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sumed that molecular recognition and bind- 
ing events are essential parts of the indi- 
vidual Cu-trafficking pathways because of 
the apparent specificity each protein shows 
for its final site of Cu delivery. Nevertheless, 
inhibiting Cu delivery by genetically elimi- 
nating one of these proteins does not in itself 
prove that a particular protein interacts di- 
rectly either with Ctrl or with the next (ge- 
netically defined) acceptor of Cu delivery 
along that pathway. Pufahl et al. (3) now 
present the first direct evidence for an inter- 
action and recognition event in Cu transfer 

Copper is absolutely required for from a Cu-trafficking protein to 
aerobic life and yet, paradoxically, is the acceptor protein with their 
highly toxic. Within the living cell, finding, based on a yeast two-hy- 
it coexists with high concentrations brid experiment, that Atxl inter- 
of electron-rich molecules such as acts directly with the metal-bind- 
thiols or ascorbate that are essential ing domain of Ccc2 in vivo (see 
to life. But, in the laboratory, it is a the figure). In their physical stud- 
superb catalyst for the oxidative de- ies of the Cu-binding site of 
struction of those same molecules. Atxl, Pufahl et al. also provide 
This apparent contradiction has , the first characterization of the 
been rationalized by assuming that metal-binding motif, Met-X- 
Cu, like other redox-active metals, is Cys-X-X-Cys (X, any residue), 
sequestered in nonreactive forms as that is found in these proteins in- 
it is transported into cells and : volved in the transport and trans- 
moves through cellular cornpart- fer of metal ions. They demon- 
ments. However, the agents of such strate that both a three-coordi- 
trafficking and the mechanisms of nate and a two-coordinate geom- 
delivery of Cu to its final destina- etry are possible for such a site, 
tions have, until recently, remained suggesting the very reasonable 
largely unknown. Our knowledge of possibility that interconversion 
this area has increased substantially between the two geometries plays 
during the past 2 years with the iden- a role in the mechanism of metal 
tification of two proteins involved in ion exchange from one protein to 
Cu trafficking in yeast: Atxl (I ) and another. The Cu chemistry of 
Cox17 (2). Two reports now add Atxl is likely to be similar to that 
even more to our knowledge in this Copper trafficking in yeast. Cu in the form of Cu(l) is transported of the Atxl-like domains in sev- 
area. The first, by Pufahl et al. on across the plasma membrane by Ctrl and then transferred to small, eral other Cu proteins including 
page 853 of this issue (3), concerns Soluble cytoplasmic Cu transPortersv or Cu chaperones; the three the Menkes and Wilson disease 

currently known Cu transporters-Atxl, Lys7, and Coxl7-are ATPases. the mechanism of in viva Cu transfer shown in orange. Each feeds Cu to a specific protein-Fet3, Sod1 
by Atxl; and the second, by Culotta (CuZnSOD), and CCO (cytochrome c oxidase)-in a different cellu- This information about Cu 
et al. (41, reports the identification of lar compartment. A physical interaction between the components of metabolism in yeast gains even 
a similar Cu-trafficking function for these pathways (yellow highlighting) has been directly demon- more significance because the 
Lys7 in catalyzing Cu incorpora- strated only for Atxl and CCC~;  the precise mechanism of the trans- three soluble cytoplasmic Cu 

into ap-opper-zinc superoxide fer to the other proteins is unknown and could involve unidentified ,-haperones as well as two mem- 
dismutase (CuZnSOD) in yeast. intervening proteins. In mitochondria, more components are likely brane transporters have human (dashed brown boxes); Cu must cross at least one membrane and a 

The uptake Cu in yeast begins second aqueous compartment (the intermembrane space) to reach homologs that are 
with reduction by one of several its final destination. One of these components may be Scol, an in- when they replace the natural 
plasma membrane reductases. The ner membrane protein involved in CCO assembly. Scol over- yeast protein: yeast Atxlhuman 
reducedcu is then transportedacross expression can rescue yeast lacking Cox17 ( 72). The copper path- Hahl (7), yeast Lys7/human 
the membrane by the high-affin,ty ways are indicated by red arrows. Green dashed arrows, the diffu- cCs1 (4), yeast coxl7hurnan 

sion of the Cu chaperones in the cytoplasm; membrane transport- cOx17 (a), yeast Ccc2human Cu Ctrl ( 5 )  (see the fig- ers, brown; final target proteins for Cu, pink. 
ure). Three different proteins have Wilson disease protein (9), and 
been identified that transport Cu yeast Ctrlhuman Ctrl (10). In 
from Ctrl to three different cellular loca- tory chain; Lys7 (4) targets Cu to CuZnSOD, addition, the multicopper oxidase Fet3 is ho- 
tions: Cox17 (2) guides Cu to the mitochon- a primary antioxidant enzyme in the cytosol; mologous to human ceruloplasmin (6). 
dria for insertion into cytochrome c oxidase and Atxl(1) directs Cu to a post-Golgi com- These findings suggest strongly that many 
(CCO), the terminal oxidase of the respira- partment, by way of CccZ (6) ,  a P-type ad- aspects of the mechanisms of Cu and iron 

enosine triphosphatase (ATPase) trans- homeostasis in yeast and humans will prove 
membrane Cu transporter, for final insertion to be very similar. 

The are in the Department Of Chemistry into Fed, a multicopper oxidase essential for The Cu transport mechanisms described 
and Biochemistry, University of California at Los An- 
geles, Los Angeles, CA 900951569, USA. E-mail: high-affinit~ in the figure are high-affinity pathways, ac- 
jsv@chem.ucla.edu and egralla@chern.ucla.edu For each of these three proteins, it is as- tive in conditions of low Cu concentration, 
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tive with links to additional resources is 
available for Scimcr Chline subscribers 
at \cmw..xiencernag.clrg 

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 veast 

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 
present (I 1 ). Metallothionein is a key player 
in Cu detoxification for yeast, probably act- 
ing as a Cu buffer to k e e ~  intracellular "free" - 
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, Coxl7, 
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 reeulates cellular Cu distribution. and 

strains missing the gene for Atxl (1 ). 'fhese whethervcompetitive success is determined 
results indicate that neither Cox17 nor Atxl by kinetic or thermodynamic 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 ofchemistry, biochemistry, and genet- 
absolutely required to detoxify Cu. The ob- ics on this problem has set the stage for a 
servation 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 C - ltiprotein 
IKB Kinase Complex 

Tom Maniatis 

T h e  transcriptional activator protein NF- 
KB mediates key immune and inflammatory 
responses (I ). 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 I& (Inhibitor KB). The best-char- 
acterized member of this family, I&-a, binds 
the p50/p65 heterodimer of NF-KB in the 
cytoplasm. When cells are exposed to induc- 
ers of NF-KB, such as the cytokines tumor 
necrosis factor- (TNF-a) or interleukin-1 
(IL-I), two serine residues of I&-a (SeP2 
and SeP6) 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 by 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 I&-a is of 
wide interest. During the past 2 years, many 
components from certain signaling pathways 

The author is in the Department of Molecular and Cellular 
Biology. Haward University, Cambridge. MA 02138- 
2092. USA. E-mail: maniatis@biohp.hatvard.edu 

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 I& 
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, TRAF6, is re- 
cruited to the IL-1 receptor (10); both 
TRAFs interact with a MAP kinase kinase 
kinase (MAPKKK) known as NIK (1 1,12). 
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, 
MEKKl, has been implicated in the T N P a  
pathway, but its role is more controversial 
and its mechanism of activation not well 
understood (1 2-15). 

Many kinases have been suggested to 
phosphorylate IKBa, 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 SeP2 and SeP6 of IKB-a was idenufied 
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 MEKKl, 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 Harvard 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 (8), and the other by virtue of 
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