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The nuclear import of dorsal, a Drosophila Rel homolog, is directed by a spatially restricted extracellular
ligand in blastoderm embryos. We have demonstrated both that dorsal is an embryonic phosphoprotein and
that its phosphorylation state is regulated by an intracellular signaling pathway initiated by the transmem-
brane receptor Toll. Immunoblot analysis of cytoplasm from precisely staged embryos revealed that the
phosphorylation state of dorsal is altered during the time period that Toll is activated. Moreover, mutations
that constitutively activate Toll stimulated dorsal phosphorylation, while mutations that block Toll activation
reduced the level of dorsal phosphorylation. We further demonstrated that signal-dependent dorsal phosphor-
ylation is modulated by three intracellular proteins, pelle, tube, and cactus. Using double-mutant embryos, we
then explored the nature of the kinase activity responsible for dorsal phosphorylation. We found that free
dorsal is a substrate for a signal-independent kinase activity. In addition, our results imply that dorsal is a
substrate for a Toll-dependent kinase. These results are consistent with the hypothesis that phosphorylation
of Rel-related proteins may be required for the proper nuclear localization and transcriptional activity of these
proteins.

The dorsoventral axis of Drosophila embryos is defined by a
nuclear concentration gradient of dorsal, a member of the Rel
family of transcription factors (reviewed in references 23 and
42). Another member of the Rel family, NF-KB, mediates
aspects of the immune and inflammatory responses in mam-
malian lymphocytes (reviewed in reference 3). The transcrip-
tional activities of Drosophila dorsal and mammalian NF-KB
are governed by a remarkably conserved mechanism. In both
cases, extracellular signals promote the rapid redistribution of
the Rel protein from the cytoplasm to the nucleus, where it
then activates or represses target genes.
The posttranslational mechanism underlying the regulated

nuclear translocation of Rel proteins has been most thoroughly
characterized for NF-KB. Prior to its activation by extracellular
signals, NF-KB is sequestered in the cytoplasm in a latent state
(4). Cytoplasmic retention of NF-KB is mediated by an inhib-
itory protein, IKB, which binds to and masks the nuclear
localization sequence of NF-KB (5, 7). In responsive cells, a
variety of cytokines and mitogens, including interleukin-1
(IL-i) and phorbol esters, stimulate the nuclear import of
NF-KB (33, 36, 45). These agents initiate signal transduction
cascades that culminate in the dissociation of the NF-KB-IKB
complex and the subsequent translocation of NF-KB into the
nucleus (4).

Biochemical, genetic, and molecular biological evidence all
suggests that the nuclear translocation of dorsal is controlled
by a mechanism similar to that for NF-KB (54). In precellular
Drosophila embryos, dorsal nuclear import is triggered by the
ventrally restricted activation of a transmembrane receptor,
Toll (14, 24, 25, 50). In response to Toll activation, dorsal
protein rapidly migrates into nuclei on the ventral side of the
embryo, while remaining excluded from the dorsal-most nuclei
(40, 41, 52). A nuclear concentration gradient of dorsal protein
that defines the fates of cells along the dorsoventral circum-
ference is thereby established (53).

* Corresponding author. Phone: (214) 648-8999. Fax: (214) 648-
8856.

Loss-of-function mutations in Toll disrupt intracellular sig-
naling (1). As a result, dorsal remains in the cytoplasm
throughout embryogenesis (40, 52). Although the nature of the
signaling pathway initiated by Toll is unknown, at least three
genes function intracellularly to regulate dorsal import. tube
andpelle play positive roles in transmission of the ventral signal
(2, 27). Loss of activity of tube orpelle has the same effect as the
loss of Toll: nuclear translocation of dorsal is blocked (40). In
contrast, loss-of-function mutations in a third gene, cactus,
have an opposite effect (44). In cactus embryos, dorsal protein
migrates into nuclei along the entire dorsoventral circumfer-
ence, regardless of the activation state of Toll (40, 41, 52).
These results suggest that cactus serves to secure dorsal in the
cytoplasm and prevent its nuclear import in the absence of
signaling, analogous to the function served by lKB in mamma-
lian cells. Indeed, a physical interaction between dorsal and
cactus has been demonstrated by immunoprecipitation exper-
iments and by DNA-binding assays (17, 30).
Components of the NF-KB and dorsal activation pathways

resemble each other molecularly as well as functionally. The
dorsal protein is homologous to the p50 and p65 subunits of
NF-KB (reviewed in reference 9). The cactus protein also
shares a high degree of sequence similarity with its mammalian
counterpart, IKB (17, 30). Finally, the cytoplasmic domain of
Toll shares a modest degree of sequence similarity with the
type I receptor for IL-i, a known physiological activator of
NF-KB (16, 43). The sequence conservation between the
receptors and final effectors of these two signaling pathways
suggests that the intervening signal transduction components
may be conserved as well.
The nature of the signaling pathways activated by the IL-i

receptor and by Toll remains unclear. Signal transduction
motifs have not been identified in either the IL-i receptor or
Toll cytoplasmic domain. Nevertheless, both receptors appear
to act through intracellular protein kinases. In mammalian
cells, activation of the IL-1 receptor stimulates a variety of
protein kinases, including cyclic AMP (cAMP)-dependent
protein kinase and MAP-2 kinase, though the role of these
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kinases in vivo is the subject of lively debate (8, 11, 48).
Biochemical evidence suggests that both NF-KB and lKB may

be targets for intracellular phosphorylation. Tumor necrosis
factor alpha and IL-1 both stimulate the phosphorylation of
IKB in vivo (6), while phosphorylation of purified lKB in vitro
has been shown to block its ability to inhibit NF-KB (18). In
addition, pharmacological agents that activate cAMP-depen-
dent protein kinase or protein kinase C can induce NF-KB
DNA-binding activity (10, 18, 47). In Drosophila embryos, a

role for phosphorylation in the dorsoventral pathway has been
clearly established: the pelle gene, which encodes a protein
kinase (46), is required downstream of Toll for dorsal nuclear
import. Furthermore, in cultured Drosophila cells, the coex-

pression of dorsal with the cAMP-dependent protein kinase
catalytic subunit leads to an increase in dorsal's level of nuclear
uptake and its transcriptional activity (35). Thus, like NF-KB
and lKB, dorsal and cactus are prime candidates for regulation
by phosphorylation.

In this report, we demonstrate that dorsal is a phosphopro-
tein and that the phosphorylation state of dorsal is dynamic in
early embryos. Using a combined genetic and biochemical
approach, we show that the activation of Toll stimulates an

increase in the extent of dorsal phosphorylation. We explore
this result further by characterizing the dependence of dorsal
phosphorylation on the activities of tube, pelle, and cactus.

MATERMILS AND METHODS

Stocks. Oregon R was used as the wild-type stock. The tube
null allele, tubRS6 (27), was generously provided to our labo-
ratory by Kathryn Anderson. Df(3R)XM3 and Df(3R)IR16
have been described previously (31, 46). All other mutations
and balancers have been described by Lindsley and Zimm (32).

Production of dorsal antiserum. Full-length dorsal protein
was expressed in Escherichia coli JM109(DE3) by isopropyl-,B-
D-thiogalactopyranoside (IPTG) induction of plasmid pARdl
(41). For preparation of antigen, inclusion bodies were purified
as described by Rio et al. (38). dorsal was further purified by
electrophoretic separation on 3-mm-thick sodium dodecyl
sulfate (SDS)-10% polyacrylamide gels. Acrylamide strips
containing dorsal protein were excised from the gel after
staining with 4 M sodium acetate (28). For injection, an

acrylamide strip containing approximately 500 pLg of dorsal
protein was homogenized in a small volume of phosphate-
buffered saline (7 mM Na2HPO4, 3 mM NaH2PO4, 30 mM
NaCl [pH 7.4]), using a Dounce homogenizer with a motor-
driven pestle. The homogenized band was mixed with an equal
volume of Freund's complete adjuvant (Gibco) and emulsified
by sonication with a fine-tip probe. Rabbits were initially
injected with 500 ,ug of dorsal protein and were bled 10 days
after injection. Thereafter, rabbits were injected on a 2- to
4-week schedule with 250 ,g of dorsal protein in acrylamide
that was homogenized and emulsified with Freund's incom-
plete adjuvant (Gibco). All bleedings were performed 10 to 14
days postinjection.

Preparation of crude embryonic lysates and molecular
weight conversion by endogenous enzymes. Embryos were

collected, dechorionated, and stored at -70°C prior to use.

Dechorionated frozen embryos (500 [LI) were lysed in 1.5 ml of
ice-cold lysis buffer (25 mM N-2-hydroxyethylpiperazine-N'-2-
ethanesulfonic acid [HEPES], 100 mM NaCl, 1 mM MgCl2, 1
mM CaCl2, 0.2% Triton X-100, 0.2% Nonidet P-40, 1 mM
phenylmethylsulfonyl fluoride, 10 ,uM leupeptin, 1 ,uM pepsta-
tin, 0.3 ,uM aprotinin [pH 7.5]) in a Dounce homogenizer,
using 30 strokes of a tight-fitting pestle. Unlysed embryos and
some yolk material were removed by filtration through 150-

pLm-pore-size Nytex mesh. A portion of the lysate was imme-
diately mixed with an equal volume of 2x sample buffer (125
mM Tris, 20% glycerol, 4% SDS, 10% 3-mercaptoethanol [pH
6.8]) and heated to 100°C for 5 min to stop endogenous
enzymatic activity. Molecular weight conversion of dorsal by
endogenous enzymes was carried out by incubating the remain-
ing lysate at 30°C for 60 min, in the presence or absence of
phosphatase inhibitors. On completion of the incubation,
lysates were mixed with an equal volume of 2x sample buffer
and heated to 100°C for 5 min. Prior to electrophoresis, all
samples were centrifuged at 10,000 x g for 5 mln at 4°C to
remove insoluble material.
Immunoblot analysis. Proteins were fractionated on SDS-

11.5% polyacrylamide gels containing a 120:1 ratio of acrylam-
ide to bisacrylamide. After electrophoresis, proteins were
transferred to a polyvinylidene difluoride membrane (Immo-
bilon-P; Millipore) in 15.6 mM Tris-120 mM glycine. Electro-
transfer was carried out for 2 h at 100 V (25 V/cm), using
ice-cold buffer. We used the Bio-Rad Mini-Protean system for
electrophoresis and transfer. Immunoblotting was performed
by the chemiluminescence method of Gillespie and Hudspeth
(20), with slight modifications. Membranes were blocked
for 1 h in 6% casein-1% polyvinylpyrrolidone 40-59 mM
Na2HPO4-16 mM NaH2PO4-68 mM NaCl-0.02% NaN3 (pH
7.2). Following blocking, blots were incubated with rabbit
polyclonal antidorsal serum for 1 h. Before use, the crude
serum was diluted in 59 mM Na2HPO4-16 mM NaH2PO4-0.5
M NaCl-0.5% Tween 20 (pH 7.4) and preadsorbed to protein
derived from 0- to 3-h dorsal null embryos [maternal genotype
dl'/dl' or In(2L)dlH/Df(2L)TW119] that had been coupled to
cyanogen bromide-activated Sepharose. This preadsorbed se-
rum was used at a dilution of 1/10,000 (relative to the original
serum) in blocking buffer. Alkaline phosphatase-conjugated
goat anti-rabbit immunoglobulin G (Calbiochem) was used at
a dilution of 1/20,000 in blocking buffer. Alkaline phosphatase
activity was detected by using 0.4 mM 3-(4-methoxyspiro-
{ 1,2-dioxetane-3,2' -(5' -chloro)tricyclo[3.3.1. 13'7]decan}-4-yl)-
phenylphosphate (AMPPD) (Tropix) or 0.25 mM 3-(4-
methoxyspiro{ 1,2-dioxetane-3,2'-tricyclo-[3.3.1.13'7]decan}-4-
yl)phenyl phosphate (CSPD) (Tropix) in 50 mM 2-amino-2-
methyl-1-propanol-1 mM MgCl2-10% Sapphire enhancer
(Tropix) (pH 10). All incubations were performed at room
temperature.

Preparation of biotinylated embryonic protein. Dechorion-
ated frozen embryos (500 [LI) were homogenized in 1.5 vol-
umes of ice-cold lysis buffer in a Dounce homogenizer. Unlysed
material was removed by filtration through 150-,um-pore-size
Nytex mesh. The crude lysates were cleared by centrifugation
at 100,000 x g for 1 h at 4°C. The lipid-depleted, clear middle
layer was removed with a finely drawn out Pasteur pipette and
stored at -70°C. Biotinylation was carried out as described by
Gillespie and Hudspeth (19, 20), with several modifications.
Protein extracts were diluted to 1 mg/ml in 25 mM HEPES
(pH 8.0). If necessary, the pH of the diluted protein extract was
adjusted to 8.0. Immediately before use, a 5 mM solution of
N-hydroxysulfosuccinimidobiotin (sulfo-NHS-biotin) (Pierce)
was prepared in 25 mM HEPES (pH 8.0). To initiate labeling,
an equal volume of 5 mM sulfo-NHS-biotin was mixed with the
1-mg/ml embryonic extract. Reactions were carried out at
room temperature for 15 to 30 min. The biotinylation reaction
was stopped by the addition of 1 M lysine (pH 9) to a final
concentration of 20 mM. Biotinylated proteins were stored at
-70°C, at which temperature they appeared to be stable for at
least 6 months. The labeling reaction did not appreciably alter
the molecular weight of dorsal, as determined by immuno-
blotting.

MOL. CELL. BIOL.



SIGNAL-DEPENDENT dorsal PHOSPHORYLATION 3561

Immunoprecipitation and alkaline phosphatase assays. Bi-
otinylated extracts (10 to 20 ,ug of protein) were diluted into
500 ,ul of lysis buffer containing, additionally, 10 mg of bovine
serum albumin per ml and 0.08% SDS. All incubations were
performed at 4°C. Extracts were first precleared with 25 [lI
(wet volume) of protein A-Sepharose (Sigma) for 1 h and then
incubated overnight with 3 RI of crude rabbit preimmune
serum. Preimmune antibody-antigen complexes were removed
by incubation with 25 ,ul of protein A-Sepharose. Extracts
cleared with preimmune serum were then incubated with 3 to
10 ,lI of polyclonal rabbit antidorsal serum. This serum had
been first preadsorbed to protein derived from dorsal null
embryos as described for immunoblotting except that after
preadsorption, the serum was concentrated to its original
volume in Centricon C-30 concentrators (Amicon). Incubation
with postimmune serum was carried out for 2 h. Postimmune
antibody-antigen complexes were recovered by incubation with
25 to 50 pl of protein A-Sepharose for 1 h. Preimmune and
postimmune antibody-antigen complexes were washed twice
with 50 mM Tris-0.5% Triton X-100-300 mM NaCl (pH 7.5),
twice with the same solution containing 500 mM NaCl, and
twice with 50 mM Tris-100 mM NaCl-1 mM MgCl2-1 mM
CaCl2-1% Triton X-100-1% sodium deoxycholate-0.25%
SDS (pH 7.5). Complexes were then washed with 10 mM Tris
(pH 7.5). Immunoprecipitated proteins were eluted with 40 pul
of 1x sample buffer and heated to 100°C for 5 min.

Dephosphorylation of immunoprecipitated proteins by alka-
line phosphatase was carried out prior to elution of proteins
from the antibody-protein A-Sepharose beads. After washing
in 10 mM Tris (pH 7.5), pellets were washed twice with CIP
buffer (10 mM Tris, 10 mM MgCl2, 100 mM KCl [pH 8]) and
resuspended in 50 pI of CIP buffer. Thirty units of calf alkaline
phosphatase (Boehringer Mannheim) was added to appropri-
ate tubes with or without 50 mM ,B-glycerophosphate and 2
mM sodium vanadate. Phosphatase reactions were carried out
for 1 h at 37°C. Following the incubation, pellets were washed
in 10 mM Tris (pH 7.5), and proteins were eluted as indicated
above.

Immunoprecipitated proteins were separated on SDS-poly-
acrylamide gels and transferred to charged nylon membranes
(Zeta-Probe; Bio-Rad) as described above for immunoblot-
ting. Biotinylated proteins were detected as described by
Gillespie and Hudspeth (20), using a 1/40,000 dilution of
streptavidin-alkaline phosphatase (TAGO) and the chemilu-
minescent substrate AMPPD.

Micropipette collection of total embryonic cellular contents.
Embryos were collected, dechorionated, and lined up on
double-sided cellophane tape. Embryos were overlaid with
halocarbon oil and staged by eye according to the conventions
of Campos-Ortega and Hartenstein (13). Stage 2 embryos were
visually identified by anterior and posterior embryonic retrac-
tion from the vitelline membrane. Stage 5 embryos were
identified as those undergoing cellularization. Only those
embryos in which membrane invagination was between 40 and
60% complete were used for this study. The entire contents of
five to seven embryos were extracted with a microinjection
needle, leaving behind only the deflated husk of vitelline
membrane. This extract was then transferred into 20 [lI of 1 x
sample buffer containing, additionally, 1 mM EDTA, 50 mM
NaF, 5 ,uM microcystin-LR, 1 mM phenylmethylsulfonyl fluo-
ride, 10 ,uM leupeptin, 1 ,uM pepstatin, and 0.3 ,uM aprotinin
and was kept on ice. The contents of additional pools of 5 to 7
embryos were collected and transferred into the same 20 RI of
buffer until the contents of 20 embryos had been collected. The
average time that extracted material resided in a microinjec-
tion needle was 2.5 min. Once the cellular contents of 20

dl wt E. coli wt

30-C incubation - - + + + - +

Heat inactivation - - - + - - -

Phosphatase inhibitors - - - +

Mr(K) 117-

91-

1 2 3 4 5 6 7

FIG. 1. Posttranslational modification of dorsal in early embryos.
Crude lysates were prepared from 0- to 3-h dorsal null [In(2L)dlH/
Df(2L)TWI19] embryos (dl-; lane 1), from 0- to 3-h wild-type embryos
(wt; lanes 2 to 5 and 7), or from E. coli expressing dorsal from plasmid
pARdl (lane 6). Embryonic protein (40 j,g) or E. coli protein (1 jig)
was fractionated on an SDS-11.5% polyacrylamide gel containing a
120:1 ratio of acrylamide to bisacrylamide. Proteins were electro-
phoretically transferred to membranes and detected with polyclonal
antidorsal serum. In lanes 1 and 2, lysates were immediately mixed
with an equal volume of 2x sample buffer and incubated for 5 min at
100°C to stop enzyme activity. Small dots indicate five dorsal isoforms.
Occasionally, the second-largest band can be resolved as a doublet. In
lane 3, lysate was incubated for 1 h at 30°C to allow molecular weight
conversion of dorsal. In lane 4, lysate was heated to 100°C for 3 min to
denature proteins prior to incubation for 1 h at 30°C. In lane 5,
phosphatase inhibitors (80 mM 3-glycerophosphate and 20 mM so-
dium PPj) were added to the lysate prior to incubation for 1 h at 30°C.
Following incubation at 30°C, crude lysates in lanes 3 to 5 were mixed
with an equal volume of 2x sample buffer and heated to 100lC for 5
min. Lane 6, full-length E. coli-expressed dorsal protein; lane 7, same
embryonic lysate as lane 3. Prestained protein molecular weight
markers (Bio-Rad high-molecular-weight standards) were calibrated
against unstained marker proteins: Mr 117,000, prestained f-galacto-
sidase; Mr 91,000, prestained serum albumin.

embryos had been collected, samples were immediately heated
to 100°C for 5 min.

RESULTS

Multiple isoforms of dorsal are present in wild-type embry-
onic extracts. The dorsal protein appears as a broad doublet on
immunoblots of embryonic extracts separated on standard
SDS-polyacrylamide gels (21, 40, 52). To refine the electro-
phoretic separation of dorsal, we fractionated crude embryonic
lysates on SDS-polyacrylamide gels containing low bisacryl-
amide concentrations. Upon immunoblotting with antidorsal
serum, these higher-resolution gels revealed additional heter-
ogeneity in dorsal's apparent molecular weight. The dorsal
protein comprises an ensemble of at least five immunoreactive
bands in 0- to 3-h wild-type embryos (i.e., embryos 0 to 3 h in
age) (Fig. 1, lane 2; see also Fig. 4, lane 4). The fastest-
migrating, very faint band has a relative molecular weight of
76,000, similar to the predicted molecular weight of 75,475 (51,
52). The four more slowly migrating bands have apparent
molecular weights ranging from 79,000 to 97,000.

In the course of characterizing dorsal, we found that incu-
bation of crude embryonic extracts at 30°C altered the profile
of the dorsal ensemble. Such an incubation converted the
dorsal isoforms to a single, faster-migrating band with an
intensity greater than that of any of the original bands (Fig. 1,
lane 3). This band comigrated with the smallest dorsal isoform
in extracts from 0- to 3-h embryos and with full-length dorsal
expressed in E. coli (Fig. 1, lanes 2, 3, 6, and 7). Heat
inactivation of extracts prior to incubation at 30°C inhibited
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the molecular weight conversion of dorsal (Fig. 1, lane 4),
suggesting that conversion was due to an enzymatic activity.
Because the smallest embryonic form of dorsal comigrated
with E. coli-expressed dorsal, it is unlikely that the variant
dorsal forms are generated proteolytically.
We postulated that the dorsal isoforms were generated by

the posttranslational addition of phosphate groups and that
these phosphate groups were being removed during the 30°C
incubation by a phosphatase activity present in our extracts. To
test this hypothesis, we subjected freshly prepared embryonic
extracts to incubation at 30°C in the presence of phosphatase
inhibitors. A mixture of two broad-specificity phosphatase
inhibitors, 3-glycerophosphate and sodium PP1, completely
suppressed the conversion of the dorsal bands by the endoge-
nous activity (Fig. 1, lane 5). The ability of phosphatase
inhibitors to block the removal of posttranslational modifica-
tions on dorsal supports our hypothesis that dorsal is a
phosphoprotein and that the endogenous converting activity is
a phosphatase.

dorsal is modified by phosphorylation. Although broad-
specificity phosphatase inhibitors prevent the conversion of
dorsal species to faster-migrating forms, the activity of the
responsible enzyme has not been defined in vitro. To demon-
strate conclusively that dorsal is modified by phosphorylation,
we assayed the effect of purified alkaline phosphatase on
immunoprecipitated dorsal protein. For these experiments, we
labeled embryonic protein extracts with sulfo-NHS-biotin. We
chose this nonradioactive technique for its ability to label
embryonic proteins regardless of whether they are synthesized
in the embryo or in the ovary. The choice of this labeling
technique also allowed us to take advantage of a sensitive
detection protocol for biotinylated proteins (20).
As shown in Fig. 2A, we recovered two proteins from

extracts of wild-type 0- to 3-h embryos by immunoprecipitating
with antidorsal serum (Fig. 2A, lane 4). Neither protein was
immunoprecipitated with preimmune serum. The larger pro-
tein migrated with an apparent molecular weight of 94,000,
within the range expected for dorsal. The 94,000-Mr protein
was immunoprecipitated from extracts denatured by heating in
1% SDS (Fig. 2A, lane 6) but not from extracts prepared from
dorsal null embryos (Fig. 2A, lane 2), confirming its identifi-
cation as dorsal. Incubation of immunoprecipitated dorsal
protein at 37°C for 1 h did not alter its mobility (Fig. 2B, lane
1). Incubation of the precipitated protein with purified alkaline
phosphatase, however, converted the dorsal ensemble to a
faster-migrating species (Fig. 2B, lanes 2 and 4). Treatment of
immunoprecipitated protein with potato acid phosphatase
generated similar results (data not shown). The molecular
weight conversion of dorsal by alkaline phosphatase was
blocked by 50 mM 3-glycerophosphate and 2 mM sodium
vanadate (Fig. 2B, lanes 3 and 5). The added phosphatase was
therefore responsible for the observed conversion. From these
results, we conclude that dorsal is modified by phosphorylation
in precellular embryos.
The protein that coprecipitates with dorsal (Fig. 2A, lane 4)

has an approximate molecular weight of 72,000 (p72). p72 was
not immunoprecipitated with antidorsal serum from denatured
wild-type extracts (Fig. 2A, lane 6) or from dorsal null extracts
(Fig. 2A, lane 2), suggesting that p72 is a noncovalently
associated protein and not a degradation product of dorsal.
Like that of dorsal, the mobility of p72 was increased by
phosphatase treatment of the immunoprecipitated complex
(Fig. 2B, lanes 2 and 4) and the mobility shift was blocked by
the addition of phosphatase inhibitors (Fig. 2B, lanes 3 and 5).
Kidd (30) has demonstrated the association of dorsal and an
embryonic phosphoprotein with an Mr of 69,000 to 75,000,

A
Extract source dl1 wt
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Ippt condition Nat Nat D'nat
AI P P

Antiserum P P I P I

Mr (K) 220

117-
04 <-dorsal

74- <- p72

47-

1 2 3 4 5 6

B
Phosphatase
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- 30 30 60 60 (units)

] <-dorsal
<-p72
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FIG. 2. Molecular weight conversion of immunoprecipitated dorsal
and p72 by alkaline phosphatase. (A) Specificity of the immunopre-
cipitation (Ippt) reaction. Embryonic protein labeled with sulfo-NHS-
biotin was immunoprecipitated with rabbit preimmune serum (lanes 1,
3, and 5) or rabbit polyclonal antidorsal serum (lanes 2, 4, and 6).
Proteins were immunoprecipitated from extracts of dorsal null 0- to 3-h
embryos (maternal genotype dl'/dl') (lanes 1 and 2), wild-type (wt) 0-
to 3-h embryos (lanes 3 and 4), or wild-type 0- to 3-h embryos
denatured by boiling in 1% SDS (lanes 5 and 6). Immunoprecipitated
proteins were separated on standard SDS-10% polyacrylamide gels,
transferred to charged nylon membranes, and detected with streptavi-
din-alkaline phosphatase. P, preimmune serum; I, immune serum; Nat,
native extracts; D'nat, denatured extracts. Prestained protein molecu-
lar weight markers (Bio-Rad low-molecular-weight standards) were
calibrated against unstained marker proteins: Mr 220,000, prestained
myosin; Mr 117,000, prestained P-galactosidase; Mr 74,000, prestained
serum albumin; M, 47,000, prestained ovalbumin. (B) Alkaline phos-
phatase conversion of dorsal and p72. Biotinylated embryonic extracts
were subjected to immunoprecipitation with antidorsal serum. Immu-
noprecipitated proteins were incubated at 37°C for 1 h in the absence
of enzyme (lane 1), in the presence of alkaline phosphatase (lanes 2
and 4), or in the presence of alkaline phosphatase plus phosphatase
inhibitors (50 mM 1-glycerophosphate and 2 mM sodium vanadate)
(lanes 3 and 5). Proteins in lanes 2 and 3 were incubated with 30 U of
alkaline phosphatase; proteins in lanes 4 and 5 were incubated with 60
U of alkaline phosphatase. Proteins were fractionated on 12% poly-
acrylamide gels containing a 120:1 ratio of acrylamide to bisacrylamide
and were detected as in panel A. For reasons discussed in Results, we
believe that p72 is cactus.
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C) \b-. Kv\gz'~~~f%
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dorsal[ U _u _
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FIG. 3. The molecular weight conversion of dorsal is blocked by
inhibitors specific for serine/threonine phosphatases. Crude lysates
were prepared from wild-type 0- to 3-h embryos. Embryonic protein
(40 ,ug) was analyzed by immunoblotting with antidorsal serum as in
Fig. 1. In lane 1, lysate was immediately mixed with an equal volume
of 2x sample buffer and incubated for 5 min at 100°C to stop enzyme
activity. In lane 2, lysate was incubated for 1 h at 30°C. In lanes 3 to 6,
phosphatase inhibitors were added to lysates prior to incubation. Lane
3, 5 puM microcystin-LR; lane 4, 1 mM sodium vanadate; lane 5, 50 mM
sodium fluoride.

identified as the product of the cactus gene. Therefore, we
believe that p72 is cactus.

dorsal is phosphorylated on serine or threonine residues.
To further characterize dorsal phosphorylation, we exploited
the phosphatase activity present in our crude embryonic
lysates. A variety of phosphatase inhibitors were assayed for
the ability to block the molecular weight conversion of dorsal
in embryonic lysates. Fluoride ion (F-) preferentially inhibits
serine/threonine phosphatases, while orthovanadate (VO43-)
is selective for tyrosine phosphatases (12, 22). We found that
sodium fluoride (50 mM) strongly inhibited dorsal's molecular
weight conversion by the embryonic phosphatase (Fig. 3, lane
5). In contrast, sodium vanadate (1 mM) had little effect on the
conversion of dorsal (Fig. 3, lane 4). These results suggested
that the primary dorsal-converting activity in our extracts was
a serine/threonine phosphatase. We confirmed this hypothesis
by using in the conversion assay microcystin-LR, a specific
inhibitor of serine/threonine phosphatases (34). The molecular
weight conversion of dorsal was almost completely inhibited by
5 ,uM microcystin-LR (Fig. 3, lane 3). We conclude from these
experiments that most or all of the posttranslational modifica-
tions on dorsal are serine- or threonine-linked phosphates,
although it is possible that some tyrosine residues may also be
modified.

Transduction of the ventral signal alters the state of dorsal
phosphorylation. Having shown that dorsal is phosphorylated
in 0- to 3-h embryos, we examined whether the phosphoryla-
tion state of dorsal changes during this time period. We were
particularly interested in determining whether the phosphory-
lation state of dorsal was regulated by the ventral signal
transmitted from Toll. Toward this end, we established two
criteria by which to judge whether any changes that we might
observe in dorsal phosphorylation were dependent on Toll
activation.

First, the phosphorylation state of dorsal should be altered
in embryos derived from mothers carrying mutations that
disrupt the signal transduction process. A recessive dorsalizing

Maternal genotype gd2 wt Tl1OB
E 2 2 5Embryonic stage 2 5 2 5 2 5

dorsal f=-.o

1 2 3 4 5 6

FIG. 4. Signal-dependent phosphorylation of dorsal protein. The
total cellular contents of individual embryos were collected by micro-
injection needle. Pools of staged extracts from 20 embryos were
analyzed by immunoblotting with antidorsal serum. Stage 2 embryos
(lanes 1, 3, and 5) were undergoing early cleavage divisions. Stage 5
embryos (lanes 2, 4, and 6) were in the process of cellularization.
Extracts were collected from embryos with maternal genotypes gd2
(lanes 1 and 2), wild type (wt) (lanes 3 and 4), and TIlJB/+ (lanes 5 and
6). A small dot marks the position of the most slowly migrating form
of dorsal in wild-type and Tl'0" embryos (lanes 4 and 6, respectively).
This band is absent in gd2 embryos (lane 2).

allele of the gastrulation defective gene, gd2, blocks production
of the extracellular Toll ligand (26, 49). Consequently, signal
transduction is not initiated and dorsal remains cytoplasmic in
these embryos. In contrast, a dominant ventralizing allele of
the Toll receptor, TiJOB, produces a constitutively active recep-
tor (43). As a result, dorsal undergoes nuclear translocation
along the entire dorsoventral circumference. A comparison of
the dorsal ensemble in wild-type, gd2, and TlJB embryos (that
is, embryos derived from wild-type, gd2/gd2, and TlI'OBI+ fe-
males) should allow us to discriminate between signal-depen-
dent and signal-independent changes in the phosphorylation
state of dorsal.
Changes in dorsal phosphorylation should also satisfy a

second criterion if they are to be considered signal dependent:
the phosphorylation state change should occur in the narrow
developmental time period during which the ventral signal is
transmitted. Immunocytochemical analysis indicates that the
graded movement of dorsal into nuclei begins in embryonic
stage 3, about 80 min after fertilization, and is complete by
stage 5, 130 min after fertilization (40, 41, 52). Microinjection
experiments demonstrate that the subcellular localization of
dorsal can be altered by an exogenous ligand applied during
embryonic stages 3 and 4 (50). As defined by these two classes
of experiments, signal transduction occurs predominantly dur-
ing embryonic stages 3 and 4. We therefore compared the
dorsal ensemble in stage 2 embryos (the presignaling state) to
that present in stage 5 embryos (the postsignaling state). The
standard method for collecting timed embryos in bulk (56) did
not yield embryos that were staged with enough precision for
these experiments; such collections are imperfectly synchro-
nized and are contaminated with variable numbers of unfertil-
ized eggs. To prepare precisely staged embryonic extracts, we
therefore collected embryos and visually determined their age
according to the morphological landmarks described by Cam-
pos-Ortega and Hartenstein (13). Using a microinjection nee-
dle, we then extracted the entire cellular contents of individual
embryos. Total cellular extracts from embryos at identical
developmental stages were pooled and analyzed by immuno-
blotting with antidorsal serum (Fig. 4).

In extracts from wild-type stage 2 embryos, multiple dorsal
species are already present (Fig. 4, lane 3). The signaling
pathway that regulates dorsal nuclear import is not active in
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Maternal genotype wt P11385 tubRb 6 A

Embryonic stage 2 5 2 5 2 5 &~~~~1

B 5

I%I v

dorsai_"l3 i"u *

1 2 3 4 5 6

FIG. 5. Loss-of-function mutations in tube orpelle block the signal-
dependent phosphorylation of dorsal. Immunoblot analysis of total
cellular contents extracted from stage 2 embryos (lanes 1, 3, and 5) and
stage 5 embryos (lanes 2, 4, and 6) was carried out as for Fig. 4.
Extracts were collected from wild-type (wt) embryos (lanes 1 and 2) or
embryos with maternal genotype pll'85/Df(3R)IR16 (lanes 3 and 4) or
tubRS6/Df(3R)XM3 (lanes 5 and 6).

these early embryos. Therefore, dorsal phosphorylation at
stage 2 appears to be independent of signaling. This result is
confirmed by our analysis of stage 2 extracts obtained from
dorsalized (gd2) and ventralized (TilOB) embryos. At this stage,
the profiles of immunoreactive bands in gd2 and TilOB embryos
are essentially identical to that of wild-type embryos (compare
Fig. 4, lanes 1 and 5, with Fig. 4, lane 3, and Fig. 5, lane 1).

Following the activation of intracellular signaling by Toll
(stage 5), the dorsal ensemble is altered in wild-type, TIJOB, and
gd2 embryos. In wild-type embryos, the dorsal ensemble broad-
ens at stage 5. Faster-migrating and more slowly migrating
forms of dorsal appear that were not visible in stage 2 extracts
(Fig. 4; compare lanes 4 and 3). In addition, the intensities of
the intermediate bands decrease in conjunction with the
appearance of the new dorsal isoforms. In striking contrast to
wild-type embryos, ventralized TlJB embryos contain a pre-
ponderance of more slowly migrating forms of dorsal at stage
5 but lack faster-migrating forms (Fig. 4, lane 6). The largest
isoform of dorsal in stage 5 TlJB embryos comigrates with that
in stage 5 wild-type embryos. Like the dorsal isoforms in 0- to
3-h wild-type extracts, the dorsal isoforms in stage 5 TilOB
embryos can be converted to a faster-migrating form by
incubation at 30°C, and this conversion is blocked by micro-
cystin-LR (data not shown). Whereas the most slowly migrat-
ing isoform of dorsal is enhanced in TilOB embryos, we found
that this isoform is missing in dorsalized gd2 embryos (Fig. 4,
lane 2) and in dorsalized pipe' embryos (data not shown). In
these ligand-deficient embryos, faster-migrating forms of dor-
sal become more prominent at stage 5.

It is possible that faster-migrating and more slowly migrating
dorsal bands reflect a rearrangement of phosphate groups on
the dorsal protein and that no net shift in the stoichiometry of
phosphorylation has occurred. However, the simplest interpre-
tation of the mobility shifts that we observed is that faster-
migrating isoforms arise from dephosphorylation while more
slowly migrating isoforms arise from phosphorylation. Thus,
our results suggest that dorsal is phosphorylated in response to
Toll activation and that dephosphorylation occurs in the
absence of Toll activation. In wild-type embryos, in which the
Toll-activated and Toll-inactivated states are represented (ven-
tral and dorsal sides of the embryo, respectively), dorsal
protein appears to undergo both phosphorylation and dephos-
phorylation.

Signal-dependent dorsal phosphorylation is blocked by mu-
tations in pelle and tube. The products of two genes, pelle and
tube, are required intracellularly for dorsal nuclear transloca-

1 2 3

Stage 2

1 2 3

Stage 5

FIG. 6. Inactivation of cactus stimulates dorsal phosphorylation.
Immunoblot analysis of total cellular contents extracted from stage 2
(A) and stage 5 (B) embryos was carried out as for Fig. 4. Extracts were
collected from embryos with maternal genotype gd2 (lane 1), gd2;cacr'2
(lane 2), or cactr2 (lane 3).

tion (27, 31, 39, 40, 46). We examined the role of these genes
in the regulation of dorsal phosphorylation. dorsal's phosphor-
ylation state was analyzed by immunoblotting the total cellular
contents collected from embryos hemizygous for a strong
mutation in pelle or for a null mutation in tube. The dorsal
protein in pelle or tube stage 2 embryos resembles that in
wild-type stage 2 embryos (Fig. 5, lanes 1, 3, and 5). At stage 5,
however, the most slowly migrating form of dorsal seen in
wild-type embryos is absent in pelle and tube embryos (Fig. 5,
lanes 2, 4, and 6). Furthermore, dorsal phosphorylation in
these mutant backgrounds was less at stage 5 than in wild-type
embryos. The dorsal phosphorylation states in pelle and in tube
mutant embryos closely resembled that of dorsal in gastrulation
defective embryos (Fig. 5, lanes 3 to 6; compare with Fig. 4,
lanes 1 and 2). We conclude that pelle and tube are both
required for the signal-dependent phosphorylation of dorsal.

Loss of cactus function stimulates dorsal phosphorylation.
Loss-of-function mutations in the cactus gene, in contrast to
those in pelle or tube, greatly expand the domain of dorsal
nuclear translocation. We examined dorsal protein in embryos
produced by females carrying the strongest viable cactus allele,
cact42. Although it is not null (39), this mutation appears to
greatly diminish the association of dorsal and cactus (30). The
stage 2 dorsal ensemble in these embryos resembles the stage
2 dorsal ensemble seen in all other wild-type and mutant
embryos (Fig. 6A, lane 3). At stage 5, however, the proportion
of more slowly migrating dorsal isoforms is unambiguously
increased relative to the wild-type level, similar to results
obtained for TlO (Fig. 6B, lane 3; compare with Fig. 4, lane 4,
and Fig. 5, lane 2). Thus, dorsal phosphorylation increases
under conditions in which the affinity of cactus for dorsal is
reduced. These results raise the possibility that free dorsal is a
substrate for phosphorylation.
We next explored the nature of the kinase responsible for

the signal-dependent phosphorylation of dorsal. The phos-
phorylation of dorsal could simply be catalyzed by a Toll-
stimulated kinase acting on either free or cactus-bound dorsal.
In this case, dorsal phosphorylation should be strictly depen-
dent on Toll's activation state. Alternatively, signal-dependent
phosphorylation could arise by a signal-independent kinase
acting on free dorsal: such a kinase activity would seem to be
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signal-dependent because the dissociation of the dorsal-cactus
complex (and thus the appearance of free dorsal) is normally
linked to Toll activation. In this second case, dissociation of the
dorsal-cactus complex should induce phosphorylation, regard-
less of the activation state of Toll. To distinguish between these
two possibilities, we examined dorsal in embryos derived from
gd2;cactr2 double-mutant females. Like gd2 females, gd2;cactA2
females produce embryos in which Toll activation is blocked.
The added presence of the cact42 mutation, however, increases
the concentration of free dorsal in the double-mutant embryos,
even in the absence of signaling. Thus, dissociation of the
dorsal-cactus complex is uncoupled from receptor activation in
gd2;cactr2 mutants; such embryos display a lateralized pheno-
type (39).
We compared stage 2 extracts from gd2;cacr42 double-

mutant embryos with those of gd2 and cact42 single-mutant
embryos. We saw no difference in the dorsal ensemble at this
early stage, as expected (Fig. 6A). However, when we exam-
ined stage 5 extracts from the gd2;cact42 embryos, we were
clearly able to distinguish the presence of a slowly migrating
form of dorsal that was not present in gd2;cact42 embryos at
stage 2 or in gd2 embryos at stage 5 (Fig. 6B, lanes 1 and 2; Fig.
6A, lane 2). This protein comigrates with the largest form of
dorsal seen in the cact'2 embryos, though its intensity is greatly
reduced. These data indicate that the mutational inactivation
of cactus is sufficient to induce some dorsal phosphorylation.

DISCUSSION

dorsal is an embryonic phosphoprotein. Proteins of the Rel
family are retained in the cytoplasm through their association
with inhibitory proteins (reviewed in reference 3). In response
to specific extracellular signals, the Rel-related proteins are
released from their cytoplasmic inhibitors and translocate into
the nucleus, where they act as transcriptional regulators. The
biochemical trigger for dissociation of the cytoplasmic inhibi-
tory proteins has not been identified in vivo but is thought to
involve phosphorylation of the Rel protein or its inhibitor.
We have examined a Drosophila Rel homolog, dorsal, for

evidence of posttranslational modification that might modulate
its association with its cytoplasmic inhibitor, cactus. Using
high-resolution immunoblots, we have demonstrated that mul-
tiple dorsal species are present in precellular embryos. The
dorsal isoforms can be converted by embryonic phosphatases
to a single band that comigrates with E. coli-expressed dorsal.
Furthermore, the conversion of the dorsal isoforms can be
completely inhibited by phosphatase inhibitors. Each of the
isoforms distinguishable on our immunoblots therefore repre-
sents an alternatively phosphorylated form of the protein.
Most, if not all, of these phosphates reside on serine or
threonine residues.
The dorsal protein contains many potential sites for phos-

phorylation by serine/threonine kinases, including sites for
cAMP-dependent kinase and protein kinase C (37). The
majority of these sites are contained within amino acids 47 to
351, the Rel homology domain (51, 52), which includes se-
quences shown to be important for nuclear import, dimeriza-
tion, and DNA binding of dorsal and other Rel family proteins
(9, 29, 35). The Rel homology domain also encompasses the
sequences required for cactus binding, amino acids 168 to 350
(30). Phosphorylation of serine or threonine residues within
the Rel homology domain might therefore modulate a variety
of dorsal's functions during embryogenesis, including its bind-
ing to cactus, its nuclear localization, or its transcriptional
activity.

The phosphorylation state of dorsal is altered in response to
the axis-determining ventral signal. The phosphorylation state
of dorsal is not static but undergoes complex changes between
embryonic stages 2 and 5, the same period during which dorsal
translocates into nuclei in response to the ventral signal. At
stage 2, several phosphorylated isoforms of dorsal are found in
embryos, regardless of the embryo's dorsoventral phenotype.
The phosphate groups present on dorsal in these early embryos
may be added during oogenesis, since phosphorylated forms of
dorsal are found in ovarian extracts (30). By stage 5, the
nuclear dorsal gradient is complete in wild-type embryos. At
this time, the dorsal ensemble is broadened by the appearance
of new isoforms or newly prominent isoforms, both those that
migrate more slowly and those that migrate faster than the
dorsal isoforms at stage 2.

If the temporal changes in dorsal phosphorylation were
induced by the ventral signal, we expected that dorsal phos-
phorylation would reflect the activation state of Toll. This
expectation was affirmed: mutations that alter Toll's activity
likewise alter the phosphorylation state of dorsal. In embryos
with constitutively activated Toll receptors (TlB), the more
slowly migrating isoforms of dorsal dominate the stage 5
ensemble while faster-migrating isoforms of dorsal are absent.
Contrasting with this result, ligand-deficient gd2 embryos lack
the most slowly migrating form of dorsal at stage 5. Instead,
faster-migrating isoforms become more abundant. Although
phosphorylation and dephosphorylation of dorsal both coin-
cide with signal transduction, our results demonstrate that it is
the phosphorylation of dorsal that is dependent on Toll
activation.
The relative abundance of the most slowly migrating isoform

of dorsal is less than the relative abundance of nuclear dorsal,
as determined by immunocytochemistry (21, 40, 41, 52). There-
fore, while the appearance of the most slowly migrating dorsal
isoform correlates with dorsal's nuclear import, the nuclear
form of dorsal is not represented solely by this isoform. No
simple correlation appears to exist between the relative abun-
dance of each of the dorsal isoforms and the subcellular
distribution of the dorsal protein. The phosphorylation of a
particular residue, rather than the overall stoichiometry of
phosphorylation of dorsal, may be the critical stimulus for
nuclear import; more than one band of the ensemble may be
phosphorylated at this critical site.
The accumulation of dephosphorylated dorsal isoforms in

stage 5 gd2 embryos demonstrates that dorsal's phosphoryla-
tion state is also regulated by a mechanism that is independent
of the ventral signal. As noted above, signal-independent
dephosphorylation of dorsal occurs during the same time
period as signal-dependent phosphorylation. Dephosphoryla-
tion could therefore play an important role in signal transduc-
tion; for example, dephosphorylation may be a prerequisite for
dorsal to be phosphorylated at a signal-dependent site.

tube and pelle are required for the signal-dependent phos-
phorylation of dorsal. Genetic analyses have identified two
genes, tube and pelle, that act downstream of Toll to positively
regulate dorsal's nuclear import (27, 40). Dorsal phosphoryla-
tion is affected by mutations in both of these genes. Null
mutations in tube or strong mutations in pelle block the
signal-dependent phosphorylation of dorsal, implying that
these genes promote the phosphorylation of dorsal in wild-type
embryos. The tube protein does not resemble other proteins in
the data base (31). Immunocytochemical data show that it is
present in the cortical cytoplasm of the embryo and appears to
be associated with or subjacent to the plasma membrane (21).
This localization suggests that tube might interact with the
cytoplasmic domain of Toll or with the cytoskeleton and
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thereby mediate transmission of the ventral signal from Toll to
other components in the signaling pathway. The pelle gene
encodes a serine/threonine protein kinase (46). Genetic evi-
dence suggests that pelle functions prior to dissociation of the
dorsal-cactus complex (39). Because multiple dorsal species
are seen in stage 2 pelle mutant embryos, the pelle protein
kinase is not responsible for generating the dorsal isoforms
present in these early embryos. However, pelle is required for
transduction of the ventral signal (46). The pelle protein might
stimulate dissociation of the dorsal-cactus complex directly, by
phosphorylating either dorsal or cactus, or indirectly, by phos-
phorylating another component of the signaling pathway. An
additional role for pelle following dissociation of the dorsal-
cactus complex is also possible.

dorsal is phosphorylated by signal-independent and signal-
dependent kinase activities. Mutations in cactus, as well as

those in tube and pelle, affect the phosphorylation state of
dorsal. We found that the proportion of more slowly migrating
dorsal isoforms is substantially increased by the strong cactr
mutation. This mutation greatly decreases the affinity of cactus
for dorsal and thereby necessarily increases the concentration
of free dorsal in cact42 embryos (30). We therefore hypothe-
size that free dorsal is a substrate for phosphorylation and that
the shift in dorsal phosphorylation reflects the increased
quantity of free dorsal in cact"2 embryos. Given this result,
signal-dependent dorsal phosphorylation could be generated
by two different types of kinase activity. In one case, dorsal
might be a substrate for a Toll-activated kinase, either before
or after its release from cactus. In a second case, dorsal,
following its release from cactus in response to the ventral
signal, might be phosphorylated by a kinase activity that is
independent of Toll. In this latter case, the dissociation of
cactus would be sufficient to stimulate phosphorylation, re-

gardless of Toll's activation state. Stated another way, the
ventral signal may regulate the phosphorylation state of dorsal
by modulating the catalytic activity of a kinase or by modulat-
ing the availability of the kinase's substrate.
To examine specifically the effect of cactus dissociation on

dorsal phosphorylation, we analyzed dorsal in gd2;cact2 em-

bryos. Even though signaling is blocked in these mutant
embryos, we can detect a new dorsal isoform at stage 5 that
comigrates with the most slowly migrating isoform in cact42
embryos. Thus, in these embryos dorsal is a substrate for a

signal-independent kinase activity. This activity must act on

free dorsal; if the signal-independent kinase could phosphor-
ylate cactus-bound dorsal, the most slowly migrating dorsal
isoform should have been present in the single gd2 mutant
embryos. The signal-independent kinase activity may reflect
the basal activity of a Toll-activated kinase. In this case, it is
only the unusual double-mutant situation (free dorsal present
in the absence of signal) that allows the kinase activity to be
visualized; this signal-independent kinase activity might not,
therefore, be relevant in wild-type embryos. Alternatively, the
signal-independent kinase activity may belong to a kinase that
is wholly unregulated by Toll. Phosphorylation of dorsal by
such a kinase would not convey any dorsoventral spatial
information but may be required for dorsal's morphogen
activity to be fully realized.
Although it is possible that all of the additional phosphory-

lation of dorsal in wild-type, TlB, and cact2 embryos is
catalyzed by a signal-independent kinase, the modest change in
dorsal phosphorylation observed in the gd2;cactr2 embryos is at
odds with this hypothesis. Because it is likely that a substantial
fraction of dorsal is not bound to cactus in embryos carrying a

cact42 mutation, the more slowly migrating isoforms should
have dominated the gd2;cactA2 dorsal ensemble. Since they do

not, we believe that some fraction of dorsal's signal-dependent
phosphorylation is catalyzed by a Toll-dependent kinase, per-
haps the product of the pelle gene.
The lateralized phenotype of the gd2;cact42 embryos arises

as a result of spatially unrestricted low-level import of dorsal
into nuclei. In these embryos, a fraction of the dorsal protein
may translocate into nuclei simply because it is free of cactus.
Alternatively, the free dorsal may enter nuclei as a conse-
quence of phosphorylation by the signal-independent ki-
nase. We suggest that high-level nuclear import in wild-type
embryos, however, requires additional phosphorylation by
a Toll-dependent kinase. Phosphorylation of dorsal by this
kinase may control the extent or steepness of the dorsal
gradient.

Biochemical models describing the dissociation of the mam-
malian NF-KB-IKB complex have largely focused on lKB as the
principal target for intracellular signals initiated by cytokines
and mitogens. Such models are supported by recent experi-
ments demonstrating the signal-dependent phosphorylation of
IKB (6, 15). We have now demonstrated that the Drosophila
counterpart of NF-KB, dorsal, also undergoes signal-depen-
dent phosphorylation. Similar results have been reported by
Whalen and Steward (55). Signal-dependent phosphorylation
of dorsal is consistent with genetic data suggesting that dorsal,
as well as cactus, is modified by the activation of Toll (17, 39).
Taken together, the biochemical and genetic data emerging
from studies of the mammalian and Drosophila pathways are
consistent with the hypothesis that phosphorylation of both
Rel-related proteins and their inhibitors is required for the
proper nuclear localization and transcriptional activity of the
Rel-related proteins.
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