
beneficial to yeast is counterintuitive but rem- 
iniscent of the ability of similarly high levels 
of Cu to enable strains lacking CuZnSOD to 
grow well in air, as long as metallothionein is 

at www.sciencemag.org present (1 1 ). Metallothionein is a key player 
in Cu detoxification for yeast, probably act- 
ine as a Cu buffer to k e e ~  intracellular "free" 

and some of them can be entirely bypassed 
when there are high concentrations of Cu 
salts in the medium. Thus, yeast strains miss- 
ing the gene for Cox17 cannot respire in 
normal growth media because CCO is Cu 
deficient, but are rescued when the medium 
is made 0.4% CuSO, (2). Likewise, increas- 
ing the Cu concentration in the medium al- 
lows Cu to be delivered to Fet3 in yeast 
strains missing the gene for Atxl (1). These 
results indicate that neither Cox1 7 nor Atxl 

" 
Cu concentrations low; its synthesis is in- 
duced by Cu. 

Multiple Cu-binding equilibria must be 
present in the cell, since Cu-binding pro- 
teins such as metallothionein, Atxl, Cox1 7, 
and Lys7 are all cytosolic and must presum- 
ably compete for available Cu. It will be in- 
teresting to learn to what extent this compe- 
tition regulates cellular Cu distribution, and 
whether competitive success is determined 
bv kinetic or thermodvnamic factors. Al- 

is required for proper Cu trafficking when Cu though many questions remain, the conver- 
levels are high and that their presence is not gence of chemistry, biochemistry, and genet- 
absolutely required to detoxify Cu. The ob- ics on this problem has set the stage for a 
sewation that high levels of Cu in the growth complete understanding of cellular copper 
medium can under some circumstances be and iron metabolism, from the molecular de- 

Catalysis by a Multiprotein 
IKB Kinase Complex 
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T h e  transcriptional activator protein NF- 
KB mediates key immune and inflammatory 
responses (1). NF-KB, present in the cyto- 
plasm of most cell types, is normally bound to 
a member of a family of inhibitor proteins 
known as IKB (Inhibitor KB). The best-char- 
acterized member of this family, IKB-a, binds 
the ~ 5 0 1 ~ 6 5  heterodimer of NF-KB in the . .. 
cytoplasm. When cells are exposed to induc- 
ers of NF-KB, such as the cytokines tumor 
necrosis factor-a (TNF-a) or interleukin-1 
(IL-I), two serine residues of IKB-a (SePZ 
and S e P )  are specifically phosphorylated. 
This phosphorylation is a signal for ubiquiti- 
nation and degradation of IKB-a by the 26s 
proteasome (2 ,3) .  NF-KB is thus released to 
translocate to the nucleus and activate tran- 
scription of target genes. 

Because NF-KB can be activated bv an 
extraordinarily large number of different sig- 
nals, ranging from ultraviolet irradiation to 
T cell activation ( I ) ,  the mechanism by 
which these signals converge on IKB-a is of 
wide interest. During the past 2 years, many 
components from certain signaling pathways 
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that lead to activation of NF-KB (3 ,4 )  have 
been described. The recent identification of 
a high molecular mass IKB kinase complex 
(5) and the identification of two unusual IKB 
kinases, reported in this issue on pages 860 
and 866 (6, 7), and elsewhere (8, 9) now 
provide a framework for resolving the prob- 
lem of integrating multiple NF-KB signaling 
pathways. 

A number of cell-surface proteins interact 
specifically with the intracellular domains of 
the TNF-a and IL-1 receptors and are inter- 
mediates in the activation of NF-KB (3, 4). 
One of these, TRAF2, is recruited to the 
TNF-a receptor and another, TRAM, is re- 
cruited to the IL-1 receptor (10); both 
TRAFs interact with a MAP kinase kinase 
kinase (MAPKKK) known as NIK ( 1 1 , 1 2). 
Cell transfection experiments with wild- 
type and dominant-negative mutants of 
NIK suggest that this kinase is required for 
the TNF-a- and IL-l-dependent activation 
of NF-KB ( 1 1 , 12). Another MAPKKK, 
MEKK1, has been implicated in the TNF-a 
pathway, but its role is more controversial 
and its mechanism of activation not well 
understood (1 2-1 5). 

Many kinases have been suggested to 
phosphorylate IKB-a, but until recently, 

tails of the intermolecular transfer reactions 
to the genetic control of the relevant pro- 
teins in both yeast and humans. 
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none was shown to phosphorylate the criti- 
cal serine residues. Last year, a kinase ac- 
tivity capable of specifically phosphorylat- 
ing Ser3* and Ser36 of IKB-a was identified 
in cytoplasmic extracts from uninduced 
HeLa cells (5). Remarkably, this kinase 
fractionated as high molecular mass com- 
plex (-700 kD). Although it is inactive 
alone, this complex can be activated in 
vitro by treatment with purified recombi- 
nant MEKK1, directly implicating a 
MAPKKK in its activation (5, 14). Quite 
unexpectedly, this complex could also be 
activated independently by ubiquitination 
(5, 14). Finally, an already active IKB ki- 
nase complex of approximately the same 
size could be detected in extracts from 
TNF-a-induced HeLa cells ( 14). These 
studies, however, did not identify a specific 
protein kinase that directly interacts with 
and phosphorylates IKB-a. 

A major breakthrough in the search for 
IKB kinases is now provided by three differ- 
ent groups, which report the identification 
and cloning of two closely related protein 
kinases that appear to directly phosphoryl- 
ate IKB-a (6-9). Both Karin's group at 
University of California in San Diego and 
Mercurio, Rao, and their co-workers at Sig- 
nal Pharmaceuticals and the Haward Medi- 
cal School approached the problem by puri- 
fying the high molecular mass IKB kinase 
complex from TNF-a-induced cells (size 
estimates from the different labs range 
from 500 to 900 kD) (6-9). Independently, 
Rothe, Goeddel, and their co-workers at 
Tularik identified one of the kinases by us- 
ing the NIK kinase as bait in a yeast two- 
hybrid screen (a) ,  and the other by virtue of 
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its similarity to the first in a DNA sequence 
database search (7). 

One of the kinases is identical to a previ- 
ously cloned serine-threonine kinase of un- 
known function (1 6). This kinase, known as 
CHUK, differs from other serine-threonine 
kinases in that it contains helix-loop-helix 
(HLH) and leucine zipper sequences (16), 
structural motifs originally shown to func- 
tion as protein-protein interaction domains 
in transcriptional activator proteins. The 
second kinase in the complex is distinct, but 
closely related to CHUK. The CHUK has 
been renamed IKK-a or IKK-1 (IKB k' lnase a 
or I), while the related kinase is designated 
IKK-$ or IKK-2. For convenience, I refer to 
these kinases as IKK-a and IKK-P. 

Both kinases contain a canonical MAPKK 
activation loop motif (SxxxS), suggesting 
that they are direct targets of MAPKKKs 
such as NIK or MEKKl(6). IKK-a and IKK- 
p form homo- and heterodimers with each 
other (6, 7, 9), but the active form of the 
protein in vivo may be the heterodimer (9). 
The formation of heterodimers requires the 
leucine zipper motif, while the helix-loop- 
helix motif may mediate interactions be- 
tween the IKKs and other proteins in the IKB 
kinase complex (9). 

The conclusion that IKK-a and IKK-P 
are critical components in the NF-KB acti- 
vation pathway is based on the results 
of mammalian transfection experiments. 
First, both kinases activate NF-KB when 
overexpressed, and dominant negative mu- 
tations in the kinase domain of either pro- 
tein can suppress TNF-a or IL-1 induction 
of NF-KB (albeit with different efficiencies) 
(6-9). Mutations in the MAP kinase acti- 
vation loop of IKK-P, but not IKK-a, sup- 
press NF-KB activation in the same assay 
(6). Finally, expression of antisense to IKK- 
a RNA suppresses the TNF-a- or IL-1- 
mediated activation of NF-KB (9). Al- 
though the exact role of each kinase in the 
activation of NF-KB may be different, these 
observations implicate both proteins in the 
site-specific phosphorylation of IKB-a. 

The conclusion that both kinases directly 
phosphorylate IKB-a is based on experi- 
ments in which immunoprecipitates of the 
kinases were mixed with purified IKB-a pro- 
tein. Both kinases were epitope-tagged and 
expressed by in vitro translation in reticulo- 
cyte extracts or by transfection in mamma- 
lian cells. When the proteins were immuno- 
precipitated, the proteins that were recov- 
ered could phosphorylate Se32 and S e P  of 
IKB-a (6-9). In addition, the immunopre- 
cipitates contained IKB-a, indicating that 
the kinases interact directly or indirectly 
with IKB-a. Of course, these observations do 
not rule out the formal possibility that IKK- 
a and IKK-P activate the "real" IKB kinase, 
which coimmunoprecipitates with the IKKs 

Phosphorylation of IKK-a and IKK-p 
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and NIK to the cell membrane. This associa- 
tion results in the activation of NIK. which 
in turn activates the IKB kinase cbmplex 
through phosphorylation of IKK-a and IKK- 
$ at the MAPKK activation loop. This acti- 
vation could occur at the membrane or after 
an activated NIK was released from the re- 
ceptor complex. IKB-a is then recruited to 
the activated IKB kinase complex where 
it is phosphorylated by the IKK-a/IKK-$ 
heterodimer. The phosphorylation of IKB-a 
leads to its ubiquitination and degradation 
by the proteasome. In the case of the IL-1 
receptor, an interaction between TEWF6 
and NIK would lead to the activation of 
the kinase complex. A n  alternative signal- 
ing pathway that involves MEKKl or 
other MAPKKK is also possible, because 
MEKKl is recruited to the TNF-a-acti- 
vated IKB complex (6), and recombinant 
MEKKl can activate the complex isolated 
from uninduced cells ( 14). 

Intriguing questions about the compo- 
sition, regulation, and function of the IKB 
kinase complex remain. One puzzle is the 
role of ubiauitination in the activation of 
the IKB complex isolated from uninduced 
cells (5). Two groups report that they were 
unable to observe ubiquitin-dependent ac- 
tivation of the IKB kinase complex (6, 9), 
but in those studies, the IKB kinase was 
already active, because it was isolated from 
TNF-a-induced cells. The ~ossibilitv that 
the IKB kinase complex can be activated 
by NIK, MEKKl, or ubiquitination sug- 
gests that the complex processes signals 
from the large number of inducers that ac- 
tivate NF-KB. If so, do signals from differ- 
ent pathways converge on the same or dif- 
ferent targets within the same complex, or 
are there distinct complexes that respond 
to different signals? Answers to these ques- 
tions will require the identification and 
characterization of other components of 
the IKB kinase complex. 
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