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Mutations in the mouse indicate that quaking gene function is essential for both embryogenesis and for
development of the nervous system. Recent isolation of the mouse quaking gene identified a putative
RNA-binding protein containing a single KH domain. We have previously isolated the Xenopus homolog of
quaking, Xqua, and shown that the sequence is highly conserved through evolution. Here, we report
experimental data on the biochemical function of the quaking protein and its role during development. We
demonstrate that the quaking protein expressed during early embryogenesis, pXqua®®’, can bind RNA in vitro,
and we have mapped the regions of the protein that are essential for RNA binding. We present evidence that
pXqua can form homodimers and that dimerization may be required for RNA binding. Oocyte injection
experiments show that pXqua®®” is located in both the nucleus and cytoplasm. In the Xenopus embryo, Xqua
is first expressed during gastrulation in the organizer region and its derivative, the notochord. In later stage
embryos, Xqua is expressed in a number of mesodermal and neural tissues. We demonstrate that disruption of
normal Xqua function, by overexpression of a dominant inhibitory form of the protein, blocks notochord
differentiation. Xqua function appears to be required for the accumulation of important mRNAs such as Xnot,
Xbra, and gsc. These results indicate an essential role for the quaking RNA-binding protein during early

vertebrate embryogenesis.
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The function of the murine quaking gene product is re-
quired both during embryogenesis and during later de-
velopment of the nervous system as indicated by two
classes of mutant recessive quaking alleles. Mice that
are homozygous for the quaking viable allele (gkV/gkY)
have a deficiency of myelin in their nervous system and
exhibit a characteristic tremor or “quaking” of the hind
quarters (Sidman etal. 1964; Samorajski et al. 1970). The
second class of quaking alleles, gk®**/qk®*~*, are em-
bryonic lethal around day 9-10 of gestation (Bode 1984;
Justice and Bode 1988; Shedlovsky et al. 1988). The mu-
tant embryos are disorganized and exhibit generalized
atrophy, but the precise cause of lethality has not been
characterized (Justice and Bode 1988).

The sequence of the recently cloned mouse quaking
gene (gkl) (Ebersole et al. 1996) and its human (Hgk) and
Xenopus (Xqua) homologs (Zorn et al. 1997) indicate that
quaking encodes a KH domain RNA-binding protein.
The KH domain is an evolutionarily conserved sequence
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found in a diversity of proteins, most of which are im-
plicated in some aspect of RNA metabolism (Gibson et
al. 1993; Siomi et al. 1993a). Notable examples include
the heterogeneous nuclear ribonucleoprotein K (hnRNP
K) (Siomi et al. 1993a) and the human Fragile X Syn-
drome gene, FMR1 (Siomi et al. 1993b). Experimental
evidence indicates that the KH domain is directly in-
volved in RNA binding. For example, a particularly se-
vere allele of the Fragile X Syndrome (De Boulle et al.
1993) is caused by a single point mutation in a conserved
residue in the second KH domain, resulting in a mutant
protein that shows dramatically reduced RNA-binding
activity (Siomi et al. 1994). quaking belongs to a new
subclass of KH proteins, called GSG domain proteins
(Jones and Schedl 1995; Ebersole et al. 1996), based on
sequence similarity with GLD-1, a tumor suppressor
gene required for germ line development in Caenorhab-
ditis elegans (Jones and Schedl 1995); SAM68, a mam-
malian phosphoprotein involved in the Src signaling
pathways during mitosis (Won et al. 1992; Fumagalli et
al. 1994; Taylor and Shalloway 1994; Lock et al. 1996);
and GRP33, an hnRNP isolated from brine shrimp (Cruz-
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Alvarez and Pellicer 1987). GSG proteins are character-
ized by an [(R00-amino-acid region of sequence similarity
centered on a single KH motif. Although the KH domain
is highly conserved between GSG family members, it is
rather divergent from the KH motifs found in other pro-
teins.

The gkV defect is a classic model for the study of dis-
myelination, and a wealth of literature describes various
aspects of the defective nervous system (Hogan and
Greenfield 1984). Despite this intense investigation, the
precise role of quaking in neural development remains
obscure, and even less is understood about its function
during early embryogenesis. The mouse gkl gene pro-
duces three transcripts 5 kb, 6 kb, and 7 kb in length,
generated by alternative mRNA splicing. The sequences
of the proteins resulting from these transcripts are iden-
tical except for the extreme carboxy-terminal region (Eb-
ersole et al. 1996). In Xenopus, 5-kb and 5.5-kb mRNAs
(analogous to the mouse 5-kb and 6-kb mRNASs) have
been observed (Zorn et al. 1997). In both frog and mouse
only the 5-kb mRNA is expressed in the early embryo,
with the 6-kb form arising later in development. Expres-
sion of the 5-kb and 6-kb sequences continues through-
out development, and in the adult mouse, the transcripts
are abundant in the brain, lung, heart, and testis (Eber-
sole et al. 1996). Expression of the 7-kb mRNA is appar-
ently restricted to the adult brain. The fact that gkl is
expressed in a variety of tissues and that quaking muta-
tions have pleiotropic effects suggests that quaking func-
tion is important for the development or maintenance of
a number of cell types. Furthermore, the remarkable
94% conservation of the mouse, human, and Xenopus
protein sequences (Zorn et al. 1997) suggests that the
quaking biochemical pathway is highly conserved
through evolution.

A number of KH domain RNA-binding proteins are
known to be required during development of inverte-
brates. These include Bicaudal-C in Drosophila, which
is essential for anterior—posterior specification (Mahone
et al. 1995); gld-1, which encodes a GSG protein that is
essential for germ line development in C. elegans (Jones
and Schedl 1995); and mex-3, which regulates early blas-
tomere identity in the C. elegans embryo (Draper et al.
1996). quaking is one of the first examples of a KH do-
main protein essential for early vertebrate embryogen-
esis. In an effort to understand the developmental func-
tion of the quaking protein, we have characterized the
biochemical properties of pXqua®*’, the Xenopus quak-
ing protein that is expressed during early embryonic de-
velopment. We have mapped the regions of pXqua®®”
that are essential for RNA binding and present evidence
that pXqua proteins can form homodimers. These results
have implications not only for quaking but also for un-
derstanding the general biochemical properties of the
GSG subfamily of KH domain proteins. Finally, we dem-
onstrate that embryonic overexpression of pXqua3®” en-
hances notochord development, whereas overexpression
of a dominant inhibitory pXqua mutant disrupts the en-
dogenous Xqua pathway and blocks notochord develop-
ment. The normal function of Xqua appears to be essen-
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tial for the accumulation of important mRNAs such as
Xnot, Xbra, and goosecoid (gsc). Our findings provide a
possible explanation for the early embryonic lethality of
quaking mutant embryos.

Results
pXqua binds RNA in vitro

The presence of a KH motif in the quaking protein (Eb-
ersole et al. 1996; Zorn et al. 1997) suggests that it is an
RNA-binding protein. To directly test this possibility,
we have examined the in vitro RNA-binding properties
of Xenopus quaking proteins pXqua®*’ and pXqua3®®,
which are identical except for an 8-amino-acid insertion
just carboxy-terminal to the GSG domain, generated by
alternative splicing (Zorn et al. 1997) (Fig. 1A). In vitro
35S-labeled Xqua proteins were assayed for the ability to
bind RNA immobilized on agarose beads (Swanson and
Dreyfuss 1988). As shown in Figure 1B, both pXqua®®”
and pXqua®®® bind total Xenopus embryonic RNA but do
not bind significantly to agarose alone. We examined
whether pXqua had a preference for the type of RNA it
would bind by using different RNA homopolymers
coupled to agarose. Both pXqua®*” and pXqua®®® bind
preferentially to poly(rG) and poly(rU) RNA, whereas
neither binds significantly to poly(rA) or poly(rC) RNA
(Fig. 1B), indicating that pXqua has some specificity in
its interaction with RNA. Because pXqua®*’ and pX-
qua®®® exhibit indistinguishable RNA-binding properties
in this assay, only pXqua®®” was used in subsequent ex-
periments. The strength of the RNA-protein interac-
tions was examined by increasing the salt concentration
of the binding assay. As shown in Figure 1C, recombi-
nant pXqua®®” binds weakly to total embryonic RNA
and poly(rU), neither interaction being stable in 250 mm
NaCl. However, pXqua®®” shows a much stronger inter-
action with poly(rG) RNA, retaining some binding up to
500 mm. In additional experiments, pXqua*” exhibited
weak binding to single-stranded DNA-agarose, but no
detectable binding to double-stranded DNA-agarose
(data not shown). The nucleic acid binding properties of
pXqua are comparable with those of RNA-binding pro-
teins reported previously (Pifiol-Roma et al. 1987; Swan-
son and Dreyfuss 1988; Siomi et al. 1993b).

The KH domain and the carboxy-terminal region are
required for RNA binding in vitro

quaking and the other members of the GSG subfamily
are characterized by a single KH motif. They are there-
fore distinct from most previously studied KH proteins
that contain multiple KH motifs (Gibson et al. 1993;
Siomi et al. 1993a,b). Detailed RNA-binding studies of
hnRNP K and FMR1, for example, have shown that co-
operativity between the multiple KH domains is re-
quired for full RNA binding and that deletion of any one
KH motif practically abolishes RNA-binding activity
(Siomi et al. 1994). In light of this, it is important to
determine which regions of pXqua are required for its
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Figure 1. pXqua is an RNA-binding protein. (A) Two alterna-
tively spliced forms of the 5-kb Xqua mRNA are predicted to
encode proteins of 357 (pXqua®”) and 365 (pXqua®*®) amino
acids, respectively. The position of the alternative exon is indi-
cated by the arrowhead. pXqua belongs to the GSG subfamily of
KH domain proteins, characterized by a single KH motif (in
black) found in a larger [(200-amino-acid region of conserved
sequence (in grey). To test for RNA-binding activity, 3°S-labeled
pXqua3®®, pXqua®®’, or an irrelevant control protein, CAT, were
incubated with total embryonic RNA-agarose, homopolymer
RNA-agarose, or agarose with no RNA. Proteins bound to the
RNA-agarose were resolved by SDS-PAGE and visualized by
fluorography. (B) The RNA-binding properties of pXqua®®” and
pXqua®®® are indistinguishable, binding to total Xenopus em-
bryonic RNA, poly(rG), and poly(rU) RNA but not to poly(rA) or
poly(rC). The control CAT protein did not bind to the RNA-
agarose. An amount equal to 20% of the protein used in each
binding reaction is shown in the track marked translation. (C)
The relative RNA-binding strength of pXqua®®” to total embry-
onic RNA, poly(rU) RNA, and poly(rG) RNA was tested by in-
creasing the salt concentrations of the binding reactions from
100 mM to 250 mm, 500 mm, and 1 m NaCl. pXqua®*” binds total
Xenopus embryonic RNA and poly(rU) at moderate strength but
binds most strongly to poly(rG).

RNA-binding activity. We therefore generated a series of
truncated pXqua proteins (Fig. 2A) and assayed for in
vitro RNA-binding activity (Fig. 2B). Truncation of the
amino-terminal region up to the KH domain (AB) caused
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only a slight reduction in RNA-binding activity (to 75%
of wild-type levels). In contrast, deletion of either the
core KH domain (AD) or the carboxy-terminal region
(AA) resulted in severe loss of RNA-binding activity,
demonstrating that both of these regions are essential for
maximal RNA-binding activity. Consistent with this ob-
servation, AC, which contains the KH domain but not
the carboxy-terminal region, and AE, which contains the
carboxy-terminal region alone, exhibit no RNA-binding
activity in this assay. In an attempt to further define the
sequences in the carboxy-terminal region required for
RNA binding, two additional truncated proteins, AF and
AG, were tested. Neither of these proteins shows signifi-
cant RNA-binding activity. We conclude that both the
KH domain and sequences in the carboxy-terminal re-
gion are essential for the RNA-binding activity of pX-
qua®®”. Examination of the carboxy-terminal sequence,
however, does not reveal the presence of any previously
described RNA-binding motif.

pXqua can form homodimers

How is it possible for pXqua, with only one KH domain,
to bind RNA, whereas other KH proteins such as hnRNP
K and FMR1 need multiple KH motifs? One possibility is
that two or more pXqua monomers might physically in-
teract, thus allowing multiple KH domains to cooperate
in RNA binding. We therefore tested the ability of
pXqua®*” monomers to physically interact, using two
different experimental approaches: first, coimmunopre-
cipitation (Fig. 3A) and, second, binding reactions using
bacterial glutathione S-transferase (GST) fusion proteins
(Fig. 3B). For immunoprecipitation experiments, syn-
thetic mMRNAs encoding a hemagglutinin (HA) epitope-
tagged version of pXqua, pHA-Xqua®*®*’ and pXqua®®’
(with no HA tag) were cotranslated in a reticulocyte ly-
sate (Fig. 3A, lane 5). Immunoprecipitation using an anti-
HA antibody resulted in the precipitation of pHA-
Xqua®®” and the coprecipitation of pXqua®®’ (Fig. 3A,
lane 8), indicating that pHA-Xqua®*” and pXqua®®”
monomers are physically associated. Control immuno-
precipitation of translations containing pXqua®*’ alone
did not result in a detectable product (lane 7). Further-
more, when Anti-HA immunoprecipitations were per-
formed on the cotranslation of pHA-Xqua®*” and an ir-
relevant protein (pFR), only pHA-Xqua®*” was detected
(lanes 4 and 6). These immunoprecipitation results were
confirmed using GST-Xqua protein binding experi-
ments. Purified GST or GST-Xqua was immobilized on
glutathione-Sepharose and then incubated with 3°S-la-
beled pXqua®” or the control KH domain protein
hnRNP K. After washing, the bound proteins were ana-
lyzed by SDS-PAGE. As shown in Figure 3B, labeled
pXqua®®” binds to the GST-Xqua fusion protein but
not to GST alone. As expected, the hnRNP K control
protein does not bind to either GST or GST-Xqua. Over-
all, these results demonstrate that pXqua®*’ monomers
are capable of forming physical complexes. The simplest
interpretation is that two pXqua monomers interact
to form a homodimer, but these experiments do not
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Figure 2. The KH motif and the carboxy-terminal region of pXqua are required for RNA binding. (A) Schematic representation of

pXqua®” and the truncated pXqua®s”

-A proteins. (B) ®°S-labeled, pXqua-A proteins were produced by in vitro translation of synthetic

mMRNA and assayed for RNA binding to total embryonic RNA-agarose at 100 mm NaCl. Bound proteins were resolved on 12.5%
SDS-PAGE, visualized by fluorography, and quantitated using National Institutes of Heath (NIH) image software. The histogram
shows relative RNA-binding activities of the different truncated pXqua-A proteins averaged from four separate experiments.

exclude the possibility of oligomeric complexes contain-
ing more than two pXqua monomers.

357

pXqua®>" is both cytoplasmic and nuclear

A role for KH domain proteins has been suggested at
many levels of RNA metabolism from pre-mRNA pro-
cessing to translational regulation (Gibson et al. 1993).
To obtain some information concerning the possible
function of pXqua®®’, we examined its subcellular loca-
tion using the well-characterized Xenopus oocyte ex-
pression system. Numerous experiments have demon-
strated that oocytes translate microinjected mRNAs and
faithfully compartmentalize the proteins to the correct
subcellular location (Colman 1984). Synthetic capped
mRNA encoding pXqua®*?, or control sequences encod-
ing cytoplasmic EF-l1a (Krieg et al. 1989) or nuclear
XMax (Tonissen and Krieg 1994), were microinjected
into Xenopus oocytes. The results of these experiments
(Fig. 4) show that pXqua®®” is located in both the cyto-
solic and nuclear compartments. In each of 10 separate
injection experiments, [50% of the pXqua®% is cytoplas-
mic, whereas 40% resides in the nucleus. Examination
of controls indicates that 91% of the total EF-1a protein
is in the cytoplasmic fraction, whereas 80% of the XMax
protein is translocated to the nucleus. Because the oo-
cyte nucleus represents [4% of the volume of the whole
cell, pXqua is concentrated [10-fold in the nucleus, rela-
tive to a random distribution. The same nuclear/cyto-
plasmic ratio is observed in each experiment, indepen-
dent of the overall level of pXqua expression in the oo-
cyte (data not shown), suggesting that its subcellular
distribution is regulated. These experiments suggest that
pXqua*>” may have a biological function in both the
nuclear and cytoplasmic compartments.

The carboxy-terminal region of pXqua is essential
for translocation to the nucleus

Nuclear import/export is a dynamic process that is regu-
lated tightly (Golbfarb and Michaud 1991; Powers and
Forbes 1994), and therefore, it is of interest to determine
which regions of pXqua®®” are responsible for its subcel-
lular location. To investigate this, we examined the
nuclear/cytoplasmic distribution of several pXqua dele-
tion constructions (Fig. 5A). As shown in Figure 5B, de-
letion of the KH domain (AD) does not affect the nuclear/
cytoplasmic ratio, and deletion of amino-terminal resi-
dues 1-110 (AB) only moderately impairs the
translocation to the nucleus. The most dramatic effect
on the nuclear/cytoplasmic distribution is observed
when the carboxyl terminus of the protein is deleted. In
this case, virtually all of AA is retained in the cytoplasm,
approximately equivalent to the cytoplasmic control
protein EF-la. Consistent with this observation, AE,
which only contains carboxyl residues 229-357, behaves
identically to the wild-type protein, indicating that the
elements controlling nuclear import are found within
this region. To further define the sequences responsible
for nuclear translocation, AF and AG were also expressed
in oocytes. The truncated protein AF showed a distribu-
tion equivalent to the wild-type pXqua, whereas deletion
of the last 60 amino acids (AG) caused a significant re-
duction of protein in the nucleus. We note, however,
that AG was not as severely impaired as pXqua AA in its
ability to translocate to the nucleus, suggesting that per-
haps not all of the sequences required for the correct
nuclear/cytoplasmic distribution of pXqua®*” are con-
tained in the carboxy-terminal 60 amino acids. In no case
do we find a significant increase in nuclear pXqua, a
result that would be consistent with the deletion of a
nuclear export or a cytoplasmic retention signal.
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Figure 3. pXqua can form homodimers in vitro. (A) Synthetic
mRNA encoding pXqua®*” (lane 1); pHA-Xqua®*’, a HA epitope-
tagged version of pXqua®®” (lane 2); or an irrelevant control pro-
tein, pFR (lane 3), was translated in reticulocyte lysates, re-
solved on SDS-PAGE, and visualized by fluorography. pXqua®>’
and pHA-Xqua®®” are distinguished from each other on the ba-
sis of the difference in their molecular mass (cf. lanes 1 and 2).
To test for a physical interaction between pXqua monomers,
pXqua*s” and pHA-Xqua®*” were cotranslated (lane 5), and pFR
and pHA-Xqua3®>” were also cotranslated as a control (lane 4).
An equivalent portion of each reaction was immunoprecipi-
tated with the anti-HA monoclonal antibody 12CA5, and pre-
cipitated proteins were resolved on 10% SDS-PAGE and visu-
alized by fluorography. The untagged pXqua was coprecipitated
with pHA-Xqua (arrows) from the pXqua/pHA-Xqua cotrans-
lation (lane 8), indicating that pXqua was bound to the HA-
Xqua protein. pXqua®*” alone was not precipitated (lane 7), nor
was the control protein pFR coprecipitated from the pFR/pHA-
Xqua cotranslation (lane 6). (B) pXqua dimerization demon-
strated using GST-fusion protein binding assays. 3°S-labeled pX-
qua®” or a control KH protein, hnRNP K, was incubated with
either 2 pg of GST alone or a GST-Xqua fusion protein, coupled
to glutathione-Sepharose. The bound proteins were resolved on
10% SDS-PAGE and visualized by fluorography. The lane
marked T represents 20% of the input translation.

Initial Xqua expression is localized to the dorsal
blastopore lip

In mouse, expression of gkl mRNA is first detected at
day 7.5 of gestation, and gk® homozygous mutant em-
bryos die by day 9 of gestation, indicating that early gkl
expression is essential (Justice and Bode 1988; Ebersole
et al. 1996). The mutant embryos are smaller than nor-
mal and disorganized, but the exact nature of the defect
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is not clear. In Xenopus, embryonic expression of Xqua
commences during early gastrulation (Zorn et al. 1997),
suggesting that Xqua may play a role very early during
development.

Using whole-mount in situ hybridization, we have ex-
amined the spatial pattern of Xqua expression in the frog
embryo. As shown in Figure 6A, the earliest Xqua ex-
pression is detected in the chordamesoderm of the dorsal
blastopore lip of the midgastrula embryo (stage 11). This
tissue, which is analogous to the node in the mouse em-
bryo, is of particular interest because it differentiates
into the notochord, has embryonic organizing activity,
has neural inducing capability, and plays an integral role
in the morphogenesis of the embryo (for review, see
Hamburger 1988). To our knowledge, this is the first
description of a RNA-binding protein that is localized to
the blastopore lip. In late gastrula embryos (stage 13),
high levels of Xqua expression are evident in the noto-
chord, and the original expression domain expands to
include the tissue surrounding the blastopore (Fig. 6B). In
neurula embryos, Xqua expression is maintained in the
notochord and the circumblastoporal region and now
also extends to the paraxial mesoderm and the neuroec-
toderm (Fig. 6C-E). By the tailbud stage, Xqua is ex-
pressed in various mesodermal and neural tissues (Fig.
6F,G). High levels of Xqua mRNA are found in the brain
and the neural tube. Expression in the brain is restricted
to the proliferative ventricular layer and the marginal
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Figure 4. pXqua®7 is both nuclear and cytosolic. The subcel-
lular distribution of pXqua®*” was determined using the Xeno-
pus oocyte injection assay. Synthetic mMRNAs encoding pX-
qua®*” or control sequences encoding the cytoplasmic protein
EF-1a or the nuclear protein XMax were injected into the cyto-
plasm of Xenopus oocytes. Synthetic RNAs were translated in
the oocytes in the presence of [**S]methionine. Oocytes were
manually dissected into cytosolic (C) and nuclear (N) fractions.
Protein extracts equivalent to one-fourth of each fraction from
a single oocyte were resolved on SDS-PAGE and visualized by
fluorography. Results of a representative experiment show that
control proteins EF-1a and XMax localize to the cytoplasmic
and nuclear fractions, respectively. pXqua®” is present in both
cytoplasmic and nuclear fractions. Arrowheads indicate the po-
sition of the relevant proteins.
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Figure 5. The carboxy-terminal region of pXqua®®” is required for translocation to the nucleus. The regions of pXqua3®’ that regulate
its subcellular distribution were mapped by expression in Xenopus oocytes. (A) Schematic representation of pXqua®*” and truncated
pXqua®7-A proteins. (B) Synthetic mMRNAs encoding pXqua®®?, the truncated pXqua proteins AA-AG, or control proteins EF1-« and
XMax were injected into the cytoplasm of Xenopus oocytes and translated in the presence of [**SJmethionine. After manual enucle-
ation, protein extracts from the cytosolic and nuclear fractions were resolved on SDS-PAGE and visualized by fluorography, and the
relative proportion of the test protein in either fraction was determined using NIH image software. The histogram shows the relative
amount of each test protein in the cytoplasmic (black) and nuclear (shaded) fraction, presented as a percentage of the total foreign

protein expressed in the oocyte. The results were averaged from 5-15 separate injection experiments.

zone where active differentiation takes place (Fig. 6H).
High levels of Xqua are also detected in the branchial
arches and in the developing heart. The tail blastema,
which is known to maintain some embryonic organizer
activity (Gont et al. 1993), also expresses significant lev-
els of Xqua mRNA. During this period of development,
expression in the notochord and the somites declines,
and by the hatched tadpole stage, Xqua expression is
almost exclusively restricted to the head and heart
(Fig. 6l).

Overexpression of wild-type and mutant Xqua mRNA
disrupts anterior/axial development

Our expression studies show that Xqua is expressed in a
variety of tissues of mesodermal and neural origin. To
investigate the role of Xqua during development of these
tissues, we have overexpressed pXqua®®” in the embryo
by microinjection of synthetic mMRNA and then exam-
ined embryos for developmental effects at the late tail-
bud stage. Microinjection of mMRNA into two ventral
blastomeres (2.5 ng/blastomere) targeted ectopic Xqua
overexpression primarily to regions of the embryo that
do not normally express Xqua, such as the non-neural
ectoderm, the ventral mesoderm, or the endoderm. The
distribution of the injected mMRNA was monitored by
coinjection of MRNA encoding green fluorescent protein

(GFP) (Zernicka-Goetz et al. 1996) or 3-galactosidase as a
lineage marker (data not shown). Ectopic Xqua overex-
pression in the ventral region had no obvious effects on
the development of the embryo (Table 1). However, tar-
geting overexpression to regions of the embryo where
Xqua is normally expressed, by microinjection into dor-
sal blastomeres (1.25-2.5 ng/blastomere), resulted in ab-
normal anterior development. At the highest dose of
Xgqua mRNA (2.5 ng/blastomere) over half of the em-
bryos exhibit features of exaggerated dorsal-anterior de-
velopment, including expanded hindbrains, reduced ce-
ment glands, enlarged eyes, and occasionally duplicated
head structures (Fig. 7B; Table 1). Control injections of
an equivalent amount of rRNA into dorsal blastomeres
produced no observable phenotype (Fig. 7A; Table 1).
These data indicate that when pXqua®*” is expressed in
tissues where it is not normally present, it has no obvi-
ous effects on development. In contrast, overexpression
of pXqua®*” in tissues where it is normally expressed
produces developmental defects.

To further elucidate the role of pXqua in development,
we wished to disrupt its function in the embryo. We
chose to overexpress the AD deletion mutant (Fig. 7C)
that lacks the KH domain and exhibits severely impaired
RNA-binding activity (Fig. 2). Because pXqua is able to
form homodimers, the AD mutant should interact with
endogenous pXqua and inhibit the normal biochemical
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Figure 6. Embryonic expression of Xqua mRNA. Whole-
mount in situ hybridization using an RNA probe specific to the
5-kb embryonic form of Xqua. (A) Lateral view of a stage 11
gastrula embryo shows that transcripts are first detected in the
chordamesoderm of the dorsal blastopore lip. (B) By late gas-
trula, Xqua is strongly expressed in the notochord with weak
expression in the circumblastoporal region (B, embryo on the
right, dorsal view). Embryos hybridized with sense strand con-
trol probes (B, embryo on the left) show no staining. In neurula
embryos (stage 18) (C, dorsal view; D, posterior view; E, anterior
view), the expression domain has expanded to include the no-
tochord, paraxial mesoderm, circumblastoporal region, and the
neural plate. In tailbud embryos (stages 24-30) (F,G), Xqua is
strongly expressed in the brain and neural tube, the developing
heart, tail blastema, and branchial arches. (G) By late tailbud
(stage 30), the expression in the notochord and somites is de-
clining. (H) Cross sections through the head of the stage 30
whole-mount embryo show that expression in the brain is
largely restricted to the ventricular and marginal zones and the
floor plate. (I) Later in development at hatched tadpole stage,
Xqua expression is almost exclusively in the head and heart.
(anp) Anterior neural plate; (bp) blastopore; (dl) dorsal lip; (h)
heart; (n) notochord.

function. To validate the use of AD as a dominant
interfering agent, we have carried out two sets of experi-
ments: the first demonstrating that AD is able to di-
merize with wild-type pXqua (Fig. 7D) and the second
demonstrating that AD/pXqua heterodimers exhibit im-
paired RNA-binding activity (Fig. 7E). The protein bind-
ing experiments presented in Figure 7D show that AD is
able to bind to GST-Xqua at levels equivalent to wild-
type pXqua, strongly suggesting that AD will form het-
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erodimers with endogenous pXqua in the embryo. The in
vitro RNA-binding assays presented in Figure 7E show
that a fivefold excess of AD over wild-type pXqua®®” re-
duces RNA binding to just 35% of control levels. We
estimate that our overexpression protocol will result in
at least a 100-fold excess of AD over endogenous pXqua
(based on relative RNA levels). Thus, overexpression of
AD in the embryo should effectively inhibit endogenous
pXqua function, by interfering with the protein’s ability
to bind to its in vivo target RNA.

Synthetic mMRNA encoding AD was microinjected into
either the dorsal or ventral equatorial region at the four-
cell stage, and embryos were allowed to develop until the
late tailbud stage. Dorsal overexpression of AD resulted
in a dose-dependent deletion of anterior/axial structures.
The phenotype ranged from microcephaly and acephaly
at lower doses (0.5-1.25 ng/blastomere) to loss of the
entire anterior half of the embryo at the highest dose (2.5
ng/blastomere) (Fig. 7F-I; Table 1). Spina bifida was also
frequently observed in cases showing severe anterior
truncation. Overexpression of AD in ventral regions re-
sulted in about half of the embryos having tail defects,
but otherwise the morphology was normal. Lineage trac-
ing, using coinjected GFP of B-galactosidase mMRNA, in-
dicates that tail defects only occur when the majority of
injected mMRNA is localized to the posterior region in-
cluding the ventral circumblastoporal tissue and the tail
blastema (Fig. 71), both of which normally express Xqua
(Fig. 6B,D,F,G). In these cases we observe a disruption of
blastopore closure. When the majority of the injected AD
MRNA is localized to regions of the embryo that do not
normally express Xqua, such as the gut or ectoderm, the
embryos develop normally. We therefore conclude that
the AD effects are specific to cells that normally express
Xqua.

We have examined embryos overexpressing pXqua
and AD by histology and by whole-mount immunostain-
ing using antibody markers to detect neural tissue, no-
tochord, and somites. Histological sections and immu-
nostaining show that in control embryos, the anterior
end of the notochord usually terminates in a hook struc-
ture just behind the forebrain (Fig. 8A,G). Dorsal overex-
pression of Xqua results in an anterior extension of the
notochord, in many cases until it contacts the ventral
pharyngeal endoderm (Fig. 8B). This enhanced develop-
ment of the anterior chordamesoderm is often accompa-
nied by a disruption in the overlying neural tissue with
the loss of forebrain features and a single expanded mid-
brain/hindbrain vesicle (Fig. 8B,H). In cases where Xqua
overexpression caused a duplication of anterior head
structures such as cement glands or eyes, immunostain-
ing shows a duplication or forking of the notochord. In a
few cases, as many as three notochords can be seen lying
side by side (Fig. 8J). In contrast, dorsal overexpression of
the AD mutant has the opposite effect to overexpression
of wild-type Xqua and caused a deletion of anterior
structures. In microcephalic and acephalic embryos re-
sulting from overexpression of AD at moderate levels
(0.5-1.25 ng/blastomere), the anterior notochord is trun-
cated, and this is accompanied by a loss of forebrain and
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Table 1. Summary of phenotypes resulting from Xqua and AD mRNA microinjections

Exaggerated Severe
anterior anterior Tail Normal
RNA Location Number of  development Microcephalic ~ Acephalic  truncation defects  development
injected (ng/blastomere)? embryos (%) (%) (%) (%) (%) (%)
rRNA dorsal (2.5 ng) 90 0 1 0 0 0 99
rRNA ventral (2.5 ng) 30 0 0 0 0 3 97
Xqua dorsal (1.25 ng) 18 11 0 0 0 0 89
Xqua dorsal (2.5 ng) 50 54 0 0 0 0 46
Xqua ventral (2.5 ng) 25 0 0 0 0 12 88
AD dorsal (0.5 ng) 31 0 35 0 0 0 65
AD dorsal (1.25 ng) 20 0 32 56 2 0 2
AD dorsal (2.5 ng) 66 0 27 24 49 0 0
AD ventral (2.5 ng) 51 0 8 4 0 57° 31

®mRNA was injected into the equatorial region of either the two dorsal or the two ventral blastomeres at the four-cell stage.
PTail defects occurred only when the majority of injected mRNA was located in the circumblastoporal region as monitored by the
coinjection of GFP or B3-galactosidase mMRNA as a lineage marker (see Fig. 71).

facial structures (Fig. 8C). Histology and immunostain-
ing of the more severe anterior truncations resulting
from high-level AD overexpression (2.5 ng/blastomere)
show a complete loss of all head structures and a total
absence of the anterior portion of the notochord as well
as a dramatic reduction in neural and somitic tissue (Fig.
8D, K-M). In most cases a small amount of posterior
notochord tissue is observed in the tip of the tail, which
is split in two as a result of spina bifida (Fig. 8M). Lineage
tracing confirmed that the residual notochord developed
in the posterior region of the axial mesoderm that re-
ceived a relatively low dose of AD mRNA (data not
shown).

Xqua is essential for notochord differentiation

Because Xqua is normally expressed in a number of neu-
ral and mesodermal tissues, it is likely that overexpres-
sion of Xqua or AD influences the development of each
of these tissues directly. However, many of the pheno-
typic effects that we observe are likely to result from
disruption of the normal development of the chorda-
mesoderm and its derivative, the notochord. In this case,
impaired chordamesoderm development could influence
its neural inducing and embryonic patterning properties,
thereby causing defects in neural tissue and other ante-
rior structures. In practice, we expect chordamesoderm
and notochord tissues to be particularly vulnerable in
these overexpression studies because they are the earli-
est domains of Xqua expression in the embryo and levels
of most injected mMRNA decline rapidly after gastrulation
(Vize et al. 1991). To simplify analysis, subsequent ex-
periments have focused on the role of Xqua in notochord
development.

To avoid possible secondary effects that may occur in
whole-embryo studies, the effects of Xqua and AD over-
expression on notochord differentiation have been exam-
ined in dorsal mesoderm explants. In these experiments,
Xqua or AD mRNA was microinjected into dorsal blas-
tomeres at the four-cell stage (2.5 ng/blastomere). At

early gastrula, the dorsal half of the mesoderm, which
contains the prospective notochord and somites, was dis-
sected from the embryo, and two of these dorsal meso-
derm pieces were combined and cultured in a saline so-
lution. The results of a typical experiment are presented
in Figure 9. Because chordamesoderm undergoes conver-
gent extension cell movements, the external morphol-
ogy of the explants provides some indication of the
amount of notochord that has differentiated (Fig.
9C,E,G). Dorsal marginal zone explants from embryos
overexpressing Xqua (Fig. 9E) consistently produce more
extended structures than control explants injected with
rRNA (Fig. 9C). This result is consistent with the ex-
tended notochords observed in whole embryos overex-
pressing Xqua. Conversely, explants from embryos in-
jected with AD mRNA (Fig. 9G) showed less elongation
compared with control explants. When sibling control
embryos had reached tailbud stage, explants were fixed,
sectioned, and immunostained for the presence of noto-
chord (black) and somite (red). Twelve independent ex-
plants from two separate injection experiments produced
consistent results, and a representative section through a
typical explant of each type is shown (Fig. 9D,F,H). Ex-
plants overexpressing Xqua were more elongated but
showed only a slight increase in the total amount of
notochord tissue, (10% more notochord tissue than in
control explants (Fig. 9F). It is possible that the apparent
increase in notochord tissue may be owing to enhanced
morphogenic movements. In contrast, in all 12 cases,
much less notochord tissue differentiated in explants
overexpressing AD mRNA, relative to rRNA-injected
controls (Fig. 9, cf. D and H). AD overexpressing explants
had (110% of the amount of notochord found in control
explants. In general, somite differentiation was unaf-
fected in these experiments. To demonstrate that AD
overexpression is inhibiting notochord development by
specifically interfering with Xqua function, we have per-
formed rescue experiments. In every case (six explants),
notochord development was significantly rescued in ex-
plants coexpressing Xqua and AD (at a 1:1 mRNA ratio)
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Figure 7. Overexpression of Xqua and AD causes defects in an-
terior development. Synthetic mRNA encoding either pXqua®®?,
the truncated pXqua protein AD (which lacks the KH motif), or
control rRNA was overexpressed in embryos by microinjection
into the equatorial region of each of the two dorsal blastomeres
at the four-cell stage. (A) Overexpression of rRNA (2.5 ng/blas-
tomere) has no effect on development. (B) Dorsal injection of
Xqua mRNA (2.5 ng/blastomere) resulted in exaggerated ante-
rior development including elongation of the hindbrain region
and reduced cement glands. (C) Schematic representation of
pXqua®7” and AD proteins. Representative embryos illustrating
the phenotypes are shown. (D) The AD protein is able to form
dimers with wild-type pXqua. 3°S-Labeled pXqua®*” or AD was
incubated with either 2 pg of GST alone or a GST-Xqua fusion
protein coupled to glutathione-Sepharose. The bound proteins
were resolved on 12% SDS-PAGE and visualized by fluorogra-
phy. The lane marked T represents 20% of the input translation.
(E) AD/pXqua heterodimers have reduced RNA-binding activ-
ity. 3°S-Labeled pXqua was synthesized in vitro, either alone or
by cotranslation with a fivefold excess of AD mRNA. The RNA-
binding activity of the wild-type pXqua, or the AD/pXqua mix-
ture, was assayed by binding to poly(G)-agarose. Bound proteins
were resolved on 12.5% SDS-PAGE and quantitated by Phos-
phorlmager analysis. The results, averaged from three separate
experiments, are presented as a histograph that indicates that
AD/pXqua heterodimers exhibit impaired RNA binding. Dorsal
overexpression of AD resulted in a dose-dependent deletion of
anterior structures ranging from (F) microcephalic and (G) ace-
phalic embryos at low mRNA levels (0.5-1.25 ng/blastomere) to
(H) severe anterior-half truncations at higher doses (2.5 ng/blas-
tomere). (1) Lineage tracing of embryos coinjected with a high
dose of AD and B-galactosidase mRNA shows that the pheno-
typic effects of AD are specific to dorsal tissues. The tissue
expressing the injected mMRNA is stained blue.
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relative to explants overexpressing AD alone (Fig. 9, cf.
D, H, and I). Rescue explants had on average 50% of the
amount of notochord found in uninjected control ex-
plants, up from only 10% found in AD explants. Similar
rescue experiments using whole embryos were inconclu-
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Figure 8. Histological and immunostaining analysis of abnor-
mal development resulting from dorsal Xqua and AD overex-
pression. Control rRNA, Xqua, or AD was microinjected into
the equatorial region of each of the two dorsal blastomeres at
the four-cell stage (2.5 ng/blastomere, except embryo in C that
was 1.25 ng/blastomere). Representative embryos were exam-
ined by (A-D) histological sectioning and hemotoxylin/eosin
staining or by whole-mount immunostaining with the mono-
clonal antibodies (E,H,K) Anti-NCAM for neural tissue, (F,I,L)
12/101 for somites, and (G,J,M) MZ15 for notochord. Control
embryos injected with rRNA are shown in A, E, F, and G; em-
bryos overexpressing Xqua are shown in B, H, I, and J; and
embryos overexpressing AD are shown in C, D, K, L, and M. In
all panels, anterior is left and a lateral view is shown, except the
bottom image in G and J, which are dorsal views. (A,G) In con-
trol embryos the notochord ends anteriorly behind the fore-
brain. (B) Dorsal injection of Xqua results in an elongation of
the notochord into the head until it reaches the ventral pharyn-
geal endoderm and (B,H) a reduction in forebrain and anterior
facial structures with an enlarged hindbrain vesicle. (J, dorsal
view) Xqua overexpression occasionally results in duplications
of the notochord and facial structures; notice two notochords
lying side by side and two cement glands. (I) The somites are
relatively normal in Xqua overexpressing embryos. (C) Histo-
logical section of embryos with a low-level overexpression of
AD (1.25 ng/blastomere) shows a truncation of the anterior no-
tochord with a loss of forebrain and anterior head structures.
(D,K,L,M) High-level overexpression of AD (2.5 ng/blastomere)
causes a complete truncation of the anterior half of the em-
bryos. (K) These embryos exhibit little neural tissue, (L) reduced
somites, and (M) only small amounts of posterior notochord
tissue. AD embryos show a high frequency of spina bifida re-
sulting in a splitting of the residual notochord tissue; notice the
duplicated notochord in the tail. (cg) Cement gland; (fb) fore-
brain; (hb) hindbrain; (n) notochord; (0) otic vesicle; (pe) pharyn-
geal endoderm.



Figure 9. Overexpression of the pXqua mutant AD inhibits
notochord differentiation. rRNA (2.5 ng), Xqua, or AD mRNA
was injected into each of the two dorsal blastomeres at the
four-cell stage. Dorsal mesoderm explants containing presump-
tive notochord and somite tissue were dissected from injected
embryos at early gastrula (stage 10-10.5) and cultured in isola-
tion to examine notochord differentiation directly. (A,C,E,G)
External morphology of the explants is shown when sibling em-
bryos (WE) reached early neurula stage. (B,D,F,H,I). At later tail-
bud stage, explants were fixed, sectioned, and immunostained
with MZ15 for notochord (black) and 12/101 for somite (red).
From a total of 12 explant experiments, a section through a
typical explant is presented. (C) Control rRNA explants exhibit
considerable elongation resulting from convergent extention
movements of the developing notochord, and (D) immunostain-
ing of control explants shows a substantial amount of notochord
and somite tissue. (E) Xqua overexpressing explants exhibit
more dramatic morphological elongation and (F) contain mod-
erately more notochord and somite tissue than controls (cf.
amount of unstained tissue to that in D). (G) Explants overex-
pressing AD exhibit very little morphological elongation com-
pared with controls (cf. to C) and (H) show dramatically less
notochord tissue but little change in the amount of somite tis-
sue. (1) Inhibition of notochord differentiation owing to AD
overexpression is rescued by coinjection of an equal amount of
synthetic Xqua mRNA (5 ng of AD + 5 ng of Xqua) (cf. amount
of notochord in | to H and D), indicating that the biological
effects of AD overexpression are specific to the Xqua pathway.

sive owing to the large amount of mMRNA required (at
least 10 ng) that caused nonspecific gastrulation defects.
As a result of the Xqua and AD overexpression experi-
ments, we conclude that normal Xqua function is essen-
tial for notochord differentiation.

Xqua is essential for notochord development

Xqua is involved in early stages
of notochord specification

Our explant experiments show that Xqua function is
essential for notochord development. To learn more
about this effect, we have investigated whether Xqua is
required for terminal differentiation of the notochord or
whether it is functioning during specification. Because
Xqua is expressed early in the prenotochord tissue during
gastrulation, we have looked at the effect of AD overex-
pression on early chordamesoderm and notochord spe-
cific markers. Embryos were injected in the two dorsal
blastomeres at the four-cell stage with 2.5 ng/blastomere
MRNA encoding the dominant inhibitor AD or with AD
plus B-galactosidase mMRNA as a lineage tracer. Previous
experiments have demonstrated that this dose is suffi-
cient to strongly inhibit notochord differentiation (Figs.
7H, 8M, and 9H). At the gastrula stage, injected embryos
were assayed for the following transcripts: (1) Xnot-2
(Gont et al. 1993), which marks the early notochord; (2)
Xbra (Smith et al. 1991), Xenopus bracyhury, which is
expressed in the notochord in late gastrula and is pan-
mesodermal in early gastrula; and (3) gsc (Cho et al.
1991), which marks the dorsal lip and the presumptive
prechordal plate mesoderm. The first morphological ef-
fects of AD overexpression are detected at the late gas-
trula stage when the embryos exhibit disrupted gastru-
lation and the blastopore does not close properly (Fig. 10,
cf. A and D, morphology of control embryos, with B, C,
and E, experimental embryos). Analyis using in situ hy-
bridization indicates that transcript levels for all three
markers are severely down-regulated by AD overexpres-
sion. In particular, expression of Xnot-2 and Xbra is com-
pletely absent from the dorsal midline where the noto-
chord would normally form (Fig. 10A-F). Residual
Xnot-2 expression is often seen in two lateral patches.
These apparently correlate with the two remnant noto-
chords that are often observed at later stages in the tail of
AD-injected embryos (Fig. 8M). Lineage tracing using -
galactosidase activity (Fig. 10C,F,I,L) confirms that the
effect is restricted to cells that express the dominant-
negative AD. These results demonstrate that Xqua is
acting very early during development of the chordame-
soderm and that pXqua function is required for the ac-
cumulation of several essential mMRNAs. Given the
down-regulation of Xnot-2, Xbra, and gsc transcripts in
embryos in which Xqua function has been disrupted, it
is not surprsing that notochord development is impaired
in these embryos.

Discussion
RNA-binding properties of pXqua

Our experiments show that pXqua, which contains a
single KH motif, can bind RNA in vitro. This is also true
for S3 (Urlaub et al. 1995) and the GSG protein SAMG68
(Wong et al. 1992; Taylor and Shalloway 1994; Wang et
al. 1995), which also contain single KH motifs. However,
most other KH proteins require the cooperation of mul-
tiple RNA-binding motifs for efficient RNA binding
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Figure 10. Inhibition of Xqua function results in down-regu-
lation of early notochord marker mRNAs. mRNA (2.5 ng) en-
coding the dominant-negative pXqua protein AD or AD plus
B-galactosidase was microinjected into the equatorial region of
each of the two dorsal blastomeres at the four-cell stage. The
resulting embryos, together with uninjected control embryos,
were fixed at gastrula stages and analyzed by whole-mount in
situ hybridization for expression of early dorsal mesoderm and
notochord mRNA markers: Xnot-2 (A-C), Xbra (D-I), and gsc
(J-L). Arrows indicate the location of the dorsal lip in early stage
embryos. In C, F, I, and L, embryos were stained with X-gal
(blue) prior to in situ hybridization (purple/brown), to indicate
the cells that received the AD mutant. Overexpression of AD in
the dorsal mesoderm results in disruption of gastrulation and a
loss of detectable Xnot-2, Xbra, and gsc transcripts in recipient
cells.

(Siomi et al. 1994). Therefore, it was not entirely clear
how proteins with a single KH motif could bind RNA. In
pXqua the KH domain is essential but not sufficient for
full RNA-binding activity, because the carboxyl termi-
nus is also required. There are several possibilities to
explain the necessity of the carboxy-terminal region.
The carboxyl terminus may contain an RNA-binding
motif that cooperates directly with the KH domain for
RNA binding. This seems unlikely, however, because
extensive sequence comparisons of the carboxy-terminal
region have detected no known RNA-binding motifs. On
the other hand, we have demonstrated that pXqua can
homodimerize, and it is possible that this is an essential
precondition for RNA binding. This argument is sup-
ported by the observation that addition of AD to pXqua
inhibits RNA binding, presumably owing to the forma-
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tion of AD/pXqua heterodimers. Deletion of the car-
boxyl terminus of pXqua may remove or disrupt se-
quences essential for dimerization thereby inhibiting
RNA-binding activity.

The proteins FMR1, FXR1, and FXR2, all of which
have two KH motifs, can homo- and heterodimerize with
each other (Zhang et al. 1995), although it is not known
whether this interaction is required for RNA binding. It
has been proposed that GSG proteins may be involved in
protein—protein interactions (Jones and Schedl 1995;
Musco et al. 1996), and our pXqua studies provide the
first demonstration of homodimerization in this class of
protein. It is possible that homodimerization is a general
feature of GSG proteins, explaining how they can effec-
tively bind RNA with only one KH domain. If dimeriza-
tion-dependent RNA binding is a general feature of GSG
proteins, then, in addition to elements in the carboxy-
terminal region of pXqua, it is reasonable to suggest that
sequences within the conserved GSG domain might also
be involved in protein interactions. Structural analysis of
the GSG-type KH domain predicts an extended loop re-
gion that is absent in typical KH motifs, and it is spec-
ulated that this loop may be involved in protein—protein
interactions (Musco et al. 1996). The AD mutant, in
which the first part of the KH core domain is deleted,
still dimerizes with pXqua, indicating that this region is
not essential for protein—protein interactions. The loop
region that is conserved between GSG family members
is left intact in the AD mutant and therefore remains
a prime candidate for a dimerization motif. We are cur-
rently mapping the protein interaction domains of
pXqua and investigating the relationship between di-
merization and RNA binding.

Subcellular distribution of quaking

We have shown that pXqua is distributed between the
nuclear and cytoplasmic compartments of the cell and
that the nuclear localization signal (NLS) is contained
within the last 60 amino acids of the protein. Examina-
tion of the carboxyl terminus does not reveal a recogniz-
able NLS although the last 60 amino acids contain a
concentration of basic residues that are often found in
the NLS. In mouse, the 5-, 6-, and 7-kb gkl mRNAs
generate the QK1-5, QK1-6 and QK1-7 proteins, respec-
tively, which are identical except for the extreme car-
boxy-terminal sequences (Ebersole et al. 1996). Recent
immunolocalization studies in mouse brain tissue using
antibodies specific for each of the three distinct QK1
carboxy-terminal regions show that QK1-5 (equivalent
to pXqua®%’) is detected in the nucleus and cytoplasm,
whereas QK1-6 and QK1-7 are almost exclusively cyto-
plasmic (Hardy et al. 1996). These observations are con-
sistent with our results; furthermore, it appears that the
alternative carboxy-terminal regions regulate the subcel-
lular location of the QK1 proteins. Because the last 60
amino acids of the mouse and Xenopus 5-kb quaking
sequences are identical (Zorn et al. 1997), the NLS of
pXqua®*” (QK1-5) is likely to reside in the last 30 amino
acid residues that are alternatively spliced. It will be in-



teresting to determine whether the different isoforms
can heterodimerize and if so, what effect this has on
their subcellular distribution and hence their function.

Xqua is essential for notochord development

The earliest embryonic expression of Xqua occurs in the
chordamesoderm of the dorsal blastopore lip. This region
of tissue, which is known as the organizer, is particularly
interesting because it differentiates into the notochord,
has neural-inducing activity, has a major role in embry-
onic patterning, and is responsible for the morphogenic
movements of gastrulation. To our knowledge, this is
the first example of an RNA-binding protein that is ex-
pressed in the vertebrate organizer region and its major
derivative, the notochord. To date, expression of gkl
MRNA in the chordamesoderm of the mouse embryo has
not been reported, but expression studies on early em-
bryos have been limited. Our experiments show that ec-
topic expression of Xqua does not cause notochord dif-
ferentiation at ectopic locations, but it can enhance the
development of notochord tissue, suggesting that Xqua
is probably involved in the maintenance of the differen-
tiation process rather than determination of notochord
cell fate. Similar phenotypic effects, that is, increased
notochord development and subsequent enlargement of
the hindbrain, have been observed from overexpression
of the Xnot-2 homeobox sequence, which is also nor-
mally expressed in the organizer and notochord (Gont et
al. 1996). In our experiments, blocking endogenous Xqua
function by overexpression of the dominant interfering
Xqua protein, AD, inhibits the differentiation of the no-
tochord, demonstrating that Xqua is essential for this
process. Furthermore, the neural inducing properties of
the chordamesoderm/organizer are inhibited in these
embryos, resulting in little or no anterior neural tissue.
Phenotypically similar aneural embryos are observed
when formation of the chordamesoderm/organizer is in-
hibited by UV irradiation of fertilized Xenopus eggs (for
review, see Kao and Danilchik 1991). Analysis of early
gene transcripts suggests that the phenotypic effects of
AD overexpression can be explained by a down-regula-
tion of essential MRNAs such as Xnot-2, Xbra, and gsc
and possibly many others. Based on comparisons to the
mouse bracyhury mutation (Herrmann et al. 1990) and
the zebrafish floating head (zebrafish Xnot) mutations
(Talbot et al. 1995), down-regulation of Xbra and Xnot
mMRNAs could largely account for the observed pheno-
type. Interestingly, some of the gk® embryonic lethal
mutant mice have axial defects and failure of head de-
velopment (Justice and Bode 1988), with a phenotype
reminiscent of the Xenopus embryos resulting from
overexpression of mutant AD protein. These gk® pheno-
types could be explained, by analogy with our results, if
quaking also functions in mammals to maintain chor-
damesoderm development and its embryonic organizer
activity.

The role of quaking in vertebrate development

Our overexpression experiments have focused on the

Xqua is essential for notochord development

role of pXqua in the development of the chordameso-
derm and notochord. These tissues are the sites of earli-
est Xqua expression in the embryo and are therefore the
most easily disrupted in overexpression studies. Whereas
our experiments show that Xqua function is critical for
notochord development, quaking is expressed in a num-
ber of different embryonic and adult tissues and is there-
fore likely to be required for the differentiation or devel-
opment of many cell types. The later embryonic expres-
sion of Xqua in the head, heart, and somites is similar to
the pattern of gkl expression observed in mouse embryos
(Ebersole et al. 1996) and correlates well with the dimin-
ished head folds, disorganized somites, and malformed
hearts observed in gk® mutant embryos (Justice and Bode
1988). The high levels of Xqua expression in the devel-
oping central nervous system, particularly in the prolif-
erating and actively differentiating layers of the develop-
ing brain where the neuronal and oligodendrocytes origi-
nate, are exactly where gkl expression is detected in the
mouse neonatal brain (Ebersole et al. 1996) and are con-
sistent with the myelination defects observed in gk“
mice (Sidman et al. 1964; Samorajski et al. 1970). Recent
immunostaining studies show a dramatic reduction of
QK1 (equivalent to pXqua®®7) protein levels in oligoden-
drocytes and Schwann cells of gk¥ mutant mice, com-
pared with wild-type mice (Hardy et al. 1996). The re-
duction of QK1 is directly correlated with the dismyelin-
ation defect and suggests that lack of the QK1 protein,
and hence lack of QK1 function, prevents proper differ-
entiation of myelinating cells. This observation parallels
our experimental results where inhibition of pXqua3®®’
function by overexpression of pXqua mutants results in
an inhibition of notochord differentiation.

Although more information is needed to define the
biochemical function of quaking, available evidence sug-
gests that it regulates expression of transcripts essential
for differentiation of some cells. KH proteins have been
implicated in a diversity of processes at all levels of RNA
metabolism although in most cases their precise bio-
chemical functions are unclear. Because pXqua is pres-
ent in both cytoplasmic and nuclear components, we
should consider a role for the protein in each compart-
ment. Interestingly, some abnormalities in RNA me-
tabolism have been observed in the neural tissue of gk“
mutant mice. Proportions of particular alternatively
spliced mRNA isoforms of myelin-associated glycopro-
tein, MAG (Fujita et al. 1988; Braun et al. 1990; Bar-
toszewicz et al. 1995), and myelin basic protein, MBP
(Carnow et al. 1984), are altered in gk mice, whereas
other mRNAs are unaffected. These observations are
consistent with the experimental results indicating that
blocking Xqua function prevents the accumulation of
Xnot-2, Xbra, and gsc transcripts. The fact that levels of
all three tested marker transcripts were reduced suggests
that pXqua somehow regulates a number of different
mMRNAs. It is also possible that quaking may act more
generally by regulating global mRNA levels in mesoder-
mal and neural cells. Although the mechanism of action
is unknown, available evidence suggests that quaking
regulates mRNA stability, processing, or both and that
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blocking quaking function prevents specific mMRNAs
from accumulating to detectable levels.

Materials and methods
Production of synthetic mMRNA and proteins

PCR with Vent polymerase (NEB) was used to generate dele-
tions of the Xqua®*” coding sequence, starting with pSKXqua8c
cDNA as a template (Zorn et al. 1997). Fragments were cloned
into the expression vector pT7TS (a modified version of pSP64T,;
Krieg and Melton 1984) or pT7TS-HA, which provides an
amino-terminal HA epitope tag. Templates pT7TS-Xqua®®’,
pT7TS-Xqua3®®, pT7TS-HAXqua®’, and the Xqua deletion
constructions were linearized with BamHI and transcribed with
T7 RNA polymerase. pSPXMax4 (Tonissen and Krieg 1994) was
linearized with BamHI and transcribed with SP6 RNA polymer-
ase. pXefl (Krieg et al. 1989) was linearized with EcoRI and
transcribed with T7 RNA polymerase. pFR, encoding the Xeno-
pus fibroblast growth factor (FGF) receptor (a gift from Dr. E.
Amaya, Wellcome/CRC Institute, Cambridge, UK), was linear-
ized with Pstl and transcribed with SP6 RNA polymerase. pXK1
encoded the Xenopus hnRNP K (Siomi et al. 1993a). Synthetic
capped mMRNA was synthesized as described (Krieg and Melton
1984) or with the Mega-Script kit (Ambion) using cap analog
(NEB). 3°S-labeled proteins were translated in vitro in reticulo-
cyte lysates (BRL or Promega).

RNA binding assays

RNA binding of in vitro translated proteins was performed es-
sentially as described by Swanson and Dreyfuss (1988). Binding
reactions used 10° cpm of labeled protein and 30 pl of RNA-
agarose resin (10-60 pg of RNA) in 0.5 ml of binding buffer (10
mm Tris-HCI at pH 7.5, 100 mm NaCl, 2.5 mm MgCl,, 0.5%
Triton X-100, and 0.1 mg/ml of BSA) for 10 min with rocking at
4°C. The beads were washed five times with ice-cold binding
buffer. Proteins bound to the RNA-agarose were released by
boiling in SDS-protein sample buffer, resolved on SDS-PAGE,
and visualized by fluorography. Homopolymer RNA-agarose
was purchased from Sigma. Total Xenopus embryonic-agarose
was generated as follows: RNA at 1 mg/ml in water was bioti-
nylated with photoactivated biotin-acetate (Vector Labs) ac-
cording to manufacturers instructions, and RNA-biotin was
bound to streptavidin-agarose resin (BRL) at a final concentra-
tion of 0.1-2 pg of RNA per 10 ul of agarose resin.

Immunoprecipitation

Approximately one-fifth of the labeled proteins generated in a
translation reaction were incubated with 5 pg/ml of monoclo-
nal antibody 12CA5 (Boehringer Mannheim) and 20 pl of pro-
tein A-agarose (Sigma) in IP buffer (50 mm Tris-HCI at pH 7.5,
150 mm NaCl, 5 mm MgCl,, 1 mm EDTA, 0.25% NP-40, 1 mm
PMSF, and 1 mm DTT) for 2 hr at 4°C with rocking. After pre-
cipitation, pellets were washed three times in ice-cold IP buffer
and specifically bound proteins were eluted by incubation in 50
ul of 1L mm HA peptide (YPYDVPYA) (a gift from Dr. T. Kouzari-
des, Wellcome/CRC Institute, Cambridge, UK) at room tem-
perature for 15 min. Precipitated proteins were resolved on 10%
SDS-PAGE and visualized by fluorography.

GST fusion protein binding assays

The Xqua®®” coding sequence was cloned in-frame with GST in
the vector pGEX-3X. GST-Xqua or GST alone (a gift from Dr. P.
Lavender, Wellcome/CRC, Cambridge, UK) was expressed and
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purified on glutathione-Sepharose. Approximately one-fifth of
the labeled proteins generated in a translation reaction were
incubated with 2 pg of GST-Xqua or GST alone coupled to
glutathione-Sepharose in 500 pl of binding buffer (25 mm
HEPES at pH 7.5, 12.5 mm MgCI,, 150 mm KCI, 20% glycerol,
0.1% NP-40, 1 mm DTT, and 1 mg/ml of BSA). Following 1-hr
incubation at room temperature, the Sepharose was pelleted
and washed four times in NETN (20 mm Tris at pH 8, 100 mm
NaCl, 1 mm EDTA, and 0.5% NP-40). The bound proteins were
resolved on 12.5% SDS-PAGE and visualized by fluorography.

In situ hybridization, immunocytochemistry, and histology

Embryos and explants were fixed in MEMFA (Hemmati-Brivan-
lou and Harland 1989) for 2-3 hr and then stored in methanol at
-20°C. Whole-mount in situ hybridization was performed es-
sentially as described by Harland (1991) with modifications de-
tailed by Drysdale et al. (1994). Antisense DIG RNA probes,
specific to the embryonic 5-kb Xqua mRNA, were transcribed
from Notl linearized pSKXquallc cDNA template (Zorn et al.
1997). Other probe templates were prepared as described previ-
ously. pBSK Xnot-2 (Gont et al. 1993), pXbra (Smith et al. 1991),
and pGsc (Cho et al. 1991). Whole-mount immunocytochemis-
try was performed using the following monoclonal antibodies.
Anti-NCAM (Sigma, NCAM-OB11) for neural tissue, 12/101
(Kintner and Brockes 1984) for somite, and MZ15 (Smith and
Watt 1985) for notochord. Embryos were rehydrated in MAB
(100 mm maleic acid at pH 7.5 and 150 mm NacCl), blocked for
2 hr in BR-MAB [2% blocking reagent (Boehringer Mannheim)
in MAB], incubated with the appropriate antibody (1/200 dilu-
tion in each case) overnight at 4°C in BR-MAB followed by
washing, 12 x 30 min in MAB. These steps were repeated se-
quentially with rabbit anti-mouse Ig antibody (ICN, 1/200 di-
lution) followed by alkaline phosphatase-anti-alkaline phos-
phatase (APAAP; Boehringer Mannheim, 5 U/ml). Color reac-
tions were performed either by NBT/BCIP (black) or BM Purple
(Boehringer Mannheim). Stained embryos were fixed in Bouin’s
solution and photographed in benzyl alcohol/benzyl benzoate
(1:2). Sections (10 um) were cut from tissue embedded in His-
toplast/beeswax (98:2) followed by either staining with hema-
toxylin/eosin or double-immunostained with MzZ15 and
12/101 as described in Carnac et al. (1996).

Xenopus oocytes and embryo manipulations

Oocytes were surgically removed from anesthetized female
Xenopus, manually defolliculated, and cultured in 1x MBS (Gur-
don 1977) at 18°C. Oocytes were microinjected with 130 ng of
synthetic capped mMRNA in a volume of [B0 nl. After 16-24 hr
of incubation in the presence of 1 mCi/ml of [**S]methionine,
the nucleus was manually removed from the oocyte and both
nuclear and cytoplasmic fractions were homogenized in IP
buffer. Protein extracts were resolved on SDS-PAGE and visu-
alized by fluorography. Embryos were cultured as described
(Gurdon 1977) and staged according to Nieuwkoop and Faber
(1967). Embryos, in 4% Ficoll/MBS, were microinjected with
synthetic mMRNA (4.9 nl/blasotomere) and subsequently trans-
ferred to 1/10 MBS. Dorsal-ventral polarity was predicted by
differential pigmentation and verified by coinjection of GFP
mMRNA as a lineage marker (Zernicka-Goetz et al. 1996). Dorsal
marginal zone tissue was dissected at stage 10-10.5, and two
pieces of tissue were placed in opposition and cultured in 1x
MBS.
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