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ABSTRACT: Nineteen of the highly conserved residues of Escherichia coli (E. coli) Elongation factor
Tu (EF-Tu) that form the binding interface with aa-tRNA were mutated to alanine to better understand
how modifying the thermodynamic properties of EF-Tu−tRNA interaction can affect the decoding
properties of the ribosome. Comparison of ΔΔGo values for binding EF-Tu to aa-tRNA show that the
majority of the interface residues stabilize the ternary complex and their thermodynamic contribution
can depend on the tRNA species that is used. Experiments with a very tight binding mutation of
tRNATyr indicate that interface amino acids distant from the tRNA mutation can contribute to the
specificity. For nearly all of the mutations, the values of ΔΔGo were identical to those previously
determined at the orthologous positions of Thermus thermophilus (T. thermophilus) EF-Tu indicating
that the thermodynamic properties of the interface were conserved between distantly related bacteria.
Measurement of the rate of GTP hydrolysis on programmed ribosomes revealed that nearly all of the
interface mutations were able to function in ribosomal decoding. The only interface mutation with
greatly impaired GTPase activity was R223A which is the only one that also forms a direct contact with
the ribosome. Finally, the ability of the EF-Tu interface mutants to destabilize the EF-Tu−aa-tRNA interaction on the ribosome
after GTP hydrolysis were evaluated by their ability to suppress the hyperstable T1 tRNATyr variant where EF-Tu release is
sufficiently slow to limit the rate of peptide bond formation (kpep) . In general, interface mutations that destabilize EF-Tu binding
are also able to stimulate kpep of T1 tRNATyr, suggesting that the thermodynamic properties of the EF-Tu−aa-tRNA interaction
on the ribosome are quite similar to those found in the free ternary complex.

Bacterial elongation factor Tu (EF-Tu) is an important
component of the multistep ribosomal decoding pathway

that ensures rapid and accurate translation. In its GTP bound
form, EF-Tu preferentially binds the aminoacylated form of
each elongator tRNA (aa-tRNA), and the resulting ternary
complex binds ribosomes with the correct codon−anticodon
match at a rate substantially faster than free aa-tRNA. A
cocrystal structure between Escherichia coli EF-Tu and
aminoacyl-tRNA (aa-tRNA) shows an extensive interface that
can be considered to have three parts.1 First, 16 residues in
Domains 1 and 3 of the protein form hydrogen bonds and ion
pairs primarily with the helical backbone of the acceptor and T-
stems of aa-tRNA. Second, 6 residues form a network of
hydrogen bonds with the single-stranded NCCA terminus of
aa-tRNA. Finally, 5 residues form a pocket large enough to
accommodate the 20 different side chains of the esterified
amino acid. Numerous experiments with EF-Tu mutants and
modified aa-tRNAs have established that, while all three regions
contribute to the affinity of aa-tRNA to EF-Tu, the relative
amount that each region contributes depends strongly upon the
identity of both the tRNA body and its esterified amino acid.2

For each bacterial tRNA species, the sequence of three base
pairs in the T-stem modulates the protein binding affinity in a
manner that offsets the variable affinity of the esterified amino
acid such that the overall affinity of all aa-tRNAs are nearly

uniform.3,4 This “thermodynamic compensation” mechanism
appears to be conserved in bacteria5 and has evolved to ensure
that all cellular aa-tRNAs can compete equally for the common
elongation factor.6

When the EF-Tu−aa-tRNA-GTP ternary complex binds
encoded E. coli 70S ribosomes, a conformation change occurs
resulting in structural changes in both the tRNA and the
protein portions of the complex.7−11 Nevertheless, the
structural details of much of the interface are unchanged
compared to the free complex. This includes nearly all the
interactions between EF-Tu and the acceptor and T-stems as
well as the general structure of the amino acid binding pocket.
Only the positions of single-stranded residues C74 and C75
and the associated amino acids of EF-Tu are significantly
changed upon ribosome binding. In addition to the similar
structure of the interface, there is some data indicating that the
thermodynamic properties of the interface between aa-tRNA
and EF-Tu are retained after ribosome binding. Complexes
made using mutations in the T-stem of E. coli tRNAVal that
hyperstabilize binding to EF-Tu by differing amounts were
found to bind E. coli ribosomes and hydrolyze GTP normally,
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but release from EF-Tu-GDP more slowly than normal and
thereby have correspondingly slower rates of dipeptide bond
formation.4 Thus, the mechanism of thermodynamic compen-
sation that evolved to ensure uniform aa-tRNA binding to EF-
Tu may also be used to maintain a uniform rate of release from
EF-Tu during ribosomal decoding. The affinity of EF-Tu to aa-
tRNA has therefore been optimized by evolution in response to
two opposing selective pressures. It must be tight enough to
initially bind aa-tRNAs but not so tight that it cannot be
disrupted during the ribosomal decoding process.
This contribution presents an initial characterization of the

biochemical properties of 19 point mutants of E. coli EF-Tu
amino acids that make up much of the interface with aa-tRNA.
By measuring their affinities to two different aa-tRNAs, an
overview of how this protein achieves its affinity and specificity
for its substrate is obtained. In addition, by comparing these
data with a similar set of experiments previously performed
with EF-Tu from the distantly related thermophile, Thermus
thermophilus,12 a detailed thermodynamic comparison of how
two orthologous, but structurally somewhat different proteins
bind the same aa-tRNA. Finally, the activity of these mutant
proteins on E. coli ribosomes, shows how the stability of this
protein−aa-tRNA interface has been optimized for translation.

■ MATERIALS AND METHODS
EF-Tu Mutagenesis, Expression, and Purification. The

expression vector pROEX HTb (Invitrogen) contained a TEV
protease cleavage site between the 6x His tag, and E. coli EF-Tu
gene was provided by Rachel Green.13 After TEV cleavage, the
N-terminal amino acid sequence of the recombinant protein
becomes GGASK, which differs from the native MSK sequence
by three residues. All 19 EF-Tu mutants were generated using
QuikChange XL site-directed mutagenesis kit (Agilent
Technologies). The sequence of each mutant was confirmed
by DNA sequencing, and they were expressed in BL21-Gold
(DE3) cells (Agilent Technologies).12 Cells were grown in LB
media supplemented with 100 μg/mL ampicillin at 37 °C with
continuous shaking. They were induced after the optical density
at 600 nm reached 0.5 using 1 mM IPTG and harvested after 3
h of induction. For all of the mutations, analysis of lysates on
SDS gels showed an amount of the slightly longer recombinant
protein that exceeded the amount of the abundant native EF-
Tu. For R223A mutant, protein expression levels were at least
3-fold less than the other mutations.
The method for affinity purification of the mutant proteins

was somewhat altered from the one previously used12 in order
to minimize aggregation of EF-Tu and thereby improve TEV
cleavage efficiency and avoid contamination by native EF-Tu.
After cell lysis, 6xHis-tagged EF-Tu was bound to Ni-NTA
column in 50 mM HEPES at pH 7.5, 1 M KCl, 10 mM MgCl2,
20% glycerol, 10 mM imidazole, 5 mM β-mercaptoethanol
(BME), 100 μM GDP, and 0.5% Tween-20. The proteins were
eluted from the column with 50 mM HEPES pH 7.5, 500 mM
KCl, 10 mM MgCl2, 500 mM imidazole, 20% glycerol, 5 mM β-
mercaptoethanol, and 100 μM GDP. After elution of the EF-Tu
from the Ni-NTA resin, the His-tag was proteolytically
removed from EF-Tu in the elution buffer by reacting His-
tagged TEV with His-tagged EF-Tu at a 1:50 molar ratio for
about 20 h at 4 °C. The glycerol in the buffers minimized
aggregation,14 and the high concentrations of imidazole and
KCl were crucial to improve the accessibility of TEV protease
to the TEV cleavage site and thereby increase the yield of the
cleavage reaction. Following proteolysis, proteins were dialyzed

into elution buffer that lacked imidazole and contained 200 mM
KCl. TEV protease cleaved EF-Tu was separated from
uncleaved protein by passing the protease cleavage reaction
again over a Ni-NTA column and collecting the flow through
fraction. The amount of aggregation of purified EF-Tu mutants
was determined using an analytical Superose 6 column (GE
Healthcare), and over 80% of the protein was monomeric. The
final purification used a Superdex 75 column equilibrated with
50 mM HEPES pH 7.5, 200 mM KCl, 10 mM MgCl2, 10%
glycerol, 5 mM BME, and 100 μM GDP. The proteins were
stored in 50 mM HEPES pH 7.5, 200 mM KCl, 10 mM MgCl2,
50% glycerol, 5 mM DL-Dithiothreitol (DTT), and 100 μM
GDP. The concentration of each mutant protein was
determined using the Pierce 660 nm Protein Assay.15

Preparation of RNA. Yeast tRNAPhe was purchased from
Sigma-Aldrich and resuspended and stored in 1× TE buffer. E.
coli tRNATyr and the hyperstabilized T1 tRNATyr were prepared
by in vitro transcription from DNA templates prepared by
primer extension of two annealed synthetic oligonucleotides as
previously described except that 1 U/μL RNasin was included
in the transcription reaction.3,12,16 The transcription reaction
products were purified on a 10% denaturating polyacrylamide
gel. After ethanol precipitation, each transcript was resuspended
and stored in 1× TE buffer. tRNAs were aminoacylated with
[3H]-phenylalanine (MP Biomedicals) or [3H]-tyrosine
(PerkinElmer) using Ni-NTA purified yeast phenylalanyl
synthetase or E. coli tyrosyl synthetase.17 Aminoacylated
tRNAs were resuspended and stored in 5 mM NaOAc buffer
at pH 5 after phenol/chloroform extraction and ethanol
precipitation steps.

32P-labeled T1 tRNATyr was prepared to measure rates of
dipeptide bond formation of EF-Tu variants.3 T1 tRNATyr was
labeled with [α-32P]-ATP at the 3′ -CCA end and amino-
acylated with tyrosine using published methods.17,18

Ribosomes from E. coli MRE600 cells were purified as
described by Powers and Noller19 to be used in GTP hydrolysis
and dipeptide bond formation assays. In order to program
ribosomes, tightly coupled 70S ribosomes were heat activated
prior to mRNA and fMet-tRNAfMet addition.18,20

A chemically synthesized RNA oligomer with the sequence
GGC AAG GAG GUA AAA AUG UAC GCA CGU (IDT) was
resuspended in TE buffer and used as the mRNA for the
GTPase and kpep experiments.

Dissociation Rate Constant (koff) Measurements. One
μM of EF-Tu, 0.1−0.4 μM of [3H]-Phe-tRNAPhe or [3H]-Tyr-
tRNATyr, and 10 μM GTP were mixed to form ternary complex
in 50 mM HEPES pH 7, 30 mM KCl, 70 mM NH4Cl, 10 mM
MgCl2, 10 μM GTP, 3 mM phosphoenolpyruvate, 50 μg/mL of
pyruvate kinase, and 1 mM DTT. Dissociation rate constants
were measured using ribonuclease protection assay21 in a 96-
well microtiter plate format on ice.3,12,17,22 For a more accurate
error analysis, koff measurements were repeated at least three
times and the standard deviation is reported for each mutant.

GTP Hydrolysis Rate Measurement. Ternary complex
was formed by mixing 0.4 μM EF-Tu with 1.2 μM Tyr-tRNATyr

or 1.2 μM Tyr-T1 Tyr-tRNATyr, and 50 μM γ-32P-GTP in 50
mM HEPES pH 7, 30 mM KCl, 70 mM NH4Cl, 10 mM
MgCl2, 10 μM GTP, 3 mM phosphoenolpyruvate, 50 μg/mL of
pyruvate kinase, and 1 mM DTT according to published
protocols.4,13,23,24 Heat activated ternary complex solution was
passed through two Bio-Spin 6 columns (BIO-RAD) to remove
excess [γ-32P]-GTP. At each specific time point, equal volumes
of 0.4 μM ternary complex and 2 μM programmed ribosomes
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were mixed and quenched with 40% formic acid using KinTek
quench flow instrument at 20 °C. The hydrolyzed GTP fraction
was calculated by analyzing the samples on TLC plates coated
with PEI cellulose. The reaction rates were calculated by
plotting the fraction of GTP hydrolyzed vs time and fitting the
data to a single exponential curve.13

Peptide Bond Formation Rate (kpep) Measurement.
After heat activation, 2 μM ribosomes were combined with 6
μM mRNA and 4 μM fMet-tRNAfMet in order to program
ribosomes for kpep measurements.18 Ternary complex was
formed by mixing 1 μM of GTP bound EF-Tu with 40 nM of
[3′ 32P]-Tyr-T1 tRNATyr. The slow kinetics of Tyr-T1 tRNATyr

allowed us to perform the experiments on benchtop in a 96-
well microtiter plate at room temperature. For each time point,
4 μL of ternary complex was reacted with 4 μL of programmed
ribosomes complex in 50 mM HEPES pH 7, 30 mM KCl, 70

mM NH4Cl, 10 mM MgCl2, 10 μM GTP, 3 mM
phosphoenolpyruvate, 50 μg/mL of pyruvate kinase, and 1
mM DTT, and the reaction was quenched using 24 μL of 5
mM NaOAc at pH 5 and 100 μM EDTA buffer. The products
were digested using Nuclease P-1 from Penicillium citrinum
(Sigma-Aldrich) and separated on Flexible TLC Plates coated
with PEI-cellulose (Sigma-Aldrich) in 70% isopropanol and 1.5
M HCl. The kpep was determined from the slope of the fraction
of dipeptide produced vs time plot that was fitted to a single
exponential equation.4,18,24 The kpep values for each mutant
were repeated at least three times, and the standard deviation
was calculated.

■ RESULTS
Purification and aa-tRNA Binding Properties of

Mutant E. coli EF-Tu Proteins. The crystal structure of E.

Figure 1. Diagram of the interface between E. coli EF-Tu and yeast Phe-tRNAPhe. All main chain and side chain residues of EF-Tu within 5 Å of the
aa-tRNA in the X-ray crystal structure are shown (pdb 1OB2). Dotted lines indicate the closest functional groups that could potentially form
stabilizing interactions. The residues marked in red were mutated in this study.

Table 1. Dissociation Rate Constants (koff)
a and Corresponding Differences in Free Energies (ΔΔGo)b with Respect to WT EF-

Tu for Complexes Containing Mutant Proteins and Different aa-tRNAs

yeast Phe-tRNAc E. coli Tyr-tRNAc T1 Tyr-tRNAc

koff × 104 (s−1) ΔΔGo (kcal/mol) koff × 104 (s−1) ΔΔGo (kcal/mol) koff × 104 (s−1) ΔΔGo (kcal/mol)

WT 8.7 ± 2.5 0.0 ± 0.2 19 ± 4 0.0 ± 0.2 0.16d 0.0
E54A 5.7 ± 0.9 −0.2 ± 0.2 21 ± 2 0.1 ± 0.1 ae −
E55A 34 ± 18 0.7 ± 0.3 41 ± 4 0.4 ± 0.1 a −
E259A 16 ± 1 0.3 ± 0.2 36 ± 6 0.4 ± 0.1 11 ± 2 2.3 ± 0.1
E378A 32 ± 11 0.7 ± 0.2 14 ± 2 −0.2 ± 0.1 4.2 ± 1.6 1.8 ± 0.2
H66A 115 ± 7 1.4 ± 0.2 342 ± 100 1.6 ± 0.2 10 ± 1 2.3 ± 0.2
K89A 12 ± 4 0.2 ± 0.2 30 ± 8 0.3 ± 0.2 a −
N51A 10 ± 1 0.1 ± 0.2 16 ± 2 −0.1 ± 0.1 a −
N90A 20 ± 9 0.5 ± 0.3 18 ± 2 −0.0 ± 0.1 a −
Q329A 79 ± 19 1.2 ± 0.2 105 ± 27 0.9 ± 0.2 17 ± 7 2.6 ± 0.2
R58A 24 ± 12 0.6 ± 0.3 39 ± 4 0.4 ± 0.1 a −
R223A 4.3 ± 2.1 −0.4 ± 0.3 7.5 ± 1.0 −0.5 ± 0.1 a −
R262A 38 ± 3 0.8 ± 0.2 121 ± 45 1.0 ± 0.2 3.5 ± 0.8 1.7 ± 0.1
R377A 215 ± 35 1.8 ± 0.2 437 ± 140 1.7 ± 0.2 41 ± 5 3.0 ± 0.1
R283A 23 ± 3 0.5 ± 0.2 58 ± 5 0.6 ± 0.1 a −
R288A 39 ± 7 0.8 ± 0.2 223 ± 85 1.3 ± 0.2 a −
S219A 11 ± 3 0.1 ± 0.2 25 ± 7 0.2 ± 0.2 a −
T320A 47 ± 1 0.9 ± 0.2 74 ± 23 0.7 ± 0.2 5.3 ± 0.8 1.9 ± 0.1
T338A 20 ± 1 0.5 ± 0.2 21 ± 5 0.1 ± 0.2 a −
Y87F 11 ± 3 0.1 ± 0.2 25 ± 1 0.2 ± 0.1 a −

akoff is determined in 50 mM HEPES pH 7, 30 mM KCl, 70 mM NH4Cl, 10 mM MgCl2, 10 μM GTP, 3 mM phosphoenolpyruvate, 50 μg/mL of
pyruvate kinase, and 1 mM DTT at 0 °C. bStandard deviations are calculated from at least three independent determinations. cΔΔGo = −RT
ln(KDwt/KDmut), KD = koff/(1.1 × 105 M−1 s−1) dEstimated value for koff.

4 ea = value too slow to measure (koff < 2.4 × 104/s).
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coli EF-Tu GTP bound to yeast Phe-tRNAPhe (pdb 1OB2) was
used to choose 19 residues along the protein−RNA interface
that were close enough to potentially alter the binding affinity
to aa-tRNA. The mutated residues and the closest tRNA
functional groups are highlighted in a diagram of the interface
in Figure 1. All of the mutated residues are highly conserved
among bacterial EF-Tus.25 In every case, the native amino acid
was mutated to a smaller side chain (usually alanine), thereby
removing the potential stabilizing contact without introducing
steric clash. A few of these E. coli EF-Tu mutant proteins had
been biochemically characterized previously26−30 and the aa-
tRNA binding properties of many of the orthologous mutations
in T. thermophilus EF-Tu have been determined.12

All 19 mutations were inserted into an expression vector
containing the EF-Tu gene with an upstream 6x His followed
by the TEV protease cleavage site.13 As discussed in the
Materials and Methods, the buffers used in the purification
protocol were altered from those previously used12 to minimize
protein aggregation. The known ability of E. coli EF-Tu to
aggregate14,31,32 is a particular problem for the isolation of EF-
Tu mutants expressed in E. coli because of the potential for the
abundant untagged endogenous cellular protein to associate
with the tagged mutant protein and thereby be retained on the
Ni-NTA resin and contaminate the final preparation of mutant
protein. To evaluate the efficacy of our revised protocol, we
used it to purify the H84A mutant protein. Since H84
coordinates the scissile phosphate in the GTPase reaction,9,10,33

its mutation reduces its GTPase activity by many orders of
magnitude.14,34−36 As others have found,34,36 we observed that
our H84A protein preparation binds GTP and aa-tRNA very
similarly to the wild-type protein, but the complex produces
undetectable amounts of dipeptide product on ribosomes
(figure in Supporting Information). On the basis of the
detection limits of the dipeptide assay, the H84A protein
contains less than 1% contaminating wild-type protein, thereby
validating our revised purification protocol.
To evaluate how well the mutant EF-Tu proteins bound aa-

tRNA, 1 μM of each protein was activated with GTP, mixed
with 0.1−0.2 μM yeast Phe-tRNAPhe, and the dissociation rate
measured using a ribonuclease protection assay at 0 °C.21 The
high concentration and excess of protein over aa-tRNA favors
complex formation even if the protein is only partially active or
has a weak KD. For all mutant proteins, full RNase protection of
Phe-tRNAPhe was observed and a koff value determined (Table
1). The ΔΔGo of each mutation compared to the wild-type
protein was also calculated using the value of kon = 0.11 μM−1

s−1 determined previously.3,12 Of the 19 interface mutations
tested, one bound EF-Tu somewhat more tightly than the wild-
type protein (ΔΔGo = −0.4 kcal/mol). Six showed little or no
effect (ΔΔGo = −0.3 to +0.3 kcal/mol), nine showed a clear
reduction in binding affinity (ΔΔGo = +0.3 to +1.0 kcal/mol),
and three had a large effect on Phe-tRNAPhe affinity (ΔΔGo =
>1.0 kcal/mol).
The fact that the majority of the interface mutations caused a

change in the binding affinity supports the notion that the X-
ray crystal structure depicts the interface formed in solution.
However, not all of the mutations lead to a significant ΔΔGo,
and there is no clear correlation between the “quality” of the
crystallographic contact and the value of ΔΔGo. For example,
even though the amino nitrogen of K89 is within 2.9 Å of the
OP1 of G65 of tRNA and thus clearly forms a charged
hydrogen bond, the ΔΔGo of the K89A mutation is very small.
In contrast, a very large ΔΔGo is seen for the E55A mutation

although the carboxylate is more than 6 Å from the nearest
tRNA residue. Such inconsistencies may simply reflect
differences between the crystal and solution structures due to
a rearrangement caused by the crystal lattice contacts.
Additionally, the much higher ionic strength used in
crystallization compared to the solution binding experiments
could alter the occupancy of ions essential for protein folding or
tRNA binding. However, several other explanations are
possible. Mutation of a contacting amino acid to alanine not
only removes a putative stabilizing contact, but also introduces
a space in the interface that is occupied by one or more solvent
molecules. Thus, the net effect of an alanine mutation on ΔGo

will depend on the identity of the original amino acid as well as
the energetics of sequestering the solvent molecules. Another
potentially important contributor to ΔGo is any change in the
structure of free EF-Tu that occurs upon aa-tRNA binding. For
example, R58 makes an ion pair with E54 in the free form of
EF-Tu (pdb 1EXM) that is disrupted when it binds the OP1 of
G3 of the aa-tRNA.37 Thus, the ΔΔGo of the R58A mutation
reflects the net free energy change of disrupting both these
interactions. Finally, since a crystal structure of a complex
emphasizes the static features of the interaction characterized
by ΔH and not the changes in the dynamics of the two
components characterized by ΔS, it is not always a good
predictor of ΔGo. Indeed, a wide range of ΔΔGo values and
apparent inconsistencies with the crystal structure of the
complex have been observed when other protein−protein38−40
or protein−nucleic acid41 interfaces are “scanned” with alanine
mutations.
In order to evaluate how E. coli EF-Tu achieves specificity for

other aa-tRNAs, koff values for each of the 19 mutant EF-Tu
proteins bound to E. coli Tyr-tRNATyr were determined (Table
1). On the basis of experiments with misacylated tRNAs, it is
known that the tRNATyr body binds EF-Tu about 1.1 kcal/mol
weaker than the tRNAPhe body,42 so the two tRNAs are
expected to respond differently to the panel of EF-Tu
mutations. The data in Table 1 show that, within the accuracy
of the measurements, 15 of the interface mutations have the
same values of ΔΔGo for the two tRNAs. However, there are
four mutations at two different interface locations where the
ΔΔGo values differ. First, E378A and T338A both have a
substantial (0.5 kcal/mol) effect on Phe-tRNAPhe affinity and
almost no (0 and 0.1 kcal/mol) effect on Tyr-tRNATyr affinity.
Since E378 and T338 both make contacts with the T-stem
where most of the RNA sequence specificity occurs, these data
can be understood by the different T-stem sequences of the two
tRNAs. E378 stabilizes binding to tRNAs by forming a
hydrogen bond to the amino group of guanine at either
position of the 51−63 base pair.43 Since tRNAPhe has a G51-
C63 pair while tRNATyr contains an A51-U63 pair and
therefore lacks an amino group, only tRNAPhe can be
destabilized by the E378A mutation. The hydroxyl group of
T338 forms a hydrogen bond with the 2′ hydroxyl of ribose 65,
and this interaction contributes to the sequence specificity at
the 49−65 base pair. Since the C49-G65 pair present in
tRNAPhe contributes about 0.5 kcal/mol more to binding than
the G49-C65 pair present in tRNATyr,3 the T338A mutation has
a much larger effect on tRNAPhe.
The second region of the interface where the panel of EF-Tu

mutants appears to respond differently with the two tRNAs
involves the adjacent contacts of R288 and N90 with the 5′
terminal G residue present in in both tRNAs. The guanidinium
group R288 forms an ion pair with the 5′ terminal phosphate of
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tRNA, while the amide group of N90 interacts with the 2′ O of
ribose 1 (Figure 1). The R288A mutation destabilizes tRNATyr

by 1.3 kcal/mol and tRNAPhe by 0.8 kcal/mol. In contrast, the
N90A mutation destabilizes tRNAPhe by 0.5 kcal/mol and has
no effect on tRNATyr binding. While no ternary complex
structure of EF-Tu with tRNATyr is available, a simple
explanation of the data is that the positions of the 5′ ends of
the two tRNAs differ slightly such that tRNATyr only contacts
R288, while tRNAPhe contacts both amino acids. This could be
the result of a small change in the helical pitch resulting from
the two different acceptor T-helix sequences. Alternatively, the
stronger T-stem contacts that form with tRNAPhe could slightly
change the position of the 5′ end of the molecule.
Introducing the T-stem base pairs of tRNAGly, one of the

tightest binding tRNA bodies, into tRNATyr, one of the weakest
tRNA bodies, creates the T1 tRNATyr mutation. When
aminoacylated with the tight-binding amino acid Tyr, the
resulting Tyr-T1 tRNATyr binds exceptionally tightly to E. coli
EF-Tu.3,4 Under normal conditions, the dissociation rate is so
slow that it is difficult to obtain accurately. However, estimates
based upon sequence4 or by extrapolation from koff values
obtained at different conditions suggest that that the koff for the
Tyr-T1 tRNATyr is from 60- to 120-fold slower than wild-type
Tyr-tRNATyr, corresponding to a ΔΔGo from 2.2 to 2.6 kcal/
mol.3,4 Since T1 tRNATyr is such an extreme example of a
substrate for EF-Tu, it was of interest to determine how it
bound to the panel of EF-Tu mutants. In addition, these data
help to interpret experiments that assay the function of T1
tRNATyr on the ribosome discussed in the next section.
While all 19 EF-Tu mutations were able to fully protect Tyr-

T1 tRNATyr from ribonuclease digestion, 12 of the complexes
were so stable that no significant digestion occurred after 60
min of incubation, preventing a reliable determination of koff.
However, while dissociation rates for the remaining seven
mutants were also quite slow, they were sufficiently fast to
obtain reproducible koff values (Table 1). ΔΔGo values for these
mutations are also reported, but since they had to be calculated
using an estimated value for the wild type protein, they are less
reliable than those obtained with Tyr-tRNATyr. A comparison
of the binding properties of the panel of EF-Tu mutants to Tyr-
tRNATyr and Tyr-T1 tRNATyr reveals that the two tRNAs
interact with EF-Tu in a very similar manner. Thus, with three
exceptions, the EF-Tu mutations that greatly weaken tRNATyr

binding (ΔΔGo = +0.7 kcal/mol or more) were found to bind
weakly enough to T1 tRNATyr that a koff could be obtained,
while the EF-Tu mutations that have a modest or no effect on
tRNATyr binding (ΔΔGo = +0.6 kcal/mol or less) were found
to bind so tightly to T1 tRNATyr that no koff could be obtained.
Of the three exceptions, the fact that E378A substantially
weakens T1 tRNATyr and not tRNATyr is expected because the
T1 mutation introduces a G51-C63 pair that forms an
additional stabilizing contact with E378. The second exception,
R288A, has a large (+1.3 kcal/mol) effect in tRNATyr binding,
but is sufficiently smaller to not be detectable with T1 tRNATyr.
As discussed above, this reduced contribution of R288 was also
seen for tRNAPhe and may be the result of a slight change in the
position of the 5′ phosphate that results from the tighter
contact in the T-stem. The final exception is that E259A has a
very large effect on binding to T1 tRNATyr but only a modest
effect on binding to tRNATyr or tRNAPhe. Taken together, the
data indicate that, while this unusually stable tRNATyr mutation
interacts with EF-Tu in a manner that is generally similar to
that of tRNATyr, the additional binding energy derives not only

from a new contact made in the region of the mutation but also
from changes in the strengths of contacts at distal sites.

Activity of EF-Tu Interface Mutations on E. coli
Ribosomes. Although the structure of the interface between
EF-Tu and aa-tRNA is largely unchanged when the ternary
complex binds ribosomes and undergoes the conformational
change that activates GTP hydrolysis,9,10 it is possible that the
energetics of this thermodynamically tuned interface may in
some way participate in this first phase of the decoding
reaction. Thus, it was important to evaluate whether the
interface mutants could affect the rate of GTP hydrolysis on the
ribosome. For an initial screen, ternary complexes containing
Tyr-tRNATyr and [γ-32P] GTP was prepared for 17 of the
mutants and the rate of GTP hydrolysis measured using
ribosomes with fMet-tRNAfMet in the P site. Several of the
mutants were also assayed using Tyr-T1 tRNATyr. Since the
experiments used 0.4 μM EF-Tu and a small excess of aa-tRNA,
most of the protein will be in ternary complex for wild type EF-
Tu but significant amounts of free protein will be present for
the weaker binding mutants. The ternary complexes were then
mixed with 1 μM ribosomes, and time points taken to give a
rate of GTP hydrolysis. These reaction conditions are
subsaturating for ribosome binding in order to maximize the
sensitivity of the assay for changes in activity due to the
mutations.
GTPase progress curves for wild-type and four mutant

proteins are shown in Figure 2, and the calculated values of kobs

are summarized in Table 2. With one exception, all of the
mutations show robust GTPase activities with reaction rates
and extents within 2-fold of those of the wild-type protein.
Since the GTPase assays in this screen were only performed
under a single set of reaction conditions, it is not possible to
interpret the differences in rate and extent. For example in
Figure 2, the low reaction extents for the R262A and R288A
mutations are likely to be the result of incomplete formation of
complex due to their weak aa-tRNA binding, while the low
extent observed for the N90A mutation, which binds aa-tRNA
normally, may result from incomplete GTP binding12 or a

Figure 2. Time courses of ribosome-catalyzed GTP hydrolysis of
ternary complexes containing Tyr-tRNATyr and the indicated EF-Tu
mutations. Experiments were performed in 50 mM HEPES pH 7, 30
mM KCl, 70 mM NH4Cl, 10 mM MgCl2, 10 μM GTP, 3 mM
phosphoenolpyruvate, 50 μg/mL of pyruvate kinase, and 1 mM DTT
at 20 °C. Lines for each mutant indicate the best fit to a single binding
equilibrium adjusted to an extent and a kobs. Values for all mutants are
given in Table 2
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partially denatured protein. Nevertheless, all but one of the
mutations are effective GTPases and therefore do not
significantly interfere with the conformational change and
subsequent GTP hydrolysis associated with the decoding
reaction. The five mutations assayed with Tyr-T1-tRNATyr

also showed rates of GTP hydrolysis comparable to those of
the wild-type protein.
R223A is the single EF-Tu interface mutation that shows a

dramatically reduced rate of GTP hydrolysis. As shown in
Figure 2, while the reaction extent is substantial, its kobs is at
least 15-fold slower than that of the wild type despite the fact
that it efficiently forms ternary complex and dissociates from
Tyr-tRNATyr similarly to wild-type protein. While additional
experiments will be required to understand the underlying
reason for this low activity, it is interesting that R223 is the only
interface amino acid that also contacts the ribosome. In the
ternary complex R223 interacts with E259 prior to ribosome
binding, whereas after ribosome binding R223 contacts U368 of
23S rRNA.9,10,44 Thus, the most straightforward explanations
for the reduced GTPase of the R223A ternary complex are that
it either binds the ribosome poorly or is unable to maintain the
reoriented conformation needed for GTP hydrolysis.
Since the second phase of decoding involves disruption of

the interface between EF-Tu and aa-tRNA, accommodation of
the aa-tRNA into the A site, and the subsequent formation of
the dipeptide bond, it seemed possible that EF-Tu interface
mutants could alter kpep, the rate of dipeptide bond formation.
However, many experiments45−47 suggest that the observed
value of kpep reflects the rate of accommodation, the
conformational change that accompanies the movement of
aa-tRNA into the A site, and not the rates of earlier steps such
as release of Pi48 or release of aa-tRNA from EF-Tu45−47 which
are significantly faster. In support of this, mutations in the T-

stem of tRNAVal that dissociate faster from EF-Tu than wild-
type tRNAVal had the same values of kpep as that of wild-type
tRNAVal,4 consistent with the idea that kpep is limited by the
subsequent slower accommodation step in both cases. Since all
but one of the EF-Tu interface mutants either weaken EF-Tu
binding or have no effect, they would also not be expected to
affect kpep. Indeed, kpep values reported for H66A and E378A
EF-Tu were found to be identical to cthose of the wild-type
protein4,24 and N90A, E259A, and H66A have activities
comparable to those of wild-type protein using a polyU
directed translation assay.27,29

In order to compare the thermodynamic properties of the
interface between EF-Tu and aa-tRNA on the ribosome with
those of the free complex, we made use of the T1 tRNATyr

mutant, which binds free EF-Tu at least 60-fold tighter than
tRNATyr. Since this tRNA showed a 57-fold slower kpep, it was
proposed that in this case kpep reflected release from EF-Tu and
not accommodation.4 Subsequent experiments measuring the
release of a fluorescent derivative of EF-Tu from a hyper-
stabilized tRNAVal support this proposal.46 Thus, an EF-Tu
interface mutation that destabilized its interaction with Tyr-T1
tRNATyr during decoding would be expected to increase its rate
of release and thereby show a faster kpep. Similarly, interface
mutations that had little or no effect on binding Tyr-T1
tRNATyr would continue to show the very slow kpep observed
for wild type EF-Tu. Therefore, by measuring the kpep values of
Tyr-T1 tRNATyr for the panel of interface mutations, a view of
the thermodynamic behavior of the ternary complex during the
aa-tRNA release step of decoding can be obtained.
Ternary complexes formed between 1 μM of each of the 19

EF-Tu interface mutations and 40 nM [3′-32P]Tyr-T1 tRNATyr

were mixed with 2 μM ribosomes containing fMet-tRNAfMet in
the P site and the rates of formation of dipeptide determined
using a TLC assay.18 Since kpep is so slow for wild-type EF-Tu,
manual pipetting could be used for time points between 5 and
200 s. As shown for the wild-type EF-Tu in Figure 3, a nearly
complete progress curve could be obtained and a kpep calculated
of 0.087/s. This value is much slower than the kpep of about 1/s
that we typically obtain for native Tyr-tRNATyr,4 therefore
indicating that release from EF-Tu is limiting kpep with the

Table 2. Rates of GTP Hydrolysis (kobs) of EF-Tu Mutants at
Subsaturating Encoded Ribosomesa

Tyr-tRNATyrb T1 Tyr-tRNATyrb

kobs (s
−1) kobs (s

−1)

WT 14 ± 4 12 ± 4
E54A 11 ± 4 −
E55A 13 ± 2 −
E259A 14 ± 3 8.0 ± 4.4
E378A 8.7 ± 4.8 −
H66A ac −
K89A 16 ± 2 7.2 ± 3.4
N51A 11 ± 5 −
N90A 21 ± 4 22 ± 3
Q329A 17 ± 4 −
R223A 0.8 ± 0.2 −
R262A 13 ± 5 −
R283A 12 ± 3 13 ± 4
R288A 14 ± 2 17 ± 1
S219A 12 ± 3 −
T320A 15 ± 4 −
T338A 9.5 ± 1.6 −
Y87F 13 ± 2 −

aExperiments are performed using 1 μM encoded ribosomes in 50
mM HEPES pH 7, 30 mM KCl, 70 mM NH4Cl, 10 mM MgCl2, 10
μM GTP, 3 mM phosphoenolpyruvate, 50 μg/mL of pyruvate kinase,
and 1 mM DTT at 20 °C. bStandard deviations are calculated from at
least three independent determinations. ca = insufficient ternary
complex formed.

Figure 3. Time courses of fMet-Tyr formation using ternary
complexes containing Tyr-T1 tRNATyr and the indicated EF-Tu
mutations. Experimentally determined extents are normalized relative
to WT values. Rates are given in Table 3
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hyperstable T1 tRNATyr. Figure 3 shows several examples of
EF-Tu interface mutants which also show kpep > 0.25/s and
thus are also rate limited by product release. Also shown are
several other EF-Tu mutants that were substantially complete
by the 5 s time point and thus are able to partially or fully
suppress the effect of the hyperstable T1 tRNATyr. Data for 18
of the 19 mutants are summarized in Table 3. The R223A
mutation did not give appreciable amounts of dipeptide,
consistent with the observation that it showed very poor
GTPase activity.

For the majority of the interface mutants, the kpep data with
Tyr-T1 tRNATyr are very consistent with the corresponding koff
data summarized in Table 1. Eight of the mutations which show
kpep values slower than 0.25/s and thus appear to be rate
limiting for release from EF-Tu are all mutations that have little
or no effect (ΔΔGo < 0.5 kcal/mol) on aa-tRNA binding and
therefore behave similarly to the wild-type protein on the
ribosome. In addition, eight mutations that show very fast kpep
values and thus suppress the effect of the hyperstable Tyr-T1
tRNATyr are all proteins that substantially weaken binding to aa-
tRNA (ΔΔGo > 0.6 kcal/mol). This striking correlation
between the kpep and koff data for 16 of the EF-Tu mutations
suggests that the thermodynamic “profile” of the interface
mutants on the ribosome after GTP hydrolysis is very similar to
the one observed for the formation of the free ternary complex.
A similar correlation between kpep and koff was observed for a
series of tRNAVal mutations that hyperstabilize binding to EF-
Tu to differing extents.4

However, there are two clear exceptions to this correlation
between the kpep and koff data. First, the H66A mutation, which
destabilizes binding to Tyr-T1 tRNATyr by more than 2 kcal/

mol, is unlike the other eight strongly destabilizing mutations in
that it shows a slow kpep value of 0.073/s similar to that of wild-
type EF-Tu. Since H66 stacks on the esterified amino acid, the
H66A mutation is known to strongly destabilize aa-tRNAs
esterified with aromatic amino acids,24 so the effect on the koff
of Tyr-T1 tRNATyr was expected. However, the position of H66
is unchanged in the ribosome-bound complex after GTP
hydrolysis10,44 so the stacking interaction would be expected to
still be stabilizing. Furthermore, the H66A mutation showed a
normal kpep value when assayed with Ala-tRNAAla,24 indicating
that the mutation does not hinder the ribosome from
performing peptide bond formation in some unknown manner.
A second mutation in which kpep and koff do not correlate is

T338A, which has little effect on Tyr-tRNATyr binding and
binds Tyr-T1 tRNATyr tighter than our limit of measurement.
Nevertheless, T338A shows a fast (<0.25/s) kpep value with
Tyr-T1 tRNATyr, suggesting that the complex on the ribosome
is destabilized sufficiently so that release from EF-Tu is not rate
limiting. Interestingly, in the ternary complex T338 contacts the
T-stem directly and also helps position adjacent amino acids
which form thermodynamically important contacts. However,
the position of T338 is unchanged in the ribosome-bound
complex, so it is unclear why the complex is less stable.

■ DISCUSSION
The X-ray crystal structure of the E. coli EF-Tu−GTP-Phe-
tRNAPhe complex allowed the identification of alanine
mutations at 13 different positions within the protein−nucleic
acid interface that significantly altered the stability of the
complex and 6 that had little or no effect. Although the many
possible ways that a mutation can affect the observed binding
affinity prohibited a straightforward interpretation the ΔΔGo

values in terms of the crystal structure of the complex, it is clear
that the stability of the complex is the result of interactions that
span the entire interface from the esterified amino acid to the
T-loop 53 Å away. Since the formation and disruption of this
complex is essential to the mechanism of ribosomal decoding,
this panel of mutations is a useful tool for understanding several
features of this mechanism.
Thirteen of the aa-tRNA interface mutants in E. coli EF-Tu

studied here were previously made at the orthologous positions
of T. thermophilus EF-Tu,49 permitting comparison of the aa-
tRNA binding properties of the same mutations in EF-Tus
from two distantly related bacteria. Although the T.
thermophilus protein is 13 residues longer and the two proteins
differ in sequence at 105 additional positions,25 23 of the 26
interface residues are identical, including all 13 of the sites of
common mutations. Since crystal structures of yeast Phe-
tRNAPhe bound to both proteins are available (pdb 1OB2 and
1TTT),33 this aa-tRNA was chosen to make the comparison.
The calculated ΔΔGo value between wild type and mutant
protein at each of the 13 positions in the two systems are
compared in Figure 4. It is striking that for 10 of the mutations
the ΔΔGo values in the two systems were the same within the
error of measurement despite the many sequence differences
between the two proteins and the fact that one is from a
mesophile and the other from a thermophile. Only three
mutations showed significantly different ΔΔGo values in the
two systems. The E259A mutation has a much larger
deleterious effect on Phe-tRNAPhe binding when made in T.
thermophilus EF-Tu than when made in E. coli EF-Tu. In
contrast, the R58A and R288A mutations affect Phe-tRNAPhe

binding to the E. coli EF-Tu much more than when they are

Table 3. Rates of fMet-Tyr Formation with EF-Tu Mutants
Complexed with Tyr-T1 tRNATyra

peptide bond formationb

kpep (s
−1)

WT 0.055 ± 0.026
K89A 0.015 ± 0.003
E54A 0.096 ± 0.011
E55A 0.052 ± 0.016
E259A >0.25
E378A >0.25
H66A 0.073 ± 0.008
N51A 0.045 ± 0.004
N90A 0.17 ± 0.05
Q329A >0.25
R58A 0.099 ± 0.006
R223A 0.002 ± 0.001
R262A >0.25
R283A >0.25
R288A >0.25
R377A >0.25
S219A 0.084 ± 0.046
T320A >0.25
T338A >0.25
Y87F 0.056 ± 0.034

aExperiments performed in 50 mM HEPES pH 7, 30 mM KCl, 70
mM NH4Cl, 10 mM MgCl2, 10 μM GTP, 3 mM phosphoenolpyr-
uvate, 50 μg/mL of pyruvate kinase, and 1 mM DTT at 20 °C.
bStandard deviations are calculated for at least 3 independent
determinations.
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introduced into the T. thermophilus protein. Although the
crystal structures of the two complexes reveal several small
differences in the positions of the interface amino acids, it is
unlikely that they explain the differing response to the E259,
R58, and R288 mutations as the positions of these three side
chains are very similar in the two structures. It is interesting that
the E. coli E259A and R288A mutations, which showed
different ΔΔGo values than in T. thermophilus, also showed
different ΔΔGo values when Phe-tRNAPhe and Tyr-tRNATyr

were compared. As is further discussed below, this may reflect a
slightly different mode of aa-tRNA binding that is shared by all
EF-Tu proteins. If this is the case, the thermodynamic
properties of binding aa-tRNAs to the distantly related E. coli
and T. thermophilus EF-Tu proteins are nearly identical,
suggesting that they are identical for all bacterial species. This
conclusion agrees with our recent analysis of the T-stem
sequences of bacterial tRNAs which concludes that there is a
“code” for the sequence-specific recognition of tRNA that is the
same in all bacteria.5

Since the free energy of binding of different tRNA bodies to
EF-Tu varies considerably, it could be anticipated that tRNAs
would respond differently to the panel of 19 interface
mutations. This expectation was born out when the ΔΔGo

values comparing each mutant to wild type were measured
using Phe-tRNAPhe, a tighter binding tRNA, and Tyr-tRNATyr, a
weaker binding tRNA. While 15 of the mutants showed the
same ΔΔGo values for the two aa-tRNAs, there were four
“specificity” amino acids where the ΔΔGo values differed
between the two tRNAs. Two of these residues are involved in
contacts with the T-stem where the sequences of the two

tRNAs were different. Since tRNA mutagenesis studies have
established that the T-stem sequence defines EF-Tu binding
specificity,3 it is not surprising that mutations in the contacting
amino acids will differentially effect binding to the two tRNAs.
More interestingly, the other two “specificity” amino acids
participated in contacts at the 5′ end of tRNA where the
sequences of the two tRNAs were identical. Although the
underlying reason for this source of specificity is not yet
understood, it is clear that the two aa-tRNAs tested interact
with EF-Tu in a thermodynamically distinct manner using
contacts throughout the interface and are not limited to the
regions where the two tRNA sequences differ. It seems likely
that when the binding of other aa-tRNAs to the panel of
interface mutants are tested, other unique specificity amino
acids will be identified. Indeed, when the panel of interface
mutants of T. thermophilus EF-Tu were tested with four
different aa-tRNAs, five “specificity” amino acids were
identified, including the expected residues that contact the T-
stem as well as the orthologs of T320 and R262 which were not
identified in this work.49 Interestingly, the orthologs of R288A
and N90A identified here were not found to be “specificity”
amino acids in the T. thermophilus experiments.
The protein mutagenesis experiments therefore give a more

nuanced view of how EF-Tu achieves its broad range of binding
affinities for different tRNA bodies than was previously
obtained from tRNA mutagenesis experiments. An analysis of
nearly 100 base pair mutations in three different tRNA
backgrounds led to the view that nearly all the variable affinity
was due to the sequence of three or sometimes four base pairs
in the T-stem, while binding to the remainder of the tRNA was
essentially the same for all tRNAs.3 Although the protein
mutagenesis experiments confirm that the amino acids that
contact the T-stem contribute strongly to the specificity, they
also indicate that other interface amino acids that contribute to
the binding affinity may also contribute to the specificity. Thus,
rather than the specificity being solely due to the interactions in
the T-stem, it can also result from variable thermodynamic
contributions of contacts made throughout the entire interface
that occur when the protein contacts the slightly different
geometries of the acceptor and T-helices of the different
tRNAs. In most cases these thermodynamic differences will be
the result of a small change in the relative positions of the
atoms in the same contact. However, it is possible that some
tRNAs will actually form different contacts with the protein.
Indeed, although they have not been thermodynamically
analyzed, several of the proposed contacts present in the
cocrystal structure of E. coli Cys-tRNACys with Thermus
aquaticus (T. aquaticus) EF-Tu (PDB 1B23)50 are different
from those seen with yeast Phe-tRNAPhe with the same protein
(PDB 1OB2). Thus, in order to bind the many different tRNA
bodies, the interface residues of EF-Tu appear to have evolved
to be thermodynamically and possibly structurally “malleable”
so that the appropriate free energy of binding can be achieved.
Although the data were somewhat limited, ΔΔGo values for

the panel of interface mutations that compared the stabilizing
T1 mutation of E. coli tRNATyr and wild-type tRNATyr revealed
several “specificity” amino acids that contacted the acceptor
stem, well away from the T1 mutation. This indicates that a
sequence change made in one part of tRNA can modify the
contribution of contacts at quite distal sites, suggesting that the
thermodynamics of the entire interface was subtly altered. A
similar phenomenon was observed when the affinities of certain
mutations of MS2 coat protein were determined using a panel

Figure 4. Comparison of yeast Phe-tRNAPhe binding to mutations
made in E. coli EF-Tu (Table 1) with identical mutations made at
orthologous sites in T. thermophilus EF-Tu.49 E. coli numbering is used.
Experiments performed in 50 mM HEPES pH 7, 30 mM KCl, 70 mM
NH4Cl, 10 mM MgCl2, 10 μM GTP, 3 mM phosphoenolpyruvate, 50
μg/mL of pyruvate kinase, and 1 mM DTT at 0 °C for E. coli EF-Tu.
ΔΔGo values for each mutation were calculated relative to those of
corresponding wild-type proteins (ΔGo = 10.1 ± 0.3 for E. coli and 9.8
± 0.2 for T. thermophilus). Since the complex was not stable enough,
ΔΔGo value displays the lower limit for T. thermophilus E259A, and
the actual value is larger than 1.8.49
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of phosphorothioate derivatives of the RNA hairpin binding
site.41 For several of the mutant proteins, the effect of
substituting a phosphate with a phosphorothioate on the
binding affinity was quite different from what had been
measured with the wild-type protein. Thus, the protein
mutation had subtly altered the strength of contacts elsewhere
on protein−nucleic acid interface.
Two assays were chosen to provide a preliminary view of

how the interface mutations affect the multistep ribosomal
decoding pathway. The first measured the rate of GTP
hydrolysis under conditions where the ternary complex was
at least partially formed, but at subsaturating concentrations of
encoded ribosomes. While the extents of reaction varied, all but
one of the mutations showed a rate of GTP hydrolysis quite
similar to that of wild-type protein. The sole exception
(R223A) can be attributed to weaker binding of the ternary
complex to the ribosome, resulting from disruption of a contact
that forms between them. Thus, the energetics of the interface
do not contribute to the rate-limiting GTPase activation step
that precedes GTP hydrolysis.45 This is consistent with
observation that the structure of the interface just prior to
GTP hydrolysis (pdb 2XQD)10 is nearly the same as its
structure in the ternary complex (pdb 1OB2 and 1TTT).33 The
conformational changes associated with GTPase activation are
known to involve the nearby switch I loop and switch II region
of EF-Tu, and mutation of these residues can substantially
reduce the GTPase activity.10,34−37,51−54

The second assay to evaluate the interface mutations on the
ribosome employed a variant of tRNATyr that when bound to
wild-type EF-Tu is so stable that its release from EF-Tu GDP is
sufficiently slow that, unlike normal aa-tRNAs, it limits the rate
of peptide bond formation.4 Thus, this synthetic system could
evaluate the contribution of each interface residue to the
interaction between aa-tRNA and EF-Tu-GDP on the ribosome
by measuring how well they are able to destabilize the
hyperstabilized complex and thereby restore the rate of peptide
bond formation to its normal value. It was found that the effects
on kpep for all but two of the mutations were completely
consistent with their stabilities in the free ternary complex.
Thus, the thermodynamic properties of the interface between
aa-tRNA and EF-Tu in the free ternary complex largely
resemble those on the ribosome when aa-tRNA is released from
EF-Tu after GTP hydrolysis. While this result is consistent with
the observation that the positions of virtually all the interface
residues in the ternary complex remain unchanged after GTP
hydrolysis on the ribosome (pdb 2XQD, 2WRQ, and 2Y14), it
is nonetheless striking considering that both the aa-tRNA and
EF-Tu are making multiple additional contacts with the
ribosome that apparently do not change the energetics of
their interface.
The fact that both the structure and the thermodynamic

properties of the EF-Tu-aa-tRNA interaction are largely
unchanged as EF-Tu goes through its catalytic cycle may be a
consequence of the complex evolutionary pressure that the
interface is subjected to. For the formation of the ternary
complex, the interface residues evolved so that they could
interact with each tRNA body in a slightly different manner to
give a characteristic binding affinity that complements the
binding affinity of the cognate esterified amino acid and thereby
ensures that the affinities of all aa-tRNAs are roughly uniform.
After the ternary complex binds the ribosome and GTP is
hydrolyzed, tRNA dissociates from the protein and accom-
modates into the A site at a rate that exceeds 7/s at 20 °C,45 a

rate that is substantially faster than the 3/s dissociation rate of
EF-Tu from the ribosome under similar conditions.45 Although
the interface is substantially weaker, it appears likely that the
balance between the affinities of the tRNA body and the
esterified amino acid need to be maintained to ensure all aa-
tRNAs release from the protein with a rate fast enough so as
not to limit the rate of peptide bond formation. If the relative
thermodynamic properties of the release step were to differ
substantially from those of the binding step, certain aa-tRNAs
could potentially show anomalously low incorporation rates.
Thus, the similarity of binding affinities might be a universal
mechanism to adjust incorporation rates of individual amino
acid into the proteins. Indeed, genome-wide analysis of
ribosome pausing sites in E. coli revealed little evidence of
rate-limiting elongation kinetics dependent upon aa-tRNA
identity.55

In the context of the above argument, it is intriguing that our
screen revealed two mutations, H66A and T338A that affect the
binding and release steps quite differently. H66, which strongly
contributes to the specificity of the esterified amino acid in the
binding step, appears not to contribute to stabilizing the
complex prior to release. In contrast, T338 contributes little to
aa-tRNA binding, but appears to be important in maintaining
the stability of the complex after GTP hydrolysis. These two
exceptions may be an indication of an additional step in either
the binding or release pathways. Alternatively they may be
some anomaly of either the type of mutant made or the
particular assays employed in our screen. A more thorough
analysis of the enzymatic properties of these mutant proteins is
clearly a priority.

■ ASSOCIATED CONTENT
*S Supporting Information
This material is available free of charge via the Internet at
http://pubs.acs.org.

■ AUTHOR INFORMATION
Corresponding Author
*E-mail: o-uhlenbeck@northwestern.edu
Notes
The authors declare no competing financial interest.

■ REFERENCES
(1) Kjeldgaard, M., and Nyborg, J. (1992) Refined structure of
elongation factor EF-Tu from Escherichia coli. J. Mol. Biol. 223, 721−
742.
(2) LaRiviere, F. J., Wolfson, A. D., and Uhlenbeck, O. C. (2001)
Uniform binding of aminoacyl-tRNAs to elongation factor Tu by
thermodynamic compensation. Science 294, 165−168.
(3) Schrader, J. M., Chapman, S. J., and Uhlenbeck, O. C. (2009)
Understanding the sequence specificity of tRNA binding to elongation
factor Tu using tRNA mutagenesis. J. Mol. Biol. 386, 1255−1264.
(4) Schrader, J. M., Chapman, S. J., and Uhlenbeck, O. C. (2011)
Tuning the affinity of aminoacyl-tRNA to elongation factor for optimal
decoding. Proc. Natl. Acad. Sci. U.S.A. 108, 5215−5220.
(5) Schrader, J. M., and Uhlenbeck, O. C. (2011) Is the sequence-
specific binding of aminoacyl-tRNAs by EF-Tu universal among
bacteria? Nucleic Acid Res. 39, 9746−9758.
(6) Stark, H., Rodnina, M. V., Wieden, H.-J., Zemlin, F.,
Wintermeyer, W., and van Heel, M. (2002) Ribosome interactions
of aminoacyl-tRNA and elongation factor Tu complex in the codon-
recognition complex. Nat. Struct. Biol. 9, 849−854.
(7) Valle, M., Sengupta, J., Swami, N. K., Grassucci, R. A., Burkhardt,
N., Nierhaus, K. H., Agrawal, R. K., and Frank, J. (2002) Cryo-EM

Biochemistry Article

dx.doi.org/10.1021/bi500533x | Biochemistry 2014, 53, 5710−57205718

http://pubs.acs.org
mailto:o-uhlenbeck@northwestern.edu


reveals an active role for aminoacyl-tRNA in the accommodation
process. EMBO J. 21, 3557−3567.
(8) Rodnina, M. V., Fricke, R., Kuhn, L., and Wintermeyer, W.
(1995) Codon-dependent conformational change of elongation factor
Tu preceding GTP hydrolysis on the ribosome. EMBO J. 14, 2613−
2619.
(9) Schmeing, M. T., Voorhees, R. M., Kelley, A. C., Yong-Gui, G.,
Murphy, F. V., IV, Weir, J. R., and Ramakrishnan, V. (2009) The
crystal structure of ribosome bound to EF-Tu and aminoacyl-tRNA.
Science 326, 688−694.
(10) Voorhees, R. M., Schmeing, T. M., Kelley, A. C., and
Ramakrishnan, V. (2010) The mechanism for activation of GTP
hydrolysis on the ribosome. Science 330, 835−838.
(11) Rodnina, M. V., Fricke, R., and Wintermeyer, W. (1994)
Transient conformational states of aminoacyl-tRNA during ribosome
binding catalyzed by elongation factor Tu. Biochemistry 33, 12267−
12275.
(12) Sanderson, L. E., and Uhlenbeck, O. C. (2007) Directed
mutagenesis identifies amino acid residues involved in elongation
factor Tu binding to yeast Phe-tRNAPhe. J. Mol. Biol. 368, 119−130.
(13) Cochella, L., and Green, R. (2005) An active role for tRNA in
decoding beyond codon:anticodon pairing. Science 308, 1178−1180.
(14) Anborgh, P. H., Cool, R. H., Gumusel, F., Harmark, K., Jacquet,
E., Weijland, A., Mistou, M. Y., and Parmeggiani, A. (1991) Structure-
function relationships of elongation factor Tu as studied by
mutagenesis. Biochimie 73, 1051−1059.
(15) Antharavally, B. S., Mallia, K. A., Rangaraj, P., Haney, P., and
Bell, P. A. (2009) Quantitation of proteins using a dye-metal based
colorimetric protein assay. Anal. Biochem. 385, 342−345.
(16) Brunelle, J. L., and Green, R. (2013) In vitro transcription from
plasmid or PCR-amplified DNA. Methods Enzymol. 530, 101−114.
(17) Dale, T., Sanderson, L. E., and Uhlenbeck, O. C. (2004) The
affinity of elongation factor Tu for an aminoacyl-tRNA is modulated
by the esterified amino acid. Biochemistry 43, 6159−6166.
(18) Ledoux, S., and Uhlenbeck, O. C. (2008) [3′ 32P]-Labeling
tRNA with nucleotidyltransferase for assaying aminoacylation and
peptide bond formation. Methods 44, 74−80.
(19) Powers, T., and Noller, H. F. (1991) A functional pseudoknot in
16S ribosomal RNA. EMBO J. 10, 2203−2214.
(20) Fahlman, R. P., Dale, T., and Uhlenbeck, O. C. (2004) Uniform
binding of aminoacylated transfer tRNAs to the ribosomal A and P
sites. Mol. Cell 16, 799−805.
(21) Louie, A., Riberio, N. S., Reid, B. R., and Jurnak, F. (1984)
Relative affinities of Escherichia coli aminoacyl-tRNAs for elongation
factor Tu-GTP. J. Biol. Chem. 259, 5010−5016.
(22) Pleiss, J. A., and Uhlenbeck, O. C. (2001) Identification of
thermodynamically relevant interactions between EF-Tu and backbone
elements of tRNA. J. Mol. Biol. 308, 895−905.
(23) Ledoux, S., and Uhlenbeck, O. C. (2008) Different aa-tRNAs
are selected uniformly on the ribosome. Mol. Cell 31, 114−123.
(24) Chapman, S. J., Schrader, J. M., and Uhlenbeck, O. C. (2012)
Histidine 66 in Escherichia coli elongation factor Tu selectively
stabilizes aminoacyl-tRNAs. Biochemistry 287, 1229−1234.
(25) Altschul, S. F., Gish, W., Miller, W., Myers, E. W., and Lipman,
D. J. (1990) Basic local alignment search tool. J. Mol. Biol. 215, 403−
410.
(26) Zuurmond, A.-M., Olsthoorn-Tieleman, L. N., Martien de Graaf,
J., Parmeggiani, A., and Kraal, B. (1999) Mutant EF-Tu species reveal
novel features of the Enacyloxin IIa inhibition mechanism on the
ribosome. J. Mol. Biol. 294, 627−637.
(27) Pedersen, G. N., Rattenborg, T., Knudsen, C. R., and Clark, B.
F. C. (1998) The role of Glu259 in Escherichia coli elongation facto Tu
in ternary complex formation. Protein Eng. 11, 101−108.
(28) Andersen, C., and Wiborg, O. (1994) Escherichia coli
elengation-factor-Tu mutants with decreased affinity for aminoacyl-
tRNA. Eur. J. Biochem. 220, 739−744.
(29) Wiborg, O., Andersen, C., Knudsen, C. R., Clark, B. F. C., and
Nyborg, J. (1996) Mapping Escherichia coli elongation factor Tu

residues involved in binding of aminoacyl-tRNA. J. Biol. Chem. 271,
20406−20411.
(30) Rattenborg, T., Pedersen, G. N., Clark, B. F. C., and Knudsen,
C. R. (1997) Contribution of Arg288 of Escherichia coli eleongation
factor Tu to translational functionality. Eur. J. Biochem. 249, 408−414.
(31) Helms, M. K., and Jameson, D. M. (1995) Polymerization of an
Escherichia coli elongation factor Tu. Arch. Biochem. Biophys. 321,
303−310.
(32) Helms, M. K., Marriott, G., Sawyer, W. H., and Jameson, D. M.
(1996) Dynamics and morphology of the in vitro polymeric form of
elongation factor Tu from Escherichia coli. Biochim. Biophys. Acta 129,
122−130.
(33) Nissen, P., Kjeldgaard, M., Thirup, S., Polekhina, G.,
Reshetnikova, L., Clark, B. F. C., and Nyborg, J. (1995) Crystal
structure of the ternary complex of Phe-tRNAPhe, EF-Tu, and a GTP
analog. Science 270, 1464−1472.
(34) Cool, R. H., and Parmeggiani, A. (1991) Substitution of
histidine-84 and the GTPase mechanism of elongation factor Tu.
Biochemistry 30, 362−366.
(35) Scarano, G., Krab, I. M., Bocchini, V., and Parmeggiani, A.
(1995) Relevance of histidine-84 in the elongation factor Tu GTPase
activity and in poly(Phe) synthesis: Its substitution by glutamine and
alanine. FEBS Lett. 365, 214−218.
(36) Daviter, T., Wieden, H. J., and Rodnina, M. V. (2003) Essential
role of histidine 84 in elongation factor Tu for the chemical step of
GTP hydrolysis on the ribosome. J. Mol. Biol. 332, 689−699.
(37) Berchtold, H., Reshetnikova, L., Reiser, C. O., Schirmer, N. K.,
Sprinzl, M., and Hilgenfeld, R. (1993) Crystal structure of active
elongation factor Tu reveals major domain rearrangements. Nature
365, 126−132.
(38) Myers, D. P., Jackson, L. K., Ipe, V. G., Murphy, G. E., and
Philips, M. A. (2001) Long-range interactions in the dimer interface of
ornithine decarboxylase are important for enzyme function. Bio-
chemistry 40, 13230−13236.
(39) Fasolini, M., Wu, X., Flocco, M., Trosset, J. Y., Oppermann, U.,
and Knapp, S. (2003) Hot spots in Tcf4 for the interaction with beta-
catenin. J. Biol. Chem. 278, 21092−21098.
(40) Koide, A., Tereshko, V., Uysal, S., Margalef, K., Kossiakoff, A. A.,
and Koide, S. (2007) Exploring the capacity of minimalist protein
interfaces: Interface energetics and affinity maturation to picomolar
KD of a single-domain antibody with a flat paratope. J. Mol. Biol. 373,
941−953.
(41) Hobson, D., and Uhlenbeck, O. C. (2006) Alanine scanning of
MS2 coat protein reveals protein-phosphate contacts involved in
thermodynamic hot spots. J. Mol. Biol. 356, 613−624.
(42) Asahara, H., and Uhlenbeck, O. C. (2002) The tRNA specificity
of Thermus thermophilus EF-Tu. Proc. Natl. Acad. Sci. U.S.A. 99, 3499−
3504.
(43) Sanderson, L. E., and Uhlenbeck, O. C. (2007) The 51−63 base
pair of tRNA confers specificity for binding by EF-Tu. RNA 13, 835−
840.
(44) Schmeing, T. M., Voorhees, R. M., Kelley, A. C., and
Ramakrishnan, V. (2011) How mutations in tRNA distant from the
anticodon affect the fidelity of decoding. Nat. Struct. Mol. Biol. 18,
432−436.
(45) Pape, T., Wintermeyer, W., and Rodnina, M. V. (1998)
Complete kinetic mechanism of elongation factor Tu-dependent
binding of aminoacyl-tRNA to the A site of the E. coli ribosome.
EMBO J. 17, 7490−7497.
(46) Liu, W., Kavaliauskas, D., Schrader, J. M., Perla-Kajan, J.,
Mandecki, W., Uhlenbeck, O. C., Knudsen, C., Goldman, Y. E., and
Cooperman, B. S. Manuscript in preparation.
(47) Wohlgemuth, I., Pohl, C., and Rodnina, M. V. (2010)
Optimization of speed and accuracy of decoding in translation.
EMBO J. 29, 3701−3709.
(48) Kothe, U., and Rodnina, M. V. (2006) Delayed release of
inorganic phosphate from elongation factor Tu following GTP
hydrolysis on the ribosome. Biochemistry 45, 12767−12774.

Biochemistry Article

dx.doi.org/10.1021/bi500533x | Biochemistry 2014, 53, 5710−57205719



(49) Sanderson, L. E., and Uhlenbeck, O. C. (2007) Exploring the
specificity of bacterial elongation factor Tu to different tRNAs.
Biochemistry 46, 6194−6200.
(50) Nissen, P., Thirup, S., Kjeldgaard, M., and Nyborg, J. (1999)
The crystal structure of Cys-tRNACys-EF-Tu-GDPNP reveals general
and specific features in the ternary complex and in tRNA. Structure 7,
143−156.
(51) Navratil, T., and Spremulli, L. L. (2003) Effects of mutagenesis
of Gln97 in the Switch II region of Escherichia Coli elongation factor
Tu on its interaction with guanine nucleotides, elongation factor Ts,
and aminoacyl-tRNA. Biochemistry 42, 13587−13595.
(52) Knudsen, C., Wieden, H.-J., and Rodnina, M. V. (2001) The
Importance of structural transitions of the Switch II region for the
functions of elongation factor Tu on the ribosome. J. Biol. Chem. 276,
22183−22190.
(53) Zeidler, W., Egle, C., Ribeiro, S., Wagner, A., Katunin, V.,
Kreutzer, R., Rodnina, M., Wintenmeyer, W., and Sprrinzl, M. (1995)
Site-directed mutagenesis of Thermus thermophilus elongation factor
Tu replacement of His85, Asp81, and Arg300. Eur. J. Biochem. 229,
596−604.
(54) Zeidler, W., Schirmer, N. K., Egle, C., Ribeiro, S., Kreutzer, R.,
and Sprinzl, M. (1996) Limited proteolysis and amino acid
replacements in the effector region of Thermus thermophilus elongation
factor Tu. Eur. J. Biochem. 239, 265−271.
(55) Li, G.-W., Oh, E., and Weissman, J. S. (2012) The anti-Shine-
Dalgarno sequence drives translational pausing and codon choice in
bacteria. Nature 484, 538−541.

Biochemistry Article

dx.doi.org/10.1021/bi500533x | Biochemistry 2014, 53, 5710−57205720


