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In Saccharomyces cerevisiae the CDC25 protein is a positive regulator of RAS/cAMP pathway [1- 
4], enhancing the GDP-releasing rate of RAS2 protein [5]. In this work we have tried to detect a 
direct interaction between CDC25 and RAS2 gent products. The results indicate that both the 
whole RAS2 protein and a truncated version that lacks approximately 25 C-terminal residues 
interact specifically with the C1)C25 protein,,On the contrary, a derivative of RAS2 that lacks the 

~ , 1 1 - 1 " 3 S  ;~  112 C-terminal residues as well as the pzt " iv not able to bind the CDC25 protein in our 
assay conditions. The 310 C-terminal aminoacids of CDC25 bind RAS2 while a C-terminus 
deletion within this aminoacid stretch abolishes the binding. The possible physiological 
significance of these findings is discussed. ® 1992 Aoaaemio P . . . . .  ~no. 

In all eukaryotic cells ras gene products are highly conserved regulatory proteins 

controlling fundamental processes like cellular growth and differentiation [6]. GTP binding 

induces the active ras conformation [7,8]: it requires the preliminary dissociation of ras-GDP 

complex, a critical regulatory step promoted by Guanine Nucleotide Release Proteins (GNRPs) [7- 

91. 

In Saccharomyces cerevisiae there are two closely related RAS gene products, namely 

RASI and RAS2 of 309 and 322 aminoacids respectively [10,11]. These products are required for 

yeast adenylate cyclase activation [12,13]. The RAS proteins show about 80% homology in their 

N-terminal region in comparison with the highly conserved amino terminal domain of mammalian 

ras proteins (aminoacids 1-82 of p21H-ras); this homology decreases to about 45% in a second 

less conserved domain (aminoacids 83-164 of" p21) and completely disappears in their carboxy- 

terminal region (with the exception of the Cys-A-A-X-COOH sequence) [14]. 

The CDC25 gene encodes for an essential product of 1589 aminoacids [2,4,15]. Cellular 

extracts from yeast strains overexpressing a fusion protein between p-galactosidase and about the 

last 700 CDC25 C-terminai aminoacids are able to stimulate in vitro the guanine nucleotide 

release on a purified RAS2 protein [5]. Nevertheless, the CDC25 catalytic core must be much 

shorter as different reports indicate that a CDC25 polypeptide of less than 480 C-terminal 

aminoacids [16] or even 286 CDC25 aminoacids, namely residues 1258-1543 [15,17], are still able 

to perform essential functions for the growth of yeast cells. Significantly, the above 286 

aminoacids form the region that has been conserved during evolution among all the CDC25-1ike 

proteins [9] discovered so far in S. cerevisiae [16,18-20], in S. pombe [21], in D. melanogaster [22] 
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and in mouse [23]. Moreover, the corresponding region of mouse CDC25 homologue (CDC25 Mm) 

is enough to allow growth of cdc25- yeast cells [23]. 

Although the above biochemical data and genetic analysis [24] are consistent with a direct 

interaction between RAS2 and CDC25 gene products, more straightforward evidence is still 

lacking. In this work we have set up an in vitro system to examine the interaction between RAS2 

and C-terminal regions of CDC25 protein and identify CDC25 as well as RAS2 protein sequences 

that are required for their physical interaction. The same regions are also relevant for their in vivo 

functions. 

Materials and Methods 

In vitro transcription-translation. C1)C25 sequences were subcloned into pGEMTM-blue 
vector (Promega). pCDC25-t8 plasmid ~as constructed by subcloning the Bglll-Pvull 3'-terminal 
CDC25 region, pCDC25-z9 and pCl)C25-tll plasmids are derived from pCDC25-t8. Within 
CDC25 ORF a TAA stop codon is contained at the ItamH1 site in pCDC25-t9 while a TAG stop 
codon is contained at the HindlIl site in pCl)C25-tll  3"he plasmid pCDC25-tlO was obtained 
from pCDC25-t8 by deleting the BgllI-BamHl CDC25 region. Different CDC25 sequences were 
transcribed in  vitro from the above plasmids using SP6 RNA polymerase (Promega) at 37°C for 
2h30' [25]. The corresponding GDC25 protein species (see fig. l) were translated using rabbit 
reticulocyte lysate (minus methionine) (Promega), as suggested by the manufacturer. 5-10 #g 

~ I~A, (purified on QUIAGEN-tipl00 columns, Quiagen), 20 p.M cold methionine and 60 #Ci of 
JS]-methionine (specific activity 1000 Ci/mmol, Amersham) were added for each in vitro 

translation. The products were separated by free methionine on Sephadex G-50 columns 
(Pharmacia) at 4°C. 

Western blots, ras blotted proteins were incubated sequentially with the anti-ras 
monoclonal antibody Y13-259 (kindly provided by D. Breviario, CNR, Milano-Italy) (2.8 /~g/ml) 
and with the anti-rat peroxidase conjugate lgG (dilution l:5000-Sigma). RAS-antibodies 
complexes were visualized with ,the ECL (Enhanced Chemiluminescent System) Western Blot 
detection kit (Amersham). The filters used for the interaction assay were washed once in TBS, 
Tween-20 0.1% (Merck) and saturated in TBS, Tween-20 0.1% and lyophilized milk 5% for 1 hr 
before being immunodecorated. 

Interaction assay. RAS2 proteins and the N4830 17. coli strains containing pAV1 or 
pSKcHras plasmids [26,27] were kindly pro\ideal by O. tVasano (University of Palermo, Italy). The 
amount of purified RAS proteins absorbed on nitrocellulose filters (Schleicher and Schuell) was 
approximately determined by amido-black staining. RAS2 and H-ras gene expression was 
obtained as described [27]; afterwards ceils were harvested, directly resuspended in SDS-sample 
buffer and sonified to get crude extracts. 

Filters with blotted proteins were pro-incubated in Interaction Buffer (IB) (TRIS-HC1 
20mM, MgCI,~ 0.2mM, KH2PO, 12raM, l ) l l"  0.3raM, pH=7.5,) in the presence of GDP 20#M, 
BSA 4%, mett~ionine 30 #M at 3~0°C for 4-7 hrs. After this period, the pre-incubation buffer was 
removed and filters were incubated for l h30' at 30°C with new IB buffer containing EDTA lmM 
(while dispensable', the best signals are obtained with cation chelating compounds), BSA 1%, 
meth~onine 30 #M and one of the different CDC25 labelled species at a specific activity of 1.5- 
2x10" cpm/ml. Finally, nitrocellulose filters were washed 3 times for 15' at 30°C in IB buffer, 
GDP 20 #M, BSA 4% before exposition to autoradiographic films. The stability of the in vitro 
translated products was estimated before and after the experiments by 8% SDS-PAGE analysis. 

Results 

Figure 1A shows the different fragments of the Saccharomyces cerevisiae CDC25 protein, 

that have been translated in vitro. The apparent molecular weights of the products (Fig.lB) turned 

out to be identical (CDC25-t9 and CDC25-t10) or slightly lower (CDC25-t8 and CDC25-tl 1) than 

expected (see also Fig.1 legend). 

The interaction between in vitro translated CDC25-t8 and the S. cerevisiae RAS2 protein 

was tested. Two different forms of RAS2 protein, namely p34 and p27, were used (Fig.2A). Both 

proteins, purified from the N4830/pAV1 I",~ coli strain [27], derive from partial proteolytic 

cleavage of the whole RAS2 (p37). The p34 species lacks approximately 25 C-terminal residues 

compared with the p37 while p27 is truncated at [tis210 (J.Jonak, as mentioned in [28]). In order 
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Different CDC25 protein species translated in vitro. A. The predicted CDC25 translation 
products are shown in comparison with the wholo CI)C25. The first and the last aminoacid 
residues of each species are specified. The expected molecular weights are : 78.6 kDa for CDC25- 
t8, 41.1 kDa for CDC25-t9, 35.3 kDa for Cl)Cd~5-tl0 and 68.6 kDa for CDC25-tlI.  B. The in 
vitro translated CDC25 products labelled with ['~'S]-methionine and analyzed on a 8% SDS--PAGE 
gel. Lane h control ,tr,,,anslation without mRNA addition. Lane 2:CDC25-t8  product. Lane 3: 
CDC25-t9. Lane 4: [~'~C]-molecular weight markers, l.ane 5: CDC25-t l l .  Lane 6: CDC25-t10. 
The apparent molecular weights of the products have been calculated as average values of at 
least 3 independent SDS-PAGE analyses. They resuhcd 70.9+_1.6 kDa for CDC25-t8, 39.0+_2.2 kDa 
for CDC25-t9, 34.0+_1.5 kDa for CI)C25-tI0, 62.0+_1.7 kDa for CDC25-tl 1. 

Fig.2. Interaction between CDC25-t8 product and purified RAS2 protein. A. The p27 and p34 
RAS2 proteins (about 1 #g) (indicated by an asterisk) were analyzed on a 15% Silver stained SDS- 
PAGE gel (left side) and by Western blot using anti-ras monoclonal antibody Y13-259 (right 
side). B. Left side: decreasing amounts of p27 and p34 RAS2 protein were spotted on a 
nitrocellulose membrane and probed with labelled CDC25-t8. Righ t  side: 400 ng of p34-RAS2 
protein (in duplicate) and control proteins, namely tysozime (L), DNAase (D), carbonic anydrase 
(C), were spotted on a nitrocellulose membrane to be probed with CDC25-t8. Before membrane 
absorption, the p34-RAS2 protein was subjected to different pre-treatments: EDTA-mediated 
GDP/GTP exchange (1), none (2), GDP/GTPTS exchange (3), nuclcotide discharge (4)[29,37]. 

to p e r f o r m  the assay, the p27 and the p34 proteins were spotted on nitrocellulose fi l ters which  

were incuba ted  with labelled C1)C25-t8 in appropr ia te  condit ions (see M & M). Af te r  1.5 hours 

of incuba t ion  the filters were washed and exposed for autoradiography.  Typical  results are shown 

in Fig.2B: the CDC25- t8  protein was bound by the p34 containing spots in propor t ion to the 

a m o u n t  of the spotted p34. On the contrary,  the smaller p27-RAS2 form did not give a 

s ign i f ican t  b inding  signal with CI)C25. l ) i f fc ren t  p ro - t r ea tmen t  performed on p34 before the 

assay (described in I:ig.2 tcgend) d id  not alter its abili ty to bind the C1)C25-t8 protein (Fig.2B, 

right).  

The  p34-RAS2 protein is only partially purif ied (see l:ig.2A), so in order to ident i fy  more 

accura te ly  the species which might  bind Cl)C25.  the assay was modified as follows. First, the 

total  prote ins  were extracted from the N4830 /pAVI  h. coli strain, before and af ter  the induct ion 

of RAS2 expression. In the latter case the whole RAS2 protein (p37) as well as the p34 and p27 

species are present  in comparable amounts  (l:ig.3A). Then,  the proteins of the E. coli crude 
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Fig.3. Interaction between CDC25-t8 and total protein extracts of a RAS2 expressing E. coli 
strain. A. Total proteins (about 100 #g) extracted from the 1:1 coil N4830/pAV1 strain before 
(lane 1) and after (lane 2) induction of R:\S2 expression, wcre analyzed on a 15% Comassie Blue 
stained SDS-PAGE gel (left side) or by Western blot (right side) with anti-ras monoclonal 
antibody Y13-259. Left and right parts represent two independent experiments. B. Total proteins 
(about 100 #g) extracted from the E. cob N4830/pAVI strain, before (lane 2) and after (lane 1) 
induction of RAS2 expression, were separated on a 15% SDS-PAGE and electroblotted on a 
nitrocellulose membrane. The membrane was incubated with CDC25-t8 and exposed for 
autoradiography (left side). Then, the same membrane was washed and immunodecorated with the 
anti-ras monoclonal antibody Y13-259 (right side). 

extracts  were separated by SDS-PAGI!,  blotted on nitrocellulose membranes  and finally incubated 

wi th  the CDC25- t8  probe. 

F rom this approach,  it results that  two protein migrat ion bands were specifically bound by 

CDC25- t8 .  The  immunodecora t ion  of the same f i l ter  with the anti-ras Y13-259 monoclonal  

an t i body  demons t ra ted  that these bands  correspond to the p37 and p34 RAS2 proteins.  On the 

cont rary ,  the p27-RAS2 (even when blotted in much larger amounts  than the exper iment  shown ) 

was not  able to bind a s ignif icant  amount  of CDC25 (Fig.3B - data not shown) consistently wi th  

the  previously  described results. Interest ingly,  in the same condit ion the p21H-ras  wasn' t  able to 

b ind  CDC25 (showed in Fig.4, panels A and C). 

Finally,  to ident ify more precisely some of the regions of CDC25 involved in physical 

in te rac t ion  wi th  RAS2, the binding assay was repeated with labelled CDC25-tg ,  CDC25- t10  and 

C D C 2 5 - t l l  prote ins  (Fig. lA,B).  The results are shown in f igure 4. A polypeptide corresponding 

to 310 C - t e r m i n a l  aminoacids of CDC25 (CDC25-t10)  is still able to bind RAS2 efficiently.  

Signif icant ly ,  i t  mainta ined the same specifici ty for the d i f fe ren t  ras species as occurred wi th  

CDC25- t8 .  The  N- te rmina l  part of CDC25- t8 ,  namely CDC25-t9 ,  is completely ineffec t ive  in 

470  



Vol. 186, No. 1, 1992 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 

A 

P37- 
P34 -- 

C 

1 2 3 1 2 3 

B D 

1 2 3 1 2 3 

E 

p37 
p3L[ 

P27 

P21 

1 2 3 

+ili+~j 

Fig.4. Interaction between CDC25-t8, C1X225-t9, CDC25-tI0 and C1X225-tl I proteins and Ras 
proteins. Equal amounts of crude extracts (about 100 #g of proteins) obtained lysing the E.coli 
strain N4830/pAV1, before (lane 3) and after (lane 1) the inductioo_tof RAS2 expression, or 
starting from the strain N4830/pSKcltras after the induction of p21 n-ras  expression (lane 2), 
were processed as described for Fig.3B. ]'hen identical filters were incubated with different 
probes: CDC25-t8 (A), CDC25-t9 (B), CDC25-tI0 (C) or CDC25-tll  (D). Finally, all the 
membranes were washed and immunodecorated with the anti-ras monoclonal antibody Y13-259, 
giving identical results: filter A is shown as an example (E). 

binding RAS2. Neither was any interactign signal between the proteins obtained, when the 

C D C 2 5 - t l l  probe was used in order to test the effects of a C-terminal  deletion impairing the in 

v ivo  CDC25 activity. In perfect keeping with this, the same results were obtained incubating the 

CDC25-t9 ,  CDC25-t10 and C D C 2 5 - t l l  probes with t he  purified p27 and p34 RAS2 proteins 

direct ly  spotted on nitrocellulose filters (data not shown). 

Discussion 

The in vitro system presented in this work has allowed us to see direct evidence of the 

physical interaction between CDC25 and RAS2. "l+hc assay is essentially qualitative but it offers 

the important  advantages that Cl)C25 and RAS2 protein purification can be avoided and that 

several d i f ferent  RAS2 forms can be tested for C1)C25 binding at the same time. Moreover, in 

spite of the relatively non-physiological coaditions in which the proteins interact during the 

assay, the obtained results can bc well correlated with the m vivo functional activity of the two 

proteins, as is discussed below. 

CDC25. All CDC25 polypeptidcs able to bind RAS2 can also perform essential growth 

functions in yeast cells, while the CI)C25 forms that are inactive in vivo also fail to bind RAS2 in 

our assay conditions (Table l). Strikingly, the smallest sequence of CDC25 still able to bind RAS2, 

namely CDC25-t10,  corresponds to the shortest known segment containing the CDC25 catalytic 

core (with the addition of 46 C-terminal  aminoacids and without 22 N-terminal  residues), as 

determined by functional analyses and by sequence comparison among CDC25-1ike proteins (see 

Introduction).  On the other hand, the results obtained with CDC25-t l  1 indicate that some of the 

aminoacids in positions 1502-1543 are essential for the in vitro RAS2 binding as well as for 

CDC25 in v ivo activity (with regard to this. we reasonably assumed that the last C- terminal  46 

aminoacids of CDC25 are not required for RAS2 binding as they are dispensable in vivo). We 
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TABLE I. Complementing activity of different CI)C25 truncated 
proteins compared to their in vitro RAS2 binding ability 

CDC25 species in vitro RAS2 growth of 
binding cdc25- cells a 

CDC25-t8 + + 

CDC25-t9 
CDC25 -t  10 + + 
CDC25-tl 1 

asee references [2,15,17]. 

should also mention that the C1)C25-t l l  C-terminal  deletion might extend beyond the aminoacid 

1501, as this species appears about 10% smaller than the predicted product. Even if this were the 

case, it would not alter the correlation between the Ct)C25 physiological activity and the in vitro 

RAS2 binding ability. 

RAS2. In vivo complementation and biochemical analyses have shown that d i f ferent  

CDC25-1ike proteins can functionally substitute in evolutionarily distant organisms and interact 

with res proteins distinct from their physiological partners [16,19,23,29,30]. Conserved N-terminal  

ras sequences must therefore be involved in CDC25-1ike/RAS protein interactions, as it has also 

been indirectly suggested by genetic studies (ref. in [9]). On the other hand, substitutions in loops 

L2 and L4 of p21H-ras [8], strongly reduce the response to SDC25, a CDC25-1ike protein of 

S.cerevisiae [19] without decreasing the aff ini ty of SDC25 for the mutated p21 [31]. 

Under  our conditions, CDC25 cannot bind RAS2 if about 90 RAS2 C-terminal  

aminoacids,  downstream to His210, are deleted. This result might explain why CDC25 also fails to 

bind p21H-ras: in fact these aminoaeids belong to the only evolutionarily variable region of ras 

proteins [6,14]. The inability to alter CDC25. binding by different  RAS2 pre- treatments  involving 

guanine nucleotide binding sequences (l:ig.2B) also indicates that the latter play a minor  role in 

our system. These results suggest that the variable ras protein domain could have a key role in 

the preferential  interaction between a particular ras protein and its specific GNRP.  Other 

experimental  results are consistent with our data. A GNRP isolated from human placenta cells 

loses the ability to increase the nucleotides exchange rate on p21H-ras  lacking the variable C -  

terminal  region [32]. Another G N R P  acting on stag-p21 (rapl) requires the presence of the C-  

terminal  domain of this latter [331. Vinally, the guanine nucleoffde releasing effect  exerted on p21 

by a non-physiological  partner, namely SI)C25, is not influenced by deletions of the last 23 C -  

terminal  aminoacids of ras protein [31]. 

The hyper-variable RAS2 C-terminal  region exerts a negative control on RAS2 activation 

in v iva  In fact a RAS2 version lacking residues 174-300 binds more GTP than is the case with 

the wild type protein [34] and allows the growth of cdc25- yeast cells [35]. These RAS2AI74-300 

properties do not depend on loss of sensitiv ty to GTPase Activating Proteins of budding yeast, 

namely IRAI and IRA2 [36]. Consequently they might be explained by an altered G D P / G T P  

exchange rate in accordance with a possible recognition of RAS2 variable domain by CDC25. 

The existance of an interaction between C1)C25 and conserved ras--sequences in our 

system cannot be excluded. However,  only more specific protein-protein interactions appear to be 
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effectively detected in these experimental conditions. In conclusion, the binding assay described 

offers an opportunity to anaiyze with a different approach the structure-function relationships in 

the interaction between CDC25 and RAS proteins, and provides extra information to complement 

the findings of previous studies. 
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