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ABSTRACT: The free energies for the binding of 20 different unmodifiedEscherichia colielongator
aminoacyl-tRNAs toThermus thermophiluselongation factor Tu (EF-Tu) were determined. When combined
with the binding free energies for the same tRNA bodies misacylated with either valine or phenylalanine
determined previously [Asahara, H., and Uhlenbeck, O. C. (2002)Proc. Natl. Acad. Sci. U.S.A. 99, 3499-
3504], these data permit the calculation of the contribution of each esterified amino acid to the total free
energy of binding of the complex. The two data sets can also be used to calculate the free energy of
binding of EF-Tu to any misacylatedE. coli tRNA, and the values agree well with previously published
experimental values. In addition, a survey of active misacylated suppressor tRNAs suggests that a minimal
threshold of binding free energy for EF-Tu is required for suppression to occur.

Elongation factor Tu (EF-Tu) binds GTP and aminoacyl-
tRNA (aa-tRNA) to form a ternary complex that subsequently
binds ribosomes. Experiments analyzing the thermodynamics
of the binding ofThermus thermophilusEF-Tu‚GTP to four
tRNAs each acylated with their cognate and three noncognate
amino acids established that the total free energy of binding
(∆G°) was equal to the sum of independent contributions of
the esterified amino acid and the tRNA body (1). Interest-
ingly, the contribution of the different amino acids and the
different tRNA bodies to∆G° varied significantly in
magnitude, but were arranged in such a way that when
tRNAs were esterified with their cognate amino acid, the
value of∆G° was constant. Thus, when a tRNA body was
“tight”, its cognate amino acid was “weak”, and vice versa.
In contrast, misacylated tRNAs varied greatly in binding
affinity, with binding ranging from as much as 13-fold
weaker to more than 400-fold tighter than that of the average
cognate aa-tRNA. This specificity of EF-Tu‚GTP for its
cognate amino acid and tRNA body was proposed to have
evolved to improve the accuracy of translation (1).

Two types of experiments were subsequently performed
to corroborate that the contributions of the esterified amino
acid and the tRNA body to∆G° were variable and
compensatory for cognate pairs. In the first, we showed that
the ∆G° for EF-Tu‚GTP binding to 20Escherichia coli
tRNAs esterified with either Val or Phe varied by 3.6 kcal/
mol (2). These experiments established a hierarchy of
affinities of tRNA bodies, varying from tRNAGlu as the
tightest to tRNATyr as the weakest. Second, the converse
experiment was performed by measuring∆G° values for
binding of EF-Tu‚GTP to yeast tRNAPhe esterified with 13

different amino acids (3). In this case, the∆G° values varied
by 2.5 kcal/mol, and the resulting hierarchy of affinities of
amino acids was roughly the opposite of that of their cognate
tRNAs, with Gln being the tightest amino acid and Asp the
weakest. However, the latter experiments were incomplete
since the affinity of Asp-tRNAPhewas too weak to measure
accurately and it was not possible to misacylate tRNAPhewith
the remaining seven amino acids.

In this paper, an alternate approach was used to obtain
the relative contributions of 19 of the 20 esterified amino
acids to the total free energy of binding of aa-tRNAs to EF-
Tu‚GTP. The affinities ofT. thermophilusEF-Tu‚GTP for
20 E. coli elongator tRNAs esterified within their cognate
amino acids were determined. Since the contributions of the
amino acid and tRNA body to∆G° are independent, these
data could be combined with our previous data for the same
tRNAs esterified with Val to extract the binding energies of
each amino acid relative to Val. The two data sets also permit
the calculation of∆G° for each of the hundreds of possible
misacylatedE. coli tRNAs. These calculated values could
then be compared to previous experimental values for∆G°
of misacylated tRNAs and provide insight into the ability
of misacylated tRNAs to function inside cells.

MATERIALS AND METHODS

Aminoacylation Reactions.Unmodified E. coli tRNA
transcripts were prepared as described previously (2). The
numbering of isoacceptors was that from ref4. In the case
of tRNAThr, the transcript with a GAC anticodon (which
corresponds to Val) was used instead of that with the normal
sequence.

Aminoacylation reactions were performed with 2µM
tRNA, 4 mM ATP, 30 mM KCl, 15 mM MgCl2, 5 mM DTT,
20 µM [3H]amino acid, and 0.2-1 µM purified aminoacyl-
tRNA synthetase (aaRS), except that tRNATyr and tRNATrp

were aminoacylated with a mixture ofE. coli aaRSs (Sigma).

* To whom correspondence should be addressed. Telephone: (847)
491-5139. Fax: (847) 491-5444. E-mail: o-uhlenbeck@northwestern.edu.

‡ Current address: Department of Molecular, Cell, and Develop-
mental Biology and Center for Molecular Biology of RNA, University
of California, Santa Cruz, CA 95064.

11254 Biochemistry2005,44, 11254-11261

10.1021/bi050204y CCC: $30.25 © 2005 American Chemical Society
Published on Web 07/29/2005



Thr-tRNAThr was formed with tRNAThr with a GAC anti-
codon, [3H]Thr, and the (5) T222P mutant ValRS lacking
an editing function. For aminoacylation with Cys and Asn,
the tRNAs with [3H]adenine at the 3′ end were aminoacylated
with unlabeled amino acids. After incubation for 30 min at
37 °C, 0.1 volume of 3 M NaOAc (pH 5.3) was added and
the reaction mixture was subjected to phenol/chloroform
extraction and ethanol precipitation. aa-tRNAs were dis-
solved in 5 mM NaOAc (pH 5.3) and stored at-80 °C.

Protein Purification. Histidine-taggedE. coli GluRS,
GlyRS, ArgRS, LeuRS, and SerRS were purified from
plasmids provided by T. Yokogawa and K. Nishikawa (Gifu
University, Gifu, Japan) as described previously (3). Yeast
PheRS andE. coli AlaRS were purified as described
previously (6). Purified E. coli GlnRS and ValRS were
provided by J. Perona (University of California, Santa
Barbara, CA). PurifiedDeinococcus radioduransAspRS,
AsnRS, andChlamydia trachomatisLysRS were gifts from
D. Söll and G. Raczniak (Yale University, New Haven, CT).
P. Schimmel and L. Nangle (Scripps Institute) provided
purified E. coli IleRS, MetRS, and misacylating T222P
mutant ValRS (5). PurifiedE. coli CysRS and ProRS were
provided by Y. M. Hou and V. Scully (Thomas Jefferson
University, Philadelphia, PA). PurifiedE. coli HisRS was a
gift from C. Francklyn (University of Vermont, Burlington,
VT). T. thermophilusEF-Tu was overexpressed inE. coli
and purified as described previously (7). EF-Tu was stored
in its GDP-bound form, and its concentration was determined
with a Bradford assay.

3′ End Labeling of tRNAs. Terminal tRNA nucleotidyl-
transferase (TNTase) was used to label the 3′-terminal
adenosine of tRNA.E. coli TNTase was purified from a
plasmid provided by C. McHenry (University of Colorado
Health Science Center, Denver, CO). First, the 3′-terminal
adenosine was removed from tRNA by incubating 2µM
tRNA, 100µM pyrophosphate, 10µM [2,8-3H]ATP, and 0.4
µM TNTase in a buffer containing 50 mM glycine-HCl (pH
9.0) and 10 mM MgCl2 at 37°C for 20 min. Then 1 unit of
inorganic pyrophosphatase (Sigma) was added to the reaction
to start the reverse reaction. After incubation at 37°C for
10 min, the reaction mixture was subjected to phenol/
chloroform extraction and desalted twice with a Micro
BioSpin 6 column (Bio-Rad).

EF-Tu Assays.EF-Tu‚GTP was prepared immediately
prior to use by incubating 4µM EF-Tu‚GDP in buffer A
[50 mM K-Hepes (pH 7.0), 0.6 mM phosphoenolpyruvate,
10 mM DTT, 20µM GTP, 20 mM MgCl2, and 0.5 M NH4-
Cl] with 30 µg/mL pyruvate kinase at 37°C for 3 h. Prior
to measurement of the equilibrium dissociation constant (KD),
the fraction of active EF-Tu‚GTP in the total EF-Tu
preparation was determined by a stoichiometric titration. The
very tight binding Thr-tRNAThr (KD ) 0.04 nM) was used
for these experiments to ensure that the titration was carried
out at saturation. Eleven EF-Tu‚GTP concentrations between
1 µM and 1 nM were prepared by 2-fold serial dilution using
buffer A, and then 25µL of each diluted EF-Tu‚GTP was
mixed with 25 µL of 20 nM [3H]Thr-tRNAThr. After
incubation for 20 min on ice to form a ternary complex, 5
µL of 0.8 mg/mL RNase A was added which is sufficient to
degrade all the aa-tRNA in a few seconds. After incubation
for 20 s, reactions were quenched by the addition of 10µL
of 1 mg/mL unfractionated tRNA and 70µL of 10% TCA

and filtered through a nitrocellulose membrane. Samples
were washed and counted as described previously (7). The
[3H]Thr-tRNAThr concentration was calculated from the
specific activity of [3H]Thr. Control experiments showed that
negligible (<3%) deacylation had occurred during the
experiment. By plotting the concentration of complex as a
function of EF-Tu concentration added, we determined that
5% of the EF-Tu‚GTP bound aa-tRNAs (data not shown).
This fraction of active EF-Tu‚GTP for the preparation used
in this work is at the lower end of the range of 5-25%
typically observed for this protein (1-3, 6, 7). This low
activity is not manifest in the binding of [32P]GTP or GDP
where>80% binding is observed (L. Sanderson, unpublished
experiments). The fraction of active EF-Tu in a given
preparation is stable over several months and is observed in
a range of assay buffers and temperatures with several
different aa-tRNAs. Low activities of EF-Tu‚GTP for binding
aa-tRNA have been noted previously (8).

The procedure for measuringKD is described in ref7.
Errors in measuredKD values shown in Table 1 are within
30%. Dissociation rates (koff) were determined as described
previously (2). A typical experiment included a ternary
complex formed between 50 nM active EF-Tu‚GTP and 10-
30 nM aa-tRNA, ensuring nearly complete binding of the
aa-tRNA. The ribonuclease concentration was sufficiently
high to degrade the dissociated aa-tRNA in a few seconds,
which is much faster than the time it would take for rebinding
(9).

RESULTS

Binding of EF-Tu‚GTP to Cognate aa-tRNAs.The ribo-
nuclease protection assay (10) was used to determine the
KD for binding ofE. coli aa-tRNAs toT. thermophilusEF-
Tu‚GTP. In this assay, a low concentration of radiolabeled
aa-tRNA was first incubated with a series of EF-Tu‚GTP

Table 1: KD andkoff Values for Binding of UnmodifiedE. coli
aa-tRNAs toT. thermophilusEF-Tu‚GTPa

aa-tRNAb
measured
KD (nM)

measuredkoff

(×10-3 s-1)
calculated
KD

d (nM)
[NH4Cl]

slope

Ala-tRNA2
Ala 2.3 2.4c 2.2 0.99

Arg-tRNA2
Arg 4.1 3.1 2.8 1.2

Asn-tRNAAsn 1.0 - - -
Asp-tRNA1

Asp 1.0 2.5 2.3 1.0
Cys-tRNACys - 0.13c 0.12 2.7
Gln-tRNA2

Gln 0.37 0.82c 0.74 1.6
Glu-tRNA2

Glu 2.3 3.5 3.2 0.93
Gly-tRNA3

Gly - 0.49c 0.45 1.7
His-tRNAHis - 1.6c 1.5 1.3
Ile-tRNA1

Ile 1.6 3.9 3.6 0.56
Leu-tRNA1

Leu 4.6 4.8 4.4 1.0
Lys-tRNALys 7.3 5.0 4.5 0.67
Met-tRNAMet 2.7 3.2 2.9 0.75
Phe-tRNAPhe 3.3 2.1e 1.9 1.1
Pro-tRNA3

Pro 0.8 1.5 1.3 1.1
Ser-tRNA1

Ser - 1.1c 1.0 1.3
Thr-tRNA3

Thr - 0.04c 0.04 2.9
Trp-tRNATrp - 0.94c 0.86 1.6
Tyr-tRNA2

Tyr 1.4 3.3 3.0 1.2
Val-tRNA1

Val - 9.2e 8.4 0.69
a All values are in buffer A (see Materials and Methods) at 2°C. A

dash indicates the measurement was not made.b tRNA isoacceptor
numbers and sequences are according to ref4. c koff values extrapolated
from higher NH4Cl concentrations.d KD calculated from experimental
koff and akon of 1.1 × 106 M-1 s-1 (see the text).e Data from ref2.
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concentrations until equilibrium was reached. In most cases,
3H-labeled amino acids were used; however, in those cases
where no3H-labeled amino acid was available or its specific
activity was too low, the terminal adenosine of tRNA was
labeled with [3H]ATP using tRNA nucleotidyl transferase
(11). After a high concentration of pancreatic RNase had
been added to each mixture and the mixture incubated for
20 s, carrier RNA was added and each mixture was acid
precipitated, filtered, and counted using a phosphorimager.
Since control experiments showed that free aa-tRNA is
degraded in 20 s, acid precipitable radioactivity reflected the
fraction of aa-tRNA that was bound to protein. Sample
binding curves for two aa-tRNAs are shown in Figure 1.
Since the concentration of aa-tRNA approached that of
protein for some of the data points, the value ofKD was
obtained by fitting the data to the complete binding equation
(7).

As described in greater detail elsewhere (9), the assay
described above is only suitable over a narrow range ofKD

values. If theKD is too tight, it was not possible to obtain a
sufficiently high specific activity for the aa-tRNA throughout
the binding curve. While the lower limit forKD varies
depending upon the available specific activity of each amino
acid, KD values of less than 0.3 nM are not reliable. In
contrast, if theKD is too weak (>7 nM), too much of the
aa-tRNA dissociates from the protein during the 20 s of
incubation with RNase. Because of these constraints on the
assay, theKD values for only 13 of the cognate aa-tRNAs
could be obtained with the standard 0.5 NH4Cl buffer chosen
for these experiments (Table 1).

To obtain theKD values for the remaining aa-tRNAs and
confirm the experiments described above, the dissociation
rate constant (koff) of each complex was determined using a
variation of the RNase protection assay (12). In this assay,
a saturating concentration of EF-Tu‚GTP was mixed with
each [3H]aa-tRNA sample, RNase was added, and aliquots
were removed at various times and filtered. The time course
of the decrease in precipitable counts reflects the rate of
dissociation of the aa-tRNA from the protein. While the assay
can also only access a limited range ofkoff values (0.02-
0.002 s-1), its simplicity makes determiningkoff at a series

of different NH4Cl concentrations straightforward. As shown
in Figure 2 for five aa-tRNAs,koff increases with an increase
in ionic strength for each tRNA and the slopes vary from
0.6 to 2.7 (Table 1). For those aa-tRNAs that dissociate too
rapidly or too slowly at the reference 0.5 M NH4Cl, a value
of koff can be obtained by extrapolation. Values ofkoff for
19 elongator aa-tRNAs are reported in Table 1.

For the 13 aa-tRNAs for which experimentalKD andkoff

values were both determined, the apparent association rate
constantkon ()koff/KD) was in the narrow range of 0.7-2.4
× 106 M-1 s-1. An additional set of nineE. coli tRNAs
misacylated with either Phe or Val also gave experimental
koff/KD values from 0.5 to 1.3× 106 M-1 s-1 (data not
shown). In other words, the values ofkoff andKD correlated,
suggesting that the different aa-tRNAs all exhibited the same
rate of binding. However, since the value ofkon was
considerably lower than that for a diffusion-controlled
reaction, the rate constant may also reflect an isomerization
step. In any case, since the value forkoff could be obtained
for all the tRNAs and its determination was somewhat more
reproducible, we used an averagekon value of 1.1× 106 M-1

s-1 to calculateKD values fromkoff for all the aa-tRNAs in
this study (Table 1).

The free energies for binding of theE. coli aa-tRNAs to
EF-Tu‚GTP were calculated from theKD values in Table 1
and are reported in Table 2. The∆G° values are also shown
graphically in Figure 3 in order of their magnitude. Eighteen
of the elongator aa-tRNAs have∆G° values within a range
of 1.6 kcal/mol (19-fold inKD) from Gly-tRNAGly to Val-
tRNAVal. The experimental error of an individual determi-
nation is(0.4 kcal/mol. Thus, in agreement with previous
work (12), most of the elongator aa-tRNAs bind EF-Tu‚GTP
with similar affinities. However, two aa-tRNAs, Thr-tRNAThr

and Cys-tRNACys, bind substantially tighter than the others.
As will be further discussed below, this result is probably
an artifact of usingE. coli tRNAs with T. thermophilusEF-
Tu.

Binding of EF-Tu to Deacylated tRNAs.The esterified
amino acid makes an important thermodynamic contribution
to the binding affinity of aa-tRNA for EF-Tu‚GTP. For
example, the affinity of deacylated yeast tRNAPhefor E. coli
EF-Tu‚GTP was 2250-fold weaker than for Phe-tRNAPhe

(13). However, we have shown that certain tRNA bodies
contribute much more to protein binding than tRNAPhe (2).

FIGURE 1: RNase protection assay for measuring theKD for binding
of T. thermophilusEF-Tu‚GTP to Pro-tRNAPro (b) and Met-
tRNAMet (9) in buffer A at 2 °C. Lines are best fit curves using
the complete binding equation (7) with KD values of 0.8 and 2.7
nM, respectively.

FIGURE 2: NH4Cl concentration dependence ofkoff for deacylated
tRNAAsp (4), Lys-tRNALys (2), Glu-tRNAGlu (O), Asp-tRNAAsp

(b), Gly-tRNAGly (0), and Thr-tRNAThr (9). Slopes of plots and
the extrapolated or interpolatedkoff value at 0.5 M NH4Cl (vertical
dashed line) are given in Table 2.
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This prompted the measurement ofkoff for the deacylated
forms of the four tRNA bodies expected to make the greatest
contributions (tRNAGlu, tRNAAsp, tRNAThr, and tRNAGly).
This was accomplished using the RNase protection assay
with tRNAs labeled at their 3′-terminus with [3H]adenosine.
Of the four tRNAs that were tested, reliablekoff values could
be obtained for only tRNAAsp at lower ionic strengths (Figure
2). Extrapolation to 0.5 M NH4Cl gave aKD of 18 nM for
deacyl-tRNAAsp which is 145-fold tighter than that for deacyl-
tRNAPhe, confirming the view that tRNA bodies show
sequence specificity for EF-Tu‚GTP. Interestingly, deacyl-
tRNAAsp binds protein only 9-fold weaker than Asp-tRNAAsp,
supporting the conclusion that the esterified Asp does not
contribute substantially to protein binding (3).

Prediction of the Amino Acid Hierarchy.The independent
thermodynamic contributions of esterified amino acid and

tRNA body to∆G° (1) permit the calculation of the relative
binding energy of each amino acid with respect to Val. This
is done by subtracting the∆G° of each tRNA body
misacylated with Val determined previously (2) from the
∆G° of the corresponding tRNA body esterified with the
cognate amino acid in Table 2. Thus, for each amino acid X

For this calculation, the values of∆G° for the Val-tRNAX

were recalculated from the experimentalkoff values deter-
mined previously (2) and thekon of 1.1 × 106 M-1 s-1

determined in this work. The resulting 19 values of∆∆G°-
(X-Val) are given in Table 2 and presented graphically in
Figure 4. The absence of a value for Val-tRNAHis prohibited
the calculation of∆∆G°(His-Val). The total range of binding
energies is 4.2 kcal/mol (2300-fold inKD) ranging from Gln
which binds 1.8 kcal/mol tighter than Val to Glu which binds
2.4 kcal/mol weaker than Val. This range is significantly
greater than the 2.5 kcal/mol range that was determined
previously (3) among a set of misacylated yeast tRNAPhe.
The unavailability of a value for Glu in the earlier work can
primarily account for this discrepancy.

Calculating∆G° for Misacylated tRNAs.The free energy
values in Table 2 can also be used to predict a∆G° for any
misacylated tRNA, Y-tRNAX, by the formula

To assess the accuracy of this approach,∆G° values were
calculated for the 12 misacylated aa-tRNAs measured by
LaRiviere et al. (1) and the 12 misacylated derivatives of
yeast tRNAPhe measured by Dale et al. (3). These 24 aa-
tRNAs are different from the ones used to obtain the values
of ∆∆G°(Y-Val) and ∆G°(Val-tRNAX) in Table 2 and
therefore provide a critical test of the approach. As shown
in Figure 5, the agreement between experimental and
predicted values was excellent over a wide range of∆G°
values. This suggests that the∆G° of any misacylated tRNA
calculated from the data in Table 2 is likely to be accurate.

Figure 6 shows the distribution of∆G° values for the 342
possible misacylated elongator tRNAs that can be calculated
from the data in Table 2. These vary from-7.0 kcal/mol

Table 2: Calculation of Binding Energies of Esterified Amino
Acids Relative to That of Vala

tRNAX
∆G°(X-tRNAX)

(kcal/mol)
∆G°(Val-tRNAX)

(kcal/mol)
∆∆G°(X-Val)

(kcal/mol)

tRNA2
Ala -10.8 -11.8 1.0

tRNA2
Arg -10.7 -10.4 -0.3

tRNAAsn -11.3 -10.2 -1.1
tRNA1

Asp -10.8 -12.3 1.5
tRNACys -12.4 -10.9 -1.5
tRNA2

Gln -11.4 -9.6 -1.8
tRNA2

Glu -10.6 -13.0 2.4
tRNA3

Gly -11.7 -12.0 0.3
tRNAHis -11.0 nab nab

tRNA1
Ile -10.6 -10.0 -0.6

tRNA1
Leu -10.5 -10.8 0.3

tRNALys -10.4 -10.4 0
tRNAMet -10.7 -10.7 0
tRNAPhe -10.9 -10.5 -0.4
tRNA3

Pro -11.1 -10.6 -0.5
tRNA1

Ser -11.2 -10.3 -0.9
tRNA3

Thr -13.0 -12.5 -0.5
tRNATrp -11.3 -9.8 -1.5
tRNA2

Tyr -10.7 -9.4 -1.3
tRNA1

Val -10.1 -10.1 0
a All values are in buffer A at 2°C. ∆G° ) RT ln KD. The calculated

values ofKD from Table 1 were used for∆G°(X-tRNAX), except for
Asn-tRNAAsn where the experimental value was used. The∆G°(Val-
tRNAX) values were calculated from experimentalkoff values from ref
2 and akon of 1.1 × 106 M-1 s-1. Corrected data for Val-tRNAThr are
included.b Not available.

FIGURE 3: Free energies for binding ofT. thermophilusEF-Tu‚
GTP toE. coli aa-tRNAs.

FIGURE 4: Free energies of binding of amino acids relative to that
of Val calculated from the∆G° of cognate aa-tRNAs and Val-
tRNAs in Table 2.

∆∆G°(X-Val) ) ∆G°(X-tRNAX) - ∆G°(Val-tRNAX)

∆G°(Y-tRNAX) ) ∆∆G°(Y-Val) + ∆G°(Val-tRNAX)
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for Glu-tRNATyr to -14.8 kcal/mol for Gln-tRNAGlu, with
the majority of species in the same range of-10 to -12
kcal/mol observed for the cognate aa-tRNAs. Nevertheless,
at least 78 misacylated tRNAs are predicted to bind weaker
and 33 tighter than any of the cognate aa-tRNAs.

A large number of experiments studying tRNA function
in vivo have made use of suppressor tRNAs which contain
point mutations in the anticodon or, rarely, in other sites in
the body and that read one of the three termination codons.
While most suppressor tRNAs are recognized by their
cognate aaRS, some can be recognized by a noncognate aaRS
and therefore insert a noncognate amino acid at the termina-
tion codon. A partial list of active misacylated suppressor
tRNAs is given in Table 3. In most cases, the insertion of
the noncognate amino acid into the protein was confirmed
by sequencing a suppressed test protein (14-21). While the
ability of these misacylated tRNAs to read a stop codon
varies, many are as active as suppressor tRNAs amino-
acylated with their cognate amino acid. For each of these
active misacylatedE. coli suppressor tRNAs, the∆G° for
binding EF-Tu‚GTP was calculated using the data in Table
2. It is striking that in virtually every case, the calculated
∆G° exceeded-9 kcal/mol. Thus, as shown graphically in
Figure 6, the active misacylated suppressor tRNAs show a
distinct bias toward tighter binding to EF-Tu‚GTP. This
supports the view that any misacylated-tRNAs that bind EF-
Tu‚GTP too weakly would be unable to be translated. The

data also suggest that the selective binding of certain
suppressor tRNAs to EF-Tu‚GTP could influence suppressor
efficiency.

DISCUSSION

In this study and a previous one (2), unmodified tRNAs
were used to investigate the properties of binding of EF-
Tu‚GTP to aa-tRNA. This choice was dictated by the need
to introduce the GAC anticodon into each tRNA body so it
could be misacylated in vitro with ValRS or PheRS (2).
However, provided that magnesium ion concentrations are
sufficiently high to permit proper folding of tRNAs (22, 23),
the lack of modifications does not affect binding of EF-Tu
to aa-tRNAs (1, 24, 25). These results are consistent with
the X-ray crystal structures which show that modified
nucleotides are not located in the part of tRNA that contacts
EF-Tu (26, 27). Changes in the anticodon sequence of tRNA
also do not affect EF-Tu binding affinity, permitting the
tRNA containing the normal codon used in this work to be
compared with the previously used tRNAs containing the
GAC anticodon (2).

This study examines the binding ofE. coli tRNA se-
quences with the EF-Tu from a different organism,T.

FIGURE 5: Comparison of predicted∆G° values of misacylated
tRNAs with ∆G° values calculated from experimentalkoff values
from (b) LaRiviere et al. (1) and (O) Dale et al. (3) and akon of
1.1 × 106 M-1 s-1.

FIGURE 6: Calculated∆G° values for binding of misacylated tRNAs
(black bars), cognate aa-tRNAs (white bars), and misacylated
suppressor tRNAs (hatched bars) to EF-Tu‚GTP.

Table 3: Calculation of∆G° Values for Misacylated Suppressor
tRNAs

suppressor
aa-tRNA

calculated∆G°
(kcal/mol) refs

Lys-tRNAAla -11.8 15, 16
Ala-tRNAPhe -9.5 16
Lys-tRNAPhe -10.5 14, 16, 17
Gln-tRNAPhe -12.3 16, 17
Tyr-tRNAPhe -11.8 14, 16, 17
Gln-tRNAGly -13.8 16, 19, 20
Arg-tRNAPhe -10.8 14
Leu-tRNAPhe -10.2 14
Thr-tRNAPhe -11.0 14, 17
Lys-tRNAArg -10.4 14, 18-20
Gln-tRNAAla -13.6 15
Ala-tRNALys -9.4 15
Gln-tRNALys -12.2 15, 18
Trp-tRNALys -11.9 15
Gly-tRNAAla -11.5 15
Met-tRNAAla -11.8 15
Arg-tRNAAla -12.1 15
Val-tRNAPhe -10.5 17
Arg-tRNALys -10.7 18
Gln-tRNAArg -12.2 18
Gly-tRNAPhe -10.2 19
Gly-tRNAArg -10.1 19
Gly-tRNALys -10.1 19
Lys-tRNAGly -12.0 19
Pro-tRNAGly -12.5 19
Thr-tRNAGly -12.5 19
Tyr-tRNAGly -13.3 19
Met-tRNAGly -12.0 19
Gly-tRNAGln -9.3 19
Gln-tRNATrp -11.6 20
Gln-tRNAIle -11.8 20
Gln-tRNAGlu -14.8 20
Tyr-tRNAGlu -13.3 20
Arg-tRNAGlu -12.0 20
Lys-tRNAIle -10.0 20
Lys-tRNAMet -10.7 20
Lys-tRNAAsp -12.3 20
Lys-tRNAThr -12.5 20
Lys-tRNAVal -10.1 20
Ser-tRNALeu -11.7 21
Gln-tRNALeu -12.6 21
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thermophilus. The protein was chosen because of the
availability of an X-ray cocrystal structure of the nearly
identical Thermus aquaticusEF-Tu (26, 27). However,
because many of theT. thermophilustRNA sequences were
not known,E. coli tRNAs had to be used instead. If the way
in which aa-tRNAs recognize EF-Tu‚GTP is substantially
different betweenT. thermophilusandE. coli, the use of a
heterologous system could be inappropriate. However, there
are several reasons to expect that the data obtained for the
heterologous interaction is not very different from those from
either of the homologous interactions. First, the sequences
of T. thermophilusand E. coli EF-Tu are∼70% identical
(28), including virtually all of the residues in the amino acid
binding pocket and the tRNA binding interface (27). Second,
T. thermophilusEF-Tu can participate in translation onE.
coli ribosomes both in vitro and in vivo (29). Finally, as
shown in Figure 7, in most cases, the affinities of the
unmodified E. coli aa-tRNAs forT. thermophilusEF-Tu
measured here are very similar to the binding affinities of
the same modifiedE. coli aa-tRNAs withE. coli EF-Tu
determined previously (12). The only exceptions are thatE.
coli Cys-tRNACys and Thr-tRNAThr bind tighter toT. ther-
mophilusEF-Tu than toE. coli EF-Tu. Since the sequence
of T. thermophilustRNAThr is quite different from that ofE.
coli tRNAThr (30), this may mean that the two proteins have
identical amino acid specificities and slightly different tRNA
sequence specificities. A more extensive analysis of the
tRNA sequence specificity of the two homologous EF-Tu-
tRNA interactions will be published elsewhere, but it is clear
that the two proteins bind mostE. coli tRNAs similarly.

This work uses the experimental binding free energies of
38 different aa-tRNAs to EF-Tu‚GTP to calculate the binding
free energies of more than 340 different possible misacylated
tRNAs. A critical assumption of this calculation is that the
thermodynamic contributions of the esterified amino acid and
the tRNA body to the total free energy of binding are
completely independent. While such independence had been
demonstrated in a limited number of cases (1), it was possible
that it may not be the case with all amino acids and all tRNA
bodies. Indeed, although the cocrystal structure indicates that
the amino acid binding pocket and tRNA binding interface
are sufficiently distant to support independence, the ability
of certain amino acids to stack on the terminal A residue in
the free aa-tRNA (31) raises the possibility that thermody-
namic coupling could occur. However, the successful predic-

tion in Figure 5 of experimental∆G° values of 24 mis-
acylated tRNAs that were not used for obtaining the
parameters strongly supports the assumption that the amino
acid and tRNA body act as independent thermodynamic units
and suggests that the predicted∆G° values of other mis-
acylated tRNAs are accurate.

The thermodynamic contributions of the different esterified
amino acids relative to Val in Figure 4 show a hierarchy of
free energies that is virtually identical to the hierarchy of
free energies of binding for derivatives of yeast tRNAPhe

esterified with 13 different amino acids (3). Gln, Asn, and
the large aromatic amino acids Trp and Tyr bind very tightly
to the pocket in EF-Tu. Phe binds somewhat weaker than
Tyr, suggesting that the hydroxyl group in Tyr may make
an additional hydrogen bond. On the other hand, the
negatively charged amino acids Glu and Asp bind less well
than Arg and Lys, presumably reflecting the fact that the
amino acid pocket has a net negative charge. As might be
expected, the small amino acids Gly and Ala also bind
weakly. As discussed previously (3), it is likely that each
amino acid binds in the large binding pocket in EF-Tu
somewhat differently, making a detailed understanding of
the hierarchy difficult to achieve in the absence of structures
for each esterified amino acid.

The ability to predict the binding affinity of different aa-
tRNAs for EF-Tu‚GTP helps us understand the efficiency
of incorporating different misacylated tRNAs into protein
in vivo. Although misacylation of native tRNAs is normally
a rare event, nonsense suppressor tRNAs are often misacy-
lated, presumably because the modification of the anticodon
sequence makes the tRNA a substrate for a noncognate aaRS.
It is striking that all 41 misacylated tRNAs that were reported
to be active suppressors had calculated∆G° values in excess
of -9 kcal/mol. This supports the view that misacylated
suppressor tRNAs that bind EF-Tu‚GTP at less than this
threshold value are not as active in translation because their
weak binding prevents them from being delivered to the A
site of the ribosome. Although it is known that certain tRNAs
are unable to be converted to active suppressors by introduc-
ing a nonsense anticodon (32, 33), this was previously
explained as the result of poor aminoacylation. From the data
presented here, poor EF-Tu‚GTP binding can also lead to
inactive suppressor tRNAs.

It is also interesting that certain active misacylated
suppressor tRNAs are predicted to bind EF-Tu‚GTP much
tighter than a typical cognate aa-tRNA. This suggests that
tight binding of an aa-tRNA to EF-Tu‚GTP does not inhibit
release of aa-tRNA from EF-Tu‚GDP during the accom-
modation step in translation. The exceptionally tight binding
of esterified Gln to the amino acid binding pocket of EF-Tu
may explain why so many of the active suppressor tRNAs
are misacylated by Gln. Even if misacylation of a suppressor
tRNA by GlnRS is very poor, EF-Tu‚GTP would be able to
bind the small amount of glutaminylated tRNA with high
affinity and thus lead to efficient incorporation into protein.

There are several examples in the literature where poor
EF-Tu‚GTP binding may explain the lack of activity of a
misacylated tRNA. One example involves Glu-tRNAGln and
Asp-tRNAAsn that are intermediates in the transamidation
pathway used in the synthesis of Gln-tRNAGln and Asn-
tRNAAsn in many eubacteria and archaebacteria (34-38).
These two misacylated tRNAs combine a weak amino acid

FIGURE 7: Comparison of the binding affinities ofE. coli aa-tRNAs
for T. thermophilusEF-Tu‚GTP in this work withE. coli EF-Tu‚
GTP from ref12.
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and a weak tRNA body so that the calculated∆G° values
(-7.2 and-8.7 kcal/mol) fall below the-9.0 kcal/mol
threshold needed for an active aa-tRNA. This presumably
explains why Glu and Asp are not misinserted at Gln and
Asn codons in these organisms.

In someCandidaspecies, the CUG codon is translated as
Ser instead of the more common Leu (39, 40). TheCandida
zeylanoidestRNASer(CAG) responsible for this nonuniversal
decoding is aminoacylated by Ser and, to a lesser extent,
Leu both in vitro and in vivo (41). It was proposed that the
CUG codon may encode both Ser and Leu inCandida.
However, we would predict that Ser-tRNASer binds EF-Tu‚
GTP tighter than Leu-tRNASer. Thus, the small amount (3%)
of Leu-tRNASer observed in vivo is unlikely to be incorpo-
rated into protein. This conclusion is consistent with the fact
that insertion of Leu at CUG codons could not be detected
in two Candidaspecies (41).

E. coli YadB is a GluRS-like protein which lacks the
anticodon-binding domain and aminoacylates tRNAAsp with
Glu (42). The function of the resulting Glu-tRNAAsp is
unknown, but it is reported not to bindE. coli EF-Tu‚GTP
and thus is not misincorporated into protein (42). While the
predicted∆G° value of-9.9 kcal/mol for Glu-tRNAAsp is
somewhat weaker than that of Val-tRNAVal (∆G° ) -10.1
kcal/mol), the weakest cognate aa-tRNA, it is tighter than
the-9.0 kcal/mol threshold defined by the suppressor tRNAs
and thus would be expected to bind EF-Tu reasonably well.
This disagreement between experimental and calculated data
may reflect a difference between the specificity ofT.
thermophilusandE. coli EF-Tu for tRNAAsp.

Finally, on a historical note, the success of the classic 1962
experiment (43) demonstrating the adaptor role of tRNA can
be viewed in a new light. In those experiments, Cys-tRNACys

was chemically converted to Ala-tRNACys and assayed by
in vitro translation. Since it was found that Ala was
incorporated at Cys codons, it was concluded that the
specificity of aa-tRNA in translation was entirely dictated
by the codon-anticodon interaction. In other words, the
translation machinery used tRNA as a passive adaptor
between the amino acid and codon. We now know that this
experiment was successful only because misacylated Ala-
tRNACys binds EF-Tu‚GTP well enough (∆G° ) -9.9 kcal/
mol) to be incorporated into protein. If Chapeville and co-
workers had used certain other misacylated tRNAs in their
experiments, they would not have been active and tRNA
would not have been considered a nonspecific adaptor!
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