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Crystal Structure of the Ternary 
EF-Tu, Complex of Phe-tRNA , 

and a GTP Analog 
Poul Nissen, Morten Kjeldgaard, Serren Thirup, Galina Polekhina, 

Ludmila Reshetnikova, Brian F. C. Clark, Jens Nyborg* 

The structure of the ternary complex consisting of yeast phenylalanyl-transfer RNA 
(Phe-tRNAPhe), Thermus aquaticus elongation factor Tu (EF-Tu), and the guanosine 
triphosphate (GTP) analog GDPNP was determined by x-ray crystallography at 2.7 ang- 
strom resolution. The ternary complex participates in placing the amino acids in their 
correct order when messenger RNA is translated into a protein sequence on the ribosome. 
The EF-Tu-GDPNP component binds to one side of the acceptor helix of Phe-tRNAPhe 
involving all three domains of EF-Tu. Binding sites for the phenylalanylated CCA end and 
the phosphorylated 5 '  end are located at domain interfaces, whereas theT stem interacts 
with the surface of the p-barrel domain 3. The binding involves many conserved residues 
in EF-Tu. The overall shape of the ternary complex is similar to that of the translocation 
factor, EF-G-GDP, and this suggests a novel mechanism involving "molecular mimicry" 
in the translational apparatus. 

Pro te in  hiosynthesis is a central process in 
every organism. It provides the link between 
the genetic information encoded in D L A  
anil f~lnctional proteins. UnderstanJing the 
steps of protein hiosyllthesis sho~lld ha\re an 
impact on our overall perception of the pro- 
cess of translation. ,411 essential participant 
in protein biosynthesis is the ternary com- 
plex of aminoacyl transfer R L A  (aa-tRNA), 
elongation factor T u  (EF-TLI or EF-la) ,  and 
guanosine triphosphate (GTP) ,  yet its three- 
dilnensional structure has hitherto been un- 
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known. T h e  determination of this structure 
allows a I ~ L I C ~  lnore precise anil testahle 
description of the lnolecular mechanism of 
protein hiosynthesis. 

T h e  p ~ - ~ c e s s o f  synthesi;ing proteins on 
the rihosome can he diviiled into initiation, 
elongation, and termination. Initiation and 
terlnination are uunctuation events in that 
they deal lvith starting and stopping synthe- 
sis as a response to specific start anil stop 
coilons o n  messenger R K A  (mRKA) .  These 
steps are assisted b\- initiation and release 
factors, resrxctivelv. 

T h e  central step in protein hiosynthesis is 
elongation, in ~vhich amino acids are added 
one at a time to the grolving polypeptide 
chain according to the sequence of coilons 
present on mRNA. In  prokaryotes, three 
elongation factors are involved as catal\-sts in 
this process: EF-TLI, the EF-TLI specific nu- 

44. Currently. about 20 km3 of crust. averagng about 6 
km thck, 1s dlfierentated per yearn Eanh Ths crust 
1s the product of m u t p e  dfierentatons extendng 60 
kin deep, and so the volume rate of rnatera assocl- 
ated v!~th magmatlsm, whch would release Ar, 1s 
about 200 km3 year-' The volume of the mantle 1s 9 
x 1 0 '  krn" Hence, f t v!ere unformly sampled, the 
entlre mantle v!ould have been cycled through the 
near surface layer In 4 5  x 10' years. However, con- 
vecton, and hence magmaism, was rnuch more vg -  
orous n the past, whereas the sources of cornteln- 
porary basats are clearly recycled. But, regardless of 
the numbers, the comment In the text apples 

A5. Ths paper has been s~gn~f~cantly mproved by d s -  
cussons v!th A. Lenardc and T. M. Harrson and by 
revews by R J. P h l p s  and M T Zuber. Ths work 
was supponed In part by Natona Aeronautcs and 
Space Admnstraton grant NAGVV-2085 from the 
plan eta^^ Geology and Geophyscs Program. 

cleotide exchange factor EF-Ts, and the 
translocation factor EF-C. Both EF-TLI and 
EF-G are members of the G protein super- 
family, lvhich consists of proteins lvit l~ a 
co~~serveil ,  conlmon str~lct~lral  design ( I ) .  
Thus EF-TLI exists in one of tlvo states, either 
hound to g~lanosine iliphosphate (CDP)  as 
the illactive complex EF-TLI-GDP, or in the 
active form EF-TLI-GTP. T h e  active EF-TLI- 
G T P  hinils aa-tRNA to form the ternary 
complex aa-tRNA-EF-TLI-GTP. T h e  ex- 
posed anticodon of aa-tRKA is recognized 
on the rii~osome hy interaction x i t h  a codon 
on n1RKA. This is part of the overall inter- 
action hetrveen the ternary colnples and the 
so-called A site of the rihosome. T h e  riho- 
some illd~lces hydrolysis of EF-TLI-CTP to 
EF-TLI-GDP, n~hich is released from the ri- 
hosoine (2) .  This inactive form of EF-TLI is 
recycled by the exchange of G D P  for GTP,  a 
process catalyzed hy EF-Ts. T h e  third elo11- 
gation factor, EF-C, catal\-zes the transloca- 
tion reaction xhereby the rihosolne advanc- 
es to the next coilon on mRKA and trans- 
locates the pepticiyl tRNA from the A site to 
the P site. 

Both EF-TLI and aa-tRNA s\-nthetases 
(aaRS) are proteins that can binil t R L A .  
Honrever, in contrast to an  aaRS, EF-TLI 
forms complexes x i t h  all aa-tRKAs. It is 
therefore expected that EF-TLI recognizes 
colnruon features of all aa-tRKAs. Some 
s t r~lc t~lra l  information o n  ho\v a n  aaRS 
hinds to its cognate tRNA is available (3). 
A survey of features of tRNAs believed to 
he involveci in ternary colnplex formation 
has heen presented by Faulhammer and 
Joshi (4) .  Investigations of the  specific parts 
or resid~les of aa-tRK,4 or EF-TLI participat- 
ing in ternar\- complex formation have lei1 
to the formulation of possible models for 
the t e r n q  complex (5-7). Hoxever,  none 
of these models is in agreelnent lvith the 
x-ray model ilescriheil in this article. 

T h e  crystal structure of yeast tRLA1"" 
revealed the str~lctural organization of 
tRNA as ta.o double-helical segments al- 
inost perpendicular to each other (8, 9) .  
Each helical seglnent contains tlvo hase- 
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paired stems of the classical cloverleaf struc- 
ture (Fig. 1). The acceptor helix is com- 
posed of the T stem and the acceptor stem 
and ends in the common 3' CCA sequence, 
where the amino acid is coupled by an ester 
linkage to a hydroxyl group of the terminal 
ribose ring. The anticodon helix is com- 
posed of the D stem and the anticodon 
stem. The loop containing the anticodon is 
at the end of this helix. 

EF-Tu is composed of an NH2-terminal 
G domain, which binds the nucleotide co- 
factor, and two p-barrel domains (Fig. 1). 
The crystal structure of trypsin-modified 
EF-Tu-GDP from Escherichia coli is known 
(10). Crystal structures of active EF-Tu 
from T.  thermophilus and T.  aquaticus with 
the GTP analog GDPNP have been deter- 
mined (1 1 ,  12). When the structures of 
EF-Tu-GDP and EF-Tu-GDPNP are com- 
pared, an unexpectedly large movement of 
domains 2 and 3 relative to domain 1 is 
observed. This domain rearrangement cre- 
ates in EF-Tu-GDPNP a narrow cleft be- 
tween domains 1 and 2, which has been 
predicted to bind part of the tRNA mole- 
cule (1 1, 12). Thermus aquaticus EF-Tu con- 
sists of 405 amino acid residues with a total 
molecular mass of 44.6 kilodaltons (kD). 

A substantial amount of structural infor- 
mation on G proteins is now available. The 
structures of the closely related transloca- 
tion factor EF-G in the GDP-bound (13) 
and in the nucleotide-free state (14) have 
been determined. Structures of the ras 
proto-oncogene product p21 and the similar 
proteins Ran and ARF are also now known 
(1 5-1 8). Structures of the much larger het- 
erotrimeric G proteins, G,, and Gi,,, have 
been reported (1 9-21 ). 

We have already reported the purifica- 
tion and crystallization of the ternary com- 
plex (22). We now describe the results of 
the successful determination of the crystal 
structure at 2.7 A resolution of the ternary 
complex of yeast Phe-tRNAphe with EF- 
Tu-GDPNP from T.  aquaticus. Although 
the Phe-tRNA and the EF-Tu are not from 
the same species we believe that this struc- 
ture represents a canonical model for all 
ternary complexes because EF-Tu-GTP has 
a general aa-tRNA binding capability and 
EF-Tu and tRNA structures are expected to 
be generally conserved. 

Structure determination. Two data sets 
were collected from two different crystals at 
100 K (Table 1). The structure was deter- 
mined by molecular replacement with data 
from crystal 1 (Table 2). Models were based 
on the known structures of EF-Tu-GDPNP 
(12) and tRNAPhe (23). Parts that were 
expected to undergo some structural alter- 
ations during complex formation were re- 
moved from the search models. Different 
deletion models of tRNAPhe were tested, 
and a model with the acceptor stem and 

anticodon loop excluded gave the best so- the bound nucleotide. The search models 
lutions. As a control, GDPNP and Mg2+ for EF-Tu and tRNA represented 20 and 7.7 
were omitted from the EF-Tu model in percent, respectively, of the total macromo- 
order to see whether molecular replacement lecular mass of the asymmetric unit. A self- 
phases would reproduce electron density for rotation function indicated pseudo three- 

I[PGH~~E~G&; 
) PGH D 

Fig. 1 .The components of the ternary complex. (A) Structural cartoon (72) of T. aquaticus EF-TuGDPNP 
(12) with labels on the secondary structure elements. (B) Sequence alignment of T. aquaticus EF-TU (73), 
E. coli EF-TU (74), and yeast EF-1 a (75) extracted from an alignment of the 94 complete EF-TU and EF-1 a 
sequences found in release 31 of the SwissProt database (76). Conservations observed in more than 98 
percent of the sequences are shown in reverse print. The secondary structure as it appears in (A) is 
indicated by "sec. s." The alignment and the figure were made with the alignment editor ALMA (77). (C) 
The cloverleaf structure of yeast tRNAPhe. The two helical segments of the tRNA structure are the 
acceptor helix (acceptor stem and T stem in yellow and orange) and the anticodon helix (D stem and 
anticodon stem in red and green). The variable loop is in violet and the anticodon is in blue. 
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fold symmetry, and the  EF-TLI inodel gave 
three significant solutioi~s to  both  the  ro- 
tation and trailslatio~l fi~ilctioils (Table  2 ) ,  
which were interrelated by the  pseudo tri- 
ad. Electron density maps \\.ere calculated 
o n  this preliminary EF-Tu structure alone, 
hut the  traces of t R N A  \+?ere not  interpret- 
able. T h e  model of t R N A  gave one  con-  
sistent solution when l o ~ v  resolution data 
mere used. Another  solution appeared as a 
low signal in the  rotatioil filnction peak 
list, but corresponded to  the  second high- 
est peak in  the  translation function. These 
two solutions \+?ere interrelated by the  
pseudo-triad, and a rotation solution for a 
third t R N A  was constructed. I11 t he  trans- 
lation filnction, this solution yielded the  
third highest peak (Table 2).  

T h e  three soli~tions for EF-Tu and for 
t R N A  a e r e  refined as rigid bodies in 
AhlORE (24)  and subsequently as partial 
rigid bodies in X-PLOR (25) with the  
three donlaills of EF-Tu and the  four stems 
of t R N A  moving independently (Table 
3).  T h e  acceptor steins were rotated con- 
siderably relative to  the  rest of the  tRNA.  
Clear densities for GDPNP,  hlgL+, and 
not  yet included phosphates of t R N A  a e r e  
seen in a (3F, ,  - 2Fc) nlap as a confirma- 
t ion of the  model. W h e n  alternating cy- 
cles of simula,ted annealing refineinent in 
X-PLOR -anJ  inodel building in program O 
(26)  were performed, the  effector loop and 
the  CCA end could be traced in  (3Fc> - 
2F,) maps (Table 3). Noncrystallograpl~ic 
symmetry ( N C S )  Lvas restrained for EF-Tu 
ll~olecules and t R N A  moleculesb and the  
resolution was increased to 2.8 A. Strong 
densities were ohserved a t  the  expected 
positions of the  terlninal adenine and phe- 
nylalanine, hut a n  assignment could no t  
be made with confidence. Furthermore, 
several parts of the  anticodon helix were 
still badly defined in the  electron density 
as were a few loops of the  EF-Ti1 structure. 
A t  this stage the  data from crystal 2 (Ta-  
ble 1 )  were introduced. After partial rigid 
body refinement and one  cycle of sipinulat- 
ed a ~ ~ n e a l i n g  ~ v i t l ~  the  5.0 to  2 .7  A data,  
the  densities for the  3 '  ends hecalne clear, 
and the  alni~loacyl group and the  adenine 
c o ~ ~ l c l  be assignecl (Table 3 ) .  

W h e n  the  anticodon helices were omit- 
ted and the NCS restraints on the tRNA 
molecules w r e  released, the densities of the 
anticodon arm became interpretable. T h e  
N C S  of the anticodo11 helices appeared to be 
imperfect and therefore the N C S  restraints 
on the tRNA structure \\.as split into t ~ v o  
clusters with the three acceptor helices as 
one and only two of the three anticodon 
helices (E and F) as the other (Table 3).  T h e  
silnulated annealing protocol did not im- 
prove the lnodel any further and positional 
refillelnent x i s  conti~lued in T N T  (27). Af- 
ter one batch of T N T  refinement, the map 

and the refinement statistics improved con- T h e  model includes all residues of the 
siderably. Subsequei~t cycles of refitting in O three Phe-tRNA-EF-TLI-GDPNP coin- 
and T N T  refineluent with high weights o n  plexes and three \+?ell-defined Mg2+ ions 
geometry and the split N C S  improved the found in the  T stems, a total of 14,523 
refinement statistics further. non-hydrogen atoins. T h e  EF-Tu main 

Table 1. Data collection. Crystallization of the purified ternary complex has been described earlier 
(22). The crystal system i s  mon~c l i n i c~  spacegroup C2. For crystal 1, the unit cell parameters are 
a = 208.3A, b0= 122.3A, c = 151.8A, and p = 126.7"; andforcrysta12,ao= 206.8A, h = 122.3 
A, c = 151.6 A, and p = 126.3". Reflections were observed beyond 2.6 A resolution. The ratio 
of mass to un t  cell volume is I/,,, = 3.2 daltons per cubic angstrom. Crystals were gradually soaked 
into a cryoprotecting solution [20 percent (Wv) sucrose in 65 percent (NH,),SO, buffer, pH 
6.81 and mounted in a 0 o o p  \ ~ i t h  dimensions matchlng the crystal. Data sets were collected 
at wavelength X = 0.87 A at 100 K with the use of an Oxford Cryostream cooling system in oscilla- 
tion frames of 2.0" on a MAR image-plate at Daresbury, station 9.6. The data were processed and 
merged with the use of DENZO and SCALEPACK (69) or ROTAVATA-AGROVATA and TRUNCATE 
(70). 

Re- 
Resolution flections Redun- Complete- Signifi- 

Data set 4 ,," 
(A) (9'0) dancy-; ness cancei: 

(M (M (9 6) (06) 

Crystal 10 20.00-2.86 58,529 5.6 2.4 78.3 85.9 
Crystal 1 2.91-2.86 3,024 31.3 2.4 77.5 63.8 
Crystal 211 25.00-2.70 80,769 5.2 2.8 96.8 79.3 
Crystal 2 2.79-2.70 5,417 37.6 2.4 82.7 51.6 

-R;,,., = TI/ - </>1,2<1>. :Average number of obsen3ations per retlection a'ier rejection analysis. 
?.Sgnificance defined as percentage of obsen,atons w~ th  1 = 3 o. $Processed and scaled ~11 th  DENZO and 
SCALEPACK. Processed and scaied with DENZO and ROTAVATA-AGROVATA. 

Table 2. Structure determnatlon. Rotaton search and translation search. The structure was solved by 
molecular replacement (24). Normazed structure factors were calculated with ECALC (70). The search 
models used were der~ved from EF-Tu-GDPNP from T. aquaticus (12) 0 ~ 1 t h  resdues 1 to 9, 43 to 64, 
GDPNP, and Mg2- removed) and yeast tRNAP"" (23) (w~th nuceot~des 1 to 7, 32 to 38, and 64, to 76 
removed). Three solutlons from the EF-Tu model and t \ ~ o  solutons usng the tRNA model were found by 
crossrotatonal and "fxed souton" transatonal searches. A thrd souton from the tRNA search model 
(E) was dentifed by a transatonal search based on rotatlona solutlons generated by NCS and spanning 
the posslble degeneration of the p s e ~ ~ d o  trlad. 

Search :;;: Reso Search Angles Peak 
lution radus height? 

model (?&) (A) (A) 0. P Y 
(M (?h) 

tRNA 
D 7.7 15.0-6.2 45 96.1 53.7 66.8 1 10.2 
E 219.0 45.0 70.0 
F 335.2 57.3 56.4 85 5.7 

Fractional 
Reso- coordnates Peak R 
lut~on Rank helghtl factor¶ 

(A) (M 
X Y s (%) z (%) 

EF-Tu 
A 10.0-4.0 0.491 0.0 0.186 2 10.9 53.7 
B 0.264 0 . 3 0 8  0.199 1 13.9 52.9 
C 0.245 0.234 0.122 3 8.2 54.2 

tRNA 
D 15.0-5.0 0.744 0.864 0.460 1 28.2 49.2 
E 0.904 0.986 0.425 3 25.8 50.0 
F 0.241 0.696 0.424 2 26.2 49.5 

?Percentage (in !mass) of search model relatve to total macromolecular content of asymmetrc un t  -+Rank of solution 
In ?otation peak 1st. :!.Patterson correlatlon coeticlent. SReatve ,,/ coordlnates Ivere determined by flxng sou- 
tion A Patterson correlat~on coeiiicenr. EF-TLI soliltions alone. tRNA s o l ~ ~ t ~ o n s  ~h!~rli all three EF-TLI sol~lt~ons 
flxed SIR factor = 2  I F ,  - F ,  GF0 ,  where F, and F, are observed and calculated structure facror amptudes 
of reflections used In the translation functon. R facrors for solut~ons of tRNA are calculated w rh  all three EF-Tu's 
flxed 
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chain and most parts of tRNA, except for 
the D arm, appear in continuous electron 
density contoured at 1.250 in all three com- 
plexes (Fig. 2). 

Structure of the ternary complex. The 
asy~n~netric unit consists of three ternary 
colnplexes forruing a tri~ner related by a 
pseudo-threefolcl axis (Fig. 3). The triruer is 
the basic element of the crystal lattice and 
the crystal contacts between trilners ill- 
volve only protein-protein and RNA-RNA 
interactions. No protein-protein contacts 
are fo~md withi11 the trimer. 

Theoternary c$mplex is elongated (115 A 
by 40 A by 64 A)  and has an overall shape 
resembling a corkscrew. EF-Tu and the ac- 
ceptor helix form a knob-like handle and the 
anticodon helix forms the screw (Fig. 4). 

Small angle x-ray scattering studies have 
been perfor~ued on the cornplex (28), result- 
ing in an overall description of the ternary 
complex in excellent agreement with our 
model. Ho~vever, the results of similar exper- 
iments suggested a compact lnodel (29). 

All three domains of EF-TLL-GDPNP 
take part in the Phe-tRNA binding and 
interact with the CCA-Phe end and the 
acceptor helix on one side (Fig. 4) ,  but o11ly 
lni11or parts of hoth protein and RNA make 
real contacts. The hillding of Phe-tRNA to 
EF-Tu-GDPNP can thus be described as 
having three main components: ( i )  binding 
of 3 '  CCA-Phe (Fig. 5A), ( i i )  binding of 
the 5' encl (Fig, 5B), and ( i i i )  binding of the 
T stem (Fig. 2) .  

The hillding site for the CCA-Phe end 

Table 3. Ref~nement and model buidng. Stages are (A) Parial rgid body refinement; (B) six alternating 
batches of s~mulated annealng and model buidng; (C) ansotropic B-factor refnement; (D) one batch 
of partla r igd body refnement and three cycles of simulated annealing and model building with data 
of crystal 2 ;  (E) one batch of smulated annealng with anticodon helices omtted; (F) three batches of 
s~mulated annealng with split NCS and model bulding of ant~codon helices; (G) indvldual 5-factor 
refinement; (H) one batch of TNT refnement; (I) extensive rebuilding n 0 followed by six alternating 
batches of TNT refnement and model bulding. Crystallographic contacts were excluded n the NCS 
restrants. Simulated annealng in X-PLOR (25) was performed w ~ t h  fast or slow cooling from 1000 or 
2000 K. Hgher temperatures resulted n destruction rather than improvement of the tRNA structure. 
The parameters for the protein structure were derved by Engh and Huber (71), and the parameters for 
the tRNA structure were part of X-PLOR. TNT refinement (27) was performed in batches of 20 cycles 
of conjugate gradient refinement w t h  B-factor correlation. A prelimnary parameter set for tRNA, equal 
to the Engh and Muber set for protein, was used (77). The (3F, - 2Fc) electron density maps were 
calculated in X-PLOR and TNT. The protein structure was bul t  w t h  the l e g ,  and ~ n a n l p  options of 
0 and regularly checked aganst a structural database with pep-? lip, Outliers from pep-f l i  were 
carefully nspected. The tRNA structure was built with the manp options of 0. 

Reso- Reflec- R factor (YO)  
Stage lut~on t~ons" 

(A) 0'4 1nitia.i. Fina1.i- Freel: 

Scatterers 
Amino acid resdues 
Nucleotide residues 
Macromolecules 
Specal chemical groups 

Cofactors 
Ions 
(Proten 6) (A2)$ 
(RNA B) (A')$ 
Rmsd bonded atoms B (A2) 
Rmsd EF-Tu NCS (A]% 
Rmsd tRNA NCSl (A)= 
Rmsd tRNA NSS2 (A)"" 
Rmsd bonds (A) 
Rmsd angles (") 
Rmsd planar groups (") 

19,741 45.9 
51,941 43.0 
51,940 34.8 
75,629 44.6 
75,629 35.0 
75,629 34.3 
75,629 31.2 
76.349 32.5 
76,349 32.7 

14.523 
1,215 
228 
6 
3 amno-ester bonded phenyalannes 

39 modfed nucleotides 
3 GDPNP nucleotides 

'Reflectons ~41 th  F > 2.0 ( T  after n t a  random removal of 5 percent of refectons for use in R-free calculations, i-R 
factor = I IF ,  - F,~,EF, where F, and F, are observed and calculated structure factor amplitudes of refectons used 
for ref~nement. ::R free = R factor of 5 percent random set of reflect~ons removed before model ref~ne- 
ment. $From stage G. F rom stage I, ¶Excudng crystal contacts. #Acceptor hel~x cluster, excludng 
crystal contacts. '-Antcodon helx cluster of tRNA E and F. 

on EF-Tu-GDPNP is forrned by a narrow 
cleft between domains 1 and 2. The single- 
stranded CCA-Phe end enters this cleft 
below helix A (Figs. 4 and 5A) and docks 
the al1.1ino acid Phe into a pocket with the 
phenyl ring stacked on the side chain of 
His"'. This pocket is lined with side chains 
of Phei2', Asp2", Glu2'" and ThrZ3'. 
There is space to accomruodate any of the 
20 naturally ocurring amino acids. The arui- 
no ester is recognized by main chain atorus 
of EF-TLI. The amino group can form hy- 
drogen bonds to the main chain C O  of 
~ ~ ~ 2 S 5  and the maill chain NH of Hiszi3. 

The carhonyl oxygen of the amino ester can 
for111 a hydrogen hond ~vith the main chain 
NH of residue Arg2'4, the side chain of 
which interacts with the phosphate of A76. 
The ester hond is made to the 3'-OH of the 
terminal ribose ~vhile the 2'-OH can make 
a hydrogel1 bond with the side chain of the 
conserved Glu"'. 

The electron density does not support a 
2',3'-orthoester structure, as proposed on 
the basis of "C-NMR (nuclear magnetic 
resonance) experilnelnts on the ternary 
c o ~ n p l e ~  (30). Furthermore, the ester bond 
is 26 A alvay from Arg5" ,which fails to 
support the suggestion that Arg5%ttahilizes 
the orthoester anion (30). Other "C-NMR 
experiments have not detected the exis- 
tence of an orthoester (31). Residue His66 
in Escherichia coli EF-TLI has been cross- 
linked to E-bromo-Lys-tRNA and the same 
modified tRNA gave crosslinks to His2" of 
rabbit EF-la (7). These residues correspond 
to T. aquaticus residues His6' and Arg2'4 
that are hoth participating in the binding of 
the alninoacyl group (Fig. 5A). 

Taro protruding loops of domain 2 ( 1  2), 
which are found between the P strands a, 
and b2 (residues 229 to 236) and d2 and e2 
(residues 272  to 277) form a pocket for the 
3 '  terminal adenine. The conserved residue 
Glu2" stacks to the adenine on one side 
and the conserved residues Val2" and Ile2" 
make a hydrophobic platforru for the ade- 
nine on the other side together with Leu2". 
The phosphates at positions 74 and 75 form 
contacts with Lysj2 and the three bases of 
A73, C74, and C75 stack in continuation 
of the acceptor helix and point away from 
the protein, ~vhich is in agreement with 
several observations that various substitu- 
tions of these bases do not prevent the 
fornlation of a ternary complex (4). 

The 5' end of the tRNA chain is hound 
tightly at the junction of the three EF-Tu 
donlains (Figs. 4 and 56). A pocket is 
forlned by helix A", the COOH-terruinal 
part of helix 6, and the t~vo loops between 
p-strartds e2 and fi (residues 300 to 303), 
and hi and c3 (residues 346 to 348). The 
phosphate form a salt bridge to the con- 
served residue Arg3", and the ribose inter- 
acts arith the conserved residues Lvs9%nd 
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Asngl. The ribose of C2 and the phosphate 
of G3 are in contact with Tyra8 and G ~ u ~ ~ ,  
which interact with the conserved Arg59. 
Residue Hisa5 is in contact with Aspa7, 
which coordinates the phosphates of G3 
and A64 in a regular triangle. 

Two short stretches of the backbone on 
one side of the T stem make contacts with 
main and side chains exposed on domain 3 
of EF-Tu (Figs. 2 and 4). Residue Arg330 
interacts with the ribose of U52 and the 
phosphate group of G53. The phosphate of 
T54 is close to His331. The main chain of 
Gly391 makes contacts to the ribose of C63 
and A64. The ribose groups of A64 and 
G65 interact with Gln341 and Thr350, re- 
spectively. The phosphate of U67 is in con- 
tact with Lys376. 

The side of the acceptor helix that 
interacts with EF-Tu has previously been 
identified by footprinting studies with 
analysis of RNase digestion. The positions 
74, 72, 68, 64, 63, and 44 to 51 of tRNA 
were observed to be protected in the ter- 
nary complex (32) which is in good agree- 
ment with the structure (Fig. 4). The ly- 
sine residues of E. coli EF-Tu-GTP have 
been subjected to reaction with ethyl 
acetimidate (33). Three of those, Lys2, 
Lys4, and Lys263 (corresponding to Lys2 
Lys4, and Lys275 in T .  aquaticus) were re 
ported to have a very reduced reactivity il 
the ternary complex. This is not in agree- 
ment with the structure where they are 
found in regions of EF-Tu that are not in 
contact with Phe-tRNA. Strikingly, the 
environments of these lysines are highly 
altered upon the conformational change 
in EF-Tu which take place during nucle- 
otide exchange (10-12). 

Structures of the components of the 
ternary complex. The structures of the two 
macromolecular components of the ternary 
complex are generally similar to the struc- 
tures of free EF-Tu-GDPNP and tRNAPhe. 
By alignment of all C a  atoms (26) of free 
and Phe-tRNA-bound EF-Tu-GDPNP, 
the greatest deviation is a 2.5 A shift of 
helix A" (residues Pro54 to Ile61). Further- 
more, the Ca position of Arg274 differs by 
1.9 A. A few otber differences are in the 
order of 1 to 2 A and are caused by the 
crystal packing. 

The single-stranded 3' end of the com- 
plexed tRNA has a helical curvature in- 
duced by the binding of CCA-Phe to EF- 
Tu as it is observed in tRNA complexes of 
class I1 aaRS (3). When superimposing the 
T stems of the EF-Tu-bound tRNA mol- 
ecules with that of free tRNAm', some 
differences are observed. The tRNA in the 
complex exhibits a small alteration in the 
angle and twist between the acceptor stem 
v d  the T stem, which expands into a 16 
A shift in the position of the 3' end. The 
anticodon helix is bent, though most 

1 468 

prominently in two of the three tRNA 
molecules, denote4 E and F (Table 2), 
which differ by 12 A in the position of the 
anti- codon region reladive to D, which 
again is shifted by 3 A relative to free 
tRNAph'. Interestingly, tRNA molecules 
E and F were the most difficult to detect in 
the molecular replacement procedure and 
this explains the advantage of splitting the 
NCS restraints on the tRNA molecules in 
the model refinement. The bending is im- 
posed by the continued stacking of the 
3'-stacked anticodon onto G20 in the D 
loop of the neighboring tRNA in the tri- 
mer. G20 is exposed next to the conserved 
G19 . C56 base pair. 

Discrimination in ternary complex for- 
mation. Dissociation constants for various 

ternary complexes are in the nanomolar 
range (34, 35). However, affinities of indi- 
vidual aa-tRNAs towards EF-Tu-GTP vary 
within one order of magnitude (34). The 
dissociation constants of uncharged tRNA 
in complex with EF-Tu-GTP are several 
orders of magnitude higher (36). This large 
difference has been a puzzle since it is dif- 
ficult to explain by the finite number of 
possible interactions with the amino ester 
group. 

The binding of the T stem and the 5' 
end of Phe-tRNA on the surface of EF-Tu 
must be independent of the presence of 
the aminoacyl group. A possible explana- 
tion for the specificity for aa-tRNA is that 
the 5' end binding to EF-Tu and the 
length of the overhang of the four 3' end 

Fig. 2. Stereo diagram of the electron density of the EF-Tu-tRNA contact between domain 3 and the T 
stem (complex B+E). The electron density is a (3F0 - 2F,) map contoured at 1.25 u with a cutoff radius 
of 2.0 A. The Mg2+ ion included in the T stem of the tRNA molecules is seen. Residue labels are marked 
with respect to the sequence alignment, thus * represents conserved residues in all sequences and # 
represents conservation in prokalyotes. Amino acid labels are in italic. 

Fig. 3. Schematic representations (72) of the trimer forming the asymmetric unit. The EF-Tu-GTP 
molecules are represented as structural cartoons, and the tRNA molecules are shown as ball-and-stick 
connected C3' atoms. Tt-e complexes of A+D, B+E, and C+F (table 2) are colored green, blue, and red, 
respectively. (A) Sideview of the trimer, in the shape of atriangular frustum with EF-TU flanking the top and 
the tRNA-tRNA contacts forming the bottom. (6) View along the pseudo threefold axis, with the EF-TU 
molecules closest to the viewer, perpendicular to the first view. The lack of EF-Tu-EF-TU contacts in the 
trimer can be seen as well as the tRNA-tRNA contacts forming corners of the trimer. See text and 
following figures for further detail. 
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nucleotides exactly allows the binding of 
the amino acid and the terminal adenine 
in their respective binding pockets be- 
tween domains 1 and 2. Aminoacylation 
of the 3' end regulates a "lock-and-key" 
match between EF-Tu-GTP and the CCA 
end. The additional binding energy comes 
from the protective binding of the amino 
ester, interactions with the aminoacyl side 
chain, and from induced interactions with 
the adenine and the rest of the CCA-end. 
The T stem and the 5' end of uncharged 
tRNA can probably bind to EF-Tu-GTP, 
but the absence of the aminoacylation 
disfavors the binding of any part of the 3' 
end. In prokaryotic initiator tRNA the 
last base pair is mismatched giving an 
overhang of five nucleotides. Furthermore, 
a formylation prevents the binding of the 
amino ester. Eukaryotic initiator tRNA is 
not formylated, but has a phosphoribosy- 
lation of nucleotide 64 which would pre- 
vent an interaction with domain 3 (37, 
38). 

In the GDP form of EF-Tu, the tRNA 
binding site does not exist. Domains 2 and 
3 are rotated by 90' relative to domain 1 
(1 1, 12), and the two GTPase switch re- 
gions of domain 1 adopt new conforma- 
tions. Thus, all features of the aa-tRNA 
binding site have been moved apart. How- 
ever, EF-Tu-GDP does protect the amino- 
acyl bond against spontaneous hydrolysis, 
albeit very weakly (39). We propose that 
aa-tRNA can induce an EF-Tu-GTP-like 
conformation of EF-Tu-GDP in an equilib- 

rium that is shifted towards free EF-Tu- 
GDP and aa-tRNA. 

His119 and aa-tRNA binding. Several 
studies of E. coli EF-Tu indicate that not 
only His66 but also His118 is involved in 
the ternary complex formation (His67 and 
His119 in T. quaticus). Crosslinks of trans- 
diaminedichloro-platinum(I1) to His66 
and His118 in the ternary complex has 
been reported (40). The same two residues 
have been shown to be protected against 
photo-oxidation in the ternary complex 
(41). Finally, mutational analysis has in- 
dicated that they both participate in aa- 
tRNA binding (42, 43). In the present 
structure, His67 interacts directly with the 
side chain of the aminoacyl group of Phe- 
tRNA. However, the structure cannot ac- 
count for the apparent involvement of 
His119 in tRNA binding. This residue is 
buried in an interface between domains 1 
and 3 in all of the structures of EF-Tu yet 
known, and the minimal distance to aa- 
tRNA is 16 A. We suggest that part of the 
explanation could be the dynamic proper- 
ties of EF-Tu. 

When EF-Tu is transformed from the 
GDP form to the GTP form, or vice versa, 
the interface between domains 1 and 3 
most likely dissociates temporarily and 
subsequently reassembles in the new con- 
formation (12). This transformation will 
expose His119 transiently. The dynamics of 
this transformation must be affected by 
the presence of aa-tRNA that will stabilize 
the GTP-bound form of EF-Tu. 

Effector binding in G proteins. The G 
proteins have a common design of the G 
domain and a common mechanism of 
function has been suggested (44). Howev- 
er, the molecular design of the switch I 
and I1 regions determining the "on" and 
"off' state of the G proteins as a response 
to GDP and GTP binding may vary. This 
is most obvious in the response of the 
switch I region, which can be part of a 
loop in some proteins and part of a large 
insert in others (1). The response of the 
switch I1 region, where a helix changes its 
spatial orientation, varies in more subtle 
ways (1 1, 12, 20). The structure of the 
complex between RaplA-GDPNP and a 
domain of an effector, c-Rafl, reveals an 
expected interaction between the effector 
and the effector loop (45). The functional 
effector of EF-Tu-GTP is aa-tRNA and 
the ribosome acting in cooperation. As 
such, the structure of the ternary complex 
is another example of a G protein in com- 
plex with an effector. 

In EF-Tu, the switch I region is the 
"effector loop" between helix A and 
strand b, (residues 39 to 65) and the 
switch I1 region consists of helix B and 
connecting loops (residues 83 to 100). 
These switch regions are involved critical- 
ly in the aa-tRNA binding (Figs. 4 and 5), 
and their conformations have not been 
greatly altered by the complex formation. 
This suggests that the switch regions of G 
proteins in the GTP-bound state may par- 
ticipate specifically in the formation of 
the binding site for the effector. Conse- 
quently, the switch would be unique to the 
target effector. 

Stoichiometry of the ternary complex. 
We have speculated whether the quater- 
nary structure of three ternary complexes 
in a trimer has a physiological role (Fig. 
3). It is primarily formed through unspe- 
cific contacts. Trimers constituted of ran- 
domly selected aa-tRNAs could be advan- 
tageous with respect to the speed and fi- 
delity of the selection process on the ribo- 
some. The high concentration of ternary 
complexes in the cytosol (exceeding 100 
pM) could also favor a trimeric assembly. 
. This is not the first proposal for a sto- 
ichiometry different from that of the clas- 
sical ternary complex. A 3'-oxidized 
tRNA in complex with E. coli EF-Tu- 
GTP (46) was shown to cross-link to 
Lys208 and Lys237 (Lys219 and Lys248 in T. 
quaticus), and a complex of two tRNAs 
per EF-Tu-GTP on the ribosome was sug- 
gested (47). These observations do not 

Fig. 4. Stereo diagram of the "corkscrew" structure of the ternary complex (complex C+F). EF-Tu- agree with our structure. None of these 

GDPNP is represented as a Ca trace, with domain 1 (1 to 21 3) in red, domain 2 (21 4 to 31 3) in green, 'ysines is 'lose enough the 3' end of 

domain 3 (314 to 405) in blue, and the GDPNP cofactor as a stick model. Phe-tRNA is colored with tRNA to crOss-linking a 
respect to the cloverleaf structure: acceptor stem in yellow (1 to 8 and 66 to 76), D arm in red (9 to 26), malor prior change in the ~0nformation of 
anticodon arm in green (27 to 43), variable loop in violet (44 to 48), T arm in orange (49 to 65), and the the ternary complex. 
phenylalanyl group and the anticodon in blue. Phosphorus atoms are colored white. A more persistent model of two EF-Tu's 
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per tRNA in a quinternary ("pentameric") 
complex (48-50) is based on the observa- 
tion that two GTPs are hydrolyzed for each 
elongation cycle. Although the exact inter- 
pretation has been questioned (51, 52) the 
consumption of two GTP equivalents was 
also reported from studies on an XTP bind- 
ing EF-Tu mutant (53). Two EF-Tu's are 
indeed in contact with one tRNA in the 
trimeric structure, but it seems unlikely that 
this could be the scaffold for a auinternarv 
complex. However, the real question is not 
so much whether a quinternary complex 
exists as why two GTPs are consumed per 
peptide bond formed. 

As mentioned earlier, footprinting studies 
identified interactions between tRNA and 
EF-Tu in the ternarv com~lex monomer 
(32). Protections were observed at positions 
44 to 51 and less obviouslv in the anticodon . . 

loop, where enhancements of nuclease diges- 
tion were also observed. This fits surprisingly 
well with the trimer structure, in which po- 
sitions 44 to 51 are close to the anticodon 
loop of a neighboring tRNA and forms a 
comer of the trimer by the continuous stack- 
ing of the anticodon to G20. As these ob- 
servations are in agreement with the RNA- 
RNA contacts in the trimer and originates 
from experiments using ternary complexes 
from E. coli. we take them as inde~endent 
experimental evidence supporting our spec- 
ulation that ternary complexes can exist as 
trimers in solution. 

Comparison with elongation factor EF- 
G. The translocation factor EF-G exhibits a 
vigorous GTPase activity which is depen- 
dent on the presence of ribosomes and on 
the mRNA-directed binding of tRNA. In 
vivo. EF-G Dromotes fast translocation in 
pretranslocational ribosomes and converts 
them to the posttranslocational form (54). 
The crystal structures of EF-G from T. ther- 
mophilw in the nucleotide-free (14) and in 
the GDP form (1 3)  are largely isomorphous. 
The molecule consists of five domains and 
has an overall shape resembling a tadpole, 
with a large head and a cylindrical tail. 
Domains 1 (the G domain) and 2 are struc- 
turally analogous to domains 1 and 2 of 
EF-Tu. Domains 3 and 5 of EF-G have 
topologies similar to that of the ribosomal 
protein S6 (14). Domain 4, forming the tip 
of the tail, reveals an unusual pap topolo- 
gy, with a left-handed crossover connection 
of two central P-strands. This topology is 
also found in the ribosomal protein S5 and 
in a domain of DNA gyrase (55). 

In Fig. 6 we have aligned the Phe- 
tRNA-EF-Tu-GDPNP structure with EF- 
G, using the Ca coordinates from the G 
domains and the domains 2. The complete 
superposition of the two structures is almost 
perfect. Domains 3,4, and 5 of EF-G appear 
to mimic the s h a ~ e  of the tRNA moietv of 
the ternary complex, with domain 3 acting 

as the acceptor stem, domain 5 as the T 
stem (and Dart of EF-Tu domain 3). and 
domain 4 a's the anticodon helix. a he po- 
sition of the tRNA mimic of EF-G differs 
slightly from that of tRNA in the ternary 
complex. This overall resemblance of the 
ternary complex and EF-G represents a 
structural example of similarity between 
protein and nucleic acids counterparts. 
Functional mimicry of a major autoanti- 
genic epitope of human insulin receptor by 
RNA has been reported (56) and the struc- 
ture of an inhibitor of uracil-DNA glycosyl- 
ase has been described as a DNA mimic 
(57, 58), which suggests that molecular 
mimicry is likely to be a new concept of 
general importance. 

Translation factor interaction with the 
ribosome. The implication of the molecular 
mimicrv of EF-G-GDP and the ternarv 
complex is that they must have a common 
binding site on the ribosome: Most proba- 
bly, this site is physically close to the ribo- 
somal A site. This proposal is supported by 
the observations that both factors protect 
the a-sarcin loop of 23s RNA from reac- 
tion with chemical probes (59) and that the 
interaction of both factors with the ribo- 
some is abolished if the a-sarcin loop is 

cleaved (60). In addition, the factors have 
been mapped on the ribosomal surface by 
electron microscopy with immunostaining 
(61-63), and there is a substantial corre- 
spondence between their locations. 

EF-G interacts with the ribosome in its 
pretranslocational state, catalyzing the tran- 
sition of the ribosome to its posttransloca- 
tional state (54). The ternary complex cata- 
lyzes the transition in the opposite direction. 
The overall structural similarity supports an 
explanation for the puzzling observation that 
the organization of domains 1 and 2 in the 
GDP form of EF-G resembles that of the 
GTP form of EF-Tu (14). Both species in- 
teract with the ribosome in its posttranslo- 
cational state. 

The overall resemblance between EF-G- 
GDP and the ternary complex (Fig. 6) raises 
questions concerning the structure and func- 
tion of these two elongation factors on the 
ribosome. Three inferences can be drawn. 
First, EF-G catalyzed translocation trans- 
forms the ribosome into a state with a bind- 
ing pocket for a ternary complex. This pock- 
et could be formed by the shape of EF-G- 
GDP after GTP hydrolysis on the ribosome. 
Hence, before translocation EF-G-GTP 
must bind to a pocket with a somewhat 

Fig. 5. Stereo diagrams showing the binding of the 5' and 3' ends of the acceptor helix (complex A + D). 
Residue labels are marked with respect to conservation as in Fig. 2. (A) The CCA-Phe end binding in 
EF-TuGDPNP. The electron density around the 3' aminoacyl group has been contoured at 1.0 u with a 
cutoff of 1.0 A. (6) Binding of the 5' end to EF-TuGDPNP. 

SCIENCE VOL. 270 1 DECEMBER 1995 



wmm^^^^^^mmmm^m^^^m^m^mm^m^^^mmmm^^mmm^mmm^^^m^^mmm^mmm^ RESEARCH ARTICLE 

different shape. Second, the GTPase activi
ties of EF-G and EF-Tu must be stimulated 
by the same center on the ribosome. This 
makes it likely that all G proteins in protein 
biosynthesis will have their guanosine 
triphosphatase (GTPase) activities stimulat
ed by this center and by the same mecha
nism at the same time. Third, the structural 
similarity suggests that the anticodon stem 
mimicking domain 4 of EF-G during the 
translocation process competes with pepti-
dyl-tRN A for a translocation center near the 
codon-anticodon recognition site on the 30S 
subunit (2). 

How these correlated binding pockets 
for EF-G and the ternary complex relate to 
the classical A-site on the ribosome is not 
clear at the moment. Nevertheless, the cat
alytic effect of the translation factors could 
be the modulation of the ribosome structure 
in a mechanical manner closely correlated 
with the GTPase induced switch of the 
structures of the factors. 

There has been some debate on the con
figuration of the two tRN As in the A and P 
sites on the ribosome (64, 65). The two 
configurations, designated the R and S 
forms (after "Rich" and "Sundaralingam"), 
are based on the assumption that during 
peptidyl transfer the anticodons and the 
CCA ends must be close together. The two 
configurations place the A site tRNA on 
either side of a P site tRNA (64). From the 
present structure the binding of EF-Tu-
GDPNP on one side of tRNA would ex
clude this side for interaction with the P 
site tRNA. This makes the S form the most 
probable configuration. 

Possibility of other translation factors 
with tRNA-like components. It is tempting 
to predict some features of tRNA mimicry in 
the structures of the initiation and release 
factors. IF-2-GTP stimulates the binding of 

Fig. 6. Ternary complex 
(A+D) to the left and EF-G 
(74) to the right shown side 
by side in a schematic rep
resentation (72). EF-Tu and 
EF-G are shown as structur
al cartoons and tRNA as a 
ball-and-stick model of the 
C3' atoms. The two mole
cules are shown in almost 
the same orientation as in 
Fig. 4. 

fMet-tRNA directly into the P site of the 
70S (66), and we predict that IF-2, in anal
ogy to EF-G, will be found to have tRNA-
mimicking domains, which would occupy 
part of the A site during the initiation reac
tion and thus mediate the binding of fMet-
tRNA to the P site. We find it most prob
able that the G domain of IF-2 is bound 
close to the GTPase center of the ribosome. 
The relative orientations of fMet-tRNA 
and the putative tRNA-mimicking domain 
of IF-2 could then provide a model for the 
spatial organization of the GTPase center 
and tRNAs in the A and P sites of the 
ribosome. 

The release factors catalyze the final hy
drolysis of the peptidyl-tRNA ester bond 
and the dissociation of the ribsomal sub-
units. In prokaryotes, three release factors, 
RF-1, RF-2 and RF-3, are known. Both 
RF-1 and RF-2 induce peptidyl-tRNA hy
drolysis as a response to the stop codons on 
mRNA and it is further stimulated by RF-3, 
which is a G protein. The primary structure 
of RF-3 from E. coli shows an overall simi
larity with EF-G (67), and thus a similar 
structure and function can be expected. 
The factors RF-1 and RF-2 have been pos
tulated to be protein analogs of tRNAs, 
which is very probable in light of their 
codon specific function and their size (68). 
Furthermore, it has long been a puzzle that a 
nucleic acid in the form of suppressor tRNA 
could compete with release factor activity. 
We propose that termination is a final 
"elongation cycle" with release factors inter
acting with the ribosome instead of a ternary 
complex and EF-G. Binding of RF-1 or RF-2 
to the ribosome leads to the hydrolysis of 
peptidyl-tRNA. The RF-3-GTP-mediated 
"translocation" of RF-1 or RF-2 into the P 
site and of the empty tRNA into the E site 
results in the dissociation of the ribosome. 

Following the concept of tRNA mimic
ry, the ancestor of all GTPases in transla
tion must be EF-Tu which acts in conjunc
tion with tRNA itself. In fact, this makes 
EF-Tu the most likely candidate for an an
cestor of all G proteins since the develop
ment of a translational apparatus must have 
been an early event in evolution. We sug
gest that molecular mimicry is an important 
property of protein-RNA interactions in
volved in the process of translation and that 
the appearance of similarity between pro
tein and RNA structure has been an impor
tant event in evolution. 
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