Cell, Vol. 47, 1025-1032, December 26, 1986, Copyright © 1986 by Cell Press Open access under CC BY-NC

A Conserved Family of Nuclear Proteins Containing
Structural Elements of the Finger Protein Encoded
by Kriippel, a Drosophila Segmentation Gene

Reinhard Schuh,* Wilhelm Aicher,*t Ulrike Gaul,*
Serge Coté,” Anette Preiss,'t Dieter Maier,"+

Eveline Seifert," Ulrich Nauber,* Christian ‘Schréder,*
Rolf Kemler,§ and Herbert Jéckle*

* Max-Planck-Institut fiir Entwicklungsbiologie
Spemannstrasse 35/I1

§ Friedrich-Miescher-Laboratorium

der Max-Planck-Gesellschaft

Spemannstrasse 37

D-7400 Tibingen, Federal Republic of Germany

Summary

Kriippel (Kr), a segmentation gene of Drosophila, en-
codes a protein sharing structural features of the DNA-
binding “finger motif” of TFIlIA, a Xenopus transcrip-
tion factor. Low-stringency hybridization of the Kr
finger coding sequence revealed multiple copies of
homologous DNA sequences in the genomes of Dro-
sophila and other eukaryotes. Molecular analysis of
one Kr-homologous DNA clone identified a develop-
mentally regulated gene. Its product, a finger protein,
relates to Kr by the invariant positioning of crucial
amino acid residues within the finger repeats and by
a stretch of seven amino acids connecting the finger
loops, the “H/C link.” This H/C link is conserved in
several nuclear and chromosome-associated proteins
of Drosophila and other eukaryotic organisms includ-
ing mammals. Our results demonstrate a new subfam-
ily of evolutionarily conserved nuclear and possibly
DNA-binding proteins that again relate to a Drosophila
segmentation gene as in the case of the homeo
domain.

Introduction

The best-characterized protein structure involved in DNA
binding is the helix-turn—helix motif conserved in a variety
of prokaryotic regulatory proteins (Pabo and Sauer, 1984),
in the yeast MAT repressor (Shepherd et al., 1984; Laughon
and Scott, 1984), and in the homeo domains of several eu-
karyotic proteins (McGinnis et al., 1984; Gehring, 1985).
A second motif for DNA-binding proteins emerged from
sequence analysis of TFIIIA (Miller et al., 1985), a factor
involved in the control of transcription of the Xenopus 5S
RNA gene. This alternative structure is based on a tetra-
hedrally coordinated Zn?* ion that allows the folding of
tandemly repeated DNA-binding “finger” structures (Miller
etal., 1985). The primary structures of several other regula-
tory proteins are homologous to the TFIIIA protein (Berg,
1986; Vincent, 1986). They include ADR1, which is re-
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quired for transcriptional activation of the alcohol de-
hydrogenase gene in yeast (Hartshorne et al., 1986), and
Drosophila protein sequences deduced from the DNA se-
quences of serendipity (Vincent et al., 1985) and of Krip-
pel (Kr), a segmentation gene (Rosenberg et al., 1986).
Aside from having in common the finger structure, these
four and other finger proteins (see Berg, 1986) seem not to
be directly related with respect to homologous DNA and
protein sequences (Vincent, 1986). However, by use of the
Kr cDNA probe under conditions of low stringency, we
have now isolated a second Drosophila gene encoding a
Kr-like finger protein. Analysis of this gene revealed Kr-
related molecular properties that are conserved in a small
number of genes in Drosophila and in other eukaryotic
organisms.

Results

Isolation of Kr-Homologous Sequences

from Drosophila

Southern blots of EcoRI-digested genomic Drosophila
DNA were hybridized at low stringency with the Kr probe.
This probe, the 544 bp BamHI-Sall fragment containing
the Kr finger domain coding sequence (see Rosenberg et
al., 1986), and hybridized to a series of bands (Figure 1a)
that were not detected under normal-stringency conditions
(see Preiss et al., 1985) or under conditions that revealed
the homeo-box-containing genes (data not shown). The
mulitiple bands in the Southern blots suggest the exis-
tence of several Drosophila genes that are related to the
finger coding region of the Kr gene.

To search for such genes, we screened approximately
50,000 recombinant bacteriophages (five genome equiva-
lents) from a genomic Drosophila DNA library under low-
stringency conditions. After rescreening the baciterio-
phages, we picked 22 plaques with positive signals of
different intensities. From each clone we purified the
DNA, digested it with EcoRl, and prepared Southern
blots. These were hybridized, at low stringency, with the
Kr probe or with DNA from each of the clones isolated.
This allowed us to identify eight different fragments of
genomic DNA with homology to the Kr finger domain.
Clones were isolated twice or several times, suggesting
that we have identified most of the Kr-homologous genes.

Kr-Homologous Transcripts Are

Developmentally Regulated

Each of the isolated Kr-homologous clones showed one
EcoRI fragment bearing the Kr-homologous sequence.
One of them, a 6 kb Eco RI fragment (designated Kr h; Fig-
ure 1b), was analyzed in detail. Within the 6 kb fragment
two nonadjacent regions showed weak Kr homology (Fig-
ure 1b). To see whether this 6 kb fragment carries tran-
scribed sequences, we hybridized it to Northern blots with
poly(A)* RNAs from embryos at different stages during
early embryogenesis (Figure 1c). The finding of several
bands with different intensities at different early stages
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Figure 1. Detection of DNA Sequences Ho-
mologous to the Kr Finger Coding Region by
SeR Southern Blotting, and Characterization of the
[ Kr h DNA

I kb |

(a) Southern blot of genomic Drosophila DNA
hybridized with the Kr probe at low stringency.
SaR Note bands in addition to the 9.5 kb fragment
1] not seen under normal-stringency conditions.
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suggested temporal control of differentially spliced tran-
scripts and/or different transcripts coded by Kr h DNA. To
analyze these transcripts further and to establish the ba-
sis of Kr homology, we isolated several Kr h cDNA clones
of various lengths under normal-stringency conditions
from a library prepared from early embryo poly(A)* RNA
(Rosenberg et al., 1986). All of these cDNA clones showed
a signal under low-stringency hybridization conditions
with the Kr probe. For further analysis, we used the Kr ¢
clone, which is 3.8 kb (Figure 1b). This clone most likely
represents a close-to-full-size copy of the largest Kr h tran-

ly
Jl"‘i‘f\,.

(b) Restriction map of Kr h, including the Kr
probe hybridizing fragments (dashed areas),
and localization of the cDNA clone Kr ¢. Se-
quenced region within Kr ¢ (see Figure 3 and
Table 1) is indicated by arrows. Restriction

X sites: S, Sall; P, Pstl; R, EcoRlI; H, Hindlll; Sa,
Sacl; X, Xbal.

p (c) Northern blot loaded with similar amounts

- of poly(A)* RNA from 0-2, 2-4, and 8-24 hr

L | old embryos (left to right) hybridized with the Kr

h fragment.

(d) Localization of the Kr h DNA in Drosophila
chromosomes using biotinylated probes. A sin-
gle hybridization signal is observed, on the left
arm of the second chromosome (2L) at position
26A/B (arrow).

script (Figure 1c), and detects the same pattern of tran-
scripts as seen with the Kr h probe (data not shown).
In situ hybridization of the Kr ¢ DNA probe to tissue sec-
tions of embryos revealed an unusual pattern of transcript
accumulation (Figure 2). Label accumulates over most
cells of the blastoderm stage embryo. However, there are
clear signs of patchy transcript accumulation along the
longitudinal axis of the blastoderm stage embryo (see Fig-
ure 2a) and of different levels of transcripts in mesoderm
and ectoderm during late gastrulation (Figure 2b). This
distribution of the Kr h transcripts suggests an underlying

Figure 2. Expression of the Kr h Gene in Early Wild-Type Embryos
The bright-field photomicrographs show sections through embryos that were hybridized with the Kr ¢ probe. The pattern of Kr i transcripts is shown
in the accompanying dark-field images. Anterior is to the left. (a and ¢) Horizontal section through an embryo at blastoderm stage. (b and d) Parasagit-
tal section through a germ-band extended embryo. Note that Kr h transcripts accumulate in a patchy pattern along the anteroposterior axis of the
blastoderm stage embryo (a), and enrich over the mesoderm (b). Note further that the images possibly represent overlapping patterns of transcripts
due to at least four different poly(A)* RNA species revealed on Northern blots (see Figure 1d).
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CAC TAC C6C ACC CAC
ACT 66T 6AA CB6 CCA TTC GAG TGC GAB TTC TGC CAC AAB CTG TTC AGC GTG AAG 6AG BAC CTC CAG 6T6 CAC CG6 CGC ATC CAC

Figure 3. DNA and Amino Acid Sequence of
the Finger Region of Kr ¢ in Comparison with

@  ACS AAG GAG CGT LG TAC AM TGT GAC GTC TET GGA UGG GCA TTC GAA CAC TCC 665 A6 CTG CAC CGC CAC ATH CGC ATT CAC ) X
ACC G5C 646 C66 CCA CAC AAG TGC TCC 616 TGC GAG AA ACA TTC ATC CAB TCC ... the Sequence of the Kr Finger Domain
(a) Partial Kr ¢ DNA sequence. (b) Kr finger
TCT CEC BAC AMA AGC TIC ACC TGT AAA ATC TEC TCA CBC AGC TIT GEC TAT AdG CAC 676 CTT CAB AA CAC GAA CGC ACC CAC DNA sequence (for details, see Rosenberg et
ACC G6T 546 ARG CCT TCC GA TG CCB GAG TEC GAC AAG CG6 TIT ACT C66 GAC CAT CAC TTA AAA ACC CAC ATS CET T66 CAY : ; ;
DD 4CT G6A GAR AR CCA TAT CAT TGC TC5 CAC TGC GAT CGT CAR TCC GTT CAG 676 GCC AT CTT AGA CGA CAT T66 CGA GTC CAC al., 1986). (c) Amino acid sequence predicted

ACT 664 6AB CBT CCC YAT ACT TGT EAA ATC TGC GAT S6C ARA TTC AST GAC TCC AAT CAB CTT AAG TCC CAC AT6 CTG GYA CAC
ACC BT GAA ARG CCE TTC 6A6 TEC GAA CRB TGT CAC ATG ARG TTC CGA C66 CGH CAC CAT CTG ATE AAT CAC AAG TBT 6GC ...

thr gly glu arq pro ohe glu cys glujphe|cys his lys|leu val flu asp
C | thr ys qlu arg pro tyrflys]cys fasp valfcys[gTy]arglala glu his gly lys
thr gly glu arg prohis lysicys ser{valfcysjglu|lysithr il

thr gly gluarg pro t

from the single open reading frame of Kr ¢
shown in (a). (d) Kr finger amino acid sequence.
Conserved regions are shown in boxes. For the
finger folding schemes and a comparison of Kr
¢ and Kr finger proteins with other members of
the metal-binding Cys-Cys/His-His finger pro-
tein family see Table 1, Miller et al. (1985), Berg
(1986), and Rosenberg et al. (1986).

yr
jthe gly glg lyl ro phe gl set lyslohd arg arg arg his his

spatial control that may be complicated because of sev-
eral temporally regulated transcripts being recognized by
the Kr ¢ probe. All of these transcripts contributing to the
patchy pattern of expression correspond to a single Kr h
gene (see below).

Kr h DNA Corresponds to a Single
Finger Protein Coding Gene
In situ hybridization of the Kr h DNA to polytene salivary
gland chromosomes revealed a single site in the 26A/B re-
gion on the left arm of the second chromosome. Unfortu-
nately, there is no mutant known for this region that would
allow us to analyze the Kr h function directly by classical
genetics. Thus, we tried first to establish the molecular re-
lation of Kr and Kr h by means of sequence comparison.
For this comparison we used the Kr ¢ clone (Figure 1b).
The signal-bearing Sau 3A fragment within the Psti-
Sacl segment (present in both genomic and cDNA,; Figure
1b) was subcloned in M13 phage and was sequenced (Fig-
ure 3). A single open reading frame of the 260 bp se-
quence encodes a predicted 28 amino acid repeat unit as
seen in the Kr protein (Rosenberg et al., 1986). This repeat
unit contains the structural elements to fold at least two
adjacent fingers, separated and followed by a seven
amino acid link (Figure 3). Both the positions of crucial
amino acids within the finger loops (see Miller at al., 1985,

net asnfhis

1ys cys gly ile

for details), involving a stringent positioning within the
CysXXCysXXXPheXOXXXXLeuXXHisXXXHis structural loop
element (“Kr motif’), and the seven amino acid links be-
tween the fingers (Tyr-Gly-Glu-Arg or Lys-Pro-Phe or Tyr-X;
“H/C-link”) were identical to those of the Kr finger protein
(Figure 3 and Table 1). Both these motifs were similar but
not identical to the finger motifs of TFIHA, ADR1, and the
serendipity protein (see Table 1).

Kr-Homologous Sequences in the Genomes

of Various Eukaryotes

Encouraged by the recovery of a Drosophila gene that
codes for a Kr-related finger protein, we searched for Kr-
homologous sequences in other species. Southern blots
loaded with EcoRlI-digested DNA from various animais re-
vealed multiple Kr-homologous DNA fragments in all eu-
karyotes tested, but not in bacteria (see Figure 4). This
suggests that the Kr-related sequences are conserved in
several copies in the genomes of eukaryotes ranging from
yeast to mammals.

The H/C Link Is Present in Several Nuclear Proteins
and in Chromosome-Associated Proteins

of Drosophila

Conservation of the H/C link allowed the Kr h gene to be
isolated by mismatch hybridization at ow stringency (see

Table 1. Comparison of the Kr h Finger Domain Sequences with Sequences of Other Proteins Containing the Cis-Cis/His-His

Metal-Binding Finger Motif

1] X 4 X3 8 Xs 14 Xz 17 Xa 21 H/C linK
Krh @ |[C| XX C XXX F XXXXX L XX H XXX H TGEKPYX
Kriippel! by |C| XX C XXX F XXXXX L XX H XXX H TGEKPYX
Mouse Mkr ) [C| XE C GKT F XXXSX L IX H QRI H TGEKPYE
serendipity d C XX C GKX F SXXXX L XX H MOX H XXXXXXXX
TFINA (&) C XXDG C DKR F TKKXX L KXR H XXXX H XXXXXXYV
ADRH1 4] C XX C XRX F XRXXX L XXR H XXXX H XXXXXYX

Note that sequences (d)-(f) represent consensus repeats of the multifinger proteins, and that the highlighted amino acid residues in sequences
(a)-(c) are found in all 28 amino acid repeats. Data are from (a) this work, (b) Rosenberg et al. (1986), (c) Chowdhury and Gruss (personal communi-
cation), (d) Vincent et al. (1985), (e) Miller et al. (1985), and (f) Hartshorne et al. (1986).
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Figure 4. Detection of DNA Sequences Homologous to the Kr Finger
Coding Region in the Genomes of Various Eukaryotes but Not of Bac-
teria

Southern blots of EcoRI-digested DNA from each species were hybrid-
ized with the Kr probe at low stringency (see Experimental Proce-
dures). L, A size marker DNA,; lines to the left refer to 10 kb, 5 kb, 2
kb, and 1 kb fragments (top to bottom). D, Drosophila (see also Figure
1a). T, Tegenaria (spider). A, Artemia (crab). C, Ciona (tunicate). H,
Hydra. Y, yeast. B, Escherichia coli. M, mouse. Exposures (1-3 days)
were adjusted to optimize the visibility of bands. Dots indicate positions
of bands not clearly resolvable in a smeary background, but seen in
the original. The hybridization and washing conditions of Southern
blots are identical to those described for Figure 1.

Figure 3). This in combination with the conserved Kr motif
suggested that both Kr and the Kr h gene encode proteins
with a similar biochemical function, which, in view of the
structural homology with TFIIIA and ADR1, could invoive
DNA binding and transcriptional activation. Several at-
tempts using B-galactosidase—-protein fusions, which al-
lowed DNA binding studies on homeo domain proteins
(Desplan et al., 1985), failed with the finger proteins (U.
Gaul and C. Schroder, unpublished observations). Never-
theless, to obtain information on the possible function of
the Kr-related members of the finger protein family, we
raised antibodies against a 12 amino acid peptide (see Ex-
perimental Procedures) connecting Kr fingers one and
two, which includes the H/C link (see Figure 3d, second
line). These antibodies were used to study the distribution
of H/C-link-containing protein(s) in cells and eventually on
chromosomes.

Affinity-purified antibodies against the H/C link recog-
nize nuclear antigens in cleavage stage embryos (Figures
5a and 5b). These nuclei, in the absence of zygotic tran-
scription (Anderson and Lengyel, 1979), possibly accumu-
late proteins of maternal origin and/or newly synthesized
proteins from maternal mRNA. Western blots prepared
from nuclear extracts of 0-2 hr old embryos revealed
several distinct proteins recognized by the antibodies. In
4-24 hr old embryos, some of these proteins could not be
detected anymore (Figures 5g and 5h). This argues for a
tamily of nuclear proteins defined by a common structural
element, the H/C link of the Kr finger domain, and for de-

velopmental control of different members of this family.

The observation that the H/C link is most likely encoded
by several maternally active genes (see above), by Kr, a
blastoderm gastrulation-specific segmentation gene, and
by the Kr h gene, which extends its action into later em-
bryonic stages, encouraged studies with the anti-H/C link
antibodies on polytene salivary gland chromosomes. If
the antigen were present on chromosomes, this then
would argue for interaction with chromatin, for DNA and/or
nuclear RNA binding. The anti-H/C link antibodies recog-
nize a small number of chromosome bands, including
transcriptionally active puffs. Examples of antibody reac-
tions with several bands and one puff (85EF) of the 3R
chromosome are shown in Figures 5c-5f.

H/C Link Nuclear Antigen Is Conserved

in Vertebrates

The presence of Kr-homologous sequences in all eukary-
otes analyzed (Figure 4) suggested that the H/C link could
again be the basis of the DNA sequence homology. Thus,
we should expect the H/C link to be associated with ver-
tebrate proteins. By analogy with Drosophila, the antibod-
ies directed against the H/C link should reveal nuclear an-
tigen, for example, in mammalian cell lines and/or in some
nuclei of vertebrate embryos. We studied the anti-H/C link
activity on cryostat sections of chicken and mouse em-
bryos, and with several cell lines of mouse, bovine, rat,
and human origin. In each material tested, fluorescent
staining was concentrated over nuclei, and within the
limits of the technique applied, the surrounding cytoplasm
was negative. Examples of this study, which is summa-
rized in Table 2, are shown in Figure 6. During mitotic divi-
sions, fluorescence was always found to be associated
with chromosomes (see examples in Figures 6e-6h). This
indicates that the corresponding proteins containing an
H/C link are associated with chromatin, as has been seen
more clearly on single Drosophila polytene chromosome
bands (Figures 5c-5f).

The observation that all nuclei from all cell lines ana-
lyzed contain the H/C link antigen suggested several
different proteins, as in the case of Drosophila embryos,
rather than a single ubiquitous protein species. To test this
assumption, we prepared nuclear extracts from the em-
bryonic mouse carcinoma PCC4 cell line. Western blots
containing the nuclear extracts of PCC4 cells revealed
several proteins containing the H/C link antigen (Figure
6p).

Discussion

The primary structures of several transcriptional regula-
tory proteins, including TFIIA of frog and ADR1 of yeast,
allow the folding of tandemly repeated DNA-binding “fin-
ger loops” that are linked by a short and variable stretch
of up to eight amino acids (see Table 1; for details, see
Miller at al., 1985; Hartshorne et al., 1986). The finger mo-
tif for DNA binding, which possibly involves coordinated
metal binding, emerged from sequence analysis of TFIIIA.
Each finger is thought to specify binding to about six
nucleotides, half of a double-helical turn of DNA (Miller et
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Figure 5. Localization of H/C Link Antigen in Early Embryos and Polytene Chromosomes of Drosophila

Polyclonal antibodies against the H/C link peptide between Kr fingers one and two (second line in Figure 3d; see Experimental Procedures) were
incubated with Drosophila embryos and salivary gland polytene chromosome squashes; samples were counterstained with DAPI (see Experimental
Procedures) to visualize the DNA distribution. (a) Parasagittal section through an embryo after the eighth nuciear division. Note the signal over
all peripheral nuclei but not over yolk nuclei (arrows). (b) DAPI image of the same section. (c) Fluorescence signals (arrows) are over the right arm
of chromosome 3R. Note that one band is in the puff region 85EF (between brackets; enlargement in [e] and [f]). Dotted line serves as a landmark
for chromosome position 89B. (d) DAPI image of the chromosome. (e) Enlarged puff in chromosome region 85EF. Note that the signals are adjacent
to and over a DAPI-stained band, respectively (arrows). (f) DAPI image of the same enlarged region . At right are Western blots of nuclear extracts
of 0-2 hr old (g) and 4-24 hr old (h) embryos. Note that some bands (arrows) are detected in the earlier but not in later embryos. Apparent molecular
weights of marker proteins are given in kd. For details see Experimental Procedures.

al., 1985; Rhodes and Klug, 1986). A similar, invariant fin-
ger motif was found in Kr, a Drosophila segmentation gene
(Rosenberg et al., 1986), and in Kr h, a developmentally
regulated gene expressing several temporally and spa-
tially controlled transcripts. The function of this gene has
not yet been established by genetic analysis. However, the
Kr h gene product is similar to the Kr protein.

The striking similarity of Kr and Kr h is based on the fin-
ger motif per se, an invariant positioning of crucial amino
acids within the finger loop, and the H/C link, which is the

basis of the nucleotide homology (Figure 3). The latter
suggests the existence of a small subfamily of Kr-related
finger proteins, which is reflected in multiple and con-
served Kr-homologous DNA sequences and in conserva-
tion of several H/C-link-containing nuclear proteins.

The fact that TFIlIA binds to both DNA and RNA in a
specific and regulatory manner (Miller et al., 1985) sug-
gests that the Kr-related members of the finger protein
family may bind also to DNA and/or RNA. However, anti-
bodies produced against an H/C link peptide recognize

Table 2. Recognition and Intracellular Distribution of H/C Link Antigen in Embryonic Tissues and in Cultured Cells

Localization
Organism Cell Line Source Nuclei Cytoplasm Remarks
Bovine BCEC Capillary endothelium? + -
FBHE Fetal heart endothelium® + -
Chicken — 2.5 day old embryo + - See Figures 6a and 6b
— 16 day old trachea +,(+) - Different intensities of
nuclear signals
Human HEP-2 Hepatoma® + -
MRC-5 Fibroblast® + (-) See Figures 6¢ and 6d
Rat NRK Fibroblast? + - See Figures 6e-6h, 6,
and 6m
Mouse — 10 day old embryo + -
PCC4azai Embryonal carcinoma® + (-) See Figures 6i and 6k
373 Fibroblast? + -
Primary fibroblasts from + - See Figures 6n and 60

15 day old embryos

2 Folkman et al. (1979).

b American Tissue Type Cuiture Collection.

¢ Nicolas et al. (1975).
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Figure 6. Localization of H/C Link Antigen in the Nuclei of Chicken Embryos and Tissue Culture Cells of Various Origins

(a) Crosssection through a 2.5 day old chicken embryo. Note that all nuclei show fluorescent staining indicative of the H/C link antigen. (b) DAPI
image of the same embryo; see Experimental Procedures. N, neural tube; Ec, ectoderm; S, somites; Nc, notocord, En, endoderm. (c}, {e), (g), ().
() and (n) show tissue culture cells of different origins incubated with antibodies directed against the H/C link antigen; (d), {f), (h), (k), (m), and (o)
show the corresponding samples counterstained with DAPI to visualize nuclei. (c and d) Human fibroblast (MRC-5). (e and f) Rat fibroblasts (NRK)
in metaphase. (g and h) NRK cells in metaphase; chromosomes are already separated in daughter nuclei. (i and k) Mouse embryonic carcinoma
cells (PCC4). (| and m) NRK cells in interphase. (n and o} Primary mouse fibroblast celis from BALB/c embryos. (p) Western blot loaded with nuclear
extracts from PCC4 mouse embryonic carcinoma cells. Note two bands reacting with the anti-H/C link antibodies (arrows). Apparent molecular
weights of marker proteins are given in kd. For details see Experimental Procedures. See also Table 2 for a summary of additional data.

nuclear antigens present in several proteins, which ap-
pear to be localized in bands and puffs of polytene sali-
vary gland chromosomes of Drosophila, and are as-
sociated with mammalian, chromosomal antigen. These
observations argue against binding to cytoplasmic RNA
and provide evidence for the H/C link being associated
with DNA- and/or nuclear-RNA-binding proteins.

The invariant features that emerged from the Kr and Kr
h comparison are shared by a mouse gene that was re-
cently isolated in P. Gruss's laboratory in Heidelberg un-
der the conditions described here (see Table 1; Chowd-
hury and Gruss, personal communication). In addition,
these features are conserved in different domains of
TFIIA, the prototypical finger protein. in TFilIA, only fin-
ger 7 out of the nine fingers shows the Kr-related position-
ing, and the H/C link is found between fingers 1 and 2
(compare Miller et al., 1985, and Figure 3). This observa-

tion may provide the first evidence for the proposal of
Miller et al. (1985) that the DNA-binding finger proteins
may have emerged from a common ancestral finger motif,
and that multifinger proteins may have arisen from gene
duplications and/or conversions.

In contrast to the homeo domain, which possibly relates
to a conserved helix-turn-helix motif for DNA binding (for
review, see Gehring, 1985; Laughon and Scott, 1984), the
coding sequences of several identified finger proteins (for
review, see Vincent, 1986; Berg, 1986) were thought to
lack significant nucleotide sequence conservation and
“box” character. This was taken to indicate that the evoiu-
tion of these proteins is constrained by the requirement
to maintain basic features of a protein structure that inter-
acts with DNA, and that the specificity of protein—-DNA in-
teraction is provided by a combination of amino acids in
the “fingertips,’ as outlined in the finger model of Miller et
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al. (1985). The conservation of the two features described
above, especially the finding of the H/C-link motif (which
has, in fact, box character), would argue that the specific-
ity of DNA binding may involve a defined positioning of the
crucial amino acid residues and the link region between
the fingers.

The DNA binding and regulatory functions of TFIIIA and
ADR1, and the chromosome binding properties of H/C-
link-containing proteins, suggest that the members of the
Kr-related gene family share DNA binding as a common
function. In this view, our simple approach has opened the
possibility of isolating and characterizing additional mem-
bers of a widely spread, evolutionarily conserved family of
genes that act at the level of chromatin, possibly on DNA
directly. In contrast to the homeo box, which seems to be
strongly conserved in the classes of genes required for
pattern formation in Drosophila (Gehring, 1985), the finger
protein family appears to be involved in more general
regulatory functions in several, if not all, eukaryotic or-
ganisms.

Experimental Procedures

Nucleic Acid Preparations and Hybridizations
DNA of Drosophila and other eukaryotes was prepared according to
a standard protocol (Preiss et al., 1985). Poly(A)* RNA was prepared
from staged embryos as described in Rosenberg et al. (1986).
Southern blots of EcoRl-digested DNA from Drosophila were pre-
pared as described previously (Preiss et al., 1985). Hybridization to a
nick-transiated 32P-labeled BamHI-Sall fragment of the pcK 2b clone
(Rosenberg et al., 1986) was carried out at 60°C in 5x SSPE, 5x Den-
hardt's solution, 0.2% SDS, and 100 pg/ml of denaturated herring
sperm DNA using 10% cpm/ml of labeled probe (10% cpm/ug) for
Southern blots and under previously described conditions (Rosenberg
et al., 1986) for Northern blots. (1x SSPE = 180 mM NaCl, 10 mM so-
dium phosphate, 0.1 mM EDTA.) The Southern blots were washed at
37°C in 4x SSPE, 0.2% SDS for 2 hr and at room temperature in 2x
SSPE, 0.2% SDS for 1 hr. Exposure was overnight on preflashed Fuji
X-ray fitm at —80°C. Northern blots were washed in 2x SSPE, 0.2%
SDS for 1 hr at 60°C and were exposed as described for Southern
blots.

DNA Sequencing

DNA was sequenced from M13 subclones by the dideoxy chain termi-
nation method of Sanger as described previously (Rosenberg et al.,
1986).

In Situ Hybridizations

In situ hybridizations to polytene chromosomes were as described in
Miodzik et al. (1985). In situ hybridization to tissue sections of embryos
was performed as described in Knipple et al. (1985) except that 35S-
labeled nick-translated DNA was used.

Production and Purification of Antibodies

A twelve amino acid peptide (TGEKPFECPECD; H/C link) produced by
Novabiochem (Switzerland) was coupled to bovine serum albumin
from Sigma (A 7030) using 1-ethyl-3-(3'-dimethylaminopropyl) carbodii-
mide as described by Shapira et al. (1984). The rabbit was injected
(subcutaneously and intramuscularly) with this conjugate emulsified in
Freund's adjuvant. After a single booster injection the rabbit was bled
on a weekly schedule. The serum was affinity-purified on a peptide-
ovalbumin-Affigel 10 column as outlined by Carroll and Scott (1985).
Specificity of antibodies was tested on Western blots (see below) of a
Kr-Lac Z fusion protein (data not shown).

Western Blotting
Nuclear extracts prepared from staged Drosophila embryos and from
PCC4 cells were fractionated on a 10% SDS-polyacrylamide gel and

were transferred to nitrocellulose (Frasch, 1985). Western blots were
first incubated (30 min) with 0.5% Tween 20 in phosphate-buffered sa-
line (PBS) and then in the same solution containing primary antibody
(10 ng/ml, overnight at 0°C). Blots were washed (10 min at room tem-
perature) three times in the Tween 20-PBS solution and then allowed
to react (120 min, 20°C) with 5 uCi of '?5l-labeled protein A (Amer-
sham; spec. act. 30 mCi/mg). After repeated washes as above, blots
were dried and exposed to Fuji X-ray film.

Immunofiuorescence on Cryostat Sections of Embryos
and on Polytene Chromosomes of Drosophila
Embryos were dechorionated, permeabilized, and fixed as described
in Carroll and Scott (1985) except that we used paraformaldehyde for
fixation. After rehydration, embryos were embedded and sectioned as
described by Dequin et al. (1984). Cryostat sections (5-10 um) were
collected on slides, incubated (30 min) with PBT (1% bovine serum al-
bumin and 0.1% Triton X-100 in PBS) and then in the same solution
containing 1-10 ug/mi affinity-purified antibodies (1 hr at room temper-
ature). After two washes in PBT (10 min at room temperature), sections
were incubated (30 min) with fluorescein isothiocyanate (FITC)-con-
jugated goat anti-rabbit antibodies (Dianova; 1:100 dilution) and
were washed as described above. After being counterstained with
4 ,6-diamidino-2-phenylindole (DAPI) (Frasch, 1985), sections were
mounted in 80% glycerol-PBS. Sections were viewed under a Zeiss
epifluorescence microscope and were photographed with a Kodak
Plus-X pan film.

Polytene chromosomes of salivary glands were prepared as de-
scribed by Frasch (1985). Immunofluorescence and DAP! staining
were as described above.

immunofiuorescence on Cryostat Sections of Vertebrate
Embryos and on Cultured Celis

Postimplantation mouse embryos (10 days) were removed from the
maternal decidua and were immediately frozen in Tissue-Tek il (Lab-Tek
Products). Sections were cut on a cryostat (Reichert-Jung), fixed for
10 min in precooled methanci-acetone (40/60 v/v), and washed in PBS
(pH 7.2). Cell cultures (see Table 2) were grown in Dulbecco's modified
Eagle's medium containing 15% fetal calf serum on cover slips for 2
days, washed in PBS (pH 7.2), and fixed for 10 min in methanol-ace-
tone (~20°C). For indirect immunofluorescence tests, binding of anti-
H/C link antibodies (15 ug/ml, 30 min) was revealed with FITC-con-
jugated goat anti-rabbit antibodies (Dianova; 1:100 dilution, 30 min at
room temperature). Sections through 2.5 day old chicken embryos
were prepared and treated the same way. After being counterstained
with DAPI (see above), the specimens were examined under a Leitz
Dialux 20 fluorescence microscope, and photographs were taken
using liford HP-5 film.
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