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ABSTRACT A number of genes of the developmental gene
hierarchy in Drosophila encode transcription factors contain-
ing Cys;His, zinc finger domains as DNA-binding motifs. To
learn more about the evolution of these genes, it is necessary to
clone the homologs, or more correctly the orthologs, from
different species. Using PCR, we were able to obtain apparently
orthologous fragments of hunchback (kb), Kriippel (Kr), and
snail (sna) from a variety of arthropods and partly also from
other animal phyla. Sequence alignments of these fragments
show that the amino acid differences can normally not be
correlated with the evolutionary distances of the respective
species. This is due to an apparent saturation of potential
replacements within the finger domains, which is also evident
from the frequent occurrence of convergent replacements.
Another recurrent feature of these alignments is that those
amino acids that are directly involved in determining the
DNA-binding specificity of the fingers are most conserved.
Using in vitro bandshift experiments we can indeed show that
the binding specificity of a hunchback finger fragment from
different species is not changed. This implies that there is a high
selective pressure to maintain the regulatory target elements of
these genes during evolution.

Systematic analysis of the genes constituting the develop-
mental genetic hierarchy in Drosophila has brought much
insight into the molecular details of the early development of
this organism (1, 2). This forms a sound basis for studying the
evolution of this process by comparing the expression of the
respective genes in closely and distantly related species.
However, a prerequisite for such a study is that the orthologs
of the respective genes can be identified and cloned (we use
the distinction ortholog and paralog according to the defini-
tion by Fitch (3), with orthologous genes being those with an
assumed common descent, while duplicated variants of a
gene within a genome are called paralogous). We have
focused here on genes containing Cys,His; zinc fingers as the
DNA-binding motif. A variety of transcription factors con-
tain these motifs (reviewed in ref. 4), which are characterized
by the invariant spacing of two cysteine and two histidine
residues, as well as by the occurrence of aromatic amino
acids and a leucine at defined positions within the finger
structure (5, 6). A number of genes involved in early pattern
formation in Drosophila belong to this class. Among these are
the gap genes hunchback (hb) (7) and Kriippel (Kr) (8), as well
as snail (sna) (9), a gene involved in dorsoventral pattern
formation. Kriippel and snail are further characterized by the
presence of the so-called ‘‘H-C link,”’ a conserved stretch of
seven amino acids that links the finger domains (10). It is
possible to clone new zinc-finger genes by low-stringency
hybridization with the finger-domain of Kriippel (10, 11).
However, for these genes, the region of clear similarity is
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usually restricted to the H-C link, while the fingers them-
selves are fairly diverged. Accordingly, it was so far not
possible to clone a true Kriippel orthologous gene from
distantly related species. This is different for snail, where an
apparent ortholog could be cloned from Xenopus (12) by
low-stringency hybridization.

Here we have used the PCR process (13) to search for true
orthologs of these three genes in a variety of species. We
show that it is possible to clone appropriate gene fragments
from species belonging to different phyla. The sequences of
these fragments* show several interesting features, including
an indication that those amino acids of the fingers that are
directly involved in DNA binding (14) are usually the most
conserved ones. This feature provides a useful rationale for
the design of PCR primers for the cloning of further zinc-
finger orthologs.

To test the inference of a conservation of the binding
specificity, we have devised an in vitro band-shifting assay
that allows analysis of the binding characteristics of a single
finger domain. Applying this assay to a hunchback finger
fragment from different species shows that the binding spec-
ificity is indeed conserved, even though a number of amino
acids are diverged.

MATERIALS AND METHODS

Species. The following species were used: Drosophila
melanogaster (Diptera, Insecta), Musca domestica (Diptera,
Insecta), Calliphora vicina (Diptera, Insecta), Sciara copro-
phila (Diptera, Insecta), Psychoda cinerea (Diptera, In-
secta), Apis mellifera (Hymenoptera, Insecta), Tribolium
castaneum (Coleoptera, Insecta), Euscelis plebejus
(Hemiptera, Insecta), Schulthesia lampyridiformis (Blat-
toidea, Insecta), Locusta migratoria (Caelifera, Insecta),
Lithobius forficatus (Chilopoda), Cryptops apomalans
(Chilopoda), Artemia salina (Branchiopoda, Crustacea),
Pholcus phalangoides (Arachnida, Chelicerata), Cupiennius
salei (Arachnida, Chelicerata), Bithynia tentaculata (Gas-
tropoda, Mollusca), Platynereis dumerilii (Polychaeta, An-
nelida), and Oryzias latipes (Pisces, Vertebrata).

Primer. The PCR primers were designed according to the
criteria given in ref. 15. The following primers were used (all
in 5’-3' direction): hunchback proximal primer, AARCAC-
CAYYTNGARTAYCA, where RisGor A, Yis Tor C, and
N is G, A, T, or C; hunchback distal primer 1, ATG-
CAGYTTSAGCSWRTGRCA, where SisGorCand Wis A
or T; and hunchback distal primer 2, GTGWGMRTAYT-
TRCKCARRTG, where M = AorC,and K = Tor G
(positions 5524-5543, 5713-5692, and 5730-5710 in the
hunchback sequence given in ref. 7); Kriippel proximal
primer 1, TAYAARCAYGTGYTRCARAAYCA; Krippel
proximal primer 2, GATCATCAYYTSAARACNCA; and
Kriippel distal primer, YTTYARYTGRTTRSWRTCRS-

iThe sequences reported in this paper have been deposited in the
GenBank data base (accession nos. L01587-L01617).
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WRAA (positions 1069-1092, 1156-1173, and 1336-1312 in
the Kriippel sequence given in ref. 8); and snail proximal
primer 1, ATGGGMYTRWSYAARCA; snail proximal
primer 2, GGAGCAYTGAARATGCA; and snail distal
primer, TGWGCTCKCAGATTASWNCKRTC (positions
935-952, 1040-1057, and 1220-1196 in the snail sequence
given in ref. 9).

PCR and Cloning. PCR (13), cloning, and sequencing of the
fragments was performed as described (16). In short, primary
PCR reactions were blotted and hybridized under medium
stringency with the respective Drosophila finger domains.
The appropriate size region was then isolated from an agarose
gel and reamplified. These fragments were blunt-end-cloned
into a phage M13 vector, and the resulting plaques were again
hybridized with the Drosophila probe. Most cloned frag-
ments were then hybridized under high stringency to a
genome blot of the respective species to validate their origin.
The fragments that could not be tested in this way are
indicated in Fig. 1.

Band Shift Assay. hunchback finger fragments representing
positions 1-62 in Fig. 1 from the different species were
amplified by PCR, cloned into the Sma I site of M13mp19 and
sequenced to check their integrity and the orientation. They
were then cut out with BamHI1/Bgl II and cloned into the
BamHI site of the pET3a vector (17). The full first finger
domain of hunchback was blunt-end-cloned as a Dde I
fragment (positions 5244-5910 in the sequence given in ref. 7)
into the BamHI site of pET3a. The proteins were expressed
in BL21 cells (17) by induction with 4 mM IPTG (17). The
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protein extracts were prepared as described in (18). The
finger peptide fragments were identified with a polyclonal
antibody produced against the synthetic peptide NH,-Cys-
Val-Asn-Lys-Ser-Met-Leu-Asn-Ser-COOH (positions 26-34
in Fig. 1). The relative amounts of protein used were esti-
mated from titration series on Western blots (see text). Band
shifts were done with a double-stranded synthetic oligonu-
cleotide 5'-AGATCTATCAAAAAAATGGATCC-3' con-
taining a natural hunchback binding site from the Kriippel
gene (19). The band-shift assays (10 ul) included 100 pg of
32p.end-labeled oligonucleotide, 100 ng of poly(dI-dC), 10 ng
of poly(dA-dT), 100 ng of salmon sperm DNA, 0.1% Nonidet
P-40 in 10 mM sodium phosphate buffer (pH 7.7). The protein
extracts (10 ul) were appropriately diluted in buffer B (18) and
mixed with the above buffer on ice. After incubation for 10
min, the samples were electrophoresed in a 4% polyacryl-
amide gel in 0.25X TBE (1x TBE 89 mM Tris, 89 mM boric
acid, 2 mM EDTA, pH 8.2) for 4 hr at 10 V/cm. The
competition samples were first mixed with the competing
extract, incubated for 10 min, and then mixed with the extract
containing the full hunchback finger domain.

RESULTS

Cloning of hunchback. hunchback belongs to the class of
gap genes in Drosophila and plays a crucial role in the earliest
pattern formation decisions by integrating the function of the
anterior and the posterior maternal systems (20, 21). The
gene codes for a zinc-finger protein with two separate finger
domains, the first with four fingers and the second with two
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fingers (7). We have focused our work on the first domain.
Two different sets of PCR primers were used for the cloning
of hunchback orthologs. One primer pair spans the region
between the second and the fourth finger, whereby the 3’
primer lies in the region between the two last structural
histidine residues. The other pair uses the same 5’ primer and
a 3’ primer that lies in the region preceding the histidine
residues of the last finger (see below). These primer pairs
allowed the cloning of hunchback from a variety of different
species (Fig. 1 Top). The sequences suggest clearly that the
fragments are true orthologs. hunchback shows a unique
feature among the zinc-finger proteins—namely, the absence
of an otherwise conserved aromatic amino acid within each
finger (positions 26 and 54 (Fig. 1 Top) should normally be
phenylalanine). However, this may be structurally compen-
sated by the tyrosine residues at positions 24 and 52 (22). The
cloned fragments show the same feature—namely, absence
of the aromatic amino acid and the presence of the tyrosine
at the respective positions. Further proof that the true
orthologs of hunchback were recovered comes from the
cloning and sequencing of genomic or cDNA clones by using
the respective cloned PCR fragments as probes, which
showed further characteristic sequence similarities (not
shown).

The region that is most conserved in the comparison
between the PCR-fragment sequences are the amino acids
preceding the structural histidine residue in each finger loop
(Fig. 1 Top). This region forms part of an a-helix (22, 23) that
is directly involved in DNA binding (14). On the basis of this
observation, we have designed further PCR primers that lie
within this highly conserved region. Utilizing these allowed
us to clone hunchback orthologs from species that could not
be obtained with previous primer pairs. hunchback orthologs
have thus been recovered from a representative selection of
arthropods and from two other phyla—namely, a mollusc and
an annelid (Fig. 1 Top).

hunchback Sequence Conservation Pattern. A number of
inferences can be drawn from the pattern of amino acid
replacements seen in the hunchback fragments. There is an
apparent saturation of possible amino acid replacements,
which become evident in the comparisons of the species that
have been separated for 200 Myr or more. The sequence
difference, for example, between Drosophila and Apis is not
higher than that between Drosophila and the mollusc Bithy-
nia (24% vs. 28%; 200 Myr vs. 550 Myr). Furthermore, the
distance matrix (Table 1) indicates that some of the most
distantly related species show a lower divergence than some
of the more closely related ones. One interpretation for this
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effect is that only certain amino acids are allowed at certain
positions, which results in convergent replacements. Such
apparent convergences can indeed be seen at multiple posi-
tions (e.g., positions 20, 23, 36, and 51). Nonetheless, even
when taking this effect into consideration, it appears that the
fragments obtained from the dipterans are on average more
distant to those of the other species than the fragments of
these are among themselves (Table 1). The average pairwise
distance between the nondipterans is 17%, while the average
distance between the higher dipterans and the nondipterans
is 26%, with the lower Dipteran Psychoda being equally
distant to both groups (32% and 29%). This suggests a higher
rate of evolution in the dipterans, though additional data will
be necessary to show this more conclusively.

Cloning of Kriippel. Employing the rationale to place the
PCR primers in those regions of the finger that precede the
first structural histidine residue allowed us to obtain also
orthologs of the Kriippel gene from a variety of arthropods
(Fig. 1 Middle). The sequence comparisons show less re-
placements than for hunchback. This is probably due to a
high selective pressure acting not only on the finger loops but
also on the H-C link regions. Nonetheless, convergent amino
acid replacements can again be found (e.g., positions 47 and
71).

We have failed so far to obtain Kriippel orthologs from
other phyla than arthropods. This may be due to the fact that
in some species the Kriippel gene contains an intron within
the finger region that could be too large for a successful PCR
amplification. We have found a small intron in Apis, inter-
rupting the first finger domain (in the codon of the arginine at
position 19). This intron is not present in Euscelis but may be
present in Tribolium, since we could obtain the respective
Kriippel fragment only with a primer that is located 3' to the
intron (note that the full Kriippel sequence in Fig. 1 was
derived from a cDNA clone). This indicates that the presence
or the absence of an intron can not easily be predicted for
Kriippel. This may in fact be a general problem for zinc-finger
genes. The location of introns within the finger domains of
fully sequenced genes can be variable and defies strict rules
(24).

Cloning of snail. The PCR primers for snail were designed
both on the basis of the above rationale and on the basis of
the comparison with the Xenopus snail ortholog (12). Thus,
it was possible to obtain apparent snail orthologous fragments
from a variety of arthropods, though it was again necessary
to design an additional primer (Fig. 1 Bottom). snail shows an
interesting conservation/divergence pattern. The first finger
domain is fairly diverged, while the second and third finger

Table 1. Distance matrix for the hunchback sequence comparisons

Mu Ca Ps Ap Tr Eu Sch Lo Ph Li Bi Pl
Drosophila 2 4 16 112 13 12 10 12 15 14 14 13
Musca (Mu) —_ 2 15 11 14 11 9 12 14 13 13 13
Calliphora (Ca) — 16 |12 15 12 9 13 14 14 14 14
Psychoda (Ps) — 13 13 12 12 12 15 16 17 16
Apis (Ap) — 11 5 4 8 6 6 9 6
Tribolium (Tr) —_— 11 10 11 12 11 13 9
Euscelis (Eu) — 4 9 8 8§ 1 8
Schulthesia (Sch) —_ 9 8 7 7 6
Locusta (Lo) — 10 10 12 9
Pholcus (Ph) —_ 7 9 7
Lithobius (Li) — 4 3
Bithynia (Bi) — 6
Platynereis (P1) —

For calculating the pairwise distances, we have only evaluated positions 8-56 (Fig. 1), since these
are available for all species studied. The straight number of amino acid replacements for each
comparison is given. The average percent difference between the nondipterans and the higher
dipterans (see text) was calculated by taking the mean of the amino acid differences from the upper

and the lower box, respectively.
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domains are much more conserved. Most surprisingly, how-
ever, it appears that the Drosophila snail sequence is the most
distant one in all pairwise comparisons. The snail fragments
recovered from the other species are in fact much more
similar to a recently described paralog of snail in Drosophila,
the escargot gene (25) (compare line ‘‘Drosophila e’’ in Fig.
1 Bottom). Therefore, the sequence comparisons alone would
suggest that we have récovered only escargot orthologs and
no snail orthologs. On the other hand, we have obtained
always only one variant from all species tested, suggesting
that these genes are not normally duplicated in other animals,
as they are in Drosophila (25). Most interestingly, however,
the expression pattern of the respective fragment in Tri-
bolium resembles only the snail and not the escargot expres-
sion in Drosophila (R.J.S. and D.T., unpublished data),
suggesting that it is the true snail ortholog.

hunchback Binding Specificity. The observation that the
amino acids in the a-helix of the finger region are usually
conserved between the different orthologs suggests that the
binding specificities are also conserved. We have tested this
inference for hunchback, where the consensus binding site in
Drosophila is fairly well defined (19, 26, 27). However, since
only parts of the first finger domain were cloned from the
different species, we could use only a single full finger for
these experiments. Single fingers, on the other hand, do not
bind readily to DNA (28); therefore, it was necessary to
devise a different test. Our assay is based on the specific
inhibition of the binding of the first finger domain from
Drosophila. This finger domain is used for band-shifting an
oligonucleotide with a consensus binding site for hunchback.
This band shift can be specifically inhibited with a single
finger peptide from hunchback but not from Kriippel (Fig.
2A). A further control shows the high specificity of this assay.
A single finger peptide with a mutation in an amino acid that
can be expected to be involved in the recognition of the bases
in the DNA (position 31 in Fig. 1 Top) does not compete with
the binding (Figure 2A). Single fingers from Drosophila,
Musca, Psychoda, Apis, Tribolium, Euscelis, Locusta, and
Bithynia were tested in this assay. The amounts of protein
extract were titrated such that the range between lack of
inhibition and full inhibition was covered (Fig. 2B). The same
amounts of protein extract were then tested in a Western blot
with an antibody that recognizes specifically the a-helix in
this finger domain (see Materials and Methods). This allows
a good quantitation of the amount of finger protein in the
extracts (Fig. 2B). The result of this experiment shows that
the fingers of all eight species tested inhibit the binding of the
hunchback domain from Drosophila within a very narrow
concentration range (+15%). We take this as a proof that the
binding specificity of the respective fragments is conserved,
even though they show a number of amino acid replacements
outside of the a-helix.

DISCUSSION

We show that it is possible to clone orthologs of Drosophila
segmentation genes containing a Cys,His; zinc-finger motif
by PCR from other species. In our screens, we have usually
recovered only one variant of the respective genes, indicating
that the three genes under study are not normally members
of families of paralogous genes in the species tested. How-
ever, we have some indication that Kriippel might be dupli-
cated in the hymenopterans (29). Furthermore, on the basis
of the criteria given below, we think that the hunchback
sequence recovered from Sciara is more likely a paralog
rather than an ortholog. Nonetheless, the great majority of
the fragments recovered suggests that we are dealing with
true orthologs.

The sequence alignments of the different finger fragments
show that the amino acids preceding the structural histidine
residues are among the most conserved ones. On the one
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FiG. 2. Band-shift competition experiments with the hunchback
finger fragments. (A) Test of specificity of competition. Lanes: 1,
pET-extract; lanes 2-10, 100 ng of hunchback finger domain extract
without (lane 2) or with the following competition extracts: 2.5 (lane
3), 2.0 (lane 4) and 1.5 (lane 5) ug of Drosophila hunchback protein
(finger fragment); 2.0 (lane 6), 3.0 (lane 7), and 4.0 (lane 8) ug of
Drosophila hunchback protein (finger fragment) containing a Met-31
— Ile change; 4.0 ug of Drosophila Kriippel protein (finger fragment)
(lane 9); and 4.0 ug of Drosophila Kriippel protein [full-finger domain
extract (19)]. Note that a competition is achieved only with the
wild-type hunchback finger fragment, but not with the mutated one
or with the Kriippel fingers. (B) Example of the competition titration
tests. (B Upper) Bandshifts as in A. (B Lower) Western blot with the
respective amounts of extract. Lanes: 1, no competition; 2-6,
competition with decreasing amounts of hunchback protein (finger
fragment) from Apis; 7-11, competition with decreasing amounts of
hunchback protein (finger fragment) from Bithynia.

hand, this observation simplifies the design of primers for
other cloning projects; on the other hand, it provides also
some insight into the function of zinc-finger proteins. The
respective amino acids form part of an a-helix that is directly
involved in contacting the bases in the DNA and thus in
determining the DN A-binding specificity of the protein (14).
However, both functional studies (30) and x-ray crystallo-
graphic studies (14) have shown that only three amino acids
within this region contact the bases directly (indicated in Fig.
1). Accordingly, if there is a strong selection for maintaining
this binding specificity, one would expect that only these
three amino acids need to be conserved, while the structural
a-helix could be formed by a number of different amino acid
combinations. The fact that the whole stretch of amino acids
is conserved suggests instead that all of them may in some
way be involved in the determination of the exact structure
of this region. This has partly been observed in the crystal
structure, where an amino acid within the helix makes a van
der Waals contact with the neighboring amino acid to position
it correctly (14). Other interactions could occur via indirect
H-bonding through the first shell of water molecules, which
would be difficult to detect in crystal structures. These
interactions may also be too weak to be detectable by
biochemical binding experiments. A role for these amino
acids has indeed not been found in such experiments (30, 31),
though a function for protein-protein contacts was suggested
in one case (31). The fact that this region is evolutionary
highly conserved suggests, however, that these amino acids
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Fi1G. 3. Phylogenetic tree of the species analyzed in this study.
The tree is based on the assumption that all animal phyla have arisen
during the Cambrian, 600-550 Myr ago (33). The time scale for the
splits of the arthropod lineages has in part been taken from ref. 34 but
should be seen only as a rough guideline.

have a general function, most likely in the fine tuning of the
structure of the helix and thus in the determination of the
DNA binding specificity.

The consideration that the binding specificity of the pro-
teins should be conserved implies that the best criterium for
orthology among finger proteins may be the conservation of
those amino acids that determine this DNA-binding speci-
ficity. These are usually also sufficiently different between
different zinc-finger protein genes to make each gene unique.
These criteria would fail of course for recently duplicated
genes, as appears to be the case for the snail-escargot
comparison in Drosophila. Nonetheless, given that thou-
sands of zinc-finger genes may exist in the average eukaryotic
genome (reviewed in ref. 32), we believe that the criteria
given above can be useful.

The general degree of conservation of hunchback in the
different species suggests that it should be similarly con-
served in deuterostomian lineages, such as echinoderms
(e.g., sea urchin) or chordates (e.g., mouse or Xenopus). The
reason to expect this is that it is now believed that all of the
major animal phyla have arisen during a comparatively short
time in the Cambrian about 550 Myr ago (Fig. 3) (33). Thus,
the time span that separates the origin of the phyla is much
smaller then the time of their independent existence. Ac-
cordingly, one should expect that genes that are conserved
between two different animal phyla should have been present
in the common ancestor of all animal phyla, since the time
window for the evolution of completely new genes was
probably too small. Failure to find a particular gene in other
lineages could have two reasons. Either the gene was lost in
this particular lineage, or it came under different selective
constraints such that too many amino acid positions have
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changed and the recognizable homology was lost. Qur results
imply that such selective constraints may exist. We find for
the hunchback comparisons that the speed of amino acid
replacements may be enhanced in certain lineages, such as
the dipterans (Table 1). A similar effect may have caused the
otherwise almost unexplainable snail-escargot divergence.
Thus, any phylogenetic inferences that are based on such
highly constrained DNA-binding domains in proteins should
be treated with caution.
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