also seemed to contain 2 species since in 
enzymatic digests even 2 fragments containing different 
sequences in the anticodon were found (Table I, I I a  
and b). Only in another reversed-phase chromato- 
graphic system could these 2 species be separated. 

Thus, at least 5 different species of serine tRNA can 
be detected in rat  liver. Only 3 serine tRNAs would be 
required to recognize all 6 coding triplets, but  multiple 
tRNA species exist for the recognition of the same 
codon. 

The most important  information resulting from 
sequence determinations is that  all these species of 
serine-tRNA differ not  only ~'ithin the anticodon and 
some minor secondary modifications but  that  they 
also differ at many sites in the primary structure of 
the molecule. Some sites where the various other 
species differ from serine-tRNA I are indicated in 
Figure 1. This should serve to illustrate tha t  a great 
many tRNAs, all capable of accepting the same amino 
acid but  differing in their primary structure, may  be 
present in a cell and that they often are very difficult to 
separate from one another. 

A tabulation of the various tRNA sequences that  
have been reported in the literature 2~-2s has therefore 
to take into account that  each tRNA may only represent 
one of many isoaccepting tRNAs present in a particular 
cell and that  possibly the primary sequences may have 

been derived from mixtures of tRNAs with closely 
similar structures. 

Among the known primary structures three classes 
of tRNAs can be distinguished as suggested by LE- 
VITT 29. The general structures of these 3 tRNAs are 
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Fig. 1. Base sequences in  different ra t  l iver  serine tRNAs. The 
nucleotides where serine tRNA II  and I I I  differ from serine tRNA I 
are indicated in  brackets. On top the nucleotide sequence in the 
amino acid arm of tRNA I and tenta t ive  s tructural  features of 
serine t R N A  I I  and I I I  subfractions are indicated. 
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indicated in Figure 2: class I consists of tRNAs with 
3 base pairs in the dihydroU arm and a short extra 
arm, class II  of tRNAs containing three base pairs in 
the dihydroU arm and a long extra arm, and class I I I  
of tRNAs containing 4 base pairs in the dihydroU 
arm and a short extra arm. 

Fig.  2. S c h e m a t i c  r e p r e s e n t a t i o n  of the  3 classes of t R N A .  

The sequences of the tRNAs with known structures 
are indicated in Figures 3-7, according to the structure 
of the respective arms in the clover-leaf model. The 
underlined bases represent the base paired regions of 
the arm. Since the various tRNAs are of different 
length, the sequences have been so arranged that  all 
sequences could be accommodated. The numbers, 
therefore, indicate not the actual length of the molecule 
but  arbi trary positions in the direction from the 5' end 
to the 3" end of the primary structure for reference 
purposes. In several instances the tRNA used for 
sequence studies was reported to be a mixture of 2 
tRNA species with identical amino acid acceptor and 
coding properties. These tRNAs differed apparently 
by only a few nucleotides, which are also indicated in 
Figures 4, 6, and 7. 

The amino acid arm (Figure 3) shows 7 base pairs 
with the exception of E. coli tRNA Met F, which has 

Fig. 3 AMINO ACID ARM 

Tyryeast(B ) pC U C /U/ C O G ...... C C O /G/ G A G A C C A 

Tyryeast(T ) PC ........ U _c u c G G ...... C C G A G A G A C C A 

Valyeast(B ) PG /G/ U U U C G ...... C G A A A /U/ C A C C A 

Valyeast(T ) PG /G/ U U U C Q ...... C G A A 6 /U/ ~ A C C A 

Ileyeast(T ) pG G U C C C U ...... A G G G A C C A C C A 

S e r y e a s t ( B  ) pG / G /  C A A_ C U . . . . . .  A G U U G . / U /  C G C C A 

Serra t p G U A G U C G ...... C G A C U A C G C C A 

TyrE.coli p G G U G G G G ...... C C C C A C C A C C A 

LeUE.eoli pG C G A /A/ G G ...... C C /C/ U C G C A C C A 

ValE.coli p O G G U 0 6 P ...... A U C A C C C A C C A 

Pheyeast(B ) p.0 C G /G/ A V U ...... A A U /U/ C 9 C A C C A 

P h % h e a  t p O C 0 0 / 0 /  a A . . . . . .  U C ~ A /  C C 0 C A C C A 

PheE.coli PG C C C O S A ...... U C C O O G C A C C A 

Alayeast(B ) PG _G /G/ C G /U/ G ...... C /U/ C G /U/ C C A C C A 

ASpyeast pU C C G /U/ G A ...... U C /G/ C G G A G C C A 

TrPE.coli pA G G G O C G ...... C G C C C C U G C C A 

MetE.coli pG G C U A C G ...... C G U A G C C A C C A 

Met FE.coli pC G C G G G O ...... C C C C O C A A C C A 

1 2 ~ 4 5 6 7 ...... 82 83 84 85 86 87 88 89 90 91 92 

Fi g u re s  3 -7 .  S u m m a r y  of t R N A  nuc leo t ide  sequences .  The  nuc leo t ides  h a v e  been  a r r a n g e d  a c c o r d i n g  to  t he  v a r i o u s  a rms .  U n d e r l i n e d  bases  
i n d i c a t e  those  base  p a i r e d  in  t he  c lover- leaf  mode l .  Y e a s t ( B )  = B a k e r ' s  y e a s t ,  y e a s t ( T )  = T o r u l a  yeas t .  F o r  the  a b b r e v i a t i o n s  of  m i n o r  
nuc teo t ides  t he  s y s t e m  us ing  smal l  l e t t e r s  fo r  s u b s t i t u t i o n s  h a s  b c e n  u sed  (cf. Handbook o] Biochemistry; E d .  SOBER, T h e  Chemica l  R u b b e r  
Comp. ,  C leve land  1968, pp .  H 6 4 - 6 5 ) ,  i.e. h U  = D i h y d r o u r i d i n e ,  ~ = R ibosy lu rac i l ,  mXG = 1 -Methy lguanos ine ,  m2G = N 2 - M e t h y l g u a n o  - 
s ine;  m~G = N~-Dime thy lguanos ine ;  m~G = 7 -Me thy lguanos inc ;  m l I =  1-Methyl inos ine ;  m~A = 1 -Methy ladenos ine ;  m6A = NS-Methyl-  
adenos ine ;  mSU = R i b o t h y m i d i n e ;  m a c  = 5 - M c t h y l c y t i d i n e ;  mSC = 3 -Methy ley t id i lm;  U m =  2 ' .O-Methy lu r id ine ;  C m  = 2 ' - O - M e t h y l c y t i -  
d ine ;  ~ m  = 2 'oO-Methy lpseudour id ine ;  G m  = 2 ' -O-Methy lguanos ine ;  I = Inos ine ;  s4U = 4 -Th iour id ine ;  i lA = Ne - I sopen t eny l adenos ine ;  
m~si6A = 2 -Methy l th io -NS- i sopen teny l -adenos ine ;  ae4C = N4-Ace ty lcy t id ine ;  t c P =  N - ( p u r i n - 6 - y l - c a r b a m o y l ) - t h r e o n i n e ;  Y = F l u o r e s c e n t  
base  in  p h c n y l a l a n i n e  t R N A ;  X = U n k n o w n  de r iva t ives  of p a r e n t  bases .  P seudour id ine  ~/* is i nd i ca t ed  as an  ob l i que - s t roked  'U ' .  
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only 6 base Ralrs. There are 10 exceptions to the 
classical G-C and A-U base pairs, namely 7 G-U base 
pairs, 1 U-U, 1 A-C and 1 A-G pair. No differences in 
the structure of isoaccepting tRNAs have been reported 
so far in the amino acid arm. The lack of heterogeneity 
in this region of the reported tRNAs from one source 
is actually rather surprising for several reasons. First 
of all, tRNAs from different sources specific for one 
amino acid like phenylalanine, tyrosine and valine 
tRNA from baker's yeast, Torula yeast or E. coli, and 
serine-tRNAs from yeast and rat  liver vary  in the 
stem region quite considerably. Furthermore, evidence 
of the heterogeneity in the stem region of isoaccepting 
tRNAs has come from the observation made in several 
laboratories ~°-3. that  by acylating tRNAs with a 
labelled amino acid followed by digestion with RNase 
T, fragments of different chain length containing the 
same amino acids can be obtained. In addition, 
our own experiments have indicated that  great varia- 
tion occurs in the stem region of the rat liver serine- 
tRNAs. Thus, pGU is the 5' end in serine-tRNA I, 
pGC was found in species n and pGGU in species I n .  
The recognition of a variability in the base-paired 
region of the amino acid arm within isoaccepting tRNAs 
may be important in pointing out possible pitfalls in 

sequence determinations. Furthermore, it also indicates 
that  this region may not play an important  role in 
enzyme recognition. 

In the dihydroU arm (Figure 4), we can distinguish 
between tRNAs with 3 or 4 base pairs. Those with 3 
base pairs have only G-C bonds, with the exception of 
valine-tRNA which has one GU bond. In all tRNAs 
both terminal base pairs are G-C base pairs, with the 
exception of yeast aspartic acid-tRNA, which has 2 
G-U bonds. E. coli tyrosine tRNA is exceptional in 
that  it is the only tRNA with a pyrimidine in position 9, 
which might form a fourth base pair with the A in 
position 31. The number of nucleotides in the DHU 
arm is variable; the nucleotides have therefore been 
arranged in Figure 7 in such a way that  some regularities 
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376 (1964). 
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TILINA and L. S. SANDAKIICIIIEV, Biochim. biophys. Acta 708, 
506 (1965). 

~8 R. THIEBE and H. G. ZACr/AU, Bioehirn. biophys. Acta 103, 568 
(1965). 

Fig. 4 DHU-ARM 

Tyryeast(B ) U A ~G C C A - - A G hU hU - 

) c c A - - A QhUhU - 

Valyeast(B ) u ~G G U C ~ A O hU C - 

Valyeast(T ) U ~G G U C ~ - - A G hU hU - 

Ileyeast(T ) U O G C C C - - A O hU hU - 

Seryeast(B ) U G G C ~ O - - A G hU - - 

Serra t U G G C ACc G - - A G hU - - 

TyrE.coli sU sU C C C G - - A G C - - 

LeUE.coll U G G C G G - - A A hU hU - 

ValE.coil sU A _ G C U C - - A G C hU - 

Pheyeast(B ) U A ~O C U C - - A O hU hU - 

Phewhea t U A ~G C U C - - A G hU hU - 

PheE.coli U A G C U C - - A G hU C - 

Alayeast(B ) U ~G G C O C G U A G hU C - 

ASpyeast U A O U U ~ - - A A hU - - 

TrPE.col i sU A G U [I C - - A A hU hU - 

MetE.coli sU A G C U C - - A G hU hU - 
..U.. 

Met FE.coll sU G O A G C - - A G C C U 

2 
Gm G hU hU hU A A O O C m G 

2 
Gm G hU hU hU A A G O C m~G 

G G hU hU - A U G G C A 

G G hU C - A U G G C A 

G G hU hU - A A G G C m~G 

Gm G hU hU - A A G G C m~G 

Gm G hU hU - A A G O C m~G 

Gm G C C A A A G G G A 

G G hU A - G A C G C G 

G G O - - A G A G C A 

G G G - - A G A G C m~G 

G G G - - A O A G C m~G 

G G hU - - A G A G C A 

G G hU - - A O C G C m~G 

G G hU C - A G A A U G 

G G hU - - A G A G C A 

G m G hU hU - A G A G C A 

G G hU - - A G C U C G 

8 9 io ii 12 13 14 15 16 17 18 19 2o 21 22 23 24 25 26 27 28 29 3o 31 
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become more apparent.  Regularities which are always 
found are the following: 

1. Nucleotide 8 is always U or t4U. 
2. 16 is ahvays A. 
3. 17 is always a purine. 
4. 18, 19 are always pyrimidines. 
5. 21, 22 is always GG or GmG. 
6 .31  is ahvays a purine. 

Regularities with only one exception are the fol- 
lowing: 

1 .9  is a purine. 
2. 10 is G. 
3. 14, 15 are missing. 
4. 20 is missing. 
5. 26 is A. 

Additional fairly common features in this region 
appear striking. Thus, for instance, with one exception, 
the first and last base pairs are G-C bonds, the one to 
the center of the clover leaf having G on the 5' side 
and the one towards the loop having G on the 3' side. 
And with the exception of yeast valine-tRNA the last 
non-base-paired nucleotide at the 3' side is always A. 

The next region, i.e. the anticodon arm (Figure 5), 
shows no variation in length. All tRNAs show 5 base 
pairs, where in many  instances T or T m  substitutes 

for U. The 7 non base-paired nucleotides show the 
following regularities : 37 -~ pyrimidine, 38 ---- U, 42 
purine, in most cases modified A. The bases on the 3' 
side of the anticodon are especially remarkable in tha t  
a number of very unusual bases have been found in 
this position, e.g. isopentenyl-adenine and 2-thio- 
methyl-6-isopentenyl-adenine. These bases are extre- 
mely lipophilic. In countercurrent distribution, parti-  
tion chromatography and reverse phase chromato- 
graphy the different tRNAs are eluted according to 
their degree of lipophilicity. All the tRNAs containing 
these bases are among the most lipophilic species 34. 
This might indicate tha t  these bases confer this charac- 
ter on the whole tRNA. I t  is interesting to compare 
the degree of lipophilicity as revealed by  the elution 
pat tern from a partition column with their coding 
properties. Figure 8 shows the elution profile of E. coli 
tRNAs from a partition column in relation to the 
coding properties of the tRNAs. There appears to be 
a very remarkable connection between the two proper- 
ties. Among the most lipophilic species, which are eluted 
first, those tRNAs are found tha t  recognize a codon 
start ing with U, whereas those where the first letter 

3~ K. H. MUENC}{ and P. BERG, Biochemistry 5, 970 (1966). 

Fig. 5 ANTICODON ARM 

~ryeast(m ) m~G C A A ~ A C U C ~ A ~A A ~ C U U G A 

Tyryeast(T ) m2G ~ C A G A C U G ~ A A A ~ C U G A A 

Valyeast(B) A ~ C U G C ~ U I A C A C O C A O A A 

Valyeast(T) A ~ C U G C ~ U I A C A C G C A G A A 

Ileyeast(T) m~G ~, G G U G C U I A U tcP A C G C C A A 

Seryeast(B ) m22G A A A G A ~ U I G A ~ A ~ C U U U Um 

Serra t m~O A ~ G O A ~C U I O A ~A A ~m C C A U Um 

~YrE.coli A G C A O A C U XG U A ~A A ~ C U O C C 

LeUE.eoli 0 C U A /O/ C U U C A G 0* ~ O /~ /  U A 0 U 

ValE.eoli A C C U C C C U X A C m~ A O O A O O O 

Pheyeast(B ) m2O C C A G A Cm U Gm A A Y A ~ ~C U O 0 A 

Phewhea t m~O ~ C A O A Cm U Gm A A Y A ~ C U O A A 

PheE.coli A O G G G A ~ U G A A ~A A ~ C C C C O 

Alayeast(B) m~G C U C C C U U I O C mI ~ G G O A O A 

ASpyeast O O G C /O/ C ~ U O U C ~0 C O /U/ G C C A 
A C C O O U Cm U C C A A* A A C C O G O TrPE. c oli 

MetE.coli A C A U C A C U XC A U XA A ~ G A U G G 

Met FE.coli G U C G G G Cm U C A U A A C C C O A A 

31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 ~9 
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of the codon is A, C or especially G are found among 
the more hydrophilic species. ISHIKURA 35 has found 
that  several tRNAs from Torula yeast with coding 
properties for triplets starting with A have all purinyl- 
6-carbamoyl-threonin, which is acidic at neutral pH, 
next  to the anticodon. In serine-tRNA n I  from rat  
liver and methionine-tRNA from E. coli, which code 
for triplets starting with A, the base next  to the anti- 
codon was also found to be a similar acid adenine 
derivative. This seems therefore to be characteristic 
of tRNAs coding for triplets starting with A. 

The nucleotides in the anticodon itself pose an 
especially interesting problem. Although the code 
words for the amino acids are known, very little work 
has been reported on the coding properties of the actual 
tRNA whose sequences have been determined. To 
account for the distribution of the amino acids in the 
genetic code the wobble hypothesis proposed by 
CRICK 4 postulates that  only the bases corresponding 
to the first 2 nucleotides of the messenger codon form 
classical G-C or A-U base pairs. In the third position 
of the codon-anticodon interaction CRICK has proposed 
that  the bases on the tRNA could form the following 
base pairs with the messenger: A = U, C ~- G, U = A 
or G, G = C  or U, I = U ,  C o r  A. This is certainly 

correct in all cases where coding properties with tRNAs 
of known sequences have been determined. But  it 
may not be the entire story, because in addition to 
G, C and I, 2 unknown nucleotides XG and XC have 
been reported in this position of the anticodon, i.e. 
nucleotide 39 of Figure 5. XG in E. coli tyrosine has 
remarkable similarities to a nucleotide found in the 
minor dinucleotides from a pancreatic RNase digest 
of rat  liver tRNA 36. I t  seems to be a derivative of G, 
since unmodified G has also been found in this position. 
Another unusual nucleotide was found in thisposit ion 
in a subspecies of serine-tRNA II  ~1. In ¢ different thin- 
layer chromatographic solvent systems this nucleotide 
runs exactly like ~ .  I t  has also the same spectrum at 
acid and neutral pH, but  it does not show a batho- 
chromic shift at alkaline pH. I t  is probably a pyrimi- 
dine, since it is cleaved by pancreatic RNase and not 
by  RNase T1. The tRNA containing this nucleotide in 
the anticodon shows unusual coding properties, since 

~ H. ISHIKURA, Y. YAMADA, K. MURAO, M. SANEYOSHI and  S. NI- 
SHIMURA, Biochem. Biophys.  Res. Commun.  37, 990 (1969). 

~ H. ROGG and  M. BTAEHELIN, Biochim. biophys.  Acta  19a, 16 
(1969). 

Fig. 6 EXTRA-ARM 

Tyryeast(B ) A . . . .  G A hU m5C 

Tyryeast(T ) A C A hU m5C 

Valyeast(B ) A C - hU m5C 

Valyeast(T ) A C m5C 

Ileyeast(T ) A G A hU mSc 

Seryeast(B ) Um G G G C U C U - G C C C G m5C 

Serra t Um G O G o G U m~'" U - C C C C O mSC 

W E.ooli c - o c o A c u c 

LeUE.coli U G U C C U U A C G G A C G U 

ValE.co!i G G mTG .U C 

Pheyeast(B ) A G m7G U C 

Phewhea t A G mTGhu C 

PheE.coli G U mTG X C 

Alayeast(B ) A G "-h~- C 

ASpyeast A - - - G - A U 

TrPE.coli G - - - U ~G U U 

MetE.coil G G m~ X C 

Met FE.coli A . . . .  G A U C 

49 50 51 52 53 54 55 56 57 58 59 60 61 62 63 



15.1. 1971 Generalia 7 

it codes very well for PolyUC, it also codes for UCU 
and UCA but  not for UCC or UCG. Furthermore,  2 
sulfur containing pyrimidines occur in this position 
of the anticodon, namely 2-thio-5-uridine acetic acid 
methylester  in glutamic acid tRNA from yeast S~ and 
2-thio-5-methylaminomethyl-uridine in glutamic acid 
tRNA from E. coli 3.. Both tRNAs recognize GAA hut 
not GAG. I t  seems therefore tha t  in addition to the 
wobble possibilities suggested by  CRICK there are 
also other possibilities, such as the one found in ra t  
liver serine-tRNA, i.e. '~Y'----U or A, and that  in 
glutamic acid tRNAs,  i.e. s2U ---- A. 

The next  region, i.e. that  of the extra  arm, again 
shows considerable variation in length (Figure 6). The 
tRNAs with the short arm contain 3-5 nucleotides, 
those with the long arm 13-15. The last non-base- 
paired nucleotide is always a pyrimidine. In 3 instances 
the nucleotides in the center of this region were found 
to differ within various subspecies. 

Lastly, in the T~vC arm we always find 5 base 
pairs. In  4 instances non-classical base pairs (3 GU 
and 1 AC pair) have been reported. With the exception 
of valine-tRNA from baker 's  yeast, these base pairs 
are directly linked to the base-paired region in the 
amino acid arm. The last base pair is always formed of 

a G at the 5'  and a C at the 3' side. The non-base-paired 
region consists of 7 nueleotides with the following 
regularities: 1 = T, 2 = ~ ,  3 = C, 4 ---- Pu, 5 = A 
or mlA, 7 ---- Py. 

What  do these sequences tell us about  the general 
structure of the molecule ? The nature of the base pairs 
in the various s tem regions is indicated in Table n .  
Of all base pairs, over  2/~ are G-C bonds and 1/4 are A - U  
pairs. But  it is interesting tha t  these are not randomly 
distributed. Whereas in the amino acid a rm the same 
distribution is found as in the whole tRNA,  in the 
Tk~C ann  and D H U  over s/4 of all bonds are G-C 
bonds and only 1/8 A - U  bonds. But  this ratio is mar-  
kedly different in the anticodon arm where 40% of all 
bonds are A - U  bonds. This m a y  be a reflection on the 
needs for stabili ty of the various regions in the ter t iary 
structure of the molecule. As far as the general structure 
of the bases not base-paired in the clover-leaf model 
is concerned, the regularities and possible base pairings 

a7 M. YOSHIDA, K. TAKEISIII and T. UKXTA, Biochem. Biophys. 
Res. Cornmun. 39, 852 (1970). 

~$ Z. OIXAStlI, M. SANEYOSIII, F. HARADA, H. SARA and S. N*sm- 
MURA, Biochem. biophys. Res. Commun. dO, 866 (1970). 

Fig. 

Tyryeast(B ) G G G C G T 

Tyryeast(T ) G G G C G T 

Valyeast(B ) C C C A G T 

Valyeast(T ) C C C A G T 

lleyeast(T ) A O C A O T 

Seryeast(B ) G C A G G T 

Serra t G C A G G T 

TYrE.coli G A A G G T 

LeUE.coli G G G G G T 

ValE.coil G /G/ C G G T 

Pheyeast(B ) m5C U G U G T 

Phewhea t G C G U G T 

PheE.eoli C u /u/ G G T 

Alayeast(B ) U C C G G T 

ASpyeast m5C G G G G T 

T r P E . e o l  i G / O /  G A O T 
A C/A/G o T MetE.col i 

Met F O / U / / C /  O G T 
E.coli 

6~ 65 66 67 68 

7 T~C-ARM 

C a ~A C U C O C c C - 

~ c  o ~ A  A u c o c c c - 

~ c o~A u c c u o o G G 

~C O ~ A U C C U O 0 0 -  

ja c o ~ A  u c c u o c u - 

C A A A U C C U 0 C - 

c " ~ " ~ A  " ~ " u  c c u o c - 

~ C O A A ~ C C U U C -  

~ c  A A o  u c c  c c c -  

c o A u c c c o / u / c  . 

ja c o ~ A  u c c A c A o - 

~ c  o ~ A  u c  c A c o c - 

~ c o A U U c C/O/A o - 

c G A U U C C 0 O A - 

c A A U U c C c c O - 

c o A o u c u c / u / c  - 

ja c o A A U C c l c / ~  U - 

C A A A U C C G / O / C  - 

69 70 71 72 73 74 75 76 77 78 79 80 81 
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depicted in Figure 9 have been pointed out by LE- 
VITT 29. The fact that all tRNAs which contain G in 
position 17 have C in position 63, whereas those which 
contain A in position 17 have U in position 63, renders 
this general type of base pairing very likely. 
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Fig. 8. Order of elution of E. ¢oli tRNAs on part i t ion chromato- 
graphy Data  from MONCH and BERG 34 as well as from our own 
experiments were compiled to construct this composite diagram. 

Table II .  Distribution of base pairs in various arms of the clover-leaf 

It  was hoped that among other things a detailed 
knowledge of many tRNA sequences might throw some 
light on the mechanism of enzyme recognition. Although 
it is probably of importance that the only region which 
is absolutely identical in all rat liver and yeast serine- 
tRNAs is the dihydroU arm, this does not mean that 
these nucleotides are directly involved in enzyme 
recognition, because the fact that they also have 
exactly the same number of nucleotides might also 
indicate that the general shape of the molecule is more 
important than the actual nucleotide sequence. The 
work of CERUTT139 has indicated furthermore that 
dihydrouridine residues in this region can be destroyed 
without impairment of aminoacylation, although the 
pyrophosphorylase may not be able to recognize the 
molecule anymore. On the other hand the interesting 
observation has been made that E. coli valine-tRNA 
synthetase also recognizes phenylalanine tRNA from 
yeast and wheat embryo but not from E. coli 4°. The 
primary sequences of these 4 tRNAs are represented 
in the first 4 tRNAs of class III in Figures 3-7. They 
all contain the same number of nucleotides. Those 
that are recognized by the enzyme differ from phenyl- 
alanine tRNA (E. coli) in the spacing of hU and G in 
positions 19 and 23 of the DHU-arm, and in having 
G and C residues in positions 54 and 75. 

Number of base pairs 

G-C A-U G-U A-C G--A U-U 

Amino acid arm 83 32 7 1 
TTtC-arm 70 15 4 1 
Anticodon arm 52 36 2 
DHU-arm 49 9 5 

1 1 

~9 p, CERUTTI and N. M I L L E R ,  J ,  nlolec. Biol. 26, 55 (1967). 
40 B. S. DUDOGK, C. DIPERI and M. S. MICHAEL, J.  biol. Chem. 

245, 2465 (1970). 
41 j .  N. ABKLSON, M. L. GEFTER, L. BARNETT, A. LANDY, R. L. RUS- 

SELL and J. D. SMITH, J. molee. Biol. d7, 15 (1970). 
42 j. D. SMITH, L. BARNETT, S. BRENNER and R. L. RUSSELL, 

J, molec. Biol., in press. 
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Probably the most important  work which might 
throw some light on the importance of individual 
nucleotides in the primary structure is tha t  carried 

h. i \~  # . .  "A  
' Is 

c= , . . ~ e  =~  " : u J  / 
l i t  I I I I I \ 

I r ' "  / 

! ] " %~ .. ;,, ._-, "'.,,. ":, 

d~, c=, ~ / - ~'//~ 

I 
~ , . # A .  toP. ,A,~, ~.o" ', / 

XO,XC,Om, X 

Fig. II. Location of minor nucleoddes in known sequences. 

out in mutants containing modified su+~ tyrosine- 
tRNA 41. All the mutant  tRNAs shown in Figure 10 
were defective in one or more functions, but in some 
where the mutated nucleotide is involved in base pairs, 
full function could be regained by  a double mutation, 
which gave rise to a new correct base pair. So far such 
a complementarity has only been reported in those 
regions already known to be base-paired from the 
clover-leaf model. This, in itself is important  in view 
of the fact that  quite a number of non-correct base 
pairs have been reported in double-stranded regions of 
the clover-leaf structure. When by this technique 
double mutants regaining full activity can be obtained 
in nucleotides other than those involved in base-paired 
regions of the clover-leaf molecule, the analysis of 
primary structures might be of help to elucidate the 
tert iary structure of the tRNA molecule. 

One of tile most important information primary 
sequence has given us is the location of minor bases. 
A dozen or so minor nucleotides have been found in 
various tRNAs which occur always at the same sites 
(Figure 11). Four minor nucleotides (Gin, mSC, mac 
and mlG) have been found at 2 sites, whereas dihydro- 
uridine and pseudouridine have been found to occur 
at 6 and 9 different sites, respectively. Figures 12 and 13 

Fig. 12 Sites of hU and ~ in Various t R N A s  ' 

Tyryeast(B ) A hU hU hU hU 

Tyryeast(T ) A hU hU hU hU 

Valyeast(B ) ~ hU C hU hU 

Valyeast(T ) ~ hU hU hU C 

Ileyeast(T ) C hU hU hl/ hU 

Seryeast(B) G hU - hU hU 

Serra t G hU - hU hU 

TyrE.coli G C - C C 

LeUE.coll G hU hl/ hU A 

ValE.coil C C hU G - 

Pheyeast(B ) C hU hU G - 

Phewhea t C hU hU G - 

PheE.coli C hU C hU - 

Alayeast(B ) C hU C hU - 

ASpyeast ~ hU - hU C 

TrPE.coli C hU hU hU - 

MetE.coli C .h~.. hU hU hU 

Met FE.coli C C hU hU - 

h U A ~  C A C ~ C  

h U A ~  ~ C C ~ C  

- C G ~  ~ C ~ A C  
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give a survey of the sites in all tRNAs where modifica- 
tion of U to hU or ~r/and where some of the methyla- 
tions have occurred. I t  can be seen that  in all 5 sites 
in the DHU-arm, where hU has been reported to occur, 
all U residues have been modified. The same is true 
of the T sites in the DHU-arm, at the 3' side of the 
anticodon and in the TWC-arm. On the other hand, 
the U residues 32, 33 and 45 in the base paired region 
of the anticodon arm as well as the free residues 40 
and 43 and the hU site in the extra arm are only 
partially modified. The same applies to all sites of 
methylation with the exception of T, which is present 
in all tRNAs (Figure 13). 

Since the content of minor nucleosides varies in 
different species, species differences in the extent  of 
modifications to minor nucleosides have also to be 
considered. But  although none of the E. coli tRNAs 
contains mlG, rn~G, m~G, mlA or msC, in no case 
have the parent bases in all yeast tRNAs been methy- 
lated. The only exception is possibly position 55 where 
all G residues in Figure 13 were found to be modified 
to m*G. Interestingly all 7 reported m~G residues are 
found in class I n  tRNAs whereas maC is only found 
in class I and II tRNAs, where the C residues of all 
tRNAs from eukaryotic cells have been modified to 

maC. This leads to the question: what do these modi- 
fying enzymes recognize and why are only some tRNAs 
modified ? One aspect of this problem has been investi- 
gated in relation to 1-adenine-methylase a .  In pancrea- 
tic RNase digests of yeast tRNA 1-methyl-adenine was 
found in 6 different sequences, i.e. 3 tri- and 3 tetra- 
nucleotides. In vitro methylation of yeast tRNA by 
purified 1-adenine-methylase from rat liver yields the 
same 6 sequences (Table III). Three of these are 
found in the 8 instances, where m~A has been located 
in complete tRNA sequences. Methylation of highly 
purified serine-tRNA known to have the sequence 
CAAAU in the T~C-a rm has yielded the pancreatic 
RNase digest fragment AmlAAU, indicating enzymatic 
rnethylation of nucleotide 73, i.e. of the only nucleotide 
where mlA occurs in the established tRNA sequences ~. 
This indicates tha t  the tRNA-methylases recognize 
very specific sites in the molecule. On the one hand 
this facilitates the construction of new tRNA sequences 
containing minor bases, on the other hand it poses 

43 B. C. BAGULEY and M. STAEtlELIN, Diochemistry 8, 257 (1969). 
44 B. C. BAGULEY, W. WEHRLI and M. STAEHELIN, Biochemistry 9, 

164,5 (1970). 

Fig. 13 Some Sites of Methylation in tRNAs 
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Table III. 1-Methyladenine-containing sequences (from 41) 

Base residues Methylation Endogenous 
per tRNA chain in vitro 1-Methyladenine 

E. coli Yeast Yeast Liver 
tRNA tRNA tRNA tRNA 
0.9 0.2 0.55 0.90 

Sequences 
Py-A-1MA-U - 4% 0.05 0.05 
Py-G-1MA-U - 35 % 0.20 0.20 
Py-G-1MA-C - 8% 0.05 0.10 
Py-A-1MA-A-U 10% 20% 0.10 0.30 
Py-G-1MA-A-U 90% 23% 0.10 0.20 
Py-G-1MA-A-C - 10% 0.05 0,05 

the problem why sonic tRNAs are methylated and 
others are not. Of the known yeast tRNAs, for instance, 
tyrosine-, valine-, isoleucine- and phenylalanine-tRNA 
contain m~A, whereas the three others don't, although 
they can be methylated by rat liver methylase. Thus 
as yet no clear picture as to the reason for the dif- 
ferent extent of methylation emerges. From our knowl- 
edge of the specificity of tRNA methylases and from 
the known sequences it appears only that the question 
to be raised should not be anymore: why have some 
nueleotides been modified, but rather: why has the 

modification not occurred in all tRNAs, since there 
are apparently enzymes capable of modifying the 
parent residues in these positions ? 

Zusammenfassung. Aus einem Vergleich der be- 
schriebenen Sequenzen verschiedener Transferribonu- 
kleins~iuren lassen sich Schltisse tiber die allgemeine 
Struktur dieser Molekiile ziehen. S~imtliche Sequenzen 
lassen Basenpaarungen zu, die sich zweidimensional 
in einer Kleeblattform darstellen lassen. Die bisher 
bekannten Transferribonukleins~iuren lassen sich in 3 
Klassen aufteilen, je nachdem, ob sie 3-4 Basenpaare 
im DHU- und einen kurzen oder langen Extra-Arm 
besitzen. Die Verteilung der seltenen Nukteotide weist 
eine auffallende Regelmitssigkeit auf. MethylierteBasen 
kommen meistens nur an einer bestimmten Stelle des 
Molektils vor, nur vier wurden an zwei Stellen beschrie- 
ben. Dihydrouridin und Pseudouridin wurden an 6 
bzw. 9 Stellen gefunden. Dies dtirfte darauf hinweisen, 
dass die Enzyme, die Nukleotide in der Transfenibo- 
nukleinsiiure modifizieren, nicht spezifische Transfer- 
ribonukleinsfiuren erkennen, sondern spezifische Stellen 
in den verschiedensten Molektilen. Anhand der serin- 
spezifischen Transferribonukleins~iuren aus Ratten- 
leber wird gezeigt, dass multiple Species vorliegen, die 
zum Teil das gleiche Codon erkennen kSnnen, sich aber 
in der Prim~irsequenz unterscheiden. 

S P E C I A L I A  
Les a u t e u r s  s o n t  seuls r e sponsab les  des  op in ions  expr im~es  d a n s  ces b r6ves  c o m m u n i c a t i o n s .  - F i i r  die K u r z m i t t e i l u n g e n  
is t  ausschl iess l ieh der  A u t o r  v e r a n t w o r t l i c h .  - P e r  le b r e v i  c o m u n i c a z i o n i  6 r e sponsab i l e  solo l ' au tore .  - T h e  ed i to r s  
do n o t  ho ld  t h e m s e l v e s  responsible  for  t h e  op in ions  expressed  in t he  a u t h o r s '  b r ie f  repor ts .  - OTBeTCTBeHH0CTb 3a 

KOp0TKHe cooSmerm~ Hecer ~cK~mqnre~ibHO aBT0p. -- E1 r e sponsab le  de  los in fo rmes  reducidos,  es t~ el au to r .  

Modifications of Lichen Substances and Morphology  Induced by Mechanical Shock in Cladonia pacifica 

Microchemica l  a n d  c rys ta l l ine  t es t s  of t ha l l i  of shocked  
Cladonia paci/ica revea led  a d d i t i o n a l  s u b s t a n c e s  n o t  
k n o w n  to  occur  in  t h i s  l i chen  a n d  w h i c h  d id  n o t  occur  
in  t h e  controls .  T h e  on ly  morpholog ica l  a l t e r a t i o n  a f t e r  
shock  was t h e  color  of t he  tha l lus .  Con t ro l  t h a l l i  were  
whi te ,  whe reas  shocked  t h a l h  were  t a n  to  k h a k i  in  color.  

L i chens  are  cons idered  to  be  h a r d y  p l a n t s  because  of  
t h e i r  wide  geograph ic  d i s t r i b u t i o n  a n d  t h e i r  a d a p t a t i o n  
to  xer ic  h a b i t a t s ,  b e i n g  v e r y  r e s i s t en t  to  e x t r e m e s  of 
t e m p e r a t u r e  a n d  drying.  T h e y  are, however ,  h i g h l y  
r e spons ive  to  e n v i r o n m e n t a l  f ac to r s ' -% T h e  p r e s e n t  
s t u d y  e x a m i n e s  t h e  gross morpho logy  of l ichen  tha l l i  
a n d  l i chen  s u b s t a n c e s  a f t e r  expos ing  t he  l ichens  to  
m e c h a n i c a l  shock ,  where  shock  is def ined as a fas t -  
r i s ing  p ressure  pulse  of severa l  seconds du ra t i on .  The  
p r e s e n t  work  s t ems  f rom a n  in te res t  in  t he  poss ibi l i t ies  
for  us ing  p l a n t s  as e x p e r i m e n t a l  b io - ind ica to rs  of unde r -  
g r o u n d  shock  ~. 

Since l ichens  a re  such  slow growing p lan t s ,  on ly  
obv ious  changes  in  t h e i r  a p p e a r a n c e  a n d  obv ious  micro-  

chemica l  changes  were obse rved  in t he  p r e s e n t  s t u d y  in 
w h i c h  u n s h o c k e d  p l a n t s  were used as  cont ro l s .  Because  
t h e  l i chen  ac ids  a re  m o s t l y  pheno l i c  de r iva t ives ,  2 pos t -  
shock  per iods  were  se lected to  a l low for  a c c u m u l a t i o n  of 
a n y  newly  fo rmed  ac ids  or  d e g r a d a t i o n  p r o d u c t s  of  t h e  
ex i s t i ng  acids.  
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