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Rus proteing bind either GDP or GTP with high affinity. However, only the GTP-bound form af the yeust Rus? praicin is able to stimulate adenylyl
eyclase. To identify amino acid residues that play a role in the conversion fram the GDP-bound te the GTP-bound state of Ras proteing, we have
searched for single amino aeid substitutions that seleatively affected. the binding of one of the twe nucleatides. We have found that the replacement
of giycine-82 of the Ras protein by serine resulted inun inereased rate of dissociation of Gpp{NH)p, a nonhydrolysable analog of GTP, while
the GDP dissoctution rate wus not significantly modified. Glyeine-B2 resides in & region thut is highly conserved between the yeast and human
proteins, However, this residue is structurally distant from residucs that participate in the binding of the nugcleotide, as determined from the ¢rystal
structure of the: human H-rax gene product. Therefare, the ability of the nucleotide binding site 1o discriminate between GDP and GTP is dependent
not only on residues that are spatially close 1o the nucleatide, but alse on distant amino acids. This is in agreement with the role of glycine-82
as 4 pivoet point during the transition from the GDP-to the GTP-bound form of the Ras proteins.

§. cerevisae; Ras: Point mutation; Guanasine diphosphate: Guunosine triphosphate

1. INTRODUCTION

The Ras proteins bind either GTP or GDP in an alter-
nating fashion to assume ‘on' and ‘off’ states, thus
playing a regulatory role in diverse cellular processes
such as growth regulation and secretion [1]. The con-
version from the GTP-bound to the GDP-bound form
is mediated by the GTPase activity of the proteins,
while the regeneration of the GTP-bound from the
GDP-bound form takes place through a nucleotide ex-
change reaction. Several amino acid side chains and
backbone residues that are in close proximity to the
nucleotide participate in bonding - interactions with
either GTP and GDP, and it has been shown that the
replacement of these amino acids by others can affect
the binding of the nucleotide [2]. Furthermore, com-
paritive crystallographic analysis of the GTP- and
GDP-bound forms of the human H-ras p21 protein in-
dicates that the regions spanning residues 30-37 and
60-76 of the polypeptide chain undergo a major confor-
mational change after the conversion from one form to
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the other [3,4]. However, due to the high thermal
mobility of the regions, crystallographic data alone do
not allow one to predict the role of each amino acid in
this conformational transition. To approach this pro-
blem by an alternative method, we have introduced
single amino acid substitutions at different positions of
the yeast Ras2 gene product, and we have analysed the
nucleotide binding properties of the purified proteins.
We started our analysis from the conserved glycine-82
of the yeast Ras2 protein, since previous data from .
random mutagenesis analysis indicated that this residue
could be important for the attainment of the active,
GTP-bound state {5]. The results indicate that a
mutated Ras2 protein in which glycine-82 has been
replaced by serine interacts with GDP like the wild-type
Ras2. However, the. interaction with the nonhydrolys-
able GTP analog Gpp(NH)p is weaker in the mutant
than in the wild-type. This indicates that the replace-
ment of glycine-82 by a larger residue hinders selectively
the attainment of the active conformation of the Ras2
protein, while not affecting. significantly the GDP-
bound state.

2. MATERIALS AND METHODS

2.1, Purification of wild-type and 'mutated Ras2 proteins
The expression vectors pAV1, that directs the synthesis of the wild-
type yeast Ras2 protein under the control of the APL promoter, is
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Fig. 1. Expression and purification of wildtype and mutarted yeast
Ras2 proteiny from £, coli; The figure shows a schematic map of the
cspression vestor pAVIL, that dircets the synthesis of the wilduype
yeast Ras2 proteln under the control of the APy promoter, pAV T was
constructed from an expression vector for the human H.ras protein
[17) after replacing an Neel-Sall insert enceding the human protein
with'an MNeel-Hindl 1l fragment encoding the complete ¢oding region
(indicated by an arrow) and 3 untranslated sequences of the yeast
RAS2 gene [18), the Nele] site that includes the first ATG cadon of the
RAS2 coding sequence was nol present in the ¢cloned gene [1R), but it
was engincered by standard site-directed mutagenesis techniques to
ensure acorrect initiation for the Ras2 piotein, A 346 bp Hindli1-Sall
fragment from pBR 322 was also included as a linker between the Hin-
dlll site of the insert (18) and the Sa/l site of the vector, The figure
alsa shows a Coomassie staining of the purified wild-type (line 1) and
mutated (Gly-82 = Ser, line 2) Ras2 protein, after fractionation by
SDS-PAGE ona 12.5% gel, 1.5 pg of the purified proteins were load-
ed in each slot, Numbers on the left correspond to molecular mass
standards in ka.

described in Fig. 1. The vector pAVSS82 encodes a Ras2 protein with
serine replacing glycine in position 82, It was obtained from pAV}
after changing the codon §2 (GGC) 1o AGC by standard site-directed
mutagenesis techniques. For expression of the corresponding protein,
the vectors were introduced into the £, coli strain N4830 (6] and the
synthesis of the Ras2 protein was induced as described by De Vendittis
et al. [7). About 75 g of cells were suspended at 0°C in 250 ml of 40
mM . Tris-HCl, pH 7.5,: 3 mM MgCl;, 20 mM KCi, 0.5 mM
dithlothreitol, 20 M GDP (buffer TK), and sonicated (10 %205, 100
W), The crude extract was centrifuged at 40000 rpm for 1 hin a
Beckman type 45 Ti rotor, and solid ammonium sulphate was added
1o the supernatant to 35% saturation, After 30 min at 0°C, the
precipitated material was collected by centrifugation at 16000 rpm in
a Sorvall S5-34 rotor and discarded. Ammonium sulphate was then
added ‘to 65% saturation. After 2 h incubation at 0°C, the
precipitated material (containing the Ras2 protein) was collected by
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centeifugation and revmpended fn 100 mil af bulfer TK. The sohatien
wite dialyaed foe 12 h witly thrge chavges agaian 2 ey af TK buffer,
and toaded on a DEAE-Sephacel column (8 % 30 ¢m) equilibrared
while the same buffer, The column wus washod with 300 mi of buffer,
anek eluted with @ Hnear 0.02-0,8 KCY gradient (n 250 miof TK butfer,
Allguors from sehecred Tractions were fructionared by SRSPAGE on
a 12.3% gol wad immunoblotied with the Rasspegific mapociom. dm:
Tibedy Y 13259 (8], A minar propartion of the Ras2 prateln, with an
apparent melecular mose of 3% KDy, was chuted at a KCI conventra-
tion of abom 90 mM. Most of the immunereactive Ras2 prowin ap-
peared ws u 200kDu band atw KCI coneentration of abour 230 mM. It
should be noted that a much higher propertion of the 38 kDu form
wits found using u proviowsly dewribed purificaton procedure in
which the ammonium sulphite preeipitatian step wax omitied during
the preparution of the ¢rade extract {7). The 30 kDa forms of the Ras?
protein was further purificd by AcA &4 gel filiration ehromatagraphy
in TK buffer, and by & Mono-¢ ion exchange columi thar was eluted
with # lincar 0.02-0.4 M KCI gradient in TK bufter. The protein wis
active in the stimulation of the adenylate eyclase nctivity of rast?”
rasd ™ CRHM string in s GppINHp-bound, but not in its GDP.38-
bound form {9). Barh the purified wild-type and mutated protein were
free of derectable contaminanis, as shown by Coomassie blue staining
after SDSPAGE (Fig. ).

2.2, [nteraction of Ras proteins with guanosine nucleotides

To prepare specific Ras2/nucleatide complexes, we preincubsted
pun!’ jed Ras2 Prmcins tcomplexed with GDP)Y with an excess af either
(HIGDP.or PHIGPpRNH)P for 30 minwt 30%C in 40 mM Tris- HECl,
pH 7.5, 20 mM KCI, 0.5 mM dithiothreitol, | mM EDTA. The
presence of EDTA was required o' facilitate the exchange of the
bound with the free radionctive nucleotide. The reaction was ter-
minated by the addition of MgClaat the indicated final concentration.
Contral experiments showed that no detectable loss of nucleotide
binding activity was detected over three days incubation at 10*C. To
measure the rate of dissociation of nucleotides from the corre-
sponding Ras2/nucleotide complexes, we started the reaction by the
addition of excess unlabelled GDP, The displacement of the radioac-
tive nucleotide was followed ut appropriate time intervals, by loading
aliquots of the reaction misture on Sephadex G-50 columns, as
described by De Vendinis et al, {7], This technique allowed a more
precise measursment of the amount of protein/nucleotide complex
than the commouily used nitrocellulose filter procedure,

3. RESULTS

3.1. The introduction of serine at position 82 of the
purified Ras2 protein affects selectively the af-
Sfinity for Gpp(NH)p.

Using the procedure described in section 2, we
purified both the wild-type Ras2 protein and a mutated
variant carrying a Gly-82 — Ser substitution as

Table |

Titration of the GDP-bound form of purified wild- -type and mutated (Gly-82 — Ser) Ras2 proteins with a small excess of ['H]GDP or
[*HIGpp(NH)p

[nitial Ras2 < GDP

Radioactive nucleotide

Yield of radioactive

complex" added Ras2/nucleotide complex at
equilibrium (%)

Ras2 (wt) 5.1 uM [3H]GDP (21 uM) 102,5°

Ras2 (Ser-82) 5.1 uM [ HIGDP (21 M) 98,5"

Ras2 (W) 5.1 uM HIGRP(INH)p 21 zM) 63.5

Ras2 (Ser-82) 5.1 uM [ HIGpp(NH)p 21 uM) 9.2

" The protein concentration was determined using the method of Lowry et al. [20], using bovine serum albumin as a standard, One ug of pure

protein was considered to be equivalent to 50 pmol,

" The contribution of the GDP carried over with the protem was inclided in the calculation of the specific acnvny
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Fig. 2. Rate of dissociation of [PHIGDP and ['H|Gpp(NH)p from the
corresponding Ras2/nucleotide complexes. Thereaction mixture con-
tained, in a final volume of 200 pl of 50 mM Tris-acetate, pH 8.0, 100
mM KCI, 0.5 mM dithiothreitol, 6.5 mM MgSQ,, and 1.3 mM
EDTA, | nmol of either the wild-type (circles) or a mutated
(Gly-82° = Ser, triangles) Ras2 protein complexed with: either
{*HIGDP upper panel) or (*HIGpp(NHIp Uower panel). The concen-
tration of each nucleotide (including bound and free) was 25 uM, with
a specific activity of about 600 cpm/pmol. The reaction was started
by the addition of cold GDP to the final concentration of I mM.
Following incubation at 10°C, aliquots of 30 ul were withdrawn from
the reaction. mixture at appropriate time intervals, and the radioactive
Ras/nucleotide complex was determined by a gel filtration procedure
(sec section 23,

homogeneous species with an apparent molecular mass
of 20 kDa (Fig. 1). Both proteins, purified as a complex
with: GDP, could exchange the bound nucleotide with
excess exogenous [3H]GDP or with the nonhydro-
lysable GTP analog [*H1Gpp(NH)p (Table I). The time
course of the exchange reaction was identical for both
proteins (not shown), and the calculated stoichiometry
of the protein/[’H}GDP complex at equilibrium was
close to 1:1 (Table I). When a small excess of
*HIGpp(NH)p was used for the exchange reaction, the
amount of Ras/[*H]Gpp(NH)p complex at equilibrium
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was apparently lower than 100%, due 1o the presence of
competing unlabelled GDP carried over with the pro-
tein (Table 1), Moreover, the relative yield of the
Ras/["HIGpp(NH)p complex was lower for the
mutated protein harboring serine instead of glycine at
position 82, than for the wild-type (Table [). This could
be explained either by an increased affinity of the
mutated protein for GDP, or by a decreased affinity for
Gpp(NH)p.  To discriminate  between the two
possibilities, we determined the values of the apparent
dissociation rate constants of the two nucleotides from
the wild-type and mutated proteins. The results, shown
in Fig. 2, indicated that in all cases the dissociation of
the protein/nucleotide complex followed first-order
kinetics. However, while the dissociation rate constant
for GDP was essentially the same for both proteins, the
dissociation rate constant for Gpp(NH)p was 3.3-fold
faster for the mutant than for the wild-type (Fig. 2 and
Table 11).

4. DISCUSSION

The conversion of the yeast Ras2 protein from the
GTP-bound active to the GDP-bound inactive form is
mediated by the GTPase activity of the protein, while
the regeneration of the active form from the inactive
one takes place by a nucleotide exchange reaction (for
reviews, see [10-12]). Since the GTP-bound, but not the
GDP-bound form of the Ras2 protein is able t0
stimuiate adenylate clyclase [9,13], the activity of the
latter enzyme can be regulated by physiological effec-
tors that are capable of modulating cither the GTPase
or the nucleotide exchange reaction of Ras. The role of
macromolecular effectors can be partially mimicked by
single amino acid substitutions at critical positions on
the Ras polypeptide. Indeed, it has been shown that
amino acid substitutions at some positions can affect”
either the rate of the GTPase or of the nucleotide ex-
change reaction, or both [10-12]. As -expected,
crystallographic analysis has shown that all the amino
acid residues that have so far been shown to be critical
for the biological function of Ras are either involved in
bonding interaction with, or are spatially very close to
the nucleotide [14].

One exception to this rule is represented by amino
acid residues that are important for the association of
Ras proteins with the inner face of the plasma mem-
brane [15]. We have previously shown that another ap-

Table 11

Apparent dissociation rate constants of the Ras/GDP and Ras/Gpp(NH)p coniplexes.at 10°C for the wild-type and a mutated Ras2 protein
harboring a Gly-82 to Ser substitution®

Ras2 protein

koitGDP (10° min ™Y

koreGpp(NHIP (10" min Y

Gly82 (wild type)
Ser82 (mutant)

0.60
2.00

® Dissociation rate constants were calculated from Fig. 2.
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parent exception is provided by mutations at positions
82 and 84 of the yeast Ras2 protein (corresponding to
the conserved glycines 75 and 77 of the humun ras p2l
gene products). These residues are physically very dis-
. tant from the nucleotide (a schematic two-dimensional
view ‘of the relationship between glycine-82 and the
nucleotide binding domain of Ras is shown in Fig. 3,
and yet their replacement by larger residues resulted in
inability of the mutated protein to stimulate adenylyl
cyclase in vitro and in impairment of Ras-dependent
phenotypes in vivo [5]. We speculated that this region
was flexible and that glycines were required for the tran-
sition from the inactive (GDP-bound) to active (GTP-
bound) state. This hypothesis was also in agreement
with the suggestion by Jurnak et al. that glycines-75 and
=77 of the human H-rasp2! serves as a pivot point
(together with glycine-60) for the conformational
change of the polypeptide segment 57-75 associated
with the transition from the inactive to the active state
[2}. The data reported in this paper suggest that an in-
crease of the relative affinity for GDP of the mutated
protein harboring Ser at position 82 might play arolein
the expression of the defective phenotype of the double

e N glys2
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Fig. 3. A mode! illustrating how mobility constraints resulting from
the replacement of glycine-82 by a larger residue could lead to a
distorted - Gpp(NH)p-bound state -of “the Ras2 protein. . The
hypothetical topological order of secondary ' structure of the
nucleotide binding domain of the yeast Ras2 protein (strands of -
sheet are shown as rectangles and helices as wavy lines) has been
drawn schematically, using the structure determined by Pai et al: for
the human H-ras p21 gene product {16}, The yeast and the human
protein are highly related over the amino-terminal 166 amino acids us-
ed for the determination of the structure. In fact, 65% of the amino
acids are identical, while conservative substitutions are observed for
most of the remaining ones [18,19], The nucleotide is not in scale with
the protein, and only relevant topological relationships are indicated.
Circles indicate phosphate residues, Protein regions that are predicted
to be affected following the replacement of GDP by Gpp(NH)p are
schematically indicated in gray.
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mutant 82-84 in vivo [5). However, the observation
that the replacement of both Gly-82 and Oly-84 by
other amino acids was required for defective growth in
vivo indieates that the two residues together are impaor-
tant for the physiological function of Ras2 [5}. The
biochemical characterization of a protein with a double
amino acid substirution and with Gly-84 alene replaced
by Arg will possibly help.to clarify this issue,

The increased off-rate for Gpp(NH)p observed after
the replacement of Gly-82 by Ser raises the question of
how a resicue that is distant from the nucleotide bind-
ing site can affeet the binding of the nucleotide to Ras.
A possible explanation is provided by the model shown
in Fig. 3. An important feature of this model is that the
replacement of a glycine in a pivot point of the polypep-
tice chain (indicated by an arrow) by larger residues will
hinder the conformational change that is associated
with the exchange of GTP for GDP and vice versa.
However, dueto the high thermal mobility of the region
encompassing residues 61-66 of the human protein
(corresponding to residues 68-73 of the yeast Ras2 pro-
tein) (16], it has not been possible to'predict from strue-
tural data whether or not small structural distortions in-
duced by the replacement of one amino acid with
another at position 82 could affect nucteotide binding.
Qur observations suggest that the polypeptide chain in-
cluding residues 68-82 (yeast coordinates), even though
very mobile in some points, could be able to transmit
motions from residues that contact the nucleotide to
more distant regions of the protein and vice versa (Fig.
3). Therefore, following the binding of Gpp(NH)p, the
presence of Ser at position 82 could hinder the attain-
ment of the proper conformation of the nucleotide
binding site. This is also in line with the observation
that binding of the Ras-specific antibody Y13-259 to
this - region interferes - with : nucleotide exchange
(8,21,22]. A prediction of our model is that modulation
of nucleotide binding, and of Ras function, could result
from the binding of ligands "(potential antibiotics
and/or macromolecular effectors of Ras function) to
the mobile region between the nucleotide binding site
and glycine-82,
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