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ABSTRACT: Complex formation between elongation factor Tu (EF-Tu), Phe-tRNAPhe, and GTP was analyzed
by small-angle neutron and X-ray scattering methods. Both techniques show that the ternary complex
consists of one EF-Tu and one aminoacyl-tRNA. No shift in stoichiometry was detected when the
temperature was raised from 5 to 37°C, in contrast to previous observations obtained from RNase A
protection experiments [Bilgin and Ehrenberg (1995)Biochemistry 34, 715-719]. A small but significant
increase in the radius of gyration of the complex was observed when the temperature was decreased from
37 to 5°C. The X-ray solution scattering patterns were compared with those calculated from the crystal
structure of the complex formed between EF-Tu fromThermus aquaticusand Phe-tRNAPhe from yeast.
The comparison shows that the solution structure of the ternary complex, formed entirely fromEscherichia
coli components and under translationally optimal buffer conditions, is very close to the crystal structure,
formed from heterologous components under very different conditions. Furthermore, for the hybrid complex
in solution there is no evidence for the formation of trimers as suggested by the crystal structure.

Elongation factor Tu (EF-Tu) is a prokaryotic G-protein
that binds every aminoacylated elongator tRNA in a ternary
complex with GTP and brings it to the A-site of the mRNA-
programmed ribosome (1). When the anticodon of the
incoming aminoacyl-tRNA matches the A-site codon, GTP
on EF-Tu is rapidly hydrolyzed (2, 3) and EF-Tu‚GDP leaves
the ribosome, allowing transfer of the nascent polypeptide
from the donor peptidyl-tRNA in the P-site to the acceptor
aminoacyl-tRNA in the A-site (1). Binding of cognate
aminoacyl-tRNAs to the A-site of programmed ribosomes
is 4 orders of magnitude faster when they are in complex
with EF-Tu and GTP, compared to when they bind nonen-

zymatically (Helen Pahverk and Måns Ehrenberg, unpub-
lished results). The accuracy of aminoacyl-tRNA selection
is enhanced by EF-Tu and GTP by more than 1 order of
magnitude (Helen Pahverk and Måns Ehrenberg, unpublished
results). Dissociation of GDP from EF-Tu is accelerated by
elongation factor Ts by about 3 orders of magnitude (4),
making regeneration of the ternary complex from EF-Tu‚-
GDP adequately fast.

In contrast to these previous results, Ehrenberg et al. (5)
presented experiments, showing that two GTPs are hydro-
lyzed per peptide bond on EF-Tu in poly(U) translation by
ternary complexes that contain Phe-tRNAPhe. They also
analyzed the stoichiometry of the ternary complex with
biochemical methods, developed by Tapio et al. (6), and
found that 2 molecules of EF-Tu seemed to be required to
protect 1 Phe-tRNAPhe molecule from spontaneous deacy-
lation. To explain these data, Ehrenberg et al. (5) suggested
that the ternary complex is “extended” and contains 2 EF-
Tu‚GTP complexes bound to 1 aminoacyl-tRNA.

The interaction betweenEscherichia coliEF-Tu, GTP, and
Valyl-tRNAVal has been studied by Antonsson et al. (7) by
using small-angle neutron scattering. These authors per-
formed titrations of the protein by increasing aminoacyl-
tRNA concentrations up to a molar ratio of 2, so that
conditions corresponding to a large excess of tRNA over
protein were not examined. Their data were consistent with
a monomer-dimer equilibrium for free EF-Tu. Upon
addition of aminoacyl-tRNA, however, the dimers dissociated
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into monomers in favor of 1:1 complex formation so that
they found a stoichiometry of 1 EF-Tu/1 aminoacyl-tRNA
for the ternary complex. Dimers (about 15%) were also
present in samples of halophilic EF-Tu fromHaloarcula
marismortuiobtained from standard purification procedures
but their interaction with aminoacyl-tRNA has not been
studied (8). The notion of an extended ternary complex was
criticized by Bensch et al. (9), who used 4 different types of
experiments to show that there is only 1 molecule of EF-Tu
bound to 1 aminoacyl-tRNA.
Weijland and Parmeggiani (10) and Weijland et al. (11)

presented experiments apparently confirming the finding by
Ehrenberg et al. (5) that 2 GTPs are hydrolyzed on EF-Tu
for every peptide bond in poly(U) translation.
In contrast, Rodnina and Wintermeyer (12) reported

experiments on ribosomes initiated on heteropolymeric
mRNAs containing a Shine and Dalgarno sequence and an
initiation codon (AUG) followed by different in-frame
codons. They found that in most of their codon contexts
there is only 1 GTP hydrolyzed on EF-Tu/peptide bond, but
for the mRNA sequence AUG‚UUU‚UUC they observed 2
GTPs hydrolyzed on EF-Tu when the last Phe codon UUC
was translated by Phe-tRNAPhe. From this result they
suggested, first, that an extra GTP is hydrolyzed in EF-Tu
function in slippery codon contexts, where there is high
probability for a frameshift error. Second, they rationalized
this finding by hypothesizing that hydrolysis of an extra GTP
molecule is required to prevent frameshifts. They also
presented evidence from gel-filtration experiments for the
existence of an extended ternary complex when there is EF-
Tu in excess over aminacyl-tRNA.
The stoichiometry of the ternary complex was further

analyzed by Bilgin and Ehrenberg (13) at different temper-
atures using RNase A protection experiments in combination
with quench-flow techniques. These biochemical results
suggested that only 1 EF-Tu is required to protect 1
aminoacyl-tRNA at low temperatures, but 2 molecules of
EF-Tu are required to protect 1 aminoacyl-tRNA from RNase
A cleavage at high temperatures, again supporting the notion
of an extended ternary complex at 37°C.
The crystal structure of the ternary complex (14) contains

1 aminoacyl-tRNA bound to 1 molecule of EF-Tu and 1 GTP
analogue. Furthermore, in these crystals, the asymmetric unit
consists of 3 ternary complexes forming a trimer intercor-
related by a 3-fold axis. It was speculated that the trimer
plays a physiological role. This ternary complex structure
is composed of EF-Tu fromThermus aquaticusand ami-
noacyl-tRNA from yeast and it was crystallized under
conditions very different from those under which the
biochemical stoichiometry experiments described above were
performed. One possibility was therefore that the 1:1
stoichiometry in the crystal structure was caused by special
conditions. It was, furthermore, conceivable that the 2:1
stoichiometry obtained with biochemical methods under more
optimal conditions for protein synthesis reflected the physi-
ologically relevant composition of the ternary complex. These
contradictory results have caused a confusing situation and
the present work aims at clarifying what the stoichiometry
of the ternary complex really is under different conditions
and whether it can be brought to change. The approach was
to analyze the structure of the ternary complex under
precisely those conditions where the biochemical data

reporting 2:1 stoichiometry had been obtained and where
protein synthesis is known to work optimally in vitro (5, 6,
13).
The data obtained here with small-angle neutron and X-ray

scattering techniques demonstrate that there is a 1:1 stoichi-
ometry between EF-Tu and aminoacyl-tRNA under all
conditions used and that the crystal and solution structures
of the ternary complex are remarkably similar.

MATERIALS AND METHODS

Purification of E. coli EF-Tu. EF-Tu was isolated from
frozenE. coliMRE 600 cells, harvested during logarithmic
growth, and purified according to Ehrenberg et al. (15).
Purified factor was extensively dialyzed against polymix
buffer (16) in the presence of 10 mM GDP [polymix buffer
contains: 5 mM magnesium acetate, 0.5 mM calcium
chloride, 95 mM potassium chloride, 5 mM ammonium
chloride, 8 mM putrescine, 1 mM spermidine, 5 mM
potassium phosphate (pH 7.3), and 1 mM 1,4-dithioerythritol
(DTE)]. EF-Tu was homogeneous as judged by SDS-
PAGE. The protein content of the purified EF-Tu was
determined by amino acid analysis of the protein hydrolyzate
and by colorimetric assay of the intact protein (17). The
active EF-Tu concentration was determined by nitrocellulose
filter assay for GDP binding to EF-Tu and by nucleotide
exchange assay for conversion of GDP to GTP on EF-Tu as
a function of time as described by Ehrenberg et al. (15).
These four independent concentration measurements were
in full agreement for the EF-Tu preparation used in the
present work.
Purification of Phe-tRNA Synthetase.Phe-tRNA syn-

thetase (PRS) was purified as a side product from the EF-
Tu preparation as described by Ehrenberg et al. (15) with
further modifications: During EF-Tu preparation, fractions
with PRS activity were pooled from the DEAE-cellulose
(CL-6B, Pharmacia). After ammonium sulfate fractionation
between 38% and 50%, PRS was further purified by gel-
filtration chromatography on AcA 44 (IBF) followed directly
by ion-exchange chromatography on FPLC using Q-
Sepharose (FF) (Pharmacia). PRS was dialyzed against
polymix buffer containing 50% glycerol and was stored at
-20 °C. PRS was homogeneous as judged by SDS-PAGE.
Purification of E. coli tRNAPhe. tRNAPhewas purified from

frozenE. coli MRE 600 cells. All purification steps were
carried out at room temperature. tRNAbulk was prepared by
phenol extraction of the cells followed by 1 M NaCl
fractionation, and DEAE-cellulose (DE-52, Whatman) chro-
matography. tRNAPhewas purified from tRNAbulk by ben-
zoylated-DEAE-cellulose (Boehringer) chromatography (18).
Final purification was achieved by reverse-phase chroma-
tography on Sepharose 4B (Pharmacia) (19) at 4 °C.
tRNAPhewas extensively dialyzed against polymix buffer and
stored at -20 °C. This preparation of tRNAPhe was
aminoacylatable to 1394 pmol of Phe-tRNAPhe/OD260.
Preparation of [14C]Phe-tRNAPhe. tRNAPhe (500 nmol)

was preparatively aminoacylated in the presence of 1500
nmol of [14C]Phe (specific activity of 3.7 cpm/pmol), 5500
units of PRS (1 unit aminoacylates 1 pmol of tRNA/s), 1
mM ATP (Pharmacia), 10 mM PEP (Sigma), 250µg of
pyruvate kinase (EC 2.7.1.40, Boehringer), and 15µg of
myokinase (EC 2.7.4.3, Sigma) in 7.5 mL of reaction volume
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in polymix buffer. Aminoacylation was for 15 min at 37
°C. Two volumes of ethanol were added to stop the reaction
and precipitate the aminoacyl-tRNA. After the precipitate
was collected by centrifugation, Phe-tRNAPhe was further
purified at 4°C on a benzoylated-DEAE-cellulose column
(20 mL) and aminoacyl-tRNA was eluted with 1.4 M NaCl
containing 20% ethanol. After precipitation with two
volumes of ethanol and collection of the tRNA by centrifu-
gation, Phe-tRNAPhewas dialyzed extensively against poly-
mix buffer. For those neutron scattering experiments that
were performed in 70% D2O, a fraction of the Phe-tRNAPhe

was dialyzed against polymix buffer prepared in 89.5% D2O
(Sigma, 99.9%, see below). Phe-tRNAPheprepared this way
had a final aminoacylation of 1545 pmol of Phe-tRNAPhe/
OD260 in polymix and 1684 pmol of Phe-tRNAPhe/OD260 in
polymix with 89.5% D2O.
Complex Formation between EF-Tu‚GTP and Phe- tRNAPhe

from E. coli: Phe-tRNAPheTitrations in H2O or in 70% D2O.
Each sample was prepared for a 150µL final reaction volume
balanced in polymix buffer containing 1 mM ATP, 10 mM
PEP, 1 mM GTP, 5µg of pyruvate kinase, 0.3µg of
myokinase, 112 units of PRS and 30 nmol of [14C]Phe (3.7
cpm/pmol) with or without 120µM EF-Tu. To achieve
identical conditions between samples, all components except
the tRNA were prepared in a 32.7µL volume for each
sample. To this mixture was added 117.3µL of Phe-tRNAPhe
to give final concentrations between 0 and 240µM in two
series (one in ordinary polymix, the other in polymix with
89.5% D2O). The final D2O concentration in all samples of
the latter series was 70%. The ternary complex was allowed
to form for 15 min at 37°C, after which the samples were
kept on ice until the measurement.
EF-Tu Titrations at a Fixed tRNA Concentration.Three

series were prepared, each in 150µL of final reaction
volume, as described above but lacking Phe. The first series
was in the absence of tRNA, the second contained 100µM
Phe-tRNAPhe, and the third contained 100µM (deacylated)
tRNAPhe. The EF-Tu concentrations were 0, 100, and 200
µM for the series without tRNA or with deacylated tRNAPhe.
For the samples containing Phe-tRNAPhe, the EF-Tu con-
centrations were between 0 and 333µM. The ternary
complex was allowed to form for 15 min at 37°C. Samples
were then kept on ice until the measurement.
Preparation of the Ternary Complex between Yeast Phe-

tRNAPhe and T. aquaticus EF-Tu‚GDPNP for Solution
Scattering Experiments.The yeast Phe-tRNA andT. aquati-
cusEF-Tu‚GDPNP ternary complex, identical to the crystal-
lized and structurally described complex, was prepared as
described by Nissen et al. (20). The sample for small-angle
neutron scattering experiments contained 1.8 mg/mL complex
(26 µM) in 30 mM Tris-HCl (pH 7.6), 7.5 mM 2-(N-
morpholino)ethanesulfonic acid (MES), 1.82 M ammonium
sulfate, 10 mM MgCl2, 0.5 mM NaN3, 0.5 mM dithiothreitol
(DTT), and 0.2 mM GDPNP (final pH 6.8). Thus, the
solvent in this sample closely resembled the mother liquor
during crystal growth.
Small-Angle Neutron Scattering (SANS) Measurements.

SANS measurements were performed on the D11 camera
(21, 22) at the Institut Laue Langevin (Grenoble, France).
The momentum transfer range and resolution were adapted
to the molecular dimensions examined by varying the sample
to detector distance (S-D) and the neutron wavelengthλ.

Conditions were chosen withS-D ) 2.8 m,λ ) 1.0 nm,
and a momentum transfer range of 0.15e se 0.8 nm-1 [s
) 4π sin(θ)/λ]. 2θ is the scattering angle. (Note thats)
Q, the term that is conventionally used in SANS measure-
ments. This unified definition for scattering vector is used
throughout the text.) Samples were in quartz cuvettes of
0.100 cm path length (sample volume of about 150µL),
placed in an automatic sample changer whose temperature
was controlled by a thermostated water bath. Exposures
were quantified by a low-efficiency monitor in the incident
beam.
Isotropic scattering data from the 64× 64 cm2 pixel

detector were radially averaged and stored as neutron counts
per pixel as a function ofs for a given monitor count [I(s)].
They were put on an absolute scale by calibration against
the I(s) of 0.100 cm of H2O measured under identical
conditions described by Jacrot and Zaccai (23). After
subtraction of buffer scattering, theI(s) from a dilute,
monodisperse macromolecular solution can be interpreted
using the Guinier approximation (24):

Fitting a straight line to lnI(s) versuss2 determines the
parametersI(0) andRg2, whereRg is the radius of gyration
of contrast amplitude in the macromolecule. The molecular
weight of the macromolecular particle can be calculated from
I(0) and the sample concentration,c (23). The Guinier
approximation is strictly valid only for dilute solutions in
which interparticle effects can be neglected. However, these
effects may occur even in dilute solutions, e.g., for charged
macromolecules in low ionic strength solution. Therefore a
concentration series should be measured to obtain values of
I(0) andRg2 from extrapolations toc ) 0. When, as in the
present case, the sample contains a mixture of macromol-
ecules (e.g., EF-Tu and tRNA),I(0) andRg2 correspond to
weighted averages and can be interpreted in terms of
component values (25).
Small-Angle Solution X-ray Scattering (SAXS).Data were

collected on the X33 camera (26) of the European Molecular
Biology Laboratory (EMBL) in HASYLAB on the storage
ring DORIS of the Deutsches Elektronen Synchrotron
(DESY) in Hamburg. Scattering patterns at 5 and 37°C
were recorded using a standard data acquisition system (27,
28) with a multiwire proportional detector (29) covering the
range of momentum transfer 0.125e se 1.95 nm-1. Data
were collected in 10 time frames of 1 min each, and
comparison of the scattering data from different frames
indicated no radiation damage. Data in successive frames
were normalized to the intensity of the direct beam, corrected
for detector response, and averaged, and scattering from the
buffer was subtracted. The statistical errors were propagated
throughout this process using the program SAPOKO (Sver-
gun and Koch, unpublished results). Distance distributions,
radii of gyration (Rg), and forward scattering [I(0)] were
evaluated using the indirect transform package GNOM (30,
31).
EValuation of Solution Scattering Patterns.The atomic

models were taken from the Brookhaven Protein Data Bank,
entries 1EFT for the EF-Tu (32), 4TRA for the tRNA (33),
and 1TTT for their complex (14). The scattering amplitudes
and the solution scattering curves from the models of the

ln I(s) ) ln I(0) - 1/3Rg
2s2 (1)
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EF-Tu and the tRNA were calculated using the program
CRYSOL (34) as

Heres) (s, Ω) is the scattering vector [note thats) Q )
4π sin (θ) /λ here],Aa(s) is the scattering amplitude of the
particle in vacuo,As(s) and Ab(s) are, respectively, the
scattering amplitudes of the excluded volume and the
solvation shell, and〈 〉Ω stands for the average over all
particle orientations. The solvation shell is represented by
a hydration layer of 0.3 nm thickness with an adjustable
densityFb, which may differ from that of the bulk solvent
Fs, andδFb ) Fb - Fs. The spherical average in eq 2 is
facilitated by the use of the spherical harmonics expansion
over all non-hydrogen atoms; those having covalently bound
hydrogens in the polypeptide chain are replaced by the atomic
groups with corresponding scattering form factors. To
properly calculate the scattering from the hydrogens in the
tRNA model, a version of CRYSOL has been written
generating the atomic groups in the polynucleotide chain.
The program varies two parameters, the excluded volume
of the particle and the contrast of the hydration layerδFb,
to minimize the discrepancy between the experimental
[Iexp(sj)] and calculated [I(sj)] curves:

whereσ(sj) is the standard deviation onIexp(sj) andN is the
number of the experimental points.
The scattering intensity,I(s), from the EF-Tu‚tRNA

complex was evaluated from the scattering amplitudes of
both components computed by CRYSOL as

whereu is the vector between the centers of mass of the
EF-Tu and tRNA in the complex. The amplitudes of a
shifted particle required for the calculation of the cross-term
were obtained by using the multipole expansion method as
described by Svergun (35, 36).
Singular Value Decomposition of the X-ray Scattering

Data Matrix of the Titration Experiments.The scattering
of a multicomponent system is a linear combination of the
scattering from each of itsK components. It is, in principle,
possible to estimate the individual contribution from each
of the K scattering components to the total scattering by
applying factor analysis to the data set (37). However, such
estimates assume a normal distribution of errors and are in
practice unreliable due to systematic errors. Therefore, two
semiempirical methods (38, 39) were used. These methods
rely on singular value decomposition of theM × P data
matrix D, which hasM columns corresponding to the
scattering patterns sampled atP values of the scattering
vector:

The columns of the rectangularP × M matrixU are the
vectors of the matrixD‚DT, V is anM ×Mmatrix consisting
of the eigenvectors of the matrixDT‚D, W is the diagonal

matrix of the singular values wi, with i running from 1 to
M, which are the nonnegative square roots of the eigenvalues
of D‚DT or DT‚D arranged in descending order. Assuming
thatK < M < P and that there is no noise in the original
data, then the number of nonzero singular values of the data
matrix D (i.e. the rank ofD) is equal toK.
With noisy data, however,D has the full rankM. The

number of nonnoise components can then be estimated from
a plot of the magnitudes of the logarithms of the singular
values against their ordinal numbers as described by Guller
et al. (38). The ordinal number of the rightmost singular
value in the high slope region of such a plot (see Figure 7)
gives the number of components. This method is useful as
long as the noise level does not exceed about 3% and it was
the case. A second estimate ofK was based on an analysis
of the fluctuations in a plot of the columns of the singular
matrix U against the scattering vector (see Figure 7).
Singular vectors, where noise dominates, are characterized
by rapid fluctuations and are usually associated with small
singular values. Singular vectors arising from the actual
components are, in contrast, normally smooth. The number,
U, of singular vectors representing such smooth behavior
can be established using a nonparametric criterion for
randomness of fluctuations in vector data (40). This estimate
depends on the choice of significance level and may therefore
be subjective if there are systematic errors. In the case of
scattering data, which are sampled at an interval much
smaller than that corresponding to the inverse of the
maximum distance (Dmax) in the particles, the shapes of the
singular vectors provide a more objective estimate. In the
present case, the two estimates clearly indicated that the
numberK of components was three (K ) 3). Therefore,
the relative amounts of the different species in solution,
spanning the matrixC below, were known and the compo-
nent scattering curves could be found by least-squares
analysis from the following overdetermined (M > K) system
of linear equations:

whereC is anM × K matrix andY is theK × P row matrix
of the scattering of each of theK components. The condition
number cond(C) of the matrixC

wherewmax andwmin are the largest and smallest singular
values in the diagonal matrixW in eq 5 can be interpreted
as an upper limit of the magnification of the relative error
in the norm of the solution compared to the norm of the
relative error in the input data as described by Lawson and
Hanson (41), either in matrixC or in matrix D. A small
value of cond(C) guarantees a high stability of the numerical
solution. To solve eq 6 the singular value decomposition
of the concentration matrix was first computed as

and the resultant matrix of individual scattering curves of
the componentsY was obtained as

C‚Y ) D (6)

cond(C) ) wmax/wmin (7)

C ) U‚W‚VT (8)

Y ) V‚W-1‚UT‚D (9)

I(s) ) 〈|A(s)|2〉Ω ) 〈|Aa(s) - FsAs(s) + δFbAb(s)|2〉Ω (2)

x2 )
1

N- 1
∑
j)1

N [I(sj) - Iexp(sj)

σ(sj) ]2 (3)

I(s) ) IEfTu(s) + ItRNA(s) + 2 〈AEfTu(s) A*tRNA(s, u)〉Ω

(4)

D ) U‚W‚VT (5)
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The value of the residualR in the least-squares process
was computed as an average over the partial residuals

The sample number isi, dik is the experimental value of the
scattering in channelk for samplei, cij is the concentration
of the jth component for samplei, andyjk is the calculated
scattering from componentj in channelk.
A series of solutions of eq 6 was calculated and the final

solution was obtained by eliminating the two curves that had
the largest partial residuals and therefore were considered
to arise from mixing errors or background subtraction errors.
Since the errors in the matrixC in eq 8 were large, it was

not possible to estimate reliably the propagation of errors in
the scattering data. However, the small values of cond(C)
(between 8.5 and 13) suggest that the obtained solutions are
stable against experimental errors.
Nondenaturing PAGE.EF-Tu‚GTP‚Phe-tRNAPhecomplex

formation was analyzed by nondenaturing polyacrylamide
gel electrophoresis. The samples before and after the neutron
and X-ray scattering experiments were mixed with 0.1
volume of 50 % glycerol (containing traces of bromphenol
blue) and applied to 5% polyacrylamide gels (19:1). PAGE
was for 3 h at 4°C (40 mA, 100 V) with a circulating
electrophoresis buffer (10 mM MES, 10 mM magnesium
acetate, 65 mM ammonium acetate, 1 mM Na-EDTA, 1 mM
DTE, and 10µM GTP at pH 6.7). Protein bands were
visualized by staining with Coomassie brilliant blue.
Phe-tRNAPhe‚EF-Tu‚GDPNP Crystal Structure.The ter-

nary complex of yeast Phe-tRNAPhe, T. aquaticusEF-Tu,
and a nonhydrolyzable GTP analogue, GDPNP, was crystal-
lized at a concentration of approximately 10 mg/mL (140
µM) in 1.95 M ammonium sulfate, 10 mM MgCl2, 30 mM
Tris-HCl (pH 7.7), 7.5 mM MES, 0.5 mM DTT, 0.5 mM
NaN3, and 0.7 mM GDPNP (final pH 6.8) at 4°C by vapor
diffusion (20). The crystal structure was solved at 0.27 nm
resolution using X-ray diffraction data collected at 100 K
on a shock-frozen crystal (14). The structure (PDB entry
1TTT) consisting of three ternary complexes in the asym-
metric unit (14 523 non-hydrogen atoms) was refined ap-
plying noncrystallographic symmetry restraints and restrained
individual temperature factors, which led to a finalR-factor
of 21.7% and anRfree of 29.2% for the 2.50-0.27 nm data
(80 769 reflections total, 96% complete, 5% excluded for
Rfree). The solvent structure (approximately 65% of the
crystal) was not thoroughly investigated.
The structure revealed an elongated shape of the ternary

complex with a rather small interface between EF-Tu‚-
GDPNP and Phe-tRNA, located at the T-loop face of the
tRNA acceptor helix and at the nucleotide binding face of
EF-Tu‚GDPNP (Figure 10). The D-arm and the anticodon
arm extend from the complex. The overall dimensions are
11.5 nm by 6.4 nm by 4.0 nm. Almost all interactions
between EF-Tu and Phe-tRNA revealed from the crystal
structure represent highly conserved features of both mac-
romolecules with respect to sequence or structure.

RESULTS

Small-angle neutron and X-ray solution scattering were
used to determine the molar mass of the ternary complex

between EF-Tu, GTP, and aminoacyl-tRNA. Either EF-Tu‚-
GTP or Phe-tRNAPhewas titrated, while the other ligand was
kept constant to establish that at one point along the titration
curve all components were in complex and none free. At
this very point in a titration the molar mass of the complex
can be precisely estimated. Such titrations also reveal
whether the stoichiometry of the complex shifts, as one
moves from a situation with excess aminoacyl-tRNA to one
with excess EF-Tu‚GTP. Precise experiments require that
all EF-Tu is active in aminoacyl-tRNA binding and that most
tRNA is aminoacylated and competent in EF-Tu binding.

Nondenaturing PAGE ReVeals That All EF-Tu Is Com-
petent in Aminoacyl-tRNA Binding.The activity of EF-Tu
in forming a complex with Phe-tRNAPhe was studied by
nondenaturing PAGE. Phe-tRNAPhewas titrated from 0 to
20 µM with EF-Tu‚GTP constant at 10µM, and aliquots
were applied to the gel (Figure 1). The upper band with
free EF-Tu‚GTP disappears completely and all EF-Tu is
recovered in the lower band at sufficiently high concentra-
tions of aminoacyl-tRNA, showing that all EF-Tu is active
in ternary complex formation. The activity of EF-Tu in
ternary complex formation during scattering experiments was
tested by taking aliquots from the samples before and after
both the neutron and X-ray experiments. EF-Tu remained
active throughout all incubations and measurements under
the beam (see Figure 2 for neutron scattering).
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1

P
∑
k)1
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j)l

k
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FIGURE 1: Nondenaturing PAGE analysis for the activity of EF-
Tu used in the scattering experiments for tRNA binding. EF-Tu
was kept at 10µM and Phe-tRNAPhe was varied (from left to
right: 0, 0.9, 1.7, 2.3, 3.7, 4.6, 5.9, 6.7, 7.9, 8.7, 9.6, 12, and 15
µM, respectively). Complex formation and PAGE was as described
in Materials and Methods.

FIGURE 2: Nondenaturing PAGE analysis for ternary complex
formation for the samples after SANS measurements. (A) Samples
from EF-Tu titration: with 100µM Phe-tRNAPhe (lanes 1-9),
without tRNA (lane 10), or with 100µM tRNAPhe (lane 11). EF-
Tu was present at 53, 67, 80, 100, 133, 167, 200, 267, and 333
µM, respectively (lanes 1-9) and at 200µM (lanes 10 and 11).
(B) Samples from tRNA titration: EF-Tu was present at 120µM
in all samples in polymix buffer (lanes 1-7) or in polymix buffer
containing 70% D2O (lanes 8-14). Phe-tRNA was at 0, 25, 53,
76, 107, 168, and 231µM (lanes 1-7) and at 0, 22, 47, 69, 93,
138, and 194µM (lanes 8-14), respectively.
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Neutron Scattering: (A) E. coli EF-Tu‚GTP‚Phe-tRNAPhe
Complex. Extrapolation from Guinier plots (24) gave
estimates for the neutron forward scattering at zero angle,
I(0), at different concentrations of EF-Tu, and for different
EF-Tu‚tRNA mixtures (Figure 3). These data were normal-
ized to an absolute scale (23) and interpreted in terms of
free protein, free tRNA, and complex by using their
concentrations, their calculated neutron scattering amplitudes,
and solvent scattering density, as described in detail by
Dessen et al. (42).
The lowest two sets of points in each panel of Figure 3

illustrate howI(0) depends on EF-Tu concentration in the
absence of tRNA, at 6 and 37°C, respectively. The data
points fit reasonably well with the lines calculated for the
known molar mass of EF-Tu (43 150 g/mol) at 6 and 37°C,
respectively (23). The slope corresponding to the correct
molar mass indicates that there is no aggregation of EF-Tu
molecules at either temperature, despite the large concentra-
tions used in these experiments. On the other hand, the
points lying slightly below the line are consistent with either
an interparticle effect or an overestimate of EF-Tu concentra-
tion. The corresponding radii of gyration (Rg) were constant
at 2.5 nm, however, making the existence of interparticle
effects unlikely, in these conditions. At 37°C, the filled

squares in Figure 3B are for increasing EF-Tu concentrations
in the presence of nonacylated tRNAPhe. The calculated line
through these points, parallel to the line for free EF-Tu,
shows that there is no complex formation under these
conditions. The dissociation constant for the binding of EF-
Tu‚GTP and deacylated tRNAPhemust therefore be consider-
ably larger than 10-4 M.
TheI(0) values corresponding to titrations of Phe-tRNAPhe

(maintained at a constant concentration of 100µM) by EF-
Tu‚GTP from 0 to 330µM, at 6 and 37°C, are also shown
in Figure 3, panels A and B, respectively. At both temper-
aturesI(0) increases steeply upon addition of EF-Tu up to
about 100µM. Beyond this point both curves continue to
increase with a smaller slope corresponding to free EF-Tu.
The intercepts at the ordinate give theI(0) value of free
aminoacyl-tRNA, from which the correct molar mass of
about 25 000 g/mol was estimated (23, 42). The steep, initial
slopes of the data points fit with the lines calculated for
increasing concentrations of 1:1 ternary complex with no
free protein [the ratio ofI(0) for 1:1 complex toI(0) for free

FIGURE 3: (A) SANS measurements at 6°C at constant concentra-
tion of Phe-tRNAPhe(100µM) with varying EF-Tu concentration.
I(0) is plotted as a function of EF-Tu in the absence of tRNA ([)
or with 100µM Phe-tRNAPhe(~). (B) As in panel A but at 37°C.
I(0) is plotted as a function of EF-Tu in the absence of tRNA ([),
with 100µM of tRNAPhe(≤), and with 100µM Phe-tRNAPhe(~).

FIGURE 4: I(0) from SANS measurements at constant EF-Tu
concentration (120µM) with varying Phe-tRNAPheconcentrations
in polymix buffer containing 70% D2O at 37°C. In this buffer the
tRNA contrast is negligible and theI(0) essentially corresponds to
the protein scattering only.

FIGURE 5: Guinier plot of the SANS measurement of the yeast/T.
aquaticusPhe-tRNA‚EF-Tu‚GDPNP ternary complex in solvent
conditions similar to the mother liquor of crystal growth. Complex
concentration was 1.8 mg/mL. The fit is for 0.6< sRg < 1.4.
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Phe-tRNAPhe was calculated from their neutron scattering
amplitudes to be 5.7]. PAGE analysis of these samples also
confirmed that there was no free EF-Tu‚GTP in this region
of the titrations (see Figure 2A). From theI(0) values for
free EF-Tu and aminoacyl-tRNA and their dependence on
the relative concentrations in the mixture, it was concluded,
therefore, that the ternary complex between EF-Tu‚GTP and
aminoacyl-tRNA has 1:1 stoichiometry at both temperatures.
In the titrations shown in Figure 3, the slopes ofI(0) and

the ratios ofI(0) at 100µM EF-Tu to I(0) for free tRNA
correspond, within the errors, to that expected for a 1:1
stoichiometry between Phe-tRNAPheand EF-Tu‚GTP. The
absoluteI(0) values at 100µM EF-Tu, however, are lower
than the calculated ones for the 1:1 complex. This may also
be due to a systematic overestimate of the EF-Tu concentra-
tion and interparticle effects due to the charge on the
complex. It should be noted that, because of the errors, the
data points could be fitted equally well with a breakpoint at
an apparent EF-Tu concentration between 100 and 140µM.
This uncertainty does not weaken the conclusion concerning
the 1:1 complex.
The hypothesis of the extended ternary complex (5)

predicted that titration with an aminoacyl-tRNA from zero
to high concentrations in the presence of EF-Tu‚GTP should
lead to the formation of a complex between 2 molecules of
EF-Tu and 1 aminoacyl-tRNA. The most sensitive neutron
scattering assay to test this hypothesis is to use a buffer
containing 70% D2O. Under such conditions, tRNA is
contrast-matched and its scattering at small angles vanishes
(42). If extended ternary complex were formed, one would
expect a 2-fold increase inI(0) as aminoacyl-tRNA is titrated
from zero concentration to excess over EF-Tu. The cause
of such an increase inI(0) would be the putative pairing of
2 EF-Tu molecules bound to 1 aminoacyl-tRNA molecule
at a molar ratio tRNA:EF-Tu close to 0.5. For a ternary
complex with the classical 1:1 stoichiometry between EF-
Tu and aminoacyl-tRNA, the scattering intensityI(0) would
remain constant. TheI(0) values measured in 70% D2O
buffer, as the concentration of aminoacyl-tRNA increased
for a molar ratio with EF-Tu from 0 to 1.7 is plotted in Figure
4. They are virtually constant with Phe-tRNAPheconcentra-
tion, showing that any complex formed in this range contains
only one EF-Tu molecule.

(B) Yeast/T. aquaticus Hybrid Complex.SANS data on
the yeast/T. aquaticusPhe-tRNA‚EF-Tu‚GDPNP complex
at 1.8 mg/mL were collected at 5°C. In these conditions,
interparticle effects are negliglible. The Guinier plot, shown
in Figure 5, yields anRg of 3.3 (( 0.1) nm using the 0.6<
sRg < 1.4 range, which is in good agreement with theRg
calculated from the crystal structure (14) and with theRg
determined from theE. coliPhe-tRNAPhe‚EF-Tu‚GTP ternary
complex in polymix buffer. On an absolute scale, the value
of the forward scattered intensity was in full agreement with
the scattering mass of the 1:1 EF-Tu‚tRNA complex.

FIGURE 6: SAXS measurements at constant Phe-tRNAPhe with
varying EF-Tu concentrations at 5°C (closed symbols) and at 37
°C (open symbols).I(0) is plotted as a function of EF-Tu in the
absence (], [) and presence (~, ≤) of 100µM Phe-tRNAPhe.

FIGURE 7: Singular value decomposition of the X-ray titration
experiments. Left panel: Logarithm of the magnitude of the singular
values (wi) of the scattering intensity matrixD in the titration
experiments at 5°C (trace a) and 37°C (trace b) is plotted against
their ordinal values. The vertical arrow indicates the number of
linearly independent scattering components. Right panel: Intensity
on an arbitrary scale of the first six singular vectors arranged in
descending order of their singular values. Vectors 1-3 correspond
to the scattering from the components, whereas vectors 4-6
represent mainly noise.

FIGURE 8: Change inRg as the complex is formed between EF-
Tu‚GTP and Phe-tRNAPhe. SAXS measurements were performed
at 37°C (open symbols) and at 5°C (closed symbols) at varying
EF-Tu concentrations in the presence (~, ≤) and absence (], [)
of 100µM Phe-tRNAPhe.

Table 1: Structural Parameters of EF-Tu, tRNA, and the Complex
in Solution

sample Rg exp, nm Rg calc (nm) ∆F (e/nm3) ø

EF-Tu 2.48( 0.03 2.36 80 1.04
tRNA 2.28( 0.02 2.26 30 0.86
complex 2.96( 0.03 3.04 80/30 0.76
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Furthermore, these results show no evidence of trimeric
assemblies in the solution, as was previously suggested to
be involved in the growth of the Phe-tRNA‚EF-Tu‚GDPNP
crystals (14). It may be recalled that the solvent used in
these experiments was very close in composition to the
mother liquor in the crystals.
Small-Angle X-ray Scattering.Titrations, similar to those

performed for neutron scattering, were also analyzed by
small-angle solution X-ray scattering (SAXS) at 5 and at 37
°C. Here, shorter measurement times allowed an analysis
of full titrations of EF-Tu, aminoacyl-tRNA, and ternary
complex at both low and high temperatures (Figure 6).
The molecular masses calculated from the forward scat-

tering by reference to a solution of 10 mg/mL bovine serum
albumin (BSA) were 25( 3 kDa for tRNA, 45( 5 kDa for
EF-Tu, and 67( 5 kDa for the ternary complex. As a further
check of consistency, the complete data set corresponding
to the titrations was analyzed by singular value decomposi-
tion (Materials and Methods). This analysis (Figure 7)
indicates that the system can be fully described with three
components corresponding to tRNA, EF-Tu, and ternary
complex and excludes the presence of significant amounts
of other complexes. This conclusion is also corroborated
by the close correspondence between scattering patterns
obtained from tRNA or EF-Tu alone and those obtained from
component analysis of the composite mixtures.

The results confirm that there is a 1:1 stoichiometry
between EF-Tu and Phe-tRNAPhe, as determined both from
molecular weight estimates and from the breakpoints in the
titration curves (Figure 6). There is a small, but significant,
increase inRg when the temperature is switched from 37 to
5 °C (Figure 8).
The high brilliance of synchrotron radiation allows a more

detailed study of the scattering patterns. Although solution
X-ray scattering cannot be used to determine the three-
dimensional structure of a macromolecule at high resolution,
the method is ideally suited to test models obtained from,
e.g., crystal structures. In Figure 9, the experimental
scattering intensities from the EF-Tu‚GTP‚Phe-tRNAPhe
complex as well as from free EF-Tu‚GTP and free Phe-
tRNAPhe are compared with those calculated from their
respective crystal structures (14, 32, 33). The structural
parameters are summarized in Table 1.
The scattering curve from the complex can be well fitted

using the scattering amplitudes of its components, each with
its contrast in the solvation shell as required for the best
CRYSOL fits. This demonstrates that the crystal structure
of the ternary complex obtained withT. aquaticusEF-Tu,
Phe tRNAPhe from yeast, and a GTP analogue (14, Figure

FIGURE 9: Comparisons of the experimental SAXS scattering
patterns with those calculated from crystal structures. Experimental
data for EF-Tu‚GTP (1), Phe-tRNAPhe (2), and their complex (3)
at 5 °C are plotted as dots with error bars. Calculated curves are
drawn in full lines, respectively, for EF-Tu‚GTP fromT. aquaticus
(32), for tRNAPhe from S. cereVisiae (33) and for the ternary
complex between EF-Tu fromT. aquaticus, Phe-tRNAPhe from S.
cereVisiae, and GDPNP (14).

FIGURE10: Ternary complex crystal structure of yeast Phe-tRNAPhe

andT. aquaticusEF-Tu‚GDPNP (PDB entry code 1TTT). EF-Tu
is shown as a structural cartoon and Phe-tRNA as a P-trace with
thin bars representing base pairs. The aminoacyl group and the
GDPNP cofactor are indicated in ball-and-stick representation, and
the Mg2+ ion bound together with the cofactor is indicated by the
ionic sphere. The figure was produced with Molscript (46).
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10) is practically identical with the solution structure of the
ternary complex obtained under optimal buffer conditions
(15) with native GTP and with both EF-Tu and Phe-tRNAPhe

from E. coli.
The scattering data from the Phe-tRNAPheare also neatly

fitted by the calculated curve and the contrast in the solvation
shell corresponds to a density of 1.09 g/cm3 in this shell
(the electron density of water is 334 e/nm3), which correlates
well with the results obtained earlier for a number of
macromolecules (34, 43). This suggests that the crystal and
solution structures of the tRNA are the same.
For EF-Tu‚GTP, a very high contrast in the solvation shell

(corresponding to a density of 1.24 g/cm3) was required to
fit the data, and the fit was still not as good as for tRNA.
Comparison of the profiles of the calculated and experimental
curves indicate that the particle in the crystal is more compact
than in solution. This suggests that EF-Tu‚GTP in solution
adopts a more open conformation and that its interaction with
aminoacyl-tRNA stabilizes a more compact conformation
common to both the solution and the crystal.

DISCUSSION

The physicochemical measurements presented above clearly
indicate that EF-Tu‚GTP indeed forms a 1:1 complex with
aminoacyl-tRNA. They also demonstrate that the crystal
structure, obtained with Phe-tRNAPhefrom yeast, a thermo-
phile EF-Tu, and a GTP analogue instead of GTP (14), is
remarkably close to the solution structure of the ternary
complex obtained withE. coli components and native GTP
(see Figure 9). Furthermore, the suggestion that the trimeric
assembly observed in the asymmetric unit of the crystal
structure could be a physiological form of the ternary
complex (14) can now be rejected, since trimers were not
observed at conditions closely resembling the mother liquor
of the crystal growth (Figure 5).
The primary aim of the present study was to critically

examine the putative existence of an extended ternary
complex, consisting of 2 EF-Tu‚GTPs and 1 aminoacyl-
tRNA (5). This hypothesis was based on biochemical
evidence obtained in deacylation protection assays (5, 6). It
was used to rationalize the parallel, independent observations
that there seem to be 2 GTPs hydrolyzed on EF-Tu/peptide
bond in poly(U) translation (3, 5, 10, 44). The present
neutron and X-ray scattering experiments give direct infor-
mation about the molecular weight of the ternary complex
and are therefore more powerful for stoichiometry estimates
than previous techniques that only rely on careful titrations
but do not provide structural information. The present data
were obtained under buffer conditions identical with those
where a 2:1 stoichiometry of GTP hydrolysis on EF-Tu/
peptide bond was observed (3, 5). Given the present
evidence, it is concluded that the earlier hypothesis that
aminoacyl-tRNA enters the ribosome in an extended ternary
complex should be discarded.
The present experiments were done at both 5 and 37°C

and cover a broad range of concentrations of both EF-Tu
and aminoacyl-tRNA. Despite this, there is no tendency for
1 tRNA to bind 2 molecules of EF-Tu, even when EF-Tu is
in large excess or when the temperature is shifted from low
to high values. This also rules out another suggestion, based
on gel-filtration experiments (12), that an extended ternary

complex forms when EF-Tu is in excess over aminoacyl-
tRNA but otherwise not. The data also contradict a previous
model suggesting that stoichiometry depends on temperature
(13). There is presently no clear explanation why the
interpretations of these biochemical results are in such direct
disagreement with the findings presented here. One pos-
sibility is that the small but significant change in the radius
of gyration of the ternary complex by temperature as
observed here (see Figures 3 and 6) reflects a subtle structural
change that may account for a temperature dependence of
the RNase A protection pattern.
With the extended ternary complex ruled out, a new

explanation must be sought for how 2 GTPs are hydrolyzed
on EF-Tu for every peptide bond (5, 10) or conditionally
depending on the mRNA context (12). A plausible mech-
anism would involve a handshaking between two EF-Tus
on the ribosome, and this raises intriguing questions concern-
ing how 2 EF-Tus or 2 ternary complexes may interact.
Indirect support for such interactions between EF-Tu mol-
ecules comes from in vivo observations of synergistic
interactions between EF-Tus from mutated genes (45).
However, it may also be necessary at this point to critically
reinspect these previous observations, to establish if they hide
an artifact despite the impressive number of reports that
support the notion of 2 GTPs hydrolyzed/peptide bond in
EF-Tu function (3, 5, 10-12, 44).
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