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ABSTRACT. Saccharomyces cefisiae Cdc25 is the prototype Ras GDP/GTP exchange protein. Its
C-terminal catalytic domain was found to be highly conserved in the homologue&%%30and Sos.

The regulatory domains in each Ras exchanger mediate the signals arriving from upstream elements such
as tyrosine kinases for Sos, or aand G proteins for p148SCRF |n this study, we show that the
N-terminal half (NTH) ofS. cereisiae Cdc25 as well as the C-terminal 37 amino acids, is essential for
processing the elevation of cCAMP in response to glucose. The mammaliafsp@Z0catalytic domain
(CGREF) restores glucose signalingSncereisiaeonly if tethered between the N-terminal half (NTH) of

S. cereisiae Cdc25 and the C-terminal 37 amino acids. The glucose-induced transient elevation in cAMP
is nullified or severely hampered by the deletion of domains within the NTH of Cdc25. These deletions,
however, do not modify the intrinsic GDP/GTP exchange activity of mutant proteins as compared to
native Cdc25. We also show that 7 Ser to Ala mutations at the cAMP-dependent protein kinase putative
phosphorylation sites within the NTH of Cdc25 eliminate the descending portion of the glucose response
curve, responsible for signal termination. These findings support a dual role of the NTH of Cdc25 in both
enabling the glucose signal and being responsible for its attenuation.

Genetic and biochemical evidence have demonstrated thahonconserved noncatalytic N-terminal domain, which com-
the CDC25gene product is a Ras guanyl nucleotide exchange prises about two-thirds of the molecule, is followed by a
factor (ras-GEF) that functions upstream to the Ras proteinsconserved catalytic region.
in Saccharomyces cersiae (1—4). Furthermore, Cdc25 is It is therefore likely that the N-terminal noncatalytic
essential for the glucose-induced rise in intracellular levels domains of ras-GRFs play an important regulatory role in
of cyclic AMP (CAMP), suggesting that the protein functions both yeast and mammalian systems, in view of their long
as a glucose-mediated Ras-GTP/GDP exchange pré&ein ( lengths, which have been conserved through evolution. These

The molecular mechanisms responsible for glucose- noncatalytic regions contain an SH3 domain in yeast Ras
induced activation of the Cdc25 exchange activity are exchangers and a PH domain in mammalian ras-GR8s (
unknown. Similarly, the precise molecular mechanisms 19). The phosphorylation of Cdc25 at its N-terminal domain
responsible for the activation of the Cdc25 mammalian seems to attenuate the glucose respohSg [n this study,
homologue p14® ©RFin response to G4 and G proteins  we further analyze the role of the N-terminal half (NTH) of
(6—9) remain elusive. In the case nfammalianSos it was the Cdc25 molecule. We present a structdftenction
shown that its recruitment to the membrane and consequentanalysis of the Cdc25 NTH and show that it plays a crucial
juxtaposition to Ras are sufficient for its activatiohQy, role in processing the glucose signal, which induces the
although experiments on Sos suggest a more complextransient rise in intracellular cAMP.
mechanism 11—14). The detailed study of the role of
regulatory domains within Cdc25 in the regulation of Ras- EXPERIMENTAL PROCEDURES
dependent activation of adenylyl cyclase&Sincereisiae may
shed light on the mechanism of Ras exchangers in general
Thus, for example, it has already been shown that the
attenuation of the exchange activity of yeast CdcPH @s
well as of Sos16, 17 is mediated by phosphorylation. Yeast
Cdc25 and mammalian p1@®CRF, unlike Sos, do not lie
downstream to and respond to signals from protein tyrosine
kinases. Both yeast Cdc25 and mammalian [f&4%F are
large proteins (140 to 180 kDa, respectively) in which a

Strains, Media, and Genetic Techniques. S. dsiae
strains used in this study are described in Table 1. Yeast
cells were grown either in YEPD medium (1% yeast extract,
2% peptone, and 2% dextrose) or in SD medium (0.17%
yeast nitrogen base without amino acids, 0.5% ammonium
sulfate, and 2% dextrose) supplemented with the required
amino acids. Starvation medium is YEPD medium containing
0.02% dextrose instead of 2%. For acetate growth curves,
the cells were grown in YPA (1% yeast extract, 2% peptone,

and 1% potassium acetate). Solid media contained 2% agar.
6sggzo%hggnx:cgggfg_%’%dlezg‘é%fgf’;'gil:b?_ei‘i’gﬁg\fg{sm?{‘aeci_”?72'2'The_ permissive incubation temperature for thermosensitive

# These two authors contributed equally to the study and therefore Strains was 23C and the restrictive temperature was“€%
should be considered first authors. Genetic techniques were according to Sambrook ef8). (

10.1021/bi9909849 CCC: $18.00 © 1999 American Chemical Society
Published on Web 09/17/1999




Regulation of Cdc25 Biochemistry, Vol. 38, No. 40, 19993253

Table 1: Strains Used in Study

strain genotype short name

TT1-YNP MATa his3 leu2 ura3 trpl ade8 cdc25::URA3 p21
with plasmid pYNPala (H-rasi@n TRPY)

TT1-CDC25 MATa his3 leu2 ura3 trpl ade8 cdc25::URA3 CDC25/FL
with plasmid pRS413-250DC25 CEN HIS3

TT1-CDC25-7m MATa his3 leu2 ura3 trpl ade8 cdc25::URA3 cdc25-7m
with plasmid pRS41325—7m (CDC25-7m CEN HISB

TT1-CDC25-dH MATa his3 leu2 ura3 trpl ade8 cdc25::URA3 dH
with plasmid pRS413-25-dHJDC25-dH CEN HISB

TT1-CDC25-dH.1 MATa his3 leu2 ura3 trpl ade8 cdc25::URA3 dH.1
with plasmid pRS413-25-dH.LCDC25-dH.1 CEN HISB

TT1-CDC25-dH.2 MATa his3 leu2 ura3 trpl ade8 cdc25::URA3 dH.2
with plasmid pRS413-25-dH.ZDC25-dH.2 CEN HISB

TT1-CDC25-dB MATa his3 leu2 ura3 trpl ade8 cdc25::URA3 dB
with plasmid pRS413-25-dBJDC25-dB CEN HISB

TT1-25-Ct MATa his3 leu2 ura3 trpl ade8 cdc25::URA3 Ct
with plasmid pRS413-25-COQDC25-Ct CEN HISB

TT1-25-Ct (um) MATa his3 leu2 ura3 trpl ade8 cdc25::URA3 Ct (2u)
with plasmid pRS413-25-COQDC25-Ct 2m HIS3

MS-LL1 MATa cdc25-2 ura3-52 lys2 leu2-3,112 trp1 his3d-200 ade2 cdc25%

TT1-Cat-RasGRF MATa his3 leu2 ura3 trpl ade8 cdc25::URA3 CGRF (%)
with plasmid pad4-GEF-Ct (rasGEF-2am LEU2)

TT1-N25/CGEF MATa his3 leu2 ura3 trp1 ade8 cdc25::URA3 N25/CGRF
with plasmid pRS413-25/GEF (N25/CGRFEN HIS3

TT1-N25/CGRF/37 MATa his3 leu2 ura3 trpl ade8 cdc25:URA3, N25/CGRF/37
with plasmid pRS413-25/GRF/37 (N25/CGRF/37 CEN HIS3)

TT1-Cdc2\37 MATa his3 leu2 ura3 trpl ade8 cdc25:URA3, cdc2A37

with plasmid pRS413-cdc287 (cdc25A37 CEN HIS3)

PCR reactions were performed with Tag polymerase (Ad- The chimera N25/CGRF/37 consist ofSmd—BanHl
vanced Biotech) using the recommended procedure. PCR offragment from the 5end of CDC25 followed by a PCR
long fragments was performed with Taq Plus (Stratagene). rasGRF fragment encoding amino acids 160259 and the
Yeast transformation was performed according to Ito et al. 3' end encoding the last 37 amino acids of Cdc25. The
(21). The strain TT1-YNP, disrupted in its endogenous chimera was cloned in pRS413.

CDC25gene (see Table 1), was used for transforming all 14 cqc2m37 plasmid consists of pRS413-25 in which

the plasmids carrying deletion mutants and point mutants of the SoH—Notl fragment (encoding the last 37 amino acids
the CDC25gene. Transformants were chosen that had lost of Cde:25) was dgleted ( g

the plasmid pTRP-H-ras, and gained a pHIS-cdc25 plasmid. , . . ,
PlasmidsThe centromeric plasmid pRS413 (22) harboring pYNPala carries the mammalian H-ras gene. This plasmid
the HIS3gene was used for the expression of the full-length harbors the yeast PGK promoter and fiRP1gene g4).
CDC25, the deletion mutants and the point mutants of Site-Directed Mutagenesis, DNA Sequencing, and Se-
CDC25, and the chimeras between CDC25 and rasGRF.quence AnalysisTemplates for site-directed mutagenesis
pRS413-25 carries the full leng@DC25gene (é5al —Puull were prepared by cloning genomic DNA fragments into
fragment encoding amino acids-1588); pRS413-25-7m  Bluescript plasmids (Stratagene). Site-directed mutagenesis
carries seven point mutations in the classical CAMP depend-was performed with the Mutagenesis version 2.1 kit (Am-
ent kinase (cAPK) phosphorylation sites; pRS413-25-dH ersham) using the recommended procedure, and the mu-
carries a deletion of théipal—Hpal fragment (encoding  tagenesis plasmid were transformed i&scherichia coli
amino acids 113348); pRS413-dH.1 carries a deletion of TG1. The oligonucleotides used for creating the mutations

a fragment encoding amino acids 23348; pRS413-dH.2  were labeled with 32P and used to screen for point mutations,
carries a deletion of a fragment encoding amino acids-113  py colony hybridization.

230; pRS413-dB carries a deletion of thizglll —Bglll
fragment (encoding amino acids 35875); pRS413-25-Ct
carries the 3end of CDC25 (a Bglll—Puull fragment
encoding amino acids 878.588); pRS423-25-Ct is identical

. . . was prepared by super-infection Bf coli TG1 cells with
to pRS413-25-Ct plasmid except that it carries then2 : :
origin of replication 2). R408 helper phage (Stratagene). Sequencing reaction prod-

PAD4-GRF-Ct carries the'®nd of Ras-GRF (Xhd — ucts were run on a Long ranger (AT Biochem) gel using the
Xhd fragment encoding amino acids 842260). pAD4 is recommended procedure. Sequence a_naly5|s was done with
a shuttle vector harboring the yeast ADH promoter and the ‘_"“d of the GCG sequence analysis software package,
terminator, the EU2 gene and the 2m origin of replication ~ Version 7.0 (26).

(29). Preparation of Protein Extracts and Western Blottitigll

PRS413-N25/CGRF carries a chimeric gene comprising lysates and membranes for Western blot analysis were
the B3 end of CDC25 (a Sal—BanHlI fragment encoding  prepared as described by Garreau et).(Yeast cells were
amino acids +1253) and the '3end of Ras-GRF (a PCR  broken by vigorous vortexing with glass beads (6046 mm
fragment encoding amino acids 1005260). diameter) in ice-cold buffer: 50 mM 4-morpholinethansul-

DNA sequencing of the positive clones was performed
by the chain-termination method of Sanger et 28) (Using
the Sequence version 2.0 kit (USB). Single-stranded DNA
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fonic acid (Mes), pH 6, 0.1 mM MgG| 0.1 mM EGTA, 1 Preparation of Membranes and Adenylyl Cyclase Assay.
mM 2-mercaptoethanol, and the following protease inhibitors, Yeast cells were growmil L of YEPD to a density of 1 to
313ug/mL benzamidine, 1.36g/mL pepstatin-A, 5ig/mL 2 x 10 cells/mL, and the membranes were prepared as
leupeptin, 2ug/mL antipain, 2ug/mL chymostatin, 1Q:g/ described by Casperson et &3) with a few changes. The
mL aprotinin, 10ug/mL soybean trypsin inhibitor, 2 mM  cells were harvested by centrifugation and washed once with
phenylmethanesulfonyl fluoride, and 4 md/phenanthroline  double-distilled water and once with 0.9 M Sorbitol. The
(all from Sigma). The mixture was then centrifuged at@00 cells were then resuspended in 20 mL of 0.9 M Sorbitol,
for 5 min at 4°C to remove unbroken cells and glass beads. and the cell wall was digested by the addition of 1 mL of
The supernatant was referred to as the lysate. Crudeglusulase (NEN) and incubation at 2% for 1-3 h.
membranes were prepared by centrifuging the lysate atSpheroplasts were washed once with buffer B (0.8 M
30000@ for 10 min at 4°C. Protein concentrations were sorbitol, 5 mM N-2-hydroxyethylpiperazin®¥-2-ethane-
determined according to Lowry et ak8§) or according to sulfonic acid (Hepes) pH 7, 1 mM Ca{ll0 mM MgCh,
Peterson Z9). 0.1 mM EDTA pH 8, 1 mM MnC}) and resuspended in 3
Lysates or membrane samples containir§0 ug of mL of buffer B and 7 mL of buffer C (50 mM Mes, pH 6,
protein were boiled in Laemmli sample buffe30j, and 0.1 mM MgCh, 0.1 mM EDTA (pH 8), and 1 mM PMSF
subjected to SDSpolyacrylamide gel electrophoresis. Pro- (phenylmethanesulfonyl fluoride). Spheroplasts were broken
teins were transferred to nitrocellulose using a semidry blotter with a tight-fit dounce homogenizer {20 strokes), and the
(LKB) at 0.8 mA/cnt for 2 h. Blots were incubated for 1 h  crude lysate was stored a0 °C until use. The membrane
at room temperature with Tris-buffered saline containing 5% preparation was obtained by centrifugation of the crude
powdered skimmed milk (Cadbury) and 0.3% Tween 20 and extract at 209 for 10 min followed by centrifugation of the
allowed to react overnight at€C with the primary antibody ~ supernatant at 30009Cor 10 min. The membrane pellet
in the same solution. The immunopurified anti-Cdc25 anti- was suspended in buffer C to a final concentration~&f
body was used at a 1:100 dilutioB1), and the anti-Ras-  mg/mL.
GRF antibody (Santa Cruz) was used at 1:500 dilution. Blots  Adenylyl cyclase activity in membrane fractions was
were washed seven times for 50 min, each time with Tris-  assayed as described by Casparson eB3). The reaction
buffered saline containing 0.2% Tween 20, and incubated was carried out at 30C for 60 min and started by the
with the second antibody f@ h atroom temperature in the  addition of~100ug of protein to the reaction mixture that
same solution used for the first antibody. Horseradish- contained 50 mM Mes, pH 6, 1 mMH]cAMP (10 000
peroxidase-conjugated mouse anti-rabbit antibodies (Santacpm), 1 mM p-3?P]JATP (20-50 cpm/pmol), 20 units/mL
Cruz) were used at a 1:20000 dilution. The blots were creatine phosphokinase, 20 mM creatine phosphate, 2 mM
visualized using the ECL detection kit (Amersham). 2-mercaptoethanol, and 0.1 mM EGTA, supplemented with
Gel Shift AssayYeast cells were grown in 10 mL of either 2.5 mM MA* or 10 mM Mg?* with 0.1 mM guanosine
YEPD medium at 30C to a density of 1 to 2 107 cells/ 5'-[8,y-imido]triphosphate (Gpp(NH)p) or 0.1 mM guanosine
mL and then harvested and transferred to starvation medium5'-O-(2'-thiodiphosphate) (GDRS) in a final volume of 150
(see above). After overnight incubation, glucose was addeduL. The reaction was terminated by the addition of 120
to a final concentration of 2% for 30 s and 1 mL aliquots of stopping solution (2% SDS, 1 mM cAMP, and 12 mM
were transferred to test tubes on ice containing 20 mMMNaN ATP). Kinetic experiments were performed as described by
and 600ug/mL cyclohexamide. The cells were broken by Engelberg et al.34). [3*P]JcAMP levels were determined as
vigorous vortexing with glass beads as described above. Thedescribed by Solomon et aB%).
protein samples were separated on 7.5% acrylamide/0.4%
bis-acrylamide gels in order to obtain clear separation RESULTS
between the phosphorylated and nonphosphorylated form of Deletion of the Cdc25 N-Terminal Domain Nullifies the
Cdc25. Glucose Response indd without Affecting Guanyl Nucle-
CAMP AssayYeast cells were grown in 50 mL of YEPD  otide-Dependent Cyclase Adity in Vitro. We compared in
medium at 30°C to a density of 10cells/mL and then detail the effects of various mutations in the NTH of Cdc25
harvested and transferred to starvation medium, as describe@n intracellular levels of cAMP in response to the reintro-
by Kaibuchi et al. 82). After overnight incubation, the cells  duction of glucose following overnight starvation (“glucose
were washed once, resuspended in 50 mL of 50 mM Mes, response”) and on the efficacy of GDP/GTP exchange in
pH 6.0, and incubated for 15 min at 3€ while shaking, vitro. To this end, a series afdc25carrying plasmids, in
prior to glucose addition. Glucose was added to a final which all or part of the NTH of Cdc25 was deleted, were
concentration of 2% and 1 mL aliquots were transferred at introduced into acdc25disrupted mutant, within a centro-
different time points to test tubes, each containing 0.3 mL meric plasmid (Figures 1 and 2). All the constructs allow
of 20% perchloric acid. The tubes were incubated on ice for thecdc25disrupted mutant to grow and also allove@dc25
2 h and centrifuged and 1 mL of the supernatant was strain to grow at a nonpermissive temperature (data not
transferred to a new tube and neutralized by adding 0.4 mL shown), demonstrating that the ras pathway remains active.
of 2 M KHCOs. The neutralized samples were frozer-20 However, in cells in which the entire NTH domain of Cdc25
°C for 2 h, thawed to ensure the release of ;C@nd was deleted (CtA1—875), the level of CAMP was very low.
centrifuged. One milliliter of the supernatant was subse- These cells did not respond to glucose with a rise in cAMP,
quently transferred to a new tube and acetylation of the unlike cells that expressed the full-length Cdc25, which
samples was performed with triethylamine/acetic anhydride showed a sharp rise in cCAMP levels in response to the
(2:1). cAMP was determined by radioimunoassay ustfg reintroduction of glucose into the medium (FL; Figure 3a).
labeled anti-(acetylated cAMP) antibodies (Sigma). Adenylyl cyclase activation appeared to be unaffected in the
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used to make the deletions are shown. All the constructs were cloned

; . : FIGURE 3: Glucose response of the mutant strains. a. FL, dB, dH,
on a centromeric plasmid unless mentioned.

Ct deletion mutants depicted in Figure 1. (b) Mammalian p21
H-Ras, comparison between Ct (depicted in Figure 1) and@t (2

Q" /\‘@' (c) The dH deletion mutants.

SRS
kDa b&% > 'Jfb{,\il @Q' multicopy plasmid [Ct ()] led to elevated basal CAMP
C) [ §~ < Ca Ca levels but not to a normal glucose-induced cAMP increase
(Figure 3b, Table 3). In vitro, Ct {8 conferred high basal
220 - activity in the presence of GIIS (Table 2). Figure 4b
depicts an isogenic strain into which p21s (p21) was

. - introduced. p21-"asis not recognized by Iral or Ira2, the
-

GTPase activating proteins of S.cerevisiae and is constitu-
tively active in yeast36, 37. In this case high basal levels
of cCAMP are obtained with no glucose response (Figure 3b).
97 - To identify the subdomains within the NTH that are
involved in generating the glucose response, we examined
66 — the effects of four smaller in-frame deletions within the
region (Figures 1 and 2). None of these deletions affected
catalytic exchange in vitro (Figure 4a, Table 2, and see
FIGURE 2: Immunoblot analysis of the Cdc25 deletion mutants Pelow), as expected from the behavior of the Ct construct.
depicted in Figure 1. Ct-cen, the Ct construct cloned on a Yet, in vivo, the patterns of the glucose response curves
centromeric plasmid; Ct¢2 the Ct construct cloned in a multicopy  differed among the various mutants (Figure 3, panels a and
plasmid. The numbers on the left refer to kilodaltons. The same c). Deletion of the amino acid residues 35275 (dB) led
amount of total protein was loaded in each lane. : . :
to low basal levels of cAMP, but fairly normal induction of

mutant. In membranes prepared from the two strains, we CAMP in response to glucose (Figure 3a and Table 3). The
found no Signiﬁcant differences in the M’ngp(NH)p- difference in fold activation between the fuII-Iength Cdc25
dependent cyclase activities, nor was there a significant (FL) and dB could also imply a minor involvement of this
difference in the ratios of cyclase activity in the presence of region in glucose induction, but to our understanding, this
GppNHp to activity in the presence of GP8 (Figure 4b difference is in the range of error of the assay. On the other
and Table 2) Furthermore, the Va|ues|@’£s‘ name]y the hand, deletion of amino acid residues 1218 (dH) led to
rate of cyclase activation in the presence of Gpp(NH)p, did low basal cAMP levels and no induction of cAMP in
not differ significantly between the two strains (data not response to glucose. The region defined by dH was further
shown). These parameters measure quantitatively the ratedelineated, by looking at strains dH AZ31-348) and dH.2
of GDP/GppNHp exchange and were measured as previous]y(A113_230). dH.1 cells showed hlgh basal levels of cCAMP
described3). The glucose response curves using intact cells but poor induction of cCAMP in response to glucose (Figure
suggest that the NTH is essential for processing the g|ucose30 and Table 3) dH.2 cells exhibited diminished basal and
response, but the kinetic analyses using isolated membranesteady-state levels of cCAMP, but some increase in response
suggest that the C-terminus on its own suffices for the to glucose.
intrinsic efficacy of the Cdc25/Ras/cyclase interaction in  The differences in the basal and inducible cAMP level
vitro. seem not to be related to the expression level of the

This interpretation was supported by the finding that constructs. The mutants dB, dH, and dH.2 show low basal
overexpression of the C-terminal half of Cdc25 from a cAMP levels, whereas the expression level varies between
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Ficure 4: Adenylyl cyclase activity of the mutant strains. The data depicted is the average of two independent sets of experiments on
parallel batches of cells. Results between the two sets were with@¥¥where each cAMP determination was conducted in triplicate.
Repetitive experiments yield absolute values within 10% or less of the values depicted here. Other experimental details are given in the
Experimental Procedures.

Table 2: Adenylyl Cyclase Activity of CDC25 Mutarits

FL dH dB Ct Ct(2) p21 dH.1 dH.2
Mn2* 61.6+7 49.4+ 5 53.7+3  722+6.0 627+7.1 61.8£35  58+56 68.6+ 6.6
Mg?* Gpp NHp 40.3+ 7 31+4 447+51 579451 541431 67445  414£34  47.9+51
Mg2* GDP3S 6.1+ 1 39405 42405 7.9408  169+1.1 622+6.6  4.1+0.3 7.6+ 0.6
Gpp(NH)p GDBS 7+£0.9 7.9+1 10.6+£1.1 7.3+11  32+13  1.1+01 101412  6.3+£05
Kobs (MiN~1) 0.13+£0.02  0.15+ 0.03 ND ND 0.29+ 0.04 ND 0.07+£0.02  0.12+0.03
Vmax(PMol/min/mg) ~ 40.3£ 4.1 264+ 2.1 ND ND 67+ 7.3 ND 431+£51  352+28

aData are from three or four independent experiments with standard error of the mean.

Table 3: Parameters of Glucose Signaling of Cdc25 Mutants

levels of cAMP
FL dH dB Ct Ct(2) p21 dH.1 dH.2
starved 350k 65 246+ 81 183+ 90 143+ 22 469+ 68 796 332 171
glucose (3 6374+ 125 2564 60 3374+ 123 183443 4984 54 652 381 286
fold activation 3.86£0.7 1.4+ 0.6 2.87 1.62-0.6 1.06+ 0.1 0.96 1.53 2.4

aNumbers are in femtomoles 6AMP per 10 cells, data from Figure 3. Data were collected from four independent experiments with standard
error of the mean. For experiments in which SEM is not given only two experiments were performed but there was less than 8% difference between
the data from the two experiments. Starved: the level of cAMP (fm6léklls) before addition of glucose-@0 s). Glucose (3: the level of
cAMP 3 min after the addition of glucose. Fold activation: the ratio between the highest cAMP leve8g45after glucose addition) and the
starvation CAMP level.

them. On the other hand dH.1 and dH.2 have similar Region of the Mammalian CGRHFo further evaluate the
expression levels but their effects are different (Figure 2). role of the N-terminal region o8. cereisiae Cdc25, we
Our results suggest that the domain from amino acid 231 to constructed a chimeric gene comprising the NTH of CDC25
348 regulates the glucose response and the domains fron{N25) and the C-terminal catalytic domain of the mammalian
amino acid 113 to 230 and from 352 to 875 regulate basal Cdc25 homologue (Cdc?8/p1402s-CRF) (38) depicted as
levels of cAMP (Figure 5). Interestingly, the 11230 CGREF (Figures 6 and 7). Overexpression from a multicopy
domain (dH, Figure 1) is the region phosphorylated in plasmid or expression from a centromeric plasmid of CGRF
response to glucosdj and see below). alone permitted adc2%° mutant to grow at the nonpermis-
Membranes prepared from cells harboring thede25 sive temperature (not shown) as shown earlier by Martegani
mutations and membranes from cells harboring full-length et al. (1992) and as also shown for the C-terminal region of
Cdc25 exhibited identical Gpp(NH)p-dependent adenylyl DrosophilaSos 89). Expression of CGRF did not, however,
cyclase activity, similar ratios between the Gpp(NH)p- and confer the ability to elevate intracellular cAMP levels in
GDPBS-dependent activities and similar rates of cyclase response to glucose, and the basal cAMP levels in these cells
activation kop9 by Mg?t-Gpp(NH)p in vitro (Figure 4, Table  were very low (Figure 8a). Expression of the chimeric gene
2). Hence, the N-terminal deletions do not affect the ability from a centromeric plasmid in which CGRF was fused to
of the mutant Cdc25 proteins to catalyze guanyl nucleotide the NTH of S. cereisiae Cdc25 (N25) enabled cells to
exchange on Ras proteins, but rather affect transmission ofrespond to glucose with a rise in cAMP levels (Figures 6
the glucose signal to Ras proteins in the intact cell. and 7), but the descending portion of the response curve was
NTH and the C-Terminal 37 Amino Acids of Yeast Cdc25 missing (Figure 8a). Comparison of the amino acid sequences
Mediate the Transmission of External Signals to the Catalytic of S. cereisiae Cdc25 and p14€ ©RF showed that the most
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Ficure 5: Domains in Cdc25 which regulate inducible and basal adenylyl cyclase activity. Data from Figure 1 and Table 2 suggest that
one may differentiate between the role of the domains in sustaining the basal level of cAMP and the glucose induced rise in CAMP.

catalytic of cells harboring the wild-type plasmid (Figure 8b); intra-
N-terminal domain "25"  domain cellular cAMP levels rose sharply upon reintroduction of

Cdc25 i gtlgggfles tlgttg iLhdeu g;ccajdlgr/g land thereafter decreased to the
CDC25 promoter 1 1253 1589 - .
CEN plasmid C-Terminal 37 Amino Acids Are Not Essential for Nati
Cdc25.Deletion of the 37 terminal amino acids from native
catalytic domain Cdc25 does not affect the glucose response of cells harboring
of RasGRF this construct (Figures 7 and 8c). This is in contrast to a
Cat-RasGRF _ previous reportg). In this study, however, the gene was
Qfﬁisﬁ{?ém‘“ 844 1260 disrupted, but no molecular or biochemical characteriza-

tion of the construct was reported. It is possible that the
minimal disruption actually resulted in a replacement of the 37 amino
catalytic domain acids by a protein segment from the disrupting gene. Dele-

of R?SG%ITE tion of Cdc25 37 C-terminal amino acids did not affect the

B e v oon oot s ks e e

CDC25 promoter 1253/1005

CEN plasmid error.
37 C-terminal Cdc25 Is Mainly Phosphorylated in Its N-Terminal
amino Q§:3ic71§ Domain.We have previously demonstrated that addition of

: glucose to glucose-starved cells induces rapid phosphoryla-
N25/CGRE/37 %////////////////////////////% % tllon of Cd925, probgbly by cAMP dependent kinase (qAPK,
D25 promoer ! S 4 5). Deletion of amino acids 113348 (mutant dH), which

CEN plasmid 126071552 1589 abolished the glucose response (Figure 3), also completely
abolished the glucose-induced phosphorylation and mobility
shift (15, Figure 9A). The mutated Cdc25 protein produced

cdc25A37 by strains harboring plasmid dH.A\231—348) apparently

CDC2S promoter 1552 retains the sites which when phosphorylated in response to
CEN plaemid lucose, still induce mobility shift upon addition of glucose
FiGurRe 6: Chimeras between CDC25 and p140-rasGRF. Numbers g - ; y P 9 .
refer to the respective protein amino acids. (Figure 9A). The mutated Cdc25 produced by plasmid dH.2

(A113—-230), however, was only slightly upshifted following
terminal 37 amino acid residues of Cdc25 are very divergent. addition of glucose (Figure 9A). A computerized search of
Furthermore, truncation of these 37 amino acids from Cdc25 the Cdc25 sequence revealed seven “classical” cAPK phos-
was reported to lead to an altered glucose respdsséQy. phorylation sites, all serines residing in the N-terminal region.
We therefore constructed another chimeric gene, to expresd-our of these putative cCAPK phosphorylation sites reside in
a fusion protein including the NTH of Cdc25 (N25), the the 113-230 region (Figure 10A, dH.1 in Figure 1).
catalytic domain of rasGRF (CGRF) and the terminal 37 Mutating each of the four serines separately, or all four to
amino acid residues of Cdc25, in that order (N25/CGRF/ alanines, did not abolish completely the glucose-induced
37). This chimera expressed from a centromeric plasmid phosphorylation of Cdc25 but eliminated most of the upshift
(Figures 6 and 7) led to a glucose response approaching thain the electrophoretic mobility of the Cdc25 protein, after
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Ficure 7: Immunoblot analysis of the chimeras in Figure 6.

glucose challenge (Gross, Ph.D.thesis, 1996, data not shown)this signal to a macromolecular complex that includes Ras
On the other hand, mutating all seven serines to alanineand the Cyrl/Cdc35 cyclase. Thus, deletions within this
(cdc25-7m) led to the abolishment of the descending portion region as in dH, dH.1, dH.2, and dB (Figures 1 and 3)
of the typical glucose-induced cAMP signal (Figure 10B) interfere with the ability of the Cdc25/Ras/cyclase complex
concomitantly to the complete obliteration of the glucose- to respond to glucose and to generate cAMP under normal
induced electrophoretic mobility upshift of the mutated physiological conditions. Deletions at theénd of CDC25
Cdc25-7m (Figure 9B). have previously been shown to lead to defects in carbohy-
Cells with the cdc25-7m plasmid grew much more slowly drate metabolism and in sporulatids, @¢0), consistent with
on acetate medium than isogenic cells expressing wild-type our proposal that such deletions lead to impaired ability to
Cdc25 (Figure 11). This phenotype is similar to that of the sense the presence/absence of glucose. The N-terminal region
mutants with an overactive Ras-adenylyl cyclase pathway of Cdc25 has also been shown to interact directly with the
as mutants of bey1 (the catalytic subunit of cAPK) or mutants cyclase Cyrl/Cdc354d). The finding that cells expressing

expressing Rag21® (41). the chimeric protein N25/CGRF/37 respond almost normally
to glucose (Figure 8b) supports our hypothesis. The C-
DISCUSSION terminal 37 amino acids @&. cereisiae Cdc25 also appear

. ) to be required for normal glucose signaling (Figure 8b) when
Regulatory Role of the N-Terminal DomaiAlthough  the catalytic domain (CGRF) originates from the mammalian
several Ras exchangers from yeast, flies, and mammals havgene. These amino acid residues may confer on Cdc25 a
been cloned and studied, their exact mode of regulation hasconformation essential for the fidelity of the glucose
not been completely elucidated. In this study, we show that response.
the noncatalytic N-terminal half (NTH) of Cdc25 plays an

important role in enabling yeast cells to respond to glucose in d ion b N 1t is | . h

and in sustaining basal levels of cAMP in unstimulated cells. gy? n es%trucpon %X 411'3325'33 éﬁeresgggégsncgg that

Deletions within this region dramatically reduce the capacity eletion of amino acids . (dH) or (. ) as
well as the whole NTH (Ct) induce overexpression of the

of the cyclase system to respond to glucose (Figure 3) and/ i ) . .
or sustain basal CAMP levels. These deletions do not affectProtéin whereas smaller deletions or mutations such as in
dH.1, dH.2, or cdc25-7m do not change the expression level.

the guanyl nucleotide-dependent cyclase activity in mem- 2 '-= ~*'’ . , v
branes prepared from these cells (Figure 4, Table 2). This finding sug_gests that the domains re_gulatmg the stability
Furthermore, the ratio of GppNHp to GPB-dependent of Cdc25 are dispersed through the entire NTH.

activity and the rate of cyclase activation by MegGppNHp The noncatalytic domains of Sos also appear to play an
(34) are all very similar (Figure 4, Table 2). These findings important regulatory role in vivo. A detailed structure
rule out the trivial explanation that the deletions abolish the function analysis of DSos iBrosophilaembryos and in COS
exchange activity of Cdc25 and therefore obliterate its ability cells showed that the N-terminal noncatalytic region of Sos
to transmit the glucose signal to the Ras/cyclase complex.regulates the activity of its catalytic region, although it is
Our preferred explanation is that the NTH of Cdc25 still unclear whether the N-terminus plays a role in trans-
participates in receiving the glucose signal, and transmits ducing signals 11, 39. Domains within this region (e.g.,

The N-terminal region of Cdc25 was showen to possess a
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Thus, the effect of the regulatory domains is detectable in
vivo but not in vitro. It is likely that relatively weak protein
protein interactions, which are functional in the context of
the undisrupted intact cell, become disrupted upon cell
breakage.

Overexpression of the catalytic region of pR&0°RF
(CGRF) “bypasses” the need for Cdc25 and permits growth
of yeast cells carrying thedc2%® mutation, confirming the

) o original findings which led to the identification and cloning
FiGure 8: Glucose response of the chimeras in Figure 6. of nj4(Ras-GRF (7). Similarly, overexpression of the catalytic
E?ne(; |met?]tealEcxopne?m:st;r%rlggggﬁ?é;? those described in Figure region ofDrosophilaSos (DmSos) permits growth ofic2%°

yeast mutants3Q). The role of the N-terminal noncatalytic

the PH domain) may play a role in localizing the protein in region of Cdc25 may have been overlooked because over-
the plasma 11). Another noncatalytic region, the C-terminus expression of the catalytic region alone is sufficient to
of mSos1, inhibits the activity of the protein in vivo and its functionally rescue thedc2% phenotype. Another contribut-
deletion enhances transformatidtO( 12. ing factor was a report which claimed that yeast cells

Our findings demonstrates that the C-terminal domain of overexpressing the C-terminus of Cdc25 respond normally
Cdc25 plays no role in transmission of the glucose signal, to glucose 43), a finding which we have been unable to
but is exclusively involved in catalyzing GDP/GTP exchange. confirm with our C-terminus construct (Figure 3, panels a
Furthermore, the N-terminal domain appears to be exclu- and b). It is possible that there is a difference in the protein
sively involved in signal processing and not in catalytic product between Van Aelst et al. work and ours because of
activity. Thus, on one hand, yeast cells expressing thethe lack of promoter in our C-terminus construct. In Van
C-terminal domain of Cdc25 do not respond normally to Aelst et al. work, no characterization of the protein product
glucose in vivo (Figure 3b). On the other hand, the intrinsic was reported so a direct comparison cannot be made. The
catalytic activity of the C-terminal domain of Cdc25 does small difference in protein size might be the cause for the
not appear to be impaired by the truncations in the N-terminal difference in the glucose-response result. We find that
domain, and membranes from such cells are fully competentoverexpression of the Ct-Cdc25 causes a dramatic rise in
to carry out GDP/GTP exchange in vitro (Figure. 4) the basal levels of cCAMP in the glucose-starved state, with
Similarly, Wang et al. 12) found no difference between the the complete absence of the expected glucose-induced rise
in vitro exchange activity of the full-length Sos compared in cAMP (Figure 3, Table 3). Our data are in agreement with
to a C-terminus deleted Sos that retains the catalytic domain.those of Munder et al. who showed that deletions within the

Fmole cAMP
formed ¢ 107 cells
=23
S

£
<
<>

)
=
=3
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A which processes the glucose signal. We have previously
argued that Cdc25 is essential for allowing the Ras-activated
m (1587} cyclase (Cdc35/Cyrl) to respond to the glucose signal but
N-|  [Hpal-Hpat | [ BellPvull ¢ is not itself the signal receiver. Indeed, an activated mutant
\\ \t of cyclase when expressed in yeast allows glucose response
/ to occur, albeit in a somewhat aberrant form, in the absence
xkpf >[H] REHS KK ) of Cdc25 a}ltogether{l@. The present s_tudy suggests th_at
KKYls KKsls the N-terminal domain of Cdc25 participates in processing
resls|” the glucose signal. One possibility is that in addition to
RRGS interactions with Cdc35/Cyr4d) this domain may interact
o (135:142:151;174) (825:826} with other proteins such as the glucose transporter, glucoki-

nase, and/or hexokinasés).
Possible Role of the 37 Terminal Amino Acidghe

es]

10001 C-terminal 37 amino acids are essential for reinstating the
@ declining portion of the glucose signal when elicited from a
El 300 protein in which the catalytic domain is of mammalian origin
S (Figure 8b). The terminal 37 amino acids are highly enriched
s with positively charged amino acids. These amino acids may
g 600 interact with the N-terminal phosphorylated amino acids after
& glucose exposure, bringing about a folding of Cdc25,
E 400 resulting in the attenuation in its catalytic activity. This
< folding or conformational change could cause the observed
2 translocation of Cdc25 from the membrane to the cytosol
§ 2004 —+—TT1[CDC25,CEN] upon glucose signalinglf).The segment between amino
——TT1[CDC25-7m,CEN] acids 1488 and 1511 that possesses eight positively charged
0 : . . . , amino acids and only two negatively charged amino acids,
-100 0 100 200 300 400 may also participate in this interaction with the phosphory-
Time (sec) lated NTH. This segment is missing from the chimera N25/

Ficure 10: Glucose response of phosphorylation defective Cdc25. CGRF as compared to native Cdc25, which may account
(A) The seven putative Ser cAPK phosphorylated sites mutated to for this difference in behavior of the two constructs. At this

Ala. Point mutations were introduced using Oligonucleotide- gaq6 one cannot attribute a major role to the 37 terminal
Directed in vitro Mutagenesis Kit version 2.1 (Amersham). The T : . :
Sall—EccRV and EcoRV—BanH| fragments of CDC25 were ~ &mMino acids .of Cdc25 since their dgletlon does not affect
separately cloned into plasmid pBluescript Il K8)((Stratagene).  the glucose signal as compared to native Cdc25. Itis however
Point mutations were verified by DNA sequencing. Plasmid DNA possible that this short domain contributes to the stability of
Waz prepared frdom colonies carrying the point mutz?jtions alnd the the Cdc25/cyclase complex.

Sall—EcdRV andEcdrV—BarHI fragments were used to replace . . . .

the wild-type fragments o€DC25 Yeast cells were transformed PO§S|b!e Role of P_hosphorylatlon of the NTH in Slgnal
with plasmids carrying the replaced fragments. Other details are T€rmination. In .addltlon to Fhe role of th? N-terminal
described in the Experimental Procedures. (B) Glucose-inducedregulatory domains of Cdc25 in glucose sensing, they appear
CAMP signal of cells containing the mutated Cdc25. Glucose- to be involved in signal termination. Sequence analysis of
induced cAMP levels of TT1 [CDC25, CEN] or TT1 [CDC25-  this region revealed seven “classical” cAMP-dependent

7m, CEN] after overnight glucose-starvation. Cyclic AMP was | . - . .
determined by radioimmunoassay ustitrlabeled anti-(acetylated- kinase (CAPK) phosphorylation sites (Figure 10A). We have

cAMP) antibodies (Sigma). The graphs shown represent an averagedlready previously shown that Cdc25 undergoes phospho-

of three independent experiments. rylation, which results in the attenuation of the glucose signal
and an upward mobility shift upon electrophoresis)(
o5 CTOwth on Acetate 1o Zrowth on Glucose Similarly, phosphorylation has been shown to play a role in
T cexs L m the negative regulation of Sos. Sos phosphorylation by MAP
c 04 o 1 kinase causes its dissociation from Grid®,(17, 46-49).
g0 E 0 This phosphorylation probab!y vv_eaken_s Sos Iocalizatiop to
2 oz 2 : the membrane, thus attenuating its in vivo exchange activity
© S s without affecting its intrinsic catalytic activity. We propose
ot that the glucose response is attenuated by phosphorylation
W . T T T . of Cdc25. In our studies, deletion of amino acid residues
Time (hrs.) Time (hrs.) 113-348 (plasmid dH) eliminated the glucose-induced

Ficure 11: Growth curve on acetate medium of cells containing phosphoryla.tion of Cdc25 (Figure 9A and 'ﬁ) Deletion
the full-length Cdc25 or the mutated Cdc25-7m. Cells were grown Of the domain 113230 (dH.2, Figure 1), which possesses
in acetate medium (1% yeast extract, 2% peptone, and 1% four of the putative cAPK phosphorylation sites (Figure

potassium acetate). Optical density (OD) was measured at 600 nm.10A), abolish the upward mobility shift (Figure 9A). Site-
Other experimental details are given in the Experimental Procedures.directed mutagenesis of all seven putative cAPK sites (Figure
N-terminus of Cdc25 completely abolished the glucose 10A) completely abolished the glucose-induced mobility shift
responsef). (Figure 9B). This mutant did not alter the ascending portion
One issue of interest is whether Cdc25 is itself the signal of the glucose response curve, but abolished the decline in
receiver or is actually part of a multimolecular complex, cAMP production that normally follows the transient rise in
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cAMP (Figure 10B). These results support the suggestion
that phosphorylation of Cdc25 attenuates its activity in the
intact cell, leading to attenuation of the glucose-induced
cAMP formation (5). Mutation of the phosphorylation sites
did not affect the intrinsic catalytic activity of Cdc25.
Membranes from cells harboring tedc25plasmid in which

all seven putative cAPK sites had been mutated exhibited
normal Gpp(NH)p-dependent cyclase activity, a normal ratio
of Gpp(NH)p-dependent to GIFS-dependent cyclase ac-
tivities and normak,,s values (not shown). The phospho-
rylation sites in the N-terminal domain are close to the SH3
domain of the protein. It is possible that phosphorylation of
these sites weakens the interaction of this domain with the
adenylyl cyclase (Cdc35/Cyrl34), which in turn attenuates
the response of the macromolecular complex to glucose.
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