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would mimic Gy and prevent the activation of AC by
Gpa2p, possibly in its GDP-bound form. This “nonpro-
ductive” interaction between Gpa2p and Gpb1/2p-
Gpglp is reminiscent of the mechanism of pseudosub-
strate inhibitors of protein kinases, which mimic substrates
to block the kinase from binding authentic substrates
(Kemp and Pearson, 1991). As Ga subunits do not activate
ACs via a catalytic activity, we propose the term “pseu-
dostructural inhibitor” to describe the regulatory role of
Gpb1/2p-Gpg1p. In addition, a second target for Gpb1/
2p-Gpglp must exist to effect its Gpa2p-indepen-
dent regulation of AC activity. A primary candidate is
AC itself, as some mammalian ACs are directly regulated
by GBvy (Simonds, 1999), although other targets, includ-
ing Ras2p, which activates AC in response to internal
acidification (Colombo et al., 1998), and phosphodies-
terase, cannot be excluded. Kelch repeat proteins can
bind separate proteins simultaneously on opposing sur-
faces of the B propeller domain (Adams et al., 2000);
thus, one Gpb1/2p-Gpg1p dimer could negatively regu-
late both Gpa2p and AC. This placement within the sig-
naling complex could also allow Gpb1/2p-Gpg1p to play
apositive role by bringing these proteins into close proxim-
ity to facilitate signaling upon glucose detection.

The identification of redundant kelch repeat proteins
and a small binding partner as a G~y structural mimic
in S. cerevisiae is an exciting development in the areas
of both glucose/cAMP signaling and pseudohyphal
growth. As with many discoveries, it generates more

Numb: “Adapting” Notch
for Endocytosis

During sensory organ precursor divisions in Drosoph-
ila, the numb gene product segregates asymmetrically
into one of the two daughter cells, to which it confers
a specific fate by inhibiting Notch signaling. In this
issue of Developmental Cell, Berdnik et al. show that
Numb recruits a-Adaptin and that this physical inter-
action plays a role in downregulating Notch, presum-
ably by stimulating endocytosis of Notch.

Different mechanisms have evolved to ensure that di-
verse cellular populations can be generated during de-
velopment. One of these mechanisms is intrinsic and
employs asymmetric localization of cellular determi-
nants during cell division. Numb is one of several gene
products implicated in this process (reviewed in Posa-
kony, 1994). Another mechanism is based on extrinsic
intercellular signaling, whereby extracellular ligands ac-
tivate transmembrane receptors. The Notch signaling
pathway epitomizes this type of cell-cell communica-
tion. Both mechanisms play pivotal roles in Drosophila
peripheral nervous system (PNS) development. As
shown in the Figure, external sensory (ES) organs com-
prise five clonally related cells that are all derived from
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questions than answers, at the moment, but will un-
doubtedly stimulate these fields into new insights and
discoveries. In addition, the concept of structural mim-
ics serves notice that clues to the function of seemingly
novel proteins may be found by going beyond BLASTP
and PSI-BLAST searches for sequence homologs.
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a single sensory organ precursor (SOP) through consec-
utive asymmetric divisions. Notch signaling is high in
some cells and low in others, resulting in different cell
fate specifications (reviewed in Posakony, 1994).

The numb gene was isolated in the Jans’ lab more
than a decade ago (Uemura et al., 1989). Numb deter-
mines the fate of the SOP progeny: loss of numb leads
to transformation of the majority of sensory neurons of
the PNS into support cells (see Figure). The numb loss-
of-function phenotype is, in many respects, opposite to
that associated with the loss of Notch. Interaction of
Notch, a transmembrane receptor, with its ligand, Delta,
another transmembrane protein, is necessary for the
SOP progeny to acquire proper identity. At each asym-
metric division, a differential level of Notch signaling
between the two daughter cells causes them to adopt
different fates. Epistasis experiments in which double
mutants of Notch and numb were generated place numb
genetically upstream of Notch. The contrasting pheno-
types of Notch and numb, together with the discovery
that the proteins can bind to each other directly, implied
that Numb dictates the fate of SOP progeny by nega-
tively regulating Notch (Guo et al., 1996). Although tram-
track, a downstream target of Notch, was proposed to
act as a “readout” for Notch-Numb activity, there was,
so far, no mechanistic insight as to how cells can inte-
grate cell-intrinsic signals, like Numb, with extrinsic
cues, such as Notch activation.

The study by Berdnik et al. (2002) sheds light onto
the mechanism of action of numb in the fruit fly. Using
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a powerful genetic strategy developed by Dickson and
colleagues (Newsome et al., 2000), the authors found
that mutations that affect the ear domain of a-Adaptin
mimic the loss-of-function phenotype of numb in adult
sensory organ development. a-Adaptin consists of a
head domain, an ear domain (also called the appendage
domain), and a hinge domain that links the two. It is part
of the adaptor protein-2 (AP-2) complex, which plays
a pivotal role in clathrin-mediated endocytosis at the
plasma membrane: it recruits the endocytic machinery
to specific target sites by interacting with both clathrin
and endocytic substrates (Gonzalez-Gaitan and Jackle,
1997; reviewed in Seto et al., 2002). Hence, mutations
that cause a loss of a-Adaptin are embryonic lethal.
However, mutations in the ear domain are much less
severe and cause defects mainly in sensory organ devel-
opment (Berdnik et al., 2002). The ear domain can bind
various accessory proteins, like AP-180, Epsin, Eps-15,
Dynamin, and Amphiphysin. It is therefore thought to
have a regulatory role in this process. While it has been
shown previously that a vertebrate homolog of Numb
can also bind the ear domain of a-Adaptin, the in vivo
relevance of this interaction was unclear (Santolini et
al., 2000).

Berdnik et al. show that, during metaphase, the
«-Adaptin protein is concentrated to one side of the
cell cortex, along with Numb. In numb mutant tissue
a-Adaptin fails to localize asymmetrically. Furthermore,
epistasis analysis places «-adaptin genetically up-
stream of Notch and downstream of numb. Since Numb
can directly interact with the Notch intracellular domain,
Berdnik et al. propose a model in which Numb antago-
nizes Notch activity by recruiting a-Adaptin. This proba-
bly stimulates endocytosis of Notch and serves as a
mechanism to downregulate signaling. It is therefore
tempting to speculate that other proteins involved in
endocytosis and in early and late endosome formation
will contribute to Notch signaling. It is already known
that loss of Dynamin, which is involved in pinching off
vesicles from the membrane, mimics the loss of function
of Notch. In addition, Notch has recently been shown
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Asymmetric Segregation of «a-Adaptin En-
dows the SOP Daughter Cells with Distinct
Fates

Numb (orange) is expressed in the SOP and

before cell division localizes to the plasma

membrane overlying one of the centrosomes.

Numb recruits a-Adaptin (blue) to one side of

the dividing progenitor cells. Because of its

asymmetric localization, this complex is pre-

dominantly inherited by one of the two daugh-

N low ter cells, the pllb. This leads to downregula-

N tion of Notch receptor activity (N) in this cell.

b The Numb/a-Adaptin complex acts similarly

on all of the binary decisions in the course of

sensory organ development. As a result, five

different cells are generated (so, socket cell;
h, hair cell; sh, sheath cell; n, neuron; glia).

to be ubiquitinated, and this modification is thought to
promote internalization and/or lysosomal degradation.
Suppressor of deltex/Itch is an excellent candidate E3
ligase that may ubiquitinate Notch (reviewed in Lai,
2002). In addition, the vertebrate “ligand of Numb protein
X” (LNX) has been shown to mediate ubiquitination of
Numb. Finally, Eps-15, which binds the aspartate-pro-
line-phenylalanine (DPF) motif found in Numb, is thought
to bring different proteins involved in endocytosis together
via protein-protein interactions (reviewed in Seto et al.,
2002). Hence, Berdnik et al. not only provide a key link
between intrinsic and extrinsic signaling, but they also
open a window at the interface of developmental signaling
pathways and cell biological processes.
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