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Structure of the GDP Domain of EF-Tu 
and Location of the Amino Acids 

Homologous to ras Oncogene Proteins 

Frances Jurnak 

During protein biosynthesis in Esche- 
richia coli, the elongation factor (EF-)Tu 
recognizes, transports, and positions the 
codon-specified aminoacyl-transfer RNA 
onto the A site of the ribosome (1). In 
this role, EF-Tu interacts with several 
cellular components, including guano- 
sine diphosphate (GDP) and guanosine 
triphosphate (GTP), which act as alloste- 
ric effectors to control the protein con- 
formation required during the elongation 
cycle. 

In comparison to adenosine-binding 
proteins, there are relatively few pro- 
teins that bind to guanosine, with EF-Tu 
being the most widely characterized. It 
was, therefore, of considerable interest 
when a family of ras oncogene proteins, 
termed p21, were found to be GDP- and 
GTP-binding proteins (2). In subsequent 
comparisons of the amino acid sequence 
of EF-Tu with the human Harvey C-H 
ras 1 gene product (H-ras) as well as 
with other known GDP-binding proteins 
(4 ,5) ,  four principal regions of homology 
were identified if conserved amino acid 
substitutions are included. In addition, 
several invariant amino acids were iden- 
tified in all GDP-binding proteins that 

have been sequenced (4). I now present 
my biochemical and preliminary high- 
resolution crystallographic results on a 
trypsin-modified form of EF-Tu-GDP. 
The locations of the amino acid sequence 
homology between EF-Tu and the H-ras 
p21 protein are described. 

EF-Tu-GDP was isolated from Esche- 
richia coli B cells and treated with 
TPCK-trypsin (TPCK, tosylamidophen- 
ylethyl chloromethyl ketone) (6). In all 
preparations, the protein was routinely 
passed over a G-100 Sephadex column 
after the trypsin digestion. A minor 
peak, trailing the major peak identified 
as trypsin-modified EF-Tu, was routine- 
ly detected by absorbance at 238 nm. In 
the original preparation, the minor peak 
was isolated and sequenced (7). The mi- 
nor peak contained a 14-amino-acid pep- 
tide, now known to be   la^^ to ~ r g ~ ~  (8). 
Not only had the minor peak been de- 
tected in the trypsin-modified EF-Tu- 
GDP preparations used for the crystallo- 
graphic study described below, but the 
sequences of the NH2-terminal frag- 
ments were determined (9). Sequencing 
was carried out on a Beckman 890M with 
the use of a 0.1M Quadrol program and 

platelets and neutrophils and resting mast cells 
synthesize little, if any, of their secretory prod- 
ucts, it is difficult to look at the fate of newly 
synthesized material. Secondly, in platelets and 
neutrophils, secretory vesicles do not fuse with 
plasma membrane at the periphery; they release 
their contents on stimulation into internal mem- 
branes. There is no need therefore for directed 
transport to the cell surface [J. G. White, in Cell 
Biology of the Secretory Process, M. Cantin, 
Ed. (Karger, Basel, 19841, pp. 546-569; J. E. 
Smolen, H. M. Korchak, G. Weissmann, in 
ibid., pp. 517-545; T. W. Martin and D. Lagun- 
off, in ibid., pp. 481-5161, 
M. G. Farquhar and G. E. Palade, J .  Cell Biol. 
91, 77s (1981). 
The author expresses his deepest gratitude to 
members of hls laboratory in discussion with 
whom the ideas presented here have arisen, 
evolved and matured. The contributions and 
comments of Drs. Daniel Cutler, Barry Gum- 
biner, Suzanne Pfeffer, Ira Mellman, Stuart 
Kornfeld, Peter Walter, and Jack Rose are also 
y t e fu l ly  acknowledged. And, once again, Les- 
le Spector outdld herself In patlence and preci- 
sion while putting together the many drafts of 
thls article. 

2.0 mg of Polybrene as a carrier (10). The 
major NH2-terminal fragment was identi- 
fied as Gly-Ile-Thr-Ile-Asn and corre- 
sponds to residues 59 to 63 in the EF-Tu 
sequence. Less than 10 percent of the 
material contained a second NH2-termi- 
nal fragment, Leu-Leu-Asp-Glu, which 
corresponds to residues 264 to 267. As 
was expected, the acetylated NH2-termi- 
nus of the protein was not detected by 
this method. However, an NH2-terminal 
fragment, previously shown to corre- 
spond to residues 1 to 44 was detected by 
a sodium dodecyl sulfate (SDS) gel elec- 
trophoretic analysis (11). The NH2-ter- 
minus of the 14-amino-acid fragment, 
residues 45 to 58, produced by the tryp- 
sin digestion, was not detected by any 
method in the material that was used for 
crystallization. Therefore, the findings 
indicate that the trypsin-modified EF-Tu 
used in the x-ray diffraction analysis 
described below contained only two ma- 
jor fragments corresponding to residues 
1 to 44 and 59 to 393. A small portion of 
the latter fragment also contained a 
cleavage site at ~ y s ' ~ ~ .  Activity assays 
demonstrated that the trypsin-modified 
protein was fully active toward GDP and 
GTP exchange. 

The trypsin-modified EF-Tu-GDP was 
crystallized by vapor diffusion tech- 
niques, with the parameters described 
previously (6). Two heavy atom deriva- 
tives were identified, the sites were lo- 
cated and refined by conventional meth- 
ods, and the structure was solved at 5 A 
resolution in the space group P43212 as 
reported previously (7). As a result of a 
space group transformation promoted by 
contaminants in the polyethylene glycol 
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used in crystallization (12), the high reso- 
lution x-ray diffraction data were collect- 
ed in the space group C2221 with cell 
dimensions of a = 98.609 h;, b = 
100.807 h;, c = 162.465 A and two mole- 
cules per asymmetric unit. The heavy 
atom reagents used in the preparation of 
isomorphous derivatives were dibromo- 
diaminoplatinate and methyl mercury ac- 
etate. Crystals were transferred to moth- 
er liquor, which was subsequently 
adjusted to 0.1 mg/ml with the Pt com- 
pound or 2 mM with the Hg derivative, 
and soaked for 30 hours before the data 
were collected. All x-ray diffraction 
data, including Friedel pairs, were col- 
lected with the Mark I1 two-dimensional 
position-sensitive detector (13, 14). Each 
complete data set was recorded in 2 to 3 
days from a single crystal; typically 
90,000 reflections were measured to give 
37,000 unique reflections to 2.7 h; resolu- 
tion. The agreement factor, R,  among 
symmetry-related and multiply-recorded 
reflections is given by (lZi,h - <Ih>])/ 
<Ih> where l i ,h  is the intensity of the ith 
observation of reflection h. The R value 
ranged between 0.04 and 0.07 for each 
data set. 

The heavy atom sites of each deriva- 
tive were located independently by dif- 
ference Patterson methods and were val- 
idated by cross-Fourier syntheses. The 
absolute configuration of each heavy 
atom constellation was determined by 
utilizing the intensity differences be- 
tween Friedel pairs of reflections in the 
calculations (15). In all, there are six 
heavy atom sites for each derivative, two 
sets of three related by a pseudo 43 
symmetry axis. The occupancy and co- 
ordinates of the six Pt and six Hg sites 
were refined by minimizing the differ- 
ences between the calculated and the 
observed origin-removed Patterson ac- 
cording to the program written by Ter- 
williger (16). This method assumes a 
stringent error estimate for noncentric 
reflections which broadens the probabili- 
ty distribution and uniformly yields a 
lower figure of merit (FOM) in all cases 
tested (Tables 1 and 2). The multiple 
isomorphous replacement (MIR) phases 
calculated for the refined heavy atom 
positions including the anomalous dis- 
persion component, were applied to the 
native structure amplitudes greater than 
three sigma, and an electron density map 
was calculated at 2.7 A. To accentuate 
the structural features of the map, addi- 
tional phasing information was derived 
from the automatic boundary determina- 
tion and solvent flattening procedure of 
Wang (17), combined with the original 
MIR phases and applied to the calcula- 
tion of a second electron density map at 

2.7 A. The parameters and results of the 
iterative Wang procedure are given in 
Table 3. Both electron density maps re- 
vealed similar information about the high 
resolution protein structure but the latter 
map, which included phasing informa- 
tion from the Wang procedure, was visu- 
ally easier to interpret and therefore, was 
used in the subsequent analysis. 

the ambiguities, additional phasing infor- 
mation from new derivatives and from 
the partial structural model must be in- 
corporated into the electron density map 
before the assignment of all amino acids 
by computer graphic techniques is com- 
pleted. 

It is apparent from the 2.7 A resolution 
electron density map that the trypsin- 

Abstract. A 2.7 angstrom resolution x-ray diflaction analysis of a trypsin-modiJied 
form of the Escherichia coli elongation factor Tu reveals that the GDP-binding 
domain has a structure similar to that of other nucleotide-bindingproteins. The GDP 
ligand is located at the COOH-terminal end of the $ sheet and is linked to the protein 
via a M ~ ~ +  ion salt bridge. The location of the guanine ring is unusual; the purine 
ring is located on the outer edge of the domain, not deep within a hydrophobic 
pocket. The amino acids from pro1' to ~ r g ~ ~  and from Gly" 9 0  ~ l u ' ~ *  have been 
assigned to the electron density with computer graphic techniques, and the resulting 
model is consistent with all known biochemical data. An analysis of the structure 
reveals that four regions of the amino acid sequence that are homologous with the 
family of ras oncogene proteins, termed p21, are located in the vicinity of the GDP- 
binding site, and most of the invariant amino acids shared by the proteins interact 
directly with the GDP ligand. 

The polypeptide backbone was initial- 
ly traced from the 2.7 A resolution elec- 
tron density maps stacked on plexiglass. 
Most of the a-carbon positions and ami- 
no acid residues are clearly visible in the 
map. Further confirmation of the correct 
tracing of the NH2-terminal domain was 
derived from the positioning of two Hg 
atoms at Cyssl and Cys'37 and two Pt 
atoms at ~ e t ' ~ ~  and Met1'', respective- 
ly. The amino acid sequence from resi- 
dues 10 to 190 were subsequently fitted 
to the electron density by means of com- 
puter graphic techniques (18). In a region 
adjacent to residues 10 and 190 the elec- 
tron density corresponding to approxi- 
mately 25 residues is less well ordered, 
making a definitive interpretation diffi- 
cult. The correct amino acid assignment 
in this region is particularly important for 
determining the direction of the interdo- 
main polypeptide. Therefore, to resolve 

modified EF-Tu-GDP is structured into 
three distinct domains. The most promi- 
nent and clearly defined domain is that of 
a six-stranded p sheet surrounded by six 
helices. The presence of both helical and 
p-strand secondary structural topology, 
as well as the location of the two major 
Hg sites, is consistent with all biochemi- 
cal evidence identifying this domain as 
the NH2-terminal portion of the protein. 
In addition, the prominence of the three 
highest peaks at one edge of the f3 sheet 
in this domain is suggestive of the GDP 
ligand site. A second domain, which is 
clearly visible in the electron density 
map, is that of a six-stranded, antiparal- 
lel p sheet. An additional f3 strand is 
wrapped around one side of the p sheet, 
forming a long, but narrow hydrophobic 
pocket. A tentative fit of the amino acid 
residues from 297 through 393 and the 
location of a Pt site at ~ e t ~ ~ ~  suggests 

Table 1. Refined heavy atom-derivative parameters. 

Com- Occu- Atomic coordinates 
pound anc y X Y Z B 
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Fig. 1. Stereodiagram of the unrefined a-carbon coordinates of the GDP-binding domain of 
trypsin-modified EF-Tu-GDP. Amino acid fragments from 10 to 44 and 59 to 190 are included in 
the figure with an identification label on every fifth amino acid. 

that this domain represents the COOH- 
terminal region of the protein. The third 
domain clearly has the topology of a 
small p barrel, with a hydrophobic core 
extending 12 A in diameter. A minor Hg 
site within the core region has been 
tentatively assigned to Cys255 and is con- 
sistent with the other structural results 
that this domain represents the interme- 
diate polypeptide region extending ap- 
proximately from amino acids 200 
through 296. The domain appears to be 
somewhat flexible as the conformation 
of the p barrel differs for each of the 

two molecules in the asymmetric unit. 
As a result of ambiguities created by a 

flexible or possibly disordered polypep- 
tide backbone in an interdomain region, 
a presentation of the complete structure 
of trypsin-modified EF-Tu-GDP is not 
justified until all methods for clarifying 
the ambiguities have been explored. 
However, the inclusion of additional 
phasing information may not necessarily 
resolve the ambiguities because such 
conformational flexibility in interdomain 
regions as well as in nucleic acid binding 
proteins are common and possibly rele- 

Table 2. Heavy atom derivative statistics. 

vant to the function of the protein (19). 
Unlike the flexible region, the peptide 
backbone of the GDP-binding domain is 
very well ordered and the amino acid 
residues are clear. Moreover, the place- 
ment of the sequence into the electron 
density by computer graphic techniques 
is consistent with secondary structural 
predictions (20) as well as all known 
biochemical data for the domain resi- 
dues. Therefore, I am presenting herein 
the structural results of only the GDP- 
binding domain of trypsin-modified EF- 
Tu. Because of amino acid homologies 
with other GDP-binding proteins (4 ) ,  the 
structural identification of the amino ac- 
ids in the NH2-terminal domain of EF- 
Tu-GDP may be useful in designing site- 
directed mutagenesis experiments to lo- 
calize the similar and dissimilar func- 
tions of other GDP-binding proteins. 

A stereodiagram of the unrefined a- 
carbon coordinates of the GDP-binding 
domain of the trypsin-modified EF-Tu- 
GDP is shown in Fig. 1 (21) and a sche- 
matic of the polypeptide backbone with 
approximately the same view is shown in 
Fig. 2. The first nine residues of the 
NH2-terminus are located at one end of 
the p sheet in the region of the electron 
density that is ill defined. Therefore, the 
assignment of amino acids begins with 
Pro", which is clearly visible in the map. 

- - 

Atom Parameter 
Average reflection range (A) 

10.0 6.3 5.0 4.2 3.7 3.4 3.1 2.8 Total 

Hg RMS(f)lRMS(E)* 2.05 2.41 1.32 1.07 1.02 0.91 1.04 0.91 1.31 
Centric R t  0.51 0.48 0.62 0.69 0.59 0.65 0.64 0.72 0.59 

Pt RMS(f)IRMS(E) 1.71 1.68 0.82 0.64 0.58 0.49 0.44 0.41 0.95 
Centric R 0.54 0.60 0.73 0.71 0.79 0.72 0.79 0.79 0.68 
Number of reflections: (IF1 > 3u) 697 1261 1745 1973 2048 2085 1992 1685 13,486 
Mean figure of merit 0.77 0.62 0.54 0.41 0.44 0.45 0.36 0.34 0.53 

-- 
*RMS(O is the root-mean-square calculated heavy atom structure factor and RMS(E) is the root-mean-square lack of closure, given for the noncentric reflections 
only. tCentric R = gkjPFhk, - fhkl)/N. 

Table 3. Automatic boundary determination and solvent flattening statistics for last of three cycles. (i) Fourier transform, (ii) molecular envelope 
and solvent mask, (iii) direct space filter assuming 35 percent solvent, (iv) Fourier inversion, and (v) reciprocal space filter. FOM, figure of 
merit. - 

Cycle Average R * Average accumu- Correlation 
FOM value lated phase shift coefficient7 

pp - -  -- - 

1 0.56 0.47 38.0 0.85 
2 0.69 0.32 43.5 0.93 
3 0.75 0.26 46.2 0.95 
4 0.78 0.24 47.7 0.96 
5 0.79 0.22 48.8 0.97 
6 0.80 0.21 49.6 0.97 
7 0.80 0.20 50.2 0.97 
8 0.81 0.20 50.7 0.97 

Last cycle Total 
Resolution range (A): 40.00 6.28 4.36 3.68 3.29 3.03 2.83 2.68 
Reflections (No.) 1755 3454 3292 2956 2772 2482 1886 18597 
R value: 0.208 0.182 0.186 0.201 0.212 0.235 0.246 0.206 

*R value = R , ( F  - Fo)~l(Fo2)1"Z where F is the calcul tep structure factor amplitude from the Fourier inversion and F,  is the observed structure factor 
amplitude. tdorrelatlon coefficient = ( P ~ F ~ ) I [ ( F , ) ~  ( ~ ~ 9 1 1 '  

34 SCIENCE. VOL. 230 



The first /.3 strand, located in the middle 
of the (3 sheet, begins with va1I2 and 
continues to HisI9. The next five resi- 
dues form an unusual loop structure, 
which serves as a small binding pocket 
for the two phosphates of the GDP lig- 
and. With LysZ4 as the beginning, the 
next 17 residues are coiled into a very 
long and regular a helix, which bisects 
one side of the p sheet and participates in 
the formation of two long hydrophobic 
pockets. The helix terminates at Gly40, 
near to ~ r g ~ ~ ,  the first trypsin cleavage 
site. The next 14 amino acids, as shown 
by biochemical analysis, are not present 
in the C2221 crystal form. The polypep- 
tide tracing begins again at GlyS9 and 
forms p strand 2 at the edge of the sheet. 
This /.3 strand, which is antiparallel to the 
others in the sheet, terminates in a short 
hairpin loop centered on The next 
ten residues comprise the third /.3 strand, 
from Thr73 to Pro8' and then abruptly 
turn into a short helix from Glyg3 to 
~ h r ~ ~ .  After an extended crossover con- 
nection from Gly94 to Met9', the poly- 
peptide backbone forms a typical mono- 
nucleotide fold of three parallel /.3 strands 
from ~ s p ~ ~  to Ala106, ProIz8 to Leu134, 
and ~ l e ' ~ ~  to Glyi7', respectively. Each 
adjacent /.3 strand is connected to its 
neighbor by a helix. The 310 helix, from 
Glu1I4 to ~ l y ' ~ ~ ,  and the a helix from 
G ~ u ~ ~ ~  to Ser158, are approximately par- 
allel to one another and lie on the same 
side of the p sheet. After the sixth /.3 
strand, the polypeptide backbone forms 
a short 310 helix, from  la"^ to Gly180, a 
turn and then another helix which lies 
along one edge of the p sheet. After two 
turns ending at Glu190, there appears to 
be a break in the helix and the backbone 
could branch in one of two directions. 
Because the electron density is not well 
ordered in this region, it is not possible 
to assign the amino acids residues at this 
stage to resolve the dual ambiguity. 

The GDP ligand site is located at the 
COOH-terminal ends of p strands l , 3 , 4 ,  
and 5 (Fig. 2). A sample of the electron 
density map in the region of the GDP 
ligand is shown in Fig. 3. This ligand is 
linked to the protein via a ~ g ' +  ion, 
which forms a salt bridge with the  AS^" 
side chain. The Mg2+ ion is located ap- 
proximately 1.5 A closer to the p-phos- 
phate group and is consistent with re- 
sults of electron paramagnetic and nucle- 
ar magnetic resonance (EPR and NMR) 
(22). The phosphates are nestled on the 
outside of a loop that joins the COOH- 
terminus of p strand 1 to the NH2-termi- 
nus of a helix A. The location of the 
phosphates at the NH2-terminus of an a 
helix is very common in nucleotide bind- 
ing proteins, and it has been postulated 

(23) that the positive dipole moment at 
the NH2-terminus of an a helix partially 
neutralizes the negative charge on the 
phosphates. Also present at the NH2- 
terminus of the helix is ~ y s ' ~  whose side 
chain appears to contribute to the charge 
neutralization of one phosphate group. 
Adjacent to the phosphates is the ribose 
ring in a C-2' endo conformation. One 
side of the ribose moiety is exposed to a 
solvent region. 

The guanine ring is situated between 
the COOH-terminal end of the fourth p 
strand and the connecting loop of the p 
strand 5 and a helix D. The guanine ring 

Fig. 2. Stylized sche- 
matic of the GDP- 
binding domain of 
trypsin-modified EF- 
Tu-GDP. Arrows rep- 
resent p strands; cyl- 
inders, helices; and 
labeled open circles, 
the GDP ligand. The 
approximate location 
of the cr carbons of 
selected amino acids 
is also shown. 

is in an anti conformation with respect to 
the sugar, but its location and orientation 
is surprising. The purine ring lies on the 
edge of the domain with the amino sub- 
stituent on position 2 oriented away from 
the major portion of the protein (Fig. 3). 
The amino substituent, however, does 
appear to form a weak interaction with 
the side chain of ~ s p ' ~ '  on a protruding 
flexible loop of the protein. Although the 
protein has a high specificity for a gua- 
nine nucleotide, the only other distin- 
guishing group is that of the oxygen 
substituent on position 6 of the ring 
which appears to lie in a small pocket 

G l y  180 

,.;. .. #.#~e.e+r~e.r~e.e.~*e*e+e*,~ , -'I 4 4 L i f ? ~ . Y \ i & \ \ . . , . ~ .  CCGC;~:~;.;. 

4 r; h 
Asp 138 

J f - . . 

Fig. 3.  A s a m p l e ~ f  the electron density in the region of the GDP ligand of trypsin-modified EF- 
Tu-GDP at 2.7 A resolution. The atoms of the guanine ring are represented by closed black 
circles and the remaining groups of the GDP ligand are indicated by labels. 
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possibly interacting with several back- 
bone amide groups. Moreover, the gua- 
nine ring is not buried in a deep hydro- 
phobic pocket, contrary to the structural 
results of other nucleotide ligands. Sev- 
eral hydrophobic residues, including 
AaIo7,  he'^^, and Leu134, do create a 
small pocket on one side of the guanine 
ring. In addition, the side chain of ~ s n ' ~ *  
is located directly over the plane of the 
guanine ring, possibly forming several 
interactions with it. 

Comparisons of the amino acid se- 
quence of EF-Tu with other GDP-bind- 
ing proteins, including the H-ras p21 
protein, have revealed multiple homolo- 
gous regions as well as several invariant 
amino acids. If conservative substitu- 
tions are permitted, there are four princi- 
pal regions of shared sequence similar- 
ities, interspersed among stretches of 
nonaligned amino acids (4). In EF-Tu- 
GDP, the similar sequences include resi- 
dues 15 to 29 for region 1, residues 79 to 
87 for region 2, residues 99 to 108 for 
region 3, and residues 128 to 140 for 
region 4. The amino acids of region 1 
exhibit the strongest homology and are 
located at the COOH-terminal end of p 
strand 1, the loop surrounding the two 
phosphate groups of the GDP ligand and 
the first turn of the ci helix A. The 
residues of the second homologous re- 
gion are found at the M ~ ' +  ion binding 
site, that is, the COOH-terminal end of 
the p strand 3 and the first turn of the 
adjacent ci helix B. Regions 3 and 4 
represent the p strand 4 and the connect- 
ing loop between p strand 5 and ci helix 
D, respectively. Both regions are posi- 
tioned around one side of the guanine 
ring and contribute side chains which 
may interact directly with it. Thus, all 
four principal regions of sequence ho- 
mologies are located in the vicinity of the 
GDP-binding site. Those regions that do 
not share similar sequences are located 
at the NH2-terminal end of the p sheet or 
in connecting polypeptide strands distant 
from the GDP ligand. 

There are several invariant amino ac- 
ids in all GDP binding proteins that have 
been sequenced (4) .  Most of the invari- 
ant amino acids form a direct contact 
with the GDP ligand in the EF-Tu struc- 
ture. ASP" forms a salt bridge to the 
~ g ~ +  ion, ~ y s ' ~  partially neutralizes the 
charge on one phosphate group, ~ s n ' ~ ~  
is situated directly over the guanine ring, 
and ~ s p ' ~ ~  interacts with the amino sub- 
stituent of the guanine ring. Another 
amino acid of interest is va12' in EF-Tu 
which corresponds to Glyl' in the H-ras 
p21 protein. The latter amino acid is 
considered critical for the activation of 
the transforming potential of the H-ras 

protein (24). In EF-Tu, Val2' is located 
on the outer edge of the loop which 
serves to position the phosphate groups 
of the GDP ligand at the junction of p 
strand 1 and ci helix A. This location is 
consistent with the findings that com- 
plexation of H-ras p21 protein with 
monoclonal antibodies to the Gly" re- 
gions prevents the binding of the GTP 
ligand in the H-ras protein (25). The side 
chain of va12' in EF-Tu does not appear 
to interact directly with either phos- 
phate, but it may be important for main- 
taining the proper backbone conforma- 
tion of the loop. It is not difficult to 
imagine that a single amino acid substitu- 
tion from glycine to valine or vice versa 
at this position would alter the backbone 
conformation and subsequently affect 
the phosphate binding site. 

Different models for the GDP-binding 
domain of a protease-modified EF-Tu in 
space group C222' have been proposed 
(26, 27). The most recent Clark model 
agrees reasonably with the one present- 
ed herein, but only in the backbone 
assignment of ~ l y ~ ~  through GluI9O. The 
two structural models are widely diver- 
gent in the assignment of pro1' to Arg44. 
In my model, this sequence is an integral 
part of the NH2-terminal domain and the 
GDP-binding site, comprising p strand 1, 
the connecting loop, and ci helix A. In 
the Clark model, this peptide fragment is 
assigned to electron density in the 
COOH-terminal domain and is approxi- 
mately 25 f i  distant from the GDP-bind- 
ing site. This latter location is not com- 
patible with the sequence homologies 
found in all GDP-binding proteins or 
with the recent studies of antibody com- 
plex formation on the H-ras p21 protein 
(25). Moreover, the placement of the 
amino acid residues into the electron 
density region proposed by Clark and co- 
workers does not result in a satisfactory 
fit when the 2.7 f i  electron density map 
described above is used. Another incon- 
sistency in the Clark model is the assign- 
ment of  la^' to Arg5' to a distinctive 
strand of density located between two 
domains (27). Although this particular 
density is present in the C2221 map de- 
scribed in this article, it cannot be as- 
signed to the amino acids from 45 to 58 
because the biochemical analysis clearly 
shows that this peptide fragment is miss- 
ing in this crystal form. Given the diffi- 
culty of any high resolution structural 
analysis, minor errors in the polypeptide 
tracing are not uncommon. Neverthe- 
less, the final structure must be compati- 
ble with the crystallographic data as well 
as all known biochemical data. The 
structural model of the GDP-binding do- 
main of trypsin-modified EF-Tu present- 

ed above fulfills these criteria and pro- 
vides a plausible model with which to 
design experiments for the H-ras onco- 
gene protein and other GDP-binding pro- 
teins. 
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