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Xotch, the Xenopus Homolog of Drosophila Notch

CLARK COFFMAN, WiLLiAM HArRRIS, CHRIS KINTNER

During the development of a vertebrate embryo, cell fate is determined by inductive
signals passing between neighboring tissues. Such determinative interactions have
been difficult to characterize fully without knowledge of the molecular mechanisms
involved. Mutations of Drosophila and the nematode Caenorhabditis elegans have been
isolated that define a family of related gene products involved in similar types of
cellular inductions. One of these genes, the Notch gene from Drosophila, is involved
with cell fate choices in the neurogenic region of the blastoderm, in the developing
nervous system, and in the eye-antennal imaginal disc. Complementary DNA clones
were isolated from Xenopus embryos with Notch DNA in order to investigate whether
cell-cell interactions in vertebrate embryos also depend on Notch-like molecules. This
approach identified a Xenopus molecule, Xotch, which is remarkably similar to
Drosophila Notch in both structure and developmental expression.

rosophila Notch 1S A GENE RE-

quired for local cell-cell interac-

tions that specify cell fate in the fly
embryo (1). Although the mechanisms un-
derlying these interactions are not fully un-
derstood, the Notch gene product probably
functions at the cell surface by permitting
determinative interactions between cells. Be-
cause similar forms of cell interactions may
also occur in vertebrate embryos, we probed
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an early neurula Xenopus cDNA library with
Notch DNA using low stringency hybridiza-
tion (2-4). This screening resulted in two
overlapping ¢cDNA clones that correspond
to a 10-kb transcript and encode the amino
acid sequence of Xotch (Fig. 1A). Xotch
contains the three structural features by
which Notch and the two nematode genes
lin-12 and glp-1 are classified as a family of
determinative, cell interaction molecules
(Fig. 1B) (2, 5-7). Two of these features
form a single extracellular domain consisting
of multiple epidermal growth factor (EGF)—
like repeats (10 to 36) and three lin-12/Notch
repeats (defined by a region of similarity

between these two genes) (2, 6). The third
feature is within the intracellular domain
and consists of six cdc10/SWI6 repeats, a
motif shared by molecules associated with
cell-cycle regulation in yeast (cdc10, SWIA4,
and SWI6), human erythrocyte ankyrin, a
sex-determining gene in C. elegans (fem-1),
and a human proto-oncogene (bcl-3) (8).
Xotch, like Notch, has exactly 36 EGF-like
repeats. If the regions containing the EGF-
like repeats in Notch and Xotch are aligned,
51% of the amino acids are identical. A
similar alignment of Xotch to either lin-12 or
glp-1 produces a lower match (36% and
39%, respectively) (5-7). Closer analysis of
individual repeats shows that Xotch and
Notch share amino acids in addition to the
ones that make up the consensus sequence
and that even irregular spacings are pre-
served between corresponding repeats. This
conservation implies that the repeats are not
interchangeable and that minor differences
between each repeat are required for func-
tion. Such an interpretation is supported by
genetic analysis of Drosophila Notch in which
a single amino acid change within the repeat
region can result in a mutant phenotype (9,
10). The portion of Xotch most highly con-
served relative to Notch (70% identity) con-
tains the cytoplasmic cdc10/SWI6 repeats and
downstream 30 amino acids. This degree of
conservation further indicates the probable
involvement of this region in mediating the
intracellular functions of the Xotch and Notch
proteins (8).

Some areas of similarity between Notch
and Xotch are not shared by lin-12 and glp-1.
One area is a stretch of polyglutamine resi-
dues encoded by a sequence referred to in
Drosophila as the opa or M-repeat (11). The
opa repeat has no known function, but is a
molecular feature found in many Drosophila
genes. The presence of an apparent skeleton
of the opa repeat in the Xotch sequence is
further evidence of the relatedness of these
molecules. Another area of similarity, at the
extreme COOH-terminus, contains a cluster
of proline, serine, and threonine residues
referred to as a PEST sequence, some of
which are putative sites of phosphorylation
(12, 13). The PEST sequence may be in-
volved in decreasing protein stability. The
similarities between Xotch and Notch indicate
that the two are homologs and suggest that
both could have identical functions during
development.

To analyze the functions of Xotch, we
began by studying the expression of Xotch
RNA during frog embryogenesis using a
ribonuclease (RNase) protection assay (14).
The pattern of Xotch expression was similar
in many respects to the pattern of Notch
expression that has been described for fly
development (9, 15). Xotch RNA was pre-
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Fig. 1. Alignment of the amino acid sequences of
Xotch and Notch. (A) The amino acid sequence
(20) of Xotch was predicted from the nucleotide
sequence of sclected cDNA clones and aligned to
the published sequence of Drosophila Notch (2)
with the University of Wisconsin sequence analy-
sis programs (21). The Xotch sequence is on the
top, Notch sequence on the bottom, and identical
ammoaadsarchlghhghtedwndxagraybox The
outlines mark large regions of sequence that cor-
respond to major structural features of Xotch,
including the 36 EGF-like repeats (amino acids
22 to 1429), the three lin-12/Notch repeats (amino
acids 1467 to 1562) (6, 7), a hydrophobic trans-
membrane domain (amino acids 1728 to 1751),
six cdc10/SWI6 repeats (amino acids 1869 to
2082) (8), the ghost of opa repeat (amino acids
2359 to 2391) (11), and the PEST sequence in
the COOH-terminus (amino acids 2475 to 2495)
(13). Other regions of similarity between Xotch
and Notch are found in the first 30 residues
downstream of the cdc10/SWI6 repeats and in the
extreme COOH-terminus of the protein includ-
ing a number of possible phosphorylation sites
(12). (B) Schematic representation of the putative
Xotch or Notch proteins. Representation of major
features is as follows: hydrophobic signal se-
quence (solid bar), EGF-like repeats (shaded), lin-
12/Notch repeats (LNR; right hatches), a single
transmembrane domain (TM; second solid bar),
«dc10/SWI6 repeats (left hatches), nonmotif re-
gions of >40% identity between Xotch and Notch
(horizontal lines), opa repeat (vertical lines), and a
PEST sequence.

sent maternally and the amount per embryo
remained relatively constant throughout
carly development (Fig. 2A). Xotch also
appeared to be expressed almost uniformly
in early embryos. Xotch RNA was present in
all three prospective germ layers isolated
from late blastula embryos (Fig. 2B). Only
dorsal mesoderm contained slightly more
(1.5-fold) Xotch RNA relative to other tis-
sues in the late blastula (16).

At later stages of development, we found
that Xotch expression was more localized
and enriched in regions where proliferation
and cell determination occur, particularly in
the developing nervous system. Brains and
eyes isolated from newly hatched tadpoles
(stage 35/36) (17) have more Xotch RNA
than the surrounding tissues, which include
both ectodermal and mesodermal deriva-
tives (Fig. 2C). This increase may reflect the
status of differentiation of these tissues at
this stage, in which nonneural tissues have
already begun their terminal differentiation,
whereas many cells within the developing
brain are still undergoing determination.
This pattern of Xotch expression was also
evident by in situ hybridization, where Xotch
RNA was found to be localized to the
developing neural tube of a stage 35/36
embryo (Fig. 3).

In the Drosophila eye-antennal imaginal
disc, Notch is required for the correct differ-
entiation of the various cell types within an
ommatidium, and expression is concentrat-
ed around the morphogenetic furrow where
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Fig. 2. Temporal and spatial A B
distribution of Xotch RNA
during frog development.
RNA was isolated from em-
bryos or dissected tissues
and assayed for the expres-
sion of Xotch and other
RNAs with an RNase pro-
tection assay (14, 22, 23).
(A) RNA was isolated from
eggs and embryos at the des-
ignated stage of develop-
ment (17) and assaved for
the presence of Xotch RNA C
(the probe corresponded to
amino acids 1405 to 1431)
and for H4 histone RNA.
H4 message is present in
eggs and early embryos and
controls for RNA recovery
(24). Xotch RNA concentra-
tions are quite high in eggs
and remain relatively con- -'

stant during early develop-

ment. (B) Total RNA was prepared from early gastrulae embryos
(stage 10) after manual dissection into ectoderm (animal caps), endo-
derm, and dorsal and ventral mesoderm. RNA from approximately ten
dissected embryos was assayed for the presence of Xorch RNA with a
probe corresponding to amino acids 606 to 766. Xotch RNA concentra-
tions were relatively equivalent in each isolated region of the early F
gastrulae, although there was slightly higher expression in dorsal o e
mesoderm. (C) The heads of late tadpoles (stage 35/36) were dissected CO/I ‘Qjo\)

into neural (brain and eyes) and nonneural (rest) tissue and then J . 72

assayed for the presence of Xorch RNA with the same probe as in (A). s

RNA recovery was monitored in each sample by assaying for elongation factor one alpha RNA (EF-la)
(25). Xotch RNA concentrations are higher in brain and eye tissue relative to other head tissues. (D) The
eyes from late tadpole embryos were dissected as diagrammed in the bottom panel into the central
portion of the neural retina, a concentric rim of tissue that constitutes the proliferating marginal zone of
the neural retina, and nonneural tissue. Each sample was assayed simultaneously for the expression of
Xotch RNA [probe as in (B)], the neural cell adhesion molecule (NCAM) RNA (22, 23), and for EF-la
RNA (25). Xotch RNA concentrations are higher in the marginal zone relative to the other isolated
tissues.
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Fig. 3. In situ localization of Xotch RNA in a stage 35 embryo. A 3*S-labeled RNA probe corresponding
to the COOH-terminal region of the Xotch protein was hybridized to tissue sections with
techniques (22, 24) and detected by anmradpi hy. (A) Cross-sectional view at the level of the
hindbrain photographed under Nomarski optics. (B) Same section as (A) photographed under dark-
field optics to reveal autoradiography grains. The hybridization signal is concentrated in the neural
tube, while surrounding mesoderm and epidermal tissues do not show hybridization above back-
ground.

cell fate is determined (15, 18). In Xenopus,
the eye continues to grow throughout life:
the central retina consists of differentiated
cells and new cells are added to the periph-
ery from pluripotent, dividing cells at the
ciliary margin (19). To see if Xotch, like
Notch, is expressed in regions of cell differen-

tiation in the nervous system, we dissected
the peripheral and central retina from pre-
metamorphic tadpoles (stage 50) and as-
sayed for Xotch transcripts. Xotch is preferen-
tially expressed in the marginal zone (Fig.
2D) (16). This three- to fourfold increase
over central retina or nonneural eye tissues
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occurs where cells are pluripotent, undergo-
ing proliferation, and presumably interact-
ing with other cells to achieve their deter-
mined states.

In summary, the structure of Xotch and its
pattern of expression are similar to those
observed for Drosophila Notch. We believe
that Xotch and Notch may have equivalent
functions and, therefore, that some of the
basic molecular components used for cell-
cell interactions and the determination of
cell fate may be conserved between verte-
brates and invertebrates.
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Calmodulin Activation of Calcium-Dependent Sodium
Channels in Excised Membrane Patches of Paramecium

Y. Sammr* anp K.-Y. LING

Calmodulin is a calcium-binding protein that participates in the transduction of
calcium signals. The electric phenotypes of calmodulin mutants of Paramecium have
suggested that the protein may regulate some calcium-dependent ion channels.
Calcium-dependent sodium single channels in excised patches of the plasma membrane
from Paramecium were identified, and their activity was shown to decrease after brief
exposure to submicromolar concentrations of calcium. Channel activity was restored
to these inactivated patches by adding calmodulin that was isolated from Paramecium
to the cytoplasmic surface. This restoration of channel activity did not require
adenosine triphosphate and therefore, probably resulted from direct binding of
calmodulin, either to the sodium channel itself or to a channel regulator that was

associated with the patch membrane.

ALMODULIN (CAM) PARTICIPATES

in signal transduction processes in

most cells. In particular, CaM regu-
lates the activation of certain calcium
(Ca?*)-dependent potassium (K*) channels
(1, 2), the inhibition of the Ca®*-release
channel activity of the sarcoplasmic reticu-
lum (3), and, perhaps, the gap junction
channel (4). However, the mechanism by
which CaM regulates jon channel activity is
not well understood. CaM may interact
directly with channel proteins, as suggested
in cell-free systems (2, 3) or may affect
channel activity through Ca**, CaM-depen-
dent covalent modifications of the channel
proteins (5). In addition, CaM may control
transcription of genes, as suggested in plants
(6), possibly including those that encode ion
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channels.

CaM regulates ion channels in Parame-
cium. Mutations in the CaM structural gene
eliminate one or more of three Ca’*-depen-
dent ion currents recorded under whole-cell
voltage clamp (7). To decipher the mecha-
nism of CaM regulation of ion channels in
Paramecium, we used a patch-clamp tech-
nique to study Ca’*-dependent sodium
(Na*) single channels in excised patches
from Paramecium.

Previous studies with whole-cell Parame-
cium have shown that activation of the Na*
conductance is dependent on cytoplasmic,
free Ca’*, and that the Na* channel is
permeable to Na* and lithium (Li*), but
not potassium (K*) or cesium (Cs*) (8);
similar conductances have been found in
other organisms (9). With 100 mM Na™* in
both pipette and bath (10), patch-clamp
recordings (11) revealed single-channel ac-
tivities (Fig. 1A) in excised inside-out patch-
es of the plasma membrane from P. tetraure-

lia (12) when 107> M free Ca?* was present
in the bath (on the cytoplasmic side of the
patch). The channel was more active at
positive than at negative voltages. The cur-
rent amplitude, measured from the ampli-
tude histograms, was plotted as a function
of membrane voltage (I-V plot), and the
conductance was determined to be 19.0 pS
[+ 3.2 (mean = standard deviation, SD), n
= 10; error limits of =SD are used through-
out the report] (Fig. 1B) (13).

The ion selectivity of the channel (14) was
determined by substitution of Na* in the
bath with other ions. From I-V plots of
single-channel currents under bi-ionic con-
ditions (Fig. 1C) and reversal potential anal-
yses (15) (Fig. 1D), we determined the
relative permeability ratios of Na™:Li*:
K*:Cs* to be 1:0.76:0.07:0.05, respec-
tively (» = 3). The conductance and ion
selectivity of the Na® single channel in
Paramecium were therefore similar to those of
its counterparts in higher organisms, which
are voltage- and not Ca?*-gated(16).

The Ca>* dependence of the Paramecium
Na* channel was examined by changing the
free Ca>* concentration of the bath. After
measuring the channel activity at 107> M

Ca?" (Fig. 2A, left), thc bath was perfused
w1th a solution of 1078 M Ca’*, and the
channel activity at all voltages fell nearly to
zero (Fig. 2A, middle). This suggested that
the channel activity was Ca?* dependent.
However, a return to 1075 M Ca?* after
brief exposure to 107 M Ca’* failed to
restore channel activity (Fig. 2A, right). The
initial activity at 107> M Ca?* was reduced
upon returning to 107> M Ca®* after expo-
sure to 1078 M Ca?* for 60s [1.19 + 1.04
versus 0.08 + 0.12, expressed as the activity
of all channels in the patch (NPo) at —50
mV, n = 6; 60 to 150 s elapsed between the
two measurements] (17). By contrast, con-
tinuous exposure to 1075 M Ca®* for simi-
lar durations (Fig. 2B) did not alter channel
activity, which varied from 1.20 = 0.59 to
1.26 = 0.88 (n = 8, 55 1o 175 s clapsed,
including a 30- to 140-s perfusion period).
However, even at 107> M Ca?*, the channel
activity declined with prolonged exposure
(>30 min). These findings suggested that a
factor or factors required for Na*-channel
activity was rapidly degraded or inactivated
by exposure to 1078 M Ca?*

Because the Ca’*-dependent Na* con-
ductance of Paramecium is under the control
of calmodulin (CaM) in vivo (7), we tested
whether CaM, when applied to the cytoplas-
mic surface of the patch membrane, could
restore activity to inactivated Na* channels
in vitro. When channel activity had declined,
we added Paramecium CaM (2 pg, >85%
pure) (18) to the 300-pl bath that contained
107> M Ca’*. We observed an increase in
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