
the possibility of revaccination has not 
been considered: if vaccines have low effi- 
cacy as a result of the waning of vaccine- 
induced immunity, then it may be very 
simple to increase vaccine efficacy by de- 
veloping an  appropriate revaccination 
schedule (1 ). Obviously, the development 
of an  optimal vaccination campaign for 
HIV eradication may include the targeting 
of high-risk subgroups within the gay com- 
munitv and mav include revaccination. The 
development of such optimal vaccination 
uroerams for HIV eradication therefore re- . " 
quires further theoretical exploration. 

The results of our analysis suggest that 
extremely effective vaccines will have to be 
applied at high coverage levels to  achieve 
HIV eradication (1 0). The available data 
indicate that it mav be verv difficult to 
achieve the necessary high 'participation 
rates unless highly efficacious vaccines are 
developed. The  results demonstrate that 
risk behavior change and mass vaccination 
campaigns have to be considered together, 
and that it is extremely unlikely that vac- 
cines will be able to eradicate HIV in San 
Francisco unless they are combined with 
considerable reductions in risk behaviors. If 
one of the consequences of a mass vaccina- 
tion campaign is an  increase in the level of 
risk behavior, the results indicate that it 
may become impossible to eradicate HIV. 
Although we wish to stress that if HIV 
eradication proves to be impossible, prophy- 
lactic vaccines (as we have shown else- 
where) could significantly reduce the HIV 
epidemic (1 ). However, the potential con- 
sequences of HIV mass vaccination cam- 
paigns need to be evaluated carefully, be- 
cause (as we have shown in this analysis) 
such campaigns could result in a perverse 
outcome by increasing the severity of the 
euidemic. Therefore. the results illustrate 
tkat it is essential that efficacious prophy- 
lactic vaccines and efficacious behavioral 
intervention strategies be developed con- 
currently. A number of HIV prophylactic 
vaccines have already passed through phase 
I and uhase I1 clinical trials. A recent deci- 
sion gas been made to delay phase I11 trials. 
This decision has the beneficial effect of 
allowtng more time for the development of 
a quantitative theoretical framework for as- 
sessing the potential impact of prophylactic 
vaccines. We  suggest that the developing 
theoretical framework should now be used 
in guiding the design of the phase I11 clin- 
ical trials, as well as in guiding the design of 
future mass vaccination campaigns. 
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Degradation of G a  by the N-End Rule Pathway 
Kiran Madura* and Alexander Varshavskyt 

The-N-end rule relates the in vivo half-life of a protein to the identity of its amino-terminal 
residue. Overexpression of targeting components of the N-end rule pathway in Saccha- 
romyces cerevisiae inhibited the growth of haploid but not diploid cells. This ploidy- 
dependent toxicity was shown to result from enhanced degradation of Gpal , the a subunit 
(Ga) of a heterotrimeric guanine nucleotide-binding protein (G protein) that regulates cell 
differentiation in response to mating pheromones. Sst2, a protein whose absence renders 
cells hypersensitive to pheromone, was essential for degradation of G a  but not other 
N-end rule substrates, suggesting the involvement of an indirect, or trans-, targeting 
mechanism. G a  degradation by the N-end rule pathway adds another regulatory dimen- 
sion to the multitude of signaling functions mediated by G proteins. 

M a n y  regulatory proteins are short-lived in 
vivo. The metabolic instability of a protein 
makes possible a rapid adjustment of tts 
concentration or subunit composition 
through changes in the rates of its synthesis 
or degradation. The essential determinants 
of one degradation signal, named the N-  
degron, are a destabilizing NH2-terminal 
residue and an internal lysine residue of a 
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substrate protein (1-3). The lysine-residue 
is the site of formation of a multiubiquitin 
chain, which comprises several covalently 
linked ubiquitin moieties (2,  4). A set of 
N-degrons containing different destabiliz- 
ing residues is manifested as the N-end iule, 
which relates the in vivo half-life of a pro- 
tein to the identity of its NH2-terminal 
residue (1,  2). Ubiquitin is a 76-residue 
protein, the conjugation of which to other 
proteins plays a role in many cellular pro- 
cesses, primarily through routes that in- 
volve protein degradation (4). The only 
known physiological substrate of the N-end 
rule pathway has been the RNA polymerase 
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of Sindbis virus (5). [The N-end rule was 
discovered with artificial (engineered) pro- 
tein substrates (1, Z).] We have now iden- 
tified a second physiological substrate of 
this pathway: the a subunit of a G protein 
in S , cerevisiae. 

The S. cerevisiae Ubrl protein, also 
termed N-recognin or E3, initiates the tar- 
geting of an N-end rule substrate by binding 
to its NH2-terminal residue (2, 6). Al- 
though ubrlb mutants are unable to de- 
grade N-end rule substrates, they grow at 
nearly normal rates and are phenotypically 
similar to congenic wild-type strains in oth- 
er respects (6). In a search for an informa- 
tive phenotype linked to the N-end rule 
pathway, we overexpressed UBRl and 
UBCZ in yeast from the plasmid pKM13 13 
(Fig. 1A). The S. cerevisiae UBCZ gene 
encodes a 20-kD ubiquitin-conjugating en- 

Fig. 1. Toxicity of overexpressed 
N-end rule pathway components. 
(A) The S. cerevisiae strain JD47- 
13C (10) was transformed with 
pKM1313, a URA3-based plasmid 
containing UBRl and UBC2 under 
the control of the P,, ,, ,, promoter 
(26). Transformants were plated on 
synthetic medium lacking uracil 
(23) and containing glucose or ga- 
lactose (the latter induces the 
P,,,, ,, promoter). (B) As in (A), ex- 
cept cells were transformed with 
pKM1319, which expressed UBC2 
but not UBRl (26). (C) As in (A), 
except cells were transformed with 
both pKM1313 and pKM1362-2, 
which encoded Ga-HA under the 
control of the PC,, promoter (26). 
Cells in (A) and (B) were also trans- 
formed with pJDPREdha, a control 
(vector) counterpart of pKM1362-2. 

zyme (2 ,4)  that is an essential component 
of the N-end rule pathway and is physically 
associated with Ubrl (7). 

Overexpression of Ubrl and UbcZ im- 
paired cell viability: S. cerevisiae trans- 
formed with pKM1313 grew normally in 
the presence of glucose, but plating efficien- 
cy and growth rate were markedly decreased 
in the presence of galactose (Fig. 1A). This 
effect required overexpression of both Ubrl 
and Ubc2; the growth of cells that overex- 
pressed either UbcZ or Ubrl alone was not 
impaired (Fig. 1B) (8). Both a-type and 
a-type cells (9) were sensitive to overex- 
pression of Ubrl and UbcZ (Fig. 1A) (8). 
We searched for suppressors of N-end rule 
toxicity by transforming pKM1313-con- 
taining cells with a yeast genomic DNA 
library. This screen (10) yielded a resis- 
tance-conferring plasmid, pKM627-2.1, 

plus 

PCUP, (vector alone) 

plus 

GPAI-HA 
Pcupr 

that contained most of the normally re- 
pressed HMLa locus bearing the MATa 
mating-type cassette (9). These and other 
data (10) suggested that the ability of 
pKM627-2.1 to protect the MATa strain 
used in the screen from the toxicity of 
overexpressed Ubrl and Ubc2 might result 
from a pseudodiploid a/a state produced in 
a-type cells through expression of the nor- 
mally silent HMLa locus from pKM627- 
2.1. 

This conjecture was confirmed by in- 
troducing pKM13 13 into diploid a /a  cells: 
The growth of transformed cells was un- 
perturbed in the presence of galactose 
(Fig. 2, A and B). Control experiments 
showed that Ubrl and UbcZ were over- 
expressed to approximately equal extents 
in haploid and diploid cells (8). The ef- 
fect of cell ploidy suggested that overex- 
Dression of Ubrl and UbcZ enhanced the 
hegradation of an N-end rule substrate 
whose presence, at a certain minimal lev- 
el, was required for normal growth of 
haploid but not diploid cells. One candi- 
date for such a substrate was G a  (1 1 ), a 
component of the mating response path- 
wav that onerates in both a and a cell 
types but is repressed in a/a diploids; the 
latter therefore do not r e s~ond  to  hero- 
mones (12). Similar to its homologs in 
other eukaryotes, the yeast G protein is 
associated with the inner surface of the 
plasma membrane and consists of three 
subunits-a, p, and y-that are encoded, 
respectively, by GPAI, STE4, and STE18 
( 1 2, 1 3). The binding of a pheromone by 
a receptor in the plasma membrane results 
in activation of the rece~tor-cou~led G 
protein, the a subunit of which exchanges 
its bound guanosine diphosphate (GDP) 
for guanosine triphosphate (GTP) and ap- 

Fig. 2. Toxicity of overexpressed N-end 
rule pathway components is influenced by 
cell ploidy and the presence of STE4 or 
SST2. (A and B) Haploid (JD47-13C) and 
diploid (KMDGO) S. cerevisiae (27) were 
transformed with pKM1313, which ex- 
pressed UBRl and UBC2 from Pa,,. ,, 
(26). Transformants were streaked on ura- 
cil-lacking synthetic media (23) containing 
glucose (A) or galactose (B). (C and D) As in 
(A) and (B), respectively, except that a hap- 
loid ste4A strain and its congenic S E 4  
counterpart (27) were transformed wlh 
pKM1384, a TRP1 -based counterpart of the 
URA3-based pKM1313 (26). (E) A haploid 
sst2A strain and its congenic SST2 counter- 
part KMYSO1 (27) were transformed with 
pKM1313 (26) and streaked on a galactose- 
containing plate (both strains grew on glu- 
cose-containing plates). 

I Glucose Galactose I parently dissociates from the py  subunits. 
The active G p y  complex initiates a cas- 
cade of reactions that include growth ar- 

Glucose Galactose Fl 
5512 .,>,LA 

Glucose Galactose Galactose 

rest in the G I  phase of the cell cycle, 
induction of specific proteins, and other 
changes that prepare the cell for mating 
with a cell of the opposite mating type 
(1 2. 13 ). Hvdrolvsis of bound GTP bv G a  . .  . , , 
restores the heterotrimeric G protein and 
thereby inactivates Gpy. The activated 
(GTP-containing) G a  participates in ad- 
aptation pathways that counteract the 
mating response; one function of adapta- 
tion is to make possible the resumption of 
cell division in the Dresence of a  hero- 
mone if mating fails to occur (1 3). 

If G a  were short-lived. and if its dema- - 
dation were enhanced by overexpression of 
Ubrl and Ubc2, the resulting decrease in 
the molar ratio of G a  to Gpy would be 
expected to impair cell growth by freeing 
Gpy to arrest cells in G,. Because neither 
G a  nor Gpy is expressed in diploid (ala) 
cells (13), this model accounted for both 
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the toxicity of overexpressed Ubrl and 
UbcZ and the confinement of toxicity to 
haploid cells. The model predicted that ei- 
ther overexpression of G a  or elimination of 
GPy should suppress the toxicity. Indeed, 
haploid cells transformed with pKM 13 13 
and pKM1362-2 (which contains GPAl 
under the control of the P,,,, promoter) 
continued to grow in the presence of galac- 
tose (Fig. 1C). In contrast, the growth of 
cells transformed with pKM1313 and the 
vector counterpart of pKM1362-2 was im- 
paired in the presence of galactose (Fig. 
1A). We also compared a strain lacking the 
STE4-encoded GP subunit (14) and a con- 
genic STE4 strain. The growth of ste4A 
cells was unimpaired by overexpression of 
Ubrl and UbcZ (Fig. 2, C and D), in agree- 
ment with the model. 

To follow the metabolic fate of Ga ,  we 
extended its COOH-terminus with a 23- 
residue sequence containing two copies of 
the hemagglutinin (HA) epitope (15). 
Cells transformed with pKM1362-2 
(which encoded Ga-HA) and pKM1313 
were transferred to a galactose-containing 
medium and incubated with [35S]methi- 
onine for 5 min and then incubated for 
various times in the presence of unlabeled 
methionine. Proteins were then extract- 
ed, immunoprecipitated with antibodies to 
HA, and fractionated by SDS-polyacryl- 
amide gel electrophoresis (SDS-PAGE). 
Ga-HA had a half-life of only -10 min in 
S. cerevisiae overexpressing the N-end rule 
pathway components (Fig. 3, A and E). In 
contrast, the half-life of Ga-HA was >10 
hours in ubrlA cells that lacked the N-end 
rule pathway (Fig. 3, B, D, and E), indicat- 
ing that the metabolic instability of G a  
results from its degradation by this pathway. 
Ga-HA was a moderately short-lived pro- 
tein (half-life of -50 min) in wild-type 
(UBRI) cells that did not overexpress com- 
ponents of the N-end rule pathway (Fig. 3, 
A, D, and E) (16). A decrease in the met- 
abolic stability of G a  in cells overexpress- 
ing Ubrl and UbcZ was also indicated by a 
decrease in the amount of 35S associated 
with Ga-HA immediately after the incuba- 
tion with r5S]methionine (Fig. 3, A and F); 
such a change in the labeling intensity of a 
short-lived protein results at least in part 
from an alteration in the rate of its degra- 
dation during the labeling period (1 7). 

Longer fluorographic exposures revealed 
G a  species larger than the 53-kD Ga-HA 
(Fig. 4), suggesting that these derivatives of 
G a  contained a multiubiquitin chain (2,4). 
Similar species were also observed with 
Ga451Ga47z-HA, a protein that contained 
a COOH-terminally truncated, 451-residue 
G a  linked to the full-length, 472-residue 
G a  bearing the HA tag (Fig. 4). The large 
molecular size derivatives of Ga451Ga47z- 
HA were at least as short-lived as the un- 
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Fig. 3. Metabolic labeling and degradation of G a  in cells containing, lacking, or overexpressing N-end rule 
pathway components. (A) The haploid strain JD47-13C (70) transformed with pKM1362-2 (which 
expressed Ga-HA from P,,,) and pKM1313 (which expressed UBRl and UBC2 from P,,,,,J (26) 
was grown in synthetic medium containing raffinose (lanes a to d) or galactose (lanes e to h) (23). Cells 
were labeled with r5S]methionine for 5 min at 30°C, and then incubated without label for 0,10,30, or 60 
min. Samples were subjected to immunoprecipitation with antibodies to the HA epitope, and immuno- 
precipitates were resolved by SDS-PAGE (28). (B) As in (A), except with the congenic ubrlA strain JD55 
(transformed with pKM1362-2 and pKM1319) (26,27), which lacked the N-end rule pathway. (C) As in 
(A), except that instead of pKM1362-2, cells were transformed with pKM1363-2, which encoded GaP2- 
HA (in which the wild-type Gly2 of Ga-HA was replaced with Ala) (26). (D) As in (A), except that JD47-13C 
(UBRI) (lanes a to d) or the congenic ubrlA strain JD55 (lanes e to h) was transformed with only 
pKM1362-2 and grown in the presence of glucose. A minor band above that of Ga-HA in (A), (B), and (D) 
corresponds to nonmyristoylated Ga-HA (73, 16, 29). Positions of 69- and 45-kD molecular mass 
standards are indicated. (E) Electrophoretic patterns obtained with cells grown in galactose were quan- 
tified with Phosphorlmager (Molecular Dynamics) (30). For each of the curves, the amount of 35S in the 
G a  bands immediately after the labeling period (with the signals form unmodified and myristoylated Ga 
added together) was taken at 100% (37 ). (.) G a  in ubrlA UBC2 cells; (0) G a  in wild-type (UBR1 UBC2) 
cells; and G a  in cells overexpressing the N-end rule pathway components. (F) As in (E) except that the 
amount of 35S in G a  immediately after the labeling period in ubrlA cells was taken at loo%, and 35S 
values at other points in the three curves were plotted as percentages of that amount (31 ). 

modified Ga451Ga47z-HA and were more 
abundant in cells that overexpressed Ubrl 
and Ubc2. To verify the presence of ubiq- 
uitin in these derivatives of Ga, we trans- 
formed cells with a plasmid that encodes a 
variant of ubiquitin (Myc-Ub) that bears a 
13-residue NH2-terminal extension derived 
from human c-Myc and is similar to wild- 
type ubiquitin in its ability to be conjugated 
to and cleaved off acceptor proteins (18). 
However, because Myc-Ub is -1.5 kD larg- 
er than ubiquitin, the incorporation of 
Myc-Ub into substrate-linked multiubiq- 
uitin chains can be readily detected through 
a decrease in the electrophoretic mobility of 
the modified protein (18). The derivatives 
of Ga451Ga472-HA from cells that ex- 
pressed both wild-type ubiquitin and Myc- 
Ub indeed migrated more slowly than the 
analogous species from cells that did not 
express Myc-Ub (Fig. 4). Similar results 
were obtained with Ga-HA (8). Thus, G a  
is ubiquitintated in vivo, as would be ex- 
pected for a substrate of the N-end rule 
pathway (2). 

In yeast and other eukaryotes, the re- 
moval of the NHz-terminal methionine 
from newly synthesized G a  is followed by 
the enzymatic myristoylation of the new 
NHz-terminal glycine (1 1-13). This modi- 
fication is essential for the function of Ga: 
Replacement of Gly2 in S. cerevisiue G a  
with alanine precludes myristoylation and 
renders G a  unable to inhibit the activity of 
GPy (13). However, the GlyZ+Ala substi- 
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tution did not perturb the degradation of 
G a  (Fig. 3C), indicating that the myristo- 
ylated NHz-terminus of G a  is not required 
for its targeting by the N-end rule pathway. 
Overexpression of the N-end rule pathway 
components did not result in a significant 
decrease in substrate specificity of the path- 
way, because test proteins bearing stabiliz- 
ing NHz-terminal residues (2) remained 
long-lived in cells overexpressing Ubrl and 
UbcZ (8). In addition, the half-life of a 
short-lived derivative of the Mata2 repres- 
sor [which is targeted by a pathway distinct 
from the N-end rule pathway (1 9)] was not 
further decreased in cells overexpressing the 
N-end rule pathway components (20). Ga- 
Pgal, a fusion of G a  and Escherichia coli 
P-galactosidase, was degraded similarly to 
Ga-HA (Fig. 3) (8), indicating that the 
COOH-terminal HA tag did not contribute 
to metabolic instability of Ga-HA. 

No cleavage products of Ga-HA were 
observed in metabolic labeling experiments 
(Fig. 3A), making it unlikely that the tar- 
geting of G a  was initiated by a cut that 
yielded a G a  fragment bearing a destabiliz- 
ing NH2-terminal residue. A model in 
which cleavage was rate-limiting for G a  
degradation (which would account for the 
negligible concentration of a cleavage prod- 
uct) was made unlikely by the absence of 
changes in the apparent size of Ga-HA 
from ubrlA cells (Fig. 3D), in which a 
cleavage product would be expected to ac- 
cumulate. Moreover, a Ga-HA tagged at 



Fig. 4. Multiubiquitination of Ga. (Lanes a and b) - - GWCS.+ ~ala~hrse 

the strain JD47-13C (70) transformed with lo 10 0  10 10C~(mm)UbMycllb 

pKMl362-2 (which expressed Ga-HA from b,) sD ~ ~ 1 ,  ,a and pKM1313 (which expressed UBRl and UBC2  MUM^ =:= 
.I. - - - & H A -  

from P,,,,,d (26) was grown at 30°C in synthetic , , , , ' I  

medium containing raffinose (23). Cells were labeled G ~ P ~ - H A  G & ' G ~ ~ - H A  & s ~ G ~ P ? ~ - H A  

with r5S]methioninefor 5 min and then incubated in 
the absence of label for 0 or 10 min (chase). Samples were subjected to immunoprecipitation with an antibody 
to the HA epitope, and immunoprecipltates were resolved by SDS-PAGE (28). Fluorograrns were overex- 
posed approximately tenfold in comparison to those shown in Fig. 3. (Lanes c and d) As in lanes a and b, 
except that cells were grown in galactose-containing medium, which induced overexpression of Ubrl and 
Ubc2. (Lanes e and f) As in lanes a and b, except that cells were transformed with pKM1362-1 (instead of 
pKM1362-2) (26), which encoded Ga451 Ga472-HA. (Lanes g and h) As in lanes e and f, except that cells were 
grown in galactose-containing medium. (Lane i) As in lane g, except from a dierent expeliment. (Lane j) As in 
lane i ,  except that cells were also transformed with YEpl05, a high-copy number plasmid encoding Myc-Ub 
under the control of Pcupl (26). Half-open brackets indicate ubiquitinated Ga451Ga472-HA. Asterisks be- 
tween lanes d and e indicate some of the ubiquitinated Ga-HA species. The -100-kD Ga451Ga472-HA is 
nearly twice as large as Ga-HA. Ub, ubiquitin. 

the NH2-terminus with the FLAG epitope 
(21 ) retained this epitope in the course of 
degradation (8), indicating that the NH2- 
terminus of G a  is not im~ortant in the 
targeting of the protein by the N-end rule 
pathway, and that an N-degron of G a  is not 
produced by an internal cleavage within the 
G a  polypeptide. 

The degradation of N-end rule substrates 
in S. cerevisiae is selectively inhibited by 
dipeptides that bear destabilizing NH2-ter- 
minal residues and compete with N-end 
rule substrates for binding to one of the two 
binding sites in N-recognin (17). Specifi- 
cally, dipeptides bearing a type 1 destabiliz- 
ing NH2-terminal residue (2) such as Arg 
inhibit the degradation of N-end rule sub- 
strates bearing NH2-terminal Asn, Gln, 
Asp, Glu, His, Lys, or Arg. However, the 
same dipeptides do not inhibit the degrada- 
tion of otherwise identical substrates bear- 
ing any of the type 2 destabilizing NH2- 
terminal residues: Phe, Leu, Trp, Tyr, or Ile 
(17). The opposite pattern is observed with 
dipeptides bearing a type 2 destabilizing 
NH2-terminal residue such as Leu (17). 
Degradation of G a  was inhibited by the 
Leu-Ala dipeptide (added to the medium) 
but not by Ala-Leu or Arg-Ala (8), indicat- 
ing that an essential step in the targeting of 
G a  is binding of a type 2 destabilizing NH2- 
terminal residue by the type 2 site of 
N-recoenin. - 

Given these experimental constraints, 
we considered the possibility that G a  is 
targeted for degradation in a complex with 
another protein. The two determinants of 
an N-degron can residue in different sub- 
units of an oligomeric protein (2,3). In the 
case of Ga, this model posits the existence 
of a protein that binds to G a  and (unlike 
G a )  bears a destabilizing NH2-terminal res- 
idue, with G a  being targeted in trans. One 
candidate for this G a  ligand was the SstZ 
protein; genetic evidence (13, 22) suggests 
that Sst2 interacts with Ga. An sst2A 
strain, unlike a congenic wild-type (SST2) 
strain, was resistant to overexpression of the 

N-end rule pathway components (Fig. 2E). 
Moreover, G a  was metabolically stable in 
sst2A cells overexpressing Ubrl and Ubc2, 
whereas other (engineered) N-end rule sub- 
strates remained short-lived in sst2A cells (8). 
The discoverv that SstZ is reauired for G a  
degradation by the N-end ruie pathway is 
consistent with the indirect tareetine model. - - 

The physiological implications of our re- 
sults remain to be understood. A ubr1A 
mutant, which lacks the N-end rule path- 
way, was indistinguishable from a congenic 
wild-type strain in an assay (23) that de- 
tects the inhibition of cell division by a 
  her om one (8).  However. when the re- . . 
sponse was assessed by measuring the induc- 
tion of FUSI-one of the early response 
genes (1 2, 13)-after the addition of a-fac- 
tor to a-type cells, maximal FUS1 expres- 
sion was greater in ubr1A cells than in 
congenic wild-type (UBRI ) cells (8). Be- 
cause it is likely that the half-life of G a  is 
influenced by its functional state (Ga can 
be GTP- or GDP-bound, covalently modi- 
fied, or associated with GPy, the phero- 
mone receptor, and other G a  ligands), the 
degradation of G a  in yeast may function 
either to augment or inhibit cellular re- 
sponses to a pheromone. 

A G,-type G a  is short-lived in mouse 
cells (24), suggesting that G a  subunits in 
other organisms may also be degraded by 
the N-end rule pathway. The activation of 
mouse G a  shortens its half-life in vivo (24), 
suggesting a regulatory function for the 
metabolic instability of Ga. Furthermore, 
the differentiation of rat pheochromocyto- 
ma PC12 cells is inhibited by dipeptides 
bearing destabilizing NH2-terminal residues 
(25). Our results suggest that dipeptides 
may suppress cell differentiation through 
metabolic stabilization of the relevant G a  
subunits in PC12 cells. 
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Ras-Dependen t Growth Factor Regulation 
of MEK Kinase in PC12 Cells 

Carol A. Lange-Carter* and Gary L. Johnson 

Mitogen-activated protein kinases (MAPKs) are rapidly activated in response to stimu- 
lation of diverse receptor types. MAPKs are positively regulated by phosphorylation on 
threonine and tyrosine by MAP kinase or extracellular signal-regulated kinase (ERK) 
kinases (MEKs). MEK kinase (MEKK) is part of a family of serine-threonine protein kinases 
that phosphorylate and activate MEKs independently of Raf. MEKK was rapidly and 
persistently activated in response to stimulation of resting PC12 cells with epidermal 
growth factor (EGF). Nerve growth factor (NGF) and 12-0-tetradecanoylphorbol-13-ac- 
etate (TPA) also activated MEKK, although to a lesser degree than did EGF. Activation 
of MEKK and B-Raf in response to EGF was inhibited by expression of dominant negative 
Ni7Ras. Expression of oncogenic Ras resulted in activation of MEKK. Stimulation of 
synthesis of cyclic adenosine 3'3'-monophosphate abolished activation of MEKK and 
B-Raf by EGF, NGF, and TPA. Thus, Ras simultaneously controls the activation of mem- 
bers of the Raf and MEKK families of protein kinases. 

T h e  MAP kinase regulatory network is 
activated as a result of sequential phosphor- 
vlation reactions in resDonse to stimulation 
of cells by growth factors, hormones, or 
neurotransmitters (1, 2).  MAPKs are acti- 
vated by phosphorylation on  specific ty- 
rosine and threonine residues by MAPK (or 
ERK) kinases (MEKs) (3, 4),  of which at 
least three have been cloned from metazoan 
species (5-7). MEKs are in turn regulated 
by serine-threonine kinases of the Raf fam- 

ily, including c-Raf-1 (8, 9) and B-Raf ( l o ,  
I1 ). The  mammalian homolog of the yeast 
protein kinases Byr2 (Schi~osaccharomyces 
pombe) and S T E l l  (Saccharomyces cereui- 
siae), termed MEK kinase (MEKK), also 
phosphorylates and activates MEKs inde- 
pendently of Raf (12). Raf-1 and MEKK 
phosphorylate the same sites on  MEK-1 in 
vitro, and these sites are phosphorylated in 
vivo after growth factor stimulation of cells 
(1 3). Because there are multiple distinct but 

Fig. 1. Activation of MEKK, B-Raf, and Raf-1 by A 
growth factors. (A) Phosphorylation of catalytically MEKK 0-Raf Raf-1 -- - - 
inactive MEK-I by immunoprecipitated MEKK, = - a - 
B-Raf, or Raf-1. PC12 cells were incubated in star- 
vation medium [Dulbecco's modified Eagle's medi- 
um (DMEM) and 0.1 % bovine serum albumin (BSA)] 
for 18 to 20 hours and left untreated or treated with 
EGF (30 ng/ml), NGF (100 ng/ml), or TPA (200 nM) 
for 5 min. MEKK was immunoprecipitated from ly- 
sates containing equal amounts of protein with an 
anitserum to a fusion protein encoding the NH,- 
terminal portion of MEKK (32). Immunoprecipita- 
tions and in vitro kinase assays were performed as R . .- . . . 

sates described above. Antiserum to a COOH-ter- " ' - - ' -  '" 
Y -  ' " - ' - ' -  

Minutes LY z Minutes 
minal ~ e ~ t i d e  of B-Raf and anitserum to the 12 r 

~00~- te rmina l  amino acids of Raf-1 (Santa Cruz 
5 

Biotechnology) were used for the appropriate immunoprecipitations. Equal amounts of MEKK, B-Raf, or 
Raf-1 were immunoprecipitated from each lysate as demonstrated by immunoblotting ( 7  7). (6) Time 
course of EGF-stimulated MEKK and B-Raf activation. MEKK or B-Raf was immunoprecipitated from 
lysates of PC1 2 cells treated with EGF (30 ng/ml) for 0, 1, 3, 5, 10, 15, or 20 min and incubated with 
catalytically inactive MEK-1 (150 ng) and [y-32P]ATP as described for (A). 
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