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Drosop/]ila embryo  dorsoventral
polarity is established by a mater-
nally encoded signal transduction

pathway in which three sequentially
acting serine proteases, Gastrulation
Defective, Snake and Easter, generate
the ligand that activates the Toll recep-
tor on the ventral side of the embryo.
The spatial regulation of this path-
way depends upon ventrally restricted
expression of the Pipe sulfotransferase
in the ovarian follicle during egg for-
mation. Several recent observations
have advanced our understanding of
the mechanism regulating the spatially
restricted activation of Toll. First, sev-
eral protein components of the vitel-
line membrane layer of the eggshell
have been determined to be targets of
Pipe-mediated sulfation. Second, the
processing of Easter by Snake has been
identified as the first Pipe-dependent,
ventrally-restricted processing
in the pathway. Finally, Gastrulation
Defective has been shown to undergo
Pipe-dependent, ventral localization
within the perivitelline space and to
facilitate Snake-mediated processing
of Easter. Together, these observations
suggest that Gastrulation Defective,
localized on the interior ventral sur-
face of the eggshell in association with
Pipe-sulfated eggshell proteins, recruits
and mediates an interaction between
Snake and Easter. This event leads to
ventrally-restricted processing and acti-

event

vation of Easter and consequently, local-
ized formation of the Toll ligand, and
Toll activation.
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Introduction

The establishment and orientation of the
dorsoventral axis of the Drosophila embryo
is determined by the ventrally restricted
activation of Toll, a transmembrane recep-
tor that is uniformly distributed in the
plasma membrane of the early embryo."
Ventral activation of Toll triggers a sig-
nal transduction pathway that results in
the nuclear localization of Dorsal, a fly
ortholog of the p50 and p65 subunits of
mammalian NFkB,> in a concentration
gradient from ventral to dorsal.*® Dorsal
regulates the expression of the zygotic
target genes responsible for establishing
cellular identity along the dorsal-ventral
axis.”"® Work in our lab has focused on
elucidating the mechanism that achieves
ventrally-restricted Toll activation. The
ligand for Toll is Spitzle (Spz),"** which is
secreted as an inactive precursor from the
embryo into the perivitelline fluid (PVF)'¢
that fills the perivitelline space (PVS)
between the embryonic membrane and
the vitelline membrane, the inner layer
of the eggshell. To become a functional
ligand for Toll, Spz must be processed
by the serine protease Easter (Ea),'*"'
which itself is activated by cleavage by
another serine protease, Snake (Snk).'s"
The ventral formation of the Toll ligand,
and consequently, the formation of the
embryonic dorsoventral axis, is dependent
on the prior establishment of dorsoventral
polarity in the follicular epithelium that
surrounds the developing oocyte during
oogenesis, which acts to provide yolk to
the developing egg cell and constructs the
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Figure 1. Model for the action of Drosophila dorsal group serine proteases in the PVS of the egg.
Horizontal arrows denote the conversion of an inactive version of the respective protein to its ac-
tivated form, indicated by the presence of an asterisk (*). Vertical black arrows have at their bases,
the proteins that directly mediate those activation events. Activation/processing of Snk (white
horizonal arrow) occurs uniformly around the egg/embryo DV circumference, while activation of
Ea, Spz and Toll (gray horizonal arrows) is restricted to the ventral side of the egg/embryo. Black
diagonal arrows denote positive regulatory inputs; the bar originating from Spn27A indicates
inhibition. Note that GD directly processes and activates Snk, as well as facilitating Snk*-mediated
processing of Ea via a mechanism that requires Pipe activity. Our experiments indicate that pro-
cessing of Snk can be performed by the GD zymogen, a conclusion that is supported by observa-
tions of Steen et al.”® It has not yet been determined whether GD's influence upon Ea processing
by Snk requires that GD itself undergo processing. Thus, GD is not marked with an asterisk.

eggshell. Follicular epithelium polarity is
transmitted to the egg/embryo through
the expression of the dorsal group gene
pipe in a ventral subpopulation of fol-
licle cells.?® We recently showed that Pipe,
which encodes a fly ortholog of vertebrate
glycosaminoglycan carbohydrate modify-
ing enzymes,*"** promotes transfer of sul-
fate groups to several protein components
of the vitelline membrane layer of the egg-
shell,” presumably added to carbohydrate
side chains displayed by those proteins.
Pipe-sulfated  glycoproteins embedded
ventrally within the eggshell constitute a
cue that controls the spatial parameters of
serine protease activity in the PVS. As we
discuss below, the cleavage of both Snk
and Ea requires the participation of an
additional serine protease, Gastrulation
Defective (GD). After secretion into the
PVS, GD becomes concentrated in the
ventral region of the PVS in a process that
depends on the activity of Pipe.?* At this
location, GD facilitates a productive inter-
action between Snk and Ea, leading to Ea
and then Spz processing, and ultimately to
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activation of the Toll receptor on the ven-
tral side of the embryo.

Processing of Ea by Snk
is the Initial Pipe-Dependent,
Ventrally-Localized Cleavage
in the Dorsal Group Protease

Cascade

A serine protease cascade, operating in
the egg PVS, accomplishes the ventrally-
restricted processing and activation of
full-length Spz protein into the active Toll
ligand. Which of the protease cleavage
events are ventrally restricted and how is
this controlled by the sulfated targets of
Pipe? By systematically examining the
patterns of processing of GFP-tagged ver-
sions of GD, Snk and Ea, in the back-
ground of mutations affecting each of
the genes that act upstream of 7o/, we
identified the processing of Ea by Snk as
the first of the dorsal group proteolytic
processing events to be dependent upon
the presence of Pipe activity and therefore
the first ventrally-restricted cleavage event
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in the pathway.” In addition to Ea-GFP,
Spz-GFP fails to undergo processing in
pipe mutant-derived embryos, presum-
ably because Ea is not activated in that
genetic background. In contrast, neither
the processing of GD-GFP nor that of
Snk-GFP is dependent on Pipe activity.
Consistent with these results, overexpres-
sion of Pipe leads to increased process-
ing of HA-tagged versions of Ea and Spz,
but not to increased processing of Snk,
again pointing to the processing of Ea
by Snk as the Pipe-dependent, ventrally-
restricted proteolytic event, a result that
was obtained independently by LeMosy
and coworkers.?* An important conclusion
of these studies was the recognition that
the dorsal group serine proteases do not
act in a simple linear progression in which
ventrally-restricted cleavage of GD initi-
ates a ventrally localized protease cascade.
Rather, the pathway has multiple regula-
tory inputs that ensure that the activation
of Easter is initiated at, and restricted to,
the ventral side of the embryo (Fig. 1).
These studies identified Easter activity
as the critical target of regulatory control
at which DV polarity is imparted to the
developing embryo. Not only is it essential
that Easter is activated only on the ven-
tral side of the embryo, it is critical that
activated Easter not diffuse throughout
the PVS. Misra et al.?”” showed that fol-
lowing its processing, activated Easter
is rapidly converted to a high molecular
mass complex suspected to contain a cova-
lently attached serine protease inhibitor.
Subsequent studies showed that females
homozygous for mutations in the gene
encoding Serpin27A (Spn27A) produce
ventralized embryos and that Spn27A
forms a complex with and inhibits the
activity of Easter.”®* It is presumed that
Spn27A is distributed uniformly through-
out the PVS and that activated Easter is
rapidly bound and inhibited by Spn27A.
This ensures that Easter cleaves and con-
verts Spitzle precursor protein into active
Toll ligand only near its own point of acti-
vation on the ventral side of the PVS.
Our observation that Snk processing
is independent of Pipe activity is seem-
ingly at odds with reports that injection
of RNA encoding a pre-cleaved form of
Snk (SnkAN) into the progeny of pipe

mutant mothers leads to the formation
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of lateralized progeny®® Those results
implied that Snk function does not
require Pipe activity and suggested that
during normal development, Pipe acts
upstream of Snk in the process leading to
cleavage and activation of Snk. However,
this is clearly not the case, as Snk-GFP
is processed normally in the progeny of
pipe mutant mothers.” This discrepancy
is likely explained by the secretion of the
activated form of Snk (SnkAN) directly
into the nascent secretory compartment
of injected embryos, where it precociously
interacts with and processes Ea prior to
their secretion into the PVS. This interac-
tion occurs in the absence of spatial cues
laid down by Pipe and would therefore
be uniform along the dorsal-ventral axis,
leading to the lateralized phenotype. In
contrast, under normal circumstances,
both Snk and Ea transit through the
secretory pathway as inactive zymogens.
Although Snk is processed into its active
form in a Pipe-independent manner, in
the PVS its interaction with Ea requires
both Pipe and GD activity (see below).

GD Plays a Direct Role
in Ea Processing

The GD protease does not itself undergo
spatially restricted processing, nor is
GD-mediated cleavage of Snk restricted
to the ventral side of the embryo.
Nevertheless, as we recently demon-
strated,® GD plays a central role in facili-
tating Pipe-dependent ventral processing
of Ea. Our study builds on a report by
DeLotto and coworkers® of interallic com-
plementation between gd mutant alleles,
which revealed that gZ mutations fall into
three classes. Members of the g4[2] and
2d[10] classes exhibit allelic complemen-
tation with one another in transheterozy-
gous mutant females, while members of
the third, noncomplementing group, are
not capable of complementing either gd/[2]
or gd[10] class alleles. Ponomareff et al.
identified the lesions associated with 17 gd
mutations and found that all of the gd[2]
class alleles carry missense mutations in
the putative prodomain at the N-terminus
of GD, while the gd[10] class alleles cor-
respond to missense mutations that map
near the active site serine located within the
catalytic domain of the protein. Lesions
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associated with noncomplementing alleles
were identified throughout the GD cod-
ing region and, with one exception, either
introduce premature stop codons or delete
part of the coding region. The existence
of two classes of cross-complementing g
alleles led Ponomareff et al?' to suggest
that GD contains two discrete functional
domains, one associated with the prodo-
main of GD and the other with the pre-
sumptive catalytic chain. Injection of
mRNA encoding a secreted version of
the GD protease domain alone is capable
of rescuing the dorsalized phenotype of
2d[10]

indicating that the catalytic domain can

class mutant-derived embryos,

perform its function independent of the
prodomain region. However, injections of
RNA encoding the prodomain alone do
not rescue the phenotype of gd[2]-derived
embryos. Similarly, co-injection of RNAs
that express the prodomain and catalytic
chains of GD separately do not rescue
the dorsalized phenotype of embryos
produced by female homozygous for the
non-complementing gZ’ mutant allele.
Finally, the existence of non-complement-
ing mutant alleles of gd bearing nonsense
codons near the carboxy terminus of the
protein, suggest that the performance of
the function associated with the prodo-
main region of the protein requires the
prodomain to be contained within a full-
length version of GD.

The analysis by Ponomareff et al.”!
indicated that gd[2] class alleles encode
proteins with a wild-type catalytic chain,
which was surprising, as at that time, the
only known function of GD was to cleave
Snk. This finding prompted our group
to directly examine Snk-GFP processing
in the backgrounds of the three differ-
ent gd mutant classes.” As expected, Snk
processing is perturbed in embryos from
females bearing the null allele, g@"**’ or
the gd[10] class allele gZ"°%. However,
normal levels of Snk processing occur in
embryos from gd[2] class mutant moth-
ers, indicating that gd[2] class alleles do
not affect the ability of the encoded pro-
tein to process Snk. In contrast, Ea fails
to undergo processing in all gZ mutant
backgrounds tested. This result suggested
that GD plays a role in Ea activation that
is independent of its role in cleaving Snk.
This idea is supported by complementary
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experiments in which we overexpressed
wild-type or mutant versions of GD that
corresponded to GD[2] or GD[10] class
proteins. Female germline overexpres-
sion of wild-type or of two catalytically
inactive versions of GD, (GD[10] class),
led to the formation of ventralized prog-
eny embryos in which Ea processing was
enhanced relative to wild-type embryos
but Snk processing was unchanged. In
contrast, no increase in Ea processing was
observed in the progeny of females overex-
pressing either the GD[2] mutant protein
or secreted versions of the GD catalytic
chain alone, nor was the embryonic phe-
notype affected. Thus, GD influences Ea
processing through a determinant pres-
ent in the putative proenzyme domain,
and the RNA injection results described
above suggest that that determinant must
be present in a full-length GD molecule to
exert its function.

GD is Ventrally Concentrated
in the PVS

Although we demonstrated that the cleav-
age of Ea is dependent on Pipe activity
and therefore presumably localized to the
ventral region of the PVS,” it was not
clear how this was achieved. At the time
of that study it had not been possible to
demonstrate localization of any of the
components of the dorsal-ventral pathway
within the PVS due to the low levels of
the endogenous proteins and the need to
remove the vitelline membrane to allow
penetration by antibodies. Attempts to
visualize the spatial distribution of trans-
genically-expressed GFP-tagged versions
of the proteins were hindered by the high
levels of GFP-associated fluorescence tra-
versing the embryonic secretory compart-
ment and present throughout the PVS.>
However, the finding that GD plays a
role in facilitating the Pipe-dependent
processing of Ea by Snk suggested the
possibility of a functional interaction
between GD and sulfated targets of Pipe,
which prompted us to revisit the issue
of localization within the PVS. Previous
experiments indicated that it is possible
to transplant activities contained within
PVF from donor to recipient embryos,'®*

and we reasoned that if we transplanted
PVEF from an embryo expressing GD-GFP
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Figure 2. (A-D) Ventral accumulation of GD does not require the activities of Snk, Ea or Spz. PVF
was obtained from donor embryos produced by GD-GFP expressing females that were mutant for
either snk (snk'/snk?), ea (ea*/Df(3R)ea***") or spz (spz*/spz*), then transplanted to embryos from
females of the same dorsal group genotype lacking GD-GFP expression, as described in Cho et
al.?* The two snk mutations have been reported to carry stop codons near the N-terminus of the
open reading frame.** No ea mRNA can be detected in the ea*/Df(3R)ea*?>*' mutant background.*
Thus the snk and ea mutant backgrounds can be considered null for the respective proteins. While
the spz> and spz* alleles behave genetically as amorphic alleles, their associated mutant lesions
have not been characterized and it is unclear whether they represent protein nulls. Description of
the dorsal group mutant alleles used in these studies can be found on Flybase. (E and F) Neither
Ea-GFP nor Spz-GFP exhibit ventral accumulation in the egg PVS. PVF from embryos produced by
females expressing Ea-GFP or Spz-GFP under the control of the nos-Gal4:VP16% driver was trans-
planted into the PVS of wild-type embryos. Details of the generation of the Ea-GFP and Spz-GFP
transgenic lines can be found in Cho et al.* GFP appears blue in all panels.

into a non-expressing embryo, the greatly
reduced levels of GFP fluorescence might
permit its spatial distribution to be visu-
alized. We found that regardless of where
along the dorsal-ventral axis the trans-
planted PVF is introduced, injected
embryos exhibit a conspicuous enrichment
of GD-GFP fluorescence in the ventral
PVS.** Strikingly, no ventral enrichment
of GD-GEFP is observed following trans-
plantation into embryos from pzpe mutant
mothers. Instead, the fluorescence is dis-
tributed uniformly throughout the PVS,
demonstrating that the Pipe-sulfated ven-
tral cue is required for the ventral local-
ization of GD-GFP. Further, although a
catalytically inactive GD-GFP (gd[10]
class) also becomes concentrated ven-
trally, GFP-tagged versions of GD bear-
ing each of the gd[2] class mutations gd?,
gd?, gd"™"%, or gd"'” do not accumulate
on the ventral side. Thus, the g/[2] class
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mutations disrupt determinants within
the prodomain that are necessary for GD
localization to the ventral PVS.

Ventral localization of GD is likely to
be mediated by the Pipe-sulfated ventral
cue, perhaps through a direct interaction
between GD and the carbohydrates that
undergo sulfation by Pipe. However, as
GD is present in complexes with Snk,*
Ea,** and Spz (Y.S.C. and D.S., unpub-
lished), its spatial distribution in the PVS
could instead be a secondary consequence
of an interaction between one or more of
these proteins and the Pipe-sulfated ven-
tral cue. Accordingly, we tested whether
ventral localization of GD-GFP requires
the presence of any of these proteins. As
seen in Figure 2, GD-GFP was observed
to undergo ventral accumulation despite
the absence of Snk, Ea or Spz in both the
donor and recipient embryos (Fig. 2B-D).
To ask whether any of these proteins are
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themselves localized ventrally, we trans-
planted PVF from embryos expressing
Ea-GFP and Spz-GFP into the PVS of
non-expressing recipient embryos. Neither
exhibited detectable ventral enrichment
within the PVS of the recipient embryos
(Fig. 2E-F). We were not able to carry out
similar experiments for Snk, as Snk-GFP
is not efficiently secreted into the PVS by
expressing embryos.

How does Ventrally-Localized GD
Enhance Snk-Mediated
Processing of Ea?

How might GD localization facilitate
the processing of Ea by Snk? In the sim-
plest model, a single GD molecule would
be bound to either an Ea zymogen or to
activated Snk, and concentration of the
GD/Ea and GD/Snk complexes in the
ventral PVS would serve to bring Ea
and activated Snk together. A model in
which concentrating GD leads to a pro-
ductive interaction between Snk and
Ea is supported by the observation that
overexpression of wild-type GD in a pipe
mutant background produces embryos
bearing lateral and in some cases ventral,
pattern elements,?”*® which are otherwise
never seen in the progeny of pipe mutant
females. Thus, when it is present at very
high levels, GD can facilitate the inter-
action between Ea and Snk even in the
absence of ventral localization. It is also
possible that GD may play a more active
role by inducing a conformation change
in Ea and/or Snk that enhances Ea’s
ability to be cleaved and/or Snk’s abil-
ity to act as a protease. According to this
model, ventral localization of GD under
the control of Pipe would bring together
Snk and Ea molecules that have been
rendered competent to interact with one
another. Consistent with these models,
we demonstrated the existence of GD/
Snk and GD/Ea complexes using co-
immunoprecipitation.?* In subsequent
studies we found that GD-GFP and
Ea-HA co-immunoprecipitated even in
embryos lacking Snk protein (Fig. 3),
indicating that GD can interact with Ea
independently of Snk.

Another factor that may influence the
role of GD in promoting Ea cleavage is

the processing of GD itself. As described
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above, the ability of GD to process Snk is
not affected by the gd[2] class mutations
that disrupt its own processing. Rather,
our data suggest a model in which pro-
cessing of GD is required for it to become
localized ventrally, which is critical to its
function in bringing Ea and Snk together
when GD is present at its relatively low
endogenous levels. Consistent with this
idea, when we overexpressed GDI[2] in a
pipe mutant background, it was capable of
inducing the formation of some dorsolat-
eral structures (Fig. 4). Thus, the inability
of GD[2] to facilitate the Snk/Ea interac-
tion can be partially overcome when it is
present at uniformly high concentrations,
supporting the idea that ventral localiza-
tion is required to bring about locally ele-
vated concentrations of GD. Alternatively,
unprocessed GD may have lower affinity
for Snk and/or Ea and increasing the con-
centration of GD[2] may drive their asso-
ciation. A more complete understanding
of the role of GD processing in its func-
tion awaits the identification of the site
at which the protein is cleaved and the
generation of mutants in which thar site
is altered.

What is the Role of Nudel
in DV Patterning?

The finding that processing of GD is not
required for its catalytic activity raises
questions about the role of what remains
the most enigmatic member of the dorsal
group genes, nudel. Like pipe and windbeu-
tel, which encodes a chaperone responsible
for transport of Pipe to the Golgi appa-
ratus,” nudel is required to be expressed
in ovarian follicle cells that surround the
developing oocyte during oogenesis.?>40:4!
Nudel is a very large modular protein of
2616 amino acids that contains a central
domain encoding a trypsin-type serine
protease.*! Nudel also exhibits features of
extracellular matrix proteins that include
11 repeats of a peptide motif found in the
Low Density Lipoprotein Receptor (Type
A repeats), three amino acid sequence
motifs that could act as target sites for
glycosaminoglycan addition, 23 potential
sites for N-linked glycosylation and two
serine/threonine rich regions that might
be sites for O-linked glycosylation. Nudel
undergoes a complex pattern of processing
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Figure 3. GD complexes with Ea in the absence of Snk. Extracts from wild-type (lanes 1, 3) or snk'/
snk-derived embryos (lane 2) expressing Ea-HA in the presence (lanes 1, 2) or absence (lane 3)

of GD-GFP, were subjected to immunoprecipitation with GFP-Trap. Extracts were divided into
two portions and western blot analysis was performed with anti-HA (top panel) and anti-GFP
(bottom panel) antibodies. “z” indicates the position of the zymogen forms of Ea-HA (top panel)
and GD-GFP (bottom panel). The ability of the GFP-Trap to bring down Ea-HA in extracts from
both wild-type and snk mutant-derived extracts indicates that the association of GD with Ea does
not require Snk protein. When GD-GFP and Ea-HA were co-expressed, all of the GD-GFP was pro-
cessed (lane 1, bottom panel) due to a feedback mechanism in which high levels of activated Ea
process GD.'®°2* The details of the generation of embryonic extracts, precipitation with GFP-Trap
and western blot analysis can be found in Cho et al.** Details of the generation of the GD-GFP and
Ea-HA transgenic lines can be found in Cho et al.®

during oogenesis and embryogenesis, and
there is evidence that the Nudel protease
acts autocatalytically to carry out the later
cleavage events.”?

nudel is the only dorsal group gene
with mutant alleles that affect the pro-
cessing of GD,"”* which led to specula-
tion that the Nudel protease may process
GD directly. Processing of Snake also
does not occur normally in the progeny of
nudel mutant females. This was initially
presumed to be the downstream conse-
quence of the failure of GD to undergo
proteolytic activation of its own catalytic
function. However, our demonstration
that the ga*-encoded protein, which does
not undergo cleavage, exhibits normal
catalytic activity toward Snake,? indicates
that the absence of Snake processing in the
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nudel mutant background is not due to the
failure of GD to undergo processing. In
addition to their effect on DV patterning,
nudel mutations also cause defects in the
VM.4344 Thus, the effect of nudel muta-
tions on GD and Snake cleavage may be
indirect and mediated through alterations
in the VM or the PVS environment. A
more complete understanding of Nudel
function will likely lead to novel insights
into the regulation of GD and Snake pro-
teolytic activity.

What does the Future Hold
for Studies of Drosophila DV
Patterning?

A number of observations made over
the last several years have significantly
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the embryonic cuticle.

Figure 4. Overexpression of the non-localizing GD[2] mutant version of GD can facilitate the pro-
cessing of Ea. Cuticle preparation of a progeny embryo from a gd""*°/gd""*’; pipe'/pipe®* mutant
female expressing GD[2] under the control of pCOG-Gal4:VP16.3* The embryo is shown at a differ-
ent focal depth in each panel. Arrows indicate the position of denticle band material encircling

advanced our understanding of the events
occurring in the Drosophila egg PVS that
lead to the establishment of the embryonic
DV axis. At the same time, these findings
have highlighted fundamental issues that
remain to be addressed. Primary among
these are the characterization of the
direct target(s) of Pipe-mediated sulfa-
tion and an elucidation of the mechanism
by which it regulates Ea processing. This
pathway provides an excellent oppor-
tunity to examine the role of a specific
sulfated carbohydrate in regulating the
spatial parameters of a proteolytic cleav-
age event. Does GD bind directly to the
Pipe sulfated ventral cue and if so, what
are the determinants within GD that
mediate this event? What is the molecular
mechanism by which GD enhances the
processing of Ea by Snk? Is the process-
ing of GD necessary for this event or for
the localization of GD? The possibility
remains that the processing of GD, while
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conspicuously correlated with its ventral
localization, is not essential for the perfor-
mance of any of its functions during the
establishment of embryonic DV pattern-
ing. We are on the verge of a comprehen-
sive picture of the events leading to the
localized activation of the Toll receptor in
the early Drosophila embryo. The insights
obtained are likely to extend beyond the
realm of Drosophila embryonic pattern-
ing to enhance our general understand-
ing of the regulation of serine proteases in
the vast array of processes in which they
participate.
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