
covered easily from the hydrolysate by 
adsorption on cellulosic material, which 
can be blended with the solids added at 
the hydrolysis stage. Enzymes on the 
solid residue left after hydrolysis can be 
desorbed by pH adjustment (9) and the 
extract used to supplement the fresh 
enzyme. Beta-glucosidase, a key compo- 
nent of cellulase which splits cellobiose 
to glucose, is not very stable and cannot 
be recovered by either of the methods 
just presented. However, low-cost beta- 
glucosidase can be obtained by a sepa- 
rate fermentation. There are indications 
that about 50 percent of the cellulase can 
be recycled, and the effect on costs 
should be dramatic. 

Conclusion 

Biomass refining is approaching com- 
mercialization. The first factories are 
likely to emphasize high-value products 
such as  lignin, molasses, and paper pulp 
rather than ethanol. With products from 
all the major fractions of biomass very 
little waste will be generated, so these 
factories will have few problems in meet- 
ing environmental standards. Establish- 
ment of refining technologies will open 
the way for factories producing alcohol 
fuels. An excellent return on investment 
is likely, and guarantees and tax incen- 
tives may not be needed to stimulate the 
construction of factories. 

Translational Efficiency of Transfer 
RNA's: Uses of an Extended Anticodon 

Michael Yarus 

A transfer RNA (tRNA) efficiently 
translates its codon (or codons) despite 
the apparent fact that its principal device 
for doing so, the anticodon trinucleotide, 
seems to function weakly and inaccu- 
rately when not a part of a tRNA mole- 
cule. We therefore expect that the de- 
tailed architecture of tRNA's will ac- 
count for their superiority. But while 

suggests that the structure of the antico- 
don loop and the proximal anticodon 
stem are related to the sequence of the 
anticodon. Thus, it is as if the anticodon 
itself were extended into the nearby 
structure. This extension can therefore 
be used to specifically enhance the se- 
lected, accurate pairing with a cognate 
codon. 

Summary. Transfer RNA's are probably very strongly selected for translational 
efficiency. In this article, the argument is presented that the coding performance of the 
triplet anticodon is enhanced by selection of a matching anticodon loop and stem 
sequence. The anticodon plus these nearby sequence features (the extended 
anticodon) therefore contains more coding information than the anticodon alone and 
can perform more efficiently and accurately at the ribosome. This idea successfully 
accounts for the relative efficiencies of many transfer RNA's. 

some of the important contributions of 
the tRNA structure are known (1, 2), 
there has been no unifying scheme that 
connects tRNA structure with transla- 
tional performance. The extended anti- 
codon hypothesis is such a scheme. It 

The author is a professor of biology in the Depart- 
ment of Molecular, Cellular and Developmental Bi- 
ology, Campus Box 347, University of Colorado, 
Boulder 80309. 

The tRNA's (as well as the rest of the 
translational apparatus) of free-living, 
fast-growing microorganisms are proba- 
bly highly selected for translational effi- 
ciency. More than half the dry weight of 
a bacterium can be protein, and the rate 
at which that mass can be generated is 
quite critical to evolutionary success. 
Even a tiny difference in growth rate can 
quickly be amplified by a period of expo- 
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nential growth into a decisive advantage 
in numbers. It is therefore plausible to 
begin by treating the tRNA's functional 
in Escherichia coli as a set selected for 
good (if not optimal) translational effi- 
ciency. 

Order in Natural Sequences 

In Fig. 1, the sequences of 42 wild- 
type tRNA's functional in E. coli are 
abstracted and grouped so  as to allow 
comparison of their anticodon loop and 
stem regions. The sequences are pre- 
sented linearly, beginning at  the first (5') 
anticodon loop nucleotide, running 3' 
through the anticodon loop, and extend- 
ing through the five 3' nucleotides of the 
anticodon helix (see the drawing in Table 
1). Thus, the figure allows one to visual- 
ize the entire loop, and the helix by 
inference. 

The sequences are grouped so that 
translators with the same 3' anticodon 
nucleotide (same 5'  or "first" codon 
nucleotide) are written together; 3' py- 
rimidines are at  the top of the figure, 3' U 
or A is on the left, 3' C or G is on the 
right of the groupings (3). This helps to 
make the design of the sequences most 
evident, because all sequences having 
the same 3' anticodon nucleotide also 
have a similar set of anticodon region 
sequence features. The constrained fea- 
tures include the sequence of the 3' 
nucleotides in the anticodon loop, and 
some of the base pairs of the anticodon 
stem (Table 1). A comparable set of 
shared features does not appear when 
sequences are grouped by first [wobble; 
(4)]  or second (middle) anticodon posi- 
tions. 

These relationships are summarized 
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by a set of "rules" in Table 1, which may 
be compared with the tRNA sequences 
in Fig. 1.  The rules of Table 1 say that, if 
a certain sort of nucleotide is at the 3' 
anticodon position, then a proximal nu- 
cleotide or nucleotide pair will have a 
particular nature. A bar indicates that no 
strong preference related to  coding ex- 
ists. Because of the apparent primary 
role of the 3' anticodon nucleotide, I 
refer to it as the cardinal nucleotide of 
the anticodon. I call the anticodon, to- 
gether with its related nearby sequence 
features, the extended anticodon. 

Relation Between Structure and 

Function 

There is a notable contrast between 
the two halves of the anticodon loop, 
comparing the sequence 5' to  the antico- 
don to that 3' to it. The two conserved 
pyrimidines on the 5' side of the loop 
(Table 1) are stereotyped by comparison 
with the variable nucleotides of the ex- 
tended anticodon. The 5' nucleotide of 
the loop (Table 1) may be either C or U, 
although this is only weakly related to  
the anticodon. The next nucleotide is 
one of the most strongly conserved fea- 
tures of the tRNA sequence, the univer- 
sal U which precedes the anticodon. 
Thus the sequences on the 3' side of the 
loop and in the stem are strongly related 
to the anticodon, but the 5' side of the 
loop is almost constant. 

Although all the nucleotides proximal 
to the anticodon are probably important 
to translational efficiency, the cardinal 
nucleotide, the nucleotides just 3 '  to  it, 
and some of the stem nucleotide pairs 
are constrained as  if they were a coding 
unit. The 5' part of the loop, in contrast, 
is apparently shaped to perform some 
common function, whose nature is only 
weakly related to the coding nucleotides. 
The anticodon loop is therefore com- 
posed of two regions of rather different 
character, whose translational roles may 
be expected to be distinct. 

What is the origin and purpose of the 
nonrandomness of the anticodon loop 
region structure? The extended antico- 
don hypothesis proposes that the se- 
quence regularities attendant to  a given 
anticodon are evolved to optimize its 
translational function. 

Validity for Other Organisms 

The uniformities of the sequences in 
Fig. 1, which are codified in Table 1, are 
quite rigorous for E,  coli tRNA's. The 
data are also valid, with a few excep- 
tions, in other organisms, including the 
cytoplasmic fraction of higher eukary- 
otes. However, these regularities are de- 

5 '  
LOOP 
n 

3 '  
L O O P  

5' 
L O O P  
n 

3' 
L O O P  - 3' 

H E L I X  - 
IV V I  

GCAGG 

A . C .  
n 

H E L I X  A.C.  
n - 

IV  VI- 

WCCGU 
tectable, but not strong at  all, in the 
tRNA's of archaebacteria and even less 
marked for eukaryotic organelles. The 

ASN C U  

I L E l  CU 

I L E 2  CU 

L Y S  cu 
METm CU 

S2 
S E R 3  CU 

THR UU 

QUU 

GAU 

ALA UU 

A S P  CU 

G L U l  cu 
GLU2 CU 

G L Y l  UU 

GLY2 C U  

G L Y 3  UU 

VAL1 CU 

VAL2 UU 

GCAGG 

GGC GG 

GGCGG 

GCUCU 

GCUGA 

GGUC G 

GGAGG 

GGUGG 

GGGUG 

WCGCU 

VCAAU 

VGAUG 

GGGAG 

GGGUG 

QUC 
mams 

UUC 
mams 

uuc 
organelles may have alternative rules not 
yet discerned, or may not be selected 
primarily for translational efficiency. 

NAU 
mams 

UUU 
ac4 
C AU 

GCU 

GGU 

CCC * 
UCC * 
GCC 
05 
UAC 

There is an interesting point to be 
made about phylogenetic breadth from 
Fig. 1 itself. The T-bacteriophage 
tRNA's clearly show most of the same 
regularities as  E. coli tRNA's, but they 
also contain a number of exceptions as- 
sociated with an unusual concentration 

GXG 
GGGK 
VGAGG 

T 4  ARG CU 

T 4  I L E  CU 

T 4  THR CU 

NC U 

NAU 

:GU 

GAC 

mams 

tcc T 4  GLY CU WCUGA of nucleotide mispairs in the anticodon 
stem. These variations may reflect the 
fact that the T4 tRNA's are dispensable 

T 5  A S P  UU GUU AA G ~ u G A  I I 
INITIATOR 7-z genes in laboratory strains of E. coli, and 

therefore may not be as strongly selected 
for efficiency (5, 6) as  are the tRNA's of 
the host cell. 

It is possible to take a list of tRNA 
sequences and, without looking at the 

msl 
CYS WU GCA AA W CC GU * ms1 
L E U 5  WU AAA AA WCCCU 

52 m2 
A R G l  CU I C G  AA 

m2 
ARG2 C U  I C G  AA 

CC GAG 

CCGAG 

ACCGG 

WCCGG 

W CC GG 

GFUA G 

GGUAG 

~ S I  
PHE WU GAA AA WCCCC 

05 msl 
S E R l  CU UGA AA ACCGG 

S2 m 2 
G L N l  UUG AW 

m2 
GLN2 UU CUG AW cardinal anticodon nucleotide, deduce it 

in the overwhelming majority of cases by 
inspection of the anticodon stem and 3- 

msl 
T R P  g U  CCA AA ACC GG 

ms I 
TYR i U  QUA AA WCUGC 

m m2 
H I S 1  UU QUG AW * 
L E U 1  UU CAG GW 

LEUL uu GAG 

prime loop. This exercise shows that the 
extended anticodon contains sufficient 
information to aid translational accura- 

msl 
T 4  L E U  CU GAA AA VGCUG 

msl 
T 4  S E R  $U NGA AA ACC GG cy. This is the more impressive, since 

not all constraint on the anticodon local 
sequence has been listed in Table 1, just 

m2 
T 4  GLN CU ~ J G  AC 

m i  
T 4 P R O F  :GG GA 

T 5 G L N C U  UUG AA 

T 5  H I S  UU GUG AA 
m 6 

T 5 L E U C U  UAG AU 
m i  

T 5  PRO UU UGG GG 

VGCUA 

WCAGG 

GVC GA 
WCAGG 
- 
W CC GU 

CGGUG 

the part that appears as  the nearly invari- 
ant occurrence of certain nucleotides. 
Additional information exists as  biases in 
nucleotide sequence less strong than 
those shown, as  other restricted groups 
of alternative nucleotides (7), and some 

Fig. 1. The sequences of E. coli tRNA's. Only the anticodon loops and the 3' side of the 
anticodon stems are shown. Roman numerals correspond to the positions in Table 1. 
Abbreviations may be defined by, and references found in (55). A superscript bar on a helix 
nucleotide implies that nucleotide is not involved in an AU or GC pair. 

information may not have been detect- 
ed because too few sequences are avail- 
able. 
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Table 1. Sequence organi- 
zation around the antico- 
don in tRNA's. Across the 
top is the nucleotide at the 
cardinal (3') position of the 
anticodon, and, in the body 
of the table is the corre- 
sponding local sequence 
feature, as shown in the 
diagram of the anticodon 
stem and loop at the left. A 
dash implies that there is 
no evident strong con- 
straint. Pu means the nu- 
cleotides A or G, Py means 
U or C, and not G means 
U ,  C, or A (55). Entries in 
parentheses appear in E. 
coli tRNA, but are not 
strongly supported by oth- 
er sequences. 

Cardinal Nucleotide $ 
3' 

1 +- i(GcorcG) - i PyPu GC or CG 

A not G not G 
(A or q )  (A or C) 

U 

In the case of one particular anticodon 
loop nucleotide, a similar idea and data 
confirming it have been known for some 
time. Nishimura (I) has reviewed the 
structural constraints on the nucleotide 
3' to  the cardinal nucleotide (nucleotide 
I,  Table 1). The nature of its unique 
posttranscriptional modifications, which 
change to match a mutational change in 
the cardinal nucleotide (1, 8), and the 
requirement for the modification for op- 
timal function in translation, are well 
established (1, 2 ,  9, 10). The evidence 
concerning this nucleotide therefore sup- 
ports both (i) the existence of an extend- 
ed anticodon and (ii) its special relation 
to  the cardinal nucleotide. This kind of 
specific structural requirement is applied 
to  most of the nearby stem and loop by 
the extended anticodon hypothesis. 

Translational Efficiency 

The idea of the extended anticodon 
has been implicit in the well-known fact 
that, for example, amber (UAG) sup- 
pressor tRNA's have different efficien- 
cies. Because all amber suppressor 
tRNA's share the same codon-anticodon 
pairing, the differences must reside in the 
rest of the tRNA structure. The extend- 
ed anticodon hypothesis assigns this ad- 
ditional influence to  a location in the 
molecule. 

There are seven classes of amino acid 
acceptor tRNA's that ought to easily 
mutate to amber (UAG) or ochre (UAA) 
suppressors; that is, by a single antico- 
don nucleotide change. Yet only a subset 
of these have been found in intensive 
hunts in E, coli and yeast (11). Of those 
found, there is a class of easily isolated 
and efficient suppressor tRNA's, and a 
class of weak ones, sometimes requiring 
a deeper search. These two classes are 
distributed in a very particular way in 

Table 2. The strong or  obvious set (Leu, 
Ser, Tyr, Trp) are all in the top line, the 
weak and obscure in the third vertical 
column (Gln, Lys, Glu). 

In fact, the E. coli amber suppressing 
mutant of ~ R N A ~ ' ~  (tryptophan tRNA) 
was not easily isolated because there is 
only one E. coli gene for tRNATrp and 
the suppressor (Su+7), therefore, could 
be isolated only in a partial diploid (12) 
where it would not make a lethal deletion 
in the cell's coding capacity. It  is never- 
theless strong, being among the most 
efficient known suppressor tRNA's (12). 
It therefore exemplifies the pattern rath- 
er than an exception. Both the E. coli 
serine suppressor and the amber sup- 
pressor mutant of T4 phage ~ R N A ~ ~ '  
(serine tRNA) fit the pattern cited; both 
are efficient and orevent termination of 
the majority of growing peptide chains at  
UAG (13, 14). They also have nearly 
identical anticodon stem-and-loop se- 
quences (Fig. 1). 

The effective difference between the 
strong and weak suppressors, which is 
obvious in Table 2, is that the weak ones 
require changes at  the cardinal position 
(first position of the codon) and therefore 
risk creating a tRNA that contains a 
conflict between the cardinal nucleotide 
and its adjacent stem-and-loop se- 
quence. The strong suppressors are 
those formed by mutation at  the two 
other positions, which therefore cannot 
violate these rules of anticodon stem- 
and-loop organization. The weaker ones 
do violate these principles, as  follows. 

Detailed Analysis of the 

Weak Suppressors 

The amber suppressor Su'2 is an anti- 
codon mutation of ~ R N A ~ ' "  (glutamine 
tRNA) (15, 16; original codon CAG). It is 
also the least efficient of the extensively 

studied amber suppressors (12). The mu- 
tated tRNA is changed at the cardinal 
position so as  to conflict with the natural 
pattern at  position I1 (Table 1). Bradley 
et a/ .  (17) have studied the efficiency of 
this suppressor genetically and we have 
studied it by tRNA gene construction 
(18). It appears that it is weak solely 
because of the sequence proximal to the 
anticodon (17, 19). That is, when the 
anticodon-proximal sequence is correct- 
ed to be in accord with Table 1, the 
resulting tRNA is an efficient amber sup- 
pressor despite the unchanged sequence 
throughout the rest of the tRNA. 

The same low efficiency is predicted 
(Table 1 and Fig. 1) if T4 phage tRNAG'" 
mutates to a termination suppressor. The 
ochre suppressor so  derived (T4 p ~ u ' ~ )  
is, in fact, extremely weak; its action is 
not detectable unless the termination co- 
don to be suppressed resides in a gene 
whose product is needed in small 
amounts (20). 

The lysine-inserting tRNA mutant, 
Sut5, has been detected in E. coli as an 
ochre suppressor (21); that is, because of 
the wobble of the ~ R N A ~ ~ '  (lysine 
tRNA) mutated in the cardinal position, 
it reads both UAA and UAG (original 
codon AAA and AAG). The sequence of 
the known E. coli ~ R N A ~ ~ ~  (22, 23) if 
mutated to an ochre suppressor, would 
conflict with Table 1 at position V. In- 
deed Su'5 is a weak suppressor, being 
less efficient than the ochre suppressor 
Su t4  [which is tRNATyr (tyrosine tRNA) 
mutated in the noncardinal first antico- 
don position] by a factor of up  to eight- 
fold, depending on the marker studied 
(21). The difficulty is probably not with 
the insertion of lysine itself, since Su+5 
tRNALyc was never superior a t  any of 12 
sites tested, and both immunologically 
detected protein and enzyme activity 
were low and similarly decreased, when 
compared to Su+4 ~ R N A ~ ~ ' .  

The case of the potential tRNAGIU 
(glutamic acid tRNA) E. coli ochre sup- 
pressor (original codons GAA and GAG; 
it might again wobble to  read UAA and 
UAG) is perhaps the most interesting 
because it has not been possible to  iso- 
late this suppressor at all in E. coli, even 
by extensive mutagenesis of a cloned 
~ R N A ~ ~ ' "  gene (23). In fact, the required 
mutant ~ R N A * ~ "  sequence, altered from 
C to A at  the cardinal anticodon site, 
would differ from the sequence required 
at positions 11, 111, and IV (of Table 1 
and Fig. 1). Its grossly conflicting inter- 
nal structure presumably makes this sup- 
pressor too inefficient to be detected. 

Taken together, these data support the 
concept of an extended anticodon. They 
also confirm that the relation between 
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the cardinal nucleotide and the extended 
anticodon has functional meaning be- 
cause the weak suppressors are just 
those mutated at the cardinal position 
(Table 2). Even more particularly, these 
results comprise an argument for the 
importance of the nucleotide labeled 11, 
and the nucleotide pairs labeled 111, IV, 
and V (Table 1) in translational efficien- 
cy. 

Translational Accuracy 

A second apparent use of the extended 
anticodon relates not only to  translation- 
al efficiency but also to  the intrinsic 
accuracy of translation. The accuracy of 
tRNA selection is directly responsive to  
the state of small ribosomal subunit pro- 
tein S12 (24). This protein, mutated to  
confer streptomycin resistance, makes 
the ribosome more accurate both in vivo 
(25) and in vitro (26). One expression of 
this enhanced accuracy is that the drug- 
resistant ribosome reduces the efficiency 
of certain tRNA's mutated to  act as  
termination or missense suppressors (27; 
reviewed in 28), with only small simulta- 
neous effects on the action of normal 
tRNA's. The concept of a "ribosomal 
screen" (28), which filtered out the sup- 
pressors, was devised to summarize 
these observations. The "ribosomal 
screen" as defined by mutational analy- 
sis also controls the normal accuracy of 
translation (25, 26). The relevant point 
here is that the relation between the 
cardinal nucleotide and the extended 
anticodon seems to be the molecular 
character which is under observation bv 
the accuracy-determining portion of the 
ribosome. The critical data, again, arise 
because tRNA suppressors have been 
changed by mutation, and therefore may 
not conform t o  the pattern of natural 
sequences (Table 1). Those which d o  
conform to the natural pattern are rela- 
tively slightly affected by the ribosome's 
accuracy function; those which deviate 
from the pattern are strongly rejected. 

Consider the amber supressors Su'l 
(Ser), Su'2 (Gln), Su'3 (Tyr), and Su'7 
(Gln). Su'l, Su'3, and Su'7 have been 
cited just above as  efficient suppressors, 
mutated at noncardinal sites (the first or 
second anticodon positions). They are 
also the least affected by streptomycin- 
resistant ribosomes (29). More severely 
affected by far is Su'2, which, for that 
reason, is the termination suppressor 
usually used in experiments on the strep- 
tomycin resistance effect. As also dis- 
cussed just above, Su'2 is mutated at  
the cardinal (3') anticodon position, and 
the mutation does produce a tRNA in 

Table 2. A modified coding 
table. The origins of two class- 
es of termination (amber or 
ochre) suppressors by single 
mutation in the anticodon are 
shown. An efficient, ribo- 
some-insensitive class comes 
from the barred region, and an 
inefficient class which is ex- 
pected to be restricted by 
streptomycin-resistant ribo- 
somes comes from mutations 
in the dotted region. 

which the mutated position is in conflict 
with Table 1, position 11. This is as  
expected if the translational apparatus 
determines accuracy by criteria embod- 
ied in Table 1. 

Missense suppressors are also affected 
by ribosomal mutations. When missense 
suppression in an essential gene is re- 
quired, a mutant cell sometimes grows 
much more slowly when a strong strep- 
tomycin-resistance allele is introduced 
(30), as a result of the less efficient 
production of the suppressed product 
(30). Figure 2 shows three missense sup- 
pressors, whose genes have been se- 
quenced and which were characterized 
by Biswas and Gorini (30); two are un- 
hindered by a more rigorous ribosome 
(su'58 and su'36), but one is greatly 
reduced in activity (su'78). All three act 
as predicted from Table 1. The unaffect- 
ed two still conform t o  the rules; glyV 
su'58 is mutated at  the noncardinal mid- 
dle position (Fig. 2). More interestingly, 
glyT su'36 is altered at the cardinal 
position; however, the C to U anticodon 
change which produces the suppressor (a 
~ R N A ~ ' ~  which works at Asp codons) 
happens to  be consistent with the sur- 
rounding sequence (Fig. 2 and Table 1). 
The relative immunity of this tRNA to a 
rigorous ribosome is therefore explica- 
ble. The strongly ribosome-sensitive 
su'78 suppressor is critically altered; its 
sequence conflicts with the pattern in 
Table 1 at positions 111 and IV, which 
comprise the loopward terminus of the 
anticodon stem. This argument extends 
these ideas about the function of tRNA 
to translation of normal codons as  well 
as termination codons. 

In summary, the susceptibility of both 
nonsense and missense suppressors t o  
accuracy-controlling ribosomal muta- 

tions is well accounted for if some part of 
the translation apparatus compares posi- 
tions 11, 111, and IV of Table 1 with the 
codon-anticodon sequence itself. Pair- 
ings in which these two regions are mis- 
matched are discriminated against. This 
at first seems a sophisticated calculation 
for the ribosomal A site to  make, but it 
can nevertheless be conceived of simply 
(below). 

This analysis also leads to  a critical 
prediction; the susceptibility of a syn- 
thetic or composite tRNA gene product 
(18) to  a streptomycin-resistant ribosome 
should be determined by  the anticodon 
stem and loop region and not by the rest 
of the tRNA sequence. We have con- 
firmed that this is true, by moving anti- 
codon region sequences from tRNA to 
tRNA using a tRNA gene construction 
method (1 8, 31). 

Efficiency of Missense Supressors 

Missense suppressor tRNA's also 
vary in efficiency. That is, they vary in 
the proportion of peptide chains bearing 
the suppressor's amino acid, rather than 
the amino acid inserted by the unmutat- 
ed tRNA's which normally translate the 
codon at  the missense site (32). They are 
generally of very low efficiency com- 
pared to termination suppressors, but 
there is one which is strikingly more 
efficient than is usual (33). One would, in 
principle, like t o  compare this spectrum 
with the predictions of the extended anti- 
codon hypothesis. 

But, on the basis of current informa- 
tion, this does not seem practical. The 
termination suppressors all compete 
with the same cellular peptide chain ter- 
mination pathway, but different mis- 
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sense suppressors compete with differ- 
ent sets of natural tRNA's. Each natural 
competitor potentially has a characteris- 
tic cellular abundance and an individual 
translational efficiency. One might meet 
this difficulty by comparing pairs of mis- 
sense suppressor tRNA's which trans- 
late the same codon. However, such 
existing pairs of suppressors have differ- 
ent anticodon sequences. Therefore, the 
effects of different anticodons is con- 
founded with the effect of the antico- 
don's extension. Further, no available 
pair includes two fully sequenced 
tRNA's (34). 

In addition, the usable data concerns 
suppressors which are rendered difficult 
to aminoacylate by the suppressor muta- 
tion (35). An increase in aminoacyl- 
tRNA synthetase activity in vivo, man- 
aged genetically, increases suppressor 
efficiencies (32). Therefore, the efficien- 
cy data are biased by aminoacylation 
levels. 

Further, data often refer to  only one 
genetic context, such as a single mis- 
sense mutant in the trpA gene. The po- 
tentially strong effect of the suppressed 
codon cannot be extracted, as it can for 
termination suppressors which have 
been examined in many genes and posi- 
tions. 

Finally, there is an interesting intrinsic 
uncertainty in the study of missense sup- 
pressors. At some point, as  suppressor 
efficiency rises, efficiency itself will be 
altered by the substitution of a missense 
amino acid at  many sites in the proteins 
of the translational apparatus. We do not 
know where this effect begins. In view of 
these reservations, the data on missense 
suppression efficiency will not be evalu- 
ated here 

Other Genetic Data on tRNA Efficiency 

Several other individual results con- 
firm the role of the noncoding anticodon 
loop and extended anticodon nucleo- 
tides. The E. coli Su+2 has two pseu- 
douridine residues in its extended antico- 
don region at positions I1 and 111 in Table 
1 (16). When these are not modified in 
the tRNA, but remain as  U's due to a 
mutation in a cellular enzyme (the hisT 
product), the translational efficiency of 
the suppressor is decreased (33). 

Similarly, tRNA mutants have been 
selected which overcome the low trans- 
lational efficiency of E. coli Su'2. These 
mutants, which not only increase effi- 
ciency but also reduce susceptibility t o  a 
streptomycin-resistant ribosome, are at 
position I1 (Table 1) (17), in the region 
implicated here. 

Furthermore, when we compared (18) 
two tRNA genes constructed so as to  
differ only at four nucleotides, the two of 
the terminal base pair of the anticodon 
stem and the two topmost nucleotides of 
the anticodon loop, these tRNA's dif- 
fered in translational efficiency (18). This 
independently indicates that translation- 
al efficiency can be determined by the 
structure near, but not at,  o r  a part of, 
the anticodon itself. 

The extensive set of suppressor-inacti- 
vating mutations of Kurjan et al. (36) 
includes the 5' anticodon loop nucleo- 
tide, and the nucleotide 3' to the antico- 
don, despite the fact that these mutant 
genes are transcribed normally (37) and 
are not obviously altered in coding or 
tertiary structure (1). 

A last example involves the inefficient 
glutamine-inserting T4 ochre suppressor, 
psu'2, which has appeared in the discus- 

U - A  3 '  C - G  3 '  
C - G  G - C  
A - U  A - U  
G - C  C - G  
C - G  C - G  

C  A  U  A  
U  A* U  A* 

U* C  <U:' G  ::u) C  

C - G  3 '  
G - C  
A - U  

U A  
U  A* 

G  C  ('A) 

3 '  A G A 5'  3 '  U/C A  G  5 '  3'  U / C ~  U  5 '  Suppressed 
codon 

3'  A/G G  G  5' 3' U/C G G  5' 3'  U/C G  G  5' Wild-type 
codon 

None Slight or Strongly STR resistance 
none hindered ef fect  

Fig. 2. The effect of anticodon region structure on missense tRNA's. The topward diagrams 
show anticodon loops of three missense suppressors [su+36 (8); su+58: sequence deduced from 
identification of the tRNA gene (42); su'78 (42)l whose response on streptomycin-resistant 
ribosomes is known. Below each is the codon it has mutated to read, and its original codon. The 
lowest section of the figure shows the response of each suppressor when asked to function in a 
streptomycin-resistant cell (30). A dashed circle surrounds the mutated anticodon nucleotide. 
Arrows containing roman numerals refer to positions in disagreement with Table 1. 

sion above. When this tRNA is further 
weakened (in fact, inactivated) by a cel- 
lular mutation which removes a modifi- 
cation at the first (wobble) position of the 
anticodon, it can be partially reactivated 
by a second host-cell mutation which 
does not restore the modification, but 
instead sensitizes the ribosome to strep- 
tomycin (38). This reinforces the evi- 
dence that the anticodon loop is under 
surveillance by the ribosome, and ex- 
tends the range of effects t o  the wobble 
position. Presumably, effects 5' of the 
cardinal position may be propagated t o  
it, and the whole codon-anticodon region 
thereby may be kept under surveillance. 

Taken as a group, these results suggest 
that nucleotides ranging from the 5' anti- 
codon (wobble) position to the upper 
loop and nearby anticodon stem region 
strongly influence a tRNA's translational 
efficiency and susceptibility to the accu- 
racy function of the ribosome. That is, 
they further support the concept of an 
extended anticodon. 

Mechanisms of Extended Anticodon 

Function 

In the argument thus far I have not 
identified the part of the translational 
apparatus which surveys the extended 
anticodon. In principle, aminoacylation, 
transfer factor interaction, nucleotide 
modification, or strictly ribosomal func- 
tion might be affected, singly or in com- 
bination. I believe there is, nevertheless, 
substantive reason to prefer the hypothe- 
sis that the extended anticodon acts dur- 
ing the effective occupation of the ribo- 
somal A site. 

1) This is the simplest explanation; it 
explains all observations as  efficiency at  
a single locus. The variety of tRNA's 
which perform in accord with prediction 
argues strongly against explanations 
which would require an unproven simi- 
larity between different cellular ele- 
ments, for example, the different amino- 
acyl-tRNA synthetases. 

2) The coherence between the several 
effects on translational efficiency for am- 
ber suppressors and the effects on sus- 
ceptibility to  a streptomycin-resistant ri- 
bosome suggests that efficiency and 
streptomycin resistance effects are the 
same phenomenon. Since the latter is 
definitely ribosomal, the former is likely 
to be ribosomal also. 

3) The extended anticodon region is 
connected to ribosomal events by the 
inefficiency of Su'2 in the lzisT mutant 
cell, which does not modify U's  in the 
anticodon loop region (36). Suppression 
can be restored in this case by a muta- 
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tional change in the message context. 
This is nicely consistent with a defect in 
the unmodified tRNA which is predomi- 
nantly ribosomal, although it does not 
prove a defect at this step. 

4) The anticodon loop (position 11) 
mutations that overcome the streptomy- 
cin resistance constraint on Su '2 (1 7) 
imply an anticodon loop-ribosomal inter- 
action. 

The weak, ochre-suppressing ~ R N A ~ ' "  
derivative, T4 ~ s u ' 2 ,  is not weak be- 
cause of the particular amino acid it 
inserts, and the mature tRNA is abun- 
dant in the phage-infected cell. Unless 
T4 psu'2 is poorly acylated, this sug- 
gests that it is defective at  the ribosome 
(20). 

One is also led to  the ribosome by 
physical evidence. An important con- 
straint comes from the experiments of 
Grosjean et al. (2, 39), who showed that 
the codon-anticodon interaction is 
strengthened by incorporating the anti- 
codon into a hairpin loop. In contrast, 
the specificity of codon-anticodon inter- 
action is not improved. In fact, potential 
new mistakes [pyrimidine-pyrimidine 
mispairs (39)] appear. Thus, the superior 
coding capabilities of tRNA's seem to 
require an interaction with the ribosome. 
The elevated accuracy may not generally 
pertain to  conditions inside the ribo- 
some, but only to the functioning A site; 
neither the P site at equilibrium nor the A 
site filled nonenzymatically appear to  
have an enhanced intrinsic accuracy 
(40). On the whole, while the information 
in the extended anticodon may ultimate- 
ly be found to be used in other ways, a 
role at  the ribosomal A site is very likely. 

How, in molecular terms, can the A 
site compare the parts of the extended 
anticodon? I offer two possibilities for 
which there is suggestive evidence. 
These two are not mutually exclusive, 
but both are of interest because they 
have different implications for ribosomal 
events. 

In the first possibility, the extended 
anticodon is viewed as  the recognition 
site for modifying enzymes that make the 
modification at  position I in Table 1 (I). 
The active sites of these enzymes pre- 
sumably make the modification only 
when the cardinal nucleotide and extend- 
ed anticodon are consistent. Because 
this modification, in some cases, is al- 
ready known to be required for efficient 
tRNA function (1,  2, 8 ,  9), the origin of 
the rules in Table 1 might be explained. 
The cardinal nucleotide (the 3' anticodon 
nucleotide) is also accommodated in an 
economical way, because the particular 
modification at  position I (Table I )  has 
long been known to be highly correlated 

with the particular nucleotide in the car- 
dinal position (1, 7). 

The modification hypothesis neatly ac- 
counts for the logic of the extended 
anticodon, but it meets difficulties where 
its predictions can be compared with 
structural data. Inefficient tRNA's and 
tRNA's strongly rejected by streptomy- 
cin-resistant ribosomes should have un- 
modified anticodon loops acquired as  a 
result of mutation; this prediction is usu- 
ally not borne out. 

The inefficient, ribosome-sensitive E. 
coli suppressor ~ R N A ~ ' "  Su'2 is appar- 
ently still modified in the anticodon loop, 
even though modification is partial be- 
cause the heavily ultraviolet-irradiated 
bacteria used to label the tRNA for se- 
quence studies are defective in modifica- 
tion (15,16). The weak T4 phage ~ R N A ~ ' "  
suppressor, psui2, mutated, like the 
bacterial Su'2 in the cardinal anticodon 
nucleotide, does not alter its modifica- 
tion at  any position after mutation (in E. 
coli B), including the nucleotides in the 
anticodon loop (41). The glycine mis- 
sense suppressor su'78, which is very 
sensitive to streptomycin-resistant ribo- 
somes, is appropriately modified (42). 

A second plausible mechanism can be 
introduced in terms of a related example. 
Initiator tRNA ( ~ R N A ~ ~ ~ ' ,  formyl methi- 
onine tRNA) has a unique ability to  
occupy the translation initiation site on 
the 3 0 s  ribosome, even in the absence of 
initiation factors. This property is not 
shared by any elongator tRNA (even 
~ R N A , ~ ~ ' ,  methionyl ~ R N A ~ ~ ' )  (43, 44). 
The ~ R N A ~ ~ ~ '  is therefore optimized for 
coding at initiation in the same way that 
the tRNA's discussed so far are opti- 
mized for coding during peptide chain 
elongation. 

Initiator tRNA's also characteristical- 
ly resemble each other but differ from 
elongator tRNA's in the region that I 
have called the extended anticodon. As 
Wrede et al. (45) have pointed out, the 
terminus of the anticodon stem of 
~ R N A ~ ~ ~ '  is uniquely three successive GC 
pairs in initiators, with the 5' nucleotides 
all G's. As might be expected for a tRNA 
intended to occupy the P site instead of 
the A site, this sequence is different from 
that required of natural elongator 
tRNA's having the same cardinal nucleo- 
tide (compare Table 1). 

Under S1 nuclease digestion condi- 
tions in solution, the anticodon loop di- 
gestion pattern of several initiators is 
similar, but all are different from elonga- 
tor tRNA's (45). Therefore, initiators 
probably have a characteristic and par- 
ticular anticodon loop conformation in 
solution. Even more striking is the result 
of crystallographic study of ~ R N A ~ ~ "  

(46, 47); the three-dimensional disposi- 
tion of the anticodon loop differs from 
that of elongator tRNA's. Therefore, a 
unique distinctive sequence feature in 
the extended anticodon region is well 
correlated with a distinctive three-di- 
mensional structure for the anticodon 
loop region and with a distinctive coding 
potential. It is tempting to suppose that 
we can explain the operation of the ex- 
tended anticodon by generalizing this 
structural effect to  the ribosomal A site, 
and to all tRNA's. 

In this generalized case, the constraint 
on the anticodon extension (Table 1) can 
be thought of as  an accommodation to 
codon-anticodon helices which, for dif- 
ferent tRNA's, will have different se- 
quences and therefore potentially differ- 
ent pitch, stacking, and tilt. The local 
stem and loop sequences vary so as  to  
compensate the codon-anticodon differ- 
ences. The result of this covariation is 
that the message-tRNA combination al- 
ways appears the same to the ribosomal 
A site, which is optimized for one nucle- 
ic acid conformation. The extended anti- 
codon therefore solves the problem of 
designing an accurate site when 60 differ- 
ent substrates (the codon-anticodon 
complexes) must be accommodated. The 
ribosome enhances translational accura- 
cy by rejecting message-tRNA complex- 
es which d o  not fit its entire A site, 
including not only the codon-anticodon 
portion, but also an adjacent template 
surface for the anticodon loop and stem. 
The more accurate, streptomycin-resist- 
ant ribosome is presumed to have a more 
tightly fitting template with which to 
compare the entire extended anticodon- 
message complex. 

The Hirsh UGA Suppressor 

There is one definite indication that 
there may be coding determinants in 
tRNA outside the region considered 
here, and this therefore requires com- 
ment [see (48)l. The Hirsh suppressor is 
a mutated ~ R N A ~ ' ~  UGG translator 
which reads UGA. This tRNA has ap- 
parently acquired the ability to wobble to  
read UGA because of a D-helix muta- 
tion, without obvious change in the anti- 
codon region (49). Thus, it may be neces- 
sary to expand the notion of the extend- 
ed anticodon to this nearby site. Howev- 
er, it is not yet clear whether this 
expansion is necessary. 

First, the Hirsh UGA suppressor is 
unique. Despite many suppressor mutant 
searches, no other such example has 
been found. This is particularly striking 
because the Hirsh-type coding change 
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in, for example, an amber suppressor, if 
it can occur, would produce a recogniz- 
able new type of ochre suppressor, 
which wobbles to  read UAG or UAA. 
These have never been detected. 

Second, the UGG or UGA coding pro- 
clivity preexists in the unmutated 
t ~ ~ A = ' ~ - i n  vitro (50) and in vivo (51)- 
and 90 is not created by the Hirsh muta- 
tion. 

Third, the result of the mutation does 
not act as a normal E. coli translator, 
because it apparently can decode the 
unusual set of codons UGN, which has 
any base in the wobble position (52). 

Fourth, a modified anticodon nucleo- 
tide has recently been discovered in E. 
coli which, if formed in ~ R N A ~ ' ~ ,  poten- 
tially explains the Hirsh coding change 
as an alteration of the anticodon itself 
(53, 54). 

Thus, there is no doubt of the value of 
the Hirsh UGA suppressor as a provoca- 
tive example. It may be too narrow a 
basis, however, for a general theory of 
coding. 

The Puzzle of Ineffective tRNA's 

The existence of very weak termina- 
tion suppressors like Su'2 might be tak- 
en as  an indication that natural tRNA's 
vary greatly in their translational effi- 
ciency. That is, a weak suppressor might 
arise as a mutation in an ineffective 
tRNA. This potentially conflicts with the 
plausible idea that most E. coli tRNA's 
are optimized for efficiency. 

However, this potential complexity 
does not arise in the extended anticodon 
hypothesis, which suggests that weak 
suppressors become defective as a result 
of the suppressor mutation itself. The 
idea that translation is a relatively ho- 
mogeneous process is therefore pre- 
served. 

The Basic Notions 

There are two essential ideas in this 
article. First, the functional anticodon 
sequence is a part of a larger structure, 
the extended anticodon. Second, the ex- 
tended antlcodon is organized predomi- 
nantly to  suit the properties of a cardinal 

nucleotide (or to  suit the nucleotide pair 
of which it is a member). 

When the cardinal nucleotide is em- 
bedded in a suitable extended anticodon, 
and further embedded in an otherwise 
normal tRNA molecule, the anticodon 
performs as an efficient and accurate 
translational device. 

These are ideas and not yet facts. 
They are nevertheless considerable ideas 
because they successfully organize a 
large body of data that was previously in 
disarray. Modern synthetic and recombi- 
nant methods provide the opportunity to 
test the extended anticodon by interven- 
ing directly in the sequence of the tRNA 
gene. Thereby we can distinguish the 
significant aspects of tRNA structure 
and assign quantitative importance to the 
various parts of the extended anticodon, 
which undoubtedly differ in this respect. 

If the extended anticodon hypothesis 
is correct in any part, then RNA struc- 
tures may be shaped with unexpected 
subtlety to d o  a particular job. I expect 
that other functions carried out by 
RNA's will benefit from the same subtle 
enhancement, whatever its ultimate 
mechanism. 
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