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Three-Dimensional Structure of an
Oncogene Protein: Catalytic
Domain of Human c-H-ras p21

ABRAHAM M. DE Vos, LiIANG TONG, MICHAEL V. MILBURN, PEDRO M. MATIAS,
JARMILA JANCARIK, SHIGERU NOGUCHI, SUSUMU NISHIMURA, KAZUNOBU MIURA,
E1xo OHTSUKA, SUNG-HoOU Kim*

The crystal structure at 2.7 A resolution of the normal
human c-H-7as oncogene protein lacking a flexible car-
boxyl-terminal 18 residue reveals that the protein consists
of a six-stranded B sheet, four o helices, and nine connect-
ing loops. Four loops are involved in interactions with
bound guanosine diphosphate: one with the phosphates,
another with the ribose, and two with the guanine base.
Most of the transforming proteins (in vivo and in vitro)
have single amino acid substitutions at one of a few key
positions in three of these four loops plus one additional
loop. The biological functions of the remaining five loops
and other exposed regions are at present unknown. How-
ever, one loop corresponds to the binding site for a
neutralizing monoclonal antibody and another to a puta-
tive “effector region”; mutations in the latter region do
not alter guanine nucleotide binding or guanosine tri-
phosphatase activity but they do reduce the transforming
activity of activated proteins. The data provide a structur-
al basis for understanding the known biochemical proper-
ties of normal as well as activated 7as oncogene proteins
and indicate additional regions in the molecule that may
possibly participate in other cellalar functions.
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HE MOST COMMONLY FOUND ONCOGENES ISOLATED FROM
human tumors or transformed human cell lines belong to the
ras gene family (I). In the human genome there are three
distinct cellular 7as genes: c-H-7as, c-K-7as, and N-7as, the former
two having sequence similarity (2-5) to the transforming principles
of the Harvey and Kirsten strains of rat sarcoma viruses (6, 7),
respectively. All proteins encoded by these genes are called p21,
have a molecular weight of about 21,000 with 188 or 189 amino
acid residues, and have practically identical amino acid sequences,
with the exception of the carboxyl-terminal 25 residues (8). The
difference between the normal 7as proto-oncogenes and the activat-
ed (transforming) »as oncogenes is usually a single base change at
one of a few critical positions, resulting in a single amino acid
substitution in p21 (9-11).
In vivo involvement of the 7as genes in neoplasia was recently
shown by the experiment that transgenic mice bearing activated c-
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H-ras oncogene under control of the rat elastase I regulatory
clement developed massive tumors in the pancreas within a few days
of pancreatic differentiation, while those harboring the normal
proto-oncogene did not (12). In addition to their role in human and
animal cancer, the 7as genes have been implicated in cell prolifera-
tion, terminal differentiation, and other essential processes, suggest-
ing that 7as proteins may function as signal transducers, like G
proteins (13), at the beginning of the cascade of reactions leading to
these processes.

Among the biochemical properties of p21 proteins are that they
bind guanosine triphosphate (GTP) and guanosine diphosphate
(GDP) (14-17); they hydrolyze GTP to GDP (17-21); activated
p21 proteins often show reduced GTP hydrolysis activity (17-21);
activated proteins with a threonine at position 59 have autokinase
activity, Thr’® being the phosphate acceptor (22); palmitic acid is
posttranslationally attached to Cys'® in all p21 proteins (23-26),
which facilitates their association with the inner surface of the cell’s
plasma membrane (23, 27, 28); the COOH-terminal 25 residues are
likely to be flexible (29-31), are not required for any of the known
biochemical functions of the protein, and only the last four residues
are essential for attachment to the cell wall and transformation (28,
32); and the proteins have moderate sequence similarity to the GTP-
binding domain of signal transducing G proteins (13) and other
guanine nucleotide—binding proteins such as the bacterial elonga-
tion factor, EF-Tu (33-36).

Knowledge of the three-dimensional structure of this #as protein
family should be most useful to provide a basis for understanding
the known biochemical functions of both normal and activated
proteins. We have recently crystallized the “catalytic domain” of c-
H-ras p21 protein (residues 1 to 171), which has GDP or GTP
binding and guanosine triphosphatase (GTPase) activity, as well as
the intact protein (189 residues). We have also crystallized the
“catalytic domains” of two activated p21 proteins, one with valine at
position 12, p21 (Val'?), and another with leucine at position 61,
p21 (Leu®"), as well as the corresponding intact proteins. All of the
“catalytic domain” and intact normal proteins bind GDP or GTP
and hydrolyze GTP, while the activated forms show reduced or
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absence of GTPase activity. In this article, we report the first in a
series of 7as p21 protein structures.

Protein preparation and crystallization. Preparation procedures
and crystallization conditions of p21 proteins have been described
(37). Briefly, p21 proteins have been expressed in Escherichin coli
harboring a plasmid that contains synthetic genes coding for the
amino acid residues 1 to 171 or 1 to 189 (38). The proteins were
purified by DEAE Sephacel and Sephadex G-75 column chromatog-
raphy to more than 95 percent purity by essentially the same
procedure as that reported (18). The transformed E. cols cells were
cultured (in 2-liter batches), collected 11 hours after induction, and
washed with 100 ml of buffer containing 50 mM tris-HCl at pH 7.5
and 25 percent sucrose. The cells were resuspended in the same
buffer with 0.01 percent NP-40 and 5 maM MgCl; in the presence of
deoxyribonuclease. The clear lysate obtained by centrifugation at
15,000 rpm was diluted with a buffer containing 50 mM Hepes
(sodium salts) (pH 7.5), 1 mM EDTA, 1 mM dithiothreitol (DTT),
and 0.01 percent n-octyl glucoside, fractionated by DEAE Sephacel
column chromatography, and further purified by Sephadex G-75
column chromatography. The overall yield was approximately 15
mg of pure proteins from a 2-liter culture. The purified proteins had
one bound GDP per p21 molecule and the same NH,-terminal
sequence of Met-Thr-Glu-Tyr-Lys as the sequence predicted from
the complementary DNA (cDNA) clones (39—42). As detected by
complex formation with tritium-labeled GDP, “catalytic domains” of
normal p21 (Gly'2, 1-171) and activated p21 (Val'?, 1-171), as
well as full-length p21 proteins, bind GDP. The GTPase activity of
p21 (Gly'2, 1-171) was found to be the same as that of normal p21,
whereas in p21 (Val'2, 1-171) and p21 (Val'%, 1-189) it was, as
predicted, less than 10 percent of normal.

We obtained good quality single crystals by the sitting drop
technique from solutions containing protein (10 mg/ml), 0.1M
CaCl,, 0.075M Hepes (pH 7.5), 0.5 mM EDTA, 0.5 mM DTT,
and 0.005 percent #-octyl glucoside equilibrated to 30 percent PEG
400. Hexagonal bipyramidal crystals with well-defined faces formed
after about a week and were allowed to grow for an additional 2 to 3
weeks before the x-ray analysis. The space group of the “catalytic

Fig. 1. Portions of the 2.7 A electron density map
superimposed with an o helical region (residues
156 to 164; Phe-Tyr-Thr-Leu-Val-Arg-Glu-Ile-
Arg) at right, and a loop B strand region (residues
137 to 146; Tyr-Gly-lle-Pro-Tyr-Ile-Glu-Thr-
Ser-Ala) at left, of c-H-vas p21 crystal structure.
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domain” crystals is P6522 with cell parameters 2 = & = 83.2 A and
¢=105.1 rl{ There is one p21 “catalytic domain™ per asymmetric
unit and 46 percent of the unit cell volume is protein.

Diffraction data collection and structure determination. We
collected diffraction data for the native as well as five heavy-atom
derivatives on x-ray films; we used an Enraf-Nonius rotation camera
installed on the eight-pole wiggler branch line (Stanford Synchro-
tron Radiation Laboratory). The x-ray wavelength for the data
collection was ecither 1.5418 or 1.08 A, and the crystal-to-film
distance was 60 or 85 mm. All the data were collected at 4°C. The
films were digitized with the use of a drum scanner (Optronix
Corp.), and the data were processed with the use of computer
programs originally written by Rossmann (43). Reflection data
from different films were merged together with the use of the
PROTEIN program package (44). The native data set contained
about 46,000 observations of 10,400 unique reflections, with an
Rinerge(I) Of 8 percent and a maximum resolution of 2.25 A (Table 1).
About 300 reflections, missing from this data set because of intensity
overload or positional overlap on the films, were later measured with a
Nicolet P3/F four-circle diffractometer and added to the native data
set.

Five heavy-atom derivatives were used for phasing: three of them
were obtained by soaking the crystals in solutions containing
KAul,, KoHgls, and K,PtBrg separately, the fourth by soaking in
solutions of KAul, then K,Hgl, (AwHg), and the fifth by soaking
in solutions of KAul, then K,PtBre (Auw/Pt) (Table 1). Difference
Patterson maps for each derivative were calculated from diffraction
data between 10 and 4 A resolution, and interpreted for heavy-atom
positions with the use of the program HASSP (45). For both the

gold and the mercury derivative, two sites (A and B) appeared
initially as two separate single-site solutions, without the cross-
vector solution between them (Table 2). One single site, C, came up
for the platinum derivative. The origin correlation between sites A
and B was determined from the Au and Hg double-soak difference
Patterson map, while that between sites A, B, and C was obtained by
difference Fourier syntheses.

The multiple isomorphous replacement (MIR) refinement was
initiated in space group P6,22 with the computer program package
PROTEIN (44) for the three major sites (A, B, and C in Table 2),
and with reflections between 40.0 and 3.0 A resolution. The root-
mean-square (rms) lack-of-closure errors were calculated from cen-
tric reflections and updated after each refinement cycle. Reflections
with lack-of-closure errors greater than 2.1 times the rms value were
rejected from the phase refinement. Several minor heavy-atom sites
were located from difference Fourier maps and included in the
refinement process (Tables 2 and 3).

We applied a noise-filtering procedure (46) to improve the MIR
phases. The calculated electron density map showed a six-stranded B
sheet and three a helices. A GDP molecule could also be seen in the
map. The handedness of the a helices indicated the space group to
be P6s22 rather than P6,22. Although the secondary structure
could be seen in the map, the connectivity between the secondary
structure elements was difficult to determine. Therefore, phasing
was extended to 2.7 A resolution (46). The phase extension process
(Table 4) resulted in a map that helped us resolve some ambiguous
regions in the original map and revealed a fourth short a helix. At
this point, a partial backbone model represented by polyalanine was
fit into the electron density map with the program package FRODO

Fig. 2. (A). The backbone structure of the catalytic domain of human normal
c-H-ras p21 protein. The flow of the backbone is represented by a
continuous flat ribbon. The B strands can be recognized by straight runs; and
the o helices by helical coils. The guanine base, the ribose, and the

Table 1. Heavy atom derivatives of normal human c¢-H-7as p21 crystals.

phosphates are represented as stippled rectangular block, pentagonal block,
and spheres, respectively. The NH,- and COOH-termini are indicated. The
looped regions are numbered 1 to 9 from the NH,-terminus. (B). Stereo-
drawing of the a-carbon backbone structure of human normal c-H-#as p21.

Item Native KAu, KoHgl, KPtBrg A‘g’g‘d A and
Heavy atoms (mAM) Sat. 2 7 Sat./2 Sat./7
Soaking (hours) 24 15 10 18/2 18/6
a (A) 83.2 83.2 83.8 83.3 83.5 83.6
¢ (&) 105.1 105.0 105.2 105.5 104.5 105.3
Resolution (A) 2.25 2.7 2.8 35 2.9 35
Film sets (No.) 32 48 32 64 32 32
Observations (No.) 45,942 48,525 38,067 16,314 35,297 20,807
Unique reflections (No.) 10,379 5,594 4,966 2,820 4,294 2,926
Rinerge® (%) 8.0 10.5 9.2 9.1 9.2 8.7
RscaleT (%) 12 16 18 23 21

*Riperge = % PUESTDIDN?

b
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FRcale = > IFp — FPHI/Z Fp, where Fp and Fpy are the native and derivative structure factor amplitudes, respectively.
. Wl
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Fig. 3. Topological structure
of the catalytic domain of hu-
man c-H-ras p21 protein. The
B strands, a helices, and loops
are represented as wide ar-
rowed ribbons, helical rib-
bons, and narrow ribbons, re-
spectively. Loops are num-
bered sequentially from NH,-
to COOH-terminus.

(47) for an E&S PS300 computer graphics system. Phases calculated
from the partial model were combined with the original MIR
phases, and improved by the noise-filtering technique (46). The new
map helped in the assignment of side chains and a complete tracing
was achieved. At this point, most of the side chains could be
identified, thus confirming the correctness of the chain tracing (Fig.
1). This tracing was further supported by the location of the major
heavy atom positions: site A was found to lie between Cys*® and
Met'!! site B near Cys''®, and site C between Met®” and Met’?. The
R factor is 26 percent at the current state of refinement.

Backbone structure and GDP-binding site. An overall view of
the three-dimensional backbone structure of p21 is shown in Fig. 2
and the topological arrangement of the secondary structure elements
is schematically represented in Fig. 3. The structure contains a six-
stranded {8 sheet, four a helices, and nine connecting loops. The
sheet has the topology B2, B1, B3, B4, B5, and 6 (each B strand is
numbered consecutively from NH,- to COOH-terminus), with 32
antiparallel to the other five strands. The B sheet consists of two
smaller sheets: one composed of the first three B strands (B2, B1,
and B3) and the other of the remaining three strands (B4, g5, and
B6) with a short stretch of hydrogen bonding between 3 and p4.
Two a helices (a2 and a3) pack against the convex face of the
sheet and the remaining two (a1 and a4) pack against the concave
face. Helix a2 is actually constituted by two segments and is
approximately parallel to a3 and o4, whereas the axis of helix a1 is
almost at right angles to the axes of the other three. The COOH-
terminal helix a4 is the longest in the molecule, containing approxi-
mately seven turns, the last two turns of which form a protrusion
from the otherwise globular shape of the protein. The B—o—B—o—
structure at the COOH-terminal half of the protein is similar in
topology to the nucleotide-binding domain motif (48). Five out of
nine loops are on the side of molecule where GDP is bound and the
remaining four are on the opposite side. The overall dimension of
the molecule is 35 by 40 by 49 A.

The GDP molecule is bound in a pocket formed by four loops
(L1, L2,L7, and L9) in the structure. Specifically, residues 10 to 16
of loop L1 are near the phosphates, and residue 30 of loop L2 is
near the ribose sugar. Residues 116, 117, 119, and 120 of loop L7
and residues 145 to 147 of loop L9 form a side of the pocket for the
guanine base. These four regions in the crystal structure are
indicated in Fig. 4. In addition, the phenyl side chain of Phe? is
almost perpendicular to the guanine base—one of two common
types of interaction between aromatic groups in crystals of bases
(49) and proteins (50).
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Almost all the known activating in vivo and in vitro point
mutations (at positions 12, 13,15, 16, 59, 61, 63, 116, and 119; for
a review, see 8) are localized within three loops L1, L4, and L7:
residues 12, 13, 15, and 16 in loop L1 are near the phosphates,
therefore mutations at these positions may directly affect the GDP
or GTP binding and the hydrolysis of GTP (see below). Similarly,
mutations at residues 116 and 119 in loop L7 may have direct
influence on the guanine base binding. Residues 59, 61, and 63
belong to loop L4, which is not in contact with the phosphate
groups of GDP but in direct contact with loop L1. It seems possible
that mutations at these positions in loop L4 may activate p21
through indirect conformational changes of loop L1. Furthermore,
their positions in the structure are in the pocket that the +y
phosphate would have occupied in the GTP-bound form, thus
mutation in those positions may in addition affect GTP binding or
GTPase activity. There are several other residues lining the GDP-
binding pocket. The details of the interaction of guanine nucleotides
with these and other residues are expected to be revealed when the
structure refinement at 2.25 A resolution is completed.

Active site for GTPase function and phosphate acceptor. Loop
L1 is very unusual in its amino acid composition, that is, rich in
small residues. The amino acid sequence of this loop is Gly-Ala-Gly-
Gly-Val-Gly. This loop is located just below the B phosphate of
GDP, and would have straddled the phosphoester bond between the
B and y phosphate of GTP (see Fig. 4). The location of the loop in
relation to the phosphate group of GDP makes it the prime
candidate for the GTPase catalytic site. Its highly constrained
conformation also explains the critical nature of the residues in this
loop; for example, substitution at residue 12 by any amino acid
other than Gly or Pro endows the protein with transforming activity
(51).

Viral p21 proteins have a phosphorylated threonine at residue 59.
This residue is located at the COOH-end of the B3 strand, adjacent
to the phosphate-binding loop L1. If we imagine the y phosphate of
GTP extending out from the B phosphate into the GDP-binding
pocket, the likely direction it will take appears to be toward the end
of the B3 strand, where Thr*® of viral protein would be located to
receive, with a minor conformational change, the y phosphate
group. This also suggests that loop L1 contains the catalytic residues
responsible for hydrolysis of GTP resulting in autophosphorylation
of Thr*.

Table 2. Heavy atom positions in normal human c¢-H-7as p21 crystals.

Com- Heavy atom positions* Occu- Temp. Sit
pound * y 2 pancy factor e
KAul, 0.4741 0.2112 0.2417 26 30 A
0.3545 0.0570  0.4125 17 41 B
0.8120  0.4692 0.0371 10 40
K,Hgl, 04816  0.1972 0.2446 34 42 A
0.3589  0.0424  0.4120 26 50 B
0.0860  0.8881 0.0531 11 36
K,PtBrs 0.6561 0.1559 0.5753 35 36 C
0.1722 0.0486  0.0409 19 32
0.8097 04716  0.0361 14 35
0.3831 0.1751 0.0375 11 36
04180  0.3884  0.0444 9 31
Au/Hg 0.4733 0.2097  0.2412 50 21 A
0.3551 0.0573 0.4134 42 41 B
Au/Pt 0.6589  0.1562 0.5765 64 54 C
0.1739 0.0506 0.0392 25 24
0.3991 0.2725 0.0176 7 45

*These are fractional coordinates of the heavy atoms in space group P6,22; (, y, 2 —
2) will give the positions in space group P6522.
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Fig. 4. The backbone struc-
ture of human normal c-H-ras
p21 protein looking into the
GDP-binding pocket. The
viewing direction is rotated
90° around a vertical axis from
that of Fig. 2. The regions
that bind guanine base (G),
ribose sugar (S), phosphates
(P), and neutralizing antibody
Y13-259 (A), as well as the
“effector” region (E) are indi-
cated by sleeved tubes.

Epitope for neutralizing antibody and “effector” region. A
monoclonal antibody, Y13-259 (52), has been shown to inhibit
morphological transformation induced by activated 7as proteins (53,
54). The antibody recognition site includes six of the side chains of
the region 63-73 (55). This entire region is a part of loop L4 (Fig.
4), almost opposite to the GDP-binding site. A tentative explana-
tion for the neutralizing effect may be that the antibody binding
induces a conformational change in loop L4, which in turn affects
loop L1 due to their direct contacts; this may revert the active site
(loop L1) conformation from a transforming to a normal state. This
region may be a good target for drug design to alter the conforma-
tion of loop L4 in a similar way.

Amino acid substitutions in the region between residues 35 and
40 reduce the transformation capacity of activated #as proteins
without affecting their GTPase activity or guanine nucleotide
binding (55). This suggests that these regions are involved in the
effector activity of #as proteins, for example, in the interaction of ras
proteins with their putative cellular target proteins. The three-
dimensional structure shows that this region belongs to the COOH-
terminal end of loop L2 and the beginning of the following B strand
(Fig. 4). This part of the molecule is not in direct contact with (but
near) the GDP, located on the outside, and very well exposed. There
are several other regions just as exposed as this, and they could be
good candidates as effector regions.

Comparisons. Amino acid sequences of several GDP-binding
proteins revealed that, although the sequence similarity is limited,
there are four separate regions of sequence similarity between them
and p21 proteins, if conservative substitutions are permitted (56).
Since the crystal structure of one of them, the GDP-binding domain

Table 3. Statistics of MIR refinement of normal human c-H-ras p21.

Table 4. Statistics of phase extension.

Initial Phase ex-
data tended data
Resolution (A) 3.0 2.7
Reflections (No.) 4123 2022
Figure of merit 0.83 0.74
R factor* 0.29 0.30
Average AdT 29.7
Root-mean-square Ad 50.6

¥R? = Y(Fobs = Feal)XF3%s. TAd, accumulated phase difference.

of EF-Tu, has been determined (57, 58), attempts have been made
to predict the three-dimensional structure of p21 (57, 59). The
predicted models have overall similarity to the p21 crystal structure
in that both have a six-stranded B sheet with a helices on both sides
of the sheet. On closer examination, the models are similar to the
crystal structure for the region between residues 1 and 25, which
corresponds to the first NH,-terminal B strand, loop L1, and helix
al, then differ substantially until residue 78. The nucleotide-
binding motif, spanning residues 78 to 142, is similar in overall
topology but differs in detail between the models and the crystal
structure.

Neoplasia by the 7as gene family has been observed to occur by at
least three different mechanisms: infection by a retrovirus bearing
ras oncogenes, carcinogen-induced mutation of a cellular 7as proto-
oncogene to oncogene, and insertional mutation at the regulatory
element of cellular 7as proto-oncogenes (8). The former two pro-
cesses produce activated p21 proteins, and the third results in an
abnormal amount of normal p21 proteins, thus presumably disrupt-
ing the proper regulation of signal transduction by p21 proteins to
target proteins. The possible role of p21 proteins as G proteins
invites speculation that p21 might have surface regions specific to
one or more target proteins and other regions specific to one or
more signal receptor molecules, and that signal transduction may be
mediated by a conformational change of p21 proteins. The crystal
structure reveals that nine looped regions are exposed at the surface
of the protein, of which four are used for GDP or GTP binding and
GTP hydrolysis. Indeed, one or some of the remaining loops as well
as exposed o helices may be important for recognition by particular
target proteins and signal receptor molecules.

Resolution (A) 19.8 11.0 7.62 5.82 471 3.96 341 3.00 Total
Native

Figure of merit 0.94 091 0.81 0.85 0.84 0.72 0.66 0.61 0.70

Reflections (No.) 11 63 170 344 539 764 1057 1333 4281
KAul,

Phasing power* 0.80 1.94 1.62 2.14 2.13 1.44 1.43 1.07 1.57

Reunist 0.59 0.44 0.54 0.46 0.47 0.57 0.59 0.67 0.55
K,Hgl,

Phasing power 1.20 1.28 1.60 2.52 1.30 1.16 1.16 1.47 1.46

Cullis 0.53 0.68 0.46 0.32 0.65 0.61 0.62 0.60 0.56

K,PtBrg

Phasing power 3.48 2.85 1.44 1.43 1.76 1.30 1.27 1.69

Reunis 0.49 0.38 0.51 0.59 0.50 0.63 0.59 0.56
Au/Hg

Phasing power 1.92 2.00 1.92 2.84 2.81 1.86 1.57 1.56 2.06

Recunis 0.29 0.44 0.47 0.33 0.33 0.51 0.51 0.54 0.45
Au/Pt

Phasing power 0.79 1.59 1.71 1.95 1.68 1.08 1.02 1.23

Reunis 0.65 0.54 0.57 0.45 0.55 0.67 0.67 0.59
*Phasing power = V'S fal> (Fof — F&F)? . 1R cunis = 2IFSE — FSHCUSIFRE — Fyl (for centric reflections).
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The structure of the “catalytic domain” of p21 lacks 18 residues at
the COOH-terminus. The long COOH-terminal o helix in this
structure suggests that the “catalytic domain” is well separated from
the membrane attachment domain. This long a helix could play an
important role in transmitting a signal from the membrane attach-
ment domain [receptor recognition domain (?)] to the “catalytic
domain,” and in keeping the “catalytic domain” some distance away
from the membrane surface.

We have recently crystallized the “catalytic domains” of two
activated human c-H-7as p21 proteins, p21(Val'?) and p21(Leu®").
Preliminary crystallographic studies show that the space group and
cell parameters are identical to those of the normal human ¢-H-ras
p21 “catalytic domain,” which suggests that the structural differ-
ences between the normal and activated structures of p21 proteins
complexed with GDP are small, perhaps limited to the regions near
residue 12 or 61 (or both). However, this does not allow us to assess
the extent of possible conformational differences between GTP
complexes of normal and activated p21 proteins. The a carbon
coordinates will be deposited in the Brookhaven Protein Data Bank.
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