
pared in the cosmid cloning vector pJSRI, which 
was constructed by ligating a 1.6-kb Bgl II fragment 
containing the bacteriophage lambda cos site from 
pHC79 [B. Hohn and J. Collins, Gene 11,291 (1 980)l 
into the Bgl I site of pRR54 [R. C. Roberts, R. Bu- 
roni, D. R. Helnski. J Bacteriol 172, 6204 (199O)I. 

23. A 1.7-kb Bam HI fraginent isolated from plasinid 
pMSl50 containing the toxA gene (24) and a 3.0-kb 
Bain HI-Pst I fragment from plasmid pSL2 contain- 
ing thep1cS gene [S. Lory and P. C. Tai, Gene 22.95 
(198311 were used to probe the UCBPP-PA14 
genomlc library In pJSR1 (22). 

24 S. Low, M. S. Stroin, K. Johnson, J. Bacteriol. 170, 
714 (1988). 

25. The oligonucleotides 5'-GCTAGTAGTCGATGA- 
CC-3' and 5'-GTGGCATCAACCATGC-3' were de- 
signed on the basis of the sequence of the gacA 
gene (19) and were used to amplify a 625-base pair 
(bp) product containing the gacA gene of P, fluore- 
scens, which in turn was used to probe the UCBPP- 
PA14 genomic library in pJSRl (22). 

26. A3.6-kb Bgl I-Bam HI fraginent containing thepicS 
gene was subcloned into the Baln HI slte of pBR322 
and then mutagenzed by insertion of a gentamicin- 
resistance gene cassette into the Xho I site of the 
plcS gene to construct pLGR201. The gentamicin- 
resistance gene cassette is a 1.8-kb Bam HI frag- 
inent froin plasmd pH1 J [R. A. Rubin. Piasinid 18, 
84 (198711 provided by S. Lory The Xho I site is 
located approximately in the middle of thepicS-cod- 
ing region (1 7). A 1.6-kb Bam HI fragment containing 
the toxA gene was subconed into pBR322 and then 
mutagenized by introduction of the gentamicin cas- 
sette into the B g  I site of the toxA gene to construct 
pasmd  pLGR202. The Bgl I site is located near the 
mlddle of the toxA-coding region (24). A 2.4-kb Hind 
Ill-Eco RI fragment containing the gacA gene was 
subcloned into pBR322 and then mutagenized by 
insertion of the gentainicin cassette into the Bam HI 
site of gacA to construct the plasinid pLGR203. Ap- 
proximately 300 bp of the presumptive gacA gene 
was sequenced (from the Bam HI site) and was 
found to exhibit 89% identity at the nuceotde level to 
the P, fluorescens gacA gene (19). The Bam HI site is 
located near the middle of the P, aeruginosa gacA 
gene-coding region. 

27. Plasmids pLGR201, pLGR202, and pLGR203 were 
used for gene repaceineiit of picS, toxA, and gacA 
genes, respectively, as described [L. G. Rahme, M. 
N Mindrinos, N. J. Panopoulos, J. Bacterioi. 170. 
575 (1 991)], by first selecting for resistance to gen- 
tainicin (30 ~ g l m l )  and then screening for sensitivity 
to carbenc~lin (300 ~p,g:inl). Three independent gacA 
mutants were constructed. The structures of all of 
the resulting marker exchange mutations were ver- 
fed by DNA blot analysis. The UCBPP-PA14 picS 
mutant exhibited reduced hemolflic activity on blood 
agar plates (1 7) and the UCBPP-PA14 gacA inutant 
exhibited sensitivity to ultraviolet (UV) radiation (21) 
and did not produce exrracellular cyanide (19). None 
of these three mutations had any detectable effect 
on either the growth rate or the final density of the 
bacteria in vitro compared to the wild type in either 
rich or minimal media. 

28. Statistical significance for mortairy dara was derer- 
mined by the x"est with Yates'correcton Differ- 
ences between groups were considered sratisticaly 
significant at P 5 0.05. A the mutants were signifi- 
cantly different from the wild type iplcS and toxA, P 
5 0.05: gacA, P 5 0.00005). 

29. A 6 . 1 k b  Bam HI fragment containing the plcSR 
operon of strain UCBPP-PA14 was subconed into 
the Bain HI site of plasmd pRR54 aiid used for 
genetic compleinentation studies. A 2.4-kb Eco RI- 
ECO RVfragment containing only the to,uA gene froin 
P, aeruginosa strain PAK was cloned in the Sma I site 
of pRR54 and used for complementation studies An 
8.7-kb DNA fragment containing the gacA-uvrC 
operon of strain UCBPP-PA14 was cloned in the 
poylinker of pRR54 and used for compleinentation 
studies, In addition, a 2.4-kb Hind I-Eco R frag- 
inent containing the UCBPP-PA14 gacA gene was 
cloned into pBR322 and used to replace the gacA 
gene interrupted by the gentamicin cassette with a 
wild-type copy of gacA, In the mouse model, the 
lethality elicited by the complemented picS and toxA 

inutants and the reconstructedgacA strain was not 
statistically different from that of the UCBPP-PA14 
wild type. The compleinented gacA mutant was UV- 
resistant, synthesized cyanide, and elicited approxi- 
mately 50°h lethality in the mouse inodel as coin- 
pared to Ooh for thegacA mutant. In the plant model, 
the complemented picS and toxA mutants and the 
reconstructed gacA+ strain elicited disease symp- 
toms similar to those of wild-type UCBPP-PAl4, the 
reconstructed gacA + strain grew to wild-type levels, 
the final population level of the complemented 
gacA mutant was approxiinately 1.5 orders of 
magnitude less than that of the wild type, and the 
complemented toxA and pIcS mutants grew to a 
level that was approxiinately 0.5 order of magni- 
tude less than that of the wild type. The partial 
complementation observed in some of these ex- 

perimeiits may be due to gene dosage effects. 
30. The toxA gene is not known to be part of an operon. 

Because the plcS gene is situated in an operon with 
plcR, a gene that regulates plcS expression, and the 
gacA gene is situated in an operon with uvrC, the 
reduced pathogenicity phenotypes of the plcS and 
gacA mutants may be due to polar effects on the 
downstream picR or uvrC genes. 
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Reversal of Raf-1 Activation by Purified and 
Membrane-Associated Protein Phosphatases 

Paul Dent, Tomas Jelinek, Deborah K. ~o r r i sd i i ,  
Michael J. Weber, Thomas W. Sturgill* 

The Raf-1 protein kinase participates in transduction of mitogenic signal< but its mech- 
anisms of activation are incompletely understood. Treatment of human Raf-1 purified from 
insect Sf9 cells co-expressing c-H-Ras and Src(Y527F) (in which phenylalanine replaces 
tyrosine at residue 527) with either serine-threonine or tyrosine phosphatases resulted in 
enzymatic inactivation of Raf-1. Inactivation of purified Raf-1 was blocked by addition of 
either the 14-3-31, protein or heat shock protein 90. Loading of plasma membranes from 
transformed cells with guanosine triphosphate (GTP) resulted in inactivation of endog- 
enous or exogenous Raf-I; iflactivation was blocked by inclusion of protein phosphatase 
inhibitors. These results suggest the existence of protein phosphatases in the cell mem- 
brane that are regulated by GTP and are responsible for Raf-1 inactivation. 

T h e  proto-oncogene proiluct Raf-1 IS a 
serine-threonine motein kinase that func- 
tions 111 one or Inore protein kinase cascailes 
important for mitogenic signaling (1 ). Raf-1 
phosphorylates and activates mitogen-acti- 
vated protein (MAP) kinase kinase (MKK, 
also knon,n as IMEK), the specific activator 
of MAP kinase. MAP kinase in turn phos- 
phorylates several regulatory proteins (2 )  in 
the cytoplasm anil 11~1cleus to alter the pro- 
gram of transcription anil translation re- 
quired for mitogenesis. 

The rnechanisln of Raf-1 activation is 
~lnclear. Activation of Raf-1 in vivo occurs 
at the plasma rnernbrane anil is ilependent 
on association with the g~lanosine triphos- 
phate (GTP)-bound form of Ras (1 ). Arti- 
ficial targeting of Raf-1 to the plasma mem- 
brane in vivo bypasses Ras ilependence anil 
results in an enhancement of Raf-1 enzymat- 
ic activity (3). Raf-1 is also activated in vitro 

P. Dent and T. W. Sturgl, Howard Hughes Medical lnst- 
tute and Markey Center for Cell Signaling, Departinents 
of Medicine and Pharmacology. University of Virginia, 
Charlottesville, VA 22908, USA. 
T Jelinek and M.  J. Weber, Department of Microbiology, 
University of Virginia, Charlottesville. VA 22908. USA. 
D. K. Morrison, Advanced Bioscience Laboratories n c .  
Basic Research Program, National Cancer Institute-Fre- 
derick Cancer Research and Development Center, Freci- 
erck, MD 21 702, USA. 

^To whom correspondence should be addressed. 

by p~~rified plaslna membranes from trans- 
formeil cells in an ailenosine triphosphate 
(ATP)-depenilent manner (4). However, 
the association of p~~rified Raf-1 anil Ras 
proteins in the presence of ATP in vitro is 
not sufficient for Raf-1 activation, suggesting 
that an ATP-dependent rnechanis~n such as 
phosphorylation exists for Raf-1 activation 
at the plasma membrane. 

Raf- 1 is phosphorylateil in quiescent 
cells, and its phosphorylation increases at 
several sites in cells stimulated with mito- 
gens (5-7). Threonine-268, serines-43, 
-259, -499, and -621 (5) ,  anil tyrosines-340 
and -341 have been identified as phospho- 
rylation sites in Raf-1 (6) .  Mitogenic stirn- 
 lati ti on of fibroblasts with platelet-derived 
growth factor or phorbol esters increases 
pho~phor~la t ion  of Ser?,? (5)  anil Ser4y9 
(6), respectively. Muta t~on  of Ser2'%r 
Ser4" to '41a does n ~ t  inhibit the activa- 
tion of Raf-1 in insect Sf9 cells bv Ras and 
Src(Y527FJ (5) ;  the effects of thkse muta- 
tions on activation by phorbol esters are 
unclear (7). Mutation of SeP2' ,  which is 
phosphorylated in cluiescent fibroblasts and 
in Sf9 cells expressillg Raf-1 alone, results 
in a protein that cannot be activated (5). 
Furthermore, mutation of Tyr3'@ and 
Tyri", the major sites of tyrosine phospho- 
rylation, to Phe also results in a Raf-1 pro- 
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tein that is not activated in Sf9 cells by Ras 
and Src(Y527F) (6). 

Although these data are consistent with 
activation by phosphorylation, they do not 
prove that any of the Raf-1 phosphorylation 
events observed are regulatory rather than 
ancillary. The Raf-1 electrophoretic mobil- 
ity shift induced by phosphorylation does 
not always correlate temporally with its en- 
zymatic activation (8, 9). Indeed, efforts to 
inactivate Raf-1 from Sf9 cells by incuba- 
tion with mixtures of various protein phos- 
phatases have been inconclusive (4, 10). 

To investigate the possible regulation of 
Raf-1 by phosphorylation, we purified re- 
combinant Raf-1 from Sf9 cells so that it was 
substantially free of associated proteins ( 1 1, 
12). The purities of preparations obtained by 
three different procedures were compared by 
SDS-polyacrylamide gel electrophoresis 
(PAGE) and silver staining (Fig. 1). Wild- 
type Raf-1 or catalytically inactive Raf- 
l(K375M) (in which Lys375 is replaced by 
Met) proteins purified by nickel-chelate 
chromatography through a COOH-terminal 
(His),-tag were impure. In contrast, NH2- 
terminally FLAG-tagged Raf-1 purified by 
immunoaffinity chromatography (FLAG- 
Raf-1) and untagged Raf-1 purified by spe- 
cific adsorption to Ras-GTP (SAR-Raf-1) 
were nearly homogeneous. The Raf-l-asso- 
ciated heat shock protein 90 (Hsp90) (8, 13) 
and p50 (8, 13) and 14-3-3 proteins (14, 15) 
were effectively removed from FLAG-Raf-1 
and SAR-Raf- 1 preparations by these proce- 
dures (Fig. 1). 

Preparations of affinity-purified FLAG- 
Raf-1 and SAR-Raf-1 that were activated as 
a result of co-expression in Sf9 cells with 
c-H-Ras and Src(Y527F) were treated with 
protein-serine-threonine phosphatases 1 
(PP1) and 2A (PPZA), protein-tyrosine 
phosphatase 1B (PTP1 B), or all three phos- 
phatases (16) (Fig. 2). Raf-1 activity was 
assessed directly by phosphorylation of 
MKKl or indirectly in a coupled reaction by 
phosphorylation of catalytically inactive 
p42mpk(Lys52 + Arg, or K52R). SAR-Raf-1 
was inactivated by treatment with either the 
serine-threonine or tyrosine phosphatases 
(Fig. 2A). Inactivation was not apparent 
when specific phosphatase inhibitors were 
included during phosphatase treatment. Cat- 
alytically inactive PTP1B(Cys2I6 + Ser, or 
C216S) also failed to inactivate SAR-Raf-1 
(1 7). The decrease in MKK phosphorylating 
activity was accompanied by a similar de- 
crease in phosphorylation of p42mJ'k(K52R) 
in the coupled assay, indicating that the 
MKK phosphorylation catalyzed by the 
Raf-1 preparation was regulatory. Similar ex- 
periments were performed with FLAG-Raf-1 
and different preparations of the same phos- 
phatases. FLAG-Raf-1 was almost complete- 
ly inactivated by either the serine-threonine 
or tyrosine phosphatases (Fig. 2B). PTPlB 

treatment also resulted in a decrease in im- 
munoreactivity of FLAG-Raf-1 with anti- 
bodies to phosphotyrosine (1 7). Differences 
in the extent of Raf-1 inactivation were 
apparent between experiments and are likely 
attributable to variability in the extent of 
removal of the associated 14-3-3 and Hsp90 
proteins, as well as to the use of different 
phosphatase preparations. These results 
demonstrate an apparent requirement for 
both serine-threonine and tyrosine phos- 

phorylation for Raf-1 activity, and they are 
consistent with a previous study showing 
that treatment of immunoprecipitated Raf-1 
with PTPlB decreased autokinase activity 
(6). Inactivation by PTPlB demonstrates 
that tyrosine phosphorylation is causally re- 
lated to Raf-1 activation. Because phosphor- 
ylation of SeP2' may be required constitu- 
tively, inactivation of Raf-1 by serine-threo- 
nine phosphatases may be attributable to 
dephosphorylation of Ser621, in addition to 

Fig. 1. Silver-stained SDS-poly- 1 2 3  4 5 

acrylamide gel of purified prepara- kD 7 6 7 

tions of FLAG-Raf-1, (His),-Raf-1 , 1 

and SAR-Raf-1 from Sf9 cells. 100- 
Raf-1 proteins were expressed + Raf-1- --HspSO-, Raf-1 
from recombinant baculoviruses in 70-c - I-- 

Sf9 cells either alone (inactive) or ' b - .  + + with (active) recombinant baculovi- 43, + p50- 
ruses encoding c-H-Ras and 
Src(Y527F) (1 7). Proteins [I pg or 

=, 10 pg for (His),-tagged Raf-1 pro- 
2g- , , % + teins] from each preparation were + 

+ + z14-3-3= 
subjected to SDS-PAGE (1 1 %gels) 
and silver staining. Lanes: 1, inac- I 

tive FLAGRaf-1; 2, active FLAG- 
Raf-1 ; 3, FLAG-Raf-1 (K375M); 4, inactive (His),-Raf-1 ; 5, (His),-Raf-1 (K375M); 6, inactive SAR-Raf-l ; 
7, active SAR-Raf-l . (His),-, FLAG-, and SAR-Raf-1 were purified by single-step affinity chromatogra- 
phy on Ni2+-agarose, anti-FLAG immunoglobulin G-agarose, or glutathione-S-transferase-Ras-GTP, 
respectively (72). Molecular size standards (in kilodaltons), Raf-1 , and the Raf-1-associated Hsp90, p50, 
and 14-3-3 proteins are indicated by arrows. 

Time (min) Time (min) Time (min) 

Fig. 2. lnactivation of SAR-Raf-1 or FLAG-Raf-1 catalyzed by either protein-serine-threonine or protein- 
tyrosine phosphatases. Preparations of active Raf-1 proteins (5 pg of total protein) were treated with 
active (solid symbols) or inactivated (open symbols) protein phosphatases at 30°C for various times (76). 
At the indicated times, portions of the reaction mixture were removed and assayed for Raf-1 activity (76). 
(A) lnactivation of SAR-Raf-1 by treatment with PP1 and PP2A (V); PTPl B (A); or PPl , PP2A, and PTPl B 
(0, .) demonstrated, by assays of MKKl phosphorylation (M) or MKKl activation (V, A, 0). Controls: 
inactivated PTPl B (0, 0); controls for inactivated PPl and inactivated PP2A are similar, but not plotted. 
Incorporation of 32P into (His),-MKKl or ~42~"(K52R) substrate was quantified by Cerenkov radiation. 
Data are means (n = 3) from a representative experiment. lncorporation at 0 min (1 00%) was 8600 and 
67,900 cpm for MKKl and ~42~"(K52R) phosphorylation, respectively. (B) lnactivation of MKKl 
phosphotransferase activity of FLAG-Raf-1 by treatment with PPl and PP2A (T) or with PTPl B (.). 
Controls: inactivated PPl , PP2A, and PTPl B (A), and untreated FLAGRaf-1 (0). Data are means (n = 
4) from a representative experiment. MKKl phosphorylation at 0 min (100%) was 42,600 ? 2500 cpm 
(mean ? SD). (C) Comparison of the efficacies of the PP1 catalytic subunit (.) and the PP2A heterodimer 
(A:C) (A) in inactivation of FLAG-Raf-l . Control: inactivated PPl and PP2A (0). Data are means (n = 31 
from a representative experiment. MKKl phosphorylation at 0 min was 39,600 ? 2100 cpm (mean ? 
SD). 
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or independent of dephosphorylation of oth- 
er regulatory serine or threonine residues. 

FLAG-Raf-1 activated by co-expression 
with Ras alone was inactivated by treat- 
ment with PTPlB but not by treatment 
with PTPlB inactivated by vanadate (17). 
The ability of F'TPlB to inactivate FLAG- 
Raf-1 expressed with Ras in the absence of 
Src suggests that a portion of FLAG-Raf-1 
from cells co-expressing Ras is tyrosine 
phosphorylated. Protein immunoblot anal- 
ysis with antibodies to phosphotyrosine 
confirmed the presence of phosphotyrosine 
in FLAG-Raf-1 expressed with Ras, but at 
levels substantially lower than for FLAG- 
Raf-1 expressed with Src (17). A Raf-1 
mutant containing Phe at the tyrosine 
phosphorylation sites Tyr)40 and Ty?41 is 
not activated by co-expression with Ras in 
Sf9 cells (6). Our results suggest that ty- 
rosine phosphorylation may be required for 
Raf-1 activation in the absence of Src. 

With equal amounts of glycogen phos- 
phorylase phosphatase activity, the PP1 cat- 
alytic subunit was twice as efficacious as the 
PP2A heterodimer in inducing inactivation 
of FLAG-Raf-1 (Fig. 2C). The specific ac- 
tivity of PP1 with phosphorylase as sub- 
strate is at least five times greater than that 
of PP2A (18). Thus, the relative phos- 
phatase activities of PP1 and PPZA toward 
Raf-1 may differ by as much as an order of 
magnitude. 

PP1 inactivates a syntide 2 peptide ki- 
nase activity present in Raf-1 immunopre- 
cipitates from insulin-treated cells (1 9), but 
syntide 2 is not a substrate for Raf-1 (20, 
21). Similarly, a study of Raf-1 inactivation 
by the tyrosine phosphatase CD45 (22) 
used a peptide that is also not a substrate for 
Raf-l (21 ). The potential for Raf-1 to be 
deactivated by protein phosphatases has 
been previously studied, but the results were 
inconclusive because of the substrates used. 

Preparations of (His),-tagged Raf-1 were 
not inactivated by treatment with either 
serine-threonine or tyrosine phosphatases. 
The factor or factors responsible for the 
difference in susceptibility of these Raf-1 
preparations are not known, but one major 
difference between the preparations is the 
complexity of proteins copurifying with 
Raf-l (Fig. 1). Proteins in the 14-3-3 family 
bind to both active and inactive Raf-1 ( 17, 
21) and have been suggested to participate 
in Raf-1 activation (14, 15). 

The effects of the Raf-1-associated pro- 
teins 14-3-35 and Hsp90 on the susceptibil- 
ity of FLAG-Raf-1 to inactivation by pro- 
tein phosphatases were examined (Fig. 3). 
Addition of either recombinant 14-3-35 or 
purified human brain Hsp90 before phos- 
phatase treatment blocked Raf-1 inactiva- 
tion by a mixture of PP1 and PP2A or by 
PTP1B. The inhibition of inactivation ap- 
peared not to result from inhibition of the 

protein phosphatases themselves, because 
neither 14-3-35 nor Hsp90 affected phos- 
phatase activities toward other 32P-labeled 
substrates (1 7). Inhibition of Raf-1 inacti- 
vation by 14-3-35 or Hsp90 is thus likely to 
result from their association with Raf-1. 
The 14-3-3 proteins inhibit the dephospho- 
rylation of phosphohistone by PC12 cell 
extracts (23), and 14-3-3C2 binds directly to 
the phosphorylated form, but not to the 

dephosphorylated form, of tryptophan hy- 
droxylase (24). 

Addition of 14-3-35 to FLAG-Raf-1 iso- 
lated from Sf9 cells infected with only the 
Raf-1 virus did not result in Raf-1 enzymat- 
ic activation (17). In contrast, addition of 
14-3-35 to active FLAG-Raf- 1 resulted in a 
39 ? 8% (mean % SD, n = 4) increase in 
FLAG-Raf-1 activity. The ability of 14-3- 
35 both to augment the activity of active 

Fig. 3. Effects of 14-3-35 and Raf, MKK1, K52R 
Hsp9O on inactivation of FLAG- 
Raf-1 by protein phosphatases. Ac- 
- $ 'z 

10 tive FLAG-Raf-1 (1 pg) was incu- Y u - 
bated (15 min, 4°C) with or without PPI and P P ~ A  ,' + + + + 

2 :: 
Y r 

5 pg of recombinant 14-3-35 or 5 Microcystin-LR y + + -- u -- 
> + + + +  $ c u $  pg of purified human brain Hsp9O ~ ~ ~ ~ d " , t e  + + L T Y K  

(StressGen, Victoria, British Colum- MKK1- *- a-) .L 

bia, Canada) in a total volume of 25 K 5 2 R d  DO----O-O .I 
pI. Active FLAG-Raf-1 was then 
treated with protein phosphatases 1 2 3 4 5 6 7 8 9 1 0 1 1  121314 -- 
as described (76) for 60 min and ? g x g  
assayed (1 5 min, 30°C) for the abil- 2 2 .+$ 
ity both to phosphorylate and to 
activate MKK1. MKKl and ~42"~"(K52R) phosphotylation by active FLAG-Raf-1 (lane 14) were 
126,000 and 198,400 cpm, respectively; control incorporation with inactivated phosphatases (lane 2) 
was equivalent. MKKl and ~42"~p~(K52R) autophosphotylation (lanes 1 and 13) were 71 0 and 470 
cpm, respectively. 

GTP - + + + + + +  
- - - + - +  Microcystin-LR - 

Inhibitor9 - + - - + -  
Orthovanadate - - - + - + +  x 

Fig. 4. GTP-stimulated inactivation of endogenous and exogenous Raf-1 by membrane-associated 
protein phosphatases in plasma membrane preparations from transformed cells. (A) Effects of protein 
phosphatase inhibitors on the GTP-induced decrease in endogenous membrane-associated MKK- 
phosphotylating activity. Plasma membranes were incubated (30°C, 15 min) in the absence or presence 
of 1 mM GTP and protein phosphatase inhibitors as indicated and then isolated by centrifugation (25). 
Portions (5 p1 containing 5 pg of total protein) were assayed (30°C, 15 min) for MKK-phosphotylating 
activity (76). Incorporation of 32P into MKKl (750 2 150 cpm, n = 3) catalyzed by endogenous Raf-1 in 
the absence of GTP and phosphatase inhibitors was defined as 100%. (B) Inactivation of exogenous 
active FLAG-Raf-1 by association with GTP-loaded plasma membranes from transformed cells. Plasma 
membranes from transformed cells were incubated with GTP in the absence or presence of phosphatase 
(Ptase) inhibitors and isolated by centrifugation (25). Portions (5 pl, 5 pg of total protein) of resuspended 
membranes were treated (15 min on ice), or mock-treated, with 1 pg of a bacterially expressed NH2- 
terminal fragment of Raf-1 [Raf-l(1-257)] to block interaction of active FLAG-Raf-1 with v-Ras in the 
membranes (4). Active FLAG-Raf-1 (1 pg of total protein) was incubated for 5 min at 30°C in a total 
volume of 12 pI with membranes, and portions (10 pI) of the reaction mixture were assayed for 
MKK-1-phosphotylating activity in the presence of protein phosphatase inhibitors (76). Data are ex- 
pressed as a percentage of 32P inwrporation catalyzed by FLAG-Raf-1 in the absence of membranes 
[47,600 2 31 00 cpm (n = 4)] (control); MKKl autophosphotylation (750 2 150 cpm) and 32P incorpo- 
ration into membranes (6700 2 1000) were negligible by comparison. Data are means ? SD for three to 
four monolayers for (A) and (B); the asterisk (*) indicates P < 0.05 for comparison to control values. 
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Raf-1 and to block its inactivation may 
explain some of the stirnulatory effects of 
14-3-3 overexpression on Raf-1 activity in 
vivo. However, a defined role for 14-3-3 in 
Raf-1 activation ~tnder  physiological condi- 
tions has not been demonstrated. 

We tested whether mechanisms for 
Raf-1 inactivation were present in plasma 
membranes. Preparations of plasnla mern- 
branes from transfor~ned fibroblasts contain 
activated Raf-1 (4). I~lcubation of such 
nlembranes with G T P  resulted in a reduc- 
tion in the activity of membrane-associated 
Raf-1 (25) (Fig. 4A) nrithout loss of Raf-1 
from the membranes, as assessed by protein 
immunoblot analysis (1 7). Inactivation of 
endogenous Raf-1 was blocked by the addi- 
tion of protein phosphatase inhibitors (Fig. 
4A). Microcystin-LR is a potent inhibitor 
of PPl  and PPZA, whereas inhibitor-2 spe- 
cifically inhibits PP1 but not PP2A. Addi- 
tion of inhibitors of both PP1 and tvrosine 
phosphatases (inhibitor-2 and sodiuk van- 
adate, respectively) was necessary to pre- 
vent the decrease in endogenous Raf-1 ac- 
tivity (Fig. 4A).  Addition of 5 pg of recom- 
binant 14-3-3c alone also prevented the 
decrease in endogenous Raf- 1 activity (1 7). 
Incubation of plasma ~nelnbranes from un- 
transformed cells \\.it11 G T P  resulted in a 
similar decrease in the much smaller 
amount of endogenous MKK activator ac- 
tivitv ( < l o %  of that in transformed cells) , , 

present in these membranes ( 17). We also 
incubated exogenous active FLAG-Raf-1 

u 

wit11 GTP-treated or ul~treateci menlhra~les 
from transfor~ned cells (Fig. 4B). Incubation 
with GTP-treated membranes resulted in a 
55% inactivation of active FLAG-Raf-1, 
\vhich was blocked by protein phosphatase 
inhibitors. Guanosine 5'-0-(3-thiotripllos- 
phate) or 5'-gua1lylyl-imidodiphosphate 
(GMPPNP), hut not guanosine diphosphate, 
substituted for GTP in inducing inactivation 

0 

of both endogenous and exogenous Raf-1 
( 1  7). Although the rnelnbralle preparations 
are enriched for plaslna membranes, we can- 
not exclude the ~ a r t i c i ~ a t i o n  of a menlbrane 
phosphatase from another cell compartment. 

Inactivation of exogenous Raf-1 was also 
u 

blocked by prior illcubatioll of rnelnhranes 
with a recombinant NH2-terminal fragment 
of Rat- 1 (Fig. 4B). Plasma rnelnbralle local- 
ization of active Raf-1 thus appears to be 
important for GTP-stimulated inactivation 
in vitro. However, the ability of GTP to 
stimulate inactivation of endoeenous Raf-1 
suggests that the effect requires Inore than 
colocalization to the ~nembrane and lnav he 
mediated by activation of a protein phos- 
phatase. Both tyrosine phosphatases (such 
as CD45 and PTPlB) and forms of the 
serine-threonine phosphatase PP1 are local- 
ized to the plas~na membrane and may par- 
ticipate in Raf-1 inactivation. A protein- 
tyrosine phosphatase activity present in 

plasma nlelnbranes is regulated by a pertus- 
sis toxin-sensitive, GTP-dependent mech- 
anism (26). PPl ,  but not PPZA, is associat- 
ed with particulate fractions, including plas- 
ma membranes, nresumablv hv an uniden- , , 
tified membrane-targeting subunit (27). 
Colocalization of a protein phosphatase 
with its substrates is a key factor reg~tlating 
its ability to catalyze dephosphorylation 
both in vitro and in vivo (27). Membrane 
localization of active Raf-1 enhances its 
inactivation and is thus consistellt with this 
concept. 

We concl~tde that phosphorylation of 
Raf-1 is causal to activation because de- 
phosphorylation results in its enzymatic in- 
activation. PP1 and PTPlB are highly spe- 
cific for pllospl~oserine-phosphothreonine 
and phosphotyrosine, respectively. In par- 
ticular, the structure of the catalytic pocket 
of PTPlB, as determined by crystallogra- 
phy, is too deep to permit dephosphoryla- 
tion of phosphoserine or phosphothreonine 
residues (28). Thus, phosphorylation of 
Raf-1 at both tyrosine and serine-threonine 
sites is required for enzymatic activity stim- 
ulated by Ras and Src(Y527F), whereas de- 
phosphorylation of either type of site is 
sufficient to cause inactivation. Our  results 
further suggest that serine-thre6nine phos- 
phorvlation of Raf-1 In the absence of ty- 
rosine phosphorylation is insufficient for 
Raf-1 kinase activitv. 
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Requirement for TNF-a and IL-1a in Fetal 
Thymocyte Commitment and Differentiation 
Juan Carlos Zuniga-Pflucker,* Di Jiang, Michael J. Lenardo 

CD25 expression occurs early in thymocyte differentiation. The mechanism of induction 
of CD25 before T cell receptor rearrangement and the importance of this mechanism for 
T cell development are unknown. In a thymus reconstitution assay, tumor necrosis factor 
a (TNF-a) and interleukin-1a (IL-1a), two cytokines produced within the thymic micro-
environment, induced CD25 expression on early immature thymocytes. Either TNF-a or 
IL-1a was necessary for further thymocyte maturation and CD4+CD8+ differentiation. In 
irradiated mice reconstituted with CD117+CD25+ thymocytes, commitment to the T cell 
lineage was marked by the loss of precursor multipotency. 

A n important question in developmental 
biology is the nature of the molecular sig
nals that occur between interacting tissues 
during organogenesis. In the immune sys
tem, the thymus is formed when the rudi
mentary thymic stroma is colonized by fetal 
liver-derived hematopoietic stem cells at 
day 12 of fetal life, and it provides the 
necessary elements for the commitment and 
differentiation of stem cells into T cells (1, 
2). During early fetal thymic development, 
it is unclear when commitment to the T 
lineage occurs. Newly arrived thymic lym
phocyte precursors express CD117 (c-kit), 
which is the receptor for stem cell factor 
(SCF) and identifies cells from the fetal 
liver, bone marrow, and thymus that display 
hematopoietic stem cell function (3). The 
loss of GDI 17, beginning approximately at 
day 15, correlates with initiation of T cell 
receptor (TCR) (3-chain rearrangement (3). 
The next step in thymocyte maturation is 
associated, in both mouse and human, with 
the expression of CD25 (IL-2 receptor a 
chain) (4); however, it is apparent that 
binding of IL-2 is not required for normal 
thymus development (5). Nevertheless, 
CD25+ thymocytes predominate at days 14 

Laboratory of Immunology, National Institute of Allergy 
and Infectious Diseases, Bethesda, MD 20892, USA. 

^Present address: University of Toronto, Department of 
Immunology, Medical Sciences Building, Toronto, Ontar
io M5S 1A8, Canada. 

and 15 o f mouse fetal deve lopment (Fig. 1 A ) 
and express gene regulatory proteins and sur
face proteins tha t are characterist ic o f an t i 
gen-act ivated mature T cells (6) . A l t h o u g h 
mature T cells express C D 2 5 after T C R l i 
gat ion (7 ) , C D 2 5 expression by C D 1 1 7 + 

immature thymocytes occurs before T C R re-
Fig. 1 . T cells go through a CD117 + CD25 + stage 
during early fetal thymic development. (A) CD25 
and CD117 expression as a function of time in 
mouse fetal thymic development and in day 13 
fetal liver (75). Percent staining for CD117 versus 
CD25 is given for the upper left (UL), upper right 
(UR), lower left (LL), and lower right (LR) areas of 
the flow cytometry plots. Fetal liver cells, UL, 
0.0%; UR, 0.5%; LL, 78.7%; and LR, 20.7%. Day 
13 fetal thymus, UL, 4.7%; UR, 27.0%; LL, 
21.8%; and LR, 46.5%. Day 14 fetal thymus, UL, 
35 .1%; UR, 24.2%; LL, 22.6%; and LR, 18.1%. 
Day 15 fetal thymus, UL, 59 .1%; UR, 9.4%; LL, 
24.3%; and LR, 7.2%. Adult thymus, UL, 11.6%; 
UR, 1.8%; LL, 81.2%; and LR, 5.45%. (B) Pheno-
type of the HSA~CD25- SCID immature thymo
cytes prepared by treatment with antibody and 
complement elimination of later thymocyte stages 
(16). Percent staining for Thy-1 versus CD117: 
CD25+HSA+ thymocytes (not treated), UL, 1.9%; 
UR, 18.2%; LL, 14.3%; and LR, 65.5%. 
CD25-HSA" thymocytes (treated), UL, 7.8%; 
UR, 45.6%; LL, 44.2%; and LR, 2.3%. Percent 
staining for Thy-1 versus CD44: CD25+HSA+ thy
mocytes, UL, 2.3%; UR, 18.7%; LL, 6.7%; and 
LR, 72.3%. CD25-HSA-thymocytes, UL, 13.7%; 
UR, 83.4%; LL, 1.2%; and LR, 1.7%. 

arrangement. We therefore investigated the 
molecular mechanism of CD25 induction 
and its significance in thymocyte differenti
ation and commitment to the T lineage. 

To study CD25 induction, we prepared 
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