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A set of 45 different tRNAs, each containing a single deoxynucleotide
substitution covering the upper half of the molecule was used in conjunc-
tion with a high-throughput ribonuclease protection assay to investigate
the thermodynamic role of 20 hydroxyl groups in stabilizing a complex
with elongation factor Tu (EF-Tu) from Thermus thermophilus. Five distinct
20 hydroxyl groups were identi®ed where substitution with a proton
resulted in an approximately tenfold decrease in the binding af®nity. The
same ®ve 20 hydroxyl groups reduced the af®nity of the interaction with
the nearly identical Thermus aquaticus EF-Tu. Four of these 20 hydroxyl
groups were observed to form hydrogen bonds in a co-crystal structure
of tRNAPhe and T. aquaticus EF-Tu, while the ®fth 20 hydroxyl group can
be associated with an intramolecular hydrogen bond in the tRNA. How-
ever, four additional hydrogen bonds to 20 hydroxyl groups observed in
the crystal structure show no thermodynamic effect upon disruption.
Some of these discrepancies may be reconciled based on the unbound
structures of the protein and RNA.
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Introduction

Bacterial elongation factor Tu (EF-Tu) is a G pro-
tein that, when complexed with GTP, delivers ami-
noacylated elongator tRNAs to the ribosomal A
site for insertion into the peptide chain. Elongator
tRNAs can vary signi®cantly in their primary, sec-
ondary and tertiary structures; likewise, the esteri-
®ed amino acids can vary signi®cantly in size,
charge, and hydrophobicity. Nevertheless, two
independent studies have demonstrated that EF-Tu
(GTP) binds to all aminoacylated elongator tRNAs
with a similar af®nity (Louie et al., 1984; Ott et al.,
1990), suggesting that the protein can readily adapt
to different substrate structures. However, in spite
of this apparent lack of speci®city, EF-Tu (GTP)
can effectively discriminate against initiator
tRNAf-Met, selenocysteinyl-tRNASec, and all deacy-
lated tRNAs, suggesting that the protein is able to
artment of
rsity of California at
143, USA.

ing author:
distinguish certain structural differences present
between potential substrates (Janiak et al., 1990).
Consistent with this, both the aminoacyl side-chain
and the tRNA body have been shown to indepen-
dently contribute to the overall binding af®nity of
this complex (Knowlton & Yarus, 1980; Wagner &
Sprinzl, 1980).

An understanding of how this protein accommo-
dates different aminoacyl tRNA structures has
begun to emerge from the crystal structures of
Thermus aquaticus EF-Tu complexed with either
yeast tRNAPhe (Nissen et al., 1995) or Escherichia
coli tRNACys (Nissen et al., 1999). Perhaps because
these two tRNAs have distinctly different architec-
tures, the two complexes crystallized in different
space groups with signi®cantly different packing
arrangements. Nevertheless, the relative positions
of the protein and RNA in the two complexes are
very similar, with the protein interacting predomi-
nantly with the 50 and 30 ends of the tRNA as well
as the T-stem and loop regions. However, subtle
rearrangements in the details of the amino acid
binding pocket of the protein permit the very
different phenylalanyl and cysteinyl side-chains to
be accommodated. In addition, while both com-
# 2001 Academic Press
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Figure 1. (a) Sequence of the dual-speci®c YFA2
tRNA. Boxed nucleotides indicate those nucleotides
changed from yeast tRNAPhe that allow for ef®cient
activity with E. coli AlaRS. (b) A comparison of repre-
sentative binding curves for T. thermophilus EF-Tu to
(&) Phe-YFA2 or (*) Ala-YFA2.
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plexes include numerous interactions between the
protein and the phosphodiester backbone of the
tRNA, the details of these interactions are some-
what different. For example, Tyr88 interacts with
the 20 hydroxyl group of position 2 in tRNAPhe, but
does not interact at all with tRNACys. Similarly,
Asn91 interacts with the phosphate oxygen atom
of position 2 in tRNACys, yet the equivalent pos-
ition in tRNAPhe interacts only with Lys90. It
remains unclear whether these differences re¯ect
alternative modes by which the protein accommo-
dates different tRNA sequences, or is simply the
result of the different crystal forms.

The present work sought to evaluate whether
the contacts observed in the crystal structure of EF-
Tu with yeast tRNAPhe accurately re¯ect those
made in solution. A set of yeast tRNAPhe deriva-
tives was synthesized, each containing a single
deoxynucleotide substitution at different positions.
The deoxynucleotide modi®cation was chosen
because it introduces only a modest structural
change that is unlikely to cause steric clashes, and
because it has been used successfully to identify
thermodynamically relevant contacts in other
RNA-protein complexes (Baidya & Uhlenbeck,
1995; Bevilacqua & Cech, 1996; Iwai et al., 1992;
Pleiss et al., 2000; VoÈrtler et al., 1998; Yap &
Musier-Forsyth, 1995). Equilibrium dissociation
constants were determined for the binding of each
of these modi®ed tRNAs to EF-Tu (GTP) using a
ribonuclease protection assay, which identi®ed sev-
eral discrete 20 hydroxyl groups in the tRNA that
are critical for formation of a stable complex. The
results of these thermodynamic studies can only be
reconciled with the co-crystal structure when the
unbound structures of the RNA and protein are
considered as well.

Results

The unmodi®ed tRNA used as the basis for the
present experiments is a variant of the sequence of
yeast tRNAPhe, termed YFA2 (Pleiss et al., 2000),
which contains ®ve nucleotide changes that allow
it to be aminoacylated ef®ciently by both E. coli
AlaRS and yeast PheRS (Figure 1). A high-through-
put ribonuclease protection assay was used to
determine equilibrium dissociation constants for
the binding of various aminoacyl tRNA transcripts
to EF-Tu (GTP). An initial experiment revealed
that Phe-YFA2 binds EF-Tu (GTP) with nearly the
same af®nity as that of unmodi®ed yeast tRNAPhe

(Table 1), suggesting that the ®ve nucleotide
changes in the YFA2 sequence do not alter the
interaction with the protein. However, alanylated
YFA2 has a Kd that is approximately eightfold
weaker than that of Phe-YFA2, con®rming that the
identity of the aminoacyl side-chain can contribute
substantially to the stability of the complex
(Knowlton & Yarus, 1980; Wagner & Sprinzl,
1980). Interestingly, when alanine is esteri®ed to
CA0, the transcript of E. coli tRNAAla, the af®nity
is about fourfold tighter than that of Ala-YFA2. It
appears, therefore, that the tighter binding of the
CA0 body can compensate for the weaker binding
of the alanine side-chain.

The role of the 50-terminal phosphate group of
tRNA on EF-Tu (GTP) binding was investigated by
examining the binding af®nity of transcripts of
YFA2 that were terminated at their 50 ends with
either a free hydroxyl, a monophosphate, or a
triphosphate group. While tRNAs are normally



Table 1. Af®nity of various tRNAs for T. thermophilus
EF-Tu (GTP) aminoacylated with either phenylalanine
or alanine

KD(�109 Mÿ1)

Phe-tRNAs Ala-tRNAs

A. Full length tRNAs
YF0 2.5 � 1 -
CA0 - 4.6 � 0.2
YFA2 [50 p] 2.0 � 0.1 16 � 5
YFA2 [50 ppp] 1.8 � 0.1 12 � 2
YFA2 [50 OH] 2.4 � 0.1 27 � 7

B. Bimolecular tRNAs
YFA2 (17) 2.0 � 0.1 26 � 9
YFA2 (38) 1.9 � 0.2 17 � 4
YFA2 (57) 7.4 � 2 9.0 � 0.4

The bimolecular tRNAs contain a nick in their phosphodie-
ster backbone 30 of the nucleotide indicated in parentheses.
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terminated with a 50 monophosphate group,
neither removal of this phosphate group, nor its
substitution by a triphosphate group affects the
af®nity of the tRNAs for the protein (Table 1). This
observation is independent of whether phenyl-
alanine or alanine was esteri®ed to the tRNA.
These results agree with a previous ®nding, that
the 50-terminal phosphate group is not required for
ef®cient ternary complex formation (Sprinzl &
Graeser, 1980).

In order to study tRNAs modi®ed at speci®c 20
hydroxyl groups, it was convenient to use bimole-
cular versions of YFA2 so that the effort of chemi-
cal synthesis could be focused on a shorter
oligonucleotide. Three previously characterized
Figure 2. (a) Location of nick sites in YFA2 (17), YFA2 (38
arrows, respectively. (b) Location on the crystal structure of
examined in these experiments. The red, blue, and green bal
nicked YFA2 (17), YFA2 (38), and YFA2 (57) tRNA molecule
bimolecular versions of YFA2 were chosen because
they contained nick sites that did not affect tRNA
folding (Figure 2(a)), and the resulting bimolecular
tRNAs could still be aminoacylated readily by
E. coli AlaRS and by yeast PheRS (Pleiss et al.,
2000). As shown in Table 1, all three nicked ver-
sions of YFA2 show Kd values very similar to those
of the intact molecules, regardless of whether they
were aminoacylated with phenylalanine or alanine.
These results are not unexpected, since the sites
of the three nicks are not close to the part of
the tRNA that interacts with the protein in the co-
crystal structure.

The three bimolecular tRNAs were used to pre-
pare a set of 45 different YFA2 tRNAs, each con-
taining a single deoxynucleotide substitution. Of
these variants, 43 substitutions involved modi®-
cation of internal nucleotides, while two variants
individually modi®ed either the 20 or 30 hydroxyl
group of the 30-terminal adenosine residue. The
sites of modi®cation covered the entire upper por-
tion of the folded tRNA structure that was
expected to interact with EF-Tu (Figure 2(b)). High
levels (>85 %) of aminoacylation could be achieved
using either E. coli AlaRS or yeast PheRS for all
deoxynucleotide variants, except at position 76,
where the speci®city of the synthetases permits
them to activate only one of the two variants
(Eriani et al., 1990). The variant containing a 20
deoxynucleotide at position 76 (20d76) could not be
aminoacylated by PheRS but could be aminoacy-
lated to �50 % in the presence of high levels of
AlaRS and 20 % DMSO. The presence of DMSO in
aminoacylation reactions was previously shown to
improve enzymatic activity with certain inef®cient
), and YFA2 (57) are depicted with red, blue, and green
uncomplexed yeast tRNAPhe of each 20 hydroxyl group

ls represent those hydroxyl groups substituted using the
s, respectively.
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substrates (Giege et al., 1974). Likewise, the variant
with a 30 deoxynucleotide at position 76 (30d76)
could not be aminoacylated by AlaRS but could be
aminoacylated to >85 % in the presence of high
levels of PheRS and 20 % DMSO. The af®nities of
the different aminoacylated YFA2 variants to EF-
Tu (GTP) are reported in Table 2. By comparing
each variant to the appropriate bimolecular tRNA,
a ��G�0 for each deoxynucleotide substitution was
Table 2. Effects of deoxynucleotide substitutions on
binding of aminoacyl-tRNAs to T. thermophilus EF-Tu
(GTP)

KD (�109 Mÿ1) ��G�0 (kcal/mol)

A. Internal modifications
Ala-YFA2 (17) 16
d1 58 0.7
d2 14 ÿ0.1
d3 10 ÿ0.2
d4 16 0.0
d5 16 0.0
d6 20 0.1
d7 55 0.7
d8 22 0.1
d9 19 0.0
d10 11 ÿ0.1
d11 11 ÿ0.1
d12 20 0.1
d13 16 0.0
d14 19 0.0
d15 14 0.0
d16 8 ÿ0.2

Ala-YFA2 (38) 17
d49 11 ÿ0.3
d50 14 ÿ0.1
d51 >500 >1.0
d52 >500 >1.0
d53 11 ÿ0.3
d54 36 0.4
d55 20 0.1
d56 15 ÿ0.1
d57 22 0.1

Ala-YFA2 (57) 5.2
d58 3.6 ÿ0.2
d59 4.9 0.0
d60 3.4 ÿ0.1
d61 8.7 0.1
d62 6.9 0.2
d63 3.7 ÿ0.2
d64 24 0.8
d65 5.2 0.0
d66 3.0 ÿ0.3
d67 3.7 ÿ0.2
d68 3.0 ÿ0.3
d69 3.8 ÿ0.2
d70 2.9 ÿ0.2
d71 3.8 ÿ0.1
d72 3.9 ÿ0.2
d73 5.4 0.0
d74 2.5 ÿ0.4
d75 4.3 ÿ0.1

B. 30-terminal modifications
Ala-YFA2 (57) 5.2
20d76 9.1 0.3

Phe-YFA2 (57) 4.1
30d76 9.4 0.4

��G�0 � ÿ RT(KD(mutant tRNA)/KD(control tRNA)).
calculated, with the results displayed on the
tRNAPhe structure in Figure 3.

Only ®ve deoxynucleotide substitutions affect
the binding af®nity of EF-Tu (GTP) for YFA2. Four
of these substitutions (at nucleotides 1, 51, 52, and
64) are located on the top of the acceptor arm in
the general area of the protein interface, while the
®fth is located inside the tRNA structure at nucleo-
tide 7. The other 40 substitutions are thermo-
dynamically neutral, indicating that single
deoxynucleotide substitutions do not signi®cantly
alter the overall folding of the tRNA. The magni-
tudes of the observed effects are all of the order of
1 kcal/mol (1 cal � 4.184 J), consistent with the
effects observed for other 20 deoxy substitutions
examined in both RNA-protein and RNA-RNA
complexes (Baidya & Uhlenbeck, 1995; Bevilacqua
& Cech, 1996; Iwai et al., 1992; Pleiss et al., 2000;
VoÈrtler et al., 1998; Yap & Musier-Forsyth, 1995). A
subset of these variants was further examined for
binding after aminoacylation with phenylalanine.
While the total af®nities increased as expected, the
��G�0 value for all deoxynucleotide substitutions
was identical (Table 3), suggesting that the amino
acid identity does not signi®cantly alter the pro-
tein's structure or subsequently its interactions
with the RNA.

While the experiments above examined the
activity of EF-Tu bound to GTP, the crystal struc-
ture of the ternary complex was obtained using
EF-Tu bound to the non-hydrolyzable analogue
GMP-PNP. Previous experiments suggested that
the structure of EF-Tu when bound to GMP-PNP is
not the same as when bound to GTP (Rodnina
et al., 1994). It was therefore important to deter-
mine whether the observed conformation of EF-Tu
(GMP-PNP) and its complex with aminoacyl tRNA
was an accurate re¯ection of the structure of EF-Tu
(GTP). To explore this possibility, a subset of the
variant tRNAs was examined for their ability to
bind to EF-Tu (GMP-PNP) as compared to EF-Tu
(GTP). As seen in Table 3, the same values of
��G�0 were observed regardless of the nucleotide
present in the complex.
Table 3. ��G�0 values for deoxy substitutions under
select conditions

Ala-tRNAa Phe-tRNAa
EF-Tu
(GTP)b

EF-Tu
(GMP-PNP)b

YFA2 (17)
d1 0.7 0.6 0.7 0.8
d2 ÿ0.1 0.2 ÿ0.1 ÿ0.1
d3 ÿ0.2 0.0 ÿ0.2 ÿ0.1

YFA2 (57)
d63 ÿ0.2 ÿ0.1 ÿ0.2 ÿ0.2
d64 0.8 0.6 0.8 0.8
d65 0.0 0.1 0.0 0.1

��G�0 � ÿ RT(KD(mutant tRNA)/KD(control tRNA)).
a Af®nity of tRNA substrates for T. thermophilus EF-Tu (GTP).
b Af®nity of protein for alanyl versions of designated YFA2

variant.
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For practical reasons, the previous experiments
were performed using EF-Tu from Thermus thermo-
philus, even though the goal of this work was to
compare these data to the co-crystal structure that
contains T. aquaticus EF-Tu. While these two pro-
teins are 98 % identical, differing at only ten pos-
itions by conservative amino acid substitutions
that are all located in regions of the protein well
away from the tRNA binding site in the co-crystal
structure, it was nevertheless important to examine
the binding of a subset of the variant tRNAs to the
T. aquaticus protein. For this comparison, 16 deoxy-
nucleotide variants were chosen based primarily
on the basis of their proximity to the protein in the
co-crystal structure. The d7 variant was also exam-
ined, owing to its de®ciency in binding to the
T. thermophilus protein. As shown in Table 4, the
data for binding of these variants to the T. aquati-
cus EF-Tu are identical with those seen for the
T. thermophilus protein.

Discussion

The goal of the present work was to evaluate
whether the interactions observed in the co-crystal
structure of EF-Tu and yeast tRNAPhe (Nissen et al.,
1995) accurately re¯ect the interactions made in
solution. A structure-function approach was used
whereby a conservative RNA modi®cation that
was not expected to change the overall fold of the
tRNA was introduced and subsequently evaluated
for its effect on the stability of the complex. Since
this type of approach is most useful when a large
number of modi®cations can be created and exam-
ined in an unbiased manner, a system was
designed using bimolecular tRNAs that maximized
Table 4. Comparison of ��G�0 values for binding of
phenylalanyl versions of several deoxynucleotide substi-
tuted tRNAs using either T. thermophilus or T. aquaticus
EF-Tu (GTP)

T. thermophilus
EF-Tu

T. aquaticus
EF-Tu

YFA2 (17)
d1 0.7 0.8
d2 ÿ0.1 0.1
d3 ÿ0.2 0.3
d7 0.7 0.9

YFA2 (38)
d49 ÿ0.3 ÿ0.1
d50 ÿ0.3 ÿ0.2
d51 >1.0 >1.0
d52 >1.0 >1.0
d53 ÿ0.3 0.1
d54 0.4 0.0

YFA2 (57)
d62 0.2 0.0
d63 ÿ0.2 ÿ0.2
d64 0.8 0.9
d65 0.0 ÿ0.2
d66 ÿ0.3 ÿ0.1

��G�0 � ÿ RT(KD(mutant tRNA)/KD(control tRNA)).
the ability to create modi®ed substrates via chemi-
cal synthesis (Pleiss et al., 2000). These variants
were analyzed by adapting a previously estab-
lished ribonuclease protection assay to a microtiter
system, signi®cantly increasing the number of var-
iants that could be examined in a single exper-
iment. While the data presented here investigate
the role of 20 hydroxyl groups in tRNA function,
the techniques developed for this study are directly
applicable to other tRNA modi®cations, both of
the phosphodiester backbone and the bases. It
should be noted that powerful ensemble methods
have been developed to examine the effect of simi-
lar RNA modi®cations on both RNA structure and
function (Gaur & Krupp, 1993; Hardt et al., 1996;
Ryder & Strobel, 1999; VoÈrtler et al., 1998). While
these methods are ideal for rapidly identifying
important sites, they are less useful for the analysis
of individual sites, where careful thermodynamic
quanti®cation and great sensitivity are desired.
These different approaches can therefore be con-
sidered as complementary for examining the
activity of modi®ed RNAs.

The current experiments examined the binding
of numerous tRNA variants to each of two very
similar bacterial EF-Tu sequences. Initial exper-
iments took advantage of the availability of an
E. coli strain that overexpressed the protein from
T. thermophilus (Ahmadian et al., 1991), while sub-
sequent experiments examined interactions using
the T. aquaticus protein used in the co-crystal struc-
ture (Nissen et al., 1995). While these proteins are
extremely similar, sharing 98 % identity, it is note-
worthy that all of the known prokaryotic EF-Tu
sequences share signi®cant levels of homology. In
fact, it has been noted that many of the interactions
observed in the co-crystal structure involve amino
acid residues that are highly conserved (Dreher
et al., 1999; Nissen et al., 1999).

An analysis of the binding of a set of deoxynu-
cleotide substituted versions of YFA2 to T. thermo-
philus EF-Tu (GTP) identi®ed ®ve discrete 20
hydroxyl groups in the tRNA that contribute to
complex stability. Four of these 20 hydroxyl groups,
located at positions 1, 51, 52, and 64, lie at the
interface with the protein, as identi®ed in the co-
crystal structure (Figure 3). As shown in Figure 4,
each of these 20 hydroxyl groups forms a clear
hydrogen bond with the protein, providing an
explanation for the observed thermodynamic
effect. The thermodynamic effect of substitutions at
these positions (��G�0 of between 0.5 and
1.5 kcal/mol) is consistent with the disruption of a
single hydrogen bond. Interestingly, the amino
acids involved in each of these interactions are all
highly conserved. An examination of 81 different
prokaryotic EF-Tu sequences revealed that Asn64,
the pairing partner for the 20 hydroxyl group of
position 1, is present 58 times; Arg339, which
forms a charged hydrogen bond with the 20
hydroxyl group of position 51, is present 75 times;
Arg330, which forms a charged hydrogen bond
with the 20 hydroxyl group of position 52, is pre-



Figure 3. Thermodynamic effect of each 20 deoxy sub-
stitution depicted on the tRNA within the co-crystal
structure. The size of the ball re¯ects the magnitude of
the effect with ��G�0 < 0.5 kcal/mol (small), ��G�0
from 0.5 to 1.0 kcal/mol (medium), or ��G�0 > 1 kcal/
mol (large).

Figure 4. Detailed interactions observed in the co-
crystal structure between the protein and four different
20 hydroxyl groups that show thermodynamic effects
upon substitution.
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sent 80 times; and Gly391 and Gln341, which inter-
act with the 20 hydroxyl group of position 64, are
present 81 and 80 times, respectively. In addition,
the amino acids that surround each of these critical
residues are also highly conserved, suggesting that
the proteins have maintained entire motifs respon-
sible for recognition of the tRNA. These ®ndings
suggest that these same 20 hydroxyl groups are
likely to form important interactions with all of the
prokaryotic proteins.

The ®fth substitution that affected the binding
af®nity, located at position 7, initially appears unu-
sual, since this 20 hydroxyl group is located well
away from the binding surface. However, a close
examination of the tRNA structure in this region
shows an intramolecular hydrogen bond between
the 20 hydroxyl group at position 7 and the pro-Rp
oxygen atom of phosphate 49. While this bond
clearly exists and plays an important role in stabi-
lizing the bound-state structure of the tRNA, it is
not entirely clear what, if any, role this interaction
plays in stabilizing the unbound structure of the
tRNA. Two recent high-resolution structures of
yeast tRNAPhe crystallized in monoclinic form
(Jovine et al., 2000; Shi & Moore, 2000), as well as
an older structure solved from crystals in orthor-
hombic form (Sussman et al., 1978), provide a com-
pelling argument for the presence of this
interaction in the unbound form of the tRNA. If
this 20 hydroxyl group is required to maintain the
stable structure of the tRNA, the decrease in bind-
ing of this variant to EF-Tu (GTP) presumably
re¯ects a compromised overall structure of the
tRNA. Removal of the 20 hydroxyl group at pos-
ition 8 in E. coli tRNAPro was shown to disrupt the
tertiary fold of the tRNA signi®cantly, resulting in
a loss of activity with prolyl-tRNA synthetase (Yap
& Musier-Forsyth, 1995).

It seems unlikely, however, that removal of the
20 hydroxyl group at position 7 in this tRNA causes
a complete disruption of the overall structure of
YFA2. In fact, removal of this 20 hydroxyl group
has no effect on either the rate of Pb2�-speci®c clea-
vage of the tRNA or its ability to be aminoacylated
by yeast PheRS (data not shown), both of which
are considered sensitive gauges of the tertiary
structure of the tRNA (Behlen et al., 1990; Sampson
et al., 1990). If this tertiary interaction is not
required to maintain the proper solution structure
of tRNAPhe, the thermodynamic effect of this sub-
stitution may suggest that the interaction is
required to stabilize a particular conformation of
tRNAPhe that is compatible with protein binding.
Several experiments using tRNAPhe derivatives
¯uorescently modi®ed at positions 8 (Adkins et al.,
1983) or 16 and 17 (Rodnina et al., 1994) have docu-
mented that conformational changes occur upon
protein binding, leading to a proposed role for EF-
Tu in homogenizing the structure of elongator
tRNAs prior to entry on the ribosome
(Barciszewski et al., 1994). An additional compari-
son of the structure of tRNAPhe in the presence and
the absence of the protein reveals several other
structural differences, including changes in the
positions of residues 17 and 20 in the ``variable
pocket'' portion of the tRNA. It will be interesting
to determine whether modi®cations of other parts
of the tRNA that differ between the bound and
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free states also contribute to the protein binding
af®nity.

Several of the interactions reported in the crystal
structure of the tRNAPhe ternary complex (Nissen
et al., 1995) showed no corresponding thermodyn-
amic effect when disrupted in the present exper-
iments. One of the more striking of these is that
removal of the 50 phosphate group has no effect on
the binding af®nity despite the presence of a clear
ion pair with the highly conserved Arg300. It is
likely that this can be understood by the fact that
an intramolecular hydrogen bond is present
between Arg300 and the also highly conserved
Asn91 in the crystal structure of the EF-Tu binary
complex (Kjeldgaard et al., 1993) (Figure 5(a)).
Thus, when the ternary complex forms with a nor-
mal tRNA, Arg300 must break its interaction with
Asn91 in order to pair with the 50 phosphate
group. Presumably, the thermodynamic price for
breaking the Asn91 interaction is approximately
equal to the thermodynamic gain from forming the
50 phosphate interaction. An examination of the
ternary complex structure suggests that there is
suf®cient room for Arg300 to maintain its pair
with Asn91 when a tRNA lacking a 50 phosphate
group is bound, and thus no thermodynamic effect
is observed.

A similar situation may explain why the 20
hydroxyl group at position 65 can be deleted with-
out a change in the binding af®nity, despite the
presence of a clear hydrogen bond with Thr350 in
the complex structure. As shown in Figure 5(b),
the binary EF-Tu (GTP) complex shows a hydrogen
bond between Thr350 and Gln341 that can be
maintained in the complex structure. Again, any
thermodynamic stabilization provided by the inter-
action between Thr350 and this 20 hydroxyl group
appears to be offset by the thermodynamic penalty
Figure 5. Comparisons of the free (red) and bound (grey
with Asn91 in the free state in order to interact with the 50 p
interaction with Gln341 in the free state in order to interact w
signi®cant protein rearrangement between the two states in
removal of the 20 hydroxyl group at position 63 has no therm
for breaking the interaction between Thr350 and
Gln341, so the contact is observed to be thermody-
namically neutral upon removal of the 20 hydroxyl
group.

Three additional intermolecular hydrogen bonds
involving 20 hydroxyl groups proposed in the co-
crystal structure showed no effect when a deoxy-
nucleotide was inserted. One of these discrepancies
regards two proposed hydrogen bonds between
the 20 hydroxyl group at position 2 and Glu55 and
Tyr88. While each of these amino acids is also
highly conserved, the distances between these
groups and the 20 hydroxyl group (3.9 and 3.6 AÊ ,
respectively) is too long to be a direct hydrogen
bond. While these interactions could be mediated
by solvent molecules, the distances suggest little if
any thermodynamic signi®cance for the inter-
actions. The crystallographic data can therefore be
considered to be in agreement with the biochemi-
cal data. It is also interesting to note that neither of
these amino acids is seen to interact with the RNA
in the EF-Tu co-crystal structure with tRNACys

(Nissen et al., 1999).
An additional discrepancy exists regarding the

interaction between the main-chain carbonyl group
of Gly391 and the 20 hydroxyl group of position
63. In this case, the absence of an effect upon deox-
ynucleotide substitution is much more dif®cult to
understand with regard to the crystal structure. As
shown in Figure 5(c), the two groups lie only 3.0 AÊ

away from one another, they are in a reasonable
orientation for hydrogen bond formation, and no
protein rearrangement is observed between the
bound and unbound states of the protein. It is
possible that local solvent rearrangements are
required in this area upon formation of the inter-
action, leading to the reduced thermodynamic
value of the interaction.
) states of EF-Tu. (a) Arg300 must break an interaction
hosphate group of the tRNA. (b) Thr350 must break an
ith the 20 hydroxyl group of position 65. (c) There is no

the region around Gly391, leaving it unclear as to why
odynamic effect.
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Finally, a contact between the side-chain of
Glu271 and the 20 hydroxyl group at position 76
was proposed to be critical for maintaining the
location of the amino acid residue on the 30
hydroxyl group when bound to EF-Tu. This inter-
action appeared to settle a dispute as to which iso-
meric aminoacyl linkage was required for EF-Tu
binding, as previous biochemical studies did not
agree on the issue (Alford et al., 1979; Forster et al.,
1994; Hecht et al., 1977; Taiji et al., 1985; Wagner
et al., 1982). However, the current set of exper-
iments, using a more quantitative assay than the
previous studies, show that removal of the 20
hydroxyl group at position 76 has no effect on the
af®nity of Ala-YFA2 for EF-Tu (GTP). Furthermore,
the 30d76 variant demonstrates that removal of the
30 hydroxyl group at position 76 has no effect on
the af®nity of Phe-YFA2 for EF-Tu (GTP). How-
ever, while it appears that the interaction of
Glu271 with the 20 hydroxyl group at position 76
does not contribute to the stability of the ternary
complex, the proximity of Glu271 to the GTPase
switch region of EF-Tu suggests that the interaction
may be important for stimulation of GTP hydroly-
sis. Thus, while both isomeric versions may be
competent for ternary complex formation, only the
30-linked aminoacyl tRNA that can satisfy the inter-
action with Glu271 may be competent for GTPase
stimulation and subsequent entry to the ribosome.
Further work is clearly required to better under-
stand the signi®cance of this interaction.

Even though the present experiments were
designed to investigate the crystal structure of the
ternary complex, it is worth noting that the results
are in good agreement with previous solution-
based biochemical experiments. In particular, all of
the thermodynamically relevant interactions found
in these experiments lie within the previously
described minimal binding domain of the acceptor
helix (Rudinger et al., 1994). Likewise, the import-
ant T-stem interactions described here support the
proposal that a bend in the acceptor arm helix is
necessary for the appropriate spatial orientation of
the acceptor and T-stems (Nazarenko &
Uhlenbeck, 1995).

The present experiments have revealed a ther-
modynamic framework by which EF-Tu (GTP)
from both T. thermophilus and T. aquaticus interacts
with yeast tRNAPhe. Comparative sequence ana-
lyses of a large number of prokaryotic EF-Tu
sequences suggest that each of these proteins is
likely to interact with these same 20 hydroxyl
groups in this tRNA. What remains unclear is
whether a given elongation factor interacts with all
of the other cellular tRNAs in the same fashion.
While all tRNAs share a common tertiary struc-
ture, the speci®c three-dimensional locations of
each of the 20 hydroxyl groups and phosphate oxy-
gen atoms are likely to vary from one tRNA to the
next. These differences presumably explain why
two different tRNA bodies esteri®ed with the same
amino acid can bind to EF-Tu (GTP) with different
af®nities, as was demonstrated here (with Ala-
YFA2 and Ala-CA0) and by others (Knowlton &
Yarus, 1980; Wagner & Sprinzl, 1980). It remains to
be determined whether different tRNAs make
unique contacts with the protein, or whether the
same set of interactions is made for all tRNAs,
albeit with different thermodynamic values. It will
be of particular interest to examine these issues
using E. coli tRNACys, owing to the availability of a
co-crystal structure of this tRNA with EF-Tu.
While the details of the RNA-protein interactions
vary between the two structures, it is noteworthy
that the four 20 hydroxyl groups identi®ed in this
study as thermodynamically relevant for tRNAPhe

binding also make interactions in the tRNACys

structure, suggesting that both tRNAs may interact
with the protein in the same way.

In general, the use of experiments like those pre-
sented above as a thermodynamic means of ``foot-
printing'' a protein onto an RNA provides an
important complement to structural analyses of an
RNA-protein interaction. In the present case, 42 of
the 45 different deoxynucleotide variants examined
gave results that are in excellent agreement with
the crystallographic data available for this com-
plex. The techniques used in these experiments
should prove a valuable method for comparing the
binding of various mutant EF-Tu sequences to the
wild-type protein, as well as determining how the
wild-type protein interacts with other tRNAs,
allowing for a more complete understanding of
thermodynamic recognition of tRNA by this pro-
tein. In addition, while the prokaryotic sequences
show considerable homology to one another, the
eukaryotic sequences appear to have diverged sig-
ni®cantly in certain regions. Thermodynamic foot-
printing may therefore be a critical tool in
comparing the recognition of tRNAs by the
eukaryotic and prokaryotic sequences.

Materials and Methods

Protein purification

Elongation factor Tu was initially puri®ed from E. coli
(JM109) cells transformed with plasmid pEFTu10 con-
taining the tuf1 gene from T. thermophilus (Ahmadian
et al., 1991). Subsequent puri®cations took advantage of
an improved overexpression cassette that was kindly
provided by Anindya Banerjee and Marvin Makinen
(University of Chicago). Puri®cation of the protein was
accomplished in the same manner for both plasmids.
Cells were grown to A600 � 0.8, followed by a ®ve hour
induction at 37 �C in the presence of 1 mM IPTG. The
harvested cells were frozen, then resuspended in buffer
A (50 mM Hepes (pH 7.5), 10 mM MgCl2, 10 mM b-mer-
captoethanol, 20 mM GDP, 5 % (v/v) glycerol, 20 mM
PMSF) and lysed by sonication. The lysate was cleared
by centrifugation ®rst at 13,000 g for 30 minutes then at
125,000 g for 90 minutes. The supernatant was heated to
65 �C for 15 minutes, and centrifuged at 13,000 g for 30
minutes to clear all thermolabile proteins. EF-Tu was
precipitated from this supernatant by slow addition of
ammonium sulfate to 70 % saturation. This precipitate
was dialyzed into buffer A, loaded onto a Q-Sepharose
column, and eluted using a linear gradient of buffer A
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containing 1 M KCl. EF-Tu eluted at approximately
250 mM KCl. Protein fractions were assayed for ribonu-
clease activity by determining the stability of a short 32P-
labeled oligoribonucleotide (typically 10-20 nucleotides
in length) during a 30 minute incubation at 0 �C. Frac-
tions containing EF-Tu were pooled and traces of con-
taminating ribonuclease were removed using a Superdex
75 column run in buffer A. Puri®ed protein was stored
in buffer A containing 50 % (v/v) glycerol. Protein con-
centration was determined by two independent methods
(Bradford, 1976; Gill & von Hippel, 1989), yielding
values within 10 % of one another. The activity of the
EF-Tu as judged by GTP-binding (Miller & Weissbach,
1974) was over 90 %. The activity of the EF-Tu as judged
by tRNA-binding (Nazarenko et al., 1994) varied for
different preparations but was consistently between 25
and 40 % of the total protein. All binding constants are
calculated using the concentration of protein active for
tRNA binding. Puri®ed T. aquaticus EF-Tu was a gener-
ous gift from Theo Dreher (Oregon State University).
Yeast phenylalanyl tRNA-synthetase and E. coli alanyl-
tRNA synthetase were puri®ed as described (Pleiss et al.,
2000).

RNA preparation

All tRNAs were prepared by in vitro transcription in
reactions containing 50 mM Tris-HCl (pH 8.1), 50 mM
NaCl, 2.5 mM each NTP, 20 mM GMP, 30 mM MgCl2,
1 mM spermidine, 5 mM DTT, 0.1 mg/ml linearized
plasmid DNA, and 0.03 mg/ml phage T7 RNA polymer-
ase, and incubated at 37 �C for three hours (Sampson &
Uhlenbeck, 1988). Removal of the 50 phosphate group
was accomplished by subsequent incubation of the tran-
scription reaction with two units/ml calf intestinal phos-
phatase for 30 minutes at 55 �C (Schmitt et al., 1997). By
omitting GMP from the transcription reactions, tRNAs
were obtained containing a 50-terminal triphosphate
group. Transcription products were puri®ed on denatur-
ing 12 % (w/v) polyacrylamide gels. The bimolecular
tRNAs and all of the 20 deoxynucleotide variants were
formed using a combination of chemical and enzymatic
methods as described (Pleiss et al., 2000). An oligoribonu-
cleotide comprising the 30-most 19 nucleotides of YFA2
terminated with a 30 deoxyadenosine was prepared by
chemical synthesis using Universal Support from Glen
Research (J.A.P. and O.C.U., unpublished results).

Binding reactions

Alanyl-tRNAs were formed in 20 ml reactions contain-
ing 1 mM RNA in 30 mM Hepes (pH 7.5), 30 mM
KCl, 15 mM MgCl2, 4 mM ATP, 5 mM DTT, 20 mM
[3H]alanine (50 Ci/mmol), and one unit/ml inorganic
pyrophosphatase with 50 nM E. coli AlaRS incubated for
30 minutes at 37 �C. Under these conditions, all but four
tRNAs were aminoacylated to >85 %. Three variants that
are poor substrates for AlaRS (d70, d71, d75) (Pleiss et al.,
2000) required the presence of 500 nM AlaRS to achieve
this level of aminoacylation, while ef®cient alanylation of
the 20 d76 variant required 500 nM AlaRS and 20 %
DMSO in order to reach �50 % aminoacylation. Phenyla-
lanyl-tRNAs were also formed in 20 ml reactions contain-
ing 1 mM RNA in 30 mM Hepes (pH 7.5), 30 mM KCl,
15 mM MgCl2, 2 mM ATP, 0.5 mM DTT, 10 mM
[3H]phenylalanine (65 Ci/mmol) with 10 nM PheRS
incubated for 30 minutes at 37 �C. Due to the deleterious
effect of a nick in the anticodon (Pleiss et al., 2000), ef®-
cient aminoacylation of all the bimolecular YFA2 (38)
tRNAs required the presence of 100 nM PheRS. All but
one tRNA were phenylalanylated to > 85 % under these
conditions. The 30 d76 variant required 100 nM PheRS
and 20 % DMSO in order to reach >85 % aminoacylation.

EF-Tu stored in its GDP-bound form was converted to
its desired form immediately prior to use. The GTP form
of EF-Tu was obtained by incubation in buffer B (50 mM
Hepes (pH 7.0), 150 mM NH4Cl, 20 mM MgCl2, 5 mM
DTT, 10 mM GTP, 3 mM phosphoenolpyruvate, 30 mg/
ml pyruvate kinase) at 37 �C for three hours (Nazarenko
& Uhlenbeck, 1995). The GMP-PNP form of EF-Tu was
obtained by ®rst incubating 3 mM EF-Tu (GDP) in the
presence of 10 mM EDTA at 37 �C for 30 minutes. The
protein was isolated from the nucleotide by puri®cation
on an NAP-10 column pre-equilibrated in 50 mM Hepes
(pH 7.0), 0.5 mM EDTA (Rodnina & Wintermeyer, 1995).
The nucleotide-free EF-Tu was subsequently activated by
incubation for 15 minutes at 37 �C in 50 mM Hepes
(pH 7.0), 150 mM NH4Cl, 20 mM MgCl2, 5 mM DTT,
20 mM GMP-PNP.

Equilibrium dissociation constants were determined
using a modi®ed version of a ribonuclease protection
assay (Louie et al., 1984). After converting the EF-Tu to
its desired form, 12 different EF-Tu concentrations, typi-
cally ranging from 0.1-500 nM, were made by twofold
serial dilution using buffer B on ice. Aminoacyl-tRNAs,
freshly prepared as described above, were diluted to
approximately 10 nM using buffer B and added as 25 ml
aliquots to each of 12 wells in a 96-well microtiter plate
on ice. Binding reactions were initiated by addition of
25 ml aliquots of the appropriate EF-Tu concentration to
the aminoacyl-tRNA mix using a 12-channel pipettor.
After a 15 minute equilibration period, 5 ml of 0.1 mg/
mL RNaseA (Sigma) was simultaneously added to the
12 reactions. After 20 seconds, the nuclease was
quenched by addition of 5 ml of 1 mg/ml unfractionated
tRNA, and the reaction was immediately precipitated by
addition of 70 ml of 10 % (w/v) trichloroacetic acid. The
precipitate was collected on Millipore HAWP ®lters
using a modi®ed Dot-blot (Schleicher and Schuell) ®l-
tration apparatus (Wong & Lohman, 1993), and washed
with 6 � 200 ml aliquots of 5 % (w/v) trichloroacetic acid.
After washing the entire ®lter in 95 % (v/v) ethanol for
®ve minutes, the remaining radioactivity on the dried ®l-
ter was determined by exposure for at least 12 hours to a
tritium-capable phosphorimager screen (Molecular
Dynamics). A portion of the ®lter corresponding to a
single binding reaction was subsequently excised and
counted in liquid scintillation ¯uid, providing a conver-
sion factor between phosphorimager units and radio-
active counts per minute. This conversion factor was
used, in conjunction with the known speci®c activity of
the sample, to determine the concentration of ternary
complex formed at each concentration of input EF-Tu.

Data from each of the 12 EF-Tu concentrations were
used to generate a single binding curve. Because the pro-
tein concentration was not in excess of the tRNA concen-
tration throughout the range of protein concentrations,
equilibrium dissociation constants were determined by
®tting the binding curves to the following equation:
KD � ��aa-tRNA�free�EF-Tu�free�=�EF-Tu � aa-tRNA�
This equation can be rearranged to allow the concen-
tration of ternary complex to be expressed as a function
of the [EF-Tu]input as follows:
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�EF-Tu � aa-tRNA� � ���aa-tRNA�input � �EF-Tu�input � KD�

ÿ ����aa-tRNA�input��EF-Tu�input�KD�2

ÿ 4�aa-tRNA�input�EF-Tu�input�1=2�=2

The graphing program KaleidaGraph (Abelbeck Soft-
ware) was used to solve for KD using the above equation.
For any given experiment, KD for a particular RNA was
determined from two separate 12-point binding curves.
The values for these duplicate experiments typically var-
ied by less than 20 % from one another, but were
occasionally as high as twofold. Values determined for
the same RNA substrate using different protein dilutions
typically varied by less than twofold, but occasionally
differed by as much as threefold. The modi®cations of
the assay presented here offer several advantages over
the previous format. First, the greater sensitivity of the
phosphorimager screen and the increase in counting
time both signi®cantly improve the accuracy of the
counting as compared to liquid scintillation counting.
Second, the use of multi-channel pipettors greatly
increases the number of samples that can be examined in
any given experiment, thereby reducing the experimental
errors resulting from day to day variations in the protein
dilutions.

Acknowledgments

This work was supported by an N.I.H. grant (5-RO1-
GM37552) to O.C.U. The authors thank Theo Dreher,
Alexey Wolfson, and Fred LaRiviere for their helpful
discussions and critical reading of the manuscript.

References

Adkins, H. J., Miller, D. L. & Johnson, A. E. (1983).
Changes in aminoacyl transfer ribonucleic acid con-
formation upon association with elongation factor
Tu-guanosine 50-triphosphate. ¯uorescence studies
of ternary complex conformation and topology.
Biochemistry, 22, 1208-1217.

Ahmadian, M. R., Kreutzer, R. & Sprinzl, M. (1991).
Overproduction of the Thermus thermophilus
elongation factor Tu in Escherichia coli. Biochimie, 73,
1037-1043.

Alford, B. L., Pezzuto, J. M., Tan, K. H. & Hecht, S. M.
(1979). Both positional isomers of aminoacyl-tRNA's
are bound by elongation factor Tu. J. Biol. Chem.
254, 6894-6903.

Baidya, N. & Uhlenbeck, O. C. (1995). The role of 20-
hydroxyl groups in an RNA-protein interaction.
Biochemistry, 34, 12363-12368.

Barciszewski, J., Sprinzl, M. & Clark, B. F. (1994).
Aminoacyl-tRNAs. Diversity before and unity after
interaction with EF-Tu:GTP. FEBS Letters, 351, 137-
139.

Behlen, L. S., Sampson, J. R., DiRenzo, A. B. &
Uhlenbeck, O. C. (1990). Lead-catalyzed cleavage of
yeast tRNAPhe mutants. Biochemistry, 29, 2515-2523.

Bevilacqua, P. C. & Cech, T. R. (1996). Minor-groove
recognition of double-stranded RNA by the
double- stranded RNA-binding domain from
the RNA-activated protein kinase PKR. Biochemistry,
35, 9983-9994.
Bradford, M. M. (1976). A rapid and sensitive method
for the quantitation of microgram quantities of pro-
tein utilizing the principle of protein-dye binding.
Anal. Biochem. 72, 248-254.

Dreher, T. W., Uhlenbeck, O. C. & Browning, K. S.
(1999). Quantitative assessment of EF-1alpha. GTP
binding to aminoacyl-tRNAs, aminoacyl-viral RNA,
and tRNA shows close correspondence to the RNA
binding properties of EF-Tu. J. Biol. Chem. 274, 666-
672.

Eriani, G., Delarue, M., Poch, O., Gangloff, J. & Moras,
D. (1990). Partition of tRNA synthetases into two
classes based on mutually exclusive sets of
sequence motifs. Nature, 347, 203-206.

Forster, C., Limmer, S., Zeidler, W. & Sprinzl, M. (1994).
Effector region of the translation elongation factor
EF-Tu. GTP complex stabilizes an orthoester acid
intermediate structure of aminoacyl-tRNA in a
ternary complex. Proc. Natl Acad. Sci. USA, 91,
4254-4257.

Gaur, R. K. & Krupp, G. (1993). Modi®cation interfer-
ence approach to detect ribose moieties important
for the optimal activity of a ribozyme. Nucl. Acids
Res. 21, 21-26.

Giege, R., Kern, D., Ebel, J. P., Grosjean, H., Henau, S.
D. & Chantrenne, H. (1974). Incorrect aminoacyla-
tions involving tRNAs or valyl-tRNA synthetase
from Bacillus stearothermophilus. Eur. J. Biochem. 45,
351-362.

Gill, S. C. & von Hippel, P. H. (1989). Calculation of
protein extinction coef®cients from amino acid
sequence data [published erratum appears in Anal.
Biochem. 1990 Sep;189(2):283]. Anal. Biochem. 182,
319-326.

Hardt, W. D., Erdmann, V. A. & Hartmann, R. K.
(1996). Rp-deoxy-phosphorothioate modi®cation
interference experiments identify 20-OH groups in
RNase P RNA that are crucial to tRNA binding.
RNA, 2, 1189-1198.

Hecht, S. M., Tan, K. H., Chinault, A. C. & Arcari, P.
(1977). Isomeric aminoacyl-tRNAs are both bound
by elongation factor Tu. Proc. Natl Acad. Sci. USA,
74, 437-441.

Iwai, S., Pritchard, C., Mann, D. A., Karn, J. & Gait, M. J.
(1992). Recognition of the high af®nity binding site
in rev-response element RNA by the human immu-
node®ciency virus type-1 rev protein. Nucl. Acids
Res. 20, 6465-6472.

Janiak, F., Dell, V. A., Abrahamson, J. K., Watson, B. S.,
Miller, D. L. & Johnson, A. E. (1990). Fluorescence
characterization of the interaction of various trans-
fer RNA species with elongation factor Tu. GTP:
evidence for a new functional role for elongation
factor Tu in protein biosynthesis. Biochemistry, 29,
4268-4277.

Jovine, L., Djordjevic, S. & Rhodes, D. (2000). The crystal
structure of yeast phenylalanine tRNA at 2.0 AÊ res-
olution: cleavage by Mg2� in 15-year old crystals.
J. Mol. Biol. 301, 401-414.

Kjeldgaard, M., Nissen, P., Thirup, S. & Nyborg, J.
(1993). The crystal structure of elongation factor EF-
Tu from Thermus aquaticus in the GTP conformation.
Structure, 1, 35-50.

Knowlton, R. G. & Yarus, M. (1980). Discrimination
between aminoacyl groups on su� 7 tRNA by
elongation factor Tu. J. Mol. Biol. 139, 721-732.

Louie, A., Ribeiro, N. S., Reid, B. R. & Jurnak, F. (1984).
Relative af®nities of all Escherichia coli aminoacyl-



The 2 0 Hydroxyl Groups Required for EF-Tu Binding 905
tRNAs for elongation factor Tu-GTP. J. Biol. Chem.
259, 5010-5016.

Miller, D. L. & Weissbach, H. (1974). Elongation factor
Tu and the aminoacyl-tRNA-EFTu-GTP complex.
Methods Enzymol. 30, 219-232.

Nazarenko, I. A. & Uhlenbeck, O. C. (1995). De®ning
a smaller RNA substrate for elongation factor Tu.
Biochemistry, 34, 2545-2552.

Nazarenko, I. A., Harrington, K. M. & Uhlenbeck, O. C.
(1994). Many of the conserved nucleotides of
tRNA(Phe) are not essential for ternary complex
formation and peptide elongation. EMBO J. 13,
2464-2471.

Nissen, P., Kjeldgaard, M., Thirup, S., Polekhina, G.,
Reshetnikova, L., Clark, B. F. & Nyborg, J. (1995).
Crystal structure of the ternary complex of Phe-
tRNAPhe, EF-Tu, and a GTP analog. Science, 270,
1464-1472.

Nissen, P., Thirup, S., Kjeldgaard, M. & Nyborg, J.
(1999). The crystal structure of Cys-tRNACys-EF-
Tu-GDPNP reveals general and speci®c features in
the ternary complex and in tRNA. Struct. Fold. Des.
7, 143-156.

Ott, G., Schiesswohl, M., Kiesewetter, S., Forster, C.,
Arnold, L., Erdmann, V. A. & Sprinzl, M. (1990).
Ternary complexes of Escherichia coli aminoacyl-
tRNAs with the elongation factor Tu and GTP: ther-
modynamic and structural studies. Biochim. Biophys.
Acta, 1050, 222-225.

Pleiss, J. A., Wolfson, A. D. & Uhlenbeck, O. C. (2000).
Mapping contacts between Escherichia coli alanyl
tRNA synthetase and 20 hydroxyls using a complete
tRNA molecule. Biochemistry, 39, 8250-8258.

Rodnina, M. V. & Wintermeyer, W. (1995). GTP con-
sumption of elongation factor Tu during translation
of heteropolymeric mRNAs. Proc. Natl Acad. Sci.
USA, 92, 1945-1949.

Rodnina, M. V., Fricke, R. & Wintermeyer, W. (1994).
Transient conformational states of aminoacyl-tRNA
during ribosome binding catalyzed by elongation
factor Tu. Biochemistry, 33, 12267-12275.

Rudinger, J., Blechschmidt, B., Ribeiro, S. & Sprinzl, M.
(1994). Minimalist aminoacylated RNAs as ef®cient
substrates for elongation factor Tu. Biochemistry, 33,
5682-5688.

Ryder, S. P. & Strobel, S. A. (1999). Nucleotide analog
interference mapping of the hairpin ribozyme:
implications for secondary and tertiary structure
formation. J. Mol. Biol. 291, 295-311.
Sampson, J. R. & Uhlenbeck, O. C. (1988). Biochemical
and physical characterization of an unmodi®ed
yeast phenylalanine transfer RNA transcribed
in vitro. Proc. Natl Acad. Sci. USA, 85, 1033-1037.

Sampson, J. R., DiRenzo, A. B., Behlen, L. S. &
Uhlenbeck, O. C. (1990). Role of the tertiary nucleo-
tides in the interaction of yeast phenylalanine tRNA
with its cognate synthetase. Biochemistry, 29, 2523-
2532.

Schmitt, E., Mechulam, Y., Fromant, M., Plateau, P. &
Blanquet, S. (1997). Crystal structure at 1.2 AÊ resol-
ution and active site mapping of Escherichia coli
peptidyl-tRNA hydrolase. EMBO J. 16, 4760-4769.

Shi, H. & Moore, P. B. (2000). The crystal structure of
yeast phenylalanine tRNA at 1.93 AÊ resolution: a
classic structure revisited. RNA, 6, 1091-1105.

Sprinzl, M. & Graeser, E. (1980). Role of the 50-terminal
phosphate of tRNA for its function during protein
biosynthesis elongation cycle. Nucl. Acids Res. 8,
4737-4744.

Sussman, J. L., Holbrook, S. R., Warrant, R. W., Church,
G. M. & Kim, S. H. (1978). Crystal structure of
yeast phenylalanine transfer RNA. I. Crystallo-
graphic re®nement. J. Mol. Biol. 123, 607-630.

Taiji, M., Yokoyama, S. & Miyazawa, T. (1985). Aminoa-
cyl-tRNA exclusively in the 30-isomeric form is
bound to polypeptide chain elongation factor Tu.
J. Biochem. (Tokyo), 98, 1447-1453.

VoÈrtler, C. S., Fedorova, O., Persson, T., Kutzke, U. &
Eckstein, F. (1998). Determination of 20-hydroxyl
and phosphate groups important for aminoacyla-
tion of Escherichia coli tRNAAsp: a nucleotide
analogue interference study. RNA, 4, 1444-1454.

Wagner, T. & Sprinzl, M. (1980). The complex formation
between Escherichia coli aminoacyl-tRNA, elongation
factor Tu and GTP. The effect of the side-chain of
the amino acid linked to tRNA. Eur. J. Biochem. 108,
213-221.

Wagner, T., Cramer, F. & Sprinzl, M. (1982). Activity of
the 20 and 30 isomers of aminoacyl transfer ribonu-
cleic acid in the in vitro peptide elongation on
Escherichia coli ribosomes. Biochemistry, 21, 1521-
1529.

Wong, I. & Lohman, T. M. (1993). A double-®lter
method for nitrocellulose-®lter binding: application
to protein-nucleic acid interactions. Proc. Natl Acad.
Sci. USA, 90, 5428-5432.

Yap, L. P. & Musier-Forsyth, K. (1995). Transfer RNA
aminoacylation: identi®cation of a critical ribose 20-
hydroxyl-base interaction. RNA, 1, 418-424.
Edited by D. E. Draper
(Received 14 November 2000; received in revised form 12 March 2001; accepted 13 March 2001)


	Identification of Thermodynamically Relevant Interactions between EF-Tu and Backbone Elements of tRNA
	Introduction
	Results
	Figure 1
	Figure 2
	Table 1
	Table 3
	Table 2

	Discussion
	Figure 3
	Figure 4
	Figure 5
	Table 4

	Materials and Methods
	Protein purification
	RNA preparation
	Binding reactions

	Acknowledgments
	References


