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ABSTRACT Normal RAS proteins play a key role of
molecular switch in the transduction of the growth signal from
extracellular to intracellular space. The state of the switch is
"on" when GTP is bound and "off" when GDP is bound to the
protein. The crystal structure of a complex between a nonhy-
drolyzable GTP analog and the catalytic domain of a RAS
protein has been determined by a rotation-translation search
method. The orientations and positions of four independent
molecules have been determined using a single molecule as a
probe in the search. The crystal structure reveals that the 'y
phosphate of the GTP analog induces extensive conformational
changes on two loop regions of the protein.

RAS protooncogenes are essential for the cell's growth and
survival and code for 21-kDa proteins, p21. There are three
different RAS protooncogenes located in three different hu-
man chromosomes, and the protein sequences encoded by
these genes are practically identical except for the C-terminal
25 residues (1). In analogy to elongation factor EF-Tu (2) and
G proteins (3, 4), GTP-complexed RAS proteins are recog-
nized by effector protein(s) as "on" state, signaling cell growth
or differentiation, whereas the GDP complexes are perceived
as the signal "off" state. RAS proteins have an intrinsic
GTPase activity to turn off the signal, and this process is
enhanced by GTPase activating protein, GAP (5-7).
We have previously determined the crystal structures of the

GDP complex of a RAS protooncogene product and of a
transforming mutant, both lacking the 18 C-terminal residues
(8-10). To find out the mechanism of molecular switching, we
have determined the crystal structure of a complex between a
nonhydrolyzable GTP analog, guanosine-5'-(8,y-methylene)-
triphosphate (GDP[,3,y-CH2]P), and the normal HRAS protein
lacking the C-terminal 18 residues by using a new molecular
replacement method. The structure is refined at 2.5-A reso-
lution with a current R factor of 19.5%. The structure reveals
that an extensive conformational change is induced by the
presence of the y phosphate of GDP[,,y-CH2]P, which estab-
lishes additional hydrogen bonding interactions with two sep-
arate loop regions of the protein. At present resolution and
state of refinement, except residues 62-65, the overall struc-
tural features are similar to the structure of the complex
between RAS protein lacking the C-terminal 23 residues
complexed with another nonhydrolyzable GTP analog, gua-
nosine-5'-(J3,y-imido)triphosphate (GDP[13,y-NH]P) and re-
fined to 22.9% by using 10.0- to 2.6-A resolution data (11).

Cloning, expression, and purification of the protein have
been described earlier (12). The Escherichia coli-expressed
protein contained GDP. To exchange this for the nonhydro-
lyzable GTP analog, GDP[3,'y-CH2]P, the GDP complex at

2.4 mg/ml was incubated in a solution containing 20 mM
EDTA, apyrase at 2.7 units/ml, and GDP[,8,y-CH21P at 0.17
mg/ml at 370C for 15 min; then 1 M MgSO4 solution was
added to 33 mM. The mixture was concentrated, excess
GDP[3,8y-CH2]P was removed, and a buffer solution contain-
ing 50mM Hepes, pH 7.5/1 mM EDTA/1 mM dithiothreitol/
0.001% 1-octylglucoside was added. The last step was re-
peated twice, and the final solution was stored in 20%
(vol/vol) glycerol.
For crystallization the GDP[,8,y-CH2]P complex solution

was dialyzed extensively against a solution containing 50mM
cacodylate buffer, pH 6.5/1 mM dithiothreitol/1 mM EDTA/
0.01% 1-octylglucoside and concentrated to 14 mg of protein
per ml in the same buffer. Crystals were obtained from a
solution containing GDP[,3,y-CH2]P complex at 7 mg/ml, 100
mM magnesium acetate, 10% (vol/vol) polyethylene glycol
8000, and 75 mM cacodylate buffer, pH 6.5, by vapor-phase
equilibrium methods. The space group of the crystals is
P21 (c unique) with unit cell parameters of a = 41.5 A, b =
80.1 A, c = 130.5 A, and 'y = 117.5°. Density measurement
of GDP[3,8y-CH2]P complex crystals suggested that there are
three or four GDP[P,y-CH2]P complex molecules per asym-
metric unit of the crystal. Most crystals were layered with
each layer slightly misoriented with respect to its neighbors.
X-ray diffraction data were collected on Kodak DEF5 films
using a synchrotron x-ray source at the Brookhaven National
Laboratory. The x-ray wavelength for the data collection was
1.22 A, and the crystal-to-film distance was 90 mm. All data
were collected at 4°C by using an Enraf-Nonius rotation
camera. The films were scanned and digitized with an Op-
tronix film scanner (Chelmsford, MA) at a resolution of 100
,um. The digitized data were processed by using computer
programs originally written by Rossmann (13), and the re-
flections were reduced and merged by using the PROTEIN
program package (14). The entire data set was collected on
one crystal. During the data collection we searched for and
irradiated the nonmultiple portion of a crystal. A total of
74,084 observations were made to a resolution of 2.5 A,
which reduced to give 21,061 unique reflections. Average
Rsym(I) was 6.1% and Rmerge(I) was 8.8%.

Structure Determination

Conventional rotation-translation search methods (15) did
not provide a unique solution, although one (possibly two) of
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the four rotation solutions was identified in retrospect. This
is understandable because there are three or four molecules
in an asymmetric unit. By applying a more recently devel-
oped molecular-replacement method (16) the structure was
successfully solved.tt A brief description of the steps taken
follows.

Rotation Search. (i) A self-rotation search was performed
to locate noncrystallographic symmetry elements using a
real-space Patterson search method (17). The Patterson map
was calculated on a 1-A grid by using all reflections from 15-
to 4-A resolution. Patterson vectors were selected according
to length (between 24 and 5 A). The selected Patterson
vectors were rotated using the spherical polar angles (4i, 4,
K), and the product correlation with the Patterson map was
computed by linear eight-point interpolation. The self-
rotation search was carried out by varying 4i and 4 in steps
of 20 in the angular range 4i = 0° to 180° and 4 = 00 to 1800,
while K was held fixed at 1800. Apart from the crystallo-
graphic diad at 4, = 900, a strong noncrystallographic 2-fold
axis emerges at 4 = 600, ) = 00, and three other positions (4i
= 1500, 4 = 00; 4 = 300, 4 = 1800; 4 = 1200, 4 = 1800) that
are related to each other by crystallographic symmetry. This
strong, unique peak suggests that there is an even number of
molecules, four rather than three, in the asymmetric unit, and
that the four molecules form two dimers where the monomers
in each dimer (or the two dimers) are related by the non-
crystallographic 2-fold axis. A search for a noncrystallo-
graphic 4-fold axis did not produce a unique symmetry
element.

(ii) We performed a rotation search using the crystal
structure of GDP complex of the catalytic domain of normal
p21 protein (8, 10) as a probe structure. The GDP and
residues 30-40 and 60-70 (near the expected y-phosphate
location) were deliberately removed from the probe. The
rotation search using the partial structure of the GDP com-
plex as probe was repeated with a real-space Patterson search
method (17). The model Patterson maps were computed by
placing the probe model into an orthorhombic box with
100-A cell edges for the structure factor calculation. Model
Patterson vectors were selected according to length (between
24 and 4 A) and according to peak height (3a above the mean
of the model Patterson map). The selected Patterson vectors
were rotated using the Eulerian angles (01, 02, 63) as defined
in Rossmann and Blow (18). The product correlation with the
Patterson map was computed by linear eight-point interpo-
lation. The orientations of the search models were sampled
by using the pseudo-orthogonal Eulerian angles (19): 0+ = 01
+ 03; 0- = 01 - 03; and 02 = 02. The interval A for 02 was set
to 20. The interval for 0+ is given by A/cos(02/2), and the
interval for 0. is given by A/sin(02/2). As the GDP[P,y-
CH21P-complex crystal symmetry is monoclinic P21, c-axis
unique, the rotation search could be restricted to the asym-
metric unit 0+ = 0 - 7200, 02 = 0 - 1800, 6- = 0 - 1800 (20).

After the rotation function was calculated and a simple
peak search was carried out, the 120 highest rotation function
peaks were chosen. These are shown in Fig. la. The highest
peak of the rotation function had a value 3.4 times the SD
above the mean and 0.4 SD above the next highest peak. This
orientation was consistently the highest peak for the data
within the resolution ranges of 15-4 A, 15-3.5 A, and 15-3
A. However, no other significant and consistent peaks could
be located for the remaining three molecules despite variation
of the parameters of the rotation function, such as resolution
range and selection of Patterson vectors. The failure of the
rotation search is not due to the choice of rotation function:
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FIG. 1. By using the crystal structure of the GDP complex of
normal human HRAS p21 catalytic domain minus GDP and residues
30-40 and 60-70 as probe, a rotation search was performed on
diffraction data of the GDP[L,y-CH2]P complex of the protein.
Values of the 120 highest peaks of the real-space rotation function
(RF) are sorted by value (units of SDs above mean) (a). Rigid-body
PC refinements were done for each orientation of the probe model
corresponding to the 120 highest selected peaks of the rotation
function. PC coefficients after the refinement are shown at 15- to 4-A
resolution (c), 15- to 3-A resolution (d), and 15- to 2.5-A resolution
(e). (b) Average of c, d, and e.

equally inconclusive results were obtained using the rotation
search program MERLOT (21).

Patterson Correlation (PC) Refinement of Rotation Func-
tion. To find the other orientations for the remaining three
molecules in the asymmetric unit, another method, PC re-
finement of the orientation (16), was used. This refinement of
the orientation (fl) of the probe model is defined as minimi-
zation against a target function that consists of the following:

etot(f) = [1 - PC(Q)], 1]

where

PC(Q) =

(IEobsI2IEm()2 - (IEobsI2XIEm( J)) [2]
\/"((IEobsIl4- (IEobsI2)2))((IEm(f1)I4 - (IEm(f)I2)2))

The symbol() denotes an averaging over the set of observed
reflections expanded to the hemisphere of the reciprocal
space corresponding to the triclinic space group P1. Eobs and
Em(fQ) stand for, respectively, the normalized observed struc-
ture factors and the normalized structure factors calculated
for the probe model oriented according to fi and placed in a
triclinic unit cell identical in geometry to that of the crystal.
The PC refinements consisted of 20 steps rigid-body con-

jugate gradient minimization (22) ofetot at 15- to 4-A resolu-
tion (Fig. ic), followed by 15 steps at 15- to 3-A resolution
(Fig. ld), and, finally, 15 steps at 15- to 2.5-A resolution (Fig.
le) for each of the 120 selected peaks. The grid size for the
fast Fourier transform evaluation of the structure factors was
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ttThe atomic coordinates for alpha carbons have been deposited in
the Protein Data Bank, Chemistry Department, Brookhaven Na-
tional Laboratory, Upton, NY 11973 (reference 4P21).
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FIG. 2. Tetramer formed by the GDP[,8,y-CH2]P complex; thin
lines represent the a carbon trace. The GDP[13,y-CH2]P ligand is
shown as thick lines.

set to one-third of the high-resolution limit. Fig. lb is the
average of Fig. 1 c, d, and e.

Apart from peak number 1 (labeled A), a second strong
peak emerged after PC refinement, which is labeled B. Peaks
A and B are related by the noncrystallographic symmetry
element qi = 66.5, = -6.3, K = 90.6 (Table 1). Two
additional peaks were located (labeled C and D), which were
relatively consistent among resolution ranges. The four peaks
are the largest peaks in the average plot (Fig. lb). The
correctness of peaks C and D is supported by the fact that
they are approximately related to peaks A and B, respec-
tively, by the element qi = 60.0, = 0.0, K = 180 that was seen
in the self-rotation function (Table 1). It should be noted that
some peaks that were initially far away from the A, B, C, and
D peaks converged to those peaks during the PC refinement.
In particular cases, shifts of >50° in angular parameters were
seen. These "redundant" peaks have been omitted on Fig. 1.
These peaks can sometimes cause confusion in the interpre-
tation of plots of the type of Fig. 1.

Translation Search. Translation searches were done by
using the above-mentioned probe molecule oriented according
to A, B, C, and D orientations (Table 1). The translation
searches employed the standard linear correlation coefficient
between the normalized observed structure factors and the
normalized calculated structure factors (16, 23). The transla-
tion function TF(xyz, fl) is defined as a function identical to
PC(fQ), defined earlier except that Em(fQ) is replaced by
Ecal(xyz, CV), where the latter denotes the normalized calcu-
lated structure factor for the probe and its symmetry mates,
the center ofgravity of which is located at position (x, y, z) and
the orientation of the probe defined by fQ. The 15-4 A
resolution data were used, and the sampling interval was 1 A

in each dimension. The translation search was performed by
first finding the location for the molecule A; then the posi-
tions of molecules B, C, and D were determined while
keeping molecule A fixed. To check consistency, the proce-
dure was repeated starting with molecule B fixed first and
then placing A, C, and D and so forth. Significant and
consistent positions emerged for all four molecular orienta-
tions (Table 2). The initial R factor of the combined four
molecules was 40.7% at a resolution of 5-4 A, which corre-
sponded to a correlation coefficient of 0.48.

Structure Refinement. In addition to GDP, two additional
parts were deliberately removed from the probe molecule
during initial refinement: they were residues 30-40 and
residues 60-70. The reason for deleting these residues was
that the two regions were expected to be near the y phosphate
of the GDP[,y,-CH2]P, and we suspected that these regions
may have conformations different from that of the probe
molecule. Rigid-body refinements of the positions and ori-
entations of the four molecules were accomplished by run-
ning 30 steps of conjugate gradient minimization at 5- to 4-A
resolution followed by 30 steps at 5- to 2.5-A resolution. The
R factor after rigid-body refinement was 37.8% at 5- to 4-A
resolution and 44.4% at 5- to 2.5-A resolution. The four
molecules form a tetramer that consists of two dimers (A, D
and B, C) rotated by =90° (Fig. 2). The dimer symmetry axis
is approximately the same for both molecules. This tetramer
packing showed no close contacts among symmetry-related
molecules and is very similar to that offour molecules related
by the crystallographic symmetry found in the crystal struc-
ture of the intact human HRAS protein (unpublished result).
However, two dimers are related to each other by =90°
rotation, and the rotation axis is not quite parallel to the local
2-fold axis relating two dimers. This explains why no 4-fold
noncrystallographic symmetry axis was found.
At this point [F(obs) - F(calc)] difference electron density

maps were calculated. The maps clearly showed electron
density corresponding to the four GDP[,B,y-CH2]P molecules
that were not present in the probe molecule and were not
included in the calculation of structure factors. After fitting
the GDP[jB,y-CH2]P molecules to each of the four sites, one
round of simulated annealing refinement (24) was carried out
by using a slow cooling protocol (31). In this round of
annealing tight noncrystallographic symmetry restraints (32)
between the monomers were applied. The R factor dropped
to 27% at 6- to 2.5-A resolution with rms deviations of bond
lengths and bond angles from ideality of 0.023 A and 3.80,
respectively. The rms difference between the noncrystallo-
graphic symmetry-related monomers was 0.16 A and 0.46 A
for the backbone and side-chain atoms, respectively. At this
point [2F(obs) - F(calc)] electron density maps were calcu-
lated, and residues 30-40 and 60-70 were fitted into the maps;
also, a magnesium ion was located in each of the four mole-
cules. A subsequent round of simulated annealing refinement
with noncrystallographic-symmetry restraints was carried out.
Finally, the restraints were removed, and another cycle of
simulated annealing refinement reduced the R factor to 19.5%
for data with a resolution range of 5-2.5 A and 20.4% for

Table 1. Orientation and symmetry relationship
Before PC refinement After PC refinement

Molecule 01 02 03 01 02 63 Molecule pair qr* 0* K*

A 105.2 102.0 53.7 104.9 102.2 55.4 A vs. B 66.5 -6.3 90.6
B 21.9 72.0 228.8 18.5 73.6 227.9 A vs. C 71.4 7.8 -91.6
C 199.5 110.0 72.5 201.1 112.6 77.3 A vs. D 63.9 1.6 179.3
D 284.2 80.0 256.2 286.0 80.6 252.2 B vs. C 62.2 3.8 179.2

*Spherical polar angles representing rotation required to rotate the first molecule onto the second molecule. The
crystallographic symmetry operator (-x, -y, z+1/2) has been applied to molecules B and D.

Biochemistry: Briinger et al.
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Table 2. Translation searches

Peak height§
Molecule* TFmaxt xt yf zt Correct Error SIN

A 0.14 -14.6 34.7 0.1 5.8 3.6 1.6
A+B 0.28 26.8 22.9 51.8 14.0 5.4 2.6
A+C 0.25 -18.3 43.8 25.6 12.3 4.6 2.7
A+D 0.23 32.0 11.7 75.1 10.9 4.9 2.2
B 0.15 26.7 22.7 51.8 6.8 3.4 2.0

B+A 0.29 -14.3 34.3 0.6 14.6 5.4 2.7
B+C 0.25 -18.5 44.0 26.3 11.0 4.1 2.6
B+D 0.24 32.1 11.7 76.0 11.7 4.7 2.4

*Molecule with which the translation search is done. When two
molecules are specified, the first molecule is placed according to the
translation search with that molecule alone and the search is done
with the second molecule.
tMaximum correlation coefficient of the translation search. TF,
translation function.
WPosition of molecule that yields maximum correlation coefficient in
orthogonal A coordinates.
§Peak heights are measured in aunits above mean. S/N, ratio ofpeak
heights.

10-2.5 A data at the present time. All computations were
carried out with the program X-PLOR (25).

Description of Structure

The topological structure of the GDP[p,y-CH2]P complex is
identical to that found for the GDP complex (10). The overall
structure and many structural details are also the same as
those of the GDP complex (8-10), except for two regions,
residues 30-37 and 60-76. A stereoview of the backbone
structure is shown in Fig. 3, where the two regions are

1t 1
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FiG. 3. A stereoview of the a carbon positions of normal human
HRAS p21 catalytic domain. Conformational differences between
GDP and GDP[/,By-CH2]P complexes of the protein are primarily
localized in two regions of the molecule; a carbon positions of these
two regions are shown in thick lines. Numbers represent residues.

indicated by the darker lines. The structural features of this
complex are similar, except for residues 61-65, to those of
another complex recently determined, a complex between
p21 protein lacking the C-terminal 23 residues and another
nonhydrolyzable GTP analog, GDP[,8,y-NH]P. The latter
structure has been refined to an R factor of 22.9% at 2.6-A
resolution (11). The residues 61-65 are in weaker electron-
density regions in both structures. Like the crystal structures
of the GDP complex of the catalytic domain of human HRAS
protein (8-10), the structure of the GDP[3,y-CH2]P complex
consists of six 8-strands forming a central sheet and five
a-helices distributed on both sides of the 1-sheet. There are
10 loops connecting the B-strands and a-helices.
Common Features. Residues 14-17 tightly wrap around the

3 phosphate forming hydrogen bonds by using backbone NH
groups exclusively (Figs. 3 and 5). The conformation of this
region of the GDP complexes (26) is identical to that of the
GDP[p,y-CH2]P complex. The most common oncogenic mu-
tation site, residue 12, is located at the beginning of this loop.
The environment of the magnesium ion is also shown in Fig.
5. It is coordinated by four oxygens, one each from the p
phosphate, the y phosphate, and the side chain of Thr-35 and
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FIG. 4. Schematic ofthe hydrogen-bonding scheme ofguanosine,
ribose, and (f3,y-methylene)triphosphate found in the crystal struc-
ture GDP[p,-y-CH2]P complex of normal human HRAS p21 catalytic
domain. Interaction between protein and GDP portion of the nucle-
otide is conserved. Presumed hydrogen bonds at current resolution
and refinement are indicated by wide shaded bands. Side chains that
form hydrogen bonds to GDP[,8,y-CH2]P are shown as attached to
the respective amino acid by connected line segments. Backbone NH
and CO groups that form hydrogen bonds are shown without con-
necting lines. The hydrogen bonding of Lys-119 to N3 of guanine and
Gln-61 to Y-PO4 is uncertain.
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FIG. 5. Stereoview of the guanine nucleotide pocket at the
current state of the refinement of the GDP[p,y-CH2]P complex of
human normal HRAS p21 catalytic domain. GDP[,8y-CH2]P is
shown by thick lines, and Mg2+ is shown as a small sphere.

Ser-17. The hydrogen-binding scheme of the guanine base
and ribose is also shown in Fig. 4.
Thus all structural features involving the GDP portion of

GDP[f3,y-CH2]P in this complex are identical to those in GDP
complexes and presumably conserved in all RAS protein
structures so far determined. Most of these features are also
found in the GDP[,3,y-NH]P complex (11).

Environment of the y Phosphate. In analogy to the mecha-
nism ofGTP hydrolysis in EF-Tu (27), the y phosphate ofGTP
in the complex with p21 protein is the most likely target of a
nucleophilic attack by a water molecule (28). This suggests
that the orientation of the y phosphate is critical in the
hydrolysis of GTP. Similar to GDP[,B,y-NH]P complex (11),
our structure shows that the y phosphate is held by four
separate parts of the molecule (Figs. 4 and 5): The Mg2+ ion
forms a coordination bond; the backbone NH group of residue
11 forms a hydrogen bond; the backbone NH group of residue
60 in loop 4 forms a hydrogen bond; and the backbone NH
group of Thr-35 forms a hydrogen bond. Although further
refinement of the structure may alter some of the bonding
assignment, it is clear that many parts of the molecule partic-
ipate in fixing the orientation of the y phosphate.

Discussion

At the current resolution and refinement there appear to be
two major consequences due to the presence of the y phos-
phate as compared with the structures of GDP complexes
(8-10, 26). (i) Extensive conformational changes occur in two
regions of the molecule; residues 30-37 and residues 60-76
(Fig. 3). This correlates well with the observations that the
mutations in the first region, the putative effector-binding site
(29), alter the transforming properties of the proteins (1) and
GAP binding (6, 7) and that mutations around residue 61 alter
GAP binding strength (7). Furthermore, residue 61 (1) is also
a common oncogenic mutation site. (ii) The locations of the
P phosphate and magnesium ion appear to be slightly differ-
ent when compared with those in the GDP complexes. This
may be due to the fact that, in the GDP complexes, the
magnesium ion is coordinated to the oxygen of phosphate,
whereas in the GDP[,B,y-CH2]P complex it is coordinated to
the oxygen atoms of both the P and y phosphates in addition
to that of Thr-35. Further refinement at higher resolution may
resolve this issue.

The structural comparison also provides a preliminary
structural basis for understanding biological and biochemical
consequences of oncogenic mutations (1) at positions 12, 13,
61, 116, and 119 and of in vitro mutations of residues 30-40
and 59-62 and identifies regions ofthe molecular surface that
are likely targets for interaction with membrane-bound com-
ponents of RAS-mediated signal transduction (30). Although
these structures suggest explanations for many biochemical
and biological observations about RAS proteins, understand-
ing the true mechanism of the biological functions of the
proteins require structural studies ofother complexes such as
GTP analog complexes of oncogenic RAS proteins, GDP and
GTP analog complexes of intact (full-length) RAS proteins
and viral ras proteins, ternary complexes of GTP analogs,
RAS protein, and GAP, as well as biochemical and biological
studies of other interacting components of the signal-
transduction pathway.
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