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Elongation factor Tu (EF-Tu) binds all elongator aminoacyl-transfer RNAs (aa- 
tRNAs) for delivery to the ribosome during protein synthesis. Here, we show 
that EF-Tu binds misacylated tRNAs over a much wider range of affinities than 
it binds the corresponding correctly acylated tRNAs, suggesting that the protein 
exhibits considerable specificity for both the amino acid side chain and the tRNA 
body. The thermodynamic contributions of the amino acid and the tRNA body 
to the overall binding affinity are independent of each other and compensate 
for one another when the tRNAs are correctly acylated. Because certain mis- 
acylated tRNAs bind EF-Tu significantly more strongly or weakly than cognate 
aa-tRNAs, EF-TU may contribute to translational accuracy. 

Elongation factor Tu (EF-Tu) is a guanine nu- coli EF-Tu about threefold as tightly when mis- 
cleotide binding protein that, when complexed acylated with glutamine than when correctly 
with guanosine 5'-triphosphate (GTP), binds acylated with tryptophan, possibly explaining 
elongator aminoacyl-tRNAs (aa-tRNAs) and why glutamine is introduced at amber codons 
participates in the early steps of codon-directed more efficiently than tryptophan (5). Another 
peptide bond formation catalyzed by the ribo- notable example comes from the large number 
some. Tight binding of a tRNA by EF-Tu re- of microorganisms that lack either AsnRS or 
quires the presence of a cognate amino acid GlnRS and instead use a nondiscriminating 
esterified to its 3' terminus by the appropriate AspRS or GluRS to misacylate tRNAAsn or 
aminoacyl-tRNA synthetase (aaRS) (I).EF-Tu tRNAG1" followed by a tRNA amidotransferase 
is generally thought of as a nonspecific binding to synthesize Asn-tRNAA" and Gln-tRNAG1" 
protein because it binds every elongator aa- (6). Two groups have shown that the mis- 
tRNA with approximately the same affinity acylated Asp-tRNAAsn and Glu-tRNAG"' inter- 
( 2 4 ) , despite a wide diversity of tRNA se- mediates in this pathway do not bind to EF-Tu, 
quences, as well as substantial differences in the potentially explaining why misincorporation of 
size, charge, and hydrophobicity of the esteri- aspartate and glutamate does not occur in these 
fied amino acid. However, EF-Tu binds certain organisms (7, 8). These results suggested that 
tRNAs esterified with a noncognate amino acid the correct combination of amino acid and 
quite differently than it binds the corresponding tRNA body are required for efficient EF-Tu 
correctly aminoacylated tRNA. For example, binding, although how ths  specificity is 
the Sut7 suppressor tRNA binds Escherichia achieved remained unclear. 

To further explore the contribution of 
the amino acid and the tRNA bodv to EF- 
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tRNAs are generally quite difficult to misac-
ylate in vitro, one or more identity nucleo­
tides for noncognate aaRSs were introduced 
into each tRNA to facilitate misacylation. 
Mutations were limited to regions of the 
tRNA known not to affect the interaction 
with EF-Tu, but allowed the tRNAs to be 
misacylated, in some cases by two or even 
three different aaRSs (Table 1). 

Two versions of a ribonuclease (RNase) 
protection assay were used to determine 
equilibrium dissociation constants (Kds) 
for the 16 different aa-tRNAs to Thermus 
thermophilus EF-Tu • GTP (10). First, the 
fraction of [3H] aa-tRNA protected from 
rapid RNase A digestion was measured as a 
function of EF-Tu concentration and the Kd 

was determined (Fig. 1 A). Second, the frac­

tion of [3H]aa-tRNA protected was mea­
sured as a function of time after RNase A 
addition, allowing the determination of £off, 
the rate of release of aa-tRNA (Fig. IB). An 
excellent correlation between the two as­
says was observed for many aa-tRNAs, 
suggesting a constant association rate con­
stant, kon, and allowing calculation of A^'s 
from koff measurements (77). In agreement 
with earlier studies (12, 13), the four un­
modified tRNAs esterified with their cog­
nate amino acid bound EF-Tu with Kd val­
ues similar to those of the corresponding 
fully modified tRNAs [Web table 1 (14)]. 
Control experiments also confirmed that 
the mutations introduced to facilitate mis­
acylation did not affect the Kd for binding 
to EF-Tu when the tRNA was aminoac-
ylated with the cognate amino acid [Web 
table 2(14)]. Thus, the absence of modified 
nucleotides and the presence of identity 
mutations do not influence the comparison 
of EF-Tu binding to four different tRNAs, 
each esterified with four different amino 
acids. 

When the 12 misacylated tRNAs were as­
sayed under standard conditions, many of the 
affinities were either too weak or too tight to be 
accurately determined (Fig. 1, A and B). To 
address this problem, we determined Kd values 
for all 16 aa-tRNAs as a function of NH4C1 
concentration. In each case, log Kd increased 
linearly with increasing log[NH4Cl] over a 
range of ionic strengths where accurate data 
could be obtained (Fig. 1, C to F). The slopes of 
log Kd versus log[NH4Cl] plots were similar for 
each tRNA, regardless of the esterified amino 
acid, as expected for competition between the 
protein and the NH4

+ ions for the same tRNA 
body (75). To compare the affinities of the 4 
cognate and 12 misacylated tRNAs under a 
single set of conditions, we obtained the Kd for 
each aa-tRNA in 0.5 M NH4C1 at 4°C by 
extrapolation of its log Kd versus log[NH4Cl] 
plot. For several of the aa-tRNAs that bound 
tightly, Kd values were also determined at a 
series of higher temperatures in 0.5 M NH4C1. 
The resulting linear van't Hoff plots permitted 
extrapolation of a Kd at 4°C [Web fig. 1 and 
Web table 3 (14)]. 

Kd values for the binding of EF-Tu to 
each of the 16 aa-tRNAs are presented in 
Fig. 2. As had been previously observed for 
the modified tRNAs (3), the four cognate 
aa-tRNAs bound EF-Tu within a relatively 
narrow, 10-fold range of affinities. A much 
larger, 5000-fold range of affinities was 
observed among the 12 misacylated tRNAs, 
including aa-tRNAs that bind much more 
tightly or much more weakly than the cog­
nate aa-tRNAs. Such a broad range is strik­
ing, because it even exceeds the 1000-fold 
difference in Kd between Phe-tRNAphe and 
deacylated tRNAPhe (7). Furthermore, the 
contributions of the amino acid side chain 

Fig. 1 . Representative 
equilibrium binding 
curves (A) and represen­
tative dissociation rate 
curves (B) for T. ther­
mophilus EF-Tu to (•) 
Phe-CAF, (•) Ala-CAF, 
or ( • ) Ala-YFA2 in 0.5 
M NH4Cl at 4°C and pH 
7.0. Plots of log[NH4Cl] 
versus log[/Cd] for T. ther­
mophilus EF-Tu at 4°C 
with (C) tRNAAla, (D) 
tRNAVal, (E) tRNAphe, 
and (F) tRNAGln, each 
aminoacylated with ala­
nine, valine, phenylala­
nine, and glutamine, as 
indicated. Dashed lines 
indicate extrapolation to 
0.5 M NH4CL 
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0.1 1.0 

[NH4CI] (M) 
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Table 1. Summary of tRNAs used in this study. 

tRNA 

CA0 
CA2 
CAF* 
CAV* 
CAQ* 
YF0 
YF90 
YFA2 
YFVf 
YFQf 
CVO 
CVA 
CVF 
CVQ 
CQOt 
CQXt 

Mutations 

(£. coli tRNAf3) 
G4C, C69G 
G35A, C36A 
G34U, G35A 
G34C, G35U, C36G, A73G 
(Yeast tRNAphe) 
A73G 
C2G, G4C, U69G, C70U, G71C 
A36C 
G34C, A35U, A36G, G37A, 
(f. coli tRNA^al) 
C70U 
U34G 
U34C, A35U, C36G, A38U, 
(£. coli tRNA£ln) 
C34G, U35A, G36C, C70U, 

A38U, A73G 

A73G 

G73A 

Amino acid specificity 

Ala 
Ala 
Ala, Phe 
Ala, Val 
Gin 
Phe 
Phe 
Phe, Ala 
Val, Ala 
Gin 
Val 
Val, Ala 
Val, Phe 
Gin 
Gin 
Ala, Phe, Val 

*Mutations made in CA2 tRNA background. flotations made in YFA2 tRNA background. 
by ligation of chemically synthesized tRNA half molecules (35). 

JtRNAs constructed 
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and the tRNA body to the overall binding 
affinity are independent of one another. As 
shown in Table 2, for each pair of amino 
acids and tRNA bodies, the sum of the 
binding free energies of the cognate and 
noncognate tRNAs were identical. Thus, 
for each tRNA, binding by an esterified 
glutamine is the tightest, followed by phe- 
nylalanine, valine, and alanine. Likewise, 
for a given esterified amino acid, binding 
by tRNAA'" is the tightest, followed by 
tRNAVal = tRNAPhe > tRNAG1". A similar 
independence of thermodynamic effects for 
singly deoxy-substituted versions of Ala- 
YFA2 and Phe-YFA2 binding to EF-Tu 
was recently demonstrated (16). The unex- 
pectedly large 5000-fold range of affinities 
indicates that EF-Tu displays a substantial 
specificity for both the esterified amino 
acid and the tRNA body. 

The data in Fig. 2 and Table 2 demon- 
strate that the nearly uniform binding of the 
four correctly acylated tRNAs arises from the 
thermodynamic contributions of the amino 
acid and the tRNA body compensating one 
another. Thus, a "tight" amino acid such as 
glutamine is correctly esterified to the com- 
paratively "weak" tRNAG1", whereas a 
"weak" amino acid such as alanine is correct- 
ly esterified to the comparatively "tight" 
tRNAAla. As a result, both Gln-tRNAG'" and 
Ala-tRNAAla show similar K, values, where- 
as the misacylated Gln-tRNAA1" binds much 
more strongly and Ala-tRNAG'" binds much 
more weakly. In other words, rather than 
being a nonspecific aa-tRNA binding protein, 
EF-Tu instead exhibits considerable specific- 
ity for both the amino acid and the tRNA 
portions of the aa-tRNA. Moreover, the spec- 
ificities are arranged in a way that "weak" 
binding of certain tRNAs is compensated by 
a "tight" binding amino acid, and vice versa, 
resulting in uniform binding of cognate aa- 
tRNAs. It should be noted that the data are 
currently limited to four tRNAs and four 
amino acids. An important goal is to in- 
vestigate the remaining 16 amino acids and 
their corresponding tRNAs with a similar 
approach. 

An initial understanding of the amino acid 
specificity of EF-Tu is obtained from an ex- 
amination of the x-ray cocrystal structures of 
Phe-tRNAPhe and Cys-tRNACYs bound to 
Thermus aquaticus EF-Tu GDPNP (I 7,18). 
The esterified amino acid is located in a 
spacious pocket containing six highly con- 
served amino acid side chains, several main- 
chain groups, and the phosphodiester back- 
bone of the 3' terminus of tRNA. Both the 
esterified phenylalanine and cysteine side 
chains are stacked with His-67, potentially 
explaining why tRNAs aminoacylated with 
phenylalanine bind better than valine or ala- 
nine. The observed tight binding of glutamine 
may be due to the formation of a hydrogen 

bond within the amino acid binding pocket. 
The overall negative charge of the amino acid 
binding pocket, as determined by the pro- 
gram GRASP (19), predicts weaker binding 
for aspartate and glutamate and tighter bind- 
ing for lysine and arginine. An understanding 
of how distinct tRNA sequences contribute 
differently to the overall binding energy is 
less clear. The crystal structures indicate that 
EF-Tu interacts with tRNA exclusively 
through backbone contacts with phosphates 
and 2'-hydroxyl groups of the acceptor and T 
helices, which are present in all cytoplasmic 
tRNAs (17, 18). Presumably, the differences 

in affinity among these four tRNAs are the 
result of variations in the structure and dy- 
namic properties of the tRNA backbone that 
arise from the different nucleotide sequences 
of the acceptor and T helices. A comparison 
of the tRNAPhe and tRNACyS cocrystal struc- 
tures ( I  7, 18) reveals several differences in 
the contacts made between EF-Tu and the 
two tRNAs that may result in different affin- 
ities. However, because some of the 
protein . tRNA contacts do not contribute to 
the overall binding affinity (Id) ,  it is still 
unclear which, if any, of these structural dif- 
ferences are important. It is clear that EF-Tu 

Val 7 
V 

L 

89 f 3 

Fig. 2. Equilibrium dis- 
sociation constants 

M) for 16 aa- 
tRNAs binding to EF- 
Tu. GTP in 0.5 M 
N H P  at 4OC and pH 
7.0. tRNAs and amino 
acids are colored blue 
(alanine), green (va- 
line), red (phenylala- 
nine), and yellow (glu- 
tamine). Black dots in- 
dicate positions of 
identity nucleotide mu- 
tations introduced to 
facilitate misacylation 
(see Table 1). Asterisks 
indicate constants de- 
termined from extrap- 
olation of salt depen- 
dencies in Fig. 1. K,'s 
are presented as 
means 2 SD from at 
least three indepen- 
dent experiments. 

2.2?$ 1 . P T  4.4.f.4 
0.05" f .02 

Table 2. Independent thermodynamic contributions of amino acid and tRNA body. AC O = -RTln(lIK,). 

Cognate aa-tRNAs Misacylated aa-tRNAs 

AGO Sum AGO Sum aa-tRNA aa-tRNA (kcaVmol) (kcaVmol) (kcaVmol) (kcaVmol) 

Phe-tRNAPhe -9.4 Ala-tRNAPhe -8.4 
-19.8 -20.4 

A ~ - ~ R N A A "  - 10.4 Phe-tRNAMa -12.0 
VaCtRNAVal -9.4 Phe-tRNAVal -9.6 

- 18.8 
Phe-tRNAPhe -9.4 Val-tRNAPhe - 9.7 
Phe-tRNAPhe -9.4 Phe-tRNAGIn -9.4 

-20.0 -20.6 
Cln-tRNAGh - 10.6 Cln-tRNAphe -11.2 
Val-tRNAVal -9.4 Ala-tRNAVal -8.6 

-19.8 -19.8 
Ah-tRNAAla - 10.4 Val-tRNAAk -11.2 
Ala-tRNAAb -10.4 Ah-tRNAGh -8.3 

-21.0 -21.4 
Cln-tRNAG1" - 10.6 Cln-tRNAAb -13.0 
Val-tRNAVal -9.4 Val-tRNAGln -8.9 

-20.0 -19.9 
Cln-tRNAGh - 10.6 Cln-tRNAVal -11.0 
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achieves specificity for tRNAs through an 
"indirect readout" mechanism proposed for 
many DNA-binding proteins (20-22). 

Why has such an elaborate thermodynam- 
ic compensation mechanism evolved for the 
binding of aa-tRNAs by EF-Tu GTP? Why 
does EF-Tu not interact equally well with all 
amino acid side chains and all tRNA bodies? 
One possibility is that the latter alternative 
cannot be readily achieved owing to the very 
different chemical and physical properties of 
the 20 amino acids and the different tRNA 
sequences. Thus, the simplest way for a pro- 
tein to achieve uniform binding is to balance 
out the inevitably different contributions 
from distinct parts of the proteinaaa-tRNA 
interface. An additional possibility is that the 
observed 10-fold difference in K, values be- 
tween the four aa-tRNAs is of physiological 
importance, and thermodynamic compensa- 
tion has evolved to ensure it. Similar K, 
differences observed for modified aa-tRNAs 
binding to E. coli EF-Tu (3) are inversely 
correlated to the relative abundance of aa-
tRNAs in E. coli (23). Because aa-tRNA 
abundances are in turn correlated with amino 
acid abundances in proteins, the small K, 
differences among aa-tRNAs to EF-Tu may 
be required to ensure uniform and efficient 
delivery of all amino acids to the ribosome. 

Finally, the substantial specificity of EF-Tu 
for the amino acid and the tRNA body may 
have evolved to improve translational accuracy 
by reducing the delivery of certain misacylated 
tRNAs to the ribosome. Misacylated tRNAs 
arise when either a noncognate amino acid or a 
noncognate tRNA is mistakenly used by an 
aaRS, although the latter pathway is considered 
less common owing to competition between 
aaRSs for tRNAs in vivo (24,25). Misacylation 
levels are generally very low because amino 
acids larger than the correct one are sterically 
excluded from binding the active site of an 
aaRS, and amino acids smaller than the correct 
one are hydrolyzed by a second "editing" site 
present on many aaRSs (26, 27) From the 
available data, it appears that those misacylated 
tRNAs where a small amino acid is esterified to 
a tRNA that normally cames a larger amino 
acid (such as Ala-tRNAVJ1 or Ala-tRNAPhe) 
tend to bind EF-Tu poorly and therefore would 
rarely be delivered to ribosomes. This would 
allow EF-Tu to discriminate against those aa-
tRNAs that have escaped editing by aaRSs. In 
addition, the naturally occumng misacylated 
Glu-tRNAG1" intermediate in the tRNA trans- 
amidation pathway may not bind EF-Tu be- 
cause both tRNAG'" and presumably glutamate 
are "weak" and binding to EF-Tu is observed 
only after the amino acid has been converted to 
the "tight" glutamine. One problem with pro- 
posing that EF-Tu has evolved to improve 
translational accuracy is that a substantial num- 
ber of rnisacylated tRNAs bind EF-Tu very 
tightly and thus should be efficiently recruited 

to ribosomes and misincorporated into protein. 
However, because such "tight" misacylated 
tRNAs generally involve a large amino acid 
esterified onto a tRNA meant for a small amino 
acid (such as Phe-tRNAA1"), they are much less 
likely to be formed by an aaRS. It is also 
possible that such "tight" misacylated tRNAs 
are less active in translation because they may 
release from EF-Tu on the ribosome more 
slowly after GTP hydrolysis, resulting in less 
efficient accommodation into the ribosomal A 
site. Therefore, aa-tRNAs may function effec- 
tively in translation only if their affinity to 
EF-Tu is adjusted to be within a certain range. 

Contrary to the general belief, EF-Tu cannot 
be considered a nonspecific delivery protein 
because it clearly discriminates between cor- 
rectly and incorrectly aminoacylated tRNAs 
through a complex thermodynamic compensa- 
tion mechanism. Although in the classic exper- 
iment of Chapeville et a1 (28), alanine was 
successfully incorporated into globin after re- 
duction of Cys-tRNACY' to Ala-tRNACY', it 
seems apparent that not all misacylated tRNAs 

be active in This 
the interpretation of many experiments that 
have been used to evaluate the efficiencv of 
misacylated t ~ ~ sby a suppression assay*(29, 
30). For example, the tight binding by EF- 
Tu .GTP that is observed when any of the four 
tRNAs used in this study are aminoacylated 
with glutamine may help to explain the frequent 
misincorporation of glutamine with many sup- 
pressor tRNAs (30, 31). In addition, because 
EF-Tu shows substantial specificity for the ami- 
no acid, this complicates the design of in vitro 
(32) and in vivo (33) systems to incorporate 
unnatural amino acids into proteins. Finally, it 
is also apparent that tRNA molecules should 
not be thought of as generic adapters (34), 

connecting amino acid and Instead, 
the acceptor and T-stem sequences of each 
tRNA have evolved to ensure the uniform bind- 
ing affinity of aa-tRNAs to EF-Tu. It seems 
quite possible that tRNA sequences are further 
tuned to ensure uniform use by the nbosome. 
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