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Selective Inhibition of NF-kB
Activation by a Peptide That
Blocks the Interaction of NEMO
with the IkB Kinase Complex

Michael J. May," Fulvio D'Acquisto,’ Lisa A. Madge,?
Judith Glockner," Jordan S. Pober,? Sankar Ghosh'*

Activation of the transcription factor nuclear factor (NF)—«B by proinflamma-
tory stimuli leads to increased expression of genes involved in inflammation.
Activation of NF-kB requires the activity of an inhibitor of kB (IxB)-kinase (IKK)
complex containing two kinases (IKKa and IKKB) and the regulatory protein
NEMO (NF-«B essential modifier). An amino-terminal a-helical region of NEMO
associated with a carboxyl-terminal segment of IKKa and IKKB that we term
the NEMO-binding domain (NBD). A cell-permeable NBD peptide blocked as-
sociation of NEMO with the IKK complex and inhibited cytokine-induced NF-«xB
activation and NF-kB-dependent gene expression. The peptide also amelio-
rated inflammatory responses in two experimental mouse models of acute
inflammation. The NBD provides a target for the development of drugs that
would block proinflammatory activation of the IKK complex without inhibiting

basal NF-kB activity.

The regulatory protein NEMO (also named
IKK) is required for proinflammatory ac-
tivation of the IkB-kinase (IKK) complex
(1-5). We surmised that prevention of the
NEMO-IKK interaction would inhibit sig-
nal-induced NF-kB activation and, there-
fore, attempted to identify the mechanism
of interaction between NEMO and IKK.
We analyzed the interaction of NEMO
fused at its NH,-terminus to glutathione
S-transferase (GST-NEMO, see Fig. 1A)
with IKKB mutants lacking the catalytic,
leucine zipper, and helix-loop-helix (HLH)
domains [Fig. 1A and (6)]. None of the
mutants interacted with GST, whereas all
three COOH-terminal fragments (307-756,
458-756, and 486—756) interacted with
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GST-NEMO [Fig. 1A and (7)]. None of the
NH,-terminal fragments (1-458, 1-605, or
1-644) precipitated with GST-NEMO,
demonstrating that NEMO interacts with
the COOH-terminus of IKK[ distal to the
HLH. An IKKB mutant consisting of only
residues 644 to 756 associated with GST-
NEMO, confirming that this region medi-
ates interaction between the molecules
(Fig. 1B). Furthermore, IKKB(644-756)
dose-dependently inhibited cytokine-in-
duced NF-kB activation in transfected
HeLa cells [Fig. 1C and (6, 8)]. The most
likely explanation for this result is that
overexpressed IKKB(644-756) associates
with endogenous NEMO and prevents re-
cruitment of regulatory proteins to the
IKK-complex.

To identify the domain of NEMO (/-3, 9)
required for association with IKK[, we ana-
lyzed the interaction of GST-IKKB(644—
756) with truncation mutants of NEMO
(Fig. 1D). IKKB(644-756) associated with
NEMO fragments 1-196, 1-302, and 44—
419 but not 197-419 or 86—419, indicating
that the interaction domain lies between
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residues 44 and 86. A deletion mutant lack-
ing this a-helical region (residues 50-93,
del.aH) did not interact with IKKB(644—
756) (Fig. 1E) and inhibited tumor necrosis
factor—a (TNF-a)-induced NF-kB activity
(Fig. 1F), confirming the dominant-nega-
tive effects of the NEMO COOH-terminus
(2, 3). These findings suggest that the NH -
terminus of NEMO anchors it to the IKK-
complex, leaving the remainder of the mol-
ecule accessible for interacting with regu-
latory proteins.

The IKKB COOH-terminus contains a
region with identity to IKKa (denoted a,),
a serine-rich domain (10), and a serine-free
region (Fig. 2A). Analysis of IKKB mu-
tants omitting each of these segments indi-
cated that NEMO associates with the
COOH-terminus after residue 734 (Fig.
2A). The region of IKKB from F734 to
T744 [o, in Fig. 2B (11)] contains a seg-
ment that is identical to the equivalent
sequence in IKKa. The IKKP sequence
then extends for 12 residues forming a
glutamate-rich region (Fig. 2B) that we
speculated would be the NEMO interaction
domain. However, a truncation mutant
omitting this region (1-744) associated
with GST-NEMO (Fig. 2C). Thus, the
NEMO-interaction domain of IKKB ap-
pears to be within the a,-region of the
COOH-terminus.

We next used the IKKB(1-744) and (1-
733) mutants to determine the effects of
NEMO association on IKK[P activity and
found that IKKB(1-733) induced NF-kB ac-
tivation that was approximately 1.5 to 2 times
that induced by wild-type IKKB (Fig. 2D).
Furthermore, NF-kB activity induced by
IKKB(1-744) was identical to that induced
by wild-type IKKB. Thus, NEMO may main-
tain basal IKKf activity as well as regulate
its signal-induced activation.

Because the o,-region of IKKB resem-
bles the COOH-terminus of IKKa (Fig.
2B), we tested the ability of IKKa to inter-
act with NEMO (7). IKKa and IKKB ex-
pressed in wheat germ extract both associ-
ated with GST-NEMO demonstrating that
the individual interactions are direct (Fig.
3A). Further analysis revealed that IKKa
interacts with NEMO through the COOH-
terminal region containing the six amino

1 SEPTEMBER 2000 VOL 289 SCIENCE www.sciencemag.org


mailto:sankar.ghosh@yale.edu
http://www.sciencemag.org

acids shared with the a,-region of IKKf
(Fig. 3B). In contrast, the IKK-related ki-
nase IKKi (12), which does not contain an
a,-homologous region, failed to interact
with NEMO (7). Gene-targeting has dem-
onstrated a profound difference between
IKKa and IKK activation by TNF-a (/3).
Our findings suggest that this difference is
not due to differential interaction with
NEMO.

A mutant of IKKB lacking the six a,-
region residues did not associate with GST-
NEMO (Fig. 3C). Therefore, we have named
this sequence the NEMO-binding domain
(NBD) (7). We examined the effects of point
mutations within the NBD and found that
replacement of D738, W739, or W741 with
alanine prevented association with NEMO
(Fig. 3D). In contrast, replacement of L737,
S740, or L742 with alanine did not affect
NEMO binding (Fig. 3D). To test the effects
of these mutations on IKKB function, we

Fig. 1. Interaction of
the COOH-terminus of
IKKB with the first
a-helical  region  of
NEMO. (A) GST and
GST-NEMO were pre-
cipitated with glutathi-
one-agarose, separated
by SDS-PACE (10%),
and stained with Coo-
massie blue (left pan-
el). Equal amounts of
each were used in sub-
sequent pull-down ex-
periments. The trunca-
tion mutants of IKKB
(WT, wild-type; LZ
leucine zipper; H, HLH)

asT
T |ostaemo
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measured NF-kB activation in transfected
HelLa cells. Consistent with previous results
(Fig. 2D), mutants that did not bind NEMO
activated NF-kB to a greater extent than did
wild-type IKKB or IKK(B(1-744), whereas
NEMO-binding mutants activated to the
same level as the controls (Fig. 3E). These
data strongly support the hypothesis that

NEMO plays a role in the down-regulation of

IKKP activity.
The ability to selectively inhibit NF-kB
activation induced by proinflammatory cyto-

kines may be crucial for the treatment of

inflammation. However, inhibition of the cat-
alytic activity of the IKKs may block basal
NF-kB activity and impair its function as a
survival factor, leading to potentially toxic
side effects. We reasoned that a more effec-
tive anti-inflammatory drug might result from
blocking the interaction of NEMO with the
IKK complex. Therefore, we designed cell-
permeable peptides (/1, 14) spanning the
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WT (1-756) | KINASE DOMAIN —_n—

15 AT L
1-805
1644
307-758
458-756
486-756

were expressed (6) and
used for GST pull-
down [right panel, see
(7)] as previously re-
ported (24). NEMO-
interacting mutants
are indicated (+). (B)
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756) (left panel) were
used for pull-down
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IKKB NBD and determined their ability to
disrupt the IKKB-NEMO interaction. The
wild-type NBD peptide (Fig. 4A) consisted
of the region from T735 to E745 of IKK(
fused with a sequence derived from the An-
tennapedia homeodomain that mediates
membrane translocation (/5). The mutant
peptide was identical except that W739 and
W741 in the NBD were mutated to alanines
(Fig. 4A). Only the wild-type NBD peptide
dose-dependently inhibited in vitro interac-
tion of IKKB with NEMO (Fig. 4B). Further-
more, after incubating HeLa cells with the
peptides, the wild-type, but not the mutant,
NBD peptide disrupted formation of the en-
dogenous IKK complex (Fig. 4C).

The effects of the NBD peptides on IKK
activation were determined by immune-com-
plex kinase assays (/6) by using IKK com-
plexes precipitated from TNF-a—stimulated
HeLa cells pretreated with peptides. The
wild-type, but not the mutant, peptide de-
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transiently transfected
(8) with pcDNA-3.1-

xpress (vector) or 0.25, 0.5, or 1.0 pg/ml of xpress-tagged IKK[3 (644 -
756) together with the pBIIX-luciferase reporter plasmid (26). After
48 hours, cells were treated with either TNF-a (10 ng/ml) (black) or
interleukin (IL)-1B (10 ng/ml) (shaded) for 4 hours, and luciferase
activity was measured (8). Immunoblot analysis using anti-xpress
increasing levels of expressed
IKKB(644-756). (D) After glutathione-agarose precipitation,
GST and GST(644-756) were separated by SDS-PAGE (10%)

(inset) demonstrates the
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and stained with Coomassie blue (left panel). Equal amounts of
each were used for subsequent analyses. Truncation mutants of
NEMO were constructed (C-C, coiled coil; LZ, leucine zipper), expressed, and used for pull-down analysis [right panel, see (6, 24)], and interacting
mutants are indicated (+). None of the mutants interacted with GST (77). (E) Wild-type NEMO and a mutant lacking the first a-helical region
(del.aH) were expressed (input) and used for pull-down analysis by using the proteins in (D, left). (F) NF-kB activity (8) in Hela cells transfected
with pBIIX-luciferase and either pcDNA-3 (vector) or del.aH (0.25, 0.5, or 1.0 pg/ml) for 48 hours then treated for 4 hours with TNF-« (10

ng/ml).
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creased TNF-o—induced IKK activity [Fig.
4D and (7)), whereas neither peptide inhibit-
ed TNF-a—induced phosphorylation of c-Jun

REPORTS

(7). Electrophoretic mobility shift analysis
(EMSA) demonstrated that only the wild-
type peptide inhibited TNF-a—stimulated nu-

clear translocation of NF-kB in HeLa cells
(Fig. 4E), whereas neither peptide affected
DNA binding of the transcription factor

Oct-1 (/7). Furthermore, the wild-type NBD
peptide inhibited TNF-o—induced NF-kB ac-
tivity (Fig. 4F, upper panel). Basal NF-kB
activity was enhanced approximately twofold
by the wild-type peptide (Fig. 4F, lower pan-
el), suggesting that removal of NEMO slight-
ly increases the basal, intrinsic activity of the
IKK complex while abolishing its respon-
siveness to TNF-a.

Many genes involved in inflammation
B are regulated by NF-«B (18). E-selectin is a
leukocyte adhesion molecule expressed by
vascular endothelial cells after activation
by proinflammatory cytokines (/9). To as-
sess the anti-inflammatory potential of the
NBD peptides, we pretreated human umbil-
ical vein endothelial cells with the peptides
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Fig. 2. The IKKB region required for interaction with NEMO. (A)
Truncation mutants of IKKB lacking the extreme COOH-terminus
(1-733), the serine-free region (1-707), the serine rich-domain
(1-662), and the «, region (1-644) were used for pull-down
analysis by GST-NEMO (Fig. 1A). None of the mutants interacted with GST (77). (B) Comparison of the
COOH-termini of IKKa and IKKB indicating the o, and glutamate-rich regions and the six identical
amino acids (shaded). (C) Wild-type IKKB and the truncation mutants (1-733 and 1-744, input) were
used for in vitro pull-down analysis with either GST or GST-NEMO. (D) NF-kB activity in Hela cells
transfected with 1 pg/ml of the indicated constructs or vector (pcDNA-3) together with pBIIX-
luciferase (8).

The effects of the NBD peptides in vivo
were tested in two distinct experimental
mouse models of acute inflammation. Ear
edema induced with phorbol 12-myristate 13-
acetate (PMA) (20, 21) was reduced by the
wild-type peptide (77 = 3% inhibition) as
effectively as dexamethasone (82 * 9% in-
hibition), whereas the mutant was less effec-
tive (27 = 9%) (Fig. 5C). Neither peptide had
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using GST-NEMO and either (A) IKKa and IKKB in vitro translated in wheat germ extract, (B)
wild-type IKKa and IKK(1-737), or (C) a deletion mutant of IKKB lacking the NBD (del.NBD).
(D) COS cells were transfected for 48 hours with 1 pg/ml of pcDNA3.1-xpress (vector), vector
plus NEMO-FLAG, or NEMO-FLAG plus xpress-tagged IKKB(1-744) containing NBD point
mutations (25). After lysis, samples were immunoprecipitated by using anti-FLAG (M2) and
immunoblotted with anti-FLAG or anti-xpress. The expression level in lysates before immuno-
precipitation was determined by immunoblotting with anti-xpress (lower panel). (E) Hela cells E
were transfected for 48 hours with the indicated constructs together with pBIIX-luciferase, and
NF-kB activity was measured (8).
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any effect in the absence of PMA (17). In
another model, peritonitis was induced in
mice by intraperitoneal injection of zymosan,

A

wild type: drgikiwfqnrrmkwkkTALDWSWLQTE

mutant: drgikiwfgnrrmkwkkTALDASALQTE
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Fig. 4. Inhibition of the IKKB-NEMO in-
teraction and TNF-a-induced NF-«B ac-
tivation by a cell-permeable peptide
spanning the IKKB NBD. (A) Sequences of
the wild-type and mutant peptides (77,
14), indicating the Antennapedia home-
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either alone or in combination with dexa-
methasone or the NBD peptides (22, 23).
Zymosan injection caused accumulation of
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odomain (75) (lower case) and IKKB (upper case) segments. Positions of the W—A mutations are
underlined. (B) GST pull-down analysis was done with either GST-NEMO with in vitro translated IKK@
(upper panel) or GST-IKKB(644-756) with in vitro translated NEMO (lower panel) in the absence (no
peptide) or presence of 125, 250, 500, or 1000 p.M of either mutant (MUT) or wild-type (WT) NBD
peptide. (C) Hela cells were incubated with either peptide (200 M) for the times indicated and the IKK
complex was immunoprecipitated by using anti-NEMO. The resulting immunoblot was probed with
anti-IKKB. (D) The IKK complex was immunoprecipitated by using anti-NEMO from Hela cells treated
with the peptides (100 or 200 p.M) for 3 hours followed by incubation with TNF-a (10 ng/ml) (+) for
5 min and used for immune-complex kinase assay (76). (E) Hela cells were incubated for 3 hours with
50, 100, or 200 uM of each peptide followed by treatment for 15 min with TNF-a (10 ng/ml) (+). EMSA
was performed by using nuclear extracts and a specific kB-site probe as previously described (26). (F)
NF-kB activity (8) in Hela cells transfected with pBIIX-luciferase and incubated for 2 hours in the
absence or presence of NBD peptides (100 and 200 p.M) then treated for 4 hours with TNF-a (+ in

upper panel) or untreated (lower panel).
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inflammatory exudate fluids and migration of
polymorphonuclear cells into the peritoneum
that was inhibited by dexamethasone and the
wild-type, but not the mutant, NBD peptide
(Fig. 5D). Dexamethasone and wild-type
peptide also reduced NO accumulation in the
peritoneum of these animals (7). We there-
fore conclude that the wild-type NBD peptide
is an effective inhibitor of inflammation in
these experimental models.

In summary, we have identified the struc-
tural requirements for the association of
NEMO with the IKKs and revealed that
NEMO not only functions in the activation of
IKKB (I-5), but may also suppress the intrin-
sic, basal activity of the IKK complex. Drugs
targeting the IKK-NEMO interaction may be
of clinical importance for the control of in-
flammation, and as the NBD is only six ami-
no acids long, it should be possible to design
peptidomimetic compounds that disrupt the
NEMO-IKX interaction. Such drugs would
prevent activating signals from reaching the
IKK complex, yet maintain a low level of
NF-kB activity that may be required to avoid
potential toxic side effects.

References and Notes

. S. Yamaoka et al., Cell 93, 1231 (1998).

2. D. M. Rothwarf, E. Zandi, G. Natoli, M. Karin, Nature
395, 297 (1998).

3. F. Mercurio et al., Mol. Cell. Biol. 19, 1526 (1999).

4. E. W. Harhaj and S. C. Sun, J. Biol. Chem. 274, 22911
(1999); Z. L. Chu, Y. A. Shin, ). M. Yang, J. A. DiDonato,
D. W. Ballard, /. Biol. Chem. 274, 15297 (1999); D.-Y.
Jin, V. Giordano, K. V. Kibler, H. Nakano, K.-T. Jeang,
J. Biol. Chem. 274, 17402 (1999). S. Q. Zhang, A.
Kovalenko, G. Cantrella, D. Wallach, Immunity 12,
301 (2000).

5. D. Rudolph et al., Genes Dev. 14, 854 (2000).

6. IKKa and IKKB were gifts from M. Karin (University
of California, San Diego). All subcloning and mu-
tagenesis were done by polymerase chain reaction
(PCR) using cloned Pfu DNA polymerase (Strat-
agene, La Jolla, CA) (7). Human NEMO cDNA was
obtained by reverse transcriptase (RT)-PCR from
Hela cell mRNA using the Expand Long Template
PCR System (Boehringer Mannheim, Mannheim,
Germany) (7). For in vitro pull-down assays (24),
proteins were expressed and [33S]methionine-la-
beled by in vitro transcription and translation using
rabbit reticulocyte lysates or wheat germ extracts
(Promega, Madison, WI).

7. Supplementary material is available to Science On-
line subscribers www.sciencemag.org/feature/data/
1052581.shl.

8. Hela and COS cells were seeded into either 24-well
(10-mm, 1 X 105 cells/well) or 6-well (35-mm, 5 X
105 cells/well) plates and grown for 24 hours before
transfection of DNA (1 pg/ml) by using Fugeneé
(Roche, Basel, Switzerland). After 48 hours, cells were
lysed with TNT (200 mM NaCl, 20 mM Tris, pH 8.0,
1% Triton X-100), and samples were used for immu-
noprecipitation (25) or luciferase assay (Promega lu-
ciferase assay system).

9. ). Ye, X. Xie, L. Tarassishin, M. S. Horwitz, J. Biol.
Chem. 275, 9882 (2000).

10. M. Delhase, M. Hayakawa, Y. Chen, M. Karin, Science
284, 309 (1999).

11. Single-letter abbreviations for the amino acid resi-
dues are as follows: A, Ala; C, Cys; D, Asp; E, Gly; F,
Phe; I, lle; K, Lys; L, Leu; M, Met; N, Asn; Q, Gln; R, Arg;
S, Ser; T, Thr; V, Val; and W, Trp.

12. T. Shimada et al., Int. Immunol. 11, 1357 (1999).

13. K. Takeda et al., Science 284, 313 (1999); Y. Hu et al.,,
Science 284, 316 (1999); Q. Li et al., Genes Dev. 13,

ury

1553



HUVEC number

o
-
]

NO PEPTIDE

AEar thickness (mm) @

MUTANT

REPORTS

"J.

= VEH DEX MUT WT

Exudate volume (ul) O
miliiar

Cells/ml (x 10)
P
Q o

2 o=
o o o o

E-selectin expression

ZYMm

PBS PBS DEX MUT WT

- + o+ + o+

Fig. 5. The wild-type
NBD peptide inhibits
NF-kB—induced gene
expression and experi-
mentally induced in-
flammation. (A) Hu-
man umbilical vein en-
dothelial cells were in-
cubated for 2 hours
with mutant (middle)
or wild-type (bottom)
NBD peptides (100
M) then stimulated
with TNF-a (10 ng/ml)
for 6 hours. Control
cells (top) received no
peptide. Cells were
stained with either
anti-E-selectin (H4/18)
or a nonbinding, iso-
type-matched control
antibody (K16/16) and
expression was mea-
sured by FACS [FAC-
Sort, Becton Dickinson,
Paramus, NJ (27)]. The
profiles show E-selectin
staining in the absence
(black) and presence
(red) of TNF-a and
control antibody stain-
ing under the same
conditions  (blue, no
TNF-o;; green, +TNF-
a). (B) PMA-induced
ear edema in mice top-

ically treated with vehicle (VEH), dexamethasone (DEX) or NBD peptides was measured as described
(20, 217). (C) The effects of the NBD peptides and dexamethasone (DEX) on Zymosan (ZYM)-induced
peritonitis in mice were determined as described (22). Control mice were injected with phosphate-
buffered saline (PBS).

14,

15.

16.

17.
18.

19.

20.

1554

1322 (1999); Q. Li, D. Van Antwerp, F. Mercurio, K. F.
Lee, I. M. Verma, Science 284, 321 (1999); Z. W. Li et
al., J. Exp. Med. 189, 1839 (1999); M. Tanaka et al.,
Immunity 10, 421 (1999).

The sequences of the NBD peptides are shown in Fig.
SA (77). Both peptides were dissolved in dimethyl
sulfoxide (DMSO) to a stock concentration of 20 mM.
Unless shown, DMSO controls were no different from
no peptide controls. :

D. Derossi, A. H. Joliot, G. Chassaing, A. Prochiantz, J.
Biol. Chem. 269, 10444 (1994); H. Hall et al., Curr.
Biol. 6, 580 (1996); E. Hildt and S. Oess, J. Exp. Med.
189, 1707 (1999).

Precipitated immune complexes were washed with
TNT and kinase buffer (20 mM Hepes, pH 7.5, 20
mM MgCl,, 1 mM EDTA, 2 mM NaF, 2 mM B-gly-
cerophosphate, 1 mM dithiothrietol, 10 wM ATP)
then incubated for 15 min at 30°C in 20 pl of
kinase buffer containing GST-IxBa(1-90) and 10
wCi [y-32P]JATP (Amersham Pharmacia Biotech,
Uppsala, Sweden). The phosphorylated substrate
was precipitated by using glutathione-agarose
(Amersham Pharmacia Biotech), separated by SDS—
polyacrylamide gel electrophoresis (SDS-PAGE,
10%) and visualized by autoradiography.

M. J. May et al., unpublished data.

M. J. May and S. Ghosh, Semin. Cancer Biol. 8, 63
(1997); S. Ghosh, M. . May, E. B. Kopp, Annu. Rev.
Immunol. 16, 225 (1998).

). S. Pober et al., J. Immunol. 436, 1680 (1986); M. P.
Bevilacqua et al., Proc. Natl. Acad. Sci. U.S.A. 84,
9238 (1987); T. Collins et al., FASEB J. 9, 899 (1995)
Ear edema was induced in replicate groups of mice
(C57BL/6NCR) as described previously (27). Briefly, 20
! of either NBD peptide (200 j.g/ear), dexamethasone
(40 pg/ear) or vehicle (DMSO:ethanol, 25:75 v/v) was
applied to the right ear of mice 30 min before and 15

min after the application of 20 ul of PMA (5 pg/ear)
dissolved in ethanol. Swelling was measured 6 hours
after PMA application by using a microgauge (Mitutoyo
America, Aurora, IL) and expressed as the mean differ-
ence in thickness between the treated and untreated
ears.

21. ). Chang, E. Blazek, M. Skwaronek, L. Marinari, R. P.
Carlson, Eur. J. Pharmacol. 142, 197 (1987).

22. Zymosan-induced peritonitis, measurement of peri-
toneal exudates and inflammatory cell collections
from replicate groups mice (C57BL/6NCR) were per-
formed as described previously (23). Animals were
injected concomitantly with 1 ml zymosan (1 mg/ml)
and either dexamethasone (100 pg/ml) or the NBD
peptides (200 jg/ml).

23. S.). Getting, R. ). Flower, M. Perretti, Br. J. Pharmacol.
120, 1075; M. N. Ajuebor, L. Virag, R. J. Flower, M.
Perretti, C. Szabo, Immunology 95, 625 (1998).

24. H. Zhong, H. SuYang, H. Erdjument-Bromage, P.
Tempst, S. Ghosh, Cell 89, 413 (1997).

25. For immunoprecipitations, Hela or COS cells grown in
6-well (35 mm) trays were lysed in 500 .l TNT. Trans-
fected FLAG-tagged proteins were precipitated for 2
hours at 4°C by using 20 pl of anti-FLAG (M2)-conju-
gated agarose beads (Sigma). Endogenous IKKB or
NEMO were immunoprecipitated by using 1 pg of
specific polyclonal antibodies (Santa Cruz Biotechnolo-
gy, Santa Cruz, CA) plus 20 pl of Protein-A Sepharose
(Amersham Pharmacia Biotech). For immunoblotting,
precipitates were washed with TNT twice, and PBS then
suspended in SDS-sample buffer. Proteins were sepa-
rated by SDS-PAGE (10%), transferred to polyvinyli-
dene diflouride membranes, and visualized by enhanced
chemiluminesence (Amersham Pharmacia Biotech).

26. E. B. Kopp and S. Ghosh, Science 265, 956 (1994).

27. L. A..Madge, M. R. Sierra-Honigmann, J. S. Pober, J.
Biol. Chem. 274, 13643 (1999).

28. Supported by the Howard Hughes Medical Institute
and NIH (Al 33443), the Irvington Institute for Im-
munological Research (M.J.M), and a grant from ISIS
Pharmaceuticals (L.A.M). We thank D. Schatz, M. So-
lomon, and A. Horwich for critically reading the
manuscript.

25 May 2000; accepted 29 June 2000

Predictions of Biodiversity
Response to Genetically
Modified Herbicide-Tolerant

Crops

A. R. Watkinson,’ R. P. Freckleton,’+ R. A. Robinson,?
W. J. Sutherland’

We simulated the effects of the introduction of genetically modified herbicide-
tolerant (GMHT) crops on weed populations and the consequences for seed-
eating birds. We predict that weed populations might be reduced to low levels
or practically eradicated, depending on the exact form of management. Con-
sequent effects on the local use of fields by birds might be severe, because such
reductions represent a major loss of food resources. The regional impacts of
GMHT crops are shown to depend on whether the adoption of GMHT crops by
farmers covaries with current weed levels.

There is a growing research interest in the
potential effects of the release of genetically
modified (GM) crops (I) on biodiversity.
This is prompted by concerns relating to the
direct impact of GM crops on target organ-
isms and the indirect effects on the wider
environment. The environmental debate has

to be set within a biodiversity landscape that
is already affected by the intensification of
agriculture (2). Although, in some senses, the
introduction of GM crops may be no different
than the introduction of any other technology
that leads to the further intensification of
agriculture, this new technology might offer a
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