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Zinc finger proteins in early Xenopus development
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ABSTRACT

The C,H,-type zinc finger motif defines a large super family of specific DNA and spe-

cific RNA binding proteins. Individual members of this protein family have been demonstrated to
carry important regulatory functions in embryogenesis. We have isolated a large collection of
C,H,-type zinc finger proteins from Xenopus laevis. Some of these proteins are highly conserved
in evolution and found to be differentially expressed during embryonic development of the central
nervous system. We also summarize our recent findings on the biochemical characterization of
RNA and DNA binding activities in vitro for other Xenopus zinc finger proteins, which fall into

structurally defined, distinct subfamilies.
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Introduction

The zinc finger is one of several conserved nucleic acid bind-
ing motifs in eukaryotes. The length of a typical zinc finger unit
is 28 amino acids; it carries several invariant residues, in partic-
ular two zinc coordinating pairs of cysteines and histidines
(CoH,) (Miller et al., 1985). Other highly conserved, hydrophobic
residues help to fold the unit into a compact B-B-o structure (Fig.
1). Hypervariable residues have been found to play important
roles in sequence specific DNA recognition, which occurs pri-
marily via base specific contacts in the major groove of the DNA
double helix with amino acids of the wa-helical element in the
C,H, type zinc finger module (Pavletich and Pabo, 1991:
Pavletich and Pabo, 1993; Fairall ef al., 1993); this situation is
representative for a principle mode of DNA recognition, which is
also used by other DNA binding modules, including the universal
helix-turn-helix motif. However, several marked characteristics
make zinc finger proteins (ZFPs) clearly distinct from other con-
served families of nucleic acid binding proteins: 1) zinc fingers
are generally found in multiple copies (up to 37) per protein;
these can be organized in tandem array, forming a single or mul-
tiple clusters, or they can be dispersed throughout the protein
molecule. 2) ZFPs can be DNA binding, or they can exhibit spe-
cific RNA binding activity, or both, DNA and RNA binding activi-
ties. 3) ZFPs define an extremely large superfamily of nucleic
acid binding proteins with several hundred, perhaps thousands
of different members of vertebrates (reviewed in El-Baradi and
Pieler, 1991; Pieler and Bellefroid, 1994).

Zinc finger protein structure and evolution
Our structural analysis of ZFP encoding cDNA and genomic

clones from Xenopus laevis has revealed that common, con-
served sequence elements outside of the zinc finger clusters

define structurally distinct ZFP subgroups. These conserved
modules have been termed FAX-(Finger-Associated-boXes) or
FAR-(Finger-Associated-Repeat) domain (Knéchel et al., 1989;
Klocke et al., 1994). Others have identified similar finger associ-
ated motifs, such as the evolutionarily conserved KRAB- or ZIN-
domains (Bellefroid et al., 1991; Numoto et al.,, 1993). The exact
biclogical function for these modules remains to be determined;
in the case of the KRAB domain, it has been reported more
recently that it can inhibit reporter gene transcription in transient
transfection assays (Witzgall et al, 1994; Margolin, 1994).
However, if such KRAB-ZFPs function as bona fide transcription
repressors, or if the negative regulatory effect is mediated by a
more indirect molecular mechanism, such as an altered chro-
matin structure, remains to be determined.

A detailed analysis of Xenopus FAX-ZFP gene organization
has revealed that these transcription units are organized in large
clusters as tandem repeats (Nietfeld et al., 1993). Furthermore,
within such FAX-ZFP clusters, the FAX domain encoding portion
exhibits a striking degree of structural conservation, not only in
terms of predicted protein sequence, but also in respect to
exon/intron boundaries and, most strikingly, in respect to length
and sequence of the introns. In contrast, zinc finger clusters con-
nected to the FAX domain are generally encoded by a single
exon and they differ largely in the number of zinc finger units
encoded and also in primary sequence. Corresponding structur-
al features have been described for human KRAB-ZFP clusters
(Bellefroid et al., 1993). A systematic search for homologs of one
specific member of the human KRAB-ZFP family in other
species has revealed that evolutionary conservation is restricted
solely to higher primates (Bellefroid et al., 1995). On the basis of
these findings, we have proposed that the vast majority of ZFP
encoding genes in vertebrate systems are the result of gene
amplification events which have occurred late in evolution. The
biological function for these ZFPs, i.e. for the vast majority of
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Fig. 1. Structural features of Xenopus zinc finger proteins. (A)
Schematic structural organization of various Xenopus zinc finger proteins
discussed in this article. Zinc finger modules are represented by filled or
crosshatched bars, non-finger protein elements by open bars. R1 to A3
in XFG 5-1 refers to the non finger, tandem repeat elements of the FAR
domain. (B) Consensus sequence of Xenopus C2HZ ZFP repeat units
folded around a zinc ion, as derived from the sequence compilation of
Nietfeld et al. (1989). (C) Schematic representation of commaon sec-
ondary-tertiary structure features in zinc finger modules; two antiparalie!
R-strands (arrows) and one helical element (rectangle) are indicated.

ZFPs in vertebrates, remains highly enigmatic (Pieler and
Bellefroid, 1994).

Very much in contrast to these clustered, late evolving sub-
families of zinc finger proteins, a structurally distinct subset of
ZFPs has been highly conserved in terms of structure and also
in terms of specific aspects of their biological function. One such
ZFP is the eukaryotic transcription factor IlIA (TFIIIA), which
serves housekeeping functions both, as a specific DNA binding
protein in 5S ribosomal RNA transcription and as a specific RNA
binding protein in 53 RNA storage and nucleo-cytoplasmic trans-
port (as described in the article by Rudt et al.). Structural and
functional homologs for TFIIIA have been described for a broad
variety of organisms, ranging from yeast to man. The majority of
other highly conserved ZFPs have functions clearly distinct from
a role in housekeeping and they are, from the point of view of a
developmental biologist, more attractive. Many of these regula-
tory ZFPs fall into only a few structurally conserved subfamilies,
sharing highly homologous zinc finger clusters (3-5 units) with
similar DNA binding characteristics (reviewed in Pieler and
Bellefroid, 1994). The embryonic expression of individual mem-
bers of such subfamilies has been found to be differentially reg-
ulated, providing a good indication for a regulatory role in embry-
onic differentiation events. Thus, the aim of our ZFP related
research in the past has been twofold: 1) the identification and
structural/functional characterization of Xenopus ZFPs with a
regulatory role in early Xenopus embryogenesis, and 2) elucida-
tion of the biological function for the multitude of moderately con-
served, clustered ZFP encoding genes in Xenopus.

Xenopus MyTI

The zinc finger protein MyTI has criginally been isolated by
virtue of its binding activity to the upstream region of a glia spe-

cific gene, the myelin proteolipid protein (PLP) gene from human
(Kim and Hudson, 1992). We have characterized the Xenopus
homolog, XMyTl. The XMyTI protein contains five unusual finger
motifs with C2HC as putative zinc coordinating residues and
these are organized in two widely separated clusters (Fig. 2). In
addition to the Xenopus sequence, we have alsc characterized
corresponding proteins from rat and Caenorhabditis elegans.
The predicted proteins exhibit a high degree of sequence identi-
ty within the zinc finger clusters (80-100% on the amino acid lev-
el), sequence elements outside of the zinc finger encoding
region are largely divergent. The C. elegans MyT| protein lacks
the entire second zinc finger cluster (E. Bellefroid and T. Pieler,
manuscript in preparation).

The expression of XMyT| in the course of Xenopus embryo-
genesis has been analyzed by whole mount in situ hybridization.
Embryonic XMyTl gene expression is neural specific and it is
first detected in late gastrulae (stage 12). RNA signals were
obtained in the area of the olfactory placodes and within the
developing neural plate in a belt of eight longitudinal bands
which are symmetrically located laterally to the dorsal midline.
All signals are specific to the sensorial layer of the neuroecto-
derm. Later on in embryonic development XMyT| expression is
found in prosencephalon, mesencephalon and rhomben-
cephalon, as well as in the spinal cord, retina and cranial nerves.
Neural crest cells are also strongly labeled (Fig. 3). In summary,
XMyTl is neural specific and, most interestingly, it is one of the
earliest neural markers described so far. These expression char-
acteristics suggest that the XMyTI protein might play an early
regulatory role in the patterning of the central nervous system (E.
Bellefroid and T. Pieler, in preparation).

Xenopus X-sal

The Drosophila gene spalt (sal) has been characterized by
genetic means as a "region specific homeotic" gene. It acts in
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Fig. 2. Comparative schematic structural organization of the
human, rat, Xenopus and C. elegans MyTI proteins. Zinc finger mod-
ules are indicated by filled rectangles. The C2HZ type zinc finger con-
sensus sequence is derived from the corresponding human, rat,
Xenopus and C. elegans protein sequence (Kim and Hudson, 1892;
Bellefroid and Pieler, in preparation). 1



the terminal regions of the
embryo, specifying pattern ele-
ments in both the head and tail
regions (Jlrgens, 1988). sal
encodes a zinc finger protein of
novel structure composed of
three widely spaced "double zinc
finger" motifs of internally con-
served sequences and a single
zinc finger motif of different
sequence (Kihnlein et al,
1994).

We have cloned a Xenopus
gene (X-sal) related to the sal
gene of Drosophila. The
Xenopus X-SAL protein shows
the same overall molecular
architecture as the Drosophila
SAL protein. The double zinc fin-
ger motifs as well as the single
finger sequence are highly con-
served between the two species.
Identical zinc finger motifs were
also characterized from human
DNA by PCR. The remaining
sequence of the X-sal gene,
however, does not show obvious
similarities to the Drosophila
sequence and analysis of the
genomic organization revealed
that the two genes differ in their
exon / intron organization.

The temporal and spatial
expression pattern of X-sal has
been analysed by RNase protec-
tion assays and by whole mount
in situ hybridization. X-sal tran-
scripts are absent from oocytes and cleavage stage embryos.
The gene is first transcribed during gastrulation. Early in neuru-
lation RNA staining is detected in the posterior neural plate. In
the course of neurulation the staining spreads anteriorly up to
the prospective anterior boundary of the hindbrain and at the end
of neurulation it becomes restricted to two narrow stripes paral-
lel to the dorsal midline. Later in development (ST 30) X-sal is
expressed in the midbrain, hindbrain, and spinal cord in a highly
regionalized manner (Fig. 3). In the spinal cord, for example,
expression is confined to the ventro-lateral columns of motor
neurons. Outside the CNS expression is found in the Vlith cra-
nial ganglion. In conclusion, the highly regionalized expression
suggests that X-SAL protein might function in cell specification in
the developing Xenopus nervous system.

the rhombencephalon.

XFDL141

An alternative experimental approach with the aim of identify-
ing regulator proteins of development is to search for genes
which are differentially expressed in regions of the embryo with
particular importance for embryonic differentiation, such as the
Spemann organizer. A dorsal blastopore lip specific cDNA library

Fig. 3. Whole-mount in situ hybridization of XMyTl and X-
sal. (A) ST 29 embryo hybridized with an antisense XMyTl RNA. +.
(B) Transverse section (vibratome section) of the same embryo )
shown in A at the level of the rhombencephalon. (C) ST 32
embryo hybridized with an antisense X-sal RNA. A cleared
embryo is shown. (D) Transverse section (plastic embedded) of the same embryo shown in C at the level of
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has been generated by Eddy M. De Robertis and his colleagues
and it has lead to the identification of the homeobox gene
goosecoid as an important regulator for the specification of the
anterior-posterior body axis (Blumberg et al., 1991; Cho et al,,
1991). In collaboration with the same group, we have identified
ZFP encoding sequences over-represented in the blastopore lip
specific cDNA library. One of these, termed XFDL141, has been
characterized in detail. XFDL141 is a typical member of the
C2H2 class, encoding twelve zinc finger modules in tandem
repeat (Fig. 1). Analysis of the temporal pattern of XFDL141
expression in Xenopus embryogenesis by Northern blotting
reveals that expression commences at the zygotic onset of tran-
scription with the mid blastula transition. XFDL141 is in fact one
of the earliest genes to be zygotically activated. RNA levels
decline in gastrula and disappear at the gastrula-neurula transi-
tion. Whole mount in situ hybridization identifies XFDL 141 tran-
scripts within the entire animal hemisphere of blastula stage
embryos. At the small yolk plug stage (stage 13) a weak signal
is restricted to a region that might correspond to the anterior rim
of the developing neural plate. these unique expression charac-
teristics indicate that XFDL141 could function as a very early ele-
ment in the regulation of Xenopus development. Future experi-
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mentation will be aimed at elucidating bicchemical and biological
aspects of XFDL141 function in early Xenopus embryogenesis
(T. Pieler et al., in preparation).

XFG 20-1

XFG 20-1 is a C2H2 type zinc finger protein that has its 19
zinc finger modules organized in three clusters (or "hands", Fig.
1). It has been isolated in our original, broad screen for
Xenopus ZFPs (Nietfeld et al., 1989). Northern blot analysis on
RNA preparations from embryos and various adult tissues sug-
gests that it is expressed ubiquitously. Structural homologs for
XFG 20-1 have not been described for other species and analy-
sis of its genomic organization in Xenopus reveals that all 19
zinc finger modules are organized in a single exon. More
recently, we have identified a putative DNA target sequence for
XFG 20-1 by affinity selection of Xenopus genomic DNA frag-
ments on a XFG 20-1 protein affinity matrix. The 54 bp long con-
sensus recognition sequence is part of the repetitive REM-1
element that had been characterized previously by Walter
Kndchel and his coworkers. It is preferentially located at telom-
eric regions or near the centromeres, but it is also found to be
dispersed within the context of various transcription units
(Hummel et al., 1984). These findings suggest a functional link
between long repetitive DNA elements and zinc finger protein
function. In more general terms, they support the idea that the
non-conserved nature of the majority of ZFPs in vertebrates (as
pointed out above) could correlate with an equally late evolution
of their nucleic acid target structures, as it is indeed the case for
the complex superfamily of diverse repetitive DNA sequence
elements in higher eukaryotes. One of the possibilities that we
will test experimentally is if XFG 20-1 binding to the repetitive
REM-1 element influences chromatin structure (Schafer et al.,
1994).

XFG 5-1

XFG 5-1 is one out of several structurally related Xenopus
ZFPs, which exhibit specific RNA homopolymer binding activi-
ty with highest affinity for p(U) (Kdster et al., 1991). These pro-
teins share a unique repeat motif at the amino-terminus (Fig.
1), which is referred to as the FAR (Finger Associated Repeat)
domain (Klocke et al., 1994). For different members of this sub-
family it has been demonstrated that the p(U) binding activity
resides within the zinc finger cluster of such proteins (Kdster et
al., 1991; Klocke et al., 1994). In Xenopus oocytes, the XFG 5-
1 protein is found in both, nuclear and cytoplasmic compart-
ments. In the nucleus, but not in the cytoplasm, XFG 5-1 is
phosphorylated (Van Wijk et al., 1992). cDNA sequence analy-
sis identifies XFG 5-1 isoforms generated by alternative splic-
ing (Koster et al., 1993). These isoforms differ in the number of
FAR specific, amino-terminal repeat units but maintain identical
zinc finger clusters. The exact biological function of XFG 5-1
remains to be elucidated; as a ubiquitous RNA binding protein
it will be involved in activities distinct from cell specific tran-
scription regulation. Identification of a specific RNA target for
XFG 5-1, as well as identification of proteins interacting with
the FAR domain will be emphasis of our future experimenta-
tion.
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