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ABSTRACT. Mutational analysis of the cRafRasbinding domain (RBD) identified several point mutants

with elevated Ras binding. Detailed examination of the binding kinetics of one mutant (A85K) suggests
that it associates with a greater range of isomeric conformers of v-H-Ras than wt-RBD. At limiting v-H-
Ras concentrations, saturation binding to A85K-RBD is higher than to wt-RBD. Notably, in assay systems
where the RBD concentration is limiting, no difference exists between wt-RBD and A85K-RBD saturation
levels in the presence of a sufficiently large molar excess of Ras. The inability of wt-RBD to saturate all
bindable Ras/GTP (defined by its binding to A85K-RBD) suggests that Ras/GTP exists as several isoforms
and that only a minority of these isoforms are capable of associating with wt-RBD. These findings provide
the first experimental evidence in support of functionally distinct Ras/GTP isoforms. We also describe a
novel analysis of such isoforms.

Ras proteins function as molecular “switches” in cell mutants: different rates of dissociation for the Ras/RBD
signaling, alternating between the active guanosine triphos-complex, different proportions of active protein in the RBD
phate (GTP}bound state and the inactive GDP-bound state preparations, or binding of wt and mutant RBD constructs
(2). In its active, GTP-bound state, Ras transmits signals from to distinct conformational subsets of Ras. Two recent NMR
stimulated cell surface receptors through several diverging studies have shown that the RBD binding domains of Ras
pathways that regulate cellular processes. cRaf-1 is one ofare dynamic and undergo slow interconversion between two
several cellular effectors of Ras that associate with active or more conformersil, 16). It has been proposed that this
Ras/GTP but not with Ras/GDH,(2). The minimalRas conformational polymorphism may mediate the selection of
binding domain (RBD) of Raf has been narrowed down to Ras effectors such as Raf and GAF,(16). Similarly, the
an 80-residue sequend®.(The ability of RBD to distinguish ~ set of Ras conformers binding wt-RBD may be distinct from
between the active and the inactive forms of Ras led to its the set of conformers that associate with the RBD mutants.
use as an activation-specific probe for Ras/GTP in cd)ls (A discrepancy in maximal binding levels could then arise if

Despite the high affinity of binding between Ras and wild- the mutants were capable of binding a greater proportion of
type RBD 6—12), their stoichiometric level of binding is  total Ras than wt-RBD. We have investigated these alterna-
surprisingly low. Recently Trier et al18) reported “sub- tive hypotheses, and our results support the notion that wt-
optimal” binding between thegreen fluorescentprotein RBD recognizes only a subset of Ras/GTP conformations.
(GFP)-RBD fusion protein and activated cellular Ras. In a
previous report, we identified RBD point mutants with EXPERIMENTAL PROCEDURES
elevated binding to v-H-Ras/GTR4). The increased binding Construction of RBD(Residues 51131 Mutants The
was unexpected because the concentration of RBD in themytants were constructed by PCR site-directed mutagenesis,
assay (M) was well above the concentration expected 10 ysing cRaf-1 cDNA {7) as a template. Oligonucleotides
saturate Ras binding{-12). Complex formation between  yere synthesized incorporating the desired mutations as well
Ras and Raf is reportedly very rapid, reaching equilibrium asgcoR| restriction sites at the! 8nd to facilitate subcloning
within 2 min (14), which is considerably less than the-d5  jnto the pGEX-2TH vector (kindly provided by Dr. H.
30-min incubation times used in our previous binding assay Mmaruta) linearized witEcaR1. Mutations were verified by
(44). Under equilibrium binding conditions, v-H-Ras should  nycleotide sequencing
be saturated by AM wt-RBD or any other putative high- GST-RBD Expression and Purificatioffhe procedure
affinity mutant. . used for the expression and affinity purification of the

‘Several factors could be responsible for the observed gjytathione S-transferase (GST)-RBD fusion proteins, using
difference in Ras saturation levels between wt-RBD and its gjytathione-coated Sepharose beads (Centre for Protein and
Enzyme Technology, LaTrobe University), was performed

T Part of this work was carried out during the tenure of a grant from

the Anti-Cancer Council of Victoria. essentially as described by Frangioni and N&8). (Sepharose-
* Corresponding author telephone: 61-3-9341 3155; fax: 61-3-9341 linked GST-RBD fusion proteins were suspended in storage
3104; e-mail: tony.burgess@Iudwig.edu.au. buffer (18) as a 1:1 suspension and then stored in 1-mL

1 Abbreviations: RBD, Ras binding domain; wt, wild type; GST, aliquots at—20 °C
glutathioneStransferase; GDP, guanosine diphosphate; GTP, guanosine L. e
triphosphate; GppNHp, guanylylimidodiphosphate; GSPguanosine v-H-Ras Expression and PU_rlflcaUOW-'H'RaS was ex-
5'-O-(thiotriphosphate); RU, refractive units. pressed in NM522 cellsl{) using the pUC8 expression
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vector(l9), as previously described2@). v-H-Ras was
released from bacterial cells into buffer A (64 mM Tris, 0.5
mM DTT, 10 mM MgCh, 0.01% N-octyl glucoside, 100
U/mL Trasylol, 1 mM PMSF, and kM pepstatin, pH 8.0)
using the procedure of Johnson and He@).(The proteins
released from cells were resolved on a3 cm DEAE-
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starting volume) and washed 4 times by centrifugation. The
radioactivity associated with the beads was determined using
a Tri-CarbR liquid scintillation analyzer (Packard United
Technologies).

v-H-Ras Saturation RadioassaySTPyS®® labeled v-H-
Ras (5 nM) was added to duplicate samples together with

Sepharose (Pharmacia) column with a 120-mL linear gradientvarymg concentrations of RBD. After a 90-min incubation,

of 0—0.4 M NacCl in buffer A @2). DEAE fractions

the beads were washed by centrifugation in binding buffer,

containing v-H-Ras were subjected to 60% ammonium gn the radioactivity associated with the beads was measured.

sulfate precipitation, size exclusion chromatography through

a 2.6 cmx 100 cm Sephadex-G-100 column in buffer A
containing 0.1 M NacCl, dialysis in buffer B (20 mM Tris, 5
mM MgCl,, and 0.5 mM DTT), and finally elution through
a MonoQ column with a ©0.5 M NaCl gradient in buffer
B. The progress of v-H-Ras purification was monitored by
SDS-PAGE and GTRS®* exchange.

Measurement of Protein Concentratioff$e concentra-

tions of proteins linked to Sepharose beads (GST-RBD as
well as RBD-bound Ras) were determined by densitometry
(Molecular Dynamics 300 series computing densitometer)

of Coomassie-stained SB¥AGE, using ImageQuant 3.3

(Molecular Dynamics) analysis. The concentration of purified
Ras was determined using the Bio-Rad protein assay dye

reagent (Bio-Rad).

v-H-Ras Storage, Preparation, and Labelifithe purified
Ras was stored in exchange buffer (50 mM Tris-HCI, pH
7.5, 1 mM EDTA, 0.5 mg mt? BSA, 0.5 mM DTT, and
0.1 M NaCl) at—20 °C with a 12-fold molar excess of
GTPyS. Prior to v-H-Ras labeling or nucleotide exchange,
the concentration of excess cold Gi¥was reduced 20
40-fold using Centricon-10 filters (Amicon). v-H-Ras was
labeled with GTRS®® in exchange buffer for 15 min. The
labeling reaction was terminated with 15 mM MgQR0,
23-25), and unbound GT#S* was removed by elution
through a PD-10 column (Pharmacia) in binding buffer (50
mM Tris-HCI, pH 7.5, 10 mM MgC, 0.5 mg mLt BSA,
0.5 mM DTT, and 0.1 M NaCl).

Ras Bindability Assaysihe measure of Ras bindability
was given by its retention on sequential affinity columns,
containing 1 mg of 0.7 mt* (40.7 uM) GST-RBD-coated
Sepharose beads (Figure 2). A v-H-Ras/@3$R300 pg, 0.5
mL) labeled with GTRS*® was loaded onto the first affinity

SDS-PAGE Saturation Assay£omplexes of v-H-Ras
and GTR'S, GTP, or GppNHp were obtained by incubating
0.67 mM nucleotide and the required amount of Ras in
exchange buffer. Nucleotide exchange was terminated by the
addition of 15 mM MgC]}. Aliquots of the exchange mix
were added to samples containing R89L-GST, A85K-GST,
or wt-RBD-GST linked to Sepharose beads. Nucleotide
concentrations were adjusted to 1a®1 in the binding
reactions. The reactions were incubated for 15 min at room
temperature. The beads were washed 3 times in binding
buffer by centrifugation, and bound v-H-Ras was visualized
on Coomassie-stained SBEAGE and quantified by den-
sitometry.

GST-RBD Preparation for Biosensor Analy<gST-RBD
fusion proteins were released from agarose beads in 10 mM
glutathione and 50 mM Tris, pH 8.0. Immediately prior to
loading on the BlAcore surface, GST-RBD was purified on
a Superose 12 HR 3.2/30 column (Pharmacia) in BlAcore
buffer (10 mM HEPES, pH 7.4, 2 mM Mggl 100 mM
NacCl, and 0.005% (v/v) Tween 20).

BIACORE Assay Conditiondiosensor analyses were
performed using a BlAcore 2000 (Pharmacia Biosensor,
Uppsala, Sweden). Sensor chip CM5, surfactant P20 (a 10%
(v/v) solution of the nonionic detergent Tween 20), the amine
coupling reagents (NHS, EDC, and ethanolamine), and the
anti-GST monoclonal antibody were also obtained from
Pharmacia Biosensor. The anti-GST mAb was immobilized
onto the four channels of sensor surface using NHS/EDC
coupling. GST-Raf mutants were captured onto immobilized
anti-GST mAb. Ras and GST-RBD proteins were diluted in
BlAcore buffer prior to analysis.

Immobilization of GST-RBDIhe carboxymethyldextran-

column. Unbound protein was recovered by washing the modified gold sensor surface was activated using a[35-

column with 7.5 mL of binding buffer. The wash-through

mixture of N-ethyl-N'-dimethylaminopropylcarbodiimide

was collected and reloaded onto an identical second affinity (EDC, 200 mM) andN-hydroxysuccinimide (NHS, 50 mM)

column for another round of binding to RBD. The second
column was washed with 5 mL of binding buffer to remove

(26). The anti-GST mAb (5Q:L at 40 ug/mL) was passed
over the biosensor surface atu2/min. The surface was

unbound Ras. To determine the amount of Ras bound to theblocked by injection of 5Q:L of 1 M ethanolamine at pH
beads, the contents of each column were suspended in up t&.0 and washed using 30 of 10 mM NaOH at 5uL/min.

5.5 mL of binding buffer, and the radioactivity from 100-

Solutions of the GST-RBD mutants in the BlAcore buffer

uL aliquots of the column suspensions was measured. Thiswere pumped over the immobilized anti-GST 1gG atl4

procedure was done in parallel for columns filled with GST-
wt-RBD or GST-A85K-RBD.

Dissociation AssayssTPyS**-labeled v-H-Ras (2.2M)
was incubated with 1.4M wt-RBD-GST or A85K-RBD-

min.
Ras Binding onto Immobilized Raf Mutant&xcess

nucleotide was removed from the v-H-Ras preparation by
elution through a MonoQ column. v-H-Ras in BIAcore buffer

GST linked to glutathione-coated Sepharose beads. After a(2.5—-9 uM) was passed over RBD consructs on the BlIAcore
75-min incubation period, the Sepharose beads were washedurfaces at aL/min. Dissociation was monitored in BIAcore

3 times by centrifugation. Dissociation of the Ras/RBD
complexes was commenced by adding&6 cold v-H-Ras/
GTPyS and/or 28uM GTPyS. At given intervals, aliquots
(60 uL) were taken from the dissociation mix (5Q0

buffer for 360 s at the same flow rate. The surface was
regenerated between injections using 40 of 10 mM
NaOH. After desorption, fresh batches of GST-RBD mutants
were recaptured onto immobilized anti-GST mAb.
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Ficure 1: Purity and stability of Ras preparations. MonoQ elutions
were carried out in a 30-min-01.0 M NacCl gradient in 20 mM
Tris and 5 mM MgC}. (A) MonoQ profile of the Ras/GTFS
preparation, which had been stored with a 12-fold molar excess o
GTPyS in exchange buffer at20 °C for approximately 1 yr. The
first peak in the profile corresponds to the elution of GBPThe
purified v-H-Ras was stored at20 °C in a 12-fold molar excess
of GTPyS. In all experiments described here, the same preparation
of v-H-Ras was used. (B) MonoQ profile of the Ras/GBP
preparation, which had been depleted of excessy&TiBy buffer
exchange on a Centricon-10 concentrator (Amicon) and stored in
exchange buffer at-20 °C for approximately 1 yr.

f

Determination of Affinity Constant3he association and
dissociation rate constants were calculated using NLLS
analysis 27). The goodness of fit between experimental data
and fitted curves was obtained for nonlinear least-squares
fitting by x? analysis using

— lzn(rf - rx)2

n—-p

2

where r¢ is the fitted value at a given pointy is the
experimental value at the same pointjs the number of
data points, ang is the number of degrees of freedom.

RESULTS

Purity of v-H-Ras. The v-H-Ras/GTRS complex was
purified to homogeneity using anion-exchange HPLC (Figure

Biochemistry, Vol. 39, No. 50, 200@5605

Table 1. Proportion of v-H-Ras/GT/&* Bound to wt-RBD or
A85K-RBD Affinity Columns

proportion of bound v-H-R&4%)

wt-RBD A85K-RBD
v-H-Ras bound to column 1 10.5 75
v-H-Ras bound to column 2 4.8 25
total bound v-H-Ras 15.0 82

aThe radioactivity of the starting material corresponded to 28.5
10° cpm 300ug~? of Ras/GTR'S.

the tandem A85K-RBD affinity columns, the bindable
portion of the v-H-Ras preparation was determined to be at
least 82%. In contrast, only 8 10° cpm or 10.7% of the
v-H-Ras/GTR'S*® was bound to the wt-RBD column 1. The
unbound protein was loaded onto wt-RBD column 2, where
less than 5% of the radioactivity was retained. Thus, less
than 15% of the total Ras bound the wt-RBD, 6-fold less
than the amount of v-H-Ras bound to the A85K-RBD
columns. The marked reduction in Ras binding to the second
column, relative to the first, is likely to be due to the
depletion of bindable v-H-Ras rather than the dilution factor
since the concentration of RBD in the columns was ap-
proximately 4QuM, well in excess of the publisheg (15—
160 nM; 5-12).

The binding of Ras to the A85K-RBD columns provided
an upper limit of bindability, defining the “active” fraction
of Ras in this preparation as at least 82%. The dramatically
lower level of bindability to wt-RBD columns confirmed our
previous dat&,showing a difference in the levels of Ras
binding to wt-RBD and A85K-RBD.

Dissociation of Ras from wt-RBD and A85K-RBBH-
Ras/GTR'S*® dissociation from wt-RBD or A85K-RBD in
the presence of excess unlabeled v-H-Ras/zSTR shown
in Figure 2. The results of three separate experiments are
superimposed in each graph. Despite the increased overall
binding of Ras to A85K-RBD (Table 1), Ras dissociates
faster from A85K-RBD than from wt-RBD (Figure 2A).
After 10 min, 65% of Ras dissociated from wt-RBD,
compared with 80% for A85K-RBD. Both dissociation
profiles consist of two phases: a very rapid dissociation in
the first 3 min, followed by a slower release. The second,
slow phase is probably due to the release of labelecyGFP
rather than Ras dissociation from RBD: the slopes for the
second phase correlate with GI¥*° exchange (Figure 2B).
There is no difference in GTP exchange between the samples
containing A85K-RBD or wt-RBD (Figure 2B). Previous
studies also reported a rapid dissociation rate for the Ras/
wt-RBD complex 6, 12: the majority of wt-RBD-bound

1A). The presence of excess nuleotide appeared to stabilizeRas was displaced in 3 mi6)( and the lifetime of the RBD/

v-H-Ras during freezing/thawing. v-H-Ras, which had been
stored frozen without excess nucleotide, has a heterogeneou
MonoQ elution profile (Figure 1B).

Ras Bindability. The bindability of v-H-Ras in our
preparation was determined by measuring the retention of
labeled Ras on a series of affinity columns filled with either
wt-RBD- or A85K-RBD-coated Sepharose beads. Table 1
shows the proportions of v-H-Ras/G¥&*® retained on the
columns. A total of 75% of the starting material was retained
on A85K-RBD column 1; 25% of the total radioactivity in
the wash-through from A85K-RBD column 1 bound to a
second A85K-RBD column. On the basis of its retention on

Ras complex in vitro was estimated to be-3M0 ms (2).
$he results in Figure 2 show that the elevated binding of
A85K-RBD to Ras is not the result of stronger interactions
of Ras with A85K-RBD.

Saturation Binding ofy-H-RAS to wt-RBD and A85K-
RBD. v-H-Ras saturation profiles for wt-RBD and A85K-
RBD are illustrated in Figure 3. The binding of v-H-Ras/
GTPyS* to increasing concentrations of GST-wt-RBD and
GST-A85K-RBD fusion proteins saturates at two different
levels (Figure 3). The concentrations of wt-RBD and A85K-
RBD required for half maximal binding are 130 and 140
nM, respectively. Therefore, under the conditions of the assay
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FiIGure 2: Dissociation of Ras from wtRBD and A85K-RBD. The
dissociation of labeled v-H-Ras/G¥B°% from wtRBD or A85K-

RBD in the presence of excess unlabeled (A):28 v-H-Ras/
GTPyS and 287uM GTPyS or (B) 287uM GTPyS alone was
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Ficure 4: Biosensor analysis of Ras/RBD binding. (A) Monomeric
RBD-GST (eluting after 17 min) was isolated by SEC immediately
prior to immobilization on the biosensor surface. (B) Capture of
GST-RBD mutants onto immobilized anti-GST IgG. WtRBD-GST,

carried out. The results from three separate experiments areA85K-RBD-GST, V88R-RBD-GST, and R89L-RBD-GST were
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Ficure 3: v-H-Ras saturation binding curves. Increasing concentra-
tions of wtRBD or A85K-RBD were used to bind G¥B*-labeled
v-H-Ras. The null R89K-RBD mutant 83) was used to measure
nonspecific binding, which accounted for 0.05% of total counts.

wt-RBD and A85K-RBD have very similar apparent binding
affinities for v-H-Ras.

Although the increased binding of v-H-Ras/Gi%® to
wt-RBD and A85K-RBD was consistently observed, the

injected over the anti-GST IgG immobilized onto the four channels
of the sensor chip. The levels of immobilization obtained were as
follows: channel 1, 2493 RU of A85K-RBD-GST (approximately
2.5 ng/mnd); channel 2, 2290 RU of V88R-RBD-GST (ap-
proximately 2.3 ng/mr); channel 3, 1819 RU of R85L-RBD-GST
(approximately 1.8 ng/m@y; channel 4, 1722 RU of wt-RBD-GST
(approximately 1.7 ng/m#h (C) Biosensor analysis of the interac-
tion between Ras and immobilized RBD-GST fusion proteins.

tive index at, or near to, the gold sensor surfa2z@.(The
change in mass as a ligand binds to or dissociates from its
binding partner is monitored readily. The BlAcore 2000
biosensor used in these experiments permits parallel analysis
of test samples on four different sensor channels. This
allowed direct comparison of the binding characteristics of
purified v-H-Ras with four GST-RBD mutants. GST-RBD
constructs were captured by anti-GST monoclonal antibodies
(BlAcore, Pharmacia) immobilized3() onto the sensor
surface (see Figure 4A), thus immobilizing RBD proteins
in a defined orientation.

The amount of v-H-Ras bound to wt-RBD, V88R-RBD,
and A85K-RBD increased in that order (Figure 4A). How-
ever, the amount of RBD protein captured onto immobilized
anti-GST 1gG was not uniform in all channels (Figure 4B).
The binding of v-H-Ras/GT{S was therefore expressed in

magnitude of the increase varied between 2- and 5-fold, asterms of the molar binding activity (MBA)3({1, 32) rather

if the proportion of total Ras capable of binding wt-RBD
varied. The difference in wt-RBD and A85K-RBD binding
was even more pronounced with v-H-Ras/G'BPprepara-

than in absolute terms. R89L-RBD was used as a negative
control (33).
Table 2 shows the changes in MBAs for wt-, A85K-, and

tions stored at-20 °C in the absence of excess nucleotide: V88R-RBDs with increasing concentrations of Ras. The

under these conditions 2@10-fold more v-H-Ras/GTFS
bound to A85K-RBD than to wt-RBD (data not shown). The

difference in binding levels was still apparent: a smaller
proportion of wt-RBD than A85K-RBD or V88R-RBD was

mechanism through which excess nucleotide can affect Rasassociated with Ras. Since GST-RBD proteins have the same

binding to wt-RBD has not been elucidated.
Affinity Determination by Biosensor Analysi$ie BIAcore
biosensor technology8) measures small changes in refrac-

orientation, the observed differences in the binding of Ras

to different RBD constructs reflected the impact of point

mutations on binding and not immobilization problems. Nor
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Table 2: Molar Binding Activities (MBAj of wt and Mutant RBDs Immobilized on the Sensor

L89R wt V88R A85K
[Ras] RBD Ras RBD Ras RBD Ras RBD Ras
(um) (RU) (RU) MBA (RU) (RU) MBA (RU) (RU) MBA (RU) (RU) MBA
2.5 1653 73 1454 84 0.011 2033 232 0.12 2191 249 0.12
4.5 1619 157 1598 185 0.027 2166 428 0.19 2175 443 0.20
7.0 1626 133 1476 168 0.036 2267 413 0.19 2098 436 0.22
9.0 1819 116 1722 198 0.070 2290 507 0.26 2493 641 0.32
135 1859 177 1722 366 0.17 2290 665 0.32 2297 645 0.31
225 1820 386 1618 548 0.15 2060 814 0.32 2149 810 0.31

aMBA = (amount of Ras bound [RUJx (GST-RBD molecular mass)/(amount of immobilized GST-RBD [R&](Ras molecular mass).

Table 3: Summary of Kinetic Analysis of Biosensor Binding Data for Interactions between v-H-Rgs8Gl RBD Constructs

Ras ka1 x 1073 kg1 x 10° Kg1x 1076 Kao x 1073 kgo x 10% Kg2 x 1076
(uM) RBD (M™1s™?) (s (M) (M~1s™) (s M)
22.5 K85 1.7 55 0.71 1.1 1.9 0.20
R88 2.2 55 2.5 0.5 1.6 0.33
wit 1.4 15 11 0.15 2.4 1.7
13.5 K85 4.4 5 1.1 0.6 2 0.33
R88 25 9.1 3.3 0.6 2.8 0.59
wt 4.2 14 3.3 0.14 2.1 1.7
9.0 K85 6 4.5 0.77 0.5 1.7 0.33
R88 1.8 5.8 3.3 0.5 3.6 1
wt 2.3 15.8 10 0.4 35 1
7.2 K85 3.6 25 6.6 1 4 0.4
R88 1 16 16.6 1.5 7 0.58
wit
4.5 K85 6.7 5 0.77 1.1 1.9 0.17
R88 4.1 7 4 0.9 3.9 0.43
wt

aLow signal intensity for wt-RBD at 4.5 and 7 mM Ras precluded kinetic analysis.

was there a difference in the proportion of correctly folded the magnitude of this difference varied largely due to
protein in the two key RBD preparations (wt and A85K- variability in Ras binding to wt-RBD. These results suggest
RBD) since under appropriate conditions both were able to that wtRBD could only bind an unstable minor subset of

bind equal amounts of Ras (Figure 6 and Table 4). Ras, where as the A85K mutant was less selective. The
The apparent association ratg)( dissociation ratekj), notion that RBD mutants select different subsets of the Ras

and the resultiné{q were determined from the binding curves population for binding could be tested experimentally.

using nonlinear least-squares analysis (NLL3J) (of the Two binding models have been tested. In the first model,

primary data as previously describe#i{-36). The apparent  the difference between wt- and A85K-RBD is assumed to
binding constants were derived using a double-exponentialbe due solely to different affinities for a single species of
form of the rate equation applied to the total association or Ras. If this were the case, any difference in binding levels
dissociation phase (Table 3). This type of analysis results in would be maintained regardless of whether the concentration
two values for the dissociation phadg,andky,) and also of Ras were limiting or, conversely, the concentration of
for the association phask,{ andk,;). However, the relative ~ RBD were limiting. The expected saturation profiles under
amplitudes obtained from this analysis suggested than onethis model are shown in Figure 5A: the higher binding
set of values, corresponding kq,; and kq;, predominated,  affinity of the Ras/A85K-RBD complex would be reflected
i.e., more than 80% of the binding and dissociation signal by the lower concentrations of A85K-RBD (Figure 5A-i)

was due to these processes. and Ras (Figure 5A-ii) required to achieve half-maximal
The average affinities and their standard deviations for binding.

the v-H-Ras/RBD interactions, estimated frd@and kg, In the model that assumes multiple conformers of Ras (the

(Table 3) were as followsKgz(agsk-rep) = 0.29+ 0.10uM; isomeric model), wt-RBD and A85K-RBD select different

Kazvssr-rep) = 0.59 + 0.26 uM; Kgowtrep) = 1.5 + 0.40 sets of Ras isoforms for binding. In this case, reversing RBD
uM. Thus, the biosensor data suggests a 5-fold differenceand Ras concentration levels would not produce the same
between wt-RBD and A85K-RBD in the affinity for Ras. saturation levels (Figure 5B). Where Ras/GTP is limiting
This difference is not apparent from the saturation curve and RBD in excess (Figure 5B-i), two different maximal Ras-
(Figure 4). TheKy estimate from the biosensor data for the binding levels would be evident in wt-RBD and A85K-RBD
wt-RBD/Ras interaction (1.5 0.40 uM) is an order of saturation curves. The reactions would effectively proceed
magnitude higher than our estimate from the saturation curveas if there were a higher concentration of Ras in the A85K-
in Figure 3 (140 nM). Theq value for the A85K mutant  RBD samples, because A85K-RBD is able to associate with
(Kgz = 0.29 &+ 0.1 uM) was much closer to the estimate a greater proportion of Ras molecules than wt-RBD. In this
from the saturation curve in Figure &{= 0.13 uM). scheme, a larger proportion of total Ras is capable of binding
Models of Ras/RBD BindingVhile the binding of v-H- A85K-RBD than wt-RBD, resulting in an apparently lower
Ras to wt-RBD is consistently lower than to A85K-RBD, affinity constant for wt-RBD that for AB5K-RBD. According
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A. Affinity Model B. Isomeric Model
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Ficure 5: Expected saturation profiles for two binding models.
(A) Affinity model of Ras/RBD binding based on a higher affinity
of AB5K-RBD for a single conformational form of Ras. (i) The
expected saturation profiles for Ras with increasing concentrations
of wtRBD and A85K-RBD. (ii) The expected saturation profiles
for wtRBD and A85K-RBD with increasing concentrations of Ras.
(B) Isomeric model of Ras/RBD binding based on preferential
binding between wtRBD and a minor conformational subset of Ras.
(i) The expected saturation profiles for Ras with increasing
concentrations of wtRBD and A85K-RBD. (i) The expected
saturation profiles for wtRBD and A85K-RBD with increasing
concentrations of Ras.

Fridman et al.

Table 4: Effect of Ras-Bound Nucleotide on RBD Binding

GTPyS GTP GppNHp
MBA MBA MBA
(mutanty (mutant) (mutant)
MBAP MBA (wtf) MBA MBA (wtf) MBA MBA (wt)
wit 0.24 1.0 0.36 1.0 0.31 1.0
A85K 0.36 1.5 0.41 11 0.45 15
V88R 0.40 1.7 0.50 1.4 0.56 1.8

aV-H-Ras bound to either G5, GTP, or GppNHp was passed
through four channels over biosensor surfaces. GST-RBD constructs
were linked to the surfaces through an anti-GST mAb. The association
of V-H-Ras with R89R-RBD-GST was used to define nonspecific
bindng.? Molar binding activities determined from Biosensor profiles.
¢ MBA ratios relative to the MBA of wt-RBD.

RBD was still evident, although less pronounced with GTP-
bound Ras (MBAssr-re/MBA wi.rep = 1.4) than for GTRS

and GppNHp-bound Ras (with respective ratios of 1.7 and
1.8).

The results in Table 4 are consistent with the existence of
bindable Ras conformers, which are affected by different
nucleotides. However, the discrepancy in binding levels could
also be interpreted as an artifact associated with nonphysi-
ological GTP analogues. To demonstrate the heterogeneous
nature of Ras, it was important to illustrate the disparity in
binding levels for Ras/GTP in the presence of excess wt-

to the model of Ras isomers, it should be possible to saturateRBD and A85K-RBD (see Figure 6), in the same experi-
both wt and mutant RBD to the same level at a sufficiently mental system. It is not possible to perform this experiment
high concentration of Ras and a limiting concentration of by immobilizing Ras on the sensor surface. The results would
RBD (Figure 5B-ii). be difficult to interpret because the procedure itself could
Of the binding experiments so far described, the BlAcore create an artificially heterogeneous population of Ras due
assay was the only one where the concentration of Ras wado variability in the surface orientation of the immobilized
in excess of RBD. In agreement with the isomeric model, molecules.
the K, estimate for the wt-RBD/Ras interaction on the sensor  Effect of Ras:RBD Concentration Ratios on Binditigs
surface (1.5«M) was an order of magnitude higher than the possible to reverse the Ras/RBD concentration ratios in a
estimate of 0.14M from the saturation curve in Figure 3, simple in vitro binding experiment. There is no need to label
where wt-RBD was in excess of Ras. One aspect of the Ras because at saturation levels of binding, the protein
BlAcore data, however, seemed inconsistent with the model concentrations can be sufficiently high to visualize their
of multiple Ras conformers. Two different binding levels association by SDSPAGE. Using this technique, we tested
were still present with limiting RBD and excess Ras RBD/Ras binding at three different ratios. Both wt-RBD and
concentrations of up to 22/M (Table 2). In the isomeric ~ A85K-RBD reach similar saturation levels with a large
model, a high concentration of Ras is expected to saturateexcess of Ras. In the presence of a 19-fold molar excess of
both wt-RBD and A85K-RBD to the same level (Figure 5B- Ras, wt-RBD and A85K-RBD precipitated equivalent amounts

ii). We considered the possibility that, even at a concentration
as high as 22.5M, the putative minor bindable component
of Ras was still insufficient to saturate wt-RBD. To validate
this model, it was necessary to find ways of enriching this
bindable component.

Effect of GTP Analogues on Ras Bindir@ne possible
way to enrich the fraction of Ras that associates with wt-
RBD was suggested by the results from two previous NMR
studies 15, 16). Different GTP analogues were reported to
influence the equilibrium between interconvertible isomers

of v-H-Ras/GTP or v-H-Ras/GppNHp (Figure 6A). The
binding of Ras/GTRS was still lower for wt-RBD. It is
important to note that the results in Figure 6A also illustrate
that the wt-RBD and A85K-RBD preparations contain similar
fractions of active protein, given that both were saturated at
the same level with excess Ras/GTP. Therefore, we can rule
out the possibility that differences in the quality of the RBD
preparations account for the discrepancy in binding levels
in the previous experiments.

At similar concentrations of Ras and RBD (8 and &M\,

of Ras and to alter the abundance of specific Ras isomers.respectively) approximately 2-fold more Ras was bound to
We prepared Ras complexes with three different nucleotidesA85K-RBD than to wt-RBD (Figure 6B). In this instance,
(GTP, GTR'S, and GppNHp) in the attempt to enrich the the nature of the GTP analogue in complex with v-H-Ras
putative portion of Ras that could bind wt-RBD. The results had little effect on the amount of RBD-bound Ras. Similarly,
of biosensor experiments using these Ras preparations arat a limiting concentration of Ras (Figure 6C), there is an
summarized in Table 4. The most notable finding was that obvious difference in the amount of Ras associated with wt-

25uM Ras/GTP is able to bind wt-RBD and A85K-RBD at
very similar levels (MBAgsk-ren/MBAwrep = 1.1). The
discrepancy in binding levels between wt-RBD and V838R-

RBD and A85K-RBD, regardless of the specific nucleotide
bound to Ras. It was difficult to quantify the intensities of
the v-H-Ras bands in Figure 6C because of the high
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A. Excess [Ras]

GTPyS GTP GPP NP No Ras
T | p— | | 1r 1
REYK wt ABOKRBYK wt ABOKRBYK Wi ABOKREBYK wi ABSK
&_ . " 3 - 3 s t :_ e_ Ras
Ras,ren 0.68 0.91 1.1 -
Rasyge rap

B. Similar [Ras] and [Raf]

No Ras GTPyS GTP GPP NP

R89 wt AB5K RBOL wt K85 R8SL wt A85K R89L wt ABSK

& GST-RBD
| &Ras
Ras,rep
RaSygs re

C. Excess [RBD]
GTPyS GTP GPP NP No Ras

L] L] L1]
RBIK wt ABSK RBIK wt ABSKREOIK wt ABSKRESK wt ABSK

& GST-RBD

&- Ras

Ficure 6: Effect of RBD and Ras concentration ratios on overall Ras/RBD binding. The reactions were carried out with v-H-Ras in
complex with GTP, Ras/GT)F5, or Ras/GppNHp. The relative amount of Ras bound to each RBD construct was estimated by densitometry
where possible. The ratios of wtRBD-bound Ras relative to A85K-RBD-bound Ras are shown. (A) Excess concentrations of RBD relative
to Ras: [RaskF 1.5uM; [RBD] = 5.7 uM. (B) Similar concentrations of Ras and RBD: [Ras]8 uM; [RBD] = 5.6 uM. (C) Excess
concentration Ras relative to RBD: [Ras]11.2uM; [RBD] = 0.6 uM.

background from the overloaded RBD samples, which  The proportion of bindable Ras in our preparation was
contained 5Qug of protein/RBD band. determined by passing labeled Ras through a series of RBD
The binding pattern for Ras/GTP and Ras/GppNHp affinity columns: 82% of Ras binds the A85K-RBD
corresponds to the multiple conformers model illustrated in columns, while only 15% of Ras binds the wt-RBD columns.
Figure 6. Although Ras can saturate both wt-RBD and A85K- Therefore, the A85K-RBD mutant defines the level of
RBD at the same level of binding, the two RBD constructs bindability for active Ras above the level of wt-RBD binding.
saturate v-H-Ras at two separate levels. This finding suggestsThere is no correlation between the increased binding of v-H-
that Ras exists as a heterogeneous population of isomers an®as to A85K-RBD and the dissociation rate, since the
that a large proportion of active Ras is unavailable for binding dissociation of v-H-Ras from A85K-RBD is faster than from
wt-RBD. Importantly, the model applies to Ras in complex wt-RBD. Nor could the difference in binding be attributed

with GTP, which is the physiological nucleotide. to different fractions of active protein in the RBD prepara-
tions, given that both wt-RBD and A85K-RBD are saturated
DISCUSSION at equivalent levels in the presence of a large excess of Ras.

The observed binding pattern is consistent with the existence

In the past, there have been few estimates of Ras X . . o
of conformational isomers in the purified v-H-Ras prepara-

bindability. Direct Ras-Raf binding assays estimated that : .
5-10% (%/7) and 40% 8) of Ras car? be pr()e/cipitated with a ton, which are capable of binding A85K-RBD but not wt-
Raf-GST fusion protein. These rather low estimates of Ras RBD.

bindability could be attributed to Ras dissociation during a ~ We tested the possibility that wt-RBD and A85K-RBD
series of washes required to separate bound from free Rasbind distinct subsets of the Ras population by changing the
Another study by Warne et al. reported 100% Ras bindability concentration ratios of v-H-Ras and RBD in a single assay
to the amino terminal region of cRaf-14), which is difficult system. When the concentration of RBD was in excess of
to reconcile with the hydrolysis that occurs during a 3-h v-H-Ras, A85K-RBD saturated v-H-Ras at a higher level
binding reaction containing GTo#%labeled wt-H-Ras. than wt-RBD. However, when the concentration of Ras was
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in excess of RBD, both wt-RBD and A85K-RBD precipitated De Rooij and Bos4) reported the use of wt-RBD as a
equal amounts of v-H-Ras/GTP. These observations indicateprobe for activated Ras in celld)( In prelimenary experi-
that at a sufficiently high concentration of v-H-Ras, the ments 44), we demonstrated that AB5K-RBD is 5-fold more
amount of the minor isomeric subset of v-H-Ras that can effective as a probe for total activated Ras. The findings
associate with wt-RBD is adequate to saturate wt-RBD. At outlined in this report explain the reasons for the efficiency
the same time, the inability of wt-RBD to saturate all of A85K-RBD binding. Since wt-RBD associates with only
bindable Ras (defined by its binding to A85K-RBD) indicates a minor conformational subset of Ras/GTP, whereas A85K-
that Ras/GTP exists in several bindable isoforms and thatRBD is capable of detecting the majority of active Ras,
only a minority of these isoforms is capable of associating A85K-RBD may give a better indication of total cellular Ras/
with wtRBD. GTP than wt-RBD.

It is possible that the presence of a positive charge in RBD ~ The analytical method used to identify distinct functional
position 85 facilitates the conversion of Ras to a bindable subsets of v-H-Ras in this report could be applied to other
form. In the future, it may be possible to estimate the free proteins with multiple binding partners. It would be interest-
energy barrier between the bindable and nonbindable formsing to examine to what extent conformational isomerism,

of Ras from a time course of wt-RBD and A85K-RBD rather than competitive binding, accounts for the choice of
binding reactions. specific effectors in protein binding reactions.
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