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Toward a Model for the Interaction Between 
Elongation Factor Tu and the Ribosome 

Albert Weijland and Andrea Parmeggiani 
In the elongation cycle of bacterial protein synthesis the interaction between elongation factor- 
Tu (EF-Tu).guanosine triphosphate (GTP), aminoacyl-transfer RNA (aa-tRNA), and messen- 
ger RNA-programmed ribosomes is associated with the hydrolysis of GTP. This interaction 
determines the selection of the proper aa-tRNA for incorporation into the polypeptide. In the 
canonical scheme, one molecule of GTP is hydrolyzed in the EF-Tu-dependent binding of 
aa-tRNA to the ribosome, and a second molecule is hydrolyzed in the elongation factor-G 
(EF-G)-mediated translocation of the polypeptide from the ribosomal A site to the P site. 
Substitution of Asp138 with Asn in EF-TU changed the substrate specificity from GTP to 
xanthosine triphosphate and demonstrated that the EF-Tu-mediated reactions involved the 
hydrolysis of two nucleotide triphosphates for each Phe incorporated. This stoichiometry of two 
is associated with the binding of the correct aa-tRNA to the ribosome. 

Elongation factor-Tu (EF-Tu) of Escherich- phate (GTP) hydrolysis and peptide bond 
ia coli is a guanine nucleotide-binding pro- formation has been investigated repeatedly, 
tein that functions as the carrier of ami- but despite these efforts no conclusive re- 
noacyl-tRNA (aa-tRNA) to the ribosome sults have been obtained ( 2 4 ) .  A stoichi- 
in protein synthesis (1). In the past 25 years ometry of two GTP molecules hydrolyzed 
the stoichiometry of guanosine triphos- was derived from the evidence that EF-Tu - 

SDI no 61840 du Centre National de la Recherche 
and elongation factor-G (EF-G) each bind 

Scientifique, Laboratoire de Blochimie, Ecole Poly- One of GTP and that EF-Tu, 
technique, F-91128 Palaiseau Cedex, France. GTP, and aa-tRNA form a trimeric com- 

plex. One of the GTP molecules hydrolyzed 
was associated with the EF-Tu-dependent 
binding of aa-tRNA to the ribosome prior 
to peptide bond formation, the other with 
the EF-G-mediated translocation of the 
polypeptide chain from the ribosomal A site 
to the P site, which occurs after the incor- 
poration of a new amino acid residue. High- 
er stoichiometries obtained from a com- 
plete translation system were attributed to 
guanosine triphosphatase (GTPase) activi- 
ties uncoupled from protein biosynthesis 
(4). Recently, Ehrenberg et al. (5) re- 
opened this problem by proposing on the 
basis of kinetic studies that two molecules 
of GTP are hydrolyzed by EF-Tu for each 
phenylalanine incorporated. Accordingly, 
the carrier of aa-tRNA to the ribosomes 
would not be a trimeric complex but a 
pentameric complex containing two EF-Tu 
molecules. Intermolecular interactions of 
EF-Tu had already been suggested on the 
basis of genetic (6) and biochemical evi- 
dence (7), but only for a combination of 
two EF-Tu mutants. The proposed pen- 
tameric model remains controversial. Bio- 
chemical and physical-chemical experi- 
ments have recently supported the exis- 
tence of a trimeric complex (8). 

In order to assess in the complete elon- 
gation cycle the precise stoichiometry of 
the EF-Tuaaa-tRNA.ribosome interaction, 
we selected a method that avoids some of 
the inherent difficulties-that both elonga- 
tion factors are GTPases, that the EF-G 
GTPase activity is stimulated by ribosomes 
in the absence of protein synthesis, and 
that even highly purified ribosomal prepa- 
rations include nonspecific nucleotidases. 
Protein synthesis is complex even in a 
simplified in vitro system, and determina- 
tion of stoichiometry requires correction 
factors that are difficult to measure accu- 
rately. Therefore, we distinguished EF-Tu- 
dependent GTP hydrolysis from EF-G and 
other ribosomal GTPases with a mutant 
EF-Tu in which substitution of Asp138 with 
Asn (EF-Tu D138N) changed the substrate 
specificity from GTP to xanthosine triphos- 
phate (XTP). This change was predicted 
from the three-dimensional model of EF-Tu 
(or the related model of H- as p21) in 
which Asp'38 (or Asp119 in pzlrinteracts 
with the exocyclic 2-amino group of the 
purine ring of GTP (9). Hwang and Miller, 
using a maxi-cell system have reported that 
EF-Tu D138N forms a stable complex with 
XTP, aa-tRNA, and ribosomes (10). Be- 
cause maxicells yield only small amounts of 
EF-Tu D138N and these are contaminated 
by the wild-type elongation factor, we con- 
structed and expressed the plasmid-borne 
EF-Tu D138N in E. coli and purified the 
protein product to homogeneity, complete- 
ly free from EF-Tu wild type (I I). 

In the presence of XTP purified EF-Tu 
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D138N had the same kinetics (Fig. 1A) and 
accuracy in polyphenylalanine synthesis as 
did EF-Tu wild type in the presence of 
GTP, and the affinities of the mutant for 
XTP and XDP were the same as that of 
EF-Tu wild type for GTP and GDP. Like 
the intrinsic GTPase activity of the wild- 
type factor, the intrinsic xanthosine tri- 
phosphatase (XTPase) activity of EF-Tu 
D138N was extremely low. The specificity 
of EF-Tu D138N for XTP was high, and 
thus its elongation activity was dependent 
on XTP, even if GTP (needed for EF-G 
activity) and adenosine triphosphate (ATP; 

for phenylalanyl-tRNA synthetase activ~ty) 
were present. Moreover, XTPase activity 
appeared to be absent in the complete 
system lacking EF-Tu D138N, whereas 
there was considerable GTPase activitv that 
was attributable to uncoupled EF-G-depen- 
dent activity (Fig. 1B). 

The kinetic study of polyphenylalanine 
synthesis and of the associated hydrolysis 
of [y-32P]XTP demonstrated unequivocal- 
ly that two molecules of XTP were hydro- 
lyzed for each phenylalanine incorporated 
(Fig. 2). The stoichiometry was not 
changed by varying the concentration of 

Fig. 1. Properties of the EF-Tu D138NIXTP sys- A 
tem: dependence on XTP of polyphenylalanine 80 - 
synthesis with EF-Tu D138N (A) and absence of 
nonspecific XTPases in the complete system 60_ 
lacking EF-Tu D138N (B). (A) The reaction mix- - = 
ture (400 pI) contained standard buffer [50 mM ' 3 ' 

tris-HCI (pH 7.6), 70 mM NH,CI, 7 mM MgCI,, 7 2 e 4 0 -  

mM 2-mercaptoethanol], 0.025 pM EF-TU D138N '' 
(solid symbols) or EF-TU wild type (open sym- 1 
bols), with 100 pM XTP (squares) or without XTP 'z 
(c~rcles), 1 mM ATP, 100 pM GTP, 0.2 pM EF-G, 
0 1 pM EF-Ts, 130 pg  of poIy(U), 0.5 pM ribo- 
somes, 6 pM [14C]phenylalanine (0.05 Ci/mmol), 0 10  2 0 3 0 40 

Time (min) 
4 pM tRNAPhe, and 0.015 pM purified phenylala- 
nyl-tRNA synthetase. The reaction was incubated 
at 30°C and initiated with Phe-tRNAPhee. Samples 
(50 pl) were withdrawn and the polyphenylala- 80 
nine synthesized was measured by the trichloro- '% 

acet~c acid method (1 1). Blanks obtained with the H 
complete system minus EF-TU D138N were per- 60 

formed for each po~nt. The values subtracted % 
were 4 to 5 pmol of polyphenylalanine synthe- ' 
s~zed for each pmol of EF-Tu. In (B) the polyphe- - 
nylalanine reaction mixture lacking EF-TU was the .E 
same as ~n (A) and also contained 50 pM 20-  _ 
I Y - ~ T ~ G T P  10.15 C~lmmol) or I Y - ~ ~ P ~ X T P  10.1 CI/ Q . , - 
irnolj. samples (50 PI) were withdrawn, and the $-  a .:. , A 
32P, liberated from GTP (A) or XTP (A) at 30°C o 2 0 40 6 0 
was measured (12). Blanks were measured in the Time (minl . . 
absence of EF-G and ribosomes. The values 
subtracted were 6 to 8 pmol of 3TP In the XTP reactions and 13 to 18 pmol In the GTP reactions The 
tRNAPhe was 60 to 70% pure Highly purified NH4CI-washed ribosomes, EF-Tu, EF-Ts, EF-G, and 
phenylalanyl-tRNA synthetase were prepared as described (18). 

Fig. 2. Sto~chiometry of XTP hydrolysis and pep- 5 5 
tide bond formation. The mRNA-programmed 160 m 5 
ribosomes carrying peptidyl-tRNA in the P site I6O 

were prepared by first incubating for 40 min at ; + 120 120 = 
0°C 120 pmol of ribosomes in 120 pI of standard y . ii g n 
buffer with 70 pg  of poly(U) and 140 pmol of g p 60 80 3 < 
N-acetylphe-tRNAPhe. The reaction (30 pl) was ;;i 2 E 
then incubated at 30°C and was started by the 8.E 40 40 9 %  
add~tion of an equal volume of a mixture contain- * C 

ing 2 mM ATP, 200 pM GTP, 0.05 pM EF-Ts, 16 .: 0 
pM [y-32P]XTP (0.3 C~lrnmol), 0.01 pM EF-TU O 40 80 120 

Time (s) 
O & 

D138N, 5 pM tRNAPhe, 8 pM [3H]phenylalanine 
(0.4 Ci/mmol), and 0.015 pM purified phenylalanyl-tRNA synthetase and 0.1 pM EF-G. Samples (7 
pI) were removed at intervals. A sample lacking EF-Tu D138N was used as control. The subtracted 
values were 20, 22, 23, and 25 pmol of 3Tp, and 2.6, 1.7, 3 0, and 1 9 pmol of phenylalanine 
incorporated for each pmol of mutant EF-Tu, respectively. A second control consisting of the 
complete system minus phenylalanyl-tRNA synthetase and ATP was used to test the extent of the 
intrinsic XTPase act~vity, which was neglig~ble. Phenylalanine incorporation (W) and 3FP lhberated 
(A) were measured by the TCA and charcoal methods, respect~vely (13). Inset is the ratio (A) of 
XTP consumption to phenylalanine ~ncorporation. 

XTP (2.02 * 0.04; n = 16) (Fig. 3A) or 
EF-Tu (2.06 k 0.04; n = 9) (Fig. 3B). We 
also tested the effect of magnesium, which 
can influence elongation rate, accuracy, 
and uncoupled GTPase in protein synthe- 
sis (4, 12) ;  no variation of the stoichiom- 
etry was obtained in the range for optimal 
polyphenylalanine synthesis (5 to 10 mM 
MgC1,). The average length of the poly- 
peptide chains in these experiments was at 
least 20 amino acid residues because this 
length was needed for a precise analysis of 
the stoichiometries under different condi- 
tions (13). Two XTP molecules were hy- 
drolyzed by EF-Tu for each Phe-tRNAPh' 
bound to the poly(U) .ribosome complex 
in the absence of EF-G whether the ribo- 
somal P site was occupied by tRNAPh' 
(Table 1) or by N-acetylPhe-tRNAPh'; in 
the former instance no peptide bond for- 
mation occurred: 

Because EF-G had been determined to 

Fig. 3. Ratlo (A) of XTP hydrolys~s to pept~de 
bond formation as a funct~on of XTP (A) and 
EF-Tu D138N (B) concentration (A) The reac- 
t~on m~xture was the same as In Flg 1A except 
that 0 01 pM EF-TU D138N 6 pM [3H]phenyl- 
alan~ne (0 45 C~lmmol) and 5 pM [Y-~~P]XTP 
(0 3 C~lmmol) were used (B) The react~on mix- 

ture was the same as In F I ~  2 w~th poly(U) 
programmed r~bosomes carrylng N-acetylphe- 
tRNAPhe ~n the P s~te The sto~ch~ometry at 30°C 
was determ~ned over a per~od of 25 mln (A) or 
2 mln (B) Polyphenylalan~ne synthes~s was 
measured by n~trocellulose b ~ n d ~ n g  and 
[y-32P]XTP hydrolys~s was measured by the 
charcoal method (13) The blank values sub- 
tracted were In the same range as those for the 
exper~ments In Flg 2 
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hydrolyze one molecule of GTP for each 
polypeptidyl-tRNA translocated (3, 14), 
these results imply that the total number of 
nucleotide triphosphates hydrolyzed by EF- 
Tu and EF-G should be three for each 
elongation cycle. Accordingly, at magne- 
sium concentrations of 5 to 9 mM, when 
the uncoupled EF-G GTPase activity is low 
(4), one molecule of GTP and two mole- 
cules of XTP were hydrolyzed with the 
EF-Tu D138N-XTP system for each phen- 
ylalanine incorporated into the polypeptide 
(Fig. 4). At magnesium concentrations 
higher than 9 mM the uncoupled GTP 
hydrolysis of EF-G predominated. 

The first point to consider is why EF- 
Tu-dependent aa-tRNA interaction with 
the ribosome requires the hydrolysis of two 
nucleotide triphosphate molecules. The 
constant stoichiometry of 2 (Figs. 2 and 3) 
makes a futile reaction improbable. Because 
both hydrolyses are associated with binding 
of aa-tRNA to the ribosome, we propose 
that they contribute to the selection of the 
correct aa-tRNA. At low XTP concentra- 
tions, which limited the regeneration of the 
complex between EF-Tu and aa-tRNA, the 
amount of XTP hydrolyzed and aa-tRNA 
bound to the ribosome increased from Leu- 

tRNAZLeu (containing the anticodon 
GAG) to L ~ u - ~ R N A ~ ~ ' "  (NAA) and Phe- 
tRNAPhe (GAA) , while the corresponding 
stoichiometry decreased from 7 to 5 to 2, 
respectively (Table 1). Thus in the pres- 
ence of aa-tRNAs whose anticodons bound 
with different affinities to the poly (U) tem- 
plate ( 1 3 ,  the ratio of XTP hydrolysis to 
aa-tRNA bound to ribosome changed as 
expected for a proofreading mechanism 
(1 6). The possibility that the two GTPase 
reactions take place sequentially would al- 
low the ribosome to build up a higher level 
of accuracy, according to the model pro- 
posed by Hopfield and Ninio (1 7). 

The second point to consider is how to 
reconcile a stoichiometry of two GTP mol- 
ecules hydrolyzed by EF-Tu for each peptide 
bond formed with the experiments support- 
ing a trimeric complex as the carrier of 
aa-tRNA to the ribosome (8). Even though 
our results are compatible with the partici- 
pation of two EF-Tu and two GTP mole- 
cules in a pentameric complex with aa- 
tRNA, as suggested by Ehrenberg et al. (5), 
the mechanism of how two EF-Tu mole- 
cules can interact with the ribosome during 
the elongation cycle is still not known 
precisely. It is possible that only one EF- 

Table 1. Stoichiometry of XTP hydrolysis and EF-TU D138N-dependent binding of cognate and 
noncognate aa-tRNAs to the ribosomal A site of poly(U)-programmed ribosomes. The final reaction 
mixture was prepared by adding poly(U)-programmed ribosomes [I00 pI of standard buffer 
containing 25 pmol of ribosomes, 14 p g  of poly(U), and 60 pmol of tRNAPhe to occupy the ribosomal 
P site] to the complex formed between EF-Tu and aa-tRNAs [50 pI of standard buffer containing 4 
pmol of [r-32P]XTP (0.32 Cilmmol), 5 pmol of EF-TU D138N, 5 pmol of EF-Ts, 5 pmol of aa-tRNA: 
[3H]Phe-tRNAPhe (0.32 Cilmmol), [3H]Leu-tRNA2Leu (1 Cilmmol), or [3H]Leu-tRNA4LeU (1 Cilmmol)] 
After 3 min at 30°C, two 50 pI-samples were withdrawn. The first was pipetted onto a nitrocellulose 
filter to determine the amount of tritiated phenylalanine or leucine bound to ribosomes, and the 
second was used to measure the amount of 32P, liberated (13). In all experiments controls in the 
absence of EF-TU D138N were performed; the blank values subtracted are indicated in parenthe- 
ses. The tRNAZLeU and tRNA4Leu were obtained from Subriden RNA (Rolling Bay, Washington). 
Values are mean * SEM (n = 4). 

Fig. 4. Stoichiometry of XTP or GTP hydrolysis 
and polyphenylalanine synthesis with EF-Tu 

6: D138N as a function of MgCI, concentration. For 
each MgCI, concentration the reaction mixture 
(28 p1) was the same as in Fig. 1 except for 0.01 % : 
pM EF-G, 4 pM XTP, and 20 pM [y-32P]GTP (0.3 4 .  

0 Cilmmol) (open symbols) or 0.01 pM EF-G, 4 pM -- - 
[y-32P]XTP (0.3 Cilmmol), and 20 pM GTP (solid 2 ' 

symbols). The reaction was initiated with Phe- 2: 
tRNAPhe at 30°C. After a 20-min incubation two 
13-p1 samples were withdrawn to determine 
phenylalanine incorporation by nitrocellulose 0 

aa-tRNA bound 
(pmol) 

A 
a 

b A& 
Y 

. , , , ,  

XTP hydrolyzed 
(pmol) 

binding and 32P, liberated by the charcoal meth- 4 6 8 10 

od (13); Blanks were measured for the complete MgC12 (mM) 
system in the absence of EF-G (open symbols) 
or in the absence of EF-TU (solid symbols) at each point. The blank values subtracted were in the 
same range of those for the experiments in Fig. 2. 

TuaGTP is part of a stable complex with 
aa-tRNA and that it may interact weakly 
with a second EF-Tu-GTP that is also in 
contact with the ribosome. The hydrolysis 
of the first GTP that occurs on codon- 
anticodon interaction would induce a con- 
formational change of the ribosome that 
would trigger the GTPase activity of the 
second EF-Tu. In conclusion, the results 
obtained with the EF-Tu D138N-XTP sys- 
tem provide experimental evidence that the 
mechanism of EF-Tu-mediated amino acid 
incorporation is controlled by two high- 
energy driven steps that involve the partic- 
ipation of two EF-Tu molecules in the 
selection of the correct aa-tRNA. 
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Inhibition of Rev-Mediated HIV- 1 Expression by an 
RNA Binding Protein Encoded by the 

Interferon-Inducible 9-27 Gene 

Pantelis Constantoulakis, Mel Campbell, Barbara K. Felber, 
Georgios Nasioulas, Elena Afonina, George N. Pavlakis* 

Interferon inhibits expression of human immunoileficiency virus type-1 (HIV-1) through 
unknown mechanisms. A gene inducible by interferon-a (IFN-a) and interferon-7 (IFN-7) 
was isolated by screening of a human complementary DNA library for proteins binding to 
the Rev-responsive element (RRE) of HIV-1. The product of this gene, RBP9-27, was 
shown to bind RNA in vitro and to inhibit HIV-1 expression after transfection into human 
cells. RBP9-27 primarily inhibited Rev-dependent posttranscriptional steps of viral gene 
expression. Thus, RBP9-27 is a cellular factor that antagonizes Rev function. These results 
suggest an interferon-induced antiviral mechanism operating through the induction of RNA 
binding proteins such as RBP9-27. Elucidation of RBP9-27 function may lead to a better 
understanding of the mechanism of interferon action during HIV-1 infection. 

Interferons induce a large number of genes 
in either a direct or an indirect fashion (1, 
2). The  products of these genes either singly 
or coordinately mediate the antiviral, 
growth inhibitory, or immunoregulatory ac- 
tivities of interferons. The antiviral effects of 
interferons against HIV-1 are well estab- 
lished (3). Variable amounts of interferon 
production have been reported in  HIV-in- 
fected individuals (4, 5). Clinical trials of 
interferon in acquired immunodeficiency 
syndrome (AIDS) patients are being con- 
ducted on the basis of the inhibitory effects 

of interferon in tissue culture (6). Further 
understanding of the mechanisms of inter- 
feron-mediated HIV-1 inhibition may lead 
to the optimization of the antiviral effects of 
interferon. 

During a screening for cellular proteins 
that bind to the RRE of HIV-1, we identified 
an RNA binding protein that inhibits HIV-1 
expression. RRE is the site of interaction of 
the HIV-1 protein Rev with the viral 
mRNA (7). RRE is composed of approxi- 
mately 210 nucleotides, is located in  the enu 
coding region of HIV-1, and displays a com- 
plex structure important for Rev binding and - 
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RBP9-27 protein 
40 

V LGAPPSTILP R S N I N I t l S E  TSVPDHVVWS 

80 
LFNTLFLNWC CLGFIAFAYS VKSRDRKMVG DVTGAQAYAS 

125 
TAKCLNIWAL I L G I L M T I G F  ILSLVFGSVT VYHIMLQI IQ EKRGY 

GST-RBP9-27 hybrid protein 

GST--CTG GTT CCG CGT GGA TCC CCG GGC CAG AAG ATG--RBW27 
l e u  v a l  DPO a roTa lv  ser p r o  g l y  g l n  l y s  met 

Thrombin cleavage s i t e  

Fig. 1. Amino acid sequences (27) of RBP9-27 
and of the GST-RBP9-27 recombinant proteln 
expressed in bacteria The first 28 amino acids 
of RBP9-27 (underlined) are missing from the 
p-gal-RBP9-27 hybrid protein produced In h 
clone 11 The sequence of the insert in clone 11 
begins with SerZ9 and consists of the 97 COOH- 
terminal amino ac~ds of the RBP9-27 protein. 
For bacterial expression, 9-27 cDNA was linked 
to the GST gene and expressed in pGEX-2T. 
The hybr~d protein was purified and digested 
with thromb~n, resulting in RBP9-27 with SIX 

additional amino ac~ds at the NH,-terminus 

12) that decrease mRNA transport, stabili- 
ty, and use (9, 10, 13, 14). Additional 
cellular factors are important for Rev func- 
tion (15, 16). 

T o  identify cellular proteins that bind to 
RRE RNA, we used a 330-nucleotide RRE 
RNA probe, RRE330 (15), uniformly la- 
beled with [32P]uridine triphosphate (UTP) 
to screen a X-ZAP XR-I1 cDNA expression 
library derived from RNA of the human 
U937 monocyte cell line (1 7). Twelve re- 
combinant phages were isolated that ex- 
pressed proteins binding to the RRE probe 
and not to other RNAs, such as the Tat 
binding site (TAR, known to form a strong 
secondary structure) or a globin RNA frag- 
ment. We also assessed the binding of the A 
clones to different mutated forms of RRE 
(RREA345, RREAlZs, and RRE220) ,(15, 
17). One clone (clone 11) bound to the 
intact RRE (RRE330), RRE220, and 
RREAl2s but did not bind to RREA345. 
This suggested that the recombinant protein 
produced by clone 11 bound to the region of 
the RRE containing hairpin loops 3, 4, and 
5. The  850-nucleotide cDNA insert of clone 
11 contained an open reading frame of 97 
amino acids, positioned in-frame with 13-ga- 
lactosidase in X-ZAP (Fig. 1). A computer 
search of the GenBank-European Molecular 
Biology Laboratory (EMBL) database re- 
vealed complete identity with the human 
interferon-inducible gene 9-27 (1 8). The 
9-27 gene encodes a protein of 125 amino 
acids. The cDNA insert in clone 11 encodes 
the COOH-terminal97-amino acid residues 
of this protein, starting at  Ser29 (Fig. I). 
Because our experiments show that the prod- 
uct of the 9-27 gene is an RNA binding 
protein, we refer to it as RBP9-27. 
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T o  express the protein in bacteria, we 
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