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ABSTRACT: The Tyr residues in positions 32 and 40 of human ¢c-Ha-Ras protein were replaced by site-
directed mutagenesis (Y32F, Y32W, Y40K, and Y40W) to examine their roles in the signal-transducing
activity and the sensitivity to the GTPase activating protein (GAP). The signal-transducing activity of the
oncogenic Ras protein in PC12 cells was lost upon mutations Y32F and Y40K, but retained upon mutations
Y32W and Y40W. These results suggest that residues 32 and 40 are both required to have aromatic groups
and residue 32 is further required to have a hydrogen donor. On the other hand, three mutations (Y32F,
Y32W, and Y40W) caused no appreciable reduction in either GAP-binding affinity or GAP sensitivity.
By the Y40K mutation, GAP-binding affinity was slightly lowered, while GAP sensitivity was drastically
impaired. Therefore, for residues 32 and 40 of Ras, interactions with GAP appear to be different from
those with the target of signal transduction in the PC12 cell. As for the Y32W-Ras protein bound with
an unhydrolyzable GTP analogue (GMPPNP), the Trp32 fluorescence is appreciably red-shifted, weaker,
and more susceptible to KI quenching as compared to that of the GDP-bound form. Two-dimensional
NMR spectroscopy with selectively deuterated Ras proteins revealed fewer and weaker nuclear Overhauser
effects on the aromatic protons of Trp32 in the GMPPNP-bound form than in the GDP-bound form. This
indicates that the side chain of Trp32 is more exposed to the solvent in the GMPPNP-bound form than
in the GDP-bound form. In contrast, fluorescence and NMR analyses for the Y40W-Ras protein indicate
that the microenvironment of Trp40 is only slightly affected upon GDP-GMPPNP exchange. Accordingly,
the aromatic residue in position 32, rather than that in position 40 of the Ras protein, becomes exposed
to the surface of the protein upon GDP—GTP exchange, allowing hydrogen bonding with a target molecule

in the signal-transduction pathway.

The human c-Ha-ras gene is a member of the ras
protooncogene family and encodes 189 amino acid residues
(Shih et al., 1981; Krontiris & Cooper, 1981; Perucho et al.,
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1981; Barbacid, 1987; Nishimura & Sekiya, 1987). The Ras
protein binds GDP and GTP and hydrolyzes the bound GTP
to GDP and inorganic phosphate. Oncogenic ras genes found
in cancers have a mutation that impairs the guanosine-5’-
triphosphatase (GTPase)! activity of Ras, for example, in
position 12, 13, or 61 (Barbacid, 1987). The GTP-bound
form of Ras is active, while the GDP-bound form is inactive
in some cellular activities, such as cell proliferation and
differentiation (Satoh et al., 1987, 1988; Trahey & McCor-
mick, 1987). The Ras protein is thought to be involved in a
signal-transduction pathway; microinjected or overexpressed
oncogenic Ras can trigger several growth factor-related cell
reactions, including neuronal differentiation of rat phaeo-
chromocytoma (PC12) cells (Bar-Sagi & Feramisco, 1985;
Noda et al,, 1985) and maturation of Xenopus oocytes
(Birchmeier et al., 1985). Furthermore, the ratio of [GTP-
bound form]/[GDP-bound form] increases in response to
several growth factors (Gibbs etal., 1990; Satoh et al., 1990a,b;
Burgering et al., 1991).

The GTPase activating protein (GAP) stimulates the
GTPase activity of the Ras protein (Trahey & McCormick,

! Abbreviations: GAP, GTPase activating protein; GMPPNP, guanylyl
imidodiphosphate; GTPase, guanosine-5'-triphosphatase; HOHAHA,
two-dimensional homonuclear Hartmann—Hahn spectroscopy; NOESY,
two-dimensional nuclear Overhauser effect and exchange spectroscopy.
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1987; Gibbs et al., 1988; Trahey et al., 1988; Vogel et al.,
1988), and is suggested to be one of the target molecules of
the Ras protein in signal transduction (Adari et al., 1988;
Cales et al., 1988; Yatani et al., 1990; Martin et al., 1992;
Duchesneetal., 1993). Inaddition, GAP binds to the protein
tyrosine kinase domains of activated growth factor receptors
and is phosphorylated on tyrosine residue(s) (Molloy et al.,
1989; Ellis et al., 1990; Kaplan et al., 1990; Kazlauskas et al.,
1990; Liu & Pawson, 1991).

Recently, Raf-1 kinase, mitogen-activated protein kinase
(MAPkinase), and MAP kinase kinase (MAPKK) have been
reported tointeract directly with the Ras protein and suggested
to be downstream target proteins (Van Aelst et al,, 1993;
Moodie et al., 1993; Vojtek et al., 1993; Warne et al., 1993;
Zhangetal., 1993). Thus, GAP and these kinases (and other
unknown factors) seem to be the targetsin different pathways.

The region of the Ras protein that is necessary for interaction
with the target molecule (the effector region) consists of the
residues from Tyr32 to Tyr40 (Sigal et al., 1986). Some
mutations in this region deprive Ras of its signal-transducing
activity, GAP-enhanced GTPase activity, and/or interaction
with the Raf-1 kinases (Willumsen et al., 1986; Sigal et al.,
1986; Clanton et al., 1987; Adari et al., 1988; Cales et al.,
1988; Stone et al., 1988; McCormick, 1989; Farnsworth et
al., 1991; Stone & Blanchard, 1991; Van Aelst et al., 1993;
Moodie et al., 1993; Vojtek et al., 1993; Warne et al., 1993;
Zhang et al., 1993). However, the roles of each effector
region residue in the interaction with the target molecules
have yet to be established.

The crystal structures of the GDP-bound and GTP-bound
Ras proteins have revealed that the conformation of the effector
region is markedly different (Milburn et al., 1990; Schlichting
et al,, 1990a). However, the details of the effector region
conformations of the GTP-bound Ras proteins as reported by
the two groups appreciably differ from each other; the effector
region residues such as Tyr32 of one molecule are in close
contact with those of a neighboring molecule in the crystal
(Paietal., 1990; Milburnetal., 1990; Schlichtingetal., 1990a).

NMR studies of the GDP- and GTP-bound Ras proteins
in aqueous solution have been reported (Schlichting et al.,
1988; Campbell-Burk, 1989; Campbell-Burketal., 1989, 1992;
Ha et al., 1989; Hata-Tanaka et al., 1989; John et al., 1989;
Yamasakietal., 1989, 1992; Schlichting et al., 1990b; Redfield
& Papastavros, 1990; Miller et al., 1992; Muto et al., 1993).
In our previous study, the proton resonances due to an
antiparallel 8-sheet structure, including the C-terminal part
of the effector region, were assigned, and the conformation
of this part was found to be significantly distorted in the
GTP~S-bound form (Yamasakietal., 1989). Suchdistortion
of the B-sheet structure was not found by the X-ray crystal-
lographic studies (Milburn et al., 1990; Schlichting et al.,
1990a), but has in fact been confirmed recently by a molecular-
dynamics study in search of the solution structure of the Ras
protein (Foley et al., 1992). Therefore, more detailed studies
of the conformational differences between the GDP- and GTP-
bound Ras proteins in solution will be important.

Fluorescence studies of Ras proteins have also been reported
(Johnetal., 1990; Nealetal., 1990; Skelly et al., 1990; Antonny
etal, 1991; Rensland et al., 1991). Since the wild-type Ras
protein lacks Trp residues, mutations to Trp are useful for
elucidating the microenvironment of the mutated sites. Thus,
Phe28 was repalced with Trp to study the interaction of the
Ras protein with GDP or GTP (Skelly et al., 1990), while
Leu56 or Tyr64 was replaced by Trp to monitor the GTPase
and GDP/GTP exchange reactions (Antonny et al., 1991).
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In the present study, the roles of Tyr32 and Tyr40 in the
effector region of the c-Ha-Ras protein were analyzed by site-
directed mutagenesis. Since the mutations Y32W and Y40W
did not disrupt the signal-transducing activity and the ability
tointeract with GAP, further fluorescence and NMR analyses
were performed using these Trp residues as probes to elucidate
the microenvironmental change upon ligand exchange from
GDP to GMPPNP (an unhydrolyzable GTP analogue).

MATERIALS AND METHODS

Theras Genes. Chemically synthesized Ha-ras genes were
expressed under the control of the tp promoter (Miura et al.,
1986). For assay of the signal-transducing activity, the full-
length Ras proteins consisting of 189 amino acid residues
were used. For fluorescence and NMR measurements and
for GTPase assay, truncated Ras proteins consisting of 171
amino acid residues (Ha et al., 1989) were used, which are
as active as the full-length Ras protein with regard to guanine
nucleotide binding and GTP hydrolysis (Fujita-Yoshigaki et
al., 1992).

Site-Directed Mutagenesis. The techniques used to ma-
nipulate genes were as described (Maniatis et al., 1982). The
Clal-Sall 0.5-kb fragment carrying the ras gene from the
expression vector (Miura et al., 1986) was subcloned in the
MI13mpl9 vector with the Accl, Sall, and BglII sites.
Oligonucleotide-directed mutagenesis was carried out with
the in vitro mutagenesis system Muta-Gene (Bio-Rad).
Oligonucleotide primers, 5’GTAGATGAGTICGACCC-
GACT for Y32F-Ras, 5GTAGATGAGTGGGACC-
CGACT for Y32W-Ras, YGAAGACTCTAAACGTAA-
GCAG for Y40K-Ras, and YGAAGACTCTTGGCGTA-
AGCAG for Y40W-Ras (mismatching nucleotides are un-
derlined), were prepared with a GENET A-II (Zeon) DNA
synthesizer and purified by polyacrylamide gel electrophoresis.
After the mutagenesis, the BssHII-Sa/l 0.4-kb fragment from
the vector expressing the truncated wild-type Ras protein (Ha
et al.,, 1989) or the full-length Ras protein with the G12V
mutation (Miura et al., 1986) was replaced with that from the
mutant ras genes in the M13mp19 vectors. Escherichia coli
strains HB101 and D139 (LeMaster & Richards, 1988) were
transformed with the vectors.

Preparationof Ras Proteins Bound with GDP or GMPPNP.
The wild-type and mutant Ras proteins bound with GDP were
purified from induced E. coli cells as described (Miura et al.,
1986; Ha et al., 1989). The purified wild-type Ras, Y32W-
Ras, and Y40W-Ras proteins (truncated type) showed specific
absorbances at 280 nm of 0.56,0.70, and 0.68 cm~!-mg-!-mL,
respectively, as determined with the BCA protein assay reagent
(Pierce). The Ras proteins bound with GMPPNP were
prepared as follows. The GDP-bound Ras protein (0.5 mM)
was incubated with 2 mM GMPPNP, 5 mM EDTA, and 10
units/mL apyrase (Sigma) for 15 min at 37 °C (apyrase was
used to hydrolyze the free GDP to GMP and inorganic
phosphate). After the incubation, the free nucleotide was
removed by ultrafiltration using Centricon-10 (Amicon). This
procedure of incubation/filtration was repeated 3 times. A
small part of the protein was denatured with trichloroacetic
acid, and released nucleotides were analyzed by HPLC with
a DEAE-2SW column (Shimadzu); more than 93% was
GMPPNP.

Assay of Signal-Transducing Activities of Mutant Ras
Proteins. Double-mutantG12V/Y32W-,G12V/Y32F-,and
G12V/Y40W-Ras proteins (full-length type) were purified
and concentrated to 10 mg/mL by ultrafiltration with
“entricon-10. Mutant protein solutions were microinjected
into PC12 cells, and after 24 h, the responses of the cells were
observed.
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Table 1: Signal-Transducing Activities and Rate Constants for GTPase and Nucleotide Dissociation

wild-type Y32F Y32w Y40K Y40W
neurite outgrowth? + —(-)® + (+)° ND (-)¢ +
dissociation rate constant (min-!)
GDP 49X1073e ND 22X 1073 ND 5.6 X 103
GTP 44X 103¢ ND 5.0x 1073 ND 6.2 X103
intrinsic GTPase rate constant (min-!) 0.018 0.022 0.048 0.010 0.016

@ Proteins with an additional G12V mutation were used. > Stone et al. (1988). ¢ Stone and Blanchard (1991). 4 Sigal et al. (1986). ¢ Fujita- Yoshigaki

et al. (1992).

Measurements of GTP Hydrolysis and Nucleotide Dis-
sociation Rates of Mutant Ras Proteins. Rat GAP was
purified from E. coli cells expressing the cloned GAP gene
(unpublished results) by chromatography on columns of
DEAE-Sephacel (Pharmacia) and TSK gel AF-heparin
Toyopearl 650 (Tosoh) (to be described elsewhere). GTPase
activities of mutant Ras proteins were measured by a
modification of the procedure described by Trahey and
McCormick (1987). The Ras protein (4 uM) in buffer A [50
mM Tris-HCl (pH 7.5), 1 mM phenylmethanesulfonyl
fluoride, and 1 mM dithiothreitol] containing 150 uCi/mL
(8,5-3H]GTP (NEN) and 5 mM EDTA was incubated at 37
°C for 5 min, and free nucleotides were removed using
Centricon-10 filtration. The Ras protein bound with 3H-
labeled GTP in buffer A containing 5 mM MgCl, was
incubated at 37 °C for up to 20 min. After the incubation,
the protein solution was boiled at 80 °C for 3 min, and the
denatured protein was removed by centrifugation. Free
nucleotides (GTP/GDP) in the supernatant were separated
by TLC, and TLC fractions containing GTP or GDP were
assayed with a scintillation counter, Model LSC-700 (Aloka).
To analyze affinities and sensitivities of mutant Ras proteins
to GAP, the amounts of GDP formed in 2 or 10 min in the
Ras-bound state were determined at various concentrations
of GAP between 0.016 and 0.8 uM. Dissociation rates of
GDP and GTP from the Y32W- and Y40W-Ras proteins
were measured as described previously (Fujita-Yoshigaki et
al.,, 1992).

Fluorescence Measurements. The Ras protein (0.1 mg/
mL) was dissolved in 60 mM phosphate buffer (pH 7.5)
containing 10 mM MgCl; and 150 mM NaCl. Tryptophan
fluorescence upon excitation at 290 nm was measured at 25
°C with a Hitachi F-4000 fluorescence spectrophotometer.
Fluorescence quenching by KI was measured at 340 nm and
analyzed according to the Stern—Volmer equation: Fo/F =
1 + K[Q], where Fj and F are the fluorescence intensities
in the absence and presence of quencher, respectively, [Q] is
the concentration (in molar) of the quencher (KI), and X,
is the Stern—Volmer quenching constant (Lehrer, 1971).

Deuterium Substitution of Ras Proteins. [1,2,3,4,5-
ZH]Phenylalanine was synthesized with 2H,O and 2H,SO, as
described (Milstein & Kaufman, 1975). [3,5-2H]Tyrosine
was prepared with 2HCl as described (Cohen & Putter, 1970).
For efficient biosynthetic incorporation of deuterium-substi-
tuted amino acids, transaminase-deficient polyauxotrophic
E. coli strain DL39 (LeMaster & Richards, 1988), which
requires aspartate, isoleucine, leucine, valine, phenylalanine,
and tyrosine, was cultured under the conditions described
previously (Yamasaki et al., 1992).

NMR Measurements. The Ras protein was dissolved (2.5
mM) in 2H,0 (99.95% 2H, Commissariat 4 I'Energie Atom-
ique) containing 20 mM [2H ] Tris (99.4% 2H, MSD), 150
mM NaCl, and 10 mM MgCl,, and the pH was adjusted to
7.5 with ZHC1 (99% 2H, Merck) (Yamasaki et al., 1989). The
Ras protein was also dissolved (2.5 mM) in 'H,0 solution
(pH 7.5) containing 60 mM sodium phosphate, 150 mM NaCl,
10 mM MgCl,, and 10% 2H,0.

400-MHz proton NMR spectra were recorded on a Bruker
AM-400 spectrometer at a probe temperature of 37 °C.
Chemical shifts were determined relative to methyl proton
resonances of the internal standard sodium 2,2-dimethyl-2-
silapentane-5-sulfonate. Two-dimensional nuclear Overhaus-
er effect and exchange spectroscopy (NOESY) (Jeener et al.,
1979) was carried out at a mixing time of 100 ms (in 2H,0)
or 150 ms (in 'H,0). The two-dimensional homonuclear
Hartmann-Hahn experiment (HOHAHA) (Braunschweiler
& Ernst, 1983; Davis & Bax, 1985) was performed with a
trim pulse of 1.5 ms followed by a mixing time of 50 ms. Free
induction decays (64-96 scans) of 6500-Hz sweep width and
2K data points in the ¢; domain were collected for 400 data
points in the #; domain by time proportional phase incre-
mentation (Marion & Withrich, 1983). By zero-filling in
the ¢ domain and resolution enhancement with squared sine-
bell windows in both the ¢, and t, domains, followed by Fourier
transformation, the spectra of 2K X 1K data points were
obtained.

To interpret NMR data, the crystal structure of the GDP-
bound Ras protein (Tong et al., 1991) from the Brookhaven
Protein Data Bank was examined with the software Insight
II (Biosym Technologies) on a Silicon Graphics IRIS-4D/
25TG computer.

RESULTS AND DISCUSSION

Signal-Transducing Activities of Mutant Ras Proteins.
Injection of the full-length G12V/Y32W- or G12V/Y40W-
Ras proteins caused neurite outgrowth of PC12 cells in 24 h
(Table 1). In contrast, the full-length G12V/Y32F-Ras
protein did not cause neurite outgrowth upon injection into
PC12 cells (Table 1). Therefore, the signal-transducing
activity of the oncogenic G12V-Ras protein was not affected
by the Y32W and Y40W mutations, but was significantly
impaired by the Y32F mutation.

A variety of mutations in the effector region of Ras proteins
have been found to reduce the signal-transducing activity (Sigal
et al., 1986; Willumsen et al., 1986; Clanton et al., 1987;
Stoneet al., 1988; McCormick, 1989; Farnsworthetal., 1991;
Stone & Blanchard, 1991). In position 32, the mutation of
Tyr to Phe impairs the signal-transducing activity of the
oncogenic Ras protein in NIH 3T3 cells (Stone et al., 1988)
and rat2 cells (Stone & Blanchard, 1991), which is consistent
with the present study using PC12 cells. Incontrast,thesignal-
transducing activity is not appreciably affected by the Y32H
mutation (Sigal et al., 1986; Stone & Blanchard, 1991).
Furthermore, in the present study, the Y32W mutation was
found to have no effect on the signal transduction induced by
the Ras protein in PC12 cells, which is consistent with the
result by Stone and Blanchard (1991) using rat2 cells. For
signal transduction, therefore, the side chain of residue 32 of
the Ras protein appears to be required to have an aromatic
moiety with a hydrogen bond donor, so as to form a hydrogen
bond with the target molecule. Unlike the hydrogen donor,
itisstill unclear if the aromatic moiety is indispensable or not.
This should be tested in the future by replacement of Tyr32
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FiGure 1: GTP hydrolysis rates of wild-type Ras (0), Y32F-Ras
(@), Y32W-Ras (00), Y40K-Ras (@), and YA0W-Ras (A) proteins
in the presence of GAP. The values for the Y40K-Ras protein were
multiplied by 5. The dashed lines indicate that rates higher than 0.8
min-! are possibly underestimated because initial velocities could not
be precisely determined.

with a nonaromatic amino acid having a hydrogen donor, e.g.,
Gln, Asn, Thr, or Ser.

As for position 40, replacement of Tyr by Leu, Ile, Val,
Arg, Lys, Ser, or Gly deprives the Ras protein of signal-
transducing activity (Sigal et al., 1986; Stone et al., 1988).
In contrast, the activity is not affected by the Y40F mutation
(Stone et al., 1988). Similarly, the Y40W mutation has no
effect on the signal-transducing activity. Theseresultsindicate
that the side chain of residue 40 is required to have an aromatic
moiety, regardless of its hydrogen-bonding ability. Thus, in
terms of signal-transducing activity, structural requirements
in positions 32 and 40 are both strict but clearly different
from each other.

GDP and GTP Dissociation Rates of Mutant Ras Proteins.
Rates of dissociation of guanine nucleotides from the Y32W-
and Y40W-Ras proteins were measured (Table 1). For both
mutant proteins, dissociation rates of GDP and GTP were
much the same as those for the wild-type protein (Fujita-
Yoshigakiet al., 1992). Therefore, the two mutations Y32W
and Y40W are likely to have only negligible effects on the
affinities to GDP and GTP.

Intrinsic GTPase Activities of Mutant Ras Proteins. The
rate constants of GTP hydrolysis for the wild-type and mutant
Ras proteins were determined and are listed in Table 1. The
GTPase activity of the Y32W-Ras protein is appreciably
higher than those of the wild-type and Y32F-Ras proteins. As
for position 40, the Y40K-Ras protein is less active than the
Y40W mutant and wild-type Ras proteins with regard to GTP
hydrolysis in the absence of GAP.

GTPase Activities of Mutant Ras Proteins in the Presence
of GAP. Toanalyze the interactions of GAP with the mutant
Ras proteins, the relative amounts of GDP and GTP after
incubation of the GTP-bound form of the Ras protein for 2
min (or 10 min for the Y40K-Ras mutant) were determined
at various concentrations of GAP. Thus, apparent GTP
hydrolysis rate constants were estimated (Figure 1). For the
cases where the obtained rate constants are higher than about
0.8 min~!, we could not precisely determine the initial velocities,
and therefore these rate constants are likely to be underes-
timated. As the GAP concentration was increased, GTPase
rates of the wild-type, Y32F-, Y32W-, and Y40W-Ras proteins
were remarkably increased, indicating that plateaus of nearly
the same level seem to be reached at high GAP concentrations
(Figure 1). From the dependencies of the GTPase rate on the
GAP concentration, it was found that the GAP-binding affinity
of the Y32W-Ras protein is comparable to that of the wild-
type Ras protein and those of the Y32F- and Y40W-Ras
proteins are only slightly lower (Figure 1). In contrast, the
GTPase activity of the Y40K-Ras protein appeared to reach
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FIGURE2: Fluorescence spectra of Y32W-Ras (a and b) and Y40W-
Ras (c and d) bound with GDP (a and ¢) or GMPPNP (b and d).

asignificantly low plateau (only 4-fold enhancement) at GAP
concentrations higher than 0.65 uM (Figure 1 and Table 1).
The Y40K mutation drastically reduced the “sensitivity” of
Ras GTPase to GAP, while the effect of this mutation on the
GAP-binding affinity seems to be much smaller as compared
with that on the GAP sensitivity (Figure 1). Therefore, it is
likely that the Y40K-Ras protein can bind to GAP with an
affinity slightly lower than that of the wild type, but the GTPase
activity of Y40K-Ras is not sensitive enough to be largely
enhanced. Ifso, this mutant, Y40K, will be useful for further
study on the molecular mechanism of enhancement of the
GTPase activity by GAP.

For position 40, it has been reported that the Y40K mutation
reduces GTPase activity in the presence of GAP whereas
replacement of Tyr with Ile, Phe, or Ser does not affect the
activity (Cales et al., 1988; McCormick, 1989). Actually, in
the present study, it was further found that the Y40K mutation
drastically reduces the GTPase activity of Ras in the GAP-
bound state with no appreciable decrease in the GAP-binding
affinity. Probably, therefore, the significant enhancement of
the GTPase activity of the GAP-bound Ras protein is damaged
by a mutation introducing a positive charge in position 40, but
not by mutations removing aromaticity, hydrophobicity, or
hydrogen-bonding ability of the Tyr residue. As for position
32, we found that the Y32F mutation slightly reduced the
GAP-binding affinity but affected only negligibly the GAP
sensitivity, while the Y32W mutation affected neither binding
affinity nor sensitivity to GAP (there is no other report so far
on effects of mutations in position 32 on binding affinity or
sensitivity to GAP). These results suggest that the proper
interactions with GAP tolerate different mutationsin positions
32 and 40. In contrast, structural requirements for several
other effector region residues are quite strict with regard to
the GAP interaction (Adari et al., 1988; Cales et al., 1988;
McCormick, 1989; Farnsworth et al., 1991).

In terms of the signal-transducing activity, however, the
structural requirements for the residues in positions 32 and
40 are both strict (present study; McCormick, 1989). There-
fore, residues 32 and 40 are involved more critically in the
signal-transducing activity than in the GTPase activation by
GAP. As for the Y32W-Ras and Y40W-Ras proteins, both
the signal-transducing activity and the ability to interact with
GAPareretained, thereby allowing the fluorescenceand NMR
analyses of the microenvironment in the effector region using
Trp residues as probes.

Fluorescence Analyses. The fluorescence spectra of the
two mutant proteins are shown in Figure 2. For the Y32W-
Ras protein, the fluorescence intensity is greatly reduced, to
36%, and the fluorescence maximum is red-shifted by 3 nm
upon ligand exchange from GDP to GMPPNP (Figure 2a,b).
These results suggest that the microenvironment of the indole
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FIGURE 3: Stern—Volmer plots for the fluorescence quenching effects
of KI on Y32W-Ras (a and b) and Y40W-Ras (¢ and d) bound with
GDP [a and ¢ (@)] or GMPPNP [b and d (0)].

ring of Trp32 in the GMPPNP-bound form is more hydrophilic
than that in the GDP-bound form. On the other hand, for
the Y40W-Ras protein, the fluorescence intensity of the
GMPPNP-bound form is only slightly lower than that of the
GDP-bound form (Figure 2c,d), suggesting that the microen-
vironment of the indole ring of Trp40 is not greatly affected
by ligand exchange from GDP to GMPPNP.

Microenvironmental changes of Trp residues upon ligand
exchange were also observed in the Stern—Volmer plots for
the quenching effects by KI (Figure 3). The fluorescence of
the Y32W-Ras protein in the GMPPNP-bound form (K, =
1.50 M-1) is more susceptible to quenching than that in the
GDP-bound form (K, = 0.72 M-1). Thisindicatesthat Trp32
in the GMPPNP-bound form is more accessible to the solvent
than in the GDP-bound form. In contrast, the Stern—~Volmer
constants of the Y40W-Ras protein in the GMPPNP-bound
form (K,, = 1.25 M) and the GDP-bound form (K, = 1.13
M-1)are nearly the same, indicating that the microenvironment
of the indole ring of Trp40 in this mutant is only slightly
affected by ligand exchange from GDP to GMPPNP.

The present fluorescence analysis revealed that the mi-
croenvironment of the Trp residues in the mutant proteins is
consistent with those found in previous crystallographic
analyses (Milburn et al., 1990; Pai et al., 1990; Schlichting
et al., 1990a; Tong et al., 1991). In the crystal of the GDP-
bound wild-type Ras protein, the aromatic rings of Tyr32 and
Tyr40 form a hydrogen bond with each other (Milburn et al.,
1990; Tongetal.,1991). Incontrast, Tyr32 of the Ras protein
swings out to partly cover the phosphate pocket in the complex
with guanylyl 5’-(8,y-methylenediphosphate) (an unhydro-
lyzable GTP analogue) (Milburn et al., 1990) or interacts
with the y-phosphate group of a neighboring molecule in the
complex with GMPPNP (Paietal., 1990). Infact,the present
fluorescence data on the Y32W-Ras protein indicate an
appreciable microenvironmental change of Trp32 from the
interior to the exterior of the protein. Furthermore, the small
intensity reduction of Trp40 in the Y40W-Ras protein upon
ligand exchange from GDP to GMPPNP (Figure 2) is possibly
related to the disruption of the hydrogen bond between Tyr32
and Tyr40 found in the crystal.

Two-Dimensional NMR Analyses. For more detailed
analyses of the microenvironment of these Trp residues, two-
dimensional proton NMR spectra were analyzed. In HO-
HAHA spectra of the GDP-bound mutant Ras proteins in
2H,0 solution (data not shown), cross-peaks due to the Trp
aromatic protons 4H, 5H, 6H, and 7H are partly overlapped
with those due to Phe78, which have already been assigned
using site-directed mutagenesis (Schlichting et al., 1990b).
{1,2,3,4,5-2H]Phe/(3,5-2H] Tyr-substituted mutant proteins
were prepared to eliminate the aromatic proton resonances of
the Phe residues and the 3,5-proton resonances of the Tyr
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FIGURE 5: HOHAHA (a and c) and NOESY (b) spectra of the
Y40W-Ras protein bound with GMPPNP in 2H,0 (a) or in 'H,0O
(b, ¢) solution. The protein is substituted with [1,2,3,4,5-2H]Phe/
[3,5-2H]Tyr (a) or is not substituted (b and ¢).

residues. Thus, strong cross-peaks due to the [4H, 5H] and
[6H, TH] of Trpresiduesareclearly observed inthe HOHAHA
spectra (Figure 4) and also in the DQF-COSY spectra (data
not shown). However, cross-peaks due to [SH, 6H] are not
observed, because of the small chemical shift difference
between the two resonances.

In the two-dimensional spectra of the GMPPNP-bound
Y40W-Ras protein in H,O solution, cross-peaks due to the
indole NH proton (10.5 ppm) are observed, including NOE
peaks due to [NH, 7H] and [NH, 2H] (Figure 5b) and a
HOHAHA peak due to [NH, 2H] (Figure 5¢). From the
NOE cross-peak [NH, 7H], the 7H-proton resonance is clearly
distinguishable from the 4H-proton resonance, allowing
unambiguous assignments of all the aromatic proton reso-
nances of Trp40 in the GDP-bound and GMPPNP-bound
forms (Table 2). Incontrast,inthe GMPPNP-bound Y32W-
Ras protein, the indole NH proton resonance of Trp32 was
not observed, probably because of rapid exchange with the
solvent at pH 7.5. This is consistent with the fluorescence
observation indicating the location of Trp32 on the surface of
GMPPNP-bound Ras.

The chemical shifts of the aromatic proton resonances of
Trp32 differ markedly between the GDP- and GMPPNP-
bound forms (Figure 4a,b, Table 2). This indicates a large
microenvironmental difference for this residue between the
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Table 2: Chemical Shifts (ppm) of Aromatic Protons and NOE

Cross-Peaks (ppm)

Y32W-Ras protein in

Y40W-Ras protein in

GDP-bound form GDP-bound form
Trp32 & NOE= Trp40 & NOE-+
NH 9.82 NH 9.99
2H 7.49 3.05,3.35,4.28 2H 7.10 0.50,4.72, 5.53
4H+7H? 7.67 -0.52,0.66,0.81,2.90, 4H 7.61 0.50,1.03,2.79,
3.38, 3.90, 4.56 3.13,4.73
SH 7.04
SH/6H¢ 7.15 6H 7.11
6H/5H¢ 17.25 TH 7.49 0.02,7.004

Y32W-Ras protein in
GMPPNP-bound form

Y40W-Ras protein in
GMPPNP-bound form

Trp32 5 NOE*  Trpd0 & NOE-
NH NH 1050
2H 2H 706  0.53,4.60
4H/7He 7.55 3.46,408 4H  7.61 0.53,1.03,2.24,
3.12,4.89

SH+6H/  7.22
TH/4He 774 348 SH  7.02

6H 711

TH  7.46

4 NOE cross-peaks not observed in the wild-type Ras protein are listed,
except those among Trp aromatic protons. » 4H and 7H resonances are
overlapping. ¢ This resonance is due to either SH or 6H. ¢ This cross-
peak is not observed in the deuterium-substituted protein (Figure 6).
¢ This resonance is due to either 4H or 7H. / 5H and 6H resonances are
overlapping.

two forms. In contrast, the chemical shifts of the aromatic
proton resonances of Trp40 in the two forms are similar to
each other, except for theindole NH proton resonances (Figure
4c,d, Table 2). This shows that the microenvironment of
Trp40 is not greatly affected by ligand exchange.
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NOE Cross-Peaks of Y32W-Ras Proteins. The microen-
vironment of Trp residues may be examined in detail by
analysis of the NOE data. The NOESY spectraof[1,2,3,4,5-
2H]Phe/[3,5-2H] Tyr-substituted Ras proteins in 2H,O so-
lution are shown in Figure 6. The NOE cross-peaks due to
Trp32in the GMPPNP-bound form of the Y32W-Ras protein
are fewer and weaker than those in the GDP-bound form
(Table 2, Figure 6). The Trp ring proton resonances were
clearly observed without appreciable broadening (Figure 4b).
It is indicated, therefore, that the aromatic protons of Trp32
in the GDP-bound form are in close proximity to many more
protons than those in the GMPPNP-bound form. It is also
possible that the tertiary structure involving Trp32 in the
GMPPNP-bound form is so dynamically fluctuating to much
weaken NOEs,

For the GDP-bound Y32W-Ras protein, an NOE cross-
peak is observed at [-0.52 ppm, 7.67 ppm] (Figure 6a). The
proton resonanceat—0.52 ppm is probably due toan Ile residue,
as revealed by the connectivity pattern in the HOHAHA
spectrum (data not shown). The location of the HOHAHA
cross-peak for the pair of a- and y-protons of this residue is
nearly the same as that of Ile21 of the wild-type Ras protein
as assigned by 1’N-labeling methods (Muto et al., 1993). The
extremely upfield-shifted proton resonance at —0.52 ppm is
tentatively assigned to the §-methyl proton of Ile21, which is
probably located upon the indole ring of Trp32.

Recently, large chemical shift differences of Ile21 and Ile36
between the GTP- and GDP-bound forms have been observed
using selective 15N-labeling of Ile residues (Miller et al., 1992).
Correspondingly, the replacement of Ile21 by Ala abolishes
the signal-transducing activity of the Ras protein (unpublished
experiments). Therefore, the interaction between the residues
in positions 21 and 32 is probably important in the regulation

a 9' 0 4 Tq‘-a § '@Q 2 ¢ ,'an';;&: ’ 7.0

a ) 40 | 'o%, () 00 A at 1.6 ‘ L
& r7.5
7.0
-7.5
7.0
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FIGURE 6: NOESY spectra of the [1,2,3,4,5-2H]Phe/[3,5-2H] Tyr-substituted Y32W-Ras (a and b) and Y40W-Ras (¢ and d) proteins bound
with GDP (a and ¢) or GMPPNP (b and d) in 2H,O solution. The NOE cross-peaks due to Trp aromatic protons, which are not observed

in the wild-type Ras protein, are boxed.
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of the signal-transducing activity. In the crystallographic
studies, however, such an interaction has not been described
(Milburn et al., 1990; Schlichting et al., 1990a; Tong et al.,
1991).

For further analysis of the NOE data, we examined the
crystal structure of the GDP-bound Ras protein (Tong et al.,
1991). Tyr32 of the structure was replaced with Trp on the
computer, and the x; and x; angles of the Trp residue were
changed successively by 10° so as to test if the NOE data
could be interpreted in any side-chain conformations. Thus,
one rotamer [x; = -177.3 £ 7.9°, x; = -95.1 £ 7.6°] from
the rotamer library (Ponder & Richards, 1987) was found to
be suitable as follows. In this rotamer, the §-methyl proton
of Ile21 is located near the 4H proton and just on the indole
ring of Trp32, which agrees with the NOE data (Table 2)
and the extreme upfield shift of this protonresonance. Further,
the 2H proton of Trp32 is in close proximity to the 8-protons
of Trp32 and Serl7 and the a-proton of Pro34. Thus,
resonances at 3.05, 3.35, and 4.28 ppm (Table 2) may be
assigned to these protons. One of the methyl groups of Val29
and the y-methyl group of Ile36 are in close proximity to 4H
and 7H, respectively, of Trp32, which leads to tentative
assignments of resonances giving NOEs at 0.66 and 0.81 ppm
to these methyl protons. Similarly, resonances at 2.90, 3.38,
and 3.90 ppm (Table 2) may be assigned to B-protons of
Val29, Trp32, and Ile36. A resonance at 4.56 ppm is
tentatively assigned to the a-proton of Trp32. In the
GMPPNP-bound form, most of NOEs due to these interactions
were lost, which suggests significant conformational changes
at and around this Trp residue.

NOE Cross-Peaks of Y40W-Ras Proteins. For the Y4A0W-
Ras protein, 10 NOE cross-peaks due to Trp40 are observed
for the GDP-bound form, and 7 cross-peaks are seen for the
GMPPNP-bound form (Table 2). These seven cross-peaks
in the GMPPNP-bound form are also observed at nearly the
same chemical shifts in the GDP-bound form (Table 2),
suggesting that the microenvironment of Trp40 is similar
between the two forms.

The Trpd0 aromatic protons of the Y40W-Ras protein
exhibit three NOE cross-peaks in the GDP-bound form that
are not observed in the GMPPNP-bound form (Table 2,
Figure 6¢,d), namely, those at 0.02 (A), 5.53 (B), and 7.00
ppm (C).

Resonance B closely corresponds to the a-proton of Ser39
in the GDP-bound wild-type Ras protein (Yamasaki et al.,
1989). An NOE cross-peak has been observed between this
proton and the a-proton of Leu56 in the GDP-bound form,
but not in the GMPPNP-bound form, because of the distortion
of the 8-sheet structure (Yamasakietal., 1989). Inthepresent
study, the a-proton of Ser39 is shown to be in close proximity
to 2H of Trpd0 in the GDP-bound form, but not in the
GMPPNP-bound form. Thus, the distortion of the 8-sheet
in the GMPPNP-bound form disrupts the contact between
the main chain of residue 39 and the side chain of residue 40.

An NOE cross-peak (A, C) is observed in the GDP-bound
Y40W-Ras protein (not deuterium-substituted) (Figure 7)
but not in the spectra of the GDP-bound [1,2,3,4,5-2H]Phe/
[3,5-2H] Tyr-substituted Y40W-Ras protein (Figure 6¢). From
the connectivity pattern, resonance C was assigned to the 3,5-
protons of Tyr residue(s) rather than to aromatic protons of
Phe residue(s). In this context, a hydrogen bond between
Tyr32 and Tyr40 was found in the GDP-bound Ras protein
in the crystal (Tong et al., 1991). Therefore, resonance C
may be assigned to Tyr32; the 7H proton of Trp40 is probably
in close proximity to the 3,5-protons of Tyr32 in the GDP-
bound form. From an examination of the crystal structure
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FIGURE 7: NOESY spectra of GDP-bound Y40W-Ras protein in
2H,0 solution.

(Tong et al., 1991), resonance A was tentatively assigned to
the §-methyl group of Ile21. Note that this proton is also
located near the 4H proton of the Trp ring in Y32W-Ras
protein. Therefore, it is indicated that there is a hydrophobic
cluster consisting of three side chains of residues 21, 32, and
40 in the GDP-bound form. In contrast, NOEs due to this
cluster are not observed in the GMPPNP-bound form, which
indicates that the cluster is either disrupted or much more
dynamic.

These NOE data of the Y40W-Ras protein were similarly
examined using the crystal structure. Thus, a stable rotamer
[x1=-70.4 £ 7.0°, x2=100.5 £ 18.2°] (Ponder & Richards,
1987) was found to agree well with the NOEs. Inthisrotamer,
the 2H proton of Trp40 is located near the a-proton of Ser39,
and the 7H proton of Trp40 is near the §-proton of Ile21 and
the 3,5-protons of Tyr32. As for the resonance at 0.50 ppm,
the crystal structure has no corresponding methyl group in
close proximity to both the 2H and 4H protons of Trp40 in
any allowed conformations. However, by changing the x;
angle of Ile24 from —42° to around 150°, the §-methyl group
of this residue is moved into a suitable place. Thus, the
resonance at 0.50 ppm may be due to the §-proton of Ile24.
The other NOEs at 4.72, 1.03, 2.79, 3.13, and 4.73 ppm were
tentatively assigned to the 8-proton of Thr20, the v-methyl
protons of Ile24, and the two §-protons and the a-proton of
Trp40, respectively.

Although the microenvironments of Trp40 in the GDP-
bound and GMPPNP-bound forms are similar, the chemical
shifts of the indole NH resonances are appreciably different
between the two forms. Considering the interaction between
the 7H proton of Trp40 and the 3,5-protons of Tyr32, the
chemical shift difference of the indole NH protons of Trp40
is probably due to a conformational difference in Tyr32; NH
of Trp40 is probably located on the aromatic ring of Tyr32
in the GDP-bound form, but not so in the GMPPNP-bound
form. This conformational difference is probably responsible
for the small but appreciable difference in the fluorescence
intensity of Trp40 between the GDP- and GMPPNP-bound
forms of the Y40W-Ras protein.

Biological Aspects of the Interactions among Residues 21,
32,and 40. Inthe present NMR study, a hydrophobic cluster
probably consisting of residues 21, 32, and 40 was found for
the GDP-bound Ras protein in solution. In contrast, in the
GTP-bound Ras protein, such a cluster is not detected. Note
that these three residues are biologically important, as
described above. Therefore, we propose that the GDP-bound
form of the Ras protein is inactive partly because these three
residues are buried in the cluster; in the active GTP-bound
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form, these residues are released from the mutual interplay
and are able to be involved in interaction with the target
molecule.

Residue 32 in the GTP-bound form is located on the surface
of the protein as mentioned above. Furthermore, this residue
is required to have an aromatic moiety with a hydrogen donor
assuggested by the present mutational analysis. Thus, residue
32islikely tointeract directly with the target molecule, forming
an intermolecular hydrogen bond.

The microenvironment of residue 40 is not greatly affected
by nucleotide exchange, although an aromatic residueis strictly
required for this site for signal transduction. Thus, the
suggested role of this residue is to stabilize the conformation
that allows interaction with the target molecule. There is
another possibility that, in the GTP-Ras-target ternary
complex, some residue of the target molecule occupies the
position of residue 32 in the GDP-bound form and interacts
directly with residue 40.

Although residue 21 is not an effector region residue, our
unpublished mutational study revealed that it has an important
roleinsignal transduction. Therefore, residue 21 inthe GTP-
bound form may interact with the target molecule. There are
some other biologically important residues outside the effector
region, such as residues 26, 31, 45, and 48 (Fujita-Yoshigaki
etal,, 1991; Marshall et al., 1991; Nur-E-Kamal et al., 1992;
Shirouzu et al,, 1992). It is therefore important to analyze
the conformational changes of these residues in solution.

As described above, examination of the NOE data using
the crystal structure showed that the hydrophobic cluster
possibly includes Ile24, Val29, and Ile36 in addition to Ile21,
Tyr32,and Tyr40. Ile36isan essential residue in the effector
region (Sigal et al., 1986), suggesting that the putative
disruption of the hydrophobic cluster allows this residue to
play its role in the interaction with the target molecule.

Recognition of the Ras Protein by GAP. The conforma-
tional change of residue 32 resulting in the disruption of the
hydrophobic cluster is probably recognized by the target
molecule of signal transduction. Asdescribed above, however,
mutational studies revealed that residues 32 and 40 are not
strictly recognized when GAP enhances the GTPase activity
of the Ras protein. Thus, the target molecule and GAP
recognize differently at least the two effector region residues
of Ras, although there are certain similarities between these
two recognition processes (Adari et al., 1988; Cales et al.,
1988).

There are some molecules other than the Ras protein that
physically interact with GAP, such as growth factor receptors
(Molloy et al., 1989; Ellis et al., 1990; Kaplan et al., 1990;
Kazlauskas et al., 1990; Serth et al., 1992), GAP-associated
proteins (Ellis et al., 1990; Settleman et al., 1992; Wong et
al., 1992), and lipids (Tsai et al., 1989, 1991). Therefore, it
is possible that they modify the recognition of the Ras protein
by GAP and that residues 32 and 40 are recognized by the
complex of GAP and those molecules. In this scenario, the
complex is possibly the target molecule of signal transduction.

Conclusion. Theroles of the aromatic residues in positions
32 and 40 of the Ras protein are elucidated in the present
study. The aromatic residue in position 32 is “buried” in the
GDP-bound form but is displaced onto the surface of the
protein in the GTP-bound form. This microenvironmental
difference is probably recognized as a “switch” by the target
molecule, so that aromatic residue 32 directly interacts with
the target, possibly forming an intermolecular hydrogen bond.
In contrast, residue 40 should be important for stabilizing the
conformation that allows the interaction with the target
molecule.
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