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The structural basis of the
activation of Ras by Sos
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The crystal structure of human H-Ras complexed with the Ras guanine-nucleotide-exchange-factor region of the Son of
sevenless (Sos) protein has been determined at 2.8 Å resolution. The normally tight interaction of nucleotides with Ras
is disrupted by Sos in two ways. First, the insertion into Ras of an a-helix from Sos results in the displacement of the
Switch 1 region of Ras, opening up the nucleotide-binding site. Second, side chains presented by this helix and by a
distorted conformation of the Switch 2 region of Ras alter the chemical environment of the binding site for the
phosphate groups of the nucleotide and the associated magnesium ion, so that their binding is no longer favoured. Sos
does not impede the binding sites for the base and the ribose of GTP or GDP, so the Ras–Sos complex adopts a structure
that allows nucleotide release and rebinding.

The Ras proteins are highly conserved guanine-nucleotide-binding
enzymes that couple cell-surface receptors to intracellular signalling
pathways controlling cell proliferation and differentiation1,2. Ras
acts as a molecular switch by cycling between active GTP-bound and
inactive GDP-bound states. Whether GDP or GTP is bound to Ras is
determined by the action of two classes of regulatory proteins:
guanine-nucleotide-exchange factors, and GTPase-activating proteins. Exchange factors promote the activation of Ras by catalysing
the exchange of GDP for GTP, whereas GTPase-activating proteins
control the conversion of Ras to the inactive state by stimulating the
hydrolysis of GTP to GDP2.
Cell-surface receptors that signal through tyrosine kinases activate Ras by stimulating the guanine-nucleotide exchange reaction3–5. Genetic and biochemical studies have indicated that this
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reaction is controlled by the Ras guanine-nucleotide exchange
factor Son of sevenless (Sos)6. Following ligand binding, Sos is
brought from the cytoplasm to the activated receptor in a
phosphotyrosine-dependent manner through adapter proteins
such as Grb2. Grb2 contains SH3 domains that are bound constitutively to a carboxy-terminal proline-rich region of Sos, and the
Grb2–Sos complex is recruited to activated receptors by interactions between the SH2 domain of Grb2 and phosphotyrosine
residues on the receptor7. Because Ras is localized to the membrane,
receptor activation results in an increase in the effective concentration of Sos in the vicinity of Ras, facilitating the exchange of bound
guanine nucleotide for free cellular guanine nucleotides.
The region of Sos (relative molecular mass of about 150,000;
M r ,150K) that is functional for nucleotide exchange on Ras spans
Figure 1 Sequence alignment of Ras-binding
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Table 1 Data collection, structure determination and refinement statistics
Data set

Resolution
(Å)

Observations
(total/unique)

Rsym*
(%)

Completeness
(%)

Riso†
(%)

No. of sites

2.8
3.1
3.25
3.25
2.9
3.0
3.05
3.25
3.1
3.3

283,114/26,562
616,299/19,766
640,979/16,988
634,455/17,174
523,356/23,842
543,633/21,735
368,880/20,927
240,941/16,915
202,555/20,025
571,428/16,485

5.3 (28.7)
7.7 (28.9)
7.6 (19.3)
7.3 (35.1)
5.9 (27.0)
6.5 (29.7)
5.4 (28.6)
10.6 (36.7)
6.8 (29.4)
7.8 (30.0)

99.3 (99.9)
93.4 (87.9)
96.9 (98.6)
95.4 (97.2)
98.2 (99.3)
96.1 (93.2)
98.3 (96.5)
98.9 (99.3)
99.6 (99.9)
99.8 (99.5)

22.8
21.5
20.0
22.5
15.4
33.5
18.5
23.5
26.6

5
6
4
6
10
3
6
4
9

Phasing
power‡

...................................................................................................................................................................................................................................................................................................................................................................

Native
PCMB§
Baker’s dimercurial§
EMTS§
Trimethyl lead acetate§
Selenomethionine
Gold cyanide§
Plantinum terpyridine
Osmium chloride
PCMB/trimethyl lead acetate§

1.68
0.80
1.94
0.77
1.44
1.46
1.35
1.55
1.91

Overall figure of meritk = 0.70

...................................................................................................................................................................................................................................................................................................................................................................

Refinement statistics
Data set

Native

Resolution
(Å)

Reflections

Total atoms

R-factor/Rfree¶

30–2.8

26,502

5,010

0.222/0.281

r.m.s.d. from ideal values
bonds (Å)

angles (8)

0.007

1.26

...................................................................................................................................................................................................................................................................................................................................................................
* Rsym ¼ 100 3 SjI 2 hIij=SI, where I is the integrated intensity of a given reflection. For Rsym and completeness, numbers in parentheses refer to data in the highest resoution shell.
† Riso ¼ 100 3 SjFPH 2 FP j=SFP , where FPH and FP are the derivative and native structure factor amplitudes, respectively.
‡ Phasing power ¼ SjFPHðcalcÞ j2 =S{FPHðobsÞ 2 FPðcalcÞ j2 }1=2 .
§ Anomalous data were used in the phasing of these derivatives.
k Figure of merit ¼ hjSPðaÞeia =SPðaÞji, where a is the phase and P(a) is the phase probability distribution.
¶ R-factor ¼ SjFP 2 FPðcalcÞ j=SFP ; Rfree was calculated with 5% of the data.

about 500 residues, and contains blocks of sequence that are
conserved in other Ras-specific nucleotide exchange factors such
as Cdc25, Sdc25 and Ras guanine-nucleotide-release factor (GRF)2
(Fig. 1). However, in contrast to the high degree of structural
conservation seen in the GTPases of the Ras family and others1,
there are distinct families of nucleotide exchange factors for the
various guanine-nucleotide-binding protein (G protein) families
that are structurally unrelated to each other8–13. The structure of
only one nucleotide exchange factor bound to its cognate G protein
has yet been determined: that of ribosomal EF-Tu bound to its
exchange factor EF-Ts12,13.
To clarify the molecular mechanism of the activation of Ras by
Sos, we have determined the crystal structure of the complex of a Cterminally truncated form of human Harvey-Ras (residues 1–166,
hereafter referred to as Ras) with the guanine-nucleotide-exchangefactor region of human Sos1 (residues 564–1049, hereafter referred
to as Sos). The structure reveals that Sos interacts extensively with
Ras and stabilizes it in a nucleotide-free state by displacing the
residues that coordinate the magnesium ion and the phosphate
groups of the nucleotide and by partly occluding the magnesiumbinding site. The structure also suggests a pathway for the rebinding
of nucleotides to Ras, with consequent release of Sos, a process that
is crucial for Sos to function as a nucleotide exchanger rather than a
binding inhibitor.

a

b

General features of the structure

Figure 2 The complex of human H-Ras with the exchange-factor region of human
Sos1. a, The N-domain of Sos (residues 568–741) is shown blue; the catalytic
domain (residues 752–1044) is green; the Switch 1 and Switch 2 segments and the
P-loop region of Ras (as defined here) are orange and red, respectively;
conserved regions (SCRs) among Ras-family exchange factors are cyan2,17.
Disordered residues of Sos are shown as dotted lines. This and all other ribbon
diagrams were generated using RIBBONS44. b, The Ras–Sos complex is shown
with the catalytic domain of Sos depicted as a molecular surface. Conserved
residues Ile 956 and Phe 958 in the catalytic domain that form a hydrophobic
interface with the N-domain are labelled. This and all other figures with molecular
surfaces were generated using GRASP45.
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Ras and Sos form a tight complex in the absence of nucleotides.
Crystals of this complex were obtained with one Ras–Sos complex
(Mr 75K) in the asymmetric unit. The structure was determined by
multiple isomorphous replacement and the molecular model was
refined against data to 2.8 Å, resulting in a crystallographic R-value
of 22.2% (free R-value of 28.1%; Table 1). The final model includes
439 residues of Sos (spanning residues 568–1044), 166 residues of
Ras and 26 water molecules. There is no nucleotide or magnesium
present in the crystals. The structure of Ras resembles that of the
nucleotide-bound forms described previously19,46, except for
localized changes in the vicinity of the nucleotide-binding site.
The structure of Sos, described below, seems to be unrelated to that
of any other protein of known structure, based on a DALI14 search of
the protein data bank.
The structure of the Ras exchange-factor region of Sos consists of
two distinct a-helical structural domains (Fig. 2). The aminoterminal domain (N-domain; residues 568–741, a-helices a1–
a6) does not interact with Ras, and seems to have a purely structural
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Switch 1

Switch 2

Figure 3 Interface surfaces of the Ras–Sos complex. a, Residues of Ras that form

same as in a. The surface is coloured using a gradient: bright orange indicates

direct interactions with Sos are shown as red spheres; additional residues at the

atoms ,4 Å from Sos, white indicates atoms .7 Å from Sos, lighter shades of

interface are orange spheres. The nucleotide is shown for reference only and is

orange indicate intermediate distances. Sos (N-domain deleted) is shown as a

not present in the structure. b, The interface surface of Ras; the orientation is the

green ribbon. c, The primary sequence of Ras.

role. The C-terminal domain (residues 752–1044, a-helices aA–
aK) contains within it all the residues that interact with Ras, and
this region will be referred to as the catalytic domain. Analyses of the
exchange-factor activity of Cdc25 and Sos have shown that the
relatively well-conserved C-terminal catalytic domain suffices for
catalytic activity15,16. However, recombinant fragments of Sos that
span the catalytic domain, but which lack some or all of the Ndomain, are expressed poorly and have low solubility (data not
shown), whereas the fragment used for the structure determination
includes both domains and results in relatively high yields of soluble
protein.
The structure of the catalytic domain consists of a series of helical
hairpins that pack against each other (Fig. 2). A notable feature of
the catalytic domain is the protrusion of a helical hairpin, formed by
helices aH and aI, out of the core of the domain. Helix aH plays an
important role in the nucleotide-exchange mechanism, and the
main structural role for the N-domain appears to be the stabilization of the hairpin that presents this helix to Ras. Helices a1 and a2
of the N-domain together form a small hydrophobic groove into
which two conserved hydrophobic side chains from helix aI of the
catalytic domain are inserted (Ile 956 and Phe 958; Fig. 2b). The
packing of these side chains into the a1–a2 groove, together with
several adjacent interdomain interactions, is likely to be important
for the stability and correct placement of the hairpin structure
(Fig. 2).
The structure of the N- and catalytic domains of Sos is likely to be
a good model for the general architecture of related guaninenucleotide-exchange factors, such as Cdc25, Sdc25 and RasGRF
(Fig. 1). Three regions of sequence conservation (structurally
conserved regions, or SCRs) within the catalytic domain had been
identified previously2, and these are important either for the
structural integrity of the domain (SCR1, helix aA and SCR2,
helix aC) or for the interaction with Ras (SCR2, helix aD and
SCR3; Fig. 2a). The region of the N-domain spanning helices a1, a2
and a3 is highly conserved among Ras-specific nucleotide exchange
factors (SCR0 in Fig. 2a)17. The hydrophobic nature of the groove
between helices a1 and a2 is conserved, as are the residues on the
catalytic domain that interact with the groove and the adjoining
surface of the N-domain, suggesting that the interaction between
the N-domain and the catalytic domain is conserved.

Structure of the Ras–Sos interface

NATURE | VOL 394 | 23 JULY 1998

The overall shape of the catalytic domain of Sos is that of an oblong
bowl (Fig. 2), with Ras bound at the centre of the bowl. The regions
of Ras that interact most closely with Sos include the phosphatebinding P-loop (residues 10–17) and surrounding segments
(including strand b1 and helix a1), the Switch 1 region (defined
here as residues 25–40) and the Switch 2 region (defined here as
residues 57–75). Additional interactions are seen with helix a3
(residues 95–105; Fig. 3a, b). The interface between Ras and Sos is
primarily hydrophilic and very extensive, with 3,600 Å2 of surface
area buried in the complex. At the heart of the interface between Ras
and Sos is a cluster of three hydrophobic side chains from the Switch
2 region of Ras (Tyr 64, Met 67 and Tyr 71) which are buried into the
hydrophobic core of Sos at the base of the binding site. Surrounding
this hydrophobic anchor is an array of polar and charged interactions between Sos and Ras that results in almost every external
side chain of Switch 2 being coordinated by Sos (Fig. 4).
The most obvious effect of Sos binding to Ras is the opening of
the nucleotide binding site as a result of the displacement of Switch
1 of Ras by the insertion of the helical hairpin formed by aH and aI
of Sos (Fig. 5). An important consequence of the insertion of helix
aH into the Ras active site is that it introduces a hydrophobic side
chain (Leu 938), which blocks magnesium binding, and an acidic
side chain (Glu 942), which overlaps the site where the a-phosphate
of the nucleotide would otherwise be bound.
The Switch 2 region is held very tightly by Sos. Although this
region tends to be poorly ordered in the nucleotide-bound forms of
Ras19,46, its conformation is very well defined in the Sos complex.
The temperature factors for all atoms of Switch 2 are low (34 Å2,
compared with the average value of 49 Å2 for all of Ras). The Cterminal end of Switch 2 is farthest from the nucleotide binding site,
and side chains in this region interact with Sos but do not change
their positions significantly. However, closer to the nucleotidebinding site the interactions between Sos and the side chains of
Switch 2 result in a restructuring of the polypeptide backbone
connecting b3 and a2 (Fig. 4a, b). This restructuring of the backbone is a crucial determinant of nucleotide exclusion, as it prevents
the coordination of magnesium and phosphate (see below).
Switch 1 and Switch 2 are the only regions of Ras in which
structural changes are directly induced by Sos. Comparison of the
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Figure 4 A schematic representation of the differences in the Switch 2 regions of

as solid arcs. c, A stereodiagram of the Switch 2 region of Ras superimposed on

a Ras–GTP analogue and Ras–Sos. a, Ras–GTP analogue (5P21)39. b, Ras–Sos.

the surface of Sos. Selected residues of Ras are indicated.

Selected polar interactions are shown as broken lines, hydrophobic interactions

structure of Ras in the Ras–Sos complex with that of the nucleotidebound forms shows that there are also structural changes in one of
the loops that binds the nucleotide base (loop 8, between b5 and a5,
residues 118–123) and the phosphate-binding P-loop. However, the
changes in these loops seem to be a simple consequence of the
absence of nucleotide.
Structural changes in the Switch 1 region

The change in the Switch 1 region of Ras when bound to Sos is
drastic (Fig. 6). Switch 1 normally rises up from the end of a1
towards the P-loop region, to sandwich the nucleotide between it
and the rest of Ras. Strand b2 in Switch 1 forms an antiparallel
interaction with strand b3 in the central b-sheet of Ras. In the Sos
complex, the C-terminal region of helix a1 is shortened by about
one helical turn, the antiparallel b-sheet interaction with b3 is
completely disrupted, strand b2 is partly melted, and Switch 1 is
completely removed from the nucleotide-binding site.
One important aspect of the insertion of the helical hairpin of Sos
into the Switch 1 region is that it does not result in a significant
340

occlusion of the guanine and ribose binding sites (Fig. 5d). Instead,
this structural distortion breaks the network of direct and watermediated interactions between Switch 1 and the nucleotide. For
example, in the nucleotide-bound forms of Ras, Phe 28 interacts
with the guanine base through a perpendicular aromatic–aromatic
interaction (Fig. 5a). Mutation of Phe 28 to leucine results in a
significant increase in the intrinsic rate of dissociation of nucleotide
from Ras18. In the Sos complex, the Ca of Phe 28 moves 9.6 Å and
the side chain no longer interacts with the nucleotide-binding site
(Fig. 5b).
Two side chains presented by helix aH of Sos, Leu 938 and
Glu 942, directly impede the binding of magnesium and phosphate,
respectively. The carboxylate group of Glu 942 of Sos is positioned
near the location of the a-phosphate of GTP or GDP in the
nucleotide-bound forms of Ras. In the Sos complex, Glu 942
forms a hydrogen bond with Ser 17 of Ras, a ligand of the
magnesium ion in the nucleotide complexes of Ras, preventing
the binding of the phosphates as well as the magnesium ion. Leu 938
further increases the hydrophobicity of the magnesium binding site
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Figure 5 Interactions at the nucleotide-binding site. a, Selected interactions

is shown. The side chain of Tyr 32 was deleted from the surface calculations for

between Ras and a GTP analogue (5P21)39. Water molecules are depicted as red

clarity. d, The surface of Ras in the Ras–Sos complex is shown with the backbone

spheres. b, Selected interactions between Ras and Sos are shown in the same

of Sos (N-domain deleted) as a green ribbon. Ras is in a slightly different

orientation as in a. Only helix aH and selected side chains of Sos are shown. c,

orientation from that in c. In b and d, the nucleotide is shown for reference only.

The nucleotide-binding site on the surface of Ras in a Ras–GTP analogue (5P21)39

in the Sos complex, which is also occupied by Ala 59 from Switch 2
(see below).
Changes in the Switch 2 region

The sensitivity of Switch 2 to the presence of either GTP or GDP is a
consequence of the coordination of the terminal phosphate of GTP
by the backbone amide nitrogen of Gly 60 (Figs 4a and 5a;
refs 19, 46). In the following discussion, we compare the conformation of the Switch 2 region in the Ras–Sos complex to that seen in
the GTP-bound form of Ras, because the Switch 2 region is not well
ordered in the GDP-bound form19. The Switch 2 region of Ras
makes important interactions with GTP and not with GDP19,46.
Nevertheless, structural changes that are induced in Switch 2 by Sos
result in the exclusion of both GDP and GTP, because they affect
magnesium binding as well as the conformation of Lys 16 in the Ploop, a crucial phosphate ligand.
Three specific features of the Switch 2 conformation are correlated with the disruption of nucleotide binding. First, the backbone
conformation in the central region of Switch 2 is compressed in the
Ras–Sos complex because of the formation of three consecutive
b-turns (Fig. 4a, b). As a consequence of the first b-turn, the methyl
side chain of Ala 59 is turned in towards the phosphate-binding site
and occludes the position that would be occupied by the Mg2+ ion in
nucleotide complexes. Second, the formation of the second b-turn
results in the side chain of Glu 62 coordinating both the amide
nitrogen of Gly 60 and the side chain of Lys 16, two residues
involved in phosphate coordination (Figs 4 and 5). Finally, in the
GTP-bound form, the polypeptide backbone of the b3–a2 loop
adopts a conformation in which three carbonyl groups (that of 59,
60 and 61) are pointed inwards. The resulting anion hole coordinates the side chain of Arg 68, and positions the methyl group of
NATURE | VOL 394 | 23 JULY 1998

Ala 59 away from the magnesium-binding site. In the Sos complex,
Arg 68 is removed from this internal location by interactions with
Glu 1002 of Sos, and the anion hole is disrupted by the formation of
the first two b-turns in the structure (Fig. 4a, b).
Comparison with EF-Tu and EF-Ts

The structure of only one other GTPase complexed to its exchange
factor is yet known, that of EF-Tu bound to EF-Ts. EF-Tu is a
GTPase that contains a nucleotide-binding domain that is topologically similar to Ras20, as well as two additional domains.
However, the mechanism of nucleotide release by its exchange
factor EF-Ts is quite different from that seen here for Ras and Sos.
The complex between EF-Tu and EF-Ts, like the Ras–Sos complex,

a

b

Figure 6 Comparison of Ras complexed with Sos and a GTP analogue. a, Sos; b,
GTP analogue (PDB code 5P21)39. The colouring scheme for Ras is the same as in
Fig. 2. Sos (N-domain deleted) is shown as a green ribbon. Secondary structure
elements of Ras important in nucleotide binding and Sos binding are labelled.
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stimulates nucleotide release by disrupting the interactions of the
phosphate groups of the nucleotide, leaving the binding site for the
base and ribose unimpeded12,13. Reorientation of a peptide bond in the
phosphate-binding P-loop, induced by EF-Ts binding, results in the
placement of a carbonyl oxygen in a position where it would
collide with the b-phosphate of the nucleotide. In addition, global
changes in the positions of the three domains result in conformational changes in the Switch 2 region that remove side chains that
interact with the magnesium ion by means of water molecules. In
contrast to Ras, the Switch 1 region of nucleotide-bound EF-Tu does
not interact extensively with the nucleotide-binding site. Consequently, disruption of the Switch 1 structure does not seem to be a
major component of the mechanism of EF-Ts action.
Implications for the reaction mechanism

Biochemical studies of Ras exchange factors have shown that the
complex of Ras with these proteins is stable in the absence of
nucleotides and is dissociated by the rebinding of either GDP or
GTP16–18,21,22. The principal role for the exchange factor is to
facilitate nucleotide release, and it does not seem to control
significantly the preferential rebinding of GTP over GDP16,22,23.
Cellular concentrations of GTP are ,10-fold higher than GDP,
which results in the loading of GTP onto Ras.
The mechanism of nucleotide release by the catalytic domain of
murine Cdc25 (Cdc25Mm) has been investigated recently using
fluorescently labelled nucleotides16. The affinity of Cdc25Mm for
nucleotide-free Ras (K d ¼ 4:6 nM) is found to be several orders of
magnitude higher than that for nucleotide-bound Ras, and the
maximal acceleration by Cdc25Mm of the rate of dissociation of
nucleotide is more than 105. Kinetic analysis of nucleotide association shows that the reaction proceeds by the formation of a ternary
complex of a loosely bound nucleotide and Ras–Cdc25Mm followed
by conversion to a form in which the nucleotide is tightly bound to
Ras16. In light of the structure of the Ras–Sos complex, the first step
can be interpreted as the interaction of the base and the ribose of the
nucleotide with the part of the Ras binding site that is not occluded
by Sos. The second step would involve a conformational change in
the Switch 2 segment and release of Switch 1, resulting in the
restructuring of a competent binding site for phosphate and
magnesium, and the subsequent dissociation of Sos. The mechanism by which Cdc25Mm displaces the nucleotide does not depend
solely on expulsion of the magnesium16. This is consistent with the
Ras–Sos structure, as the mechanism involves interference with
phosphate binding as well as displacement of the magnesium ion.
Analysis of Ras mutations

The structure of the Ras–Sos complex is consistent with several
mutations in Ras that have highlighted the importance of the Switch
1 and Switch 2 regions in the interaction with nucleotide exchange
factors18,24–30. The importance of helix a3 (residues 102–105) has
also been noted25,27,28. The importance of Switch 2 for the recognition of the exchange factor is demonstrated by the analysis of
mutations in residues that are not directly involved in nucleotide
binding, but which affect GDP–GTP exchange. For example,
mutation of Glu 62 and Glu 63 to histidine had no significant
effect on the stability of the Ras–GDP complex18. However, both
Ras mutants were severely compromised in their ability to be
activated by Sdc25 (ref. 18). In the structure of the Ras–Sos
complex, Glu 62 and 63 of Ras are both seen to be crucial to the
interaction with Sos (Figs 4b and 5b).
Of particular interest are dominant-negative mutants of Ras that
appear to act by binding to and sequestering nucleotide-exchange
factors31,32. The most straightforward explanation of the action of
these mutations is that they destabilize nucleotide binding22,32,33,
increasing the apparent affinity of Ras for Sos or other exchange
factors. That the dominant-negative mutant Ras proteins act by
binding to the exchange factor is also suggested by the fact that
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mutations at residues important for the formation of the Ras–Sos
interface result in a reversion of the dominant-negative
behaviour26,29. For example, in the yeast Saccharomyces cerevisiae
protein Ras2, the mutation Ser 24 → Asn (corresponding to
Ser 17 → Asn in human Ras) is dominant negative32. Substitution
of Arg 80, Asn 81 (Arg 73, Thr 74 in human Ras) with Asp 80, Asp 81
in mutant (Ser 24 → Asn) Ras2 results in a loss of sensitivity to
Sdc25 and reversion of the dominant-negative phenotype29. In the
Ras–Sos complex, Arg 73 (Arg 80 in Ras2) is involved in interactions with two residues of Sos (Fig. 4b), and mutation to Asp
would clearly be disruptive.
Discussion

As a nucleotide-exchange factor, Sos functions under two apparently conflicting imperatives. The interaction between Sos and Ras
must be strong enough to dislodge the tightly bound nucleotide, but
the Ras–Sos complex must also be poised for subsequent displacement by incoming nucleotides. The structure of the Ras–Sos
complex shows that Ras and Sos meet these demands by forming
a tight complex that is anchored at one end of the nucleotidebinding site, where phosphate and magnesium are normally bound.
The interface between Sos and Ras is mainly hydrophilic, suggesting
a ready unzippering through water-mediated displacements of the
coordinating side chains. The main interacting elements of Sos
avoid direct occlusion of the nucleotide-binding site, except the
region where the terminal phosphate groups and the magnesium
ion are bound. This feature allows incoming nucleotides to reverse
the process by competing for the groups that ligate the phosphate
and metal ion.
The proliferative status of cells is critically dependent on the
activation state of Ras. The structure of the Ras–Sos complex
suggests at least two avenues for the design of inhibitors to block
the activation of Ras by Sos. Nucleotide analogues that are designed
to recognize the altered nucleotide-binding site in the Ras–Sos
complex may help to stabilize the complex, mimicking the action of
dominant-negative alleles of Ras. Alternatively, hydrophobic compounds that bind to the core hydrophobic region at the heart of the
M
Ras binding site on Sos may effectively inhibit Sos action.
.........................................................................................................................

Methods

Expression and purification. Escherichia coli cells (BL21-DE3) were

transformed with a pProEX HTb vector (Life Technologies) containing Ras
(residues 1–166) linked to an N-terminal polyhistidine tag using the BamHI
and XhoI restriction sites. Protein production was induced with 250 mM IPTG
at a cell density of absorbance A600 ¼ 0:5. Protein was expressed at 30 8C for 6 h.
Cells were collected by centrifugation, resuspended in 20 mM Tris, pH 8.0,
300 mM NaCl at 4 8C, flash frozen and stored at −80 8C until needed. Once
thawed, cells were lysed using a French press (EmulsiFlex-C5, Avestin), cell
debris was removed by centrifugation, and the resulting cell lysate loaded onto a
charged nickel binding column (HisBind; Novagen) pre-equilibrated wit
20 mM Tris, pH 8.0, 500 mM NaCl and 20 mM imidazole. Protein was eluted
using an imidazole gradient. Fractions containing Ras were pooled, dialysed
into buffer A (20 mM Tris, pH 8.0, 100 mM NaCl), and concentrated. The
polyhistidine tag was cleaved by tobacco etch virus (TEV) protease in buffer A
and 2 mM b-mercaptoethanol at 4 8C for 48 h. After cleavage, protein was
passed over a charged nickel-binding column pre-equilibrated with buffer A to
remove uncleaved protein. Fractions containing pure Ras were pooled and
concentrated. Expression and purification of Sos (residues 564–1049) was
performed as above, with an additional purification step using a HiQ (Biorad)
column pre-equilibrated with buffer A. Fractions containing Sos were concentrated in buffer A. The Ras–Sos complex was formed by incubating
concentrated Sos with a 3- to 5-fold excess of Ras in buffer A for 1 h at 4 8C.
Protein was loaded onto a Sephadex 75 gel filtration column (Pharmacia
Biotech) pre-equilibrated with buffer A. Fractions containing complex were
pooled and concentrated to 10 mg ml−1. Approximately 30 mg purified
complex could be obtained from 16 litres of E. coli cell culture.
Crystallographic analysis. Hanging drops of Ras–Sos complex (2.5 ml,
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10 mg ml−1) in buffer A were mixed with an equal amount of reservoir buffer
containing 2.7–3.2 M sodium formate and 100 mM Tris buffer, pH 8.0, and
kept at 4 8C. Crystal showers appeared after 1–2 days with large single crystals
growing to full size (0:3 3 0:3 3 0:15 mm3 ) within 2–3 weeks. The crystals
contain one heterodimeric complex per asymmetric unit and belong to space
group I422 (a ¼ b ¼ 142:7 Å, c ¼ 207:9 Å). Crystals were collected in 3.5 M
sodium formate and 100 mM Tris buffer, pH 8.0, and cryoprotected in
harvesting buffer with 10% (w/v) sucrose and 10% (v/v) ethylene glycol
before flash freezing in liquid propane. Heavy-atom derivatives were prepared
by soaking crystals in harvesting buffer containing the following heavy-atom
solutions (soak durations were 1 day unless indicated otherwise): ethyl
mercurithiosalicylate (EMTS), Baker’s dimercurial, plantinum terpyridine
(12 h), 0.1 mM; osmium chloride (2 days), p-chloromercuribenzoic acid
(PCMB), 1 mM; gold cyanide (2 days), 5 mM; trimethyl lead acetate (2
days), 10 mM; Table 1. All but one of the data sets used in this analysis were
measured at Brookhaven National Laboratory on beamline X25 using the
Brandeis 2 3 2 (four module) CCD-based detector34. A mercury derivative
data set (PCMB) was measured at Cornell High Energy Synchrotron Source on
beamline F2 using the Q1 CCD-based detector (ADSC). Data processing was
performed using Denzo, and data reduction was performed using Scalepack35.
MIR phases were calculated using MLPHARE as implemented in the CCP4
suite of programs36. Solvent flattening was performed using DM37.
Model building and refinement. Model building was performed using O38.
Coordinates for Ras bound to a GTP analogue (5P21)39 were obtained from the
Protein Data Bank40, and the molecule, with Switch 1 and Switch 2 regions
deleted, was fit into density. After an initial round of model building and
positional refinement using CNS41 with bulk solvent corrections and anisotropic B-factor scaling protocols, phase combination methods using Sigmaa42
resulted in a much improved map into which the Switch 2 region of Ras, the
entire catalytic domain and the N-terminal helices of Sos were built. Electron
density maps based on multiple simulated annealing models43 allowed the
remaining regions of Ras and Sos to be placed into density. Residues 564–567
(N-terminal), 591–597, 654–675, 742–751 and 1045–1049 (C-terminal) are
disordered and not modelled in Sos; no residues of Ras are disordered. The
Ramachandran plot shows that 89% of all residues are in the most favoured
regions and no residues are in disallowed regions.
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