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SUMMARY

THE_ISOLATION AND CHARACTERIZATION OF A P.ANGULOSUS HOMEOBOX

The aim of this thesis was to isolate and characterize a
homeobox-containing gene of the South African sea urchin
Parechinus angulosus. This was achieved by constructing a
genomic library of several individuals and screening this
library using a probe containing the Antennapedia homeobox.
Eight clones were isolated and shown to represent different
alleles of the same gene. One clone was sequenced, revealing
a homeobox which was termed PaHboxl. This homeobox was
compared to published homeobox sequences and shown to be a
member of the Antp (Hoxl.l) subclass (table 1.1). A splice
donor site was identified 23 bp upstream of the homeobox and
the observation confirmed by RNAase mapping.

PaHboxl is situated in a genomic area showing a
significantly higher degree of restriction fragment
polymorphism than expected. This was shown by a statistical
analysis which should be of general value in the
interpretation of such polymorphisms.

The expression of PaHboxl was examined by RNAase protection
assays and Northern blotting. Two distinct phases of
'expression were observed - during embryogenesis PaHboxl is
expressed transiently at low levels in 11,5 hr mesenchyme
blastula stage embryos (44 + 8 transcripts per embryo) with
levels 3-5 fold lower 2,5 hr before and after this stage.
Expression is observed again at up to 160 fold higher levels
in the adult with maximal expression in testis

(11 transcripts per 10 pg total RNA), and increasingly lower
levels in intestines, ovary and Aristotle’s lantern. Two
transcripts of size 5,2 and 5,7 kbp were observed.
Expression in Aristotle’s lantern and embryonic stages could
not be detected by Northern analysis.



vii

ABBREVIATIONS

a.a. amino acid(s)

ATP adenosine 5’-triphosphate
bp base pair(s)

BSA bovine serum albumin
cpm counts per minute

DMSO dimethyl sulphoxide
dNTP deoxyribonucleotide
DTT dithiothreitol

kbp kilo base pairs

LB Luria~Bertrani (medium)
mRNA messenger RNA

pfu plagque forming units
rpm revolutions per minute
TCA trichloroacetic acid
TE 10 mM Tris.HCl; 0,1 mM EDTA

Genes

Abd-X Abdominal-X
Antp Antennapedia
bcd bicoid

ddl distal-less
Dfd Deformed
en engrailed
eve even-skipped
ftz fushi tarazu

gsb gooseberry
lab labial

Oct Octamer

prd paired

Scr Sex combs reduced
Ubx Ultrabithorax

One- and three-letter codes for amino acids

Ala Alanine

Cys Cysteine

Asp Aspartic acid
Glu Glutamic acid
Phe Phenylalanine
Gly Glycine

His Histidine

Ile Isoleucine
Lys Lysine

Leu Leucine

Met Methionine
Asn Asparagine
Pro Proline
Gln Glutamine
Arg Arginine
Ser Serine

Thr Threonine
val Valine

Trp Tryptophan
Tyr Tyrosine
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1.1 Historical perspective

Since the turn of the century, the fruit fly Drosophila
melanogaster has been intensely studied by geneticists to
yield a comprehensive genetic map. Certain mutations
resulting in the replacement of one segment by another or a
segmented structure by a homologous one (termed homeosis by
Bateson, 1896) attracted attention with developmentalists.
Most of these homeotic mutations were mapped to two adjacent
clusters in the genome - the Antennapedia (ANT-C) and
Bithorax (BX-C) complexes. With the advent of recombinant
technology sections of both regions were cloned and
sequenced and in 1984 a 180 bp (basepair) conserved DNA
sequence was found in three genes of the complexes :
Antennapedia (Antp) and fushi tarazu (ftz) of the ANT-C and
Ultrabithorax (Ubx) of the BX-C complex (McGinnis 1984a,
Scott 1984). Mutations in both Antp and Ubx cause homeotic
transformations and hence this 180 bp region was termed the
homeobox. Great excitement ensued when it was found that



this homeobox was ubiquitous not only in Drosophila
developmental genes but also in vertebrate genes (Holland
1986).

Since then, progress has been rapid with multiple homeobox
sequences now available. Homeoboxes have been detected in
organisms ranging from yeast and nematode to insects,
echinoderms and vertebrates with amino acid positional
identities ranging from 20 % upwards.

In this review I shall refer to the nucleotide sequence when
mentioning ’‘homeocbox’ and to the translated amino acid
sequence as ‘homeodomain’.

1.2 Classes of Homeoboxes

Well over a hundred homeobox sequences have been reported
and by probing with homeobox sequences that are more and
more divergent from the classical Antp homeobox, the rate of
discovery is not declining. The sequences have been ordered
into 10 distinct classes plus several unique examples in
1989 (Scott et al.) based solely on comparisons of the amino
acid homology within the 60 amino acid (a.a.) homeodomain
(Scott et al. also considered an additional N-terminal a.a.
where available).

Acampora et al.(1989) have divided the 30 Antp-type human
homeodomains together with 36 non-human homologous sequences
into 13 (sub)classes taking into consideration the 6 a.a. C-
terminal to the homeodomain.

Vertebrate genes with at least 55% homology to Antp were
classified by pairwise sequence comparisons (Kappen 1989)
and a phylogenetic tree derived by cladistic analyses of the
subset of 21 mouse homeobox sequences (Schughart 1989).
Since these reports several additional classes of
homeodomain sequences have been coined often with a
Drosophila member giving the group its name.

I have compiled a table of homeobox classes together with
the members ordered by species, using the above mentioned
classifications and recent reports of new classes and
sequences (see table 1.1). From this table it is clear that
certain homeodomains show barely detectable similarity to
Antp. Considering that early work (1984-1987) used mainly
Antp-class homeoboxes to probe for new boxes and that 60 %
nucleotide similarity represents the limit of detection by
hybridization, it is probable that this table is
distributionally slanted toward Antp-type homeobox classes.

Chapter 1: Literature review



Table 1.1 Classes of homeodomain proteins.
Class 2  Subclass organism P Homeodomain € %cf Antpd Reference®
Antp ? Drosophila Scr 90,0 1.
? Ubx 90,0 1.
? ftz 81,7 1.
(Hox 1.1) Antp 100 1.
abd-A 96,7 1.
Mouse Hox.1l.1 98,3 1.
Hox.2.3 96,7 1.
Xenopus X1Hbox2 (MM3) 98,3 2.
X1Hbox3 98,3 2.
(Hox 1.2) Mouse Hox.l.2 93,3 1.
Hox.2.2 93,3 1.
Hox.3.3 (6.1) 91,7 1.
Xenopus X1Hboxl (ACl) 91,7 1.
? Sea Urchin TgHboxl (hb-1) 88,3 1.
? hb3 81,7 Dolecki 1988
Dfd (Hox 1.3) Mouse Hox.1.3 (m2) 90,2 1.
Hox.2.1 90,2 1.
Human Hox.3.D (6.2) 86,7 2.
Xenopus X1Hbox4 (XHoxl1lB) 88,3 2.
X1Hbox5 85,0 2.
(Hox 1.4) Drosophila Dfd 81,7 1.
Mouse Hox.l.4 81,7 1.
Hox.2.6 81,7 1.
Hox.4.2 (5.1) 83,3 1.
Human Hox.3.E 83,3 2.
Xenopus XHox 1.A 78,4 1.
Hox.2.4 Mouse Hox.2.4 85,0 1.
Hox.3.1 83,3 1.
Human Hox.4.C 81,7 2.
Hox.1.5 Mouse Hox.1 75,0 1.
Hox.4.1 65,0 1.
Human Hox.2.G 70,0 2.
mab 5 Nematode mab-5 73,4 Costa 1988
Abd-B (Hox.1.7) Drosophila Abd-B (iab-7) 58,3 1.
Mouse Hox.l1l.7 68,3 1.
Hox.3.2 70,0 1.
Hox.4.4 (5.2) 68,3 Dollé 1989a
Human Hox.2.E 70,0 2.
Xenopus X1Hbox 6 68,3 2.
Sea Urchin hb4 70,0 Dolecki 1988
(Hox.1l.H) Mouse Hox.4.5 (5.3) 63,4 Dollé 1989a
Human Hox.l1l.H 66,7 2.
labial Drosophila labial 66,7 1.
Mouse Hox.1l.6 61,7 1.
Hox.2.9 60,0 Wilkinson 89
Nematode ceh 11 56,6 Schaller 90
Nematode ceh 13 55,0 Schaller 90

continued



Table 1.1 Classes of homeodomain proteins (continued, page 2)
Class @ Subclass organism P Homeodomain € %cf Antp® Reference®
Hox.2.8 Mouse Hox.2.8 65,0 Wilkinson 89
zen Drosophila zen 60,0 1.
z2 61,7 1.
Hox.1.9 Human Hox.l.1 53,3 2.
Hox.4.F 55,0 2.
rough Drosophila rough 56,6 1.
caudal Drosophila caudal 53,4 1.
Mouse Cdx-1 60,0 Duprey 1988
Nematode ceh-3 53,8 Biirglin 1989
engrailed Drosophila engrailed 50,0 1.
invected 48,4 1.
Mouse En-1 50,0 1.
En-2 51,7 1.
Sea Urchin SU-hb-en 46,7 Dolecki 1988
even-skipped Drosophila even-skipped 50,0 1.
Mouse Evx 1 51,7 Bastian 1990
Evx 2 51,7 Bastian 1990
Xenopus XHox 3 51,7 1.
msh Drosophila msh 55,0 Robert 1989
Mouse Hox.7.1 43,3 Hill 1989
Hox.3.F Human Hox.3.F 48,3 2.
Mouse Hox.4.7 (5.6) ? Kessel 1990
Hox.3.G Human Hox.3.G 45,0 2.
Hox.l1.J 45,0 2
NK 1 Drosophila NK 1 38,6 Kim 1989
NK 2-4 NK 2 41,7 Kim 1989
NK 3 48,3 Kim 1989
NK 4 43,3 Kim 1989
bicoid Drosophila bicoid 41,7 1.
D11 Drosophila D11 41,7 Cohen 1989
H2.0 Drosophila H2.0 40,0 1.
Nematode ceh 5 40,0 Biirglin 1989
paired Drosophila paired 36,7 1.
gsbBSH4 36,7 1.
gsbBSHY 33,3 1

continued



Table 1.1 Classes of homeodomain proteins (continued, page 3)
Class 2  Subclass organism Homeodomain © %cf Antpd Reference®
Mix 1 Xenopus Mix 1 34,0 Rosa 1989
cut Drosophila cut 28,3 1.
POU Drosophila Cfla 25,0 Johnson 1990
Human Oct 1 31,7 1.
Oct 2 31,7 1.
Mouse Oct 3 (Oct 4) 25,0 Rosner 1990
Schéler 1990
Human E2A 25,8 Kamps 1990
prl 25,8 Nourse 1990
Bovine bGHF1 28,3 Bodner 1989
Rat LFB1 20,0 Frain 1989
ERA-1 61,7 L.aRosa 1988
Nematode unc-86 30,0 Finney 1988
ceh 6 25,0 Blirglin 1989
Nematode mec-3 25,0 Way 1988
ceh 14 25,0 Biirglin 1989
Nematode ceh 7 25,0 Blirglin 1989

a. These classes are based on the listed homeodomain sequences in
ref.1. and 2. The classes seperated by a dashed line could be grouped
together as one greater Antp type class as they show greater than 75%
a.a.homology. In the text, when referring to this greater class, I shall

use the term ’'Antp-type’

instead of

"Antp-class’.

b. Drosophila homeodomains have been chosen as representative for the
Phylum Arthropoda, and mouse and African toad homeodomains for
Vertebrata. Homologous homeodomain sequences from other species within
these Phyla (honeybee, human, cattle, sheep, pig, rat, zebrafish, trout,
chicken) have not been listed.
c. Some still used alternative names are given.
d. These values refer to amino acid percentage positional identity to
the sequence of the Antp homeodomain. Most values were determined using
the GCG TFASTA (Devereux 1984) programme, the rest manually from the

relevant papers.

e. The original references for these homeodomains are listed in Scott
(2.). The references for more

et al. 1989 (1.) and Acampora et al.
recent publications can be found in the reference section.



Thus when drawing conclusions about common features of all
homeodomains it is better to weigh classes and not
individual sequences equally. Scott et al.(1989) determined
the consensus sequences of the Antp, Dfd, lab, Abd-B, en,
eve, prd, Hoxl.5, Hox2.4 and POU classes as well as the
unweighted consensus of all homeodomain sequences and the
variability at each position. Four amino acids (a.a.) are
invariant : tryptophan 48, phenylalanine 49, asparagine 51
and arginine 53. Five further positions are practically
invariant with only occasional replacement by a very similar
a.a. (conservative a.a. shown in brackets) : leucine 16
(valine), phenylalanine 20 (tyrosine), isoleucine 45 (val),
and lysine at 55 and 57 (arginine) (see fig.l1.1). The
numbering differs from Scott et al. by -1 to reflect a more
general numbering system. Several other residues are highly
conserved especially in the carboxy-terminal third of the
protein. We shall return to these when discussing the
structure of the homeodomain [1.3].

In general, the protein sequences outside different
homeodomains are not conserved although certain motifs recur
[1.3]. This observation together with the astounding
conservation of the homeodomain in organisms that have
diverged hundreds of millions of years ago, such as
Drosophila and Xenopus which show 98% identity between the
Antp and X1Hbox2 homeodomains, indicates that this sequence
element must play a functionally autonomous and crucial
role. Furthermore if one compares the genomic complexity of
a species with the number of Antp-type homeobox genes that
it harbors, a distinct correlation is detected. Larger
genome complexities tend to indicate a greater phylogenetic
complexity and a larger number of structural genes, thus
more intricate regulatory mechanism are required. As we
shall see later, most genes containing homeoboxes are
involved in development or cell differentiation in a
regulatory manner and therefore the above mentioned
correlation is not surprising.

The chromosomal organization of the Antp-like homeoboxes in
mammals and insects is very suggestive.

In Drosophila many of the homeobox genes are arranged in two
separate about 300 kbp large clusters called ANT-C and BX-C,
whereas in the beetle Trilobium mutations analogous to those
of both Drosophila complexes map to a single chromosomal
locus, the HOM-C complex (Beeman 1987) indicating that the
split of the ANT-C and BX-C complexes in Drosophila is a

Chapter 1: Literature review



relatively recent event in the evolutionary line leading to
the fruit fly.

In the mouse homeoboxes are organized into 4 clusters each
spanning more than 100 kbp : Hox 1, Hox 2, Hox 3 (previously
Hox 3 and 6) and Hox 4 (previously Hox 4 and 5) (Kessel
1990). The members of each cluster are more similar to
cognate (homologous) homeoboxes in corresponding position
within other clusters than to each other (Kappen 1989)
indicating that the 4 clusters arose by duplication of an
entire primordial cluster. The human homeoboxes are arranged
in a similar fashion (Acampora 1989).

The two Drosophila homeobox clusters (or HOM-C) can be
aligned with the mammalian homeobox clusters (Duboule 1989,
Graham 1989), the genes being physically linked in the same
order. For example, labial and Hox 2.9, deformed and Hox
2.6, Scr and Hox 2.1, and abdominal-B (Abd-B) and Hox 2.5
share homeodomains of the same class, share some homology in
regions outside the homeobox and are arranged in the same 5°
to 3'order on the chromosome. Furthermore homeoboxes in the
middle of the mouse clusters (Hox 2.2, 2.3, 2.4) are related
to Antp, Ubx, ftz and Abd-A of HOM-C. The fruitfly and
mammalian clusters differ in that all mammalian clustered
homeoboxes are transcribed in the same direction and are
intronless whereas this is not the case with the Drosophila
genes (Kappen 1989). Apart from these differences which
indicate a small degree of independent chromosomal
rearrangements, it is clear that homeobox genes were already
arranged in a cluster before the divergence of arthropods
and chordates. Even more intriguing is the correlation
between expression and chromosomal order which we shall
address in section 1.7.

Chapter 1: Literature review
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1.3 Structure of the homeodomain

The first clues to the structure of the homeodomain came
from protein databank comparisons which revealed sequence
similarity between the C-terminal half of the homeodomain
and the DNA binding domain of the yeast mating type proteins
al and «2 (Laughon 1984, Shepherd 1984). It was proposed
that the region from residues 32 to 51 formed a helix turn
helix motif in analogy to that of bacterial DNA binding
proteins with the second helix (43-51) corresponding to the
‘recognition’ helix of the bacterial proteins (Ohlendorf
1983).

The «-helix-turn-x-helix structure was found compatible with
circular dichroism spectra of a chemically synthesized Antp
homeodomain (Mihara 1988) and confirmed using nuclear
magnetic resonance (NMR) of a 68 a.a. homeodomain produced
by recombinant DNA technology (Otting 1988, Qian 1989,
Affolter 1990).

The data from these studies (comparable to a 2,0 A
resolution X-ray diffraction map) defined three distinct
helices at residues 10-21 (helix I), 28-38 (II) and 42-52
(III) with a more flexible fourth helix at 53-59 (IV) (see
fig.1.1). In a 3-dimensional view, helices I and II are
aligned in an almost exactly antiparallel fashion with
helices III and IV approximately perpendicular to them. The
axis of helix IV forms an angle of about 30° with respect to
helix III and it points away from the globular core of the
protein. Helix II and III form the helix turn recognition
helix motif respectively and a comparison of residues 30 to
50 with 21 a.a. of the bacterial DNA binding proteins lambda
" cro, phage 434 repressor and trp repressor reveals a
backbone RMSD (pairwise root mean square deviation which is
a measure of the differences in atomic positions of
corresponding atoms in two structures after these structures
have been superimposed to minimize the sum of the square of
these differences) of between 0,8 and 1,0 A. For comparison,
RMSD values for the helix turn helix motifs between lambda
cro and several repressors lie in the range 0,4 to 0,9 A
(Qian 1989).

The core of the homeodomain is formed by 10 hydrophobic
residues (see fig.1.1): Leu-16,26; Ile-34, Ala-35,37; Leu-
38,40; Ile-45, Trp-48, Phe-49 with Thr-13 contributing a
hydrogen bond to the indole ring of Trp-48. Leu-16, Ile-45,
Trp-48 and Phe-49 are 4 of the 9 most highly conserved
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residues amongst homeodomain {1.2]. Ala-35 and Leu-38,40 are
also well conserved (Scott 1989) whereas position 26, 34 and
37 are quite variable. The residues at 26 and 34 are
nonetheless mostly hydrophobic and the hydrophobic
contribution of the Ala-37 residue is minimal (Qian 1989:
figure 3), thus it is not surprising that this residue is
not conserved.

Qian et al. point out that the homeodomain should have a
global electric dipole moment because the negative charges
are grouped on the helix I side whereas a total of 7
positive charges are distributed along helices III and IV
which thus could electrostatically interact with the DNA
backbone.

So far one interesting anomaly to the classical 60 a.a.
homeodomain has been reported, namely the highly diverged
homeodomain of mammalian liver specific transcription factor
LFBl1 (Frain 1989) which is 81 a.a. long. It has been
demonstrated that 18 a.a. could be deleted without strongly
affecting binding (Nicosia 1990) These 18 a.a. are
postulated by alignment with other homeodomains to have been
inserted between residues 33 and 34. Comparison with the 3-
dimensional structure of Antp indicates that such an
insertion would not directly interfere with the hydrophobic
core (residue 34 contributes in the Antp homeodomain to the
core) but possibly disrupt helix 2. The remaining three
extra a.a. are postulated to be inserted between residues 38
and 39 which is in the turn of the helix-turn-helix motif.
As LFBl binds as a dimer (Frain 1989), the tertiary
structure of its homeodomain may be quite different from
that of Antp.

1.4 Binding studies

Apart from the vertebrate octamer-binding homeodomain
proteins, most work in this field has been performed on
Drosophila proteins. The cloned genes are expressed in
bacteria and the homeodomain proteins, sometimes in the form
of p-galactosidase (pgal) fusions (Desplan 1985,1988, Cho
1988, Laughon 1988) are fully purified (Beachy 1988, Cho
1988, Muller 1988, Biggin 1989a, Affolter 1990) or used as
partially purified bacterial extracts (Desplan 1985,1988;
Driever 1989%a, Hoey 1988, Laughon 1988, Treisman 1989).
Using increasing amounts of these proteins, and DNA
sequences upstream of genes known by genetic analysis [1.7]
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to be regulated by these proteins in footprinting studies,
resulted in the definition of short (=10 bp) consensus
binding sequences (see above references). The results of
these experiments are summarized in table 1.2 with sequences
aligned in the 5’ to 3’ direction (sometimes using the
antisense sequence) to reveal an ATTA/TAAT consensus that
occurs in all Antp-class binding sequences. This tetramer
sequence seems to be essential for binding because when the
first adenosine is mutated to thymidine (Desplan 1988,
'LP’'sequence see table 1.2), binding is greatly reduced.
Similarly whereas (TAA), is sufficient for Ubx and Antp
binding, simple AT-rich regions are not (Beachy 1988).

The apparent dissociation constants lie around 1078 M
(table) but these values underestimate the real affinities
because 1l.the purification methods of these proteins from
bacteria are harsh and the proteins may not be able to fully
renature, 2.some proteins are used as fusions with g-
galactosidase which may affect binding, 3.the studies with
Antp use the 60 a.a. homeodomain in isolation and 4. the DNA
sequences used may not contain the optimal binding sequence.
Affolter et al. (1990) investigated the binding of the
purified Antp homeodomain to an 18 mer oligonucleotide (BS2
see table 1.2) in detail and determined in saturation
binding studies and competition experiments the equilibrium
dissociation constant Kd to lie between 1,6x10"9 and
1,8x10"10 M with a half life of the DNA-Antp complex of 89
min. Non-specific DNA binding assayed using a random 26 orlé
oligomer occurred with a Kd of 0,6 to 4x10~7 M. In
comparison, prokaryotic helix-turn-helix DNA binding domains
show a Kd of 1072 to 107% M for their monomer (half-
operator) binding sites with a half life of seconds or less
(Affolter 1990). The high affinity of the Antp homeodomain
for non-specific sites together with the low dissociation
rate (long half-life) suggest that non-specific interactions
are important for the high stability of the complex and that
binding is quite distinct from the prokaryotic DNA binding
proteins.

The difference may lie in Antp helix IV which has been
postulated to follow the major groove of the DNA by
projecting at 30° outward from the helix III axis (Qian
1989). This helix would thus extend the recognition helix by
an additional 7 amino acids. This region is also highly
conserved (Scott 1989, Garcia-Blanco 1989), contains several
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arginines and lysines and thus may be involved in non-
specific electrostatic interactions with the DNA.

The question of how the homeodomain interacts with its
recognition sequence has been investigated in two ways : by
ethylation and methylation interference (Affolter 1990) and
by mutating residues in the recognition helix of wvarious
homeodomains (Hanes 1989, Treisman 1989).

Ethylnitrosourea, an ethylating agent, was reacted with a
DNA oligomer containing a BS2 binding site which was then
incubated with the Antp homeodomain and the bound and
unbound DNA separated and electrophoresed in parallel. A
loss of a band in the bound lane indicated that Antp no
longer bound due to either a steric hindrance or loss of a
electrostatic interaction resulting from the cancelling of a
negative charge by the ethyl addition to the phosphate
backbone (Affolter 1990). Eleven positions inhibited binding
(see table 1.2) and in 3 dimensions these define a patch
across three sugar-phosphate backbones on one face of a DNA
helix. For methylation interference experiments, the DNA was
modified with dimethyl sulphate which methylates N-3 of
adenosine and N-7 of guanosine only, so to increase the
number of positions that could be modified, oligomers
containing BS1 and BSX (table) were also used. The protected
bases were found to fall within the patch defined by the
ethylation experiments thereby confirming the importance of
the TAAT sequence and flanking bases in the binding of the
homeodomain.

The 3-dimensional structure derived by Qian et al. (1989,
see [1.3]) indicated that residues 51 (asparagine) and 53
.(arginine) which are two of the invariant residues, project
outwards from helix III (the recognition helix) and are
ideally situated for interacting with bases of the major
groove. Arginine can interact most favorably and
specifically with guanine, donating hydrogen bonds to both
N-7 and 0-6 of guanine (Harrison 1990).

Residue 50 (glutamine) is also situated optimally for
interaction with the DNA. This residue however, is not
invariant : In the paired,prd class it is occupied by
serine, the POU class features cysteine, bicoid, bcd lysine
and cut histidine (fig.1.1). All other homeodomains share
the Antp glutamine residue. An exciting finding by Hanes et
al.(1989) and Treisman et al.(1989) was that residue 50
(position 9 in the recognition helix) can determine the DNA
binding specificity of homeodomain proteins : changing only
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the lysine at position 50 of bicoid to glutamine caused a
switch from bicoid DNA recognition sites to Antp recognition
sites whereas mutating this residue to alanine abolished
DNA binding activity (Hanes 19839). In the same study it was
found that position 42 and 46 could be mutated to alanine
with little effect on binding. Using DNAase footprinting and
mutations of the paired protein, Treisman et al. showed that
paired’'s distinct recognition specificity could be changed
to that of the Antp-class ftz or that of bicoid by altering
solely the serine at residue 50 to that of ftz (glutamine)
or that of bicoid (lysine) respectively.

Glutamine, serine and lysine side chains can all
accept/donate specific hydrogen bonds which may explain the
change in DNA site recognition. Glutamine can specifically
interact with an adenosine base, with the amino side chain
donating a hydrogen bond to N-7 and the C=0 accepting one
from N-6 (Harrison 1990). The loss of a protein -nucleic
acid hydrogen bond can cause a reduction in favorable
binding free energy of up to 16,8 kJmol~! if there are no
compensatory effects such as a rearrangement of the DNA-
protein complex to allow compensatory interactions
internally or with solvent (Berg 1988).

It is still curious that the change of a single amino acid
that can interact with a maximum of 2 to 3 base pairs can
cause such drastic changes in the recognition specificity
from TCAATTAAAT of Antp and ftz (Hoey 1988) to TTTGACGT of
paired (Treisman 1989) and GGGATTAGA of bicoid (Driever
1989a). The Oct-1 and Oct-2 (POU class) proteins which have
a cysteine at position 50 recognize the octamer sequence

'~ ATGCAAAT but also the Antp consensus and several other ATTA
containing sites albeit with far lower affinity (Garcia-
Blanco 1989). In spite of this wide specificity in binding,
single point mutations within Oct-1 binding sites can
abolish DNA binding (Sturm 1988). The POU class probably
interacts differently with the DNA as the POU-specific
domain is needed in conjunction with the POU-homeodomain for
binding [1.5] and replacement of the recognition helix of
paired with that of Oct-2 did not allow recognition of the
octamer sequence (unpublished observation from Treisman
1989).

In this context the double specificity of even-skipped (eve)
should be pointed out. This protein can recognize the quite
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different Antp binding site and an e4 (table 1.2) site,
TCAGCACCG, with equal efficiency (Hoey 1988).

We can thus postulate that residue 50 at position 9 in the
recognition helix (III) is crucial in determining the
binding specificity of homeodomain proteins which implies
that the recognition helix is situated in such a way that
this residue can maximally interact with the DNA helix. It
is probable that more than one mode of interaction with the
DNA exists, thus allowing quite different sets of consensus
sequences to be recognized. Thus mutations outside the
recognition helix and even outside the homeodomain may
subtly affect the preferred binding sequence (within or
without a consensus family) by altering the relative
orientation of the recognition helix.

During the purification of Ubx 1lb protein (Beachy 1988) and
the Antp homeodomain (Muller 1988), it was observed that
these proteins existed as homodimers in solution. In the
case of the Antp homeodomain, dimerization is mediated by
disulphide bridges involving the cysteine residue at
position 39 (Muller 1988). This position is fairly variable
amongst homeodomains (Scott 1989) and mutation to serine
does not affect binding to a single consensus site (Affolter
1990).

Dimerization may however play a role in binding because
cooperativity has been seen in binding of homeodomain
proteins to clustered recognition sites (Desplan 1988).
These authors showed that all possible orientations of two
NP (table 1.2) sequences were bound equally well by
engrailed and ftz p-galactosidase fusion proteins and that
as the number of NP sites increased, the concentration of
fusion protein needed to produce protection from DNAasel
decreased. These results are ambiguous because g-
galactosidase is normally a tetramer and thus lead to
aggregates of fusion proteins which may then preferentially
interact with multiple sites. A phase shift study of the
same proteins purified without a foreign moiety has though
also indicated cooperativity in binding (Ohkuma 1990a,b).
The highly diverged homeodomain protein LFBl was shown to
bind as a dimer (Frain 1989) mediated by a short N-terminal
myosin like dimerization helix (Nicosia 1990). However in
this case the consensus sequence is palindromic containing
two ATTA motifs with one motif insufficient for binding.
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1.5 Structural features of Homeodomain-proteins

Having hitherto discussed the homeodomain on its own we
shall now first examine other features of proteins
containing homeodomains and then in section [1.6] the
function of these proteins.

Initially homeoboxes were found in the exons closest to the
3’ end of the gene (Laughon 1985) about 20 to 30 a.a. from
the C-terminus of the protein and although this is still the
case for most proteins with an Antp-type homeodomain, it no
longer applies to more diverged homeodomain proteins (table
1.3).

Mavilio (1986) and Kessel et al.(1987) pointed out a
conserved pentapeptide 5 to 15 a.a. N-terminal to the
Drosophila Antp, Dfd, cad, Xenopus X1Hbox 4 and human Hox
2C, 3C AND 4B homeodomains. The sequence has since been
detected in 15 human Hox genes (Acampora 1989), the
corresponding clustered mouse Hox genes, the Xenopus X1Hbox
1, 2, (4) and 5 genes (Fritz 1988), the sea urchin TgHbox I
gene (Angerer 1989) and in all homeotic genes of the
Drosophila ANT-C and BX-C (table 1.3). More diverged
homeodomain proteins do not have this sequence, consisting
of a hydrophobic residue (Val, Ile or Leu) and the well
conserved Tyr-Pro-Trp-Met core followed in many cases by a
basic residue (Axrg or Lys). A more diverged version of this
motif is found in haemoglobins and myoglobin (Ile-Tyr-Pro-
Trp-Lys-Arg) where it acts as a bend separating two «-
helical regions of the globin protein (Stryer 1981). It has
been proposed (Fritz 1988) that this pentamer may fulfill a
similar role separating the DNA binding function of the
homeodomain from the rest of the protein. It is interesting
that a correlation exists between homeodomains located near
the carboxyl end of the protein and homeodomains preceded by
the pentamer box (cf. table 1.3).

The Drosophila paired and gsb proteins (Bopp 1986) as well
as the mouse Pax 3, 6 and 7 proteins (Kessel 1990) contain,
in addition to a homeodomain a so-called paired domain of
129 amino acids. The function of this domain is not known
but a.a. 80-105 exhibit a helix-turn-helix motif with an 8
a.a. turn and a highly amphipathic first helix, which led to
the speculation that this domain may act as a DNA binding
moiety (Burri 1989). It should be pointed out that Treisman
et al.(1989) noted that the C-terminal part of paired
confers a DNA binding specificity independent of a
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functional homeodomain on this protein. The occurrence of
two distinct DNA binding domains within a single protein
would offer interesting regulatory possibilities.

The POU (coined from Pitl, Octl,2 Unc-86 (Herr 1988))
homeodomain proteins contain a second conserved region
upstream of the homeodomain, termed the PQOU-specific domain.
The POU-specific domain can be divided into two regions both
of which have been shown to be necessary for effective DNA
binding in vitro (Stern 1989).

Oct-2 contains in addition, downstream of the POU domain (=
POU-specific + POU-homeodomain) four leucines separated by
exactly 7 residues (Clerc 1988). Such an arrangement has
been found in the DNA binding proteins GCN4 (a yeast
transcriptional activator), the jun, fos and myc
oncoproteins and the C/EBP enhancer binding protein (Struhl
1989). Termed the leucine zipper, this motif is required for
dimerization and DNA binding (C/EBP) or tetramerization
(myc)(Mitchell 1989). Its function in Oct-2 is unknown
especially since Oct-2 binds DNA as a monomer (Clerc 1988)
but could possibly lie in the interaction of another leucine
zipper protein.

The mammalian liver-specific transcription activator LFB1
(Frain 1989, Nicosia 1990) binds as a dimer [1.4] which is
mediated by a myosin like N-terminal helix. Nicosia et al.
propose a coiled-coiled interaction between two such «-
helices as the mechanism for dimerization in a manner
analogous to leucine zipper interactions.

A very recently discovered motif that occurs in conjunction
with highly diverged homeodomains is the LIM motif, found in
. the nematode 1lin-12, mec-3 (Way 1988) and rat insulin 1
enhancer binding protein Isl-1 (Karlsson 1990). This motif
of consensus sequence C-X5-C-X;49_;9-H-X5-(C-X5)5-C-Xq_q1-
(C)-Xg-C, C=cys, H=histidine, X=any residue; is found in two
tandem copies N-terminal to all three homeodomains as well
as in another nematode homeodomain protein, ceh-14 (Freyd
1990 unpublished). The motif bears similarity to metal
binding regions of several proteins such as ferredoxin,
steroid receptors and the zinc finger motif (Freyd 1990) and
may thus function in metal binding.

A more general feature amongst homeodomain proteins is the
occurrence of homoaminoacid stretches and regions rich in
one or two amino acids (see table 1.3). The most common
amino acids forming such regions are Ala, His, Glu/Asp, Gly,
Gln and Ser/Thr. Ptashne (1988) pointed out that acidic
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regions (Glu/Asp) or regions that could be phosphorylated
(Ser/Thr) may be involved in transcriptional activation. In
the transcriptional activator Spl the two most potent
activating domains contain about 25% Gln. A Gln-rich stretch
from Antp can partially substitute for the Spl activation
domains (Mitchell 1989), thus the Gln rich areas may be
involved in transcriptional activation. Proline rich areas
are also able to activate transcription in mammalian cells
(Mitchell 1989) whereas Ala-rich stretches have been shown
to be involved in transcriptional repression (Licht 1990).

1.6 The function of homeodomain proteins

The nuclear location (Gehring 1987) and sequence specific
DNA binding upstream of genes [l1.4] together with the
suggestive amino acid rich regions [1.5], strongly argue in
favour of a gene regulatory role for homeodomain proteins.
Since the discovery of the homeobox several experimental
approaches have been used to ferret out the function of
these proteins.

1.6.1 Experimental approaches

A first approach to elucidate the function of a cloned gene
involves a comparison to DNA/protein data banks in an
attempt to identify homology to elements with a known
function. In the case of Drosophila extensive genetic
information allowed the mapping of cloned homeobox genes to
specific developmental mutants and thus the phenotypic
effects of homozygous lethal to overexpressing mutations
provided evidence for the function of these genes.

The next approach involved the determination of spatial
and/or temporal expression patterns during embryogenesis and
in the adult. This was done by 1. probing the RNA extracted
from various tissues and stages, 2. In situ hybridization
and 3. by immunocytochemical probing. As discussed in
section 1.7, these studies revealed that all homeodomain
proteins with an homeodomain related to that of Antp by at
least 50% were expressed during embryogenesis in a spatially
and temporally controlled fashion while some proteins with
more divergent homeodomains are instead expressed in a
tissue or cell specific fashion (eg. Oct-2, LFBl, several
nematode homeodomain proteins, see [1.7]).
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In Drosophila these results were extended using various
mutants thereby establishing a hierarchy of homeobox gene
product interactions as well as cross-regulatory and auto-
regulatory properties [1.7]. However, these experiments do
not reveal whether homeodomain proteins exert their effect
directly or via intermediate proteins/factors. To circumvent
this problem, ’'producer-responder’ constructs were made and
introduced into Drosophila tissue culture cells or embryos
or into yeast cells. These constructs entail a ’'producer’
plasmid consisting of a homeobox gene (modified or not)
fused to a constitutively expressed (or inducible) promoter
(usually the actin 5C promoter) and a ’‘responder’ plasmid
containing various arrangements of in vitro determined
homeodomain binding sites fused to various promoters driving
an easily assayable reporter gene such as p-galactosidase or
chloramphenicol acetyltransferase. Such experiments were
first reported for ftz and engrailed (Jaynes 1988) and
bicoid (Driever 1989a) using cultured Schneider cells, and
extended to embryos by P-element mediated transformation of
the Drosophila germ line (Driever 1989b). Results from these
experiments clearly established Drosophila homeodomain
proteins as transcriptional regulators (see below) and it
was shown that this effect is independent of other
Drosophila-specific proteins by using producer-responder
constructs in yeast (Samson 1989, Hanes 1989) and by
purifying homeodomain proteins (en, ftz) and assaying their
function in an in vitro transcription system from human
cells (Ohkuma 1990a,b).

Vertebrate and echinoderm studies have been hampered by the
lack of suitable genetically described mutations, and
specifically in the case of vertebrates, the great genomic
and developmental complexity. Apart from the POU family of
transcription factors and LFB1 for which the protein was
characterized before the cloning of the respective genes,
there is no direct evidence for homeodomain proteins as
transcriptional regulators in echinoderms and vertebrates

1.6.2 Transcription factors

Using the above mentioned producer-responder arrangement in
Drosophila tissue culture cells, Jaynes and O’Farrell (1988)
demonstrated that a responder consisting of six NP (see
table 1.2 for sequence) homeodomain binding sites upstream
of several different promoters, showed a 30 to 300 fold
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increase in activity when cotransfected with an ftz
producer. These binding sites were orientated in either
direction and 33 to 386 bp upstream from the promoter
indicating their status as enhancer elements. When the
number of NP sites was reduced from 6 to 4 to 2, a large
decrease in ftz-dependent activation from 60 to 10 to 5 fold
over basal level was observed. There is evidence for co-
operative binding of ftz [1.4] but it is not yet clear
whether the large increase in activation associated with 6
NP copies relative to 4 represents increased site occupancy
(due to co-operative binding) or a synergistic action on
activation as more sites are occupied. Using the mutated NP
sequences LP and RP (table 1.2) these authors showed that
binding site alterations have parallel effects on in vitro
binding affinity and transcriptional activation.

Fitzpatrick and Ingles (1989) fused the N-terminal 147 a.a.
comprising the DNA binding domain of the yeast transcription
factor GAL4 to ftz and found that this construct was almost
as efficient as GAL4 itself in activating transcription in
yeast cells of a responder plasmid containing GAL4 binding
elements. All deletions of parts of the ftz protein reduced
transcriptional activation : deletion of the N-terminal 170
a.a. or C-terminal 100 a.a. reduced activation 4 to 5 fold
whereas more extensive deletions of the 413 a.a. ftz protein
increasingly abolished activation. A puzzling observation is
that a single point mutation in the homeodomain (Ala to
Val291) which results in a temperature sensitive ftz
phenotype, drastically reduces activation in yeast (70
fold). All these fusion proteins were shown to be equally
stably expressed and thus one can conclude that the
activation region of ftz is spread over the protein. Ftz is
known to contain a Gln-rich stretch at its carboxyl end
(Laughon 1985) and Krause et al.(1989) reported stage
specific phosphorylation at 19 of the possible 41 Ser and 41
Thr residues during Drosophila development. Both negatively
charged and Gln-rich regions have been implemented in
transcriptional activation [1.5]).

Winslow et al.(1989) reported a 20 fold induction by ftz
using a AT-rich 75-mer binding site derived from upstream of
the Antp-P1l promoter fused to a truncated hsp70 promoter.
This 75-mer contained three ATTATTA elements.

The ftz protein was recently purified and used in an in
vitro transcription system from human cells (Ohkuma 1990Db).
Ftz activated transcription with an optimum stimulation at 1
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mM Mg2+ whereas at 8 mM Mg2+, which is normally used to
achieve optimum TFIID (human general transcription factor
IID) binding activity in cellfree systems, ftz did not
activate. This ftz activation was dependent on NP binding
sites upstream of the hsp70 promoter.

Having established ftz as a transcriptional activator, how
is this protein affected by other homeodomain proteins that
recognize the same binding sequence, for example en, eve and
zen (table 1.2)?

Using an engrailed (en) producer plasmid cotransfected with
the responders used for ftz, no activation occurred (Jaynes
1988). However, when both ftz and en producers were
cotransfected these authors observed a 30 to 100 fold
reduction in the ftz mediated activation. This reduction was
also shown to correlate with the amount of en producer
relative to ftz producer used for transfection leading the
authors to propose a simple competition model, whereby en
represses ftz activation by competing for the same binding
sites. This model is supported by the results of Ohkuma et
al.(1990b) who demonstrated that when equimolar amounts of
en and ftz were added in an in vitro transcription system,
the promoter was expressed at its basal level. A promoter
not containing the 6 NP sites was unaffected by these
amounts of en (a 1:3 molar ratio of en to binding sites). En
was shown to be able to compete with ftz prebound to the NP
sites indicating that ftz does not form a very stable
protein-DNA complex in this system. The authors claim that
en binds 4 to 5 times more strongly to the NP sites than
does ftz and interpret bandshift assays as indicative of co-
operativity in the binding of two but not three ftz or en
molecules. They observe no mixed complexes where ftz and en
have bound adjacent sites.

The repression by en can also be mediated by competition
with the TATA-box binding transcription factor TFIID albeit
only at 5 fold higher amounts of en (but 30 fold higher en :
binding site ratios, namely 10 : 1)(Ohkuma 1990a). This
repression can be halved by preincubation of the promoter
sequences with TFIID and the authors showed that this
correlated with a reduced ability to compete with TFIID for
the promoter proximal TATA binding region. The ftz promoter
was repressed far less than the hsp70 and adenovirus 2ML
promoters. This correlated to the binding affinity and the
authors note that the sequence context of the TATA boxes
differ, being TATATA in the ftz promoter and TATAAA in the
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other promoters. A comparison with the binding sequences
listed in table 1.2 indicates that the latter conforms more
closely to homeodomain binding consensus sequences : compare
the cad, cfla CATAAA as well as the 3’ end of the NP
sequence : TCAATTAAAT.

Synergistic interactions between the homeodomain proteins
ftz, zen, z2, prd, eve and en in various actin 5C driven
producers in cotransfections into Drosophila tissue culture
cells have been reported (Han 1989) but some of these
interactions are difficult to interpret because complex
binding regions were used and the relative binding affinity
of the homeodomain proteins to any given site were not
examined. The most informative results came from responder
plasmids containing 1 to 5 k‘copies inserted upstream of the
metallothionein promoter driving the chloramphenicol
acetyltransferase gene. The k’ site consisted of the kl and
k2 sites of the en upstream region containing 3 and 2 copies
respectively of a NP-like sequence (Hoey 1988). Ftz
activated transcription of such a responder with 5 k’
regions only 15 fold, whereas a responder with one k’
sequence was not activated at all. Cotransfection with
either zen, paired or both resulted in synergistic
activation of transcription in all combinations. Zen and ftz
bind to NP sequences (Hoey 1988, Desplan 1988) whereas
paired does not (Treisman 1989) so the mechanism of this
synergism may differ for these proteins.

Han et al (1989) observed the greatest transcriptional
activation of their 5 k’ responder plasmid with z2 (related
to zen) and zen (Rushlow 1987), whereas eve and en had no
~effect on basal transcription levels, although being able to
bind the NP site (Hoey 1988, Desplan 1988, table 1.2).
Removal of the C-terminal acidic domain of z2 destroyed
activation (Han 1989). Cotransfection of z2 and eve or en
resulted respectively in a 4 and 7 fold reduction in z2
mediated activation. Eve own was also shown to reduce ftz
and paired mediated activation 6 fold when cotransfected and
to reduce ftz/paired synergistic activation 10 fold. The
transcriptional repression mechanism of en has already been
discussed; that of eve has been investigated in a Drosophila
cell free transcriptional extract using purified eve protein
as well as in an in vivo producer responder assay (Biggin
1989). This study indicated that eve reduces the basal
transcriptional level of a promoter about 5 fold in a
binding site dependent manner in both assays. This binding
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region contained both type 1 and 2 eve consensus binding
sites (table 1.2). In the Han (1989) experiments no effect
on the basal transcriptional level was observed. It is
interesting to note that neither purified zen nor
transfected zen have any effect on transcription (Biggin
1989) again in marked contrast to the Han experiments.
Possibly the different responder constructs are responsible
for such differences especially since the binding regions
are complex and differ as do the promoters used.

The Biggin and Tjian iIin vitro transcription results were
independent of the orientation and location of the DNA
binding sites, and without these sites no repression
occurred shown for both Ubx and dADH promoters. It thus
seems that eve directly interacts with some component of the
transcriptional machinery or interferes with a
transcriptional activator protein bound at another site. A
second mode of repression involving competition with other
homeodomain proteins cannot be ruled out (Han 1989). Results
from genetic studies have indicated both positive and
negative regulatory roles for eve and en [1.7].

Ubx and Abd-A, both of which have Antp-class homeodomains
(the Abd-A domain differs only at a.a.ll where Phe replaces
Tyr), were expressed as fusion proteins with the DNA binding
domain of the bacterial transcriptional repressor Lex A in
yeast (Samson 1989). Both proteins stimulated expression of
a reporter gene only if a lex A or Ubx (table 1.2) binding
site was present but this site could be at a variable
distance up to 350 bp from the promoter (dADH and Ubx
promoters) and in either orientation. Neither homeodomain
nor the C-terminal most 130 a.a. of Ubx or 55 a.a. of Abd-A
were required for the activation of lex A targets. Deletion
of a further C-terminal 100 a.a. of Abd-A abolished all
activation. This region contains a Gln-rich stretch which
may be responsible for the activation. One should interpret
these mutations with caution as gene activation by lex-A
fusion proteins is a complex process involving entering into
the nucleus and dimer formation and these processes may have
been affected by mutations. It is intriguing that in vivo
both proteins have been shown to repress transcription
though Ubx could also activate its own gene (Bienz 1988).
Repression may thus require interactions with Drosophila
proteins not present in yeast.

In cotransfection assays of Drosophila tissue culture cells,
Ubx was shown to both activate and repress transcription
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(Krasnow 1989). A DNA region upstream of the Ubx promoter
containing two clusters of Ubx binding sites with the (TAA)
motif was necessary for the activation of a Ubx-promoter
driven responder plasmid. Insertion of these clusters
upstream of an ADH promoter resulted in a 100 fold
transcriptional activation. In contrast a 10 to 40 fold
reduction in transcriptional activity was observed when
cotransfecting a responder construct containing a 6 kbp Ant
Pl promoter region. This region has also been shown to
contain Ubx binding sites (Beachy 1988). Disruption of the
Ubx homeodomain abolished repression (Krasnow 1989). A N-
terminal deletion (a.a.36 to 226) abolished Ubx activation
from the Ubx promoter construct but left the repression of
the AntpPl construct intact (Krasnow 1989) thereby
implicating the N-terminal end of Ubx inactivation in
accordance of the report by Samson et al. Repression is thus
mediated by the C-terminal region (aa 226 -389) which
includes the homeodomain (aa 294-354) and /or the first 35
a.a. which were still present in the deleted protein. Fusing
the Ubx homeodomain and the residues C-terminal to it to the
Antp N-terminal 295 amino acids (does not include the Antp
homeodomain) gave a hybrid protein that functioned in a
similar way to full-length Antp and ftz in cotransfection
assays using Antp Pl and Ubx promoter regions : that is, it
activated transcription in both cases (Winslow 1989). This
implies that the Ubx mediated repression of the Antp Pl
promoter must reside either in the N-terminal most 35 a.a.
or between a.a.226-294. The most likely mechanism of
repression by Ubx seems to be an interaction with a second
Drosophila protein which 1. binds to a site in the 6 kbp
Antp Pl promoter region that is absent from the Ubx promoter
region and 2. which specifically interacts with a region of
Ubx which Antp and ftz do not share.

Studies of bicoid (divergent class of homeodomains) indicate
that it is a DNA binding dependent transcriptional activator
(Driever 1989%a,b; Hanes 1989; Struhl 1989a). The
transcriptional activation domain was shown to lie in the N-
terminal half of the protein using lexA-bicoid fusion
producers and bicoid binding site containing responders in
yeast (Hanes 1989, Struhl 198%9a). A deletion leaving
residues 3-251 but removing an acidic and a Gln-rich region
left activation intact. Deletion of a further 100 C-terminal
a.a. removed the activation function which could be restored
by a fusion adding the GCN4 activation domain (Struhl

X
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1989a). This bicoid region (a.a. 158-250) has an unusually
high Ser and Thr content and it has been shown that bicoid
is heavily phosphorylated in vivo in Drosophila and in yeast
(Driever 1989%a), which results in a high negative charge.
Thus this area may function similar to the acidic GCN4
activating region. The proline rich region at the N-terminal
side is another candidate for mediating activation [1.4] but
was shown to be dispensable (Struhl 1989%a).

The activation mechanism of the mammalian POU-domain
proteins Oct-1 and 2 and LFBl1 has been analyzed (Nicosia
1990, Muller-Immergliick 1990, Tanaka 1990). Oct-1 and Oct-2
are transcriptional activators but unlike Oct-2, Oct-1 does
not activate transcription of most promoters that contain a
TATA box. This was shown in Hela cells which do express Oct-
1 (Schaffner 1989).

Oct-2 activation seems to be dependent on 1l.a Gln rich
domain near the N-terminus which is also present in Oct-1,
and 2. the C-terminal patches of multiple Pro and Ser/Thr,
while 3. the C-terminal leucine zipper is dispensable '
(Tanaka 1990). Muller-Immergluck et al.(1990) find that
either region is sufficient on its own. The N-terminal third
of Oct-1 and 2 is interchangeable but interchanging the C-
terminal regions results in a reversal of the activation
ability (Tanaka 1990). The centrally located POU-domain was
found to be solely responsible for DNA binding but not
transcriptional activation though Muller-I.et al. report
some activation by the POU-domain itself when the octamer
sequence is located very close to the TATA box.

An interesting observation is that only active fusion
proteins show a shift in electrophoretic mobility when
phosphorylated (Tanaka 1990) suggesting that a
phosphorylation dependent change in conformation is taking
place before transcriptional activation occurs. Such an
electrophoretic shift has also been observed for ftz (Krause
1989) and bicoid (Driever 1989a).

The distance of the Oct-2 binding site (the octamer) from
the promoter severely affects the activation potential of
Oct-2 in Hela cells (Muller 1990, Tanaka 1990) but not in B-
lymphoid cells (Muller 1990). As the identical responder
construct was used this implies that Oct-2 can interact with
cell-specific proteins which may be absent in Hela cells.
Oct-1 was shown to be able to interact with the herpes
simplex virus transactivator VP16 via amino acid residues
32, 33 and 36 of helix II of the Oct-1 homeodomain, while
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Oct-2 which differs at these (and 4 other) positions of the
homeodomain can not interact with VP16 (Stern 1989). This
interaction confers on Oct-1 the ability to activate the
same octamer-motif containing g-globin promoters that are
activated by Oct-2.

Nicosia et al.(1990) have used deletion mutants to pinpoint
the activation domains of the LFB1 (POU-class homeodomain)
transcription factor to a serine rich and a proline rich
sequence. The proline rich area shows significant sequence
similarity to the activation domain of CTF1.

1.6.3 Conclusions

We can summarize and expand on these results to come to
several conclusions:

1. Homeodomain proteins can function as transcriptional
activators (ftz, Antp, bicoid, z2, zen, paired, LFB1l, Oct-1
and 2), repressors (eve, en) or both (Ubx, Abd-A).

2. Activation is dependent on binding sites which act as
enhancer elements, that is, they can be at variable
distances from the TATA box containing promoter and in
either orientation as shown for Antp, Abd-A, Ubx, ftz, zen
and bicoid. Whereas binding is mediated by the homeodomain,
the activation function resides in separate domains
characterized by glutamine (Oct-1,2; Antp, Abd-A, ftz),
proline (Oct-2, LFBl), acidic regions (2z2) or/and serine and
threonine rich areas (bicoid, ftz, Ubx, Oct-2, LFB1l) that
have been shown to be phosphorylated (bicoid, ftz, Ubx, Oct-
2). If phosphorylation is necessary for activation, then
this represents an interesting mechanism for regulating the
effect of transcriptional regulators. In one case activation
was shown to be dependent on binding to a transactivator
(Oct-1 : VP16).

Very little is known about the mechanism of activation.
Interactions of transcription factors with the TFIID TATA-
box binding protein or the C-terminal domain of the largest
RNA polymerase subunit which contains multiple repeats of
(Tyr-Ser-Pro-Thr-Ser-Pro-Ser) which are phosphorylated at
transcriptional initiation, have been proposed to play a
part (Sawadago 1990, Lillie 1989).

3. Transcriptional activation / repression is promoter
independent. The following TATA-box containing promoters
have been interchangeably used : hsp70, AntpPl, ftz, ubx,
hunchback, distalADH, proximalADH. Most studies used the
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hsp70 (heat shock protein 70) promoter amongst others, and
tissue culture cells (Drosophila Schneider 2, Hela, yeast).
Recent reports suggest that this promoter independence may
not be mirrored in the in vivo situation. Driever et al
(1989b) showed that the replacement of the hunchback
promoter (-50 to +90) with the hsp70 promoter (-50 to +90)
in a responder construct in Drosophila embryos resulted in a
lower level of responder expression. Vincent et al (13990)
inserted 4 copies of the NP-homeodomain binding sequence
upstream of the hsp70 and ftz (-39 to +73) promoters driving
a lacZ gene and transformed Drosophila embryos. They found
glial-cell specific activation in the hsp70 construct but
not in the ftz promoter construct. That this activation is
mediated by a homeodomain containing factor is supported by
the observation that mutating the NP sites to give RP sites
which greatly depresses binding (Desplan 1988) and
activation in tissue culture cells (Jaynes 1988), abolishes
glial-specific expression in the embryo. In an addendum
Vincent et al. report that the insertion of 6 NP copies does
result in ftz promoter specific expression in a different
set of cells. No such promoter specificity is observed in
tissue culture cells (Jaynes 1988). '

It should be recalled that at high enough concentrations, en
competes with TFIID for binding to the TATA box (Ohkkuma
1990a) This binding was promoter specific, depending on the
sequence context of the TATA box.

The most plausible interpretation of these findings is that
other cell or embryonic stage specific factors which can
bind to sequences associated with specific promoters must be
~present or absent for homeodomain proteins to exert their in
vivo function.

4. Co-operativity

Whether or not homeodomain proteins bind DNA as dimers or
co-operatively [1.4], transcriptional activation can occur
co-operatively (ftz, bicoid), with an increase in the number
of recognition sequences leading to a disproportional
increase in the extent of activation. In addition, paired,
zen and ftz appear to function in a synergistic manner (Han
1989).

Homeodomain binding sites tend to be clustered with more
than one cluster upstream of target genes (eg. the k1l to k5
sites upstream of en, Al-3 and Bl,2 sites of hunchback, e4,5
of eve and the clustered sites upstream of the Antp Pl and
Ubx promoters; see also [1.7]). This clustering together
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with cooperativity can set various threshold levels of
homeodomain protein concentrations below which no activation
response is mediated. Such a mechanism of setting threshold
levels is used in genes interpreting the bicoid gradient

in early Drosophila embryos (discussed in the next

section).

It is important to realize that a single binding site of 6
to 10 bp is not sufficient to assure occupancy by a
regulatory protein especially when this protein can also
recognize sites that deviate from the ‘consensus’ binding
site. This is because in a typical genome of 108 - 109 base
pairs the number of chance occurrences of sites that
resemble biologically important recognition sites is very
large (eg. an 8 bp sequence will occur about 1 : 48 times or
15000 times per 109 random bp and as more mismatches are
allowed this number will increase rapidly).Thus to achieve
functional specificity, either a large amount of protein has
to be wasted by non-productive binding at sites occurring by
a chance, or functionally important sites have to be
clustered ensuring occupancy of at least one site. If bound
proteins can interact to stabilize the protein-DNA complex,
specificity is increased dramatically. For completeness it
should be mentioned that making regulatory regions more
accessible (eg. by a specific chromatin structure) would
also aid functionally significant binding.

5. Repression

Transcriptional repression by homeodomain proteins may occur
by several mechanisms though all seem to rely on DNA
binding. There are three categories of DNA binding-dependent
transcriptional repression :1.competition, 2.interaction
with transcriptional activators, and 3. interaction with the
basal transcription complex (see Levine 1989, Renkawitz 1990
for reviews).

En was shown to fit into category 1., competitively
competing with homeodomain containing activators (ftz) for
homeodomain binding sites, or , at high concentrations, with
TFIID for the TATA box. When using overlapping octamer and
spH motifs at a distance from the promoter, Oct-2 could
reduce expression by competitively binding to the octamer
site to the exclusion of the activating spH-binding factor.
Oct-2 is normally an activator but cannot enhance
transcription from a distant site in non-lymphoid cells
(Tanaka 1990). Whether such repression is significant in
vivo remains to be seen.
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.

How eve represses is not known but the mechanism may fall
into category 3, because eve can reduce the basal level of
transcription. This interaction may involve the alanine rich
region as deletion of this region impairs the ability of eve
function as a transcriptional repressor (unpublished,
mentioned in Licht 1990). A zinc finger protein, Kruppel,
has been shown to repress via an Ala-rich region that can be
aligned with eve (Licht 1990).

The category of Ubx repression is unclear but depends on
certain sequence elements present in the Antp Pl but not Ubx
promoter (Krasnow 1989).

6. RNA binding ?

Rebagliati (1989) discovered an RNA binding motif (RNA-CS
type) in the bicoid protein but whether this is involved in
RNA binding remains to be investigated.

1.7 Homeobox genes and Development

The discovery of the first homeoboxes in genes involved in
development was not co-incidental. All of the genes
containing an Antp type homeobox and for which a phenotype
is known, either map to genetically determined developmental
mutants or/and show temporally and spatially restricted
patterns of expression during embryogenesis. More diverged
homeoboxes are often expressed in a tissue specific manner
and may be required for differentiation which is an integral
process of development. Oct-1, ubiquitously expressed in
adult mammalian tissues, seems to form an exception, acting
simply as a promoter specific transcription factor.

Having described so far only the biochemical aspects of
homeobox genes and their products, we shall now turn to
their in vivo roles, taking examples from several phyla.
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1.7.1 Drosophila
1.7.1.1 Early embryogenesis

The nucleus of the Drosophila egg undergoes 13 syncitial
cleavage divisions during the last three of which the nuclei
migrate to the periphery. At the 14 th division, membranes
grow down from the cortex, enveloping each nucleus, so
forming the cellular blastoderm. This process takes about
2,5 hr with 5000 cells being formed. By the completion of
this event, the segmented prepattern of the fruitfly is
already established. After this, gastrulation occurs, and
the future abdomen folds over forming a double layered
metameric structure with the posterior most segments lying
adjacent to the head region

Systematic genetic analysis revealed numerous mutations that
affected this sequence of events (Akam 1987, Ingham 1988b),
and these were classified into four main classes

1. Coordinate mutants (usually maternally expressed) shbwing
large alterations of body structure (eg. bicoid, cad).

2. Gap gene mutants where groups of segments are missing or
altered (eg hunchback, Kruppel, empty spiracles).

3. Segmentation genes divided into a. Pair-rule genes with
mutants showing changes in the periodic segmentation pattern
(eg. even-skipped, ftz, paired) and b. segment polarity
genes : mutants show changes in each segment (engrailed,
gooseberry).

4. Homeotic gene mutations result in the change of identity
of a single type of segment (most genes of the ANT-C and BX-
C).

These genes act in a distinct temporal order corresponding
to the order listed above during early embryogenesis as
inferred from their expression patterns. Apart from the gap
genes hunchback and Kriippel, all the listed examples are
homeobox containing genes.

1.7.1.2 The bicoid protein gradient

The coordinate gene bicoid is required for the entire
anterior half of the embryo and homozygous lethal mutants
miss all head and thoracic structures (Frohnhofer 1986).
Bicoid is transcribed during oogenesis and transported into
the anterior eqgg pole where it is trapped (Berleth 1988,
Driever 1988a). On egg deposition (independent of
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fertilisation), bicoid RNA is translated and forms a stable
concentration gradient with a maximum at the anterior tip
followed by a two to three order of magnitude exponential
decrease over slightly more than half the egg length with
detection limits at 70 % of the egg length (Driever 1988a).
The bicoid protein was found to be localized in the nuclei.
By manipulating the density and distribution of bicoid mRNA
genetically, using Drosophila females with one to four
copies of the bicoid gene, and double mutants, it was shown
that the height and shape of the bicoid protein gradient
could be altered. Increases or decreases in the bicoid
protein concentration in a given region resulted in a
anterior or posterior shift respectively of anterior
characteristics (Driever 1988b).The implication was that
bicoid protein is a morphogen (a substance directing shape
or morphology) providing positional information (Wolpert
1969) via an anterior-posterior concentration gradient,
established by diffusion and degradation. The syncitial
nature of the early Drosophila embryo makes the diffusion of
such a large molecule (55 K) possible. The positional
information laid down by a gradient has to be interpreted by
cells. One such mechanism for the differential response of
cells - or nuclei - would involve threshold levels (Wolpert
1969) : below a morphogen concentration x;, gene i no longer
is activated or repressed. Bicoid has been shown to contain
a homeobox and to activate transcription in a binding site
dependent manner [l1.6]. That threshold levels for bicoid
activation exist, was shown convincingly by Struhl et
al.(1989a) and Driever et al.(1989b). These authors showed
that the expression of the gap gene hunchback which is known
to be positively regulated by bicoid (Tautz 1987), depends
on both the bicoid gradient profile and the number and
quality of the bicoid binding sites. Low affinity bicoid
sites (deviating by 4 bases from the consensus sequence; see
table 1.2) resulted in reporter gene expression only down to
33 % of the egg length whether there were 3, 6 or 9 copies
while consensus binding sites resulted in gene expression in
35 % up to 49% down the egg for 1 to 6 consensus sites
respectively (Driever 1989b, Struhl 1989a). Increasing the
bicoid gene dosage in the embryo shifted the expression
domain in a posterior direction (Struhl 1989%a). These
experiments demonstrate the potential of a single
homeodomain protein gradient to selectively switch on
multiple genes, depending simply on the number and nature of
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binding sites in the upstream promoter region of the target
gene [1.6].

Genes fulfilling the role of target genes at high bicoid
concentration are the homeobox genes empty spiracles and
orthodenticle which have expression patterns dependent on
bicoid copy number (Dalton 1989, Finkelstein 1990, Cohen
1990). These genes, as well as buttonhead, are expressed in
head segments in overlapping domains out of phase by one
segment.

Apart from the gap genes involved in head segmentation, no
other gap genes have been found to contain homeoboxes.
However the three main gap genes hunchback, Kruppel and
knirps contain a zinc finger motif which has been proposed
to serve in DNA binding (Tautz 1987, Rosenberg 1986, Ingham
1988b) and these genes have been shown by genetic analysis
to regulate each other (Jackle 1986), the primary pair-rule
genes even-skipped (eve), hairy and runt (Gergen 1986,
Macdonald 1986, Ingham 1988b, Goto 1989) as well as homeotic
genes (Harding 1988).

1.7.1.3 The segmented subdivision of the embryo

The primary pair-rule genes are called primary because they
are unaffected by mutations in ftz and other secondary pair-
rule genes but mutations in them disrupt the 2° pair-rule
expression patterns. The expression pattern of all pair-rule
genes consists of a periodic arrangement of 7 transverse
stripes with a repeat unit of 2 segmented units.

Both eve and hairy have complex upstream regulatory regions
~and expression in individual stripes has been correlated to
different upstream regulatory elements, each of which
responds to nonperiodic cues provided at least in part by
the gap genes (Ingham 1988b, Goto 1989). At the 14 th
cleavage division which corresponds to the cellular
blastoderm stage, eve expression develops as 7 stripes for
both mRNA and protein. These stripes which are out of phase
with hairy and runt are individually regulated while an
additional 7 ‘late’ eve stripes, which appear between the
initial stripes during gastrulation, have been shown to be
under the control of an 800 bp region about 5 kbp upstream
of the eve start site. This region responds to the periodic
cues from all three 1° pair-rule genes : hairy induces, eve
enhances and runt represses transcription (Goto 1989). Eve’'s
second phase of expression thus resembles that of secondary
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pair-rule genes (see below). It is interesting that the
autocatalytic activation function of eve has not been
observed in transfection or in vitro experiments [1.6] and
one should bear in mind that in the above mentioned genetic
experiments one cannot unequivocally deduce that observed
effects are direct. Unidentified intermediate proteins may
mediate the observed effects. We shall later discuss further
roles of eve in neuronal differentiation and in the
development of the visceral mesoderm.

The main function of the 1° pair-rule genes is to interpret
the broadly dispersed overlapping domains of the gap genes
(by combinatorial mechanisms ?) and divide the embryo into
double segmented units. The 2° pair-rule genes interpret
these out of phase periodic patterns to establish the 13
parasegmental borders. A parasegment consists of the
posterior compartment (at blastoderm stage l-cell wide) of
one future segment and the anterior compartment (3 cell
wide) of the following segment. Parasegments are thus out of
phase with the final segmented subdivision of the embryo.

It is interesting that three of the 2° pair-rule genes
("late’ eve, ftz and paired) contain homeoboxes all of which
recognize different consensus sequences (table 1.2) though
eve can also bind to ftz sites. These three proteins can act
in a combinatorial fashion (Han 1989, [1.6]) giving a large
spectrum of regulatory possibilities.

Ftz mRNA is first seen as a continuous band that resolves
into 7 stripes at two segment intervals by the 13th nuclear
division and ftz protein is detected between cellular
blastoderm formation and gastrulation, and persists
throughout gastrulation (Hafen 1984a, Carroll 1985). A
second phase of expression is seen during the development of
the central nervous system (CNS). Three controlling elements
in the 5’ flanking region of ftz have been identified : the
zebra element which is necessary for all 7 stripes and which
is controlled by hairy and runt, an upstream enhancer
element which requires the ftz protein itself for its effect
and a neurogenic element which is involved in the second
phase of ftz expression (Hiromi 1987). The upstream enhancer
element was shown to contain NP-type homeodomain binding
sequences and to be bound by numerous proteins, protecting
50 % of the 2,6 kbp region investigated (Harrison 1988). The
zebra element is also a mosaic of regulatory elements
containing a region that contains several activator elements
which allow ftz-lacZ constructs to be expressed in
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transformed embryos in a continuous band. It also contains
pair-rule repressor elements which are necessary for the
inhibition of ftz expression in the interstripe regions
(Dearolf 1990). Caudal, a maternal effect coordinate gene
expressed in a shallow posterior high- anterior low gradient
in the early embryo, has been shown to be one of the
activators of ftz expression (Dearolf 1989). The short half
life of ftz mRNA of 6-8 min (Edgar 1986) suggests that the
ftz striped pattern is produced by activation of ftz
throughout most of the embryo followed by repression of
transcription in the interstripe regions (possibly by the
out of phase 1° pair-rule gene hairy). Rapid RNA degradation
sharpens the ftz mRNA stripes which are then maintained
throughout gastrulation by the autocatalytic activation
function of the ftz protein (Edgar 1986, Dearolf 1990).

The 2° pair-rule genes function to establish the expression
domains of the segment polarity genes (engrailed [en],
wingless and gooseberry) and of certain homeotic genes.

At the end of cellularisation and the onset of gastrulation
en and wingless mRNA accumulates in 14 narrow stripes
(DiNardo 1985, Ingham 1988a). En protein appears shortly
thereafter in bands only a single cell wide, representing
the anterior limit of a parasegment (or posterior
compartment of a future segment, Ingham 1988b). Genetic
evidence indicates that both eve and paired are required for
the odd-numbered stripes while ftz and odd-paired or odd-
shaped are both required for en expression in even-numbered
stripes (Ingham 1988a, DiNardo 1988). The posterior
parasegment border is characterized by wingless expression
and seems to be regulated in a negative fashion by ftz and
eve (Ingham 1988b). It is thus clear that a combinatorial
action of the pair-rule gene products is required to
establish the limits of each parasegment by the end of the
blastoderm stage. Three of the mentioned pair-rule genes
(ftz, eve, paired) as well as two of the segment polarity
genes (en and gooseberry) contain homeoboxes and the
upstream regulatory region of en contains multiple ftz and
eve binding regions (table 1.2) but again the in vivo
postulated transcriptional activation role of eve does not
agree with in vitro results.
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1.7.1.4 The homeotic genes

Simultaneously with the establishment of parasegments, the
regional identity of individual parasegments is determined
by the homeotic genes mainly of the ANT-C and BX-C, most of
which contain an Antp type homeobox. Genetic analysis of
single and double mutants implicated mainly gap genes and 2°
pair-rule genes in the control of homeotic genes, though the
homeotic gene deformed has been reported to be activated by
the coordinate gene bicoid (Jack 1990). Homeotic genes also
show extensive crossregulation amongst themselves.

Deformed is negatively regulated by ftz and positively by
the combination of bicoid, the gap gene hunchback and eve,
though eve may be replaced by a combination of other pair-
rule genes (Jack 1990).

Antennapedia (Antp) has two independently controlled
promoters, Pl and P2. Pl is positively regulated by the gap
gene Kruppel, P2 by hunchback and ftz (Irish 1989, Harding
1988). Antp, Ubx and abdominal-B (Abd-B) have massive
regulatory regions. The regulatory regions of Ubx entail a
25 kbp region encompassing the abx and bx mutations which
affect expression in parasegment 5 (PS 5) while the 40 kbp
bxd/pbx region is responsible for expression in PS 6 (Beachy
1990). The bxd promoter is repressed by hunchback while the
more proximal ubx promoter (abx/bx) is in addition
positively regulated by Kruppel and ftz (Irish 1989). Eve
and en may also positively regulate Ubx transcription
(Biggin 1988a,b, Beachy 1990) and purified zeste and a GAGA-
binding protein have been shown to bind to and activate the
Ubx promoter (Biggin 1988a,b). Abd-B is negatively regulated
by the gap genes knirps and possibly Kruppel (Harding 1988).
These genes thus establish the initial pattern of homeotic
gene expression but during later stages (germ band
extension), coordinate, gap and many pair-rule gene products
are no longer detectable. During this phase interactions
between homeotic genes (Lewis 1978, Struhl 1982, Akam
1987,1988), segment polarity genes (Akam 1987) as well as
general repressors such as Polycomb (Lewis 1978) refine and
maintain the expression domains.

Lewis (1978) uncovered a remarkable phenomenon amongst the
genes of the BX-C complex that has since been found to be
applicable to all the ANT-C and BX-C homeotic genes : the
expression domain of these genes correlates with the order
in which they are arranged on the chromosome. Thus labial
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the 3’ most gene is expressed anterior of dfd in the head
(Mlodzik 1988). Dfd is responsible for the mandibular and
maxillary segments (PS 0 and 1, Regqulski 1987), scr the next
gene in line is expressed in labial and 1lst thoracic (T1)
segments (PS 2 and 3; LeMotte 1989), Antp specifies T2 and
T3 (or PS 4 and 5; Schneuwly 1987), Ubx the next homeotic
gene in sequence though in a cluster that is a third of a
chromosome away specifies T3 and the first abdominal segment
Al (PS 5 and 6; Beachy 1990), abd-A is expressed in A2 to A4
(PS 7-9) and Abd-B in A5 to A9 (or PS 10-14)(Casanova 1986,
Gonzales-Reyes 1990). Furthermore, each one of the more
posteriorly expressed genes represses the expression of
anterior genes initially active within their domains (Lewis
1978, Hafen 1984b, Gonzales-Reyes 1990).

Thus while the anterior margin of expression is established
by the gap and pair-rule genes, the posterior margin is set
through the repression by more posterior homeotic genes. In
the case of dfd (Kuziora 1988) and Ubx (only in the visceral
mesoderm) autoregulation has been shown to maintain
expression.

An alternate model for the establishment of the anterior
margin of expression has been proposed (Peifer 1987, Akam
1988, Gaunt 1990). This model proposes two states for a gene
:’open for business’ being a state in which the gene can be
activated whilst ‘closed’ refers to a state insensitive to
activation. Furthermore as one progresses to more anterior
regions of the organism, more of the linearly arranged
homeotic genes are ’‘closed’. Hence Ubx for example cannot be
expressed in T2 (or PS 4) because its regulatory areas are
.’closed’ in this anterior domain. Antp lying more 3’ on the
chromosome is ‘open’in this segment (and up to T1l) and thus
can be expressed; ardi so on. This model would explain the
correlation between chromosome location and expression
domain along the anterior-posterior axis. Gaunt et al.
(1990) propose that the ’'open and closed for business’
states refer to active (expressible) and inactive chromatin
(Reeves 1984) and that the Polycomb product, the absence of
which causes anterior segments to be transformed into more
posterior segments (Lewis 1978), mediates the heritable
spreading of a heterochromatin structure along the homeogene
clusters. It should be noted that the ftz gene required for
Scr and Antp expression, is located between these genes on
the chromosome and possibly would be shut down prematurely
in this interpretation. Stubblefield (1986) implicated cell
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division as the mechanism that passes gene control
sequentially from one control unit to the next.

At gastrulation the identity of segments is established by
the specific expression of homeotic homeobox genes while
cell identities within each segment are further defined by
the expression and interaction of the segment polarity genes
(Akam 1988, Ingham 1988a).

1.7.1.5 Interpretations

It is clear from the above descriptions that the biochemical
results do not always correlate with the postulated in vivo
roles of homeodomain proteins. This is not surprising in
view of the following considerations :

1. Genetic studies seldom unambiguously show whether an
observed regulation is direct or mediated by other products.
2. The principle of ‘double insurance’ which states that any
important event in development is regulated independently by
several separate processes (see Gurdon 1988) may seriously
affect the interpretations of experiments since changing one
factor may have little effect on a process simply because it
is not the sole factor.

3. The biochemical binding and activation studies themselves
give different results depending on the size of the upstream
regulatory region used and the context of the reaction.

4. The whole picture is complicated by the fact that many
homeodomain proteins are able to bind the same sequence such
that in vitro binding studies usually cannot predict in vivo
significance.

- The most clear correlation between biochemical and genetic
data undoubtedly is that of bicoid activation of the
hunchback gene. At later stages usually more than one
homeobox gene is expressed simultaneously in one cell and
the effect of these homeodomains on different regulatory
regions may differ. For example, Ubx is activated by ftz and
repressed by Abd-B while ftz is activated by its own product
but Abd-B shows no effect (Biggin 1989b).

These effects may be explained by, firstly, the large
regulatory areas of these genes which contain multiple
clustered binding sites thereby allowing combinatorial
interactions of homeodomain proteins.

Secondly, the affinity of homeodomain proteins for sites
diverging from the optimal sequence is different [1.6] such
that one homeodomain may outcompete another.
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Thirdly, there are numerous other factors which also bind in
the regulatory area and interact with specific homeodomains
to change or enhance their regulatory effects. The factors
binding to the Ubx and ftz regulatory area have already been
mentioned and en has been shown to interact with at least 12
distinct proteins (Gay 1988).

A fourth possibility of attaining differential regulatory
effects is by posttranslational modification of which
phosphorylation is the most widely observed [1.6].

1.7.1.6 Later embryogenesis

Many homeobox genes are deployed in a second or even third
phase during development, often under the control of
distinct regulatory regions : the ’‘neurogenic’ element of
ftz has already been mentioned. This may reflect a principle
of the process of evolution - it is easier to generate new
controlling regions (note that typical consensus sequences
are only around 10 bp long) than new DNA binding regulatory
proteins which anyhow would need their own regulatory
regions. We shall briefly look at the deployment of homeobox
genes in the visceral mesoderm, the central nervous system
(CNS) and in the specification of the dorsal-ventral
embryonic axis.

After establishing segment identity shortly after the
cellular blastoderm stage, the homeotic genes are expressed
in somewhat different domains in the visceral mesoderm
(Tremml 1989a,b), neural ectoderm (CNS) and ectoderm (Levine
1985, LeMotte 1989) but the order of expression along the
anterior-posterior axis remains the same. In the visceral
mesoderm homeotic gene expression is independent of gap
genes (Tremml 1989b) and the anterior limit of each
homeodomain is shifted posteriorly by one segment compared
to the ectoderm (Tremml 1989a) possibly through interaction
with one of the genes establishing the embryonic dorsal-
ventral axis. Zerknullt (zen) and z2 are so far the only
homeobox genes known to affect this axis (Doyle 1986,
Rushlow 1987). The three constrictions that form in the
visceral mesoderm-adjoining midgut coincide with Antp,
Ubx/Abd-A boundary and Abd-A expression and mutations of the
respective gene(s) results in the failure of these
constrictions to form (Tremml 1989a).
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Ftz and eve are expressed in every segment in the CNS. Ftz
is transiently expressed in a specific subset of segmentally
repeated neuronal precursor cells, neurons and glia cells
(Doe 1988a). Some of these neurons also express eve, en and,
in T2 to A6, also Ubx. Doe et al. (1988a) showed that ftz is
required for the normal expression of eve and Ubx but not
en. This control differs from that in the blastoderm where
ftz regulates en and Ubx but not eve. Mutations in either
eve or ftz causes the transformation of a certain type of
neuron (RP2) in which both genes are normally expressed, to
that of neuron RP1 (Doe 1988b).

Other genes with highly diverged homeoboxes also control the
fate of specific neurons. Cut, coding for a massive protein
of 2175 a.a. whose homeodomain contains a histidine at
position 50 in the recognition helix [1.4], has been shown
to be involved in the development of es sensory organs
(Blochlinger 1988). Rough, which has a homeodomain showing
57 % homology to Antp is required for the proper
differentiation of photoreceptor cells that comprise the
omnatidia of the compound eye (Saint 1988). Rough is also
expressed in the larval brain but not during early
embryogenesis. A highly conserved POU-domain is found in the
Cfla protein (Johnson 1990). This protein was shown to bind
to a DNA element that is necessary for the expression of the
dopa decarboxylase gene in specific dopaminergic neurons,
and thus may be a neuron specific transcription factor

(Johnson 1990).
1.7.2 Vertebrate

Although many vertebrate homeobox genes have been isolated
none have so far been mapped to a known developmental
mutant. Therefore the powerful genetic techniques which have
clarified the role and interactions of Drosophila homeobox
genes, cannot be applied to vertebrates. Hence functions had
to be inferred from the temporal and spatial expression
patterns. In Xenopus, injection studies with homeobox mRNA
and antibodies against homeodomain proteins have been
performed. Transgenic mice overexpressing homeobox genes
have yielded further insights while the most advanced
technique of in vivo mutagenesis (Zimmer 1989, Joyner 1989)
by which genes can be specifically mutated, represents a
powerful tool for dissecting developmental pathways.
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The first homeodomain protein to be detected during
vertebrate development is (Oct-3, a POU-domain mouse
transcription factor which is already expressed in maturing
oocytes (Rosner 1990). Zygotic Oct-3 expression is activated
between morula 12,5 days post coitum (d.p.c.) and blastocyst
(3,5 d.p.c.) formation in several germ layers but is down-
regulated at 7 d.p.c. except in the primordial germ cells.
This expression pattern differs considerably from all other
vertebrate homeobox genes.

In the frog Xenopus laevis the homeobox gene Xhox3 was shown
to be involved in pattern formation along the anterior
posterior axis (Ruiz i Altaba 1989a,b). Xhox3 is one of the
first genes to be transcribed in the early embryo and is
expressed in a graded fashion (anterior low) along its
anterior-posterior axis in the axial mesoderm (Ruiz i Altaba
1989a). Injection of Xhox3 mRNA into fertilized eggs results
in a uniform high level of mRNA up to neurula stage and such
embryos fail to develop correctly in anterior regions where
the gene is normally expressed at a low level. Xhox3 thus
seems to be involved in interpreting positional information
of the anterior-posterior axis although it is not sufficient
on its own to convert anterior structures into posterior
ones. Ruiz i Altaba and Melton (1989b) showed that Xhox3
expression is induced by maternally encoded peptide growth
factors. Both XTC-MIF, a mesoderm inducing factor of the
transforming growth factor-p family and bFGF, a basic
fibroblast growth factor can influence, in a concentration
dependent manner both Xhox3 mRNA levels and the anterior-
posterior character of the mesoderm. Retinoic acid or
platelet growth factor do not produce this effect.

Another homeobox gene, mixl, which is expressed even earlier
is also inducible by XTC-MIF or FGF (Rosa 1989). This
supports the view that these growth factors represent
morphogens and mediate their effect, at least partly, via
homeobox genes. The specification of positional information
in the amphibian mesoderm is also crucial to that of the
ectoderm which responds to inducing signals from the
mesoderm (Spemann, see in DeRobertis 1989).

Other Xenopus homeobox genes involved in anterior-posterior
development are XIHboxl and XhoxlA. Injection of XhoxlA
(Harvey 1988) and the longer species of XIHboxl mRNA (Wright
1989) disrupt the segmentation pattern of the somitic
mesoderm while the short species of XIHboxl mRNA and
antibodies against the long XIHboxl protein cause spinal
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chord malformation in the cervical region where XIHboxl 1is
normally expressed (Cho 1988, Wright 1989).

As already mentioned [1.2], practically all of the mouse and
human Antp-type homeoboxes are arranged in 4 clusters,
termed Hox, on separate chromosomes. These clusters have
arisen by duplication of an ancestral cluster which may also
have given rise to the insect HOM cluster (Akam 1989Db,
Schughard 1989, Kappen 1989). On the basis of sequence
homology individual members of different clusters can be
grouped into subfamilies though each subfamily may not be
represented in every cluster (Gaunt 1988, Acampora 1989).

So far each Hox member has been shown to be expressed in the
central nervous system, and the linear order of the genes
along the chromosome correlates with the spatial order of
their anterior borders of expression (Gaunt 1988, Acampora
1989, Duboule 1989, Graham 1989). This is very reminiscent
of the Drosophila situation and may reflect an ancient
‘cassette’ of homeobox genes that specified anterior to
posterior domains (see also section 1.7.4 on nematodes). The
fact that vertebrates contain 4 such cassettes or clusters
may be a consequence of the greater complexity of these
organisms.

Analysis of the expression of homeobox genes in the mouse
CNS indicated a segmented distribution of these transcripts
in the vertebrate hindbrain (Murphy 1989, Wilkinson 1989b).
The hindbrain shows bulges early in development which have
been termed rhombomeres. These are believed to be segmented
units based on their pattern of nerve formation in the
developing chick (Lumsden 1988). Wilkinson et al.(1989Db)
showed that the anterior boundaries of expression of the Hox
2.6, 2.7 and 2.8 genes coincide with the anterior boundaries
of rhombomeres r7, r5 and r3 respectively in the 9,5 day
mouse embryo, whereas Hox 2.1 was expressed up to the
hindbrain-spinal chord boundary which lies at the posterior
boundary of r8. These four genes are thus expressed at two
segment intervals with the order of anterior most expression
correlating with the order of the gene position on the
chromosome. The Hox 2 order is : 5'-Hox 2.5, 2.4, 2.3, 2.2,
2.1, 2.6, 2.7, 2.8, 2.9 -3’. The 3’'-most gene, Hox 2.9,
unlike the other Hox genes which are expressed down to the
posterior end of the neural tube, is expressed precisely and
specifically in rhombomere r4 (Murphy 1989). Another
regulatory gene, Krox20, that has been shown to bind in
vitro to upstream regions of the Hox 1.4 gene (Chavrier
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1990), is expressed specifically in rhombomeres r3 and r5
framing the domain of Hox 2.9 expression (Wilkinson 1989a).
It will be interesting to see whether these genes interact.
The anterior limit of Hox 1.5 expression, like Hox 2.7,
coincides with that of rhombomere rS5 (Gaunt 1986, Murphy
1989). Both genes belong to the same homeobox subfamily.
Such correlation amongst genes of different clusters but the
same subfamily is not always observed (Duboule 1989).
Another point of interest is that genes expressed more
anteriorly (and located more 3’) are also expressed earlier
during development (Duboule 1989).

The functions of these genes is still unclear.
Overexpression of Hox 1.1 (same subfamily as Hox 2.3) in
transgenic mice resulted in craniofacial abnormalities
(Balling 1989). Expression normally occurs posterior to the
level of the fourth ganglion in the CNS but in the
transgenic mice the gene was expressed ubiquitously, that
is, also ectopically in the anterior CNS. The authors point
out that retinoic acid administration during pregnancy
produces similar effects and it has been shown that retinoic
acid induces the expression of many homeobox genes,
including Hox 1.1, in teratocarcinoma cells (Colberg-Poley
1985, Deschamps 1987). They suggest that overexpression of
Hox 1.1 (by retinoic acid administration or by directly
increasing Hox 1.1 expression levels) in anterior regions
leads to the observed abnormalities.

The Hox cluster genes are also expressed outside the CNS in
an equivalent anterior-posterior manner. In the mesodermally
derived prevertebral column the anterior expression

~ boundaries are more posterior than in the CNS (Gaunt 1988).
Expression in the mesoderm of organs correlates to the
presumed position along the anterior-posterior axis of their
founder cells in spite of these structures not showing any
segmentation (Gaunt 1988, Duboule 1989, Graham 1989). The
observation that homeobox gene expression domains in the
mesoderm are posteriorly displaced with respect to those of
the CNS is again reminiscent of Drosophila where expression
of homeotic homeobox genes in the visceral mesoderm is
shifted posteriorly [1.7.1].

It is intriguing that a correlation between expression
domains and location of a Hox gene in the cluster also
exists in the developing limb. Transplantation and grafting
studies (see Lewis 1989a for review) have indicated two
mechanisms defining the proximo-distal (base to tip) and
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anterior-posterior (thumb to little finger) axes of
development. The proximo-distal axis depends on the distally
located apical ectodermal ridge whereas the anterior-
posterior axis is specified by the zone of polarizing
activity (ZPA) found at the posterior margin of the limb bud
and moving distally as the limb grows. It is believed that
the ZPA emits a morphogen, thought to be retinoic acid,
which specifies anterior-posterior identity in a
concentration dependent manner (see Eichele 1989 for
review). Dolle et al (1989a,b) showed that the Hox 5 (since
renamed Hox 4) homeobox genes show expression domains that
are restricted along the proximo-distal axis of the
developing limb according to their position in the complex
(5'-Hox 5.6, 5.5, 5.3, 5.2 -/25 kbp containing Hox 4.3/- Hox
5.1 -3’). The more 3’ a gene, the more distally restricted
is its expression domain in the posterior area of the limb
and the later it is expressed. Hox 5.1 is an exception in
that it is expressed in the whole limb and flanking
mesenchyme. Whether there is a causal relationship between
retinoic acid emitted by the ZPA and homeobox gene
expression remains to be investigated.

Another homeobox gene involved in limb development is Hox
7.1 (msh class homeodomain), which is initially expressed
throughout the limb bud but becomes restricted to the most
distal portion of the ectoderm and underlying mesenchyme.
This is the region where the apical ectodermal ridge is
located (Hill 1989, Robert 1989).

In contrast, the newt homologue of XIHboxl and Hox 6.1 (or
Hox 3.3), called NvHboxl which is expressed during newt limb
regeneration, is expressed at a higher level in proximal
regions and unaffected by retinoic acid (Savard 1988, Tabin
1988). Oliver et al., using antibodies against the Xenopus
X1Hboxl protein, demonstrated a gradient of XIHboxl protein
with the maximum in the proximal anterior region of the
forelimb bud. Hindlimb bud mesoderm was devoid of XI1Hboxl
indicating an early molecular difference between arm and
leg.

Homeobox gene products show a lineage restricted expression
in mammalian haematopoietic cell lines. Four human Hox 2
genes (Hox 2.1, 2.2, 2.3, 2.6) and a clone described as PL1
were used to screen 18 human leukaemic cell lines
representing erythroid, myeloid, and T- and B-cell lineages
(Shen 1989). Each cell type exhibited expression of at least
one homeobox gene and when differentiation was induced in
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two of the cell lines, the levels of homeobox mRNA changed.
Hox 2.2 was observed to be expressed also in normal bone
marrow cells. Similar results were obtained by Kongsuwan et
al (1988) who isolated homeobox cDNA clones from bone marrow
and spleen of adult mice and a human leukaemic cell line.
These authors and Blatt et al. (1988) observed a viral
insertion 5’ to Hox 2.4 resulting in constitutive expression
of the gene in myeloid leukaemic cells. Expression of Hox
2.4 could not be detected in 7 other myeloid leukaemia cell
lines (Blatt 1988) nor 28 other haematopoetic cell lines
(Kongsuwan 1988, 1989), raising the possibility of a
connection between the viral insertion and the production of
this leukaemic cell line. Whether a causal relationship in
addition to the correlative one exists between cellular
differentiation during haematopoiesis and homeobox gene
expression, remains to be established.

1.7.3 Echinoderms

The embryological stages of the sea urchin are readily
accessible in large quantities making this organism ideally
suited for developmental studies. However, as in the case of
Xenopus, genetically very little is known, making the
assignment of phenotype to specific genes very difficult. As
the echinoderms represent an intermediate branch point on
the evolutionary line leading to vertebrates and have been
well researched by classical embryology (Giudice 1973,
Horstadius 1939), it is of value to examine their
relationship to homeobox genes.

To date four homeobox genes of the sea urchin Tripneustes
gratilla and a homologue of TgHboxl in Strongylocentrotus
purpuratus, SpHboxl, have been described (Dolecki 1986,
1988a,b, Angerer 1989) and it is known that T.gratilla
contains at least another homeobox (Dolecki 1986). TgHboxl
and hb3 are of the Antp-class (Dolecki 1986, 1988a), hb4 the
Abd-B class (Dolecki 1988a) and SU-hb-en of the engrailed
class (Dolecki 1988b). All four genes show stage and/or
tissue specific expression in sea urchin embryos and adults.
Hb3 is expressed at low levels in gastrula and adult small
intestine and at high levels in adult gonads (Dolecki
1988a). Hb4 shows two transcripts that are developmentally
regulated in different ways. A 3,7 kb transcript increases
in abundance from blastula to pluteus while a 4,4 kb
transcript reaches a maximum at gastrula and is hardly
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detectable by pluteus (Dolecki 1988a). Most adult tissues
show expression. SU-hb-en could not be detected in
embryogenesis and was found mainly expressed in Aristotle’s
lantern (mouth apparatus) of adults, with weak expression in
gonads (Dolecki 1988b).

Most work has been done on TgHboxl which is expressed from
blastula to pluteus with a maximum at gastrula. A second
larger sized transcript is only present at gastrula stage
(Dolecki 1986). Expression is found in adult tissues at 20
to 80 fold lower levels than during gastrula. Using in situ
hybridization, Angerer et al (1989) showed that Hboxl in
T.gratilla and S.purpuratus embryos is initially expressed
in cells of the aboral ectoderm but the domain of expression
becomes progressively more restricted toward the vertex as
the embryo develops from gastrula to pluteus. Comparison
with the temporal expression pattern of aboral-specific
genes (Specl and actin CYIIIa) revealed that Hboxl was
expressed later which implies that it 1s not involved in the
initial determination or differentiation of aboral ectoderm
cells.

1.7.4 Nematodes

Nematode homeodomains were first isolated in 1988 (way 1988,
Finney 1988, Costa 1988) but recently another 11 sequences
of Caenorhabditis elegans have been reported (Birglin 1989,
Kamb 1989, Schaller 1990, Freyd 1990) and it is believed
that C.elegans contains about 60 different homeobox genes
representing 1% of the genome (Bilirglin 1989). Several of
these genes are involved in the differentiation of specific
cell types : 1in-11 is required for the asymmetric division
of the 2° vulval blast cells to produce daughter cells of
different fate (Freyd 1990), mec-3 specifies the
differentiation of the touch receptor neurons (Way 1988) and
unc-86 (Finney 1988). It is exciting that both labial and
Antp-class homeodomains have been found : ceh-13 and mab-5
respectively (see table 1.1, Schaller 1990, Costa 1988).
Furthermore, ceh-11 shows 57 % identity (Schaller 1990) and
ceh 15 shows 71 % identity (only 31 a.a. sequenced) to Antp
(Kamb 1989). In addition, these 4 genes are in close
proximity forming a type of cluster (Schaller 1990). These
findings suggest that the common ancestor of nematodes,
arthropods and vertebrates may already have contained a
homeobox cassette. Other homeodomain classes are also
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represented in the nematode: caudal (ceh-3) and POU (unc-86
and ceh-6)(see table 1.1).

Considering 1. the number of C.elegant mutants available, 2.
the fact that a library of ordered cosmid clones
representing the entire genome of only 8 x 107 bp is near
completion and, 3. that a complete cell-by-cell description
of the development of (C.elegans has been published (see
Emmons 1987), one can expect a rapid elucidation of the role
of homeodomain proteins in nematodes.

Chapter 1: Literature review
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CHAPTER 2
THE ISOLATION OF A SEA URCHIN HOMEOBOX
This section describes the construction of a sea urchin

genomic library and the screening thereof resulting in the

isolation of a homeobox containing gene fragment.

2.0 Index
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2.2 LAGATAOM e e vttt ettt e ettt ettt e e 44
2.3 Library evaluation.......... C et ettt e e et 45
2.4 Screening......... et e ettt e 46
2.5 Characterization......... C et ettt e e 47
2.6 Subcloning......oeeiiiiiiiiiiianns ettt 50

2.1 Library construction

Dependant on the starting material, one can choose between
cDNA and genomic DNA when constructing a recombinant DNA
library. Factors influencing the choice include spatial and
or temporal information on the expression of the gene to be
isolated and the purpose of the isolation.

Preliminary experiments indicated the presence of genomic
"fragments hybridizing to an Antennapedia (Antp) homeobox
probe at low stringency whereas no expression during
embryogenesis could be determined with this probe. Hence the
course to follow lay in the construction of a genomic
library.

The size of a library of completely random fragments of
genomic DNA that is necessary to ensure representation of a
particular sequence is determined by the size of the genome
and the average size of the cloned fragments. Clarke and
Carbon (1976) have derived the following relationship :

N = 1ln(1-P) / 1n(1l-[F/G])

where N gives the number of independent clones that must be
screened to isolate a particular single copy fragment with
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probability, P; F is the size (in bp) of the average cloned
fragment and G is the size of the genome (in bp). Most
species of sea urchin contain = 1 pg DNA per haploid cell
(Fasman 1976) which is equivalent to 9 x 108 bp. Modern
vectors such as lambda EMBL3 can take inserts of the size 9
- 23 kbp (average 16000 bp). Thus, for a 99% probability of
isolating a single copy gene of interest, N = 1ln(1-0,99) /
1n(1-[16000/9x1087) = 260000.

EMBL3 DNA digested to completion with BamHl and EcoR1l,
followed by treatment with alkaline phosphatase, was
purchased from Promega.

Parechinus angulosus sea urchin genomic DNA was prepared
from 14 hr embryo nuclei of an unknown number of individuals
[7.2.1]. Such a library derived from multiple individuals
allows the investigation of gene variants at the level of
the DNA sequence. To avoid any bias in the library it is
essential to ensure that cleavage of the genomic DNA occurs
as randomly as possible. This was achieved by partially
digesting the DNA with a restriction enzyme cutting
frequently. Ndell was chosen because 1. it has a 4 bp
recognition sequence (occurring 1 : 24 bp) with no reported
bias in selecting one site over another and 2. the ends
generated are compatible with the BamHl generated ends of
the EMBL3 vector used.

NdelII partially restricted DNA was electrophoresed on a 0,5%
agarose gel (fig.2.1) and scanned (fig.2.2). Randomness is
maximized by partial digestion to an extent where the size
of the numerically most abundant class of partial products
equals the vector capacity (fig.2 in Seed 1982). The
relationship between the length corresponding to the maximum
fluorescence intensity and the number average length of the
DNA fragment distribution is given by x, = 2/L where x, is
fragment size at maximum fluorescence and L is the frequency
of cleavage (which is the inverse of the number average
length) (Seed 1982, Pfeffer 1985). From fig 2.2 digestion
conditions were chosen where x, s 30000 bp giving a number
average length (1/L) of 15000 bp which falls into the middle
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