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Abstract

Ž . MmThe minimal active domain GEF domain of the mouse Ras exchange factor CDC25 was purified to homogeneity
from recombinant Escherichia coli culture. The 256 amino acids polypeptide shows high activity in vitro and forms a stable

Ž .complex with H-ras p21 in absence of guanine nucleotides. Circular dichroism CD spectra in the far UV region indicate
Ž .that this domain is highly structured with a high content of a-helix 42% . Near UV CD spectra evidenced good signal due

to phenylalanine and tyrosine while a poor contribution was elicited by the three tryptophan residues contained in this
domain. The tryptophan fluorescence signal was scarcely affected by denaturation of the protein or by formation of the
binary complex with H-ras p21, suggesting that the Trp residues, which are well conserved in the GEF domain of several
Ras-exchange factors, were exposed to the surface of the protein and they are not most probably directly involved in the
interaction with Ras proteins. q 1998 Elsevier Science B.V.
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1. Introduction

Ras proteins play an essential role in a variety of
signal transduction pathways relevant for growth reg-

w xulation and differentiation in eukaryotic cells 1,2 .
They cycle between the active GTP-bound and

inactive GDP-bound state; the intracellular levels of

Abbreviations: MBP, maltose-binding-protein; ME, 2b-mer-
captoethanol; IPTG, isopropylb D-thiogalactopyranoside; GEF,
guanine nucleotide exchange factor; CD, circular dichroism
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the Ras-GDP and Ras-GTP complexes are carefully
regulated by two classes of proteins: Ras-GEF, which
catalyzes GDPrGTP exchange generating the active
GTP-bound form, and Ras-GAP, which stimulates
the intrinsic RAS-GTPase activity promoting the hy-
drolysis to the inactive GDP-bound form. To date
two different classes of Ras-GEFs have been identi-

w xfied in mammals: Sos proteins 3,4 and
Mm w xCDC25 rRas-GRF 5–7 whose Ras-activating do-

main is homolog to the C-terminal domain of the
Saccharomyces cereÕisiae Ras activator CDC25 pro-

w x Žtein 5 . Sos proteins h-Sos1 and h-Sos2 in human
.and mSos1rmSos2 in mouse are ubiquitously ex-

pressed in all tissues while full-length CDC25Mm has

0167-4838r98r$19.00 q 1998 Elsevier Science B.V. All rights reserved.
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been detected at high levels only in the central ner-
w xvous system where it is localized in neurons 8,9 .

Ras-GRF proteins have been isolated from mouse
Ž Mm. w x w x w xCDC25 5,6 , rat 7 and human 10,11 ; they are
quite conserved large proteins of 140 kDa containing
in the N-terminal half several interesting motifs: two

Ž .Plekstrin-homology PH domains, a Dbl-homology
Ž . w xDH domain and an IQ motif 12,6,13 . Several PH
domains, among which that of Ras-GRF, bind in

w xvitro to the bg complex of trimeric G proteins 14 ;
in addition it has been reported that Ras activation
mediated by CDC25Mm, after addition of serum or
LPA to mouse fibroblasts expressing CDC25Mm, is
pertussis toxin sensitive, suggesting that Gi proteins

w xare involved in this signalling pathway 14–16 . Re-
cent results identify Ras-GRF as a potential interme-
diary between G-protein bg subunits generated by

w xmuscarinic receptors and Ras 17 . Recently, Shou et
w xal. 13 have been provided evidences that the IQ

motif binds calmodulin and that Ras-GRF may be
involved in controlling one or more neuronal process
activating Ras in response to increase of intracellular
calcium.

All the Ras-GEF proteins contain a conserved
region of 230–240 amino acids homologous to the
C-terminal domain of budding yeast CDC25 protein,

w xcalled GEF domain 18,19 . This ‘catalytic’ domain
interacts directly with the Ras proteins and is respon-
sible for their activity of exchange factors. Expres-

Ž .sion of the C-terminal region aa. 974–1260 of
mouse CDC25Mm is sufficient to activate Ras pro-

w xteins in vivo 5,20 while a region as short as 256
Ž Mm .amino acids CDC25 , obtained as a fusion1005–1260

protein with maltose binding protein, is very active in
vitro as a GDPrGTP exchanger either on mammalian

w xH-ras p21 or yeast Ras2 21 .
According to a model proposed by Mistou et al.

w x22 , the GEF domain stimulates the intrinsic low-dis-
sociation rate of Ras-GDP through the formation of
an intermediate RasrGEF nucleotide-free complex.
Actually there are few information on the mechanism
of RasrGEF complex formation and dissociation and
no data regarding the structure of the GEF catalytic
domain are available. Since the interaction of GEF

Žwith Ras is a key step in Ras activation either for
.normal or for oncogenic Ras the elucidation of

structural and functional aspects of GEF catalytic
domain is a relevant task.

As a first step to get structural information on the
GDPrGTP exchange factor CDC25Mm we have puri-
fied the active CDC25Mm minimal catalytic domain
Ž .aa. 1005–1260 to near-homogeneity and its struc-
tural state was investigated using tryptophan fluores-

Ž .cence and circular dichroism CD .

2. Materials and methods

2.1. Protein purifications

For the production of the minimal active domain
Mm Ž .of CDC25 aa.1005–1260 the SalI–XhoI frag-

ment of plasmid pUC18rCDC25Mm was cloned in
pMaL-cRI and expressed in Escherichia coli strain

X w xDH5a F 21 .
One liter culture was grown in LB medium con-

taining 50 mgrml Ampicillin at 378C. The induction
was started with 0.3 mM IPTG at a cell density of 0.5
A units and continued overnight at 288C. The cell600

pellet was lysed with French Press and it was resus-
Žpended in 10 ml of lysis buffer 10 mM Na HPO ,2 4

30 mM NaCl pH 7.5, 14 mM ME, 0.5 mM PMSF,
.1% Triton X-100 . DNAse I was added to a 100

mgrml final concentration and the suspension was
incubated at room temperature for 5 min followed by
centrifugation for 20 min at 12 000 g. The resulting
supernatant was mixed batchwise with 3 ml of amy-

Ž .lose–resin Biolabs and gently shaken at 48C for 50
min. After low-speed centrifugation the supernatant
was discarded and the resin washed six times with

Žbuffer A 20 mM Na HPO , 150 mM NaCl pH 7.5,2 4
. Ž0.1% TritonX-100 and with buffer B 50 mM Tris,

. Ž50 mM NaCl, 3 mM CaCl q0.1% Thesit Boeh-2
. Mmringer . The MBP-CDC25 fusion protein,1005–1260

bound to 3 ml of the resin, was cleaved by 100 units
Ž .of human thrombin Sigma in 5 ml of buffer Bq

0.1% Thesit for 2 h at 48C. The supernatant was
recovered and the resin was washed with 3 ml of

Ž .buffer B. After filtration on Minisart filter Sartorius ,
the protein solution was loaded on a 1-ml MonoQ

Ž .column FPLC system, Pharmacia . The nonfused
CDC25Mm was eluted at about 180–210 mM1005–1260

Ž .NaCl using a linear NaCl gradient 50–300 mM in
50 mM Tris–HCl pH 7.5, Thesit 0.5% and 14 mM
ME at a flow rate of 1 mlrmin. The purest fractions
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identified on SDS-PAGE were dialysed against 50
mM Tris–HCl pH 7.5, 50 mM NaCl, 14 mM ME,
50% glycerol and stored at y208C.

H-ras p21 protein was produced and purified as
w xreported in Ref. 23 . The purified H-ras p21 was

stored at y208C in 50 mM Tris–HCl pH 7.5, 50 mM
NaCl, 1 mM MgCl , 1 mM GDP and 50% glycerol.2

2.2. NatiÕe gel electrophoresis

To study the formation of the H-ras
p21PCDC25Mm complex, a native gel elec-1005–1260

w xtrophoresis was carried out as described 23 . The
stock buffer contained 90.12 g of glycine and 3 g of
sodium azide adjusted to pH 8.9 with Trizma base in
6 l. The sample buffer, containing bromophenol blue,
and the electrode buffer were prepared by dilution in

Ž .H O of stock buffer 1:1 and 1:20, respectively . The2

gel composition was 12% acrylamider0.27%
bisacrylamide in stock buffer diluted twice and poly-
merized using ammonium persulfate and TEMED. A
current of 20 mA per gel was applied during 1 h for
the electrophoresis at 48C. When indicated 20 mM
GDP was added in the polyacrylamide gel and elec-
trophoresis buffer. The protein p21 and the complex
p21PCDC25Mm were reacted with anti-H-ras1005–1260

Žp21 monoclonal antibodies Santa Cruz Biotechnol-
.ogy . Immunoreactive bands revealed by horseradish

peroxidase-conjugated anti-mouse antibodies, were
developed with ECL-chemiluminescent assay system
Ž .Amersham .

2.3. GEF actiÕity

To determine the GEF activity in vitro, the dissoci-
ation rate of the H-ras p21Pguanine nucleotide com-
plexes was measured by the nitrocellulose binding

w3 x Ž y1assay at 308C using H GDP 9.1 CiPmmol ,
. w xAmersham 24 . The H-ras p21 complex with

w3 xH GDP was prepared by incubating, for 5 min at
308C, 1 mM p21 in 50 mM Tris–HCl, pH 7.5, 0.2
mM MgCl , 100 mM NH Cl, 0.5 mg mly1 BSA, 32 4

w3 xmM EDTA and 5 mM H GDP, followed by the
Ž .addition of MgCl 3 mM . The dissociation rate of2

Ž .the complex final concentration 0.2 mM was kineti-
cally followed after the addition of a 1000-fold ex-

Ž .cess of unlabeled nucleotide. Aliquots 30 ml were
withdrawn at different times and the radioactive nu-
cleotide bound to H-ras p21 was determined by

Ž .filtration on nitrocellulose filters Sartorius 0.45 mm .
The dissociation rates of H-ras p21PGDP complex

w xwas performed as indicated by Crechet et al. 26 .´

2.4. Circular dichroism

Circular dichroism spectra were recorded with a
Jasco J700 dichrograph calibrated with a solution of
ammonium D-10-camphorsulfonate according to Jasco
technical specifications. All CD spectra were ob-
tained at 248C, using a 2 nm spectral band width and
collecting points every 0.1 nm. The near-UV CD

Ž .spectra 230–340 nm were collected at a scan rate of
20 nmrmin using a path length of 1.0 cm. In order to
reduce the signal-to-noise ratio the spectra were ob-
tained as the average of 10 scans. The far-UV spectra
Ž .195–250 nm were obtained at 10 nmrmin using a
path length of 0.1 cm and averaging the data over
two scans. The background spectra were recorded

Žusing the buffer solution 50 mM Tris–HCl pH 7.5,
.50 mM NaCl, 50% glycerol and with the same

number of scans as the sample spectra.
Secondary structure estimations were computed

with the Jasco SSE-338 program that compares the
actual protein spectrum, from 190 to 240 nm, with

Žreference spectra for four conformations a-helix,
.b-sheet, b-turn, and random or unordered . These

spectra are based on the CD spectra of 15 reference
proteins with known secondary and tertiary structure
w x27 .

2.5. Fluorescence analysis

Fluorescence measurements were performed on a
Jasco FP-777 spectrofluorimeter with 1.5 nm excita-
tion and 5 nm emission slit widths. The excitation
wavelength was 280 nm and emission range moni-
tored between 310 and 450 nm. All experiments were
performed in a 1 ml fluorescence quartz cell at 278C.
Sample concentration was 0.4 mM in 50 mM Tris–

w xHCl pH 7.5, 10 mM MgCl , 100 mM NH Cl 28 .2 4

The spectra were recorded on floppy disk and ana-
Ž .lyzed with ‘Excel Microsoft ’ spreadsheet.
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3. Results and discussion

3.1. Purification and actiÕity of the minimal catalytic
domain of CDC25Mm

The active domain CDC25Mm was highly pu-1005–1260
Žrified using the pMAL-cRI system 1 mgrl of cell

. Ž .culture . The induction temperature 288C and the
Ž .concentration of IPTG 0.3 mM were essential for

the solubility of the protein and for its stability. All
the purification steps were performed at 48C. After
chromatographic separation on amylose–resin,
thrombin digestion and MonoQ-FPLC purification,

Mm Ž .CDC25 M s30 000 was soluble and stable1005–1260 r

for at least 1 year in storage buffer at y208C. The
yield of the mouse protein was about 0.25–0.5 mgrl
of culture and its purity was estimated to be higher
than 90% as determined by SDS-PAGE and staining

Ž .with Coomassie Brilliant Blue Fig. 1 .
A comparison of the specific activities of

CDC25Mm and the fusion protein MBP-1005–1260

CDC25Mm was performed. The H-ras p21PGDP1005–1260

dissociation rate, determined at identical molar con-
centration and under the same experimental condi-
tions, showed that the minimal catalytic domain
CDC25Mm has the same specific GEF activity as1005–1260

Mm Ž .the fusion protein MBP-CDC25 Table 1 ,1005–1260

Fig. 1. SDS-PAGE analysis of purified CDC25Mm .1005–1260

CDC25Mm was purified to homogeneity as described in1005–1260

Section 2. The Coomassie blue stain of the purified protein after
separation by SDS polyacrylamide gel electrophoresis is shown.

Mm Ž . Mm Ž .CDC25 2 mg , CDC25 4 mg are shown in1005–1260 1005–1260

lanes 2 and 3, respectively. The molecular markers are in lane 1.

and its activity was nearly as high as that of
Mm Ž . w xCDC25 data not shown 29 .974 –1260

3.2. Formation of the p21-CDC25Mm complex on
natiÕe gel electrophoresis

Purified H-ras p21PGDP and CDC25Mm
1005–1260

were used to evaluate their ability to form a stable
complex on native gel by analyzing the mobility of
H-ras p21. As shown on Fig. 2A when

Mm Ž .CDC25 is added lane 2 , H-ras p21 shows a1005–1260

retardation in mobility. This effect reflects the forma-
tion of the complex H-ras p21rCDC25Mm since1005–1260

it is not visible when CDC25Mm is denatured by1005–1260
Ž .heating prior to the loading lane 3 or when H-ras

Ž .p21 is loaded separately lane 1 . The heterodimer
resulting from a stable interaction between H-ras p21
and the catalytic domain CDC25Mm was evi-1005–1260

denced by Western blot analysis using monoclonal
antibodies specific for H-ras p21. Complete inhibi-
tion of this stable complex was obtained by the
addition of 20 mM GDP in the polyacrylamide gel

Ž .and in the electrophoretic buffer Fig. 2B . These
results are in good agreement with those obtained

Mm Žwith either SDC25 or CDC25 C-terminal do-
. w xmains 24,26,31 and demonstrate that the minimal

active domain in vivo is able to make a stable
nucleotide-free complex with Ras. In addition, the
complex can be evidenced simply by mixing equimo-
lar amounts of H-ras p21 with CDC25Mm in a1005–1260

dialysis bag and removing the bound nucleotide
Ž . Ž . w xGDP by electroelution data not shown 23 .

3.3. Structural analysis of CDC25Mm
1005– 1260

Structural data on Ras-GEF exchange factors are
not available to date. Therefore, a CD analysis on the
catalytic domain CDC25Mm was performed to1005–1260

obtain structural information on this active fragment.
The CD spectrum of this C-terminal domain in the
far-UV regions shows the well defined features typi-
cal of proteins rich in a-helical structure, with two

Ž .negative minima at 208 and 222 nm Fig. 3A .
Secondary structure calculations indicate 42% a-helix
and 15% b-sheet for CDC25Mm . These results1005–1260

complement and give some experimental support to
predictions made by computer analysis with the
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Table 1
Intrinsic and CDC25Mm stimulated dissociation rates of H-ras p211005–1260

y1Ž . Ž .Dissociation rates k s Dissociation half-lives miny1

y4p21PGDP 1.4P10 82.0
Mm y3p21PGDPqMBP-CDC25 3.3P10 3.451005–1260

Mm y3p21PGDPqCDC25 5.0P10 2.31005–1260

Ž .The reaction mixture contained in 500 ml of standard buffer as described in Section 2 , 1 mM H-ras p21 which has been preincubated
Ž w3 x .for 5 min at 308C 5 mM H GDP . The reaction was started by the addition of a 1000-fold excess of unlabeled nucleotide. A total of 30

ml aliquots were withdrawn, filtered and the radioactivity counted. A total of 25 nM MBP-CDC25Mm and 25 nM CDC25Mm
1005–1260 1005–1260

Ž .were used. In the equation ln c rc sk P t, c represents the initial concentration of the p21 nucleotide complex and c thet o y1 o t

concentration at time t.

Ž . Žmethod of Garnier 51% a-helix, 11% b-sheet pro-
. w x Žgram: Predict 7 25 or the HssPred algorithm 37.5%

. Ža -h e lix , 2 7 % b -sh ee t h ttp :r r em b l-
.heidelberg.dersspredrssp_sin.html .

The aromatic CD spectrum of CDC25Mm is1005–1260

characterized by an asymmetric band extending from

Fig. 2. Immunoblot analysis of complex formation between
Mm Ž .CDC25 and H-ras p21 without A and with 20 mM1005–1260

Ž .GDP B . Lane 1: H-ras p21PGDP; lane 2: H-ras p21PGDP plus
CDC25Mm ; lane 3: H-ras p21PGDP plus CDC25Mm

1005–1260 1005–1260

denatured by heating; lane 4: CDC25Mm . A total of 15 pmol1005–1260

of each protein were separated on native-PAGE, transferred to
nitrocellulose and immunoblotted with anti-p21 monoclonal anti-

Ž .bodies Santa Cruz Biotechnology and peroxidase-conjugated
antibodies.

about 255 nm to 300 nm, with maximum at 282 nm
and poorly defined structure on its high energy tail
Ž .Fig. 3B . This band encompasses contributions from

Ž25 aromatic amino acids 3 tryptophans, 10 tyrosines
.and 12 phenylalanines in the C-terminal domain.

However the shape of the CD envelope indicates that
the contribution of the tyrosine residues is largely

w xdominant 30,32 . Immobilized tryptophan residues
generally give detectable contributions to the low-en-
ergy portion of the aromatic CD spectrum, since their
1L transition can extend to and beyond 300 nm,b

w xoften with defined vibrational structure 32–34 . Al-
though, in principle, an accidental cancellation of the
contributions from the three individual tryptophan
chromophores can occur, the smooth declining of the
aromatic CD curve at low energy observed here
seems indicative of high conformational mobility,
and hence very weak CD activity, by the tryptophan
residues, suggesting they are exposed to the surface
of the protein.

As previously discussed, CDC25Mm contains1005–1260
Ž .three tryptophan residues w , w , w , in1054 1100 1135

particular the tryptophan in position 1054 is well
conserved in the catalytic domain of all the known

Ž . w xRas-GEF proteins Fig. 4 19 . As illustrated on Fig.
5A upon excitation at 280 nm CDC25Mm shows1005–1260

a good fluorescence with an emission peak at 335
nm. The intensity of this peak is weakly affected by

Ž .complete denaturation of the protein Fig. 5B sug-
gesting that the three tryptophan residues, responsible
of the fluorescence emission, could be well exposed
to the solvent in the native conformation of the

w xmouse protein 34 . This observation is in agreement
with previous reported CD data in near-UV region,
indicating a very low contribution of Trp residues.
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Ž . MmFig. 3. A Plot of CD molar ellipticity in the far-UV region of CDC25 . Circular dichroism analysis was as described in Section1005–1260

2. A total of 3 mM CDC25Mm in 50 mM Tris–HCl buffer pH 7.5, 50 mM NaCl, 50% glycerol; path length 0.1 cm. The weight1005–1260
Ž . Mm Ž .coefficients percentages for each secondary structural component of CDC25 were 42% for a-helix, 15% for b-sheet. B1005–1260

Aromatic CD spectrum of CDC25Mm . A total of 15 mM CDC25Mm in the same buffer medium; path length 1.0 cm; the CD1005–1260 1005–1260
Ž y1 y1.intensity was expressed in molar extinction coefficient units M cm .

w xFig. 4. Alignment of the catalytic domains of 5 ras-GEF proteins.Alignments were obtained with the MACAW program 35 . Residues
Mm Ž Mm . Ž .included in the alignment for each protein are follows: mouse CDC25 CDC25 ,1005–1260 human hGRF55 hgrf55, 95–438 ,

Ž . Ž . Žmouse Sos1 mSos1, 788–1033 , Schizosaccharomyces pombe ste6 STE6, 654–911 , Saccharomyces cereÕisiae Cdc25 Cdc25,
. Ž . Mm1196–1581 . The tryptophan residues w , w , w of CDC25 are pointed with an arrow and all the conservative residues of1054 1100 1135

GEF-proteins are pointed with an asterisk.
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Since the H-ras p21 protein does not have any
tryptophan residues, we decided to investigate if the
formation of the complex H-ras p21rCDC25Mm

1005–1260

was accompanied by a quenching in the tryptophan
fluorescence emission of the mouse protein. We ob-
served that after the addition of purified and GDP-free
H-ras p21 the spectrum and the intensity of
CDC25Mm fluorescence did not significantly1005–1260

change, indicating that the local environment of tryp-
tophan residues of CDC25Mm was not deeply1005–1260

affected upon interaction with H-ras p21. In a similar
way no changes either in intensity or spectrum were

Ž .observed after addition of 10 mM GDP Fig. 6 .
Taken together these data suggest that the forma-

tion of the complex H-ras p21rCDC25Mm does1005–1260

not modify the environment of tryptophan residues in
the mouse protein, although the results of denatura-
tion experiments strongly suggest that Trp residues
are exposed to the surface of the protein and they are
not involved in hydrophobic interactions.

In conclusion, this work describes for the first time
the structural state of highly purified preparations of
CDC25Mm , the shortest active catalytic domain1005–1260

isolated so far, emphasizing the definite folded con-
formation of this specific GEF domain.

The availability of large amounts of purified
CDC25Mm-C domain and its ability to form a stable
nucleotide-free complex with H-ras p21 open the

Mm Ž .Fig. 5. Emission spectra of native CDC25 A and1005–1260
Mm Ž . Mmdenatured CDC25 B 0.4 mM CDC25 in 501005–1260 1005–1260

mM Tris–HCl pH 7.5, 10 mM MgCl , 100 mM NH Cl at 278C.2 4

The excitation wavelength is 280 nm and the emission wave-
length is 335 nm. Optical bandwidths are 1.5 nm for excitation
and 5 nm for emission.

Fig. 6. Emission spectra of CDC25Mm -H-ras p21 complex.1005–1260
Mm Ž . Mm Ž .CDC25 —— CDC25 plus H-ras p21 . . . ,1005–1260 1005–1260

CDC25Mm plus H-ras p21 in presence of 10 mM GDP1005–1260
Ž . Mm- - - . Sample concentrations are 4 mM for CDC25 and 2 mM
for H-ras p21. The excitation wavelength is 280 nm and the
emission wavelength is 335 nm. Optical bandwidths are 1.5 nm
for excitation and 5 nm for emission. From each spectrum has
been subtracted the aromatic residue contribution of H-ras p21.

way to the resolution of 3D structure of a Ras-GEF, a
primary goal for the understanding of molecular
mechanism of Ras activation.
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