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this family of domains mediates a host of 
biological processes, including protein in- 
terllalization and sigilaliilg. 
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Direct Phosphorylation of 
IKB by lKKa and IKKP: 

Discrimination Between Free 
and NF-KB-Bound Substrate 

Ebrahim Zandi," Yi Chen," Michael Karin+ 

A large protein complex mediates the phosphorylation of the inhibitor of KB 
(IKB), which results in the activation of nuclear factor KB (NF-KB). Two subunits 
of this complex, IKB kinase a (IKKa) and IKB kinase P (IKKP), are required for 
NF-KB activation. Purified recombinant IKKa and IKKP expressed in insect cells 
were used to demonstrate that each protein can directly phosphorylate IKB 
proteins. IKKa and IKKP were found to form both homodimers and het- 
erodimers. Both IKKa and IKKP phosphorylated IKB bound to NF-KB more 
efficiently than they phosphorylated free IKB. This result explains how free IKB 
can accumulate in cells in which IKK is still active and thus can contribute to 
the termination of NF-KB activation. 

The IKK coinplex~ isolated from extracts of the NH,-termini of the N F - K B  inhibitors 
HeLa cells treated with the proinflammatory I K B ~  and IKBP (1). This phosphorylation 
cytokine TNF (tumor necrosis factor). phos- event triggers the polyubiquitination of IKBS 
phorylates two regulatory serine residues at followed by their degradation through the 
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1 P-;~!:;:~ D a 
~he 'm i~ ra t ion  positions of molecular size mark- 

z z x  z z g =  ers (in k~lodaltons) are also indicated. Similar 
S ~ $ ~ Z $ Z %  results were obtained for recombinant IKKa 

IxBm W l -  r d  (7 1). (B) Substrate specificity of purified recom- 

SS K A binant IKKP was examined using CST-IKB~ FL 
(full Length) wild-type (WT), GST-IKB~ FL with 

1 - 7  Ala at positions 32 and 36 (AA) or with single 

C Fig. 1. Direct phosphorylation of IKB by lKKa 

lKKp and IKKP. (A) l ~ B a  phosphorylation by purified 
lKKa recombinant IKKP. The protein was expressed 

B F I d a  AA + ,T 1 . .  1 Ala substitutions at positions 32 (32A) or 36 
I r B a  IxBP 

IrBnFL 4 1 5 4  1-44 
(36A), GST-IKBP FL, CST-l~Ba(1-54) WT, GST- 

-- 
WT AA 32A 36A L WT A A  TT WT AA 

l~Ba(1-54) AA, GST-l~Ba(1-54) TT (Thr sub- 
stitutions at positions 32 and 36). GST-l~Bp(1-44) WT, and CST-l~Bp(1-44) AA. (C) Effect of 

Ll mutations on the kinase activities (KA) of recombinant lKKa and IKKP. Autophosphorylation (Auto) 
-C and IKB kinase activities [with GST-l~Ba(1-54) as a substrate] of purified recombinant wild type (WT). 

kinase defective [KM for lKKa and KA for IKKP (4)], leucine zipper defective [LZ- (4) ] ,  and helix-loop- 
4 helix defective [HLH- (4)] mutants of IKKa and IKKB, were determined. The bottom panels show 

immunoblots (IB) using anti-HA to detect WT lKKa and its derivatives (left) and anti-FLAG (M2) to  
detect WT IKKP and its derivatives. (D) Phosphorylation of l ~ B a  by different protein kinases. Wild-type 

GST-IKB~ FL and GST-I~Ba(A32136) were incubated with similar amounts of the indicated protein kinases in standard kinase buffer and [y-32P]ATP 
for 30 min. The reactions were terminated and separated by SDS-PACE, and the extent of substrate phosphorylation was revealed by autoradiography. 
The bands corresponding to  the autophosphorylated kinases are indicated by a dot. 

- 

26s proteasome, and thereby leads to NF-KB 
activation (2). IKK is a large, 900-kD, protein 
complex that is composed o f  multiple sub- 
units. Two o f  these subunits, IKKa and 
IKKP, are serine kinases (1, 3-6). Epitope- 
tagged IKKa and IKKP, when produced by  

v WTKM L~HLH- V WT KAHLH using a baculovirus vector in Sf9 (9) cells and 
AUTO [ (I purified as described (70). The indicated 

amounts of highly purified IKKP were separated 
AUTO KA rm!?!T [ 7 by SDS-PAGE and visualized by silver staining 

(SS). These were also examined for phosphoryl- 
IB I ation of GST-lxBu(1-54) using a standard IKB 

kinase assay (KA). The phosphorylated GST- 
l~B(1-54) and IKKP (Auto) bands are indicated. 

cell-free translation in reticulocyte lysates or 
by  transient transfection o f  mammalian cells, 
are incorporated into the IKK complex, 
which can be isolated by  immunoprecipita- 
tion o f  either IKKa or IKKP (1, 4). The IKB 
kinase activity o f  the entire complex is rap- 
idly stimulated by  TNF or interleukin 1 (IL- 
l), with kinetics matching those o f  I K B ~  
phosphorylation and degradation (1, 4). 

Because expression and immunoprecipita- 
tion o f  catalytically inactive IKKa or IKKP 
mutants still resulted in isolation o f  a cyto- 
kine-inducible I K B  kinase activity (4), the 
question was raised as to whether IKKa and 
IKKP are directly responsible for I K B  phos- 
phorylation (7). Indeed, no I K B  kinase activ- 
i ty  was obtained after translation o f  IKKa or 
IKKP in wheat germ extracts or after expres- 
sion in Escherichia coli (1, 4, 8). Although 
transient expression o f  catalytically inactive 
IKKa or IKKP mutants inhibits NF-KB acti- 
vation (1, 3-6), these results are entirely 
compatible with IKKa and IKKP  being up- 
stream kinases that activate another subunit 
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tion, Department of Pharmacology, University of Cal- 
ifornia at San Diego, 9500 Cilman Drive, La Jolla, CA 
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o f  the IKK complex, which in turn phospho- (His),-FLAG-tagged IKKP separately or to- 
rylates I K B  (7). gether in Sf9 insect cells (9). Recombinant 

We used a baculovirus expression system IKKa and IKKP were purified to apparent 
to express (His),-HA-tagged IKKa and homogeneity from baculovirus-infected in- 

Fig. 2. Formation of 
dirners by lKKa and IKKP. 
(A) The Superose 6 elu- 
tion profile of the purified 
IKK complex from TNF-a- 
treated HeLa cells was 
compared to  the elution 
profiles of purified recom- 
binant IKKa, IKKP, and 
IKKa-IKKP (a+P) ex- 
~ressed in Sf 9 cells (7, 4). 

HeLa '-- - -  I 
lKKa I 

IKK P 

IP: M2 
HA-IKKa + + - 

:LAG-IKKP - + + 

I :  A El 
IB: M2 -- 

jhe kinase activities td- 
ward CST-l~Ba(1-54) are shown. The num- B a 

p -  - 
bers at the top indicate the elution positions Hela a+B a 6 HLH HLH 
of molecular size standards (in kilodaltons). 
The elution profiles of IKKa- and IKKP-im- '--- 
munoreactive materials determined by im- 
munoblotting were identical to  those of the 
kinase activities (77). (B) Purified IKK from 200; 

TNF-a-treated HeLa cells, recombinant 
IKKa-IKKP (a+B), lKKa (u), IKKB (P), an * I 
HLH- mutant of IKKP, and HLH- and LZ- 
mutants of lKKa were cross-linked with EGS 
as described (73). Cross-l~nked proteins were 
either directly separated by SDS-PACE or "- md 
immun~preci~itated as indicated below be- EGS - + - + - + - + - + - + - + 
fore separation by SDS-PAGE. In either case, 
proteins were detected by immunoblotting. For the IKK complex from HeLa cells (HeLa), a 
representative blot shows an immunoblot (with anti-IKKa) of proteins that were immunoprecipi- 
tated with anti-IKKP. An identical pattern of bands was observed when the blot was stripped and 
reprobed with anti-IKKP (73). For the (HA)-IKKa-(FLAG)-IKKP complex (a+P), the cross-linked 
proteins were immunoprecipitated with anti-HA and immunoblotted with anti-FLAG (M2). For 
(HA)-IKKa (a), (FLAG)-IKKP (P), and the various mutants, the cross-linked proteins were directly 
resolved by SDS-PACE and probed with anti-HA for lKKa and anti-FLAG (M2) for IKKP. (C) 
Association of (HA)-IKKa and (FLAG)-IKKP in coinfected Sf9 cells. (HA)-IKKa and (FLAG)-IKKP 
were expressed either separately or together as indicated. The antibodies used for immunopre- 
cipitation (IP) and immunoblotting (IB) were anti-HA and anti-FLAG (MZ), as indicated. 
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sect cells (10). These purified proteins (Fig. 
1A) (11) phosphorylated I K B ~  specifically 
on SeP2 and SeP6 and IKBP on Ser19 and 
Se?3 (Fig. 1B) (11). Mutants of the NH2- 
terminal regulatory domains of both IKBS in 
which threonine was substituted for these 
serine residues were not phosphorylated (Fig. 
1B) (11). Mutants of IKKa and IKKP that are 
defective in generation of IKK activity in 
mammalian cells (4) were also expressed in 
Sf9 cells and purified. These mutants showed 
little or no IKB kinase activity (Fig. 1C). 
Hence, IKKa and IKKP appear to be direct 
IKB kinases. Comparison of purified IKKP to 
a panel of seven other kinases indicated that it 
was the only kinase that specifically phospho- 
rylated I K B ~  at Se3' and Se?, as revealed 
by the differences in 32P incorporation into 
wild-type I K B ~  and the I~Ba(A32136) mu- 

IP: M2 HA -- M2 HA -- 
HA-IKKa (WT) . + - + + 
HA-IKKa(KM) . . + - - 

FLAG-IKKP(WT) + + + - - 
FLAG-IKKR IKAI - - - - 

Fig. 3. Kinase activity of IKK heterodimers. 
Wild-type (FLAG)-IKKP was expressed together 
with either wild-type (HA)-IKKa or kinase-de- 
fective (HA)-IKKa (KM) in Sf9 cells. Wild-type 
lKKa was expressed by itself or together with 
kinase-defective FLAG-IKKP (KA). Extracts of 
cells infected with various combinations of the 
corresponding viruses, as indicated, were sub- 
jected to immunoprecipitation (IP) with either 
anti-HA or anti-FLAG (M2) as indicated. The 
kinase activity (KA) of each immune complex 
was examined with GST-l~Ba(1-54) as a sub- 
strate. Amounts of wild-type (FLAG)-IKKP or 
(HA)-IKKa proteins in the immune complexes 
were determined by immunoblotting (IB) with 
anti-FLAG (M2) or anti-HA, respectively. Expo- 
sure times for left and right panels were 1.5 and 
5 hours, respectively. 

Fig. 4. Kinase activities of recombinant lKKa 
and IKKP. (HA)-IKKa and (HA)-IKKP were ex- 
pressed separately in Sf9 cells (70) and immu- 
noaffinity-purified on immobilized anti-HA. Im- 
munoblot (IB) analysis shows that similar 
amounts of each protein were used to compare 
their kinase activities (KA) toward purified GST- 
l~Ba(1-54) and GST-IKB~(FL) (full length). 
Coomassie blue (CB)-stained gels show the 
relative amounts of the two substrates. 

tant (Fig. ID). Even though some protein 
kinases such as casein kinase I1 (CKII) are 
efficient IKB kinases, the sites they phospho- 
rylate are located in the COOH-terminal do- 
main and not in the NH2-terminal regulatory 
domain (12). 

Recombinant IKKa and IKKP expressed 
alone or together (IKKa-IKKP) migrated on 
a Superose 6 gel filtration column with an 
apparent molecular size of 230 to 250 kD 
(Fig. 2A). The native IKK complex from 
HeLa cells has an apparent size of 900 kD 
(I). Thus, the Sf9 cells may lack components 
that are present in the large IKK complex. 
Chemical cross-linking (13) of recombinant 
IKKa, IKKP, or IKKa-IKKP complexes re- 
sulted in appearance of a single species mi- 
grating around 200 kD (Fig. 2B). Mutations 
in the leucine zipper (LZ) motif of IKKa 
abolished formation of the dimeric 200-kD 
cross-linked species (Fig. 2B). This mutant 
does not phosphorylate IKB proteins, indicat- 
ing that dimerization of IKKa may be neces- 
sary for formation of a functional IKB kinase. 
Mutations in the helix-loop-helix (HLH) mo- 
tifs of IKKa or IKKP did not abolish their 
homodimerization, as judged by the appear- 
ance of the 200-kD cross-linked species (Fig. 
2B). However, these mutations did result in 
loss of kinase activity (Fig. 1C). Thus, the 
HLH motifs of IKKa and IKKP are neces- 
sary for catalytic activity even in the absence 
of other regulatory proteins. 

Immunoprecipitation experiments with 
HA-tagged IKKa and FLAG-tagged IKKP 
revealed formation of stable heterodimers 
when the two proteins were expressed togeth- 
er in Sf9 cells (Fig. 2C). We examined 
whether heterodimers in which one subunit 
was catalytically inactive would still catalyze 
the phosphorylation of I K B ~  (Fig. 3). Com- 
plexes of catalytically inactive IKKa and 
wild-type IKKP exhibited similar IKB kinase 
activity to that of wild-type IKKa-IKKP het- 
erodimers. A heterodimer composed of wild- 
type IKKa and catalytically inactive IKKP 
was also active, albeit not as active as wild- 
type IKKa homodimer. These results ex- 
plain why immunoprecipitation of catalyti- 
cally inactive IKKa or IKKP transiently ex- 
pressed in cultured mammalian cells results 

in formation of partially active IKK complex- 
es (4). 

IKKP phosphorylated a fusion protein of 
glutathione transferase with the first 54 ami- 
no acids of IKB [GsT-I~Ba(1-54)] more ef- 
ficiently than did IKKa (Fig. 4). However, 
full-length I K B ~  is phosphorylated by IKKa 
and IKKP with similar efficiencies. The 
Michaelis constants (K,) of IKKa and IKKP 
toward full-length GST-IKB~ were 2.1 and 
2.2 pM, respectively (14). 

In resting cells, cytoplasmic IKB proteins 
are associated with NF-KB dimers, and phos- 
phorylation does not result in dissociation of 
this complex (2). Thus, the actual substrate 
for IKK is the IKB-NF-KB complex rather 
than free IKB. Some stimuli-such as IL-1, 
which is one of the strongest NF-KB activa- 
tors-lead to prolonged activation of IKK 
that lasts 2 hours or more (4). Once I K B ~  is 
phosphorylated and degraded (within 3 to 10 
min), NF-KB translocates to the nucleus and 
activates gene transcription (15), including 
that of the I K B ~  gene (Id). Newly synthe- 
sized free I K B ~  accumulates within 60 min of 
the initial stimulus and translocates to the 
nucleus, where it binds DNA-bound NF-KB 
to induce its shuttling to the cytoplasm (1 7). 
This process is important for termination of 
the NF-KB response. But given the prolonged 
activation of IKK, it is puzzling how newly 
synthesized I K B ~  escapes the IKK-induced 
degradation pathway. We therefore compared 
the efficiency with which IKK phosphoryl- 
ated free and NF-KB-bound I K B ~  (18). At 
similar concentrations, I K B ~  complexed with 
NF-KB was a better substrate for IKKa or 
IKKP than was free I K B ~  (Fig. 5). Kinetic 
analysis indicated that in the presence of 
NF-KB, the K, for I K B ~  phosphorylation by 
IKKP decreased from 2.2 pM to 1.4 pM and 
the relative maximum initial velocity V,, 
was increased by a factor of 5 (14). Although 
IKBP is not involved in rapid feedback inhi- 
bition of NF-KB activity (19), its phospho- 
rylation by IKKa or IKKP was also strong- 
ly enhanced by binding of NF-KB (Fig. 5). 
These results, which show that IKK prefers 
NF-KB-bound IKB proteins, explain why 
newly synthesized free I K B ~  is not phos- 
phorylated and degraded in cells in which 

lKKa IKKP 

KA C B KA C B 

Fig. 5. Preferred phosphorylation by IKKs of IKBS bound to NF-KB. The kinase activities (KA) of 
purified (HA)-IKKa (left panel) or (FLAG)-IKKP (right panel) toward free or NF-KB-prebound 
GST-IKB~(FL) and GST-IKBP(FL) were measured. The NF-KB heterodimer was composed of 
recombinant p50 and the Rel homology domain of p65 (78). Shown are the autoradiograms of the 
kinase assays (KA) and Coomassie blue (CB)-stained gels depicting the various substrates. 
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R E P O R T S  

IKK remains active after the initial induc- 
tive stimulus. 

The IKKa and IKKP protein kinases. and 
not another component of the IKK complex, 
appear to be directly responsible for IKB 
phosphorylation. The minimal active IKK 
complex is apparently a dimer composed of 
IKKa or IKKP (or both). These experiments 
also provide an explanation for the mecha- 
nism underlying the termination of the NF- 
KB activation response. Such inactivation is 
important because prolonged or chronic NF- 
KB activation can result in inflammatory dis- 
orders (20). 
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Optimizing Gaze Control in 
Three Dimensions 

Douglas Tweed,*t Thomas Haslwanter, Michael Fetter 

Horizontal and vertical movements of the human eye bring new objects to the 
center of the visual field, but torsional movements rotate the visual world about 
its center. Ocular torsion stays near zero during head-fixed gaze shifts, and eye 
movements to visual targets are thought to be driven by purely horizontal and 
vertical commands. Here, analysis of eye-head gaze shifts revealed that gaze 
commands were three-dimensional, with a separate neural control system for 
torsion. Active torsion optimized gaze control as no two-dimensional system 
could have, stabilizing the retinal image as quickly as possible when it would 
otherwise have spun around the fixation point. 

The human eye rotates with three degrees of vision and eye movement have ignored rota- 
freedom: horizontally, vertically, and torsion- tions about the line of sight. One reason is 
ally (1: 2). With few exceptions, theories of Listing's law (1, 3, 4), which states that oc- 

ular torsion stays near zero during head-fixed 
gaze shifts. This has been taken as confirma- " 

D. Tweed, Departments o f  P h ~ s i o l o g ~  and Applied tion that gaze is driven by purely horizontal 
Mathematics, University o f  Western Ontario, London, 
Canada. T. Haslwanter and M. Fetter, Department o f  

and vertical commands. Here we show that 

Neurology, University o f  T i i b i n ~ e n ,  Germany. Listing's law is just one mode of gaze con- -- - 
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trol, valid only when the head is stationary. 

Sciences Building 3207, University o f  Toronto, 1 When eye and head join forces 
King's College Circle, Toronto, Ontario, M5S 1A8, the gaze line, the logistics are complex. For one 
Canada. thing, the eye is quicker than the head-it re- 
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