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Summary

Notch signaling in Drosophila requires a RING finger
(RF) protein encoded by neuralized. Here we show
that the Xenopus homolog of neuralized (Xneur) is
expressed where Notch signaling controls cell fate
choices in early embryos. Overexpressing XNeur or
putative dominant-negative forms in embryos inhibits
Notch signaling. As expected for a RF protein, we show
that XNeur fulfills the biochemical requirements of ubi-
quitin ligases. We also show that wild-type XNeur
decreases the cell surface level of the Notch ligand,
XDelta1, while putative inhibitory forms of XNeur in-
crease it. Finally, we provide evidence that XNeur acts
as a ubiquitin ligase for XDelta1 in vitro. We propose
that XNeur plays a conserved role in Notch activation
by regulating the cell surface levels of the Delta li-
gands, perhaps directly, via ubiquitination.

Introduction

Many of the components that comprise the Notch sig-
naling pathway in Drosophila were originally identified
as mutations in six zygotic genes that give a similar
neurogenic phenotype in early embryos (Lehmann et al.,
1983). Notch encodes a large transmembrane receptor,
Delta encodes a ligand that activates Notch signaling,
and the E(SPL) genes, which are transcriptionally acti-
vated by Notch signaling, encode downstream ef-
fectors. A fourth neurogenic gene, Mastermind, is impli-
cated in Notch-mediated transcription, potentially as a
coactivator (Petcherski and Kimble, 2000). All of these
components are evolutionarily conserved, and homo-
logs of these proteins comprise a similar signaling path-
way in other invertebrates and vertebrate species (Arta-
vanis-Tsakonas et al., 1999). By contrast, two of the
original neurogenic genes, Big Brain and neuralized, are
known to be required for Notch signaling in Drosophila,
but the biochemical activities of their encoded products
within the Notch pathway remain poorly defined. It is
also not known whether these genes are evolutionarily
conserved in their action. To address these issues, we
have analyzed a Xenopus homolog of neuralized in terms
of its biochemical properties and its role in Notch signal-
ing during early embryonic development.
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In Drosophila, neuralized (Dneur) is required for a sub-
set of the developmental events that are known to be
regulated by Notch signaling (Dietrich and Campos-
Ortega, 1984; Hartenstein et al., 1992; Lai and Rubin,
2001a, 2001b; Yeh et al., 2000). Dneur is required, for
example, when Notch restricts, by the process of lateral
inhibition, the number of neuroblasts (NBs) that form
within the neurogenic region of early embryos or the
number of sensory organ precursors (SOPs) that form
within proneural clusters in developing imaginal discs.
Not only do the number of NBs and SOPs increase
dramatically in DNeur loss-of-function mutants as seen
when Notch signaling is inactivated, but similar neuro-
genic phenotypes also occur when DNeur is overex-
pressed (Lai and Rubin, 2001a). Surprisingly, DNeur
overexpression also blocks Notch signaling during wing
margin or wing vein formation even though the Notch
pathway functions normally in these cases in the absence
of DNeur. Thus, Notch signaling critically depends on
DNeur activity in specific cases but more generally is
exquisitely sensitive to DNeur overexpression.

Dneur is expressed at low levels in tissues where it
functions, such as the neurogenic region of the Drosoph-
ila embryo (Boulianne et al., 1991; Price et al., 1993). During
lateral inhibition, levels of Dneur RNA increase markedly
within cells that are singled out by Notch signaling to
differentiate. Indeed, this increase in Dneur expression
has been used to mark the formation of SOPs based on
an A101 enhancer trap line where lacZ is inserted into
the Dneur gene (Huang et al., 1991). This observation
suggests that DNeur functions in the signaling cell dur-
ing lateral inhibition, therefore implying a cell-nonauton-
omous function during Notch signaling. However, ge-
netic mosaic analysis shows that DNeur acts cell
autonomously to allow Notch signaling to restrict the
number of SOPs that form in the proneural cluster (Lai
and Rubin, 2001a; Yeh et al., 2000). Thus, the high ex-
pression level of Dneur in differentiating cells conflicts
with the evidence that it functions in receiving cells to
inhibit their differentiation.

DNeur and related vertebrate proteins are character-
ized by two large repeats, termed Neuralized Homology
Repeats (NHRs), and a C;HC, motif at the carboxyl termi-
nus, called a RING finger (RF) domain, which is charac-
terized by conserved C and H residues responsible for
binding two Zn?* ions in two complex interweaved fin-
ger-like structures (Nakamura et al., 1998; Price et al.,
1993). These structural features have not been useful in
predicting how these proteins might be involved in
Notch signaling, until recently, when the RF domain has
been found in a number of proteins that act as ubiquitin
ligases (Jackson et al., 2000). These proteins contain
domains that bind to target proteins and an RF domain
that binds and activates ubiquitin conjugases, thus
forming a complex that promotes the transfer of ubiqui-
tin to target proteins. Ubiquitination of proteins can be
a signal for degradation by the proteasome, but it can
also serve as a modification that alters the activity of
proteins in a variety of different ways (Hicke, 2001). Re-
cently, DNeur has been shown to have ubiquitin ligase
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Figure 1. Alignment of Neuralized Proteins

(A) All Neuralized proteins contain two Neu-
ralized Homology Repeats (NHRs) and a

574 C-terminal C;HC, RING finger (RF) domain

whose percentage of similarity are given
comparatively to XNeur.

574 (B) The conserved RF domain in Neur pro-

teins. Conserved C and H residues are
marked with asterisks.

(C) Constructs and mutations of XNeur used
in this study.
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activity in vitro, but it remains unclear how this activity
relates to its function in the Notch signaling pathway
(Yeh et al., 2001).

Here we report the isolation and functional analysis
of a Xenopus homolog of neuralized (Xneur). We present
its expression pattern in embryos, overexpression phe-
notypes of wild-type and putative dominant-negative
forms of XNeur in Xenopus and Drosophila embryos,
and its biochemical properties as a ubiquitin ligase. Fi-
nally, we provide evidence that XNeur interacts with
the Notch ligand XDeltal. The results of this analysis
indicate that XNeur plays a conserved role in Notch
pathway and lead us to propose a model in which XNeur
regulates Notch signaling by promoting the loss of
XDelta1 at the cell surface, perhaps directly by ubiquiti-
nation.

Results

Cloning and Expression Pattern

of Xenopus neuralized

As described in Experimental Procedures, cDNAs encod-
ing a Xenopus homolog of Drosophila neuralized (XNeur)
were identified via degenerate PCR. The proteins pre-
dicted by these cDNA contain the signature domains
found in all Neuralized proteins identified so far: the two
Neuralized Homology Repeats (NHR) and a C-terminal RF
domain (Figure 1A). These subdomains are extremely well
conserved among vertebrate species, with XNeur shar-
ing 89% identity in its NHR1 and 84% in its RF domain
with the mouse and human counterparts.

When analyzed by whole-mount in situ hybridization
(WISH), early Xenopus embryos express Xneur RNA
ubiquitously at low levels. Beginning at neural plate
stages, isolated cells with higher levels of Xneur RNA

are evident in both the developing nervous system and
skin (Figures 2A-2D). Based on their number and posi-
tion, these Xneur-expressing cells likely correspond to
primary neurons within the neural plate and tube, and
to precursors of specialized ciliated cells in the skin
(Figures 2C and 2D). The differentiation of both cell types
is Notch regulated (Chitnis et al., 1995; Deblandre et
al., 1999; Wettstein et al., 1997), suggesting that Xneur
expression correlates with the process of lateral inhibi-
tion. To confirm this interpretation, we examined Xneur
expression in embryos where Notch signaling is in-
creased or decreased experimentally using RNA injec-
tion (Wettstein et al., 1997). As predicted, in embryos in
which cell differentiation is blocked with an activated
Notch, Notch-ICD, Xneur expression is reduced (Figures
2E and 2F). By contrast, in embryos in which cell differ-
entiation is increased with a dominant-negative form of
Su(H), Su(H)DBM, the expression of XNeur is markedly
expanded (Figures 2G and 2H). These data show that
Notch signaling negatively regulates the number of
Xneur-expressing cells and suggest strongly that Xneur,
as in Drosophila, is expressed at higher levels in differ-
entiating cells as they are selected out by lateral inhibi-
tion (Boulianne et al., 1991; Price et al., 1993).

Xneur Overexpression Blocks Lateral Inhibition

in Xenopus Embryos

In Drosophila, developmental events requiring Notch
signaling are exquisitely sensitive to Dneur overexpres-
sion. We therefore asked whether Xneur also interacts
with the Notch pathway in Xenopus embryos using over-
expression by RNA injection. When overexpressed in
embryos, Xneur produces a large increase in the number
of ciliated-cell precursors in the skin, as marked by
a-tubulin staining, indicating a loss of Notch signaling
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(Figures 3A-3C). This neurogenic phenotype became
milder as the levels of Xneur RNA injected into embryos
were reduced but never reversed into a phenotype indic-
ative of increased Notch signaling. We next determined
which regions of XNeur blocked Notch signaling using
the ciliated-cell assay. In Drosophila, a form of DNeur
lacking the RF domain consistently disrupts Notch sig-
naling regardless of the levels of overexpression. A
similar form of XNeur (XNeurARF) also produced large
increases in the number of ciliated-cell precursors (Fig-
ures 3D-3F) and in this respect was more potent then
wild-type XNeur, both in terms of humber of embryos
affected (83% versus 73%) and the severity of the phe-
notype. Forms of XNeur lacking either one of the NHR
domains gave no phenotype, indicating that both NHRs
are required for activity. Just the RF domain of XNeur
produced extremely deleterious effects on the general
morphology of the embryos and more specifically on
the integrity of the skin, resulting for example in blis-
tering and necrotic tissue (data not shown). Together

Figure 2. Xneur Expression in Early Xenopus
Embryos

(A-D) WISH analysis of Xenopus for Xneur
RNA expression, shown as dorsal views (A
and B), side view (C), or as a transverse sec-
tion at the level of the spinal cord (D). Xneur
RNA is expressed within primary neurons in
the neural plate ([A-D], black arrowhead) and
ciliated cells in the skin ([A-D], white arrow-
head). Lower and more diffuse expression of
XNeur is detected at stages prior to cell type
determination ([A and B], brackets).

(E-H) Embryos injected with RNA encoding
Notch-ICD (E and F) or Su(H)DBM (G and H)
were stained for Xneur RNA by WISH. Arrows
and arrowheads indicate primary neurons
and ciliated-cell precursors, respectively.

uninjected side

uninjected side

these results indicate that Notch signaling can be dis-
abled in the developing Xenopus skin by overexpressing
either wild-type Xneur or XneurARF.

Embryos overexpressing Xneur or XneurARF RNA
were also stained with a N-tubulin probe to examine the
differentiation of primary neurons. Injection of Xneur
RNA produced a mild increase in the number of primary
neurons, indicating a weak loss of Notch signaling. By
contrast, XneurARF RNA produced no effect. Thus, even
though Xneur is expressed by both primary neurons and
ciliated-cell precursors, alterations in the level of XNeur
activity is much more effective in blocking Notch signal-
ing in the skin relative to the neural plate.

Xneur Overexpression in Drosophila Produces
Similar Phenotypes as Dneur

In Drosophila, overexpressing DNeur leads to opposing
changes in Notch signaling, depending on the levels of
overexpression. Relatively low levels of overexpression
produce phenotypes associated with increased Notch
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signaling, while relatively high levels of overexpression
block Notch signaling (Lai and Rubin, 2001a). By con-
trast, Xneur overexpression is unable to activate Notch
signaling in Xenopus and consistently leads to a pheno-
type comparable to a neur loss-of-function phenotype
in Drosophila. To examine this issue further, XNeur was
misexpressed in Drosophila imaginal disks using the
Gal4-UAS system (Brand and Perrimon, 1993). When
misexpressed in the wing imaginal disc, XNeur in-
creased bristle density in adults (Figures 3G-3l) and the
number of SOPs as marked by the A101 enhancer trap
within proneural clusters (Figures 3J and 3K). Both phe-
notypes indicate loss-of-Notch signaling and are similar
to the phenotypes seen when two copies of DNeur are
misexpressed. Less frequently, adult macrochaete were
lost in response to XNeur misexpression (Figures 3G
and 3H), with a corresponding loss of SOP positions as
marked by activity of the A101 enhancer trap in third
instar imaginal discs (Figures 3J and 3K). Thus, XNeur
overexpression can produce phenotypes representative
of Notch pathway hyperactivity as seen when DNeur
was overexpressed at low levels. Similarly, at low levels
of misexpression in the wing imaginal dics, Xneur
caused a mild truncation of wing vein L5, indicative of

Dorsal view

Figure 3. XNeur Functionally Interacts with
the Notch Pathway

(A-F) Stage 16 Xenopus embryos injected
with RNA encoding XNeur (A-C), or XNeurARF
(D-F) were stained by WISH using an
a-tubulin probe (dark purple) to mark ciliated-
cell precursors and X-gal to mark the injected
side (light blue).

(G-N) SEMs of adult flies of the following ge-
notypes: (G) wild-type, (H) sca-gal4/UAS-
Xneur, and (I) sca-gal4/2x UAS-Xneur. Misex-
pression of Xneur eliminates some notum
macrochaete positions ([G and H], arrows)
but increases the density of the microchaete
field ([G and H], brackets).

() Examples of abdominal bristle tufts in-
duced by XNeur.

(Y and K) Xneur misexpression changes the
number of SOPs marked by the A101 en-
hancer trap in third instar wing imaginal discs;
(J) sca-gal4; A101, (K) sca-gal4/2x UAS-
Xneur; A101. Some sensory organ precursor
positions are missing ([K], arrows) but many
positions are multiplied ([K], arrowheads).
(L-N) Effect of XNeur misexpression on the
adult wing; (L) bx-Gal4/+, (M) VMQ-Gal4/
UAS-Xneur, (N) bx-Gal4/+; 2x UAS-Xneur. (L
and M) Lower levels of XNeur induce mild
distal vein thickening ([M], arrow) and a minor
truncation of vein L5 ([M], arrowhead) while
(N) higher levels of XNeur induce massive vein
thickening.

(O and P) Effect of XNeur misexpression of
the adult eye; (O) GMR-Gal4/+, (P) GMR-
Gal4/UAS-Xneur.

gain-of-Notch pathway activity and a thickening of the
distal portions of all wing veins indicative of loss-of-
Notch pathway activity (Figures 3L and 3M). At higher
levels of misexpression, XNeur caused a massive thick-
ening of all wing veins, indicating a near-complete failure
of lateral inhibition of the vein fate (Figure 3N). Finally,
we observed that misexpression of Xneur during devel-
opment of the eye resulted in extremely rough eyes,
with defects in ommatidial assembly and strong tufting
of interommatidial bristles (Figures 30 and 3P). There-
fore, the phenotypes caused by misexpression of Xneur
and Dneur were largely similar in nature, although phe-
notypes indicative of increased Notch signaling were
more prevalent with Dneur than with Xneur (Lai and
Rubin, 2001a). These results support the idea that XNeur
and DNeur are functionally similar in terms of their role
in Notch signaling.

XNeur Is Unstable, Ubiquitinated, and Degraded
by the Proteasome in an RF-Dependent Fashion
To determine whether XNeur functions in the ubiquitin
pathway, we first asked whether XNeur is an unstable
protein since many ubiquitin ligases are themselves ubi-
quitinated and targeted for protein degradation. First,
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Figure 4. XNeur Is Degraded by the Proteasome and Ubiquitinated in an RF-Dependent Fashion

(A and B) Surfaces of stage 14 embryos injected with RNAs encoding His-tagged XNeur or XNeurARF and then processed by HRP immunohisto-
chemistry with anti-RGSHis antibodies. XNeurARF accumulates at the plasma membrane (arrowheads in [B] inset). Injection site is marked

by X-gal staining of a NlacZ tracer (blue nuclei).

(C and D) Western blot of total cell extracts prepared from 293T cells transfected with Flag-tagged XNeur or XNeurARF, which were treated
for 24 hr with DMSO only ([C], lanes 1, 3, and 5, and [D], lane 1), with 2 .M MG132 ([C], lanes 2, 4, and 6, and [D], lane 4) or with 2 .M clasto-

lactacystin B-lactone or lactacystine ([D], lanes 2 and 3).

(E) Western blot of Hisg-tagged (HT) wild-type or mutant forms of XNeur (see Figure 1C) purified on Ni** beads from transfected 293T cells.
(F and G) A similar analysis as in (E) was performed except that pCS2-HA-ubiquitin was cotransfected with the various HT-XNeur forms. Blot
was probed with anti-HA (F) to detect ubiquitinated proteins and subsequently with anti-RGS-His antibodies (G) to detect XNeur proteins.

proteins levels were examined in embryos injected with
synthetic RNA encoding His-tagged forms of either
XNeur or XNeurARF (HT-XNeur or HT-XNeurARF), either
by immunohistochemistry or by Western blot analysis. By
either analysis, HT-XNeur was undetectable, whereas HT-
XNeurARF was highly expressed (Figures 4A and 4B,
and data not shown), even though both RNAs produced
equivalent levels of protein product when translated in
vitro (data not shown). Similar results were obtained
using other epitope tags, indicating that the relative in-
stability of XNeur is not tag related.

The mechanism responsible for the instability of XNeur
was examined in HEK-293T cells using transient transfec-
tion assays. As in Xenopus embryos, Flag-XNeurARF
is readily detected after Western analysis of extracts
prepared from transfected HEK-293T cells while Flag-
XNeur is not (Figure 4C, lanes 1 and 3). Significantly,
when transfected cells were treated for 24 hr with the
proteasome inhibitor MG132 (2 M), the levels of Flag-
XNeur detected by Western analysis increased dramati-
cally and were now comparable to the levels of Flag-
XNeurARF that were drug insensitive (Figure 4C, lanes
2 and 4). Flag-XNeur levels were also stabilized following

treatment with other, more specific inhibitors of the pro-
teasome: lactacystin or clasto-lactacystin B-lactone, the
active form of lactacystin (Figure 4D). The role of the RF
in XNeur degradation was tested by introducing point
mutations, resulting in two forms of XNeur lacking criti-
cal residues needed for the RF structure (XNeurmut502/
505 and XNeurmut517/519; see Figure 1C) and a third
control form of XNeur with a silent mutation (XNeur-
mut529; Figure 1C). When His-tagged forms of the three
mutants were transfected in HEK-293T cells and ana-
lyzed by Western blotting, higher levels of the XNeur
with RF point mutants and XNeurARF were recovered
relative to wild-type XNeur or the negative control mu-
tant XNeurmut529 (Figure 4E, compare lanes 2, 3, and
4 with 1 and 5). In conclusion, these results indicate that
XNeur is relatively unstable in both Xenopus and tissue
culture cells and that this instability depends on the
integrity of the RF domain and on the proteasome degra-
dation pathway.

The increased degradation of XNeur by the protea-
some is a strong indication that XNeur is ubiquitinated.
To test this possibility directly, the various Hiss-tagged
versions of XNeur described above were transiently
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-119 reveals a typical ladder pattern expected if
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quitin moiety adds 8 kDa).
=205 (C-E) In vitro ubiquitination assays containing
%S-labeled XDelta1l-Myc along with GST only
(lane 1), or with GST fused to full-length XNeur
(lanes 2 and 5), DNeur (lane 3), or DNeurARF
(lane 4) were analyzed by Western blot. As a
control, a reaction containing GST-XNeur
was stopped before incubation (lane 5). When
probed with anti-ubiquitin antibodies, similar
=205 levels of ubiquitinated proteins were de-
tected in the reactions containing DNeur ([C],
lane 3) or XNeur ([C], lane 2). When the same
Western blot was subjected to autoradiogra-

e =
- 98 phy to detect *S-labeled XDeltal-Myc,
4 5

slower migrating material was detected in the
reaction sample containing full-length XNeur
(lane 2), indicating ubiquitination ofXDeltal-

Myc. (E) [**S]XDelta1-Myc was isolated from the in vitro ubiquitination assays by immunoprecipitation with an anti-Myc antibody and detected
by autoradiography. Note that [*S]XDelta1-Myc can be detected as a single species migrating around 110 kDa ([D and E], closed arrow),
except in the reaction containing XNeur, where a second species, one ubiquitin larger in size, is also detected (open arrow, [E], lane 2).

transfected in HEK-293T cells in the presence of a vector
coding for HA-tagged ubiquitin (HA-Ubiq). His-tagged
proteins were recovered and analyzed by Western blot-
ting as outlined above. When the membranes were
probed with an antibody to the HA tag to assess the
levels of ubiquitination, polyubiquitinated proteins were
readily detected in the wild-type XNeur sample, as well
as in the negative control mutant XNeurmut529 (Figure
4F, lanes 1 and 5), but were much less apparent in
the mutant forms of XNeur where the RF domain was
deleted or mutated in essential residues (Figure 4F,
lanes 2-4). Consistently, protein levels, as assessed by
reprobing the blot with anti-HT antibodies, were lower in
the samples where polyubiquitination was higher (Figure
4G, lanes 1 and 5). These data indicate that ubiquitin
chains are efficiently transferred to XNeur in a manner
dependent on the integrity of the RF domain, strongly
suggesting that XNeur acts as an ubiquitin ligase.

XNeur RF Domain Has Ubiquitin Ligase

Activity In Vitro

We next tested whether the RF domain of XNeur has
ubiquitin ligase activity by assaying its ability to promote
in vitro ubiquitination in the presence of ubiquitin-acti-
vating and -conjugating enzymes (E1 and E2). The RF
domain from XNeur or various mutant forms of the RF
(Figure 1C) were expressed in bacteria as recombinant
GST fusion proteins and purified. These GST proteins
were incubated in an in vitro ubiquitination assay con-
taining recombinant human E1 and human Ubc4 (as
an E2 ubiquitin conjugase) and analyzed by Western
blotting with anti-ubiquitin antibodies. As expected, high
molecular weight smears of ubiquitin staining, indicative
of polyubiquitination, were observed in the products

of the reactions involving GST-RF and GST-RFmut529
(Figure 5A, lanes 2 and 5). Reprobing the same blot with
anti-GST antibodies allowed the detection of the same
two fusion proteins migrating in a typical ladder pattern
corresponding to addition of increasing number of ubi-
quitin moieties (Figure 5B, lanes 2 and 5). The polyubi-
quitination activity of XNeur RF was abolished by the
three RF mutations (Figure 5, lanes 3, 4, and 6). This
result is consistent with the inability of these mutants to
be efficiently ubiquitinated in transfection experiments
(Figure 4F) and further argues that XNeur is the target
of auto-ubiquitination. In addition, these results show
that the RF domain of XNeur has the biochemical activity
of a ubiquitin ligase.

XDelta1 Is a Putative Substrate for XNeur

As ubiquitin ligases, the Neuralized proteins could con-
ceivably influence Notch signaling by targeting a com-
ponent in the Notch pathway to ubiquitination. For rea-
sons outlined in the Discussion, we next considered the
possibility that XNeur promotes the ubiquitination of the
Notch ligand XDelta1. Accordingly, a *S-labeled, Myc-
tagged form of XDeltal was added to the in vitro ubiquiti-
nation assay described above, except that full-length
XNeur, DNeur, and DNeurARF were used as GST fusion
proteins in order to include sequences outside the RF
domain that might be involved in substrate recognition.
When these in vitro ubiquitination reactions were ana-
lyzed by Western blotting, XNeur and DNeur, but not
XNeurARF or GST alone, generated slow migrating ma-
terial that stained with anti-Ub antibodies, indicating
that these proteins activate ubiquitination in vitro, as
described above for XNeurRF (Figure 5C, lanes 2 and
3). When the same blot was analyzed by autoradiogra-
phy, the [*S]XDeltal-Myc was detected as a single band
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around 110 kDa in all the reactions except the one car-
ried out in the presence of GST-XNeur where a signifi-
cant fraction had a lower mobility (Figure 5D, lane 2).
Similar results were obtained when one-half of the same
in vitro ubiquitination reactions was immunoprecipi-
tated with anti-Myc antibodies, analyzed by SDS-PAGE,
and subjected to autoradiography (Figure 5E). Again,
[*3S]XDelta1-Myc migrated as a single band in all sam-
ples expect for GST-XNeur, where it migrated as two
bands (Figure 5E, lane 2), roughly one ubiquitin moiety
(8 kDa) apart in size. By contrast, when the same assay
was performed using [**S]mNotch1-Myc or [¥*S]NF-pro-
tocadherin as control proteins, no shift in their migration
was observed following in vitro ubiquitination (data not
shown). These results indicate that XNeur promotes the
ubiquitination of XDeltal and that monoubiquitinated-
XDeltal constitutes the species efficiently generated
in vitro. Significantly, even though DNeur functions as
efficiently as XNeur to activate substrate-independent
ubiquitination, it seems unable to transfer ubiquitin to
XDelta1l (Figures 5C-5E, lane 3).

Interaction between XNeur, XDelta1l,

and Drosophila Delta In Vivo

Although ubiquitination is primarily thought to target
proteins for degradation by the proteasome, the ubiqui-
tin modification has recently been found to promote a
variety of alternative mechanisms for protein turnover
(Bonifacino and Weissman, 1998; Hicke, 2001). For ex-
ample, ubiquitination of membrane proteins may serve
as atag for endocytosis or for lysosomal targeting. Thus,
one possibility, consistent with XNeurARF localization
at the cell surface in embryos and in cell culture (Figure
4B, and data not shown) is that XNeur ubiquitinates
XDelta1 at the cell surface, tagging it for downregulation.
To test this possibility, we expressed a Myc-tagged form
of XDeltal along with XNeur in Xenopus embryos by
RNA injection and assayed the injected embryos in
whole-mount by HRP immunohistochemistry with an
anti-Myc antibody (Figure 6A). In this assay, XNeur, at
higher levels of expression, consistently reduced the
levels of XDelta1-Myc staining at the cell surface, leaving
residual Myc staining in the cytoplasm (Figure 6A, right
panels). By contrast, the levels of mNotch1-Myc or NF-
Protocadherin-Myc appeared unchanged in response
to coinjection of XNeur (data not shown). Furthermore,
when forms of XNeur lacking a functional RF domain
were tested in this assay, they consistently increased
the levels of XDelta1-Myc at the cell surface (Figure 6B),
indicating that XNeur and the RF mutants have opposite
effects on XDeltal expression levels, even though they
both inhibit Notch signaling when overexpressed. We
also tested another Notch ligand, XDelta2-Myc, in the
same assay and observed similar reduction or increase
in XDelta2-Myc levels when coexpressed with full-length
XNeur or XNeurARF, respectively (data not shown). We
next determined the amounts of XDelta1l-Myc on the
cell surface by biotinylating animal cap cells that were
removed from RNA-injected embryos at blastula stages.
Western blot analysis of whole embryo extracts shows
that the total levels of XDeltal were slightly reduced
in the presence of XNeur relative to control or those
expressing XNeurARF at this stage (Figure 6C, lanes

6-8). Western analysis of the biotinylated membrane
fraction isolated on streptavidin beads indicates that
cell surface levels of XDeltal-Myc were reduced in the
presence of Flag-XNeur and increased by the presence
of Flag-XNeurARF (Figure 6C, lanes 1-3). We note that
the reduction in biotinylated XDeltal may not be as
dramatic as the reduction of XDeltal-Myc levels ob-
served in whole-mount staining because the cells were
assayed earlier by the former than by the latter experi-
ment for technical reasons. Together, these results sup-
port the idea that XNeur promotes a loss of XDelta1 from
the cell surface and that XNeurARF does not function as
astable version of XNeur but most likely as an antagonist
of XNeur, i.e., as a dominant-negative.

DNeur also promotes a loss of both endogenous and
ectopic Drosophila Delta when assayed in vivo by misex-
pression in the developing imaginal wing disc (Lai et al.,
2001 [this issue of Developmental Cell]). Since XNeur
misexpression blocks Notch signaling in Drosophila
(Figure 3), we next used the Drosophila assay to deter-
mine whether XNeur similarly promotes the internaliza-
tion and degradation of Drosophila Delta. XNeur was
expressed in a stripe along the anterior-posterior
boundary of the wing imaginal disc using dpp-Gal4 and
the levels of endogenous DI determined by immunohis-
tochemisty. Double-labeling to mark cells in which dpp-
Gal4 is active showed that the expression of DI (Figure
6Da, arrow) contained within the dpp-Gal4 domain (Fig-
ure 6Db, yellow) is markedly reduced by XNeur expres-
sion (Figure 6Dc, arrow), indicating that XNeur promotes
the loss of DI. Since this effect could conceivably be
mediated by a decrease in transcription of DI, we per-
formed a second assay in which DI was ectopically and
ubiquitously expressed using a hs-DI transgene. As is
the case for endogenous DI in the wing disc, ectopic DI
was primarily localized to the apical plasma membrane
following heat shock induction (Figure 6Dd) but in a
background containing dppGal4>UAS-Xneur, rapidly
internalized in the presence of XNeur, with complete
vesicularization observed by 40 min following heat
shock (Figure 6De, bar). Internalized DI was highly unsta-
ble and was degraded by 90 min following heat shock,
resulting in a cleared stripe in the ectopic DI pattern
(Figure 6Df, bar). Misexpression of XNeur did not affect
accumulation of Notch, indicating that it does not gener-
ally affect the localization or stability of transmembrane
proteins (data not shown). These data clearly indicate
that XNeur downregulates DI and specifically promotes
internalization and degradation of newly synthesized DI,
precisely paralleling the activity of DNeur in these assays
(Lai et al., 2001).

Discussion

Although neuralized has been known for two decades
as a neurogenic mutant and its genetic interaction with
genes involved in Notch signaling have been clearly
demonstrated in Drosophila, no satisfactory biochemi-
cal description of its function exists to date. In addition,
vertebrate genes related to Drosophila neuralized have
been identified but whether or not these are involved in
Notch signaling has not been tested (Nakamura et al.,
1998; Ruan et al., 2001). Here we provide evidence that
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Figure 6. In Vivo Interactions between XNeur, XDelta1, and D-DI
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(A) XNeur decreases XDelta1 staining in Xenopus embryos. Embryos injected with RNA (0.2 ng) encoding XDelta1-Myc alone (left column) or
with 0.2 ng or 0.4 ng of XNeur RNA (middle and right column, respectively) and then processed at neural plate stages using HRP immunohisto-
chemistry with the 9E10 anti-Myc antibody (brown staining).

(B) RF mutants of XNeur increase XDeltal-Myc steady-state levels. Embryos injected with 0.1 ng of XDeltal-Myc RNA along with 0.4 ng of
the different versions of Xneur RNAs and processed as in (A). In both (A) and (B), injected areas are marked with a nlacZ tracer and X-gal
staining (light blue).

(C) Animal caps were dissected from stage nine embryos injected with the indicated RNAs and biotinylated. Shown are Western blots probed
by anti-Myc antibody of whole extracts on the right or after purification of extracts on streptavidin beads on the left.

(D) XNeur promotes internalization and degradation of D-DI. Wing pouches from third instar larvae labeled for DI ([a—f], red) or GFP ([b], green).
(a and b) dppGal4>UAS-GFP: L3 wing vein expression of DI ([a], arrow) is contained within the dpp-Gal4 domain ([b], yellow). (c) In dpp-
Gal4>UAS-Xneur: steady-state levels of DI are decreased (arrow). (d-f) Third instar larvae were heat shocked at 38°C for 40 min to induce
the hs-DI transgene and then returned to 22°C for the indicated periods of time prior to dissection. (d) hs-DI alone; DI is ubiquitously expressed
following heat shock and a 40 min rest. (e) dpp-Gal4>Xneur: heat shock-induced DI is completely internalized by 40 min after heat shock

(white bar) and (f) completely degraded after 90 min, resulting in a cleared stripe (white bar).

XNeur, acting as an E3 ubiquitin ligase, can regulate
Notch signaling during embryogenesis by changing the
levels of XDeltal at the cell surface.

Conserved Role of the Neuralized Proteins

in Notch Signaling as Ubiquitin Ligases

Three lines of evidence indicate that XNeur plays a con-
served role in Notch signaling by acting as a ubiquitin
ligase. First, the expression pattern of Xneur in embryos
is highly reminiscent of that reported for Drosophila neur
(Boulianne et al., 1991; Price et al., 1993). Xneur is initially
expressed at low levels in a diffuse pattern within the
developing neural plate and skin but is then upregulated
in primary neurons and ciliated-cell precursors, both of

which are selected out to undergo differentiation by
Notch signaling during the process of lateral inhibition.
Second, overexpressing Xneur or the putative inhibitory
mutant XneurARF in embryos inhibits Notch signaling,
as evidenced by a dramatic increase in the number of
ciliated-cell precursors. Third, Xneur also perturbs
Notch signaling when misexpressed in Drosophila, re-
sulting in loss-of-Notch signaling phenotypes, although
occasional gain-of-Notch signaling phenotypes do oc-
cur. Finally, XNeur fulfills a number of requirements ex-
pected for an E3 ubiquitin ligase, as recently proposed
for DNeur (Yeh et al., 2001). XNeur is relatively unstable
in both embryos and cell lines. XNeur is stabilized when
cells are treated with proteasome inhibitors or when the
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Figure 7. A Model for XNeur Function

(A) The Delta ligand is proposed to undergo at least three molecular
interactions: (a) a cis-inhibitory interaction that blocks the Notch
receptor, (b) a trans interaction with Notch on neighboring cells that
activate signaling, and (c) an interaction with Neur that removes it
from the cell surface.

(B) Blocking Neur function increases the levels of cell surface Delta,
driving most of it into an inhibitory interaction with Notch and
blocking signaling cell autonomously.

(C) Increasing Neur function decreases the levels of cell surface
Delta to the point where too little is available for the trans interaction
with Notch.

RF domain is deleted or mutated at critical residues,
indicating that XNeur is degraded by the proteasome in
a mechanism requiring the RF domain. XNeur, like many
E3 proteins, is polyubiquitinated in cells, and this modifi-
cation is inhibited by mutations in the RF motif. Finally,
the XNeur RF domain fused to GST activates an E2
conjugase in vitro, resulting in substrate-independent
ubiquitination, while mutated forms of XNeur RF domain
in the same assay are inactive. These data suggest
strongly that XNeur plays a conserved role in regulating
Notch signaling during lateral inhibition as an E3 ubiqui-
tin ligase.

XNeur Regulates XDelta1 Levels by Ubiquitination

How might the neuralized proteins modulate the levels
of Notch signaling as ubiquitin ligases? For reasons
discussed further below, the Notch ligands used during
lateral inhibition are likely targets for XNeur activity, a
possibility supported here by several lines of evidence.
First, as also reported for DNeur (Lai and Rubin, 2001a;
Yeh et al., 2000), the stabilized form of XNeur, XNeurARF,

accumulates at the plasma membrane when overex-
pressed in Xenopus embryos and in cultured cells,
where it colocalizes with XDeltal at the plasma mem-
brane. Second, overexpression of Xneur in Xenopus em-
bryos markedly reduces the levels of Myc-tagged
XDelta1 detected on the cell surface by antibody stain-
ing. Conversely, XNeurARF or XNeur with RF mutations
markedly increases the levels of XDeltal-Myc, consis-
tent with these forms acting as dominant-negative mu-
tants. Third, the amount of XDelta1 that can be biotinyl-
ated in intact cells is decreased by XNeur but increased
by XNeurARF. Finally, misexpression of Xneur in Dro-
sophila wing imaginal discs promotes a loss of both
endogenous and ectopic Drosophila Delta, as predicted
by the observation that Xneur and Dneur produce similar
overexpression phenotypes in Drosophila. Thus, XNeur
can target the Delta ligands and promote their loss from
the plasma membrane.

We note that XNeur requires an intact RF domain to
promote the loss of cell surface Delta, indicating that
its function relies on its ubiquitin ligase activity. Signifi-
cantly, ubiquitination has recently been shown to be a
mechanism for targeting membrane proteins to endocy-
tosis (Strous and Govers, 1999; Hicke, 2001) or for tar-
geting endocytosed membrane proteins to degradation
by the lysosome rather than recycling to the plasma
membrane (Katzmann et al., 2001; Levkowitz et al.,
1998). Thus, one likely possibility is that XNeur facilitates
the loss of XDeltal from the cell surface by changing
its pattern of trafficking to and from the cell surface.
These changes could occur because XNeur directly ubi-
quitinates XDeltal, as observed in vitro where XNeur
promotes the monoubiquitination of XDeltal. However,
further work is needed to determine whether the in vitro
ubiquitination of XDeltal by XNeur is physiologically
relevant or whether XNeur may target XDeltal indirectly
by ubiquitinating other substrates involved in ligand traf-
ficking. Indeed, a simple, direct interaction seems un-
likely since XNeur can decrease the levels of XDeltal
and XDelta2 in the Xenopus embryo assay, and Dro-
sophila DI in the Drosophila imaginal disc assay, even
though the cytoplasmic domains of the different Delta
ligands are not conserved in primary sequence.

Ubiquitination and the Requirement

for Delta Internalization

How might XNeur be both necessary and inhibitory for
Notch signaling by promoting the loss of the XDelta1
from the cell surface? One possibility is based on the
observation that Drosophila Delta is concentrated in
endocytic vesicles, often in a pattern associated with
areas where Notch signaling is active, such as in cells
surrounding the SOP or in the prospective wing vein
cells at the time of their specification (Huppert et al.,
1997; Kooh et al., 1993; Parks et al., 1997). Muskavitch
and colleagues have suggested that this endocytosis
of Delta is required for signaling to take place (Parks et
al., 2000). Given that the neur genes are highly ex-
pressed in differentiating cells, i.e., the cells producing
the most signal during lateral inhibition, one attractive
hypothesis is to make Dneur responsible for driving
Delta endocytosis in these cells, hence for generating a
productive signal. However, the results of clonal analysis
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show that Dneur function is cell autonomous: mutant
cells signal normally while they are unable to respond
to Notch signal (Lai and Rubin, 2001a; Yeh et al., 2000).
Moreover, Dneur is genetically dispensable for anumber
of events requiring Notch signaling, including the forma-
tion of wing veins, indicating that Delta can signal in its
absence. Thus, the Neur proteins are unlikely to be part
of the machinery by which the Notch ligands signal.

An alternative model is that the Neur proteins regulate
Delta levels in ways that can affect the reception of
the signal (Figure 7). This model is based on findings
showing that the Delta ligands are also very effective at
inhibiting Notch signaling when overexpressed, pre-
sumably because they are strong inhibitors of Notch in
cis (cell autonomously) (de Celis and Bray, 1997, 2000;
Heitzler and Simpson, 1993; Jacobsen et al., 1998). In-
deed, the Delta ligands share with the Neur proteins the
ability to inhibit Notch signaling when present in either
too low or high amounts. Thus, reduction in XNeur activ-
ity may block Notch signaling cell autonomously by
allowing ligands to accumulate on the cell surface where
they inhibit Notch in cis (Figure 7B). Conversely, increas-
ing XNeur activity may decrease ligand levels, poten-
tially improving Notch reception in receiving cells but
ultimately blocking the ligand signaling from sending
cells (Figure 7C). Another feature of the Delta-like ligands
consistent with this model is that forms lacking the intra-
cellular domain are extremely potent inhibitors of Notch
signaling, possibly because they are unable to signal
as proposed by Muskavitch and colleagues, but also
because they cannot be regulated by endocytosis and
thus accumulate to levels that block Notch signaling in
cis (Chitnis et al., 1995; Parks et al., 2000; Sun and
Artavanis-Tsakonas, 1996). Indeed, clonal analysis of a
truncated Delta in chick indicates that it blocks Notch
signaling in a cell-autonomous manner (Henrique et al.,
1997).

In conclusion, we propose that Neuralized proteins
play a conserved role as ubiquitin ligases in the Notch
pathway and that they function by maintaining Delta
levels into a range compatible with signaling. The exact
mechanism used by Neuralized proteins to regulate
Delta accumulation at the cell surface remains to be
investigated. Finally, our study uncovers a novel level
of control of Notch signaling relying on ligand-receptor
interactions and on protein degradation pathways and
stresses thus the need to understand the molecular ba-
sis of the cell-autonomous inhibition of Notch by Delta.

Experimental Procedures

Embryos, RNA Injections, and Analysis

Embryos were obtained from Xenopus laevis adult frogs by hor-
mone-induced egg laying and in vitro fertilization using standard
methods. Embryos were staged according to Nieuwkoop and Faber
(1967). For RNA injection, synthetic-capped RNAs encoding XNeur,
XNeurARF, HT-XNeur, and HT-XNeurARF were generated in vitro
from coding sequences cloned into the pCS2+ vectors (Turner and
Weintraub, 1994). RNA templates encoding Notch-ICD and
X-Su(H)DBM were described previously (Chitnis et al., 1995; Coff-
man et al., 1993; Wettstein et al., 1997). Unless stated otherwise,
1-2 ng of test RNA was injected into single blastomeres of albino
embryos at the two- or four-cell stage along with 20 pg of n-lacZ
RNA as a tracer (Coffman et al., 1993). Injected embryos were first

stained for B-galactosidase activity with X-gal to localize the tracer.
Analysis by WISH of Xenopus embryos is as described previously
using RNA probes for Xenopus o-tubulin, N-tubulin (Deblandre et
al., 1999). Immunostaining of injected embryos for His-tagged or
Myc-tagged proteins used an anti-RGSHis antibody (Qiagen) and
the 9E10 hybridoma supernatant, respectively.

Isolation of cDNA Encoding XNeuralized and Generation

of XNeur Mutants

Degenerate PCR was carried out using a Agt10 Xenopus stage 17
embryo cDNA library as a template and oligonucleotide primers
corresponding to two regions conserved in Dneur and human and
mouse ESTs homolog to Dneu: AITFS (CGGGATCCGHATHACHT
TYWS) and WAKAL (CGGAATTCDGCYTTDGCCCARAA). This reac-
tion yielded a 215 nucleotide product subsequently used to isolate
full-length Xneur cDNAs. Nucleotide sequence of the Xneur cDNAs
has been submitted to GenBank under the accession number
AF419159. The region coding for full-length XNeur or for XNeurARF
(deletion of the 78 C-terminal residues corresponding to the RF
domain) were amplified using PCR and cloned into pCS2 or into
forms of pCS2 with Flag and His tags. Forms of XNeur with mutations
in the RF domain as described in Figure 1 were generated using
the QuikChange method (Stratagene) by PCR amplification of CS2-
XNeur template with pairs of sense/antisense primers. PCR prod-
ucts were confirmed by DNA sequencing.

Cell Culture and Transfections

HEK-293T were grown in DMEM high glucose containing 10% FBS,
glutamine, pyruvate, penicillin, and streptomycine. Cells were plated
1 day before transfection at 5 X 10° cells per well in 6-well plates,
transfected for 6 hr using the calcium phosphate precipitate method
as described with 2-3 g DNA per well (Chen and Okayama, 1988).
MG132, lactacystin (Calbiochem), or clasto-lactacystin B-lactone
(Boston Biochem) were added after 24 hr at a concentration of 2
wM. For analysis of Flag-tagged proteins, cells were harvested 48
hr after transfection in 400 pl of lysis buffer (1% Triton X-100, 25
mM Tris, pH 7.5, 300 mM NaCl, 1 mM PMSF, 1 .M pepstatin, 1 .M
leupeptin). Insoluble debris was removed by centrifugation at 13,000
rpms at 4°C for 15 min. Supernatants were collected, and 10 or 20
ul of whole-cell extracts were separated on 10% polyacrylamide
gels followed by Western blotting with anti-Flag M2 antibody. For
analysis of Hisg-tagged proteins, cells were harvested 48 hr after
transfection in 1 ml of cold PBS, pelleted by brief centrifugation,
and lysed in 1 ml of 6 M guanidium-HCI, 0.1 M Na,HPO,/NaH,PO,
(pH 8.0) plus 5 mM imidazole. The lysate was sonicated for 30 s
then mixed with 25 pl of a 50% slurry of Ni2*-NTA-agarose (Qiagen)
for 5 hr at room temperature. The beads were washed and eluted
in 50 pl of protein buffer containing 200 mM imidazole as described
(Treier et al., 1994). One-fourth of the eluted material was loaded
on 10% polyacrilamide gels and analyzed by Western blotting with
anti-RGSHis antibodies and with rabbit polyclonal anti-HA antibod-
ies HA.11 (Covance).

Analysis of Proteins Expressed in Xenopus Embryos

Proteins were overexpressed in embryos by injection of the corre-
sponding RNA in the two blastomeres of two-cell stage embryos.
Extraction of total protein and analysis by Western blotting was
performed as above for tissue culture cells. Analysis of cell surface
proteins by biotinylation was as described previously (Bang and
Kintner, 2000).

In Vitro Ubiquitination Assays

GST fusion proteins containing different forms of XNeur or DNeur
were generated by PCR amplification of coding sequences corre-
sponding to the appropriate region and subcloning into pGEX-4T3.
GST fusion protein purification and in vitro ubiquitination assays
were carried out as described previously (Joazeiro et al., 1999).
Reaction products were analyzed by immunoblotting, using mouse
anti-ubiquitin antibodies (Zymed) or mouse anti-GST antibodies
(Santa Cruz), followed by HRP-anti-mouse antibodies and ECL de-
tection. For in vitro substrate ubiquitination assays, XDeltal-Myc
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was translated in vitro from 0.5 pg circular pCS2-XDelta1l-Myc vec-
tor using the TnT SP6 Coupled Reticulocyte Lysate System (Pro-
mega) with 2 pul of Tran*S-label 10 mCi/ml (ICN Biomedicals).

Analysis of Xneur in Drosophila

XNeur was misexpressed in Drosophila using the Gal4-UAS system
(Brand and Perrimon, 1993). Coding sequences for Xneur were in-
serted into pUAST, and transgenic flies carrying UAS-Xneur were
established by standard methods using w''*® as a recipient (Rubin
and Spradling, 1982). Eleven independent lines were obtained, all
of which conferred similar misexpression phenotypes. References
to Gal4 lines used in this study can be found in (Lai and Rubin, 2001a)
and (Lai et al., 2001). Indirect immunofluorescence was performed
according to Lai and Rubin (2001a) using the C594.9B (DHSB) mouse
anti-Delta antibody (1:100 dilution).
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