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The Escherichia coli guanosine triphosphate (GTP)-binding proteins Ffh and FtsY have 
been proposed to catalyze the cotranslational targeting of proteins to the bacterial plasma 
membrane. A mutation was introduced into the GTP-binding domain of FtsY that altered 
its nucleotide specificity from GTP to xanthosine triphosphate (XTP). The mutant FtsY 
protein stimulated GTP hydrolysis by a ribonucleoprotein consisting of Ffh and 4.5s RNA 
in a reaction that required XTP, and it hydrolyzed XTP in a reaction that required both the 
Ffh-4.5s ribonucleoprotein and GTP. Thus, nucleotide triphosphate hydrolysis by Ffh and 
FtsY is likely to occur in reciprocally coupled reactions in which the two interacting 
guanosine.triphosphatases act as regulatory proteins for each other. 

Guanos ine  triphosphatases (GTPases) 
control and regulate many biological pro- 
cesses, including translation, signal trans- 
duction, cytoskeletal organization, ves~cle 
transport, nuclear import, and protein 
translocation across membranes (1 ). In  
many cases, rnult~ple GTPases are linked 
together within sophisticated pathways or 
cascades (2 ) .  Through G T P  binding and 
hydrolys~s, GTPases can exist in  two dis- 
crete conformations, a GTP-bound state 
and a guanosine d~phosphate  (GDP)- 
bound state, that together define the  basic 
GTPase "switch" (3). Interconversion be- 
tween these two states allows the  GTPase 
to  Interact in  temporal succession with oth-  
er macromolecules to regulate and direct a 
given biological process. T h e  rate of con- 
version between the  GTP-bound and GDP- 
bound states of most GTPases IS modulated 
by external effectors, including guanlne nu- 
cleotide release factors (GNRFs),  GTPase 
activating proteins (GAPS),  and guanine 
nucleot~de dissociation inhibitors (GDIs) 
(4). Here, we report a situation in  which 
two interacting GTPases modulate each 
other's GTPase activities. 

Ffh and FtsY are related p ro tens  from 
E ,  coll that  are homologous to  essent~al  
components of the  eukaryot~c signal rec- 
ognition particle (SRP)  and SRP receptor, 
respectively. Both proteins contain  G T P -  
binding domains that  define a distinct 
subgroup i n  t h e  superfamlly of GTPases 
(5). I n  addition, FtsY contains a n  N H 2 -  
t e r m ~ n a l  d o ~ n a ~ n  of unknown f u n c t ~ o n ,  
and Ffh contains a COOH-terminal  do- 
main through w h ~ c h  it IS tightly bound to 
4.5s R N A  (6).  I n  vitro, the  Ffll-4.5s ribo- 
nucleoprotein ( R N P )  has a weak GTPase 
activity o n  its own, whereas n o  measurable 
GTPase activity has been detected for 
FtsY alone (7 ) .  W h e n  Ffh-4.5s R N P  and  
FtsY are combined, however, a greatly 
stimulated GTPase activity results (7 ) .  T o  

Department of Bochelnstry and Bophyscs Unversty 
of Caforna Medca School San Francsco. CA 941 LS- 
Oii8 USA. 

explore t h ~ s  reaction in  Inore detail, a7e 
followed the  rate of G T P  hydrolysis as a 
function of G T P  concentration (Fig. 1 A ) .  
T h e  reaction catalyzed by the  Ffh-4.5s 
R N P  alone was linear o n  a n  Eadie-Scat- 
chard plot, which would indicate simple 
Michaelis-Menten behavior (Fig. 1B). I n  
contrast, tlhe stimulated reaction that  con- 
tained both  Ffh-4.5s R N P  and FtsY gave a 
hyperbolic cur\.e, with the  maximum oc- 
curring a t  -0.5 ph4 G T P  (Fig. 1 C ) .  This 
result would be consistent with a model 
for a cooperative dimer, 111 which the  
binding of substrate to  one  component 
would increase the  binding of substrate to  
a second component (8). Because both  F f l ~  
and FtsY are G T P - b ~ n d i n g  proteins, how- 
ever, this analysis could not  distinguish 
whether FtsY only modulated the  GTPase 
activity of Ffh-4.5s R N P  or whether FtsY 
also bound to  and hydrolyzed G T P .  

T o  ~nvestigate the role of nucleot~de 
binding to FtsY, we took advantage of the  
observation that a single Asp + Asn sub- 
stitution in  the  translation elongation fac- 
tor EF-Tu alters its nucleotide spec~flcity 
from G T P  to xan thos~ne  triphosphate 
(XTP) (9 ,  10).  T h ~ s  Asp residue, located in  
box I\/ of the GTP-blnding consensus motif 
(NXKD) (1 1 ), 1s conserved throughout the 
superfamily of GTPases, includ~ng FtsY ( 1  ) .  
W e  introduced the  Asp + Asn mutation 
into tlhe gene for FtsY, and the  resulting 
mutant protein, termed FtsY(D441N), was 
expressed as a fusion protein w ~ t h  glutathi- 
one-S-transferase ( G S T )  and purified for 
use In GTPase assays ( 1  2) .  

W e  first tested tlhe ability of FtsY- 
(D441N) to stimulate the  GTPase of Ffh- 
4.5s RNP In the presence and absence of 
XTP (Fig. 2) .  T h e  G T P  concentration (0.5 
p M )  used in  this experiment corresponded 
to the m a x i m ~ ~ r n  o n  tlhe Eadie-Scatclhard 
plot (Fig. I C ) .  I11 the absence of XTP, no  
stimulat~on of G T P  hydrolysis by FtsY- 
(D441N) was observed beyond that cata- 
lyzed by Ffh-4.5s RNP alone, but when XTP 
was added, the rate of G T P  hydrolysis in- 

Fig. 1. Characterization 2002 C c  
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I 
of Ffh-4.5s RNP basal 150; 
and FtsY-stimulated 100; 
GTPase act~v~ties, [A) M I , , , ' -  
GTP hydrolyss rates as O o o o o o  
a functlon of GTP con- 6YL098SO 
centrat~on. React~ons v 
contained 5 n M  Ffh- 
4.5s RNP [A) or 5 n M  Ffh-4.5s RNP + 150 n M  
FtsY-GST (0) In 20 kl of buffer contaning 25 mM 
trlethanoamine acetate (pH 7.5), 2.5 mM magne- 
sium acetate, 25 mM potassium acetate, 1 mM dl- 
thlothreitol, 0.1% Nlkkol, and 5% glycerol. 
[y3'P]GTP [CN B~ochemcas, I~ ine ,  CA) was add- 
ed, along wlth cold GTP, to the appropriate final 
concentraton. After incubation for 20 min at 25'C, 
the phosphate hberated during the reaction was de- 
termned by Cerenkov counting, as described (7). 
Data points correspond to 0.1 , 0.25, 0.5, 1 .O. 1.5, 
2.0, 5.0, and 10.0 kM GTP. The Mchaelis constant 
of the Ffh-4.5s RNP GTPase was -0.7 kM. Ffh- 
4.5s RNP and FtsY-GST were purifled as descrbed 
(7, 14, (I3 and C) Data from [A) are presented In the 
form of Eade-Scatchard plots (v,  GTP hydrolyss in 
femtomoes per mnute) for (B) Ffh-4.5s RNP and (C) 
FtsY + Ffh-4.5s RNP The maximum in (C) occurs at 
-0.5 kM GTP. 

creased; at a concentration of 10 p M  XTP, 
the rate became similar to  that afforded by 
wild-type FtsY (Fig. 2A). Xanthosine 
diplhosphate (XDP) was unable to substitute 
for XTP in stimulating the  Ffh-4.5s RNP 
GTPase (Fig. 2B) and inhibited the XTP- 
stunulated GTPase reaction (Fig. 2C). Thus 
FtsY(D441N) needed to  be in a nucleotide 
tr~phosphate-bound state to stimulate the 
Ffh-4.5s RNP GTPase. T o  control for the 
specificity of XTP binding to FtsY(D441N), 
we analyzed the ability of other purine nu- 
cleotide triphosphates to stirnulate the Ffh- 
4.5s RNP GTPase (Fig 2B). In  t h ~ s  reaction, 
adenosine triplhosplhate (ATP)  showed no  
effect. In  contrast, inosine triphosphate 
(ITP) gave a modest stirnulat~on in  GTPase 
activity, consistent with the observation 
made for the analogous mutation in EF-Tu 
(9).  

W e  next  assayed the  behavior of 
FtsY(D441N) in  the  Ffll-4.5s R N P l l e -  
pendent GTPase reactlon a t  10 p M  XTP 
and a t  various concentrations of G T P  
(Fig. 3 ) .  I n  the  presence of XTP, 
FtsY(D441N) caused greater stlrnulation 
t h a n  did wild-type FtsY at  concentrations 
of G T P  below 0.5 p M  (Fig. 3 A ) .  This 
finding was consistent with the  need for 
FtsY to  have bound nucleotide triphos- 
phate to  stimulate the  Ffh-4.53 R N P  
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Fig. 2. Characterlzaton of FtsY(D441 N) In GTPase 
assays. (A) GTP hydrolyss rates as a functon of 
XTP concentration. 7, FtsY + Ffh-4.5s RNP; 0, 
FtsY(D441 N)  + Ffh-4.5s RNP: 2. Ffh-4.5s RNP. 
[B) Specficity of FtsY(D441 N) for XTP in stmuat- 
ing Ffh-4.5s RNP GTPase. GTP was present at 
0.5 FM; a other nucleotides were present at 10 
p M  Open bar, FtsY + Ffh-4.5s RNP; s o d  bars, 
FtsY(D441N) + Ffh-4.5s RNP; strlped bar, Ffh- 
4.5s RNP, (C) nhbtion by XDP of the XTP-stmu- 
lated hvdrolvsis of GTP bv FtsYfD441 Ni + Ffh- 
4.5s RNP. '~eactions were pehormed' as de- 
scribed in Fg 1 .  Symbols are the same as in (A). 

GTPase and would also e x p l a ~ n  the  shape 
of the  Eadie-Scatchard plot for the  reac- 
t ion that  contallled FtsY (Fig 1C) :  A t  low 
concentrations of G T P  and saturating 
concentrations of XTP, FtsY (D441N) was 
"primed" better than  wild-type FtsY to  
stirnulate the  Ffll-4.5s RNP GTPase. As 
the  concentration of G T P  was raised 
above 0.5 yM, the  amount of GTPase 
activity for the  reactlon that contained 
FtsY(D441N) reached a plateau at ahout 
half the  amount seen in the reaction that 
contained wild-type FtsY (Fig. 3B) .  O n e  
possible explanation for this difference 
would be that FtsY(D441N) f ~ ~ n c t i o n  was 
inhibited by high concentrations of G T P .  
However, it was also possible that FtsY 
also hydrolyred GTP.  I f  this were the case, 
the  contribution of FtsY(D441N) to  the  
overall hydrolysis of nucleotide triphos- 
phate would have escaped detection in 
this experiment because unlabeleii XTP 
was used. 

W e  tested the ability of FtsY(D441N) to 
hydrolyze [y-3'P]XTP in the presence of 
Fill-4.5s RNP and as a function of G T P  
concentration (Fig. 4).  XTP hydrolysis was 
observed when G T P  was added to  the reac- 
tion, whereas n o  hydrolysis occurred in the 
absence of G T P  (Fig. 4A) .  N o  XTP hydrol- 
ysis was observed in reactlolls that con- 
tained wild-type FtsY, nor, as expected, did 

Fig. 3. Behavlor of FtsY(D441 N) at d~fferent GTP 
concentratons. (A) 0.1 to 0.5 p.M GTP; [B) 0.5 to 
2.0 pM GTP. The concentratlon of XTP was 10 
pM In a cases. Reactlons were performed as 
descrbed in Fig. 1. Open bars, FtsY + Ffh-4.5s 
RNP; solid bars, FtsY(D441 N) + Ffh-4.5s RNP; 
strped bars, Ffh-4.5s RNP. 

FtsY(D441N)  lispl lay any XTPase act iv~ty 
in the absence of Ffll-4.3s RNP (Fig. 4B). 
G D P  did not  stimulate the XTPase act iv~ty 
of FtsY(D441N) and illhib~tecl the GTP-  
stimulated reactloll (Fig. 4C) .  These results 
are thus similar to  those observed above for 
FtsY(D441N) in the GTPase reaction. 
Thus, in the wild-type situation, Ffll and 
FtsY st~rnulate each other's GTPase act iv~ty 
and, moreover, to do so each protein must 
he in the GTP-bound state. 

Flh-4.5s RNP and FtsY could function 
either as GNRFs or as GAPS to  s t~mula te  
G T P  hydrolysis. W e  consider it unlikely 
that both proteins are GNRFs. First, it is 
difficult to  enrrision how n ~ ~ c l e o t i ~ l e  ex- 
challge could be in~tiatecl during a cycle of 
Ffll-4.5s RNP-FtsY interaction if both 
proteins started out in the  GDP-bound 
torm. Second, the  mechanism of G D P  re- 
lease that  has heen describeel for other 
n.ell-characterized GNRFs invo11.e~ stabi- 
lization of the  nucleotide-free state of the  
GTPase, with which the  GNRFs fornl sta- 
ble complexes (4 ) .  In contrast, a s ta l~le  
Ffh-4.5s RNP-FtsY interaction re i l~~ires  
the  presence of nonhydrolyzable G T P  an-  
alogs. Third, the  affinity of Ffll for nucle- 
otide is low [K,,, ;= 0.7 y M  (Fig. I ) ]  in 
co~nparison to  that of other GTPases [for 
example, Kc, of ET-TLI for G D P  = 2 nM 
(1 ) I ,  which suggests that  G D P  release is 
no t  a rate-limiting step when purified 
components are assayed in vitro. T h e  af- 
finity of FtsY for nucleotides relnallls to  be 
determined; however, the  affinity of the  a 
subunit of SRP receptor ( the  n ~ a ~ n n l a l i a n  
homolog of FtsY) for n~rcleotiiles is also 
low [KL3 - 10 yh1 (13)l.  

W e  favor a model in which 130th 
GTPases act as GAPS for one another. T h e  
~nechanism of hydrolysis a8ould involve a 
concerteii reaction in which both G T P  
lnolec~~les  are hydrolyred synchronously; if 
the G T P  bound to  one of the two GTPases 
was 1lydroly;ed first, this protein a8ould n o  
longer be activated and hence woulcl be 
unable to stimulate G T P  hydrolysis by its 
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Fig. 4. FtsY(D441 N) hydrolyzes [y-"P]XTP in a 
reacton that depends on both Ffh-4.5s RNP and 
GTP, (A) XTP hydrolyss rates as afuncton of GTP 
concentratlon In the reaction that conta~ned 
FtsY(D441 N) + Ffh-4 5S RNP (B) Control reac- 
tions demonstrating that only FtsY(D441 N)  + Ffh- 
4 .5s  RNP hydrolyzes XTP. (C) Inhibiton by GDP 
of the GTP-stimulated hydrolysis of XTP by 
FtsY(D441 N) + Ffh-4.5s RNP Reactlons were 
performed as  described in Fig. 1 ,  except that en- 
zymatically prepared [y-""IXTP was used (18). 

partner (14).  This lnodel inlplies a symme- 
try in the enzymology that parallels the 
strong similarity In the primary structures of 
the GTPase iloluains of Ffll ancl FtsY (5). 
Thus, the Ffll-FtsY interaction may have 
evolveel from a n  originally homotypic inter- 
action involving two identical ancestral 
components. E~~olutionary divergence of 
the two interacting GTPases would have 
allowed them to develon affinities for dif- 
ferent binding partners, thereby providing 
the means for linking these cornnonents " 

together in a tightly controlled reaction 
11 5) .  T h e  finding that two GTPases can act " 

as GTPase regulatory proteins for one an- 
other expands the repertoire of possible 
mechanisms hy n.hic11 GTPases control bi- 
ological processes. Our results suggest how 
G T P  is used during protein targeting. Ffh 
and FtsY, like eukaryotic SRP and SRP 
receptor, may prcmote interactions he- 
tween the ribosome-nascent chain alld the 
membrane-bound protein translocation ap- 
paratus (7, 16).  After proper matching of 
the ribosome and the translocation appara- 
tus, concerted G T P  hydrolysis hy both c o n -  
r)onents woulcl allow Ffll and FtsY to  he 
released from one another to enter another 
r o ~ ~ n d  of targeting. 
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TRAF2-Mediated Activation of NF-KB by TNF 
Receptor 2 and CD40 
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TNF receptor-associated factor (TRAF) proteins are candidate signal transducers that 
associate with the cytoplasmic domains of members of the tumor necrosis factor (TNF) 
receptor superfamily. The role of TRAFs in the TNF-R2 and CD40 signal transduction 
pathways, which result in the activation of transcription factor NF-KB, was investigated. 
Overexpression of TRAF2, but not TRAFl or TRAF3, was sufficient to induce NF-KB 
activation. A truncated derivative of TRAF2 lacking an amino-terminal RING finger domain 
was a dominant-negative inhibitor of NF-KB activation mediated by TNF-R2 and CD40. 
Thus, TRAF2 is a common mediator of TNF-R2 and CD40 signaling. 

Cytokines  trigger changes in gene expres- 
sion by modifying the  activity of otherwise 
latent transcription factors (1).  T N F  is a n  
inducer of nuclear factor KB (NF-KB) (2 ) ,  a 
homo- or heterodimer of members of the 
Re1 family of transcriptional activators that 
control the  expression of a variety of impor- 
tant cellular and viral genes (3,  4). T N F  
initiates pleiotropic inflammatory and im- 
munoreg~~latory responses by binding to t\vo 
distinct cell surface receptors of -55 kl) 
(TNF-R1) and 75 kl) (TNF-R2) (5) .  Both 
T N F  receptors independently mediate NF- 
KB activation by T N F  (6-8) .  Two putative 
effectors of TNF-R2 signaling have been 
identified-TRAFI and TRAF2-that share 
a COOH-terminal homology region, the 
TRAF iio~nain (7).  TRAF2 holnodilners as 
a d  as TRAF1:TRAFZ heterodimers can as- 
sociate with a COOH-terminal region in the 
cytoplasmic ilomain of TNF-R2 that is re- 
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quired for signaling growth proliferation and 
NF-KB activation. A third TRAF domain 
protein, TRAF3 [also knoa8n as CL)40bp, 
CRAF1, or LAP1 (9-1 I ) ] ,  interacts with the 
cytoplas~nic domain of CD40, another mem- 
ber of the TNF receptor super6amily (12).  
Because CD40 can also slgnal NF-KB actlva- 
tion (J3) ,  we investigated the potential role 
of TRAF proteins in this process. 

In  the  yeast two-hyhrici assay (14),  
TRAF3 self-associated, but it did not forln 
heterotypic complexes with either T R A F l  
or TRAF2 (Table 1 ) .  None of the  three 
TRAFs associated with the  cytoplasmic do- 
main of either TNF-R1 or the  Fas antigen 
(Table 1 ) .  Also, T R A F l  did not interact 
with CD40, nor ciiJ TRAF3 interact with 
TNF-RZ. However, TRAFZ associated 
strongly with the  cytoplasmic domains of 
both CD40 anti TNF-R2 (Table 1 )  (15) .  

Induction of NF-KB acti1,ity by T N F  
has been demonstrated in numerous cell 
types, incl~lding human  embryonic kidney 
293 cells ( 8 )  (Fig. 1 ) .  I n  293 cells, both 
T N F  receptors are capable of signaling 
NF-KB activation. Because of a low level 
of endogenous TNF-R2 ( J 6 ) ,  only T N F -  
R l  mediates NF-KB activation in  non-  

strcty near  w t h  enzyme concentraton, v ~ t h  no de- 
tectable cooperatvty (H. V\lihem and P. Vtlalter, un- 
published data). Thus, this basal reacton does not 
seem to involve the cooperation of two Ffh moe-  
cues, but rather results from an intrnsc property of 
monomerc Ffh tse f .  
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transfected 293 cells as indicated by stim- 
ulation with receptor-speclf~c agonistic 
antibodies (Flg. 1 ) .  Hoa,ever, upon trans- 
fection TNF-RZ also signals NF-KB acti- 
vation (below). T o  examine a f~lnct ional  
role for TRAFs in  NF-KB activation, we 
transiently transfected 293 cells with 
T R A F  expression vectors (17)  and per- 
formed electrophoretic mobility-shift as- 
says (18) .  Expression of T R A F l  or TRAF3 
did not  result in  induction of NF-KB 
DNA-binding activity. In  contrast ,  
TRAF2-expressing 293 cells contained ac- 
tivated NF-KB (Fig. 1 ) .  T h e  major com- 
ponent  of the  active NF-KB complex was 
the  p 6 5 : p X  heterodimer as indicated by 
supershift exper i~nents  (Fig. 1 ) (1 8 ) .  

T o  determine whether TRAF2 expres- 
s o n  might activate a n  NF-KB-dependent 
reporter gene, we cotransfected an  E-selec- 
tin-luciferase reporter construct (19) with 
the various TRAF expression vectors into 
293 cells (18).  TRAF2 expression potently 
activated the reporter gene, whereas expres- 
sion of TRAFl  or TRAF3 had no  effect 
(Fig. ZA). In  all cases, reporter gene activity 
could be coinduced through the TNF-R1 
pathway by the add~t ion  of T N F  (Fig. 2A) 
(20). T h e  observed reporter gene induction 
was dependent o n  NF-KB activation because 
TRAFZ expression failed to activate a con- 
trol reporter c o n s t r ~ ~ c t  111 \vhicl~ the NF-KB 
sites in the E-selectin promotor were mutat- 
ed (21). Thus, overexpression of TRAF2, 
but not of TRAF1 or TRAF3, is sufficient to 
initiate NF-KB activation in 293 cells. This 
observation is consistent with an  activation 
mechanis~n in which TRAFZ clustering in- 
duced by its overexpression is similar to that 
induced by ligand-triggered receptor aggre- 
gation, thereby activating the NF-KB signal- 
ing pathway independently of TRAFZ asso- 
ciation a8ith TNF-R2. 

TRAFZ and TRAF3 contain NH2-ter- 
minal RING finger motifs that are not re- 
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