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The H-rus gene product p21H has been mutated at
Phe-28, which makes a hydrophobic interaction with
the guanine base of bound GDP/GTP. The mutation
Phe-28 -.,Leu drastically increases nucleotide dissociation rates without affecting association rates. This
is due to a perturbed binding of base, 0- and 8-phosphate, and Mg2+,as evidenced from 31PNMR and fluorescence measurements. The region around the yphosphate appears normal. The affinity of Mg2+ for
both the di- and the triphosphate conformation of the
mutant was also measured by fluorescence. The association constant is 3.5 X lo7 M" for the Gpp(NH)p
complex, 500 times higher than for the GDP form. The
mutation does not change appreciably the intrinsic or
the GTPase activating protein (GAP)-stimulated
GTPase. The mutated protein induces neurite differentiation however when pressure-loaded into PC12
cells, which is equivalent to transformation of NIH
3T3 cells. This shows that p21(F28L) is converted to
the GDP bound form by GAP but is transforming because the high dissociation rate for nucleotides leads
to a protein predominantly in the active GTP bound
form.

(Barbacid, 1987; Bos, 1989). They have transforming properties in rodent fibroblasts or can induce neurite outgrowth in
the pheochromocytomacell line PC12. Mutations isolated in
vivo are in positions 12/13 or 61 of the polypeptide chain.
Transformingmutationsgenerated i n vitro havebeendescribed for many other positions, and the three-dimensional
structure shows that all these
residues are involved in proteinnucleotide interaction (Pai et al., 1990). It is believed that
oncogenic mutants are transforming, because their GTPase
is not increasedby GAP and they are thus constantly in their
active G T P conformation. Indeed it has been
shown for some
of these mutations that they physically interact with GAP
but that their GTPase is not activated (Adari et al., 1988;
Cales et al., 1988; Gibbs et al., 1988; Sigal et al., 1988; Vogel
et al., 1988). Here we describe indetailthe
biochemical,
structural, andbiological properties of a novel mutant of p21
by GAP
(Phe-28 .--,Leu) whose GTPase activity is stimulated
but is nevertheless transforming.
MATERIALS ANDMETHODS

Protein Purification-Protein
purification was performed essentially as described previously (Tucker et al., 1986); The final purity
of the proteins was >95%, as judged from sodium dodecyl sulfatepolyacrylamide gel electrophoresis. Proteins contained 1 mol of guanine nucleotide bound per mole of protein. Protein concentrations
p21 is the product of the N-, K-, and H-ras genes and is were determined with the Bradford assay using
bovine serum albumin
while [8-'H]GDP binding activitywas
believed to be involved in a growth-promoting signal trans- as a standard (Bradford, 1976),
et 1986). Standard
duction process (for areview, see Barbacid (1987); McCormick determined by the filter binding assay (Tucker al.,
buffer was always, unless stated otherwise,64 mM Tris-HC1, pH 7.6,
(1989a)). Like many guanine nucleotide-binding proteins it
1 mM dithiothreitol, 10 mM MgCl,, and 1 mM sodium azide.
has an inactive GDP bound and an active GTP bound conGTPase Actiuity-GTPase activity measurements were performed
formation. The three-dimensionalstructures of the GDP
essentially as described previously (John et al., 1988). Briefly, p21.
bound and the GTP bound formhave been elucidated (Tong GDP (2 p ~ was
) preincubated with [T-'"P]GTP (40 p ~ for
) 30 min
et al., 1989; Pai et al., 1989; Milburn et al., 1990; Pai et al., at room temperature in a total volume of 1 ml in 1 mM EDTA, 64
mM Tris-HC1, pH 7.6, 1 mM dithiothreitol, 1 mM sodium azide. The
1990; Schlichting et al., 1990a). In the GTP bound conforconcentration
of MgCl, was brought to 10 mM and the temperature
mation p21 reacts with the GTPase activating protein, GAP,'
37 "C. 50-pl portions were removed a t defined time intervals and
which is believed to be either the negative regulator of p21 to
the production of ["'PIPi was measured as described.
activity or theactualdownstreamtarget
molecule that is
Kinetics of Nucleotide Dissociation and Association-The rate of
involvedin mediating the signal of p21 (Trahey and Mcdissociation of [8-:'H]GDP from the p21.[8-'H]GDP complex was
Cormick, 1987; Vogel et al., 1988; McCormick, 1989b; Hall, measured as described previously (John et al., 1988). Nitrocellulose
filters from Schleicher & Schull (BA 85, pore size = 0.45 pm) were
1990).
Mutations of p21 have been found in many human tumors used.
For the measurement of association rates a p21(F28L)-guanosine
* The costs of publication of this article were defrayed in part by complex was prepared as described (John et al., 1990) and frozen in
the payment of page charges. This article must therefore be hereby aliquots a t -70 "C. 0.5-1.0 p~ protein was reacted with anexcess N marked "aduertisement" in accordance with 18 U.S.C. Section 1734 methylanthraniloyl-GDP (mantGDP) under various conditions ina
stopped-flow apparatus(HighTech
Scientific,
Salisbury,
United
solely to indicate this fact.
Kingdom). Excitation of fluorescence of mantGDP was a t 366 nm,
This paper is dedicated to Prof. H. Zahn for his 75th birthday.
and detectionwas through a filter with a cutoff a t 445 nm. Data were
$ Present address: Rosenstiel Center, Brandeis University, Walcollected using an analog-digital connector in an Apple I1 computer
tham, MA 02254.
or in a Nicolet 2090 digital storage oscilloscope. For the competition
' The abbreviations used are: GAP, GTPase activating protein;
experiments between wild type p21 and pZl(F28L) the latter
(0.5 p M )
mant, N-methylanthraniloyl; Gpp(NH)p, guanyl-5'-yl imidodiphoswas saturated with 1 p~ mantGDP in the presence of EDTA, and
phate;EF-Tu, elongation factorTu;Hepes,4-(2-hydroxyethyl)-lafter several minutes 2 p~ p21c was added. The slow fluorescence
piperazineethanesulfonic acid.
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MHz and a phosphorus resonance frequency of202 MHz. For the
increase was duetothe
slow dissociation of mantGDPfrom
proton NMR experiments 0.5-ml aliquots of sample in 5-mm sample
p21(F28L) and its fast association with
~ 2 1 ~ .
of Mg2' t o p21- tubes anda 5-mm probewere used, whereas2.2-ml aliquots of sample
Forthemeasurement
of thebindingaffinity
nucleotide complexes, the p21(F28L)-guanosine complexwas first in 10-mm sample tubes and a 10-mm probe were used for "P specreacted with fluorescent nucleotides. A typical experiment used 0.6 troscopy. The proton spectra are referenced to internal sodium 2,2dimethyl-2-silapentane-5-sulfonate,
the phosphorus spectrato exterp~ p21(F28L), 0.8 PM mantGpp(NH)p, 10 p~ MgC12, 1 mM dithiowas kept a t 303 K with a stream
erythritol in 30 mM Tris-HC1, pH 7.5 a t 25 "C. This solution was nal 85% H3P04. Sample temperature
titrated with M$"EDTA. The data were treated as for the binding of dry air, which was temperature-regulated with a standard Bruker
of a fluorescent substrate t o protein in the presenceof inhibitor (see VTlOOO unit. The residual HDO resonance was suppressed by perReinstein et al. (1990), Equation 12),using a dissociation constantof manent (except acquisition) selective irradiation with the HDO frequency. Quadrature detection was used in all experiments. All twointeraction a t p H 7.5.
1.7 PM for the EDTA"<
dimensional experimentswere performed in the phase
sensitive mode
For the dissociation rate constants of M e , a solution of 1 p M
p21(F28L) with 0.38 pM mant-nucleotide in 30 mM Tris, pH 7.5, 1 with the time-proportional incrementation technique (Marion and
mM dithioerythritol a t 25 "C was reacted with EDTA in a stopped- Wuthrich, 1983). For COSY and NOESY spectra usually 128 transients of 4 K data points were collected for each of 512 increments
flow apparatus. The EDTA concentration
was varied until it
produced
with a relaxation delay of 1.1 s between successive transients. The
no further increase of the maximal M$+ dissociation rate. Kinetic
data were analyzed by nonlinear regression, normally using a single NOESY spectra were recorded with a mixing time of 0.15 s which
exponential function, with the program Enzfitter (Elsevier Biosoft). was randomly varied by15%. A sweep width of 4545.45 Hz was used
apodization was
Static and slow time scale dynamic fluorescent measurements were in both dimensions. Prior to Fourier transformation
carried out in both dimensionsusing an unshifted sine-bell filter for
peformed on an SLM 8000 spectrophotometer.
the double-quantum-filtered COSY spectra and a ~/32-shifted sineDetermination of Melting Temperature by Circular Dichroism-A
fluorescence cuvette (0.4 cm width) was filled with 1.5 ml of p21- bell filter for the NOESY spectra. Thedigital resolution was 8.9 Hz/
GDP solution (0.1 mg/ml) in 10mM potassium phosphate buffer, pH point in tl after zero filling. Standard procedures and commercially
Aspect 3000 computer were used throughout.
7.5. Circular dichroism was recorded with a Jobin-Yvon Dichrograph available software on an
mark I11 at a fixed wavelength of 220 nm. The temperature increase
per time was 40 "C/h using a Haake F3 water bath. The temperature
RESULTS
was measured directly within the cuvette. To determine the melting
NMR Spectra-The role of Phe-28 in the binding of nutemperature the following equation taken from Hecht et al. (1984),
cleotide in the three-dimensional structureof p21 complexed
based on the Van'tHoff relation, was used.

to the GTPanalogue Gpp(NH)p asderived from x-ray crystallography is shown inFig. 1. It canbe seen that the guanine
where f = exp(H/RT(T/T, - l ) ) , 6T is ellipticity at temperature T, base is sandwiched between the side chains of Lys-117 and
ft,, is ellipticity of denatured protein,6 N is ellipticityof native protein, Phe-28, both making
hydrophobic interactions (Pai et aL,
and T, is melting temperature.
1989; Milburn et al., 1990; Pai et al., 1990). We have shown
Interaction with GAP-Complexes between p21 and [Y-~'P]GTP
earlier by protonnuclearOverhauserenhancementNMR
were formed by incubating the protein with the
radioactive nucleotide
spectroscopy
measurements that the a:omatic protons of a
in the presence of 1 mM EDTA and 64 mM Tris-HCI, pH 7.6, 1 mM
dithioerythritol. Excess nucleotide was removed by gel filtration on a phenylalanine residue are within 5.0 A of the H-1' of the
ribose of the nucleotide (Schlichting et al., 1988). By sitesmall G-25 commercial column (NAP-5, Pharmacia LKB Biotechnology Inc.). The protein was eluted from this column with the GAP directed mutation of Phe-28 to Leu we could show that in
reaction buffer: 20 mM Hepes-NaOH, pH 7.6, 1 mM dithioerythritol. solution Phe-28 is making
a hydrophobic interaction with the
T h e GTPase reaction was started by addition of 2 mM MgC1, and the guanine base (Schlichtinget al., 1990b).
appropriateamount of recombinanthumanGAP
(0.75 nM). Th e
Fig. 2 shows the aromatic portion of the two-dimensional
GTPase reactionwas measured asdescribed (Gibbs etal., 1988; Vogel
NOESY
spectrum of p21(F28L) in comparison withwild type
following thedecrease of the
et al., 1988; Frechet al.,1990)by
concentration of [y-32P]GTP bound to byp21
filtration of the reaction p21. The two-dimensional NMR spectrum againproves that
mixture throughnitrocellulose filters (0.45 pm). The initial rates
were the Phe-28 side chain resonances are missing in p2l(F28L).
determined from the decreaseof p21-GTP with time. Differentrates This confirms thatin solution the aromatic protonsof Pheobtained with different concentrationsof substrate were analyzed for 28 of wild type p21 are within0.5 nm of the C-l'-H protons.
Vmaxand K , using the program Enzfitter.
The C-l'-H protons of the ribose make no other observable
Biological Activity of p21 in PC12 Celk-The pheochromocytoma
nuclear Overhauser enhancement to a proton on the protein,
cell line PC12 was grown under standard conditions withDulbecco's
modified Eagle's medium supplemented with 10% horse serum, 5% which means that no other proton is within 0.5 nm of C-1'fetal calf serum, and antibiotics (Greene and Tischler,
1982). Approx- H. We showed earlier that in p21(F28L) the H-8 proton of
imately 5 X lo4cells were collected by centrifugation in a n Eppendorf the guanine base and the C-l'-H proton
of the ribose are
tube. 40 11 of a protein solution containing 3 mg/ml p21 in standard shifted by 0.23 and 0.18 ppm, respectively, as compared with
buffer were added to the cells. The protein was introduced into the
wild type p21, where they are 8.08 and 6.08 ppm, respectively
cytoplasm by pushing the cells through a yellow pipette tip held a t
(Schlichting et al., 1990b). This indicates that the environthe bottom of the tube. This creates enough pressure to slightly
in
Phe-28 by Leu.
cell ment of the guanine base changes replacing
rupture the cell membrane so that the protein can enter the
p21 binds guaninenucleotides with high affinity ( K , in the
(Borasio et al., 1989). The cellswere incubated again in standard
medium in a Petri dish, and neurite outgrowth was then monitored
order of 10'" to lo1' M")(Feuerstein et al., 1987a; 1987b; Neal
under the microscope approximately 50-70 h after loading thecells.
et al., 1988 John et at., 1990) and with high specificity. The
NMR Spectroscom-For NMR the protein samplesas isolated (in main determinants of interaction are around the @-phosphate
the GDP bound form)were dialyzed against potassium phosphate or
standard (Tris)buffer, freeze-dried, and redissolved in D20. The last and the base. The 31PNMRspectrum of GDP bound to
p21(F28L) has shown that the chemical shift of the P-phostwo steps were repeated for proton NMR samples. For phosphor
phate is unperturbed as compared with
wild type, whereas the
NMR measurement of the p21.Gpp(NH)p complexes the protein
bound GDPwas exchanged for Gpp(NH)p asdescribed recently (John a-phosphorus atom experiences a downfield shift of 1 ppm
et al., 1990). Samples for proton NMR measurements contained-45
(Schlichting et al., 1990b). This and the proton NMR data
mM potassium phosphate, 45 mM MgCl,, 6 mM dithioerythritol, 4 suggest that the mutation Phe-28+ Leu affects the binding
mM NaN3, and 3 mM p21. The 31PNMR samples contained 50 mM
of base and ribose and, weakly, of a-phosphate, but that the
Tris buffer, 10 mMMgC12, 10-20 mM dithioerythritol and 1 mM p21
firmly bound in the phosphate binding
loop
1 mM p21(F28L).GDP, and 0.3 @-phosphate stays
in the GDP and Gpp(NH)p form,
(residues 10-17). It still experiences the unusual 4 ppm shift
mM p21(F28L) .Gpp(NH)p.
which is typical for many other
NMR experiments were performed on a commercial Bruker AM between free and bound GDP,
500 spectrometer working with a proton resonance frequency of 500 phosphoryl transfer proteins (Klaus etal., 1986).
6T

=

OD

+ (6, - 6D)/(1 + f )
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FIG. 1. The guanine base binding
site in the structure of the triphosphate complex of p21. The model of
p21(F28L) (in purple) has been built
with FRODO assuming no structural
change between wild type and mutant
protein. The extra side chain of Phe-28
of wild type p21 is shown in yellow. The
residues important for the binding of the
base are shown with numbers: Lys-117,
Asp-119, LYS-147.

The Phe-28 -+ Leu mutation also has an effect on the 31P
resonances of the complex with Gpp(NH)p. Fig 2B shows the
'"P NMR of the p21-triphosphate complexes. The list of the
chemical shift values shows that the a-phosphate, but also
the @-phosphateresonances are shifted compared with wild
type protein (TableI), theshift of the a-resonancebeing more
dramatic. Only the magnetic environment of the y-phosphate
is unperturbed. Together with the 31PNMR data of the GDP
complex (Table I) these data also show that the effect of the
mutation is different for the GDP and the GTP
conformation.
Nucleotide Binding Characteristics-The Phe-28 -+ Leu
mutation changes the binding of guanine nucleotides drastically as seen from the dissociation rateconstants
of
p21(F28L). Compared with wild type protein (John et al.,
1988) the GDP dissociation rate isincreased 140-fold at 21 "C
(Table 11)and 110-foldat 5 "C (Table 11),both inthe presence
of excess M e ions. This shows a difference in the temperature dependence of the rate constants, which is larger for
p21(F28L) (37-fold, as compared with 23-fold for ~ 2 1 ~The
).
GTP dissociation rate of p21(F28L) in the presence of M C
is increased 54-fold at 37 "C as compared with wild type p21.
The dissociation rate constants in the absence of M C are
too fast tobe measured for p21(F28L) with normal nitrocellulose filtration techniques. The GTPase rate is decreased
only 2-fold. This together with the NMR data indicates that
in thep21(F28L)-triphosphate complex the binding of the yphosphates is unperturbed, at least less than the binding of
base, ribose, and a,@-phosphate.
It has been shown before that a fluorescent analogue of
GDP/GTP can be used to measure the kinetics of association
and dissociation of guanine nucleotides and p21 (John et al.,
1989; 1990;Neal et al., 1990). As described for wild type p21
the binding of mantGDP top21(F28L) mutant in the presence
ofMg2+ produces a large fluorescence increase that can be
used to measure the association and dissociation kinetics. The
apparent rate constantk,. ,app, for the reaction of the mutant
protein with mantGDP is not linearly dependent on the
nucleotide concentration. This means that the binding is a
two-step reaction with a rapid equilibrium preceding a slow
isomerization reaction, as proposed for wild type p21 previously (John etal., 1990).

p21

k+
+ GDP +
p21.GDP + p21*GDP*
I

k-1

k-1

k-,

Using GDP as thecompeting ligand we can derive the kinetic
constants for the reaction between p21(F28L) and GDP,
which are listed in Table
111. We can conclude that the mutant
protein also binds GDP in a two-step binding reaction with
kinetics for k l , kV1,and kp similar to wild type. The only major
difference between wild type and mutant protein is the increased dissociation rate constant (k-J of GDP from the
p21(F28L). GDP complex, and this is mostly responsible for
the 110-fold difference in affinity at 5 "C. This result could
also mean that theslow isomerization of the binding reaction
is not the rearrangement of the guanine binding pocket, since
this, asshown above, should be perturbed inthe mutant.
Mg"+Binding-Fig. 3A shows that mixing p21(F28L) with
mantGDP in the
absence of M$+ does not produce any change
in fluorescence, while in the presence of Mg', there is a large
increase (-180%). This was surprising, since wild type p21
shows an almost equal fluorescence increase with or without
metal ion (John et al., 1990).To determine whethermantGDP
really binds to p21(F28L) without Mg2' we added nucleotidefree wild type p21 to the mixture of mantGDP and mutant
protein inthe absence of Mg2+(Fig. 3B). Since the association
of wild type p21 and mantGDPis fast (3s" at theconcentration used), the observed slow increase in fluorescence with a
rate constant of0.13 s" means that mantGDP is tightly
bound to p21(F28L) and that theslow increase monitors the
dissociation of mantGDP from this complex.
Since for this mutantbinding of mantGDP in the
presence
but not in the absence of M g ' produces a high fluorescence
change, it was possible to conveniently monitor the affinity
of Mg'+ to various p21(F28L)-nucleotide complexes. So far,
the affinity of Mg+to thep21. GDP complex has been determined only indirectly by measuring the decrease of the dissociation rate of GDP from this complex with increasing M e
concentration (John, 1990). Adding M g ' to p21(F28L).
mantGDP produces a large fluorescence increase. Using this
we can titrate thep21(F28L). mantGDP complex and measure
a binding constant of 6.6 f 4 X 10' M" (Table IV) for this
reaction. For the complex of p21(F28L) with GTP or
Gpp(NH)p we find a much higher affinity (3.5 X lo7 M" and

Phe-28
with p21

Mutation
+ Leu
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TABLE
I1
Kinetic constants for the interaction between p21 and
guanine nucleotides
Data for o21r are from John et al. (1988).

A

pZl(F28L)

P21c

Rate

min"

GDP,,
10 mM Mg'+, 21 "C
0.0007
0.1
0.35
ND"
0.1 p M M$+, 21 "C
GTP,,,, (10 mM Mg', 37 "C)
0.0056
0.27
0.028
0.013
GTPase (10 mM M e , 37 "C)
"This reaction is too fast t o be measured by conventional filter
binding techniques.
J. John,unpublished observation.
I

I

I

I

I

I

I

I

I

I

TABLE
111
Rate and equilibrium constantsof the reactionof p21
with GDP at 5 "C, with 10 mM Mg'+
The apparent k,n,,l,l, is measured and fitted for K , (= k + ' / k - , ) and
k+, as described (John et al., 1990);k 2 is the measured slow dissociation rate. KO,,is the overall affinity, K 1 X K2.

I
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FIG. 2. NMR spectra of p21-nucleotide complexes. A ,
NOESY spectra of the aromaticregion of wild type and mutant (Phe-

28+ Leu) p21, showing the connectivities due to the Phe-28-Hl'rihose interactions, which are missing in p21(F28L). B , '"P NMR
spectra of the Gpp(NH)pcomplexes of wild type (1 mM) and mutant
p21 (0.3 mM). The chemical shift values of the phosphate resonances
are listed in Table I.

Chemicalshi/ts of

p21r
p21(F28L)

-9.7
-8.7

TABLE
I
resonances in p21-nucleotidecomplexes

-11.07
- 9.75

-1.4
-1.4

-2.62
-1.88

+0.33
+0.33

4.3 x lo7 M-', respectively). The affinity of Mg2+ for the wild
type p21. GDP complex has been determined to be 3.3 X lo5
M" (John, 1990), five times higher than for the Phe-28Leu mutant. The affinity of Mg'+ to the p21-triphosphate
complex has not been measured before. It is reasonable to
assume however that thz large difference in affinity between
the GDP and the GTP bound form determined for the Phe28 Leu mutant is similar for p21,.

-

FIG. 3. Reaction of p21(F28L) with fluorescent nucleotides.
A , 0.5 p~ p21 was reacted with 2 p~ mantGDP in a stopped-flow
apparatus, and the increase fluorescence
in
was measured asdescribed
under "Materials and Methods," in the presenceof 10 mM Mg" or 2
mM EDTA (0.1 FM M e ) . B, 0.5 p M p21(F28L) was mixed with 0.5
p M mantGDP in the absence of M$+ (2 mM EDTA). This mixture
~ a stopped-flow appawas reacted with 2 VM nucleotide-free p 2 1 in
ratus. The fluorescence increase is indicative of the dissociation of
mantGDP from the complex p21(F28L).mantGDP (and its suhsequent fast reaction with~ 2 1 ~ ) .

TABLE
IV
Interaction of M$+ withp2l(F28L)-fluorescentnucleotide complexes
Th e association rate constant k,, was calculated from the dissociation constant and thedissociation rate constant.

"1

mantGDP
6.6 X lo4
mantGpp(NH)p 3.5 X lo7
mantGTP
ND

S -1

12.9
0.62
0.8

"l

S-I

8 X lo5
2.2 X lo7

ND

S"

0.03
0.066

ND
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The fluorescence change due to Mg'+ binding also allowed
A
111
us to measure the
Mg" dissociation rate constants. Theywere
complex, respec0.62 and 0.8 s" for the Gpp(NH)p and GTP
tively, and 12.9 s" for the p21.GDP complex, as shown in
Table IV. From theequilibrium constants and the
dissociation
rateconstants we canalsocalculatetheassociationrate
constants for the reaction as shown. The data in Table IV
show that the 650-fold higher affinity of M$+ for the p21triphosphate complex over the diphosphate complex is due
almost equally to a faster association and
a slower dissociation
rate. The data in TableIV also show that thedissociation of
Mg"+ is much faster than the dissociation of nucleotide and
therefore independent from it.
TemperatureStability-wehaveshownearlier
that the
nucleotide-free p21 is very unstable (half-life of 2 h a t 25 "C;
John et al. (1990)) and that the bindingof GDP/GTP stabilizes the protein. T o find out whether thedecreased affinity
B
constants betweennucleotide and p21(F28L) also decrease
the stability of the protein it was of interest to measure the
thermal stabilities of the mutant and the wild type protein.
The thermal stabilitiesof the two proteins in the GDP form
were measured by circular dichroism in phosphate
buffer. Fig.
4 shows that p 2 1 ~has a meltingtemperature of 55 "C.
p21(F28L) hasa slightly decreased temperature stability with
T,,, of51.7"C. This suggests that tight binding of GDP is
indeed necessary for thermal stability. On the other hand the
melting temperature is not low enough to explain the result
of the increased dissociation rate constants as due to instability of the protein. Furthermore '"P NMR and nucleotide
binding measurements of the p21(F28L).GDP complex did
not show any melting of the structure at37 "C.
Biological Actioity-It has been postulated that any p21
mutant that has anincreased GDP dissociation rate and/or
fails tobe returned to the inactive state
by either the intrinsic FIG. 5. Effect of p21(F281A)on PC12 cells. The rat pheochroor the GAP mediated GTPase
is a transforming Ras protein. mocytoma cell line PC12 was pressure-loadedwith wild type or
described under "Materials and
The pheochromocytoma cell line PC12 can beinduced to mutant (Phe-28- Leu) protein as
Methods" and by Borasio et ai. (1989). The cells were incubated for
differentiate by oncogenic forms of p21 (Bar-Sagi and Fer60 h in standard medium in a Petri dish and photographed under
amisco, 1985). We introduced p21(F28L) into these cells by phase contrast conditions. A, wild type p21 B p21(F28L). No cells
pressure loading as described before (Borasio etal., 1989). Fig. had neurites with p2lC; with p21(F28L)5-10% of cells looked as in
5B shows that p21(F28L) also differentiates PC12
cells. Since panel R.
it hasbeen shown that the ability to induce differentiation in
PC12 cells and the ability to transform NIH 3T3 cells, alin sf9 insect cells and purified to 90% homogeneity using a
though seemingly opposite effects, are always correlated (Sasprotocol devised by McCormick et al. (Halenbeck etal., 1990).
sone-Corsi et al., 1989) we can conclude that most likely the
We find that the mutant and wild
the type protein are almost
p21(F28L) is an oncogenic mutant of p21.
equally activated by GAP. For a detailedanalysis we measured
Interaction with GAP-It was of interest whether this onthe interaction at a fixed GAP concentration with varying
cogenic behavior of the mutant was due to the failureof the
concentration of p21(F28L) asshown in Fig. 6. Treating GAP
protein to interact with GAP or whether the increased
dissoas the enzyme and p21 as the substrate,we determine a kcat
ciation rates alonewould be sufficient to explain the behavior
of 813 min" and a KIMof 11 p ~ The
.
corresponding values
of the protein. We tested p21(F28L) andwild type p21 with
for wild type p21 are1260 min" and 8 ~ L (John,
M
1990).' This
full-length human GAP. This
was expressed withbaculovirus
means that the difference in behavior toward GAP is rather
minor. Using the same conditions for the GAP assay we do
not find any stimulation
of oncogenic mutants like p21(G12R)
or p21(Q61L).:'
DISCUSSION

300

310

320
330
Temperature (0 K)

340

350

FIG.4. Circular dichroism temperature stability curves of
wild type and mutant p21.GDP complexes. Change of ellipticity
was recorded as a function of temperature. Protein concentrations

were 0.1 mg/ml in 10 mM phosphate buffer, pH 7.45. The resulting
melting temperatures are 55"C for p21, and 51.7 "C for p21(F28L).

It has been shown by several investigators that mutations
of residues involved inbinding the guanine
base in p21reduce
drastically the binding of guanine nucleotides. These mutations included Thr-144 + Ile and Asp-119 + Asn (Feig etal.,
1986),Asp-119 +Ala (Sigal et al., 1986), Lys-146 + Val (Feig
and Cooper,1988a), Asn-116 += Ile, Asn-116 + His, LysP. Gideon, M. Frech, A. Lantwein, andA. Wittinghofer, submitted
for publication.

:' M. Frech, unpublished observation.

Phe-28
p21 with

+. Leu Mutation
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the three-dimensional structure showsaleucine(Leu-175)
side chain, located opposite Lys-136,
to
making a hydrophobic
interaction with the guanine base of GDP and itself held in
place by Lys-176 of the Ser-Ala-Lysmotif, which is conserved
in many guanine nucleotide-binding proteins. It is
of interest
that EF-Tu hasa much lower affinity for guanine nucleotides,
in the order of lo9 M" at 0 "C (Fasano et al., 1978). The
apparent association rate constant is 2.6 X lo5M-' s-', very
similar to thatof p21, whereas the dissociation rate constant
0
20
40
is 2.3 X
s-', much lower than k-, of wild typep21and
[p21(F28L) . GTP] ( p M )
similar to that of the mutant pZl(F28L). It appears that the
"missing" phenylalanine of EF-Tu is mostly responsible for
the lower affinity of EF-Tu for GDP and that the
lower
affinity is again determined onlyby the dissociation rate.
Our NMR and temperature stability measurements show
that the overall structure of the Phe + Leu mutation is not
drastically altered. However the "P and proton NMR data
show that loosening theinteraction of thebase with its
hydrophobic environment, formed by Phe-28 and Lys-117,
CY- and 0-phosphate in
does affect the binding site around the
the triphosphate conformation
of p21, as observed by the shift
0
20
40
of the CY- and (3-phsphate resonances. However the structure
around the y-phosphate seems to be unperturbed. is
This
also
[ ~ 2 .1 GTP1 (PM)
evident from the fact that the intrinsic and the GAP-catalyzed
FIG. 6. Interaction between GAP and p 2 1 ~ ( B ) or
pZl(F28L) ( A ) .A constant concentration of purified human GAP GTPase, which involves the nucleophilic attack of water on
expressed in sf9 cells with baculovirus was reacted with increasing the y-phosphate withgeneral base catalysis (Feuersteinet al.,
amounts of p21. [r-"2P]GTPin standard GAP reaction buffer (see 1989; Pai et al., 1990), arebarely affected by the mutation.
"Materials and Methods"). The initial rate of GTP hydrolysis, measRecently exchange factors such assCDC25 (Crechet et al.,
ured as loss of counts due to "Pi release on nitrocellulose filters, was 1990))orthemammalian
exchange factor(Wolfmanand
plotted against p21 concentration. The data were analyzed treating
Macara,
1990;
Downward
et
al., 1990)havebeendescribed
p21 as substrate and GAP as enzyme using nonlinear fitting procedissociation rate
dures as described under "Materials and Methods." A , mutant p21 biochemically. These proteins accelerate the
mechanism. Since all the
using 0.75 nM GAP; B , wild type p21 using 5 nM GAP. Data for wild constant by an as yet unknown
type p21 are from John (1990). Half-maximal rate and the corre- mutations that modify the interaction between base and the
sponding p21. GTP concentration (K,) are indicated.
protein as shown here and in earlierwork and also mutations
that effect theinteraction betweenMg2+ andtheprotein
117 + Arg, Lys-117 + Glu, Asp-119 Glu, Asp-119 + His, (John et al., 1990; Feig and Cooper, 1988b) lead to increased
Asp-119 +Ala (Der et al., 1988) and Lys-117 + Gln (Clanton dissociationrates,it
would be interesting to see how the
et al., 1986). Those results are somewhat
at variance with the exchange factors modify the kinetics of interaction between
results on the mutants Asn-116- Lys and Asn-l16+Tyr,
nucleotide and protein.
which have been reported not to bind guanine nucleotides
The affinity of M g + for p21. GDPis in the orderof lo5M"
(Clanton et al., 1986). However, no detailed biochemical in- and for the p21-triphosphatecomplex it is higher by a factor
vestigation has been performed with any
of the mutants.
of
-500.
The high
resolution
x-raystructure
of p21.
The mutationdescribed here which modifies the hydropho- Gpp(NH)p has shown that
Mg2+has six ligands, two fromthe
bic interaction betweentwo aromatic groups, theguanine
phosphate groups of Gpp(NH)p, two from the protein (Serbase and Phe-28, reduces the affinity for GDP (at 5 "C) 110- 17 and Thr-35) andtwo from water (Pai et al., 1990). In the
fold, and GTPsimilarly. Assuming that the much smaller
side
structure of the p21. GDPcomplex, four water ligands have
chain of Leu-28 does not contribute to the interaction with
been placed into the first coordination sphere of Mg2+, tothe base and that the structure of p21 is not perturbed, we
gether with the oxygen from Ser-17 and @-phosphate (Tong
can calculate that the contribution
of the aromaticside chain
to the binding energy is 2.6 kcal mol" and even larger at et al., 1991). In support of this Smithers et al. (1990) have
found by E P R spectroscopy that four water ligands are comhigher temperatures. Interestingly the mutation affects only
the dissociation rate of the second slow isomerization step. plexed to the metal ion in the p21. GDPcomplex. The high
This seems tobe a general phenomenon, sincewe have found affinity of Mg2+ to the p21-triphosphatecomplex (KG= 3.5 X
ion can only be completely
other mutants with the same characteristics.
Although the lo7M-') also shows that the metal
(Kc = 6 X IO5M-', at
removed
with
high
amounts
of
EDTA
binding affinities of the above mentioned mutants have not
7.5).
pH
beendeterminedproperly,itappearsfromthepublished
It has been predicted that the ratio
of the GDPdissociation
dissociation rate or relative affinity data that all the mutations
(kOff/kcat)determines
rate
constant
over
the
GTPase
activity
aroundtheguaninebasebindingsite
reduce thebinding
constant of guanine nucleotides mainly by affecting the off- the nucleotide state of p21 in the cell (McCormick et al.,
1988). Since the interactionof p21 with GAPis only reduced
rate.
65%
by the Phe-28+ Leu mutation,theincrease
of the
Thethree-dimensionalstructure
of trypsinizedEF-Tu.
GDP is easily superimposedonthestructure
of p21- dissociation rateby a factor of more than 100-fold means, all
G P ~ ( N H )With
~ . ~ an additional alignment of the important things beeing equal, that the steady state concentration of
Thr-35 of p21 with Thr-61 of EF-Tu one finds that there is p21 in the triphosphate state should also be higher by apno phenylalanine in EF-Tu corresponding to Phe-28. Insteadproximately 100-fold. This provides the necessary evidence
for the hypothesis put forward earlier (Walter et al., 1986)
W. Kabsch and E. F. Pai, unpublished observations.
that base binding mutants are transformingbecause of their
--.)
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with

p21

Phe-28
Mutation
+Leu

M. (1988) Proc. Natl. Acad. Sci. U. S. A. 85,5026-5030
fast recycling to the GTP bound state and
because in the cell
the concentration of G T P is much higher than that of GDP Greene, L. A., and Tischler,A. T. (1982) Adu. Cell. Neurobiol. 3, 373414
(Trahey and McCormick, 1987). It was recently reported that Halenbeck,
R., Crosier, W. J., Clark, R., McCormick, F., and Koths,
in quiescent 3T3 cells with high expression of p21H, 0.5% of
K. (1990) J. Biol. Chem. 265, 21922-21928
p21 is in the triphosphatecomplex (Satoh et al., 1990). If this Hall, A. (1990) Cell 61, 921-923
estimate isapplicable alsot o a normal, nonoverproducingcell, Hecht, M. H., Sturtevant, J. S., and Sauer, R. T. (1984) Proc. Natl.
Acad. Sci. U. S. A. 81, 5685-5689
as seems likely (McCormick et al., 1988), we would estimate
that more than 50% of p21(F28L) should be in the triphos- John, J. (1990) Structure-Function Relationship of the ras Oncogene
Product p21. Ph.D. thesis, Universitat Heidelberg
phate concentration. In the
oncogenic mutant p21(G12V) the John,
J., Frech, M., and Wittinghofer, A. (1988) J. Biol. Chem. 263,
situation is reversed; the GDP dissociation constant is only
11792-11799
weakly affected (reduced -3-fold), whereas the GTPase activ- John, J., Frech, M., Feuerstein, J., Goody, R. S., and Wittinghofer,
A. (1989) in Guanine-Nucleotide-Binding Proteins(Bosch, L.,
ity in the presence of GAP is a t least 300-fold (Trahey and
Kraal, B., and Parmeggiani,A., eds) pp. 209-214, Plenum PublishMcCormick,1987) lower as compared with wild type p21.
ing Corp., New York
p21(G12V) is thus mostly in the triphosphate state
when
John, J., Sohmen,R., Feuerstein, J., Linke, R., Wittinghofer, A,, and
microinjected into oocytes (Trahey and McCormick, 1987),
Goody, R. S. (1990) Biochemistry 29, 6058-6065
but for a different reason than p21(F28L).
Klaus, W., Schlichting, I., Goody, R. S., Wittinghofer, A., Rosch, P.,
The functional role of GAP in signal transduction is still
a
and Holmes, K. C. (1986) Biol. Chem. Hoppe-Seyler 367, 781-786
matter of intensive research and the debate centers around
Marion, D., and Wuthrich, K. (1983) Biochem. Biophys. Res. Commun. 113,967-974
the question of whether GAP is the negative regulator that
keeps the concentration of active p21 down or whether it is McCormick, F. (1989a) in Oncogenes and the Molecular Origins of
Cancer(Weinberg,R. A., ed) pp. 125-145, Cold Spring Harbor
thedownstreamtarget
molecule (McCormick, 1989; Hall,
Laboratory Press, Cold Spring Harbor, NY
1990) Our results do not favor either argument. But since no McCormick, F. (1989b) Cell 56, 5-8
mutation including Phe-28 + Leu has yet been found which McCormick,F.,Adari, H., Trahey, M., Halenbeck, R., Koths, K.,
Martin, G. A,, Crosier, W. J., Watt, K., Rubinfeld, B., and Wong,
is transforming anddoes not bind to GAP
we would favor the
G. (1988) Cold Spring Harbor Symp. Quant.Biol. 53,849-853
notion that GAP is the actual effector molecule whose interMilburn, M. V., Tong, L., DeVos, A. M., Brunger, A., Yamaizumi, Z.,
action with p21 either alone or together with other proteins
Nishimura, S., and Kim, S.-H. (1990) Science 247,939-945
is the actual transmitter
of the growth-promotingsignal.
Neal, S. E., Eccleston, J . F., Hall, A., and Webb,M. R. (1988) J. Biol.
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