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ABSTRACT. RalGDS is a guanine nucleotide dissociation stimulator for Ral, and one of its homologues is
RGL (RalGDSHike). In this study, the effects of mutations of Ras and the Ras-binding domains (RBDs)
of RalGDS and RGL on their binding have been systematically examined. The D33A mutation of Ras
reduces the abilities to bind RGL-RBD and RalGDS-RBD. To identify the RGL residue interacting with
Asp33 of Ras, double-mutant analyses between Ras and RGL-RBD were conducted. For example, the
K685A mutation of RGL-RBD has a much smaller effect on the RGL-RBD binding ability of the D33A
mutant than on those of other mutants of Ras. Accordingly, it is indicated that the attractive interaction
of Asp33 in Ras with Lys685 in RGL-RBD (Lys816 in RalGDS-RBD) contributes to the-RBB
association. This interaction is consistent with the crystal structure of the complex of RalGDS-RBD and
the E31K Ras mutant [Huang, L., Hofer, F., Martin, G. S., and Kim, S.-H. (1888) Struct. Biol. 5
422—426]. This crystal structure exhibits interactions of the mutation-derived Lys31 side chain with three
RalGDS residues. Glu31 of Ras discriminates Ras from a Ras-homologue, Rapl, with Lys31, with respect
to RalGDS and RGL binding; the E31K mutation of Ras potentiates the abilities to bind RGL-RBD and
RalGDS-RBD. To examine the role of Glu31 of the wild-type Ras in the interaction with RGL and RalGDS,
double-mutant analyses were conducted. The Ras binding ability of the E689A mutant of RGL-RBD is
much stronger than that of the wild-type RGL-RBD, and the E31K mutation of Ras no longer potentiates
the Ras binding ability of the E689A mutant. Therefore, the repulsive interaction between Glu31 in Ras
and Glu689 in RGL-RBD (Asp820 in RalGDS-RBD) may keep the-R8® association weaker than

the RapiRBD association, which might be relevant to the regulation of the signaling network.

The Ras proteins (H-Ras, K-Ras, and N-Ras) are small The “effector region” of Ras, consisting of residues-3D,
guanine nucleotide-binding proteins that play a critical role is essential to the interactions with Raf-2, 8). The small
in signal transductionl). Nucleotide exchange between GTP-binding proteins, RaplA and RaplB, exhibi50%
GDF and GTP induces major conformational changes in amino acid sequence identity with Ras and have the same
two regions, switch | (residues 3@9) and switch I effector-region sequence as Ras. Actually, the Rapl proteins
(residues 5776) (2—6). The Ras protein binds and activates bind Raf-1 in a GTP-dependent manner, but much less
the Raf proteins (Raf-1, A-Raf, and B-Raf), which results strongly than Ras does. The structures of Raf-RBD and the
in the activation of the mitogen-activated protein kinase complexes of Raf-RBD with Rap1A (the wild type and the
pathway 7—9). A region comprising residues 5131 of Ras-like E30D/K31E mutant) have been determined by NMR
Raf-1 can bind Ras in a GTP-dependent manner and hasspectroscopy and X-ray crystallography, respectivéR—(
been designated the Ras-binding domain (Raf-RBD)X1). 14). The formation of an antiparallel intermolecufssheet
characterizes the interaction between the ubiquitin-like fold
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RalGDS rat 767 SSS-L-PLYNQQVGDCCIIRVSLDV-~--~DN[G WYK
RGL mouse 634 TSTVLPPVYNQONEDTCIIR[ISVED--~-—-NNGNMYK
RalGDS mouse 724 3SS-L-PLYNQQVGDCCITRVSLDV -~ -DNGNMYK
FalGDS human 200 SSA =L, ~PLYNQQVGDCCIIRVSLDV -~ - -DNGIMYE]
Rit mouse 635 SAGCGGGVSGPCSSDCRIIRVOMELG---EDGEV[YK
RGL2 human 367 TGYRGGEGSGPGASDCRI IRVOMELG -~ ~EDGB VYK
RalGDS C. elegans 701 SSLSANGNSQAQN-SEYL GLDDDLONTDGAN
RalGDS rat 797 S[ELVTSQODKAPI'VIRKAM NLDEDEPEDY E[L{{OT
RGLmouse 666 STMLTSQDKTPAVIQRAMSKHNLESDPAEEYE]L
RalGDS mouse 754 SITILVTSQPKAPITVIRKAMDKHNLDEDEPEDY ELMOIT
RalGDS human 230 SITILVTSQDKAPRV IRKAM NLEEEEPEDYEL{QT
Rif mouse 668 SIILVTSQODKAPSVISRVL NNRDSAVASEFEL
RGL2 human 390 SITE.VTSQDKAPEVISRVLKKNNRDSAVASEYE
RalGDS C. elegans 736 CLKTENGDRMPRLVARALEKHLIED~-DENTY L}
RalGDS rat 833 ISEDHKLKIPEN EYAMNS-—--AANYDFILKKRA
RGL mouse 702 TSEDKELVIPDS EYAMNS---QVNFDFILRKKN
RalGDS mouse 790 T SEDHKLKIPEN FYAMNS~~-~-TANYDFI{.KKRT
RalGDS human 266 LSDDRKLKT[PEN EYAMNS ---TANYDEVLEKRT
Rif mouse 704 LPGDRELTIPHS FYAMDG~-----ASHDFLLRORR
RGL2 human426 LPGERELTIPRS FYAMDG----ASHDFLILIRHGE
RalGDS C. elegans 771 LEFRGGEEFVLPDNCNPEYAMAPDPTS PMLNLLLRKRD

Ficure 1: Sequence alignment of RalGDS (rat, #865; mouse,
724—822; human, 208298;C. elegans701-806), RGL (mouse,
634—734), RIf (mouse, 635735), and RGL2 (human, 35457).
Conserved amino acids are boxed.

structure of RalGDS-RBD has been determined by X-ray
crystallography and NMR spectrosco0(21). Both Raf-
RBD and RalGDS-RBD have a ubiquitin-like fold, although

the sequence identity between the two Ras-binding domains

is as low as 13% 22). The effector region of Ras is
responsible for RalGDS binding as well as for Raf binding.
Some of the effector-region mutations of Ras differentially
affect the binding and/or the signaling through the Raf and
RalGDS/RGL pathway2@—27). RalGDS-RBD associates
much more strongly with Rap1 than with Ras, and intrigu-
ingly, the Rap1l-like E31K mutation of Ras impairs Raf-RBD
binding and potentiates RalGDS-RBD bindirgg). There-
fore, Glu31 and Lys31of Ras and Rapl, respectively, are
the determinants that switch the Ras/Rap1 preferences of R
and RalGDS 28). Recently, the crystal structure of the
complex between RalGDS-RBD and the E31K mutant Ras
in the GMPPNP-bound form was reportezB). The anti-
parallel intermoleculgf-sheet that RalGDS-RBD forms with
Ras(E31K) is similar to that of Raf-RBD with Rap1A. On
the other hand, the interactions at the amino acid residue
level are significantly different between the two complexes
(Figure 2). For example, Asp33 in Ras(E31K) forms a salt
bridge with Lys816, which is in a different location from
that of Lys84 in Raf-RBD on the common ubiquitin-like fold.
Furthermore, in the crystal structure of the Ras(E31K)
RalGDS-RBD complex, the side chain of Lys31 in Ras-
(E31K) interacts with Asp815, Asn818, and Asp820 in
RalGDS-RBD g9). However, it is still possible that the
mutation of Glu31 could affect other interactions between
Ras and RalGDS-RBD. Moreover, it remains unclear what
role the critical specificity determinant, Glu31, of Ras plays
in its interaction with RalGDS.

The RGL protein is most homologous to RalGDS in the

af
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attractive interaction between Asp33 in the wild-type Ras
and Lys685 in RGL-RBD is actually formed and that the
repulsive interaction between Glu31l in the wild-type Ras
and Glu689 in RGL-RBD weakens the RBSL-RBD
association.

EXPERIMENTAL PROCEDURES

Plasmid ConstructionTo express RGL-RBD as a GST-
fusion protein, the DNA fragment corresponding to amino
acid residues 632734 was amplified by PCR from the
mouse gene for RGL16) and was subcloned into pGEX-
4T-3 (Amersham Pharmacia Biotech). The GST-fusion forms
of human Raf-1, residues 5131 (GST-Raf-RBD), and rat
RalGDS, residues 76895 (GSTFRalGDS-RBD), were
prepared as described previous?g) for the RalGDS-RBD
binding abilities of Ras mutants. For the Ras binding abilities
of RalGDS-RBD mutants, a slightly shorter fragment of rat
RalGDS, consisting of residues 76864, was used. Muta-
tions were introduced into a synthetic human cidagene
(30) or into the gene encoding for RGL-RBD or RalGDS-
RBD by site-directed mutagenesis, using either a Muta-Gene
kit (Bio-Rad) or two subsequent PCR amplifications. All
constructs were confirmed by sequencing.

Protein Purification The wild-type and mutant Ras
proteins were expressedischerichia coland were purified
as described3(1), except sonication was performed to lyse
theE. colicells. The GSTRaf-RBD fusion protein and the
wild-type and mutant GSTRGL-RBD and GSTRalGDS-
RBD proteins were each expresseddncoli at 30°C and
were purified using glutathionreSepharose 4B (Amersham
Pharmacia Biotech) according to the manufacturer’s instruc-
tions.

Binding AssayOne microgram of the GST-fusion proteins,
n 150uL of PBS containing 0.05% Triton X-100, was mixed
with 10 uL of glutathione-Sepharose 4B beads suspended
in PBS. The mixture was incubated at°@ for 1 h with
various amounts of either the wild-type or mutant Ras
protein, which had been complexed with G/Bas described
previously @8). After this incubation, the resin was washed
with 20 mM Tris-HCI buffer (pH 7.5) containing 5 mM
MgCl; and 150 mM NaCl. The bound proteins were eluted
from the resin by boiling in Laemmli’'s buffer and were
fractionated by SDSPAGE. Immunaoblots were probed with
the anti-Ras antibody RAS00482) and were developed
using the ECL immunodetection system (Amersham Phar-
macia Biotech). The Western blots were scanned, and the
relative band intensities were determined with a Bioimage
densitometer (MilliGen).

RESULTS AND DISCUSSION

Effects of the Effector-Region Mutations of Ras on RGL-
RBD Binding Ability. The Ras protein, in the GHS-bound
form, was mixed with the GSTRGL-RBD fusion protein

RalGDS family; the amino acid sequences of RGL-RBD and and the glutathioneSepharose, and the amounts of the Ras
RalGDS-RBD are 63% identical (Figure 1). Nevertheless, protein in the precipitates were analyzed by Western blotting
some of the residues around the Ras-binding interface of (Figure 3A). The most drastic effects were found in the T35S,
RalGDS, including three of the nine residues interacting with 136A, D38N, and Y40F mutations of Ras; these mutations
the switch | region of Ras, are not conserved in RGL. In the abolish the ability to bind RGL-RBD. The D33A and P34A

present study, we systematically examined the effects of mutations significantly decreased the RGL-RBD binding
mutations of Ras, RGL-RBD, and RalGDS-RBD on their ability. In addition, the binding ability is slightly reduced

binding. By the double-mutant analysis, we found that an by the Y32F and E37G mutations of Ras. For comparison,
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Ficure 2: (A) Schematic representation of the interaction between the switch | region of Ras(E31K) and RalGDS-RBD. The hydrogen
bonds and salt bridges are shown by dashed lines. The hydrophobic interactions are indicated by solid lines. The backbone hydrogen bonds
between them are omitted for clarity. RalGDS-RBD constitutes rat RalGDS residue864,/which are designated in the pap28)(

residues 3100. The RGL-RBD residues corresponding to the RalGDS-RBD residues are shown in square brackets. (B) Schematic
representation of the interaction between the switch | region of Rap1A(E30D/K31E) and RafiIRBDHe hydrogen bonds, salt bridges,

and hydrophobic interactions are shown as in (A). Although the side chain of Glu37 in Ras forms hydrogen bonds with Arg784 and Tyr795

in RalGDS, Huang et al. explained that in the REGDS-RBD complex, Glu37 of Ras points away from the interf@& (

the abilities of these mutant Ras proteins to bind RalGDS- specific interactions between residues in the binding interface,
RBD and Raf-RBD were analyzed in the same assay systemwith a negligible change in the protein structure per se.
(parts B and C of Figure 3, respectively). The Raf-RBD  Effects of RGL-RBD Mutations on Ras Binding Ability.
binding abilities of these mutants, except for P34A, and the Next, we prepared various mutants of RGL-RBD and tested
RalGDSRBD binding abilities of six mutants, other than them for the ability to bind the wild-type Ras [Ras(wt)] in
D33A, P34A, and D38N, had previously been examined by the GTP/S-bound form (Figure 4A,B). We examined the
two-hybrid assay and/or by GST pull-down assag-{26, Ras concentration dependencies for all of the tested RGL-
33). The RGL-RBD binding ability had been examined only RBD mutants (those for the wild-type and two mutants are
for the T35S and E37G mutants by immunoprecipitation shown as examples in Figure 4A) and found that the Ras
assay 27). These previous results by precipitation assays concentration of 1 ngl is suitable for the comparison
are consistent with the corresponding results in the presentamong them. Thus, the data at the fixed Ras concentration
study. In general, the effects of the Ras mutations on the of 1 ngiuL are displayed in Figure 4B. The R681A mutation
RGL-RBD binding are similar to those on the RalGDS of RGL-RBD does not affect Ras(wt) binding. The S684A
RBD binding, but are remarkably different from those on mutation does not reduce, but slightly potentiates, the Ras(wt)
the Raf-RBD binding (Figure 3). The P34A, T35S, I136A, binding ability of RGL-RBD. In contrast, the Y664A and
and Y40F mutations of Ras decrease RGL-RBD and Ral- K665A mutants of RGL-RBD are completely inactive in
GDS-RBD binding much more seriously than Raf-RBD Ras(wt) binding. In addition, the K685A and H686A
binding (Figure 3). Actually, in the crystal structure of the mutations largely impair Ras binding (Figure 4B). On the
Ras(E31K)RalGDS-RBD complex Z9), Pro34, Thr35, other hand, it has been reported that the Y795A and H817A
Ile36, and Tyr40 of Ras are involved in the interaction with mutations (Y664A and H686A, respectively, in RGL) do not
the RBD (Figure 2A). In contrast, Pro34, Thr35, and Tyr40 affect the interaction of RalGDS-RBD with an activated
exhibit no interaction with Raf-RBD in the crystal structure Ras(Q61L) in the yeast two-hybrid syste20). Thus, we

of the Rap1A(E30D/K31ERaf-RBD complex 14) (Figure prepared mutants of RalGDS-RBD and found that, in our
2B). 1le36 of Ras interacts intensively with Leu799 and assay system, neither the Y795AY664A in RGL) nor the
lle782 of RalGDS-RBD but interacts only with Val69 of Raf- H817A (=H686A in RGL) mutant of RalGDS-RBD binds
RBD (Figure 2). Therefore, the effects of these mutations Ras(wt) (Figure 4C). Therefore, in our assay system, the
are well explained on the basis of the crystal structures. It effects of the Y795A and H817A mutations of RalGDS on
should still be noted that the interpretation of the present Ras binding are much the same as those of the corresponding
data is based on the assumption that mutations may affectmutations of RGL. It is possible that the present pull-down
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FIGURE 3: Association of the effector-region mutant Ras proteins
with RGL-RBD (A), RalGDS-RBD (B), and Raf-RBD (C). The
wild-type (WT) and the mutant Ras proteins (0.05, 0.2, and 0.02
uQ) were loaded with GT#S and were tested for GSRGL-RBD

(A), GST-RalGDS-RBD (B), and GSFTRaf-RBD binding (C),
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cell extracts to examine if these His mutations cause any
protein aggregation due to misfolding. Actually, the levels
of soluble expression of the K665A and H686A mutants of
RGL-RBD were significantly less than those of the wild-
type and other mutant RGL-RBD proteins (Figure 5A). The
corresponding mutation, H817A, of RalGDS causes a more
significant decrease in the soluble expression level (Figure
5B) and a more drastic decrease in the Ras(wt) binding ability
(Figure 4C). These results suggest that the hydrophobic
interactions between His817 and Lys796 in RalGDS and
between His686 and Lys665 in RGL are necessary for the
proper folding of the proteins and are essential to form their
Ras-binding interfaces. In addition, the Ras binding ability
and the soluble expression level of RGL-RBD are not
decreased by the H686F and H686Y mutations (Figures 4D
and 5A), indicating that a hydrophobic ring side chain in
this position is important for the formation of the Ras-binding
interface.

Does Asp33 in Ras Interact with Lys685 in RGL-RBD?
The K685A mutant of RGL-RBD has a quite reduced, but
detectable, ability to bind Ras(wt) in the present study (Figure
4B). On the other hand, a more drastic decrease in the
Ras(wt) binding ability was observed for the K816A mutation
of RalGDS-RBD (Figure 4C). In the crystal structure of the
Ras(E31K)RalGDS-RBD complex, the side chains of Asp33
and Thr35 and the main chain of Pro34 in Ras interact with
the side chain of Lys816 in RalGDS (Figure 2A9. In
contrast, the crystal structure of the Rap1lA(E30D/K31E)
Raf-RBD complex revealed that Glu31 and Asp33 form salt
bridges with Lys84 of Raf-RBD (Figure 2B)14). In
RalGDS-RBD, Arg811 and Lys812, but not Lys816, occupy
the spatial position corresponding to that of Lys84 in Raf-
RBD (20). However, RGL has different amino acid residues,
GIn680 and Arg681, corresponding to Arg811 and Lys812
of RalGDS (Figure 1). Does Asp33 in Ras interact with
Lys685 in RGL-RBD as with Lys816 in RalGDS-RBD?

as described under Experimental Procedures. The intensity of the  pgyble-Mutant Analysis for Asp33 in Ras and Lys685 in

Ras band was estimated by densitometry. Intensities relative to that

pulled down after incubation of the wild-type Ras with RGL-RBD
(A), RalGDS-RBD (B), and Raf-RBD (C) are shown. The data
represent the average of at least three experiments.

RGL-RBD.To explore this interaction, we could conduct a
double-mutant analysis, as Ras(D33A) has an impaired but
detectable RGL-RBD binding ability, and the K685A mutant
of RGL-RBD also has an impaired but detectable Ras binding

assay system is more sensitive to an increase in theability. Thus, for the four RGL-RBD mutants that exhibit
dissociation rate of the complex than the yeast two-hybrid Ras(wt) binding abilities weaker than that of the wild-type
assay system. In the crystal structure of the Ras(E81K) RGL-RBD, we examined the Ras(D33A) binding abilities

RalGDS-RBD complex, Tyr795 and Lys796 in RalGDS
(Tyr664 and Lys665, respectively, in RGL) interact with
Glu37 and Tyr40 in Ras(E31K), respectively. Lys812 in
RalGDS E&Arg681 in RGL) is not involved in the interaction
with Ras(E31K) 29). Therefore, our results for the Y664A,
K665A, and R681A mutants of RGL-RBD are consistent
with the crystal structure of the Ras(E3tRpIGDS-RBD
complex.

Role of His686 in RGL-RBDn contrast, although His817
in RalGDS is not involved in the interaction with Ras(E31K)
in the crystal structure of the comple29), the mutations
of H817A in RalGDS and H686A in RGL both impair the
Ras(wt) binding ability. It should be noted here that His817
(=His686 in RGL) is in a hydrophobic interaction with
Lys796 ELys665 in RGL) in the tertiary structure of
RalGDS-RBD g0, 21, 29). Therefore, we compared the
amounts of the various mutant RGL-RBD and RalGDS-RBD
proteins in the soluble fraction of th& coli overproducing

(Figure 4E). Three mutations, Y664A, K665A, and H686A,
of RGL-RBD reduce the Ras(D33A) binding ability to a
negligible level (Figure 4E), probably because of the addition
of the two independent effects of the D33A mutation of Ras
and the RGL-RBD mutation. In contrast, the K685A muta-
tion of RGL-RBD causes only a 2-fold reduction in the
Ras(D33A) binding (Figure 4E), which is even smaller than
the 3-fold reduction in the Ras(wt) binding (Figure 4B). This
observation indicates that Lys685 in RGL-RBD interacts with
Asp33 in Ras and that the K685A mutation of RGL-RBD
fails to impair the Ras(D33A) binding ability, because a
partner of Lys685 (Asp33 in Ras) has already been removed.
Furthermore, we performed the other type of double-mutant
survey: how the Y32F, D33A, and E37G mutations of Ras,
which reduce the RGL-RBD binding ability, affect the ability
to bind the K685A mutant of RGL-RBD (Figure 4F). The
ability of Ras(D33A) to bind the wild-type RGL-RBD is
lower than those of Ras(Y32F) and Ras(E37G) (Figure 4F).
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FiGure 4: Association of various mutant Ras with various RGL-RBD and RalGDS-RBD mutants. (A) Various amounts of the wild-type
Ras protein were tested for their abilities to bind the wild-tym, the K685A @), and the H686A mutantsa( of RGL-RBD. The
intensities relative to that pulled down after an incubation of the wild-type RGL-RBD and 0.25 ofithe wild-type Ras are plotted. (B,

D, and E) The wild-type (B and D) and the D33A mutant Ras proteins (E) (@Lhglere loaded with GTPS and were tested for the

ability to bind the wild-type (WT) and the mutant RGL-RBD with the indicated mutation. Intensities are relative to that pulled down after
an incubation of the wild-type Ras with the wild-type RGL-RBD. (C) Association of the wild-type Ras with RalGDS-RBD mutants. The
wild-type Ras proteins (1 ngl) loaded with GTR'S were tested for the ability to bind the wild-type (WT) and the mutant RalGDS-RBD
with the indicated mutation. Intensities are relative to that pulled down after an incubation of the wild-type Ras with the wild-type RalGDS-
RBD. (F) Effects of the K685A mutation in RGL-RBD on the ability to bind the mutants of Ras. The wild-type and indicated mutant Ras
proteins (0.25 ngiL) loaded with GTR'S were tested for the ability to bind the wild-type (solid blocks) and the K685A mutant (hatched
blocks) of RGL-RBD. Intensities are relative to that pulled down after an incubation of the wild-type Ras with the wild-type RGL-RBD.
All of the data represent the average of at least three experiments.

In contrast, Ras(D33A) binds the K685A mutant of RGL- differences in the amino acid residues surrounding the Lys

RBD more tightly than Ras(Y32F) and Ras(E37G) (Figure
4F). The K685A mutation of RGL-RBD adds a much smaller
effect to the interaction with the D33A mutant of Ras, as
compared with the Y32F and E37G mutants All of these
results strongly indicate that Asp33 in Ras interacts with
Lys685 in RGL-RBD.

Interaction between Asp33 in Ras and Lys685 in RGL-
RBD.To examine how Lys685 and Asp33 interact with each
other, we made the K685M, K685E, and K685D mutants of
RGL-RBD (Figure 4D). The K685M mutation reduces the
Ras binding ability. Therefore, the positive charge of Lys685
is important. Actually, the introduction of a negative charge,
by the K685E or K685D mutation, completely abolished the
Ras binding. The K685M mutant of RGL-RBD binds Ras
more tightly than the K685A mutant, indicating that the
—(CH,)4— moiety of Lys685 is also important. This indicates
that Lys685 in RGL-RBD forms a salt bridge with Asp33
in Ras. This feature of the Ras interaction is now found to

residue.

E31K Mutant of RasThe Lys31 residue of Ras(E31K)
has been reported to be located very close to Asp33 and to
interact with three residues of RalGDS-RBD in the crystal
structure of the Ras(E31K3alGDS-RBD complex; the side-
chain amino group of Lys31 forms a hydrogen bond (2.6
A) with the backbone carbonyl group of Asp815, a hydrogen
bond (3.4 A) with the side-chain carbonyl group of Asn818,
and a salt bridge (3.2 A) with the side-chain carboxyl group
of Asp820 (Figure 2A) 29). These interactions, which are
missing in the case of Ras(wt) and RalGDS-RBD, might
affect other interactions between RalGDS-RBD and Ras. The
E31K mutation of Ras potentiates the RalGDS-RBD binding
ability (28). Intriguingly, we have found that the E31A
mutation also potentiates the RalGDS-RBD binding ability
of Ras as much as the E31K mutatio?8), This result
indicates that the potentiation of RRalGDS-RBD binding
can be achieved only by the removal of the negatively

be well conserved between RalGDS and RGL, despite thecharged residue at position 31 of Ras and, therefore, shows
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FIGURE 6: Association of the wild-type and E31K mutant Ras with
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1 (O, O). The intensity of the Ras band was estimated by densi-
i tometry. The intensities relative to that pulled down after an

1.2

B
a
m
T
73]
@
R incubation of 0.25 ngl of the wild-type Ras and the wild-type
% ] RGL-RBD are plotted. The data represent the average of at least
g 06 three experiments.
k) i
S 04 2
3 . 18 4
2 027 2161 1 p
3 ] & 107
ER 5 ]
= 9 9~ o 1.2 4
e 2 5 ]
c ]
Ficure 5: Comparison of the expression levels of the wild-type S o8 4
and mutant GSFRGL-RBD (A) or GST-RalGDS-RBD (B) in L 06 ]
the soluble fraction. Extracts of sonicatédcoli cells overproducing 'g "
either the GSFRGL-RBD or the GSTFRalGDS-RBD fusion o 04
proteins were prepared, and the supernatants of these extracts were @ 02 J
fractionated by SDSPAGE. The SDSpolyacrylamide gels were o ]

stained with Coomassie Blue and were scanned, and the intensities
of the GSTRGL-RBD and GSTRalGDS-RBD bands were
determined with a densitometer. The intensities of these bands in
the soluble fraction relative to those in whole extracts are normalized
by the value of the wild-type GSTRGL-RBD (A) and GST
RalGDS-RBD (B).

WT
E689A
E689D
E689K
S684A
S684D

N687A/E689A

) ) FIGURE 7: Association of the wild-type and E31K mutant Ras with
that the negative charge of Asp820 in RalGDS-RBD exerts various RGL-RBD mutants. The wild-type (solid blocks) and the

the putative repulsion against Glu31l in Ras(wB8)( E31K mutant (hatched blocks) Ras proteins (0.5hploaded with
Meanwhile, among the three RalGDS residues that interact&l?’nﬁt;‘ﬁ%gftg%g’wnﬁ ﬁltg“it%/ dti(éat;g]g g‘&;{;gdr;t%gfeg’s\gé S""g‘r’e
with Lys31in Ras(E?’lK)’ Asp815 and Asp820 a_re replaced relative to that pulled down after an incubation of the wild-type
by Ser684 and Glu689 in RGL, whereas Asn818 is conservedras with the wild-type RGL-RBD. The data represent the average
as Asn687 (Figures 1 and 2). In principle, these three RGL of at least three experiments.
residues might play roles similar to those of the correspond-
ing RalGDS residues, in terms of the interactions with Lys31 combination of the E31K mutation of Ras and the E689A
in Ras(E31K) in the crystal (Figure 2A); Glu689 in RGL mutation of RGL-RBD. Actually, we found that the Ras(wt)
has a negative charge, like Asp820 in RalGDS. Therefore, binding ability of the E689A mutant of RGL-RBD is much
we examined how RGL-RBD interacts with the amino acid stronger than that of the wild-type RGL-RBD and that the
residue at position 31 of Ras [Ras(wt) and Ras(E31K)]. First, E31K mutation of Ras no longer potentiates the binding with
the E31K mutation of Ras was shown to potentiate the RGL- the E689A mutant (Figure 7). The reason for the failure of
RBD binding ability of Ras (Figure 6). RGL-RBD, like the E31K mutation to potentiate the E689A mutant RGL-
RalGDSRBD, bhinds Ras(E31A) nearly as strongly as RBD binding is likely to be that the negative charge due to
Ras(E31K) (data not shown), indicating that the putative Glu689 has already been removed. Thus, we conclude that
electrostatic repulsion of Glu31l in Ras(wt) with RBD is the counterpart of Glu31 in the putative electrostatic repulsion
conserved between RalGDS and RGL, whereas the extenis Glu689 in RGL. In contrast, the E689D mutation of RGL-
of repulsion is smaller for RGL-RBD than for RalIGDS-RBD. RBD affects neither Ras(wt) binding nor Ras(E31K) binding
Double-Mutant Analysis for Glu31 in Ras and Glu689 in (Figure 7), indicating that the negative charge of Asp is as
RGL-RBD s Glu689 of RGL-RBD the counterpart of Glu31 efficient as that of Glu for the electrostatic repulsion.
of Ras(wt) in the putative electrostatic repulsion? We Furthermore, we found that the E689K mutation of RGL-
conducted another type of double-mutant analysis for the RBD increases the Ras(wt) binding ability as much as the
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E689A mutation and decreases the Ras(E31K) binding ability in Ras(wt) and Glu689 in RGL-RBD, which is artificially
down to the level of the Ras(wt) binding ability of the wild- replaced by the interactions of Lys31 in Ras(E31K) with
type RGL-RBD (Figure 7). Accordingly, the pair of positive three residues in RalGDS-RBD in the cryst2®), weakens
charges has the same repulsive effect as that of the pair othe RasRGL-RBD association. This repulsive interaction of
negative charges on the RR&L-RBD binding. Glu3l in Ras(wt) is likely to be conserved with Asp820 in
On the other hand, the E31K mutation of Ras potentiates RalIGDS-RBD, and all of the RalGDS family members have
the binding with the S684A and S684D mutants as well as either Glu or Asp in this position. We found that the E31K
the wild-type RGL-RBD (Figure 7). Therefore, these muta- mutation of Ras increases the binding ability more signifi-
tions of Ser684 have no effect on the putative interactions cantly with RalGDS-RBD than with RGL-RBD. The amino
of the backbone carbonyl group of Ser684 with the side- acid residues, Glu and Lys, at position 31 of Ras and Rap1,
chain amino group of Lys31 and the electrostatic interaction respectively, are one of the determinants that switch their
of the neighboring Glu689 side chain with Glu/Lys31 in Ras. signaling specificities with each othef4, 28, 31). The
To examine clearly the putative hydrogen-bonding interaction binding preferences of the RalGDS family members between
of the side-chain carbonyl group of Asn687 in RGL with Ras and Rapl may be different from one another. Actually,
the side-chain amino group of Lys31 in Ras(E31K), the RalGDS-RBD significantly prefers Rapl to Ras, whereas RIf-
N687A mutation was introduced into the E689A mutant of and RGL2-RBDs only weakly discriminate between Rapl
RGL-RBD, which is free from the side effect of the E31K and Ras 18, 19). Interestingly, we have also reported that
mutation on the neighboring electrostatic interaction between the Raf-RBD binding is reduced by the E31K mutation, but
position 689 of RGL and position 31 of Ras. Actually, the not by the E31A or E31D mutation of Ras, probably because
N687A/E689A mutant RGL-RBD exhibits appreciably lower of the electrostatic repulsion between Lys84 in Raf-RBD and
Ras(wt) binding and Ras(E31K) binding abilities than those Lys31 in Ras(E31K)Z8). Therefore, the mechanisms of the
of the parent E689A mutant. Therefore, whether Ras hasRas/Rapl preference in the Raf family are likely to be based
Glu31 or Lys31, the Asn687 side chain of RGL-RBD can on a similar electrostatic repulsion of Lys31 of Rapl against
contribute to the Ras binding. Because the E31K mutation Raf-RBD @8). These refinements of the Rap1/Ras preference
in Ras has no effect on the binding with the N687A/E689A within the RalGDS family, as well as those between the
mutant RGL-RBD, the hydrogen bond of Lys31 with Ser684 RalGDS and Raf families, may be relevant to the proper
may not be formed, at least in the absence of the two othersignaling network. Further understanding of the mechanisms
putative interactions of Lys31 with Asn687 and GIlu689.  of the Rapl/Ras and RalGDS/Raf preferences may require
Electrostatic Interaction of Glu31 of Ras (wt) with Ras- detailed structural analyses of the Ras-binding domains of
Binding Domains.Our previous observation revealed that the RalGDS family and Raf family proteins complexed with
the E31K and E31A mutations, but not the E31D mutation, the wild-type Rapl and Ras proteins.
of Ras potentiate the RalGDS binding abilit®g]. In the
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