
The films could be used in the spot cooling 
of electronics if they can be produced 
quickly and cheaply. More importantly, the 
studies prove that thermoelectric materials 
with ZT >> 0.9 are possible at room tem- 
perature. 

An all-solid thermoelectric refrigerator 
that could cool below the transition tem- 
perature of a cuprate superconductor would 
be extremely attractive for a variety of pro- 
posed electronic applications. Kanatzidis 
(Michigan State University) reported the 
only new bulk material, CsBi4Te6, with a 
high value for ZT below room temperature 
(0.8 at 225 K) (7). A prototype thermoelec- 
tric refrigerator with CsBi4Te6 is being 
evaluated for possible use near liquid nitro- 
gen temperatures (=100 K). Singh (Naval 
Research Lab) predicted that some fully 
filled skutterudites (complex materials 
whose chemical formula is ReTm4Pn12, 
where Re is a rare earth material, Tm is a 
transition metal, and Pn is P, As, or Sb) 
should have excellent thermoelectric prop- 
erties around 100 K. This prediction needs 
to be tested experimentally. 

The most promising new materials for 
power generation applications are filled 
skutterudites such as CeFe4Sbl2 and 
Ybo.2Co4Sb12 (8, 9), Zn4Sb3 (10), Tl2SnTe5 
(11), Tl9BiTe6 (12), and clathrates (see the 
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right panel in the second figure) such as 
Sr8Ga16Ge30 (13). Caillat (Jet Propulsion 
Laboratory) is evaluating advanced multi- 
stage power generation modules that incor- 
porate both filled skutterudites and Zn4Sb3. 
The thallium compounds have good ZT 
values, but the toxicity of thallium may be 
a barrier for many applications. 

Most terrestrial power generation appli- 
cations are focused on the conversion of 
waste heat into useful electricity. Automo- 
biles, steel, and chemical industries could 
in theory benefit from thermoelectric gen- 
erators. Peter Hagelstein (MIT) and Yan 
Kucherov (Eneco) presented the develop- 
ment of an improved device for waste heat 
power generation (14). This device could 
be important if other scientists can verify 
the results. 

Today you can go to your local super- 
market and purchase a thermoelectric 
picnic cooler powered by the cigarette 
lighter in your car. Will thermoelectric 
devices ever extend beyond such niche 
markets? Maybe. The hard work by many 
researchers over the past 5 to 10 years 
suggests nanostructures as a possible path 
to materials with higher values of ZT. If 
we can self-assemble in large quantities 
the types of structures that are now pro- 
duced with molecular beam epitaxy (a 
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picnic cooler powered by the cigarette 
lighter in your car. Will thermoelectric 
devices ever extend beyond such niche 
markets? Maybe. The hard work by many 
researchers over the past 5 to 10 years 
suggests nanostructures as a possible path 
to materials with higher values of ZT. If 
we can self-assemble in large quantities 
the types of structures that are now pro- 
duced with molecular beam epitaxy (a 

very slow and expensive method), ther- 
moelectrics may become a multibillion 
dollar industry. 

References and Notes 
1. G. D. Mahan in Solid State Physics, vol. 51 (Academic 

Press, San Diego, CA, 1998), chap. 2, pp. 81-157. 
2. G. S. Nolas, J. Sharp, H. J. Goldsmid, Thermoelectrics: 

Basic Principles and New Materials Developments 
(Springer-Verlag, New York, 2001). 

3. Most of the work discussed in this Perspective will be 
published in the proceedings of Symposium G, Ther- 
moelectric Materials 2001-Research and Applica- 
tions, G. S. Nolas, D. C. Johnson, D. Mandrus, Eds., 
Mater. Res. Soc. Proc., in press. 

4. R. Venkatasubramanian, E. Siilvola, T. Colpitts, B. 
O'Quinn, Nature 413, 597 (2001). 

5. T. C. Harman, P. J. Taylor, D. L. Spears, M. P. Walsh, J. 
Electron. Mater. 29, L1 (2000). 

6. L. D. Hicks, M. S. Dresselhaus, Phys. Rev. B. 47, 12727 
(1993). 

7. D.-Y. Chung et aL, Science 287, 1024 (2000). 
8. B. C. Sales, D. Mandrus, R. K. Williams, Science 272, 

1325 (1996). 
9. G. S. Nolas, M. Kaeser, R. T. Littleton IV, T. M. Tritt, Ap- 

pL. Phys. Lett. 77,1855 (2000). 
10. T. Caillat, J.-P. Fleurial, A. Borshchevsky, J. Phys. Chem. 

Solids 58, 1119 (1997). 
11. J. W. Sharp, B. C. Sales, D. Mandrus, B. C. Chak- 

oumakos, Appl. Phys. Lett. 74, 3794 (1999). 
12. B. Wolfing, C. Kloc, J. Teubner, E. Bucher, Phys. Rev. 

Lett. 86, 4350 (2001). 
13. G. S. Nolas, G. A. Slack, S. B. Schujman, in Semicon- 

ductors and Semimetals, vol. 69 (Academic Press, San 
Diego, CA, 2001), chap. 6, pp. 255-300. 

14. This work was announced before the presentation in 
the 27 November 2001 issue of the New York Times 
in the Technology section. 

very slow and expensive method), ther- 
moelectrics may become a multibillion 
dollar industry. 

References and Notes 
1. G. D. Mahan in Solid State Physics, vol. 51 (Academic 

Press, San Diego, CA, 1998), chap. 2, pp. 81-157. 
2. G. S. Nolas, J. Sharp, H. J. Goldsmid, Thermoelectrics: 

Basic Principles and New Materials Developments 
(Springer-Verlag, New York, 2001). 

3. Most of the work discussed in this Perspective will be 
published in the proceedings of Symposium G, Ther- 
moelectric Materials 2001-Research and Applica- 
tions, G. S. Nolas, D. C. Johnson, D. Mandrus, Eds., 
Mater. Res. Soc. Proc., in press. 

4. R. Venkatasubramanian, E. Siilvola, T. Colpitts, B. 
O'Quinn, Nature 413, 597 (2001). 

5. T. C. Harman, P. J. Taylor, D. L. Spears, M. P. Walsh, J. 
Electron. Mater. 29, L1 (2000). 

6. L. D. Hicks, M. S. Dresselhaus, Phys. Rev. B. 47, 12727 
(1993). 

7. D.-Y. Chung et aL, Science 287, 1024 (2000). 
8. B. C. Sales, D. Mandrus, R. K. Williams, Science 272, 

1325 (1996). 
9. G. S. Nolas, M. Kaeser, R. T. Littleton IV, T. M. Tritt, Ap- 

pL. Phys. Lett. 77,1855 (2000). 
10. T. Caillat, J.-P. Fleurial, A. Borshchevsky, J. Phys. Chem. 

Solids 58, 1119 (1997). 
11. J. W. Sharp, B. C. Sales, D. Mandrus, B. C. Chak- 

oumakos, Appl. Phys. Lett. 74, 3794 (1999). 
12. B. Wolfing, C. Kloc, J. Teubner, E. Bucher, Phys. Rev. 

Lett. 86, 4350 (2001). 
13. G. S. Nolas, G. A. Slack, S. B. Schujman, in Semicon- 

ductors and Semimetals, vol. 69 (Academic Press, San 
Diego, CA, 2001), chap. 6, pp. 255-300. 

14. This work was announced before the presentation in 
the 27 November 2001 issue of the New York Times 
in the Technology section. 

PERSPECTIVES: SIGNAL TRANSDUCTION 

Scaffolding Proteins- 

More Than Meets the Eye 
Gary Johnson 

PERSPECTIVES: SIGNAL TRANSDUCTION 

Scaffolding Proteins- 

More Than Meets the Eye 
Gary Johnson 

Enzymes called mitogen-activated pro- 
tein kinases (MAPKs) are crucial 
components of many signaling path- 

ways that regulate cellular activities as di- 
verse as motility, gene expression, cell di- 
vision, and programmed cell death (1). 
MAPKs are activated by addition of a 
phosphate group (phosphorylation) to a 
tyrosine/threonine (TXY) motif in the ac- 
tivation loop of their catalytic domain (2). 
The MAPK activation pathway consists of 
a three-kinase "phosphorelay" arrange- 
ment. Upstream signals, such as cytokine 
receptor activation, the inflammatory re- 
sponse to infection, or cell-shape changes, 
activate a MAPK kinase kinase (MKKK), 
which in turn phosphorylates and acti- 
vates a MAPK kinase (MKK). MKKs are 
selective in recognizing specific MAPKs 
and phosphorylate both the tyrosine and 

The author is in the Department of Pharmacology, 
University of Colorado Health Sciences Center, Den- 
ver, CO 80262, USA. E-mail: gary.johnson@uchsc.edu 

Enzymes called mitogen-activated pro- 
tein kinases (MAPKs) are crucial 
components of many signaling path- 

ways that regulate cellular activities as di- 
verse as motility, gene expression, cell di- 
vision, and programmed cell death (1). 
MAPKs are activated by addition of a 
phosphate group (phosphorylation) to a 
tyrosine/threonine (TXY) motif in the ac- 
tivation loop of their catalytic domain (2). 
The MAPK activation pathway consists of 
a three-kinase "phosphorelay" arrange- 
ment. Upstream signals, such as cytokine 
receptor activation, the inflammatory re- 
sponse to infection, or cell-shape changes, 
activate a MAPK kinase kinase (MKKK), 
which in turn phosphorylates and acti- 
vates a MAPK kinase (MKK). MKKs are 
selective in recognizing specific MAPKs 
and phosphorylate both the tyrosine and 

The author is in the Department of Pharmacology, 
University of Colorado Health Sciences Center, Den- 
ver, CO 80262, USA. E-mail: gary.johnson@uchsc.edu 

threonine residues in the TXY motif of the 
MAPK activation loop (3). At last, as re- 
ported by Ge et al. (4) on page 1291 of 
this issue, a different pathway for MAPK 
activation has been discovered. The au- 
thors show that the TAB 1 scaffolding pro- 
tein binds to a MAPK called p38a, induc- 
ing this MAPK to phosphorylate itself 
(autophosphorylation) and become acti- 
vated. TAB1, a scaffolding protein that or- 
ganizes other proteins into complexes, is 
not a kinase and apparently has no catalyt- 
ic activity (5). The Ge et al. discovery of 
TAB 1-mediated autophosphorylation and 
activation of p38a dispels the notion that 
MAPKs are regulated only by a three-ki- 
nase phosphorelay module. Furthermore, 
their work implies that MAPKs can be ac- 
tivated by protein interactions that are in- 
dependent of phosphorylation mediated 
by MKKs. 

Using recombinant purified TAB 1 and 
p38a, the authors show that TAB1 binds 
to p38a and stimulates autophosphoryla- 
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tion of its TGY motif, resulting in the ini- 
tiation of kinase activity. Wild-type p38a 
is unable to phosphorylate a second ki- 
nase-inactive p38a in the presence of 
TAB1, indicating that autophosphoryla- 
tion is likely to be an intramolecular and 
not an intermolecular (transphosphoryla- 
tion) event. TAB 1 does not appear to bind 
to other isoforms of p38 or to the related 
c-Jun NH2-terminal kinases (JNKs). 

What do we know about TAB1? Hu- 
man TAB1 is 504 amino acids in length 
and has an evolutionarily conserved motif 
in its carboxyl terminus, which binds and 
activates TGF-P-activated protein kinase 
1 (TAK1). Indeed, the TAB1 carboxyl ter- 
minus induces autophosphorylation and 
activation of both TAK1 and p38a (5, 6). 
TAB1 has been characterized as an adap- 
tor protein that forms complexes with oth- 
er components of the interleukin-1 (IL-1) 
receptor signaling pathway (6). More re- 
cently, TAK1-TABl complexes have been 
found to include a second scaffolding pro- 
tein, TAB2 (7). TAKl-TAB1-TAB2 com- 
plexes are involved in regulation of the 
transcription factor NF-KB by TRAF6, 
and in MAPK signaling. When cells are 
treated with IL-153, a chain of ubiquitin 
molecules is added to TRAF6 (polyubiq- 
uitination), altering its interactions with 
other proteins and resulting in TAK1 acti- 
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vation (8). TAK1 then activates IdKB kinase 
(IKK) leading to NF-KcB activation, and 
MKK6 resulting in p38a activation. 

The Ge et al. work indicates that p38Oa 
can be activated by either of two path- 
ways: the usual MKK6 pathway or a sec- 
ond pathway involving TAB 1-dependent 
autophosphorylation. The investigators 
made this discovery using an in- 
hibitor of the p38 active site, 
SB203580. This inhibitor blocks 
auto- but not transphosphorylation 
of p38a, enabling discrimination 
between the two phosphorylation 
events. Treatment of cells with 
SB203580 inhibited p38a phospho- 
rylation induced by tumor necrosis 
factor-a and peroxynitrite but not 
by sorbitol (which induces hyperos- 
molarity in cells). In a B cell line, 
SB203580 blocked phosphorylation 
of p38a induced by CpG oligonu- 
cleotides and bacterial lipopolysac- 
charide but not by bacterial lipopro- 
teins. Unfortunately, the authors did 
not test the effect of SB203580 on 
cells treated with IL-1:3, which 
would have indicated whether this 
inhibitor blocks TRAF6-dependent 
p38a activation. 

Not surprisingly, TRAF6 is found 
associated with TAB1 and p38a 
when all three are coexpressed in 
cultured cells. Cells expressing the 
TLR4 receptor for lipopolysaccha- 
ride show increased coimmunopre- 
cipitation of transfected TRAF6- TAB1 
TAB1-p3 8a, suggesting that the n a c 
complex is regulated by stimulation 
of the lipopolysaccharide receptor cOmF 
(see the figure). Because recombi- the f 
nant purified TAB1 can induce the plex 
autophosphorylation of p38a in vit- MAP 
ro, TRAF6 does not appear to be re- and 
quired for p38a activation per se, but tion, 
may be necessary for regulation of p38o 
oligomeric signaling complexes autoj 
formed in response to lipopolysac- p38 
charide or other specific stimuli. toph, 

It is not clear how the binding of tion I 
TAB1 to p38a, inducing its au- 
tophosphorylation, bypasses the TAK1- 
MKK6 pathway. For that matter, it is not 
clear how TAB1 can induce the autophos- 
phorylation of TAK1. TAB1 purified from 
insect cells or bacteria does not seem to be 
covalently modified, for example, through 
phosphorylation or ubiquitination, in any 
way that could explain its ability to regu- 
late p38a autophosphorylation. We also 
have no clue about the factors that might 
regulate the interaction of TAB 1 with 
p38a. Because TAB1-TAK1 complexes al- 
so include TAB2 and can recruit TRAF6, it 
is likely that TAB 1 is regulated by its asso- 
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ciation with these other proteins. The inter- 
actions of TAB1 with other components of 
the complex may regulate its differential 
activation of p38a and TAK1. When TAK1 
is activated, both the MKK6-p38 and 
IKK-NF-KcB pathways are stimulated. This 
is in contrast to direct TAB 1 activation of 
p38a, which is independent of the NF-cKB 

and p38a activation. TAB1 is a scaffolding protein f 
:omplex with TAK1 and TAB2. Appropriate receptor stir 
by IL-1 or lipopolysaccharide (LPS) recruits TRAF6 int 
)lex. During IL-1 receptor activation by its ligand,TRAF 
is polyubiquitinated, which may be an important ste 
ormation of a functional TAK1-TAB1-TAB2 signaling 
IL-1 stimulation of cells leads to activation of TAK1 
K kinase kinase in the complex. TAK1 then phosphors 
activates IKK and MKK6, leading to NF-KB and p38 ac 
respectively. Other stimuli such as LPS appear to at 
x by an alternative mechanism involving TAB1 -deper 
phosphorylation of p38ac. Intriguingly, other isoforr 
cannot be activated by TAB1. TAB1-induced p38c 
osphorylation is the first demonstration of MAPK ac 
by a scaffolding protein that is independent of an MKK 

pathway. Thus, TAB 1 appears capable of 
differentially regulating the activity of both 
a MKKK (TAK1) and a MAPK (p38ac). 

To date, there are no other studies 
defining a nontransphosphorylation mech- 
anism for MAPK activation. Scaffolding 
proteins such as Ste5 in the pheromone-re- 
sponsive Fus3 pathway in yeast, JIP (c-Jun 
NH2-terminal kinase inhibitory protein) in 
the JNK pathway, and MP-1 in the 
ERK1/2 (extracellular signal-regulated ki- 
nase 1/2) pathway have been shown to or- 
chestrate the MKKK-MKK-MAPK phos- 
phorelay module, rather than activating 

MAPKs through inducing autophosphoryl- 
ation (8). Similarly, the cyclin-dependent 
kinases are regulated through transphos- 
phorylation by CDK-activating kinases. In 
contrast, calcium-calmodulin-dependent 
kinase II (CaMKII) is activated by au- 
tophosphorylation when it binds to 
calmodulin through the active-site release 

of its pseudo-substrate sequence 
from the kinase active site. This 
mechanism differs from that for 
p38a activation where no pseudo- 
substrate sequence is encoded with- 
in the p38at protein. The structure of 
the TAB1-p38a complex will need 
to be resolved to define exactly how 
TAB 1 interacts with p38a, inducing 
its autophosphorylation. 

So what is the significance of the 
Ge et al. finding that the interaction 
of TAB1 with p38a induces au- 
tophosphorylation and activation of 
this MAPK? Every week there are 
reports in the literature describing 
the assembly and disassembly of 
oligomeric protein complexes regu- 
lated by either guanosine triphos- 
phatases or covalent protein modifi- 
cations including phosphorylation, 
sumoylation, ubiquitination, and 
proteolysis. Many of these protein- 
protein interactions regulate the cat- 
alytic activity of one or more of their 
binding partners. The discovery of 
TAB 1-dependent autophosphoryla- 
tion and activation of p38a reveals a 

Found previously unknown way in which 
nua- MAPKs can be activated. No doubt 

o the 
6 be- many such surprises lie in wait as 

r we proceed with our analysis of all 
'om- of the proteins encoded by the hu- 

corn- 
, the man genome. Surveillance of eu- 
elates karyotic genomes predicts many 
ctiva- proteins that have no known catalyt- 
tivate ic domain and often no apparent 
ident protein interaction motif. Many of 
ns of these proteins are likely to be scaf- 
x au- folding proteins involved in the or- 
:tiva- ganization of protein complexes, and 
:. some, like TAB1, may activate 

MAPKs as well as other cellular sig- 
naling proteins. The TAB 1 story empha- 
sizes the importance of defining all protein 
interactions in cells to ensure that unsus- 
pected regulatory responses do not contin- 
ue to go undetected. 
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