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L Introduction

‘Homeotic’ transformations are developmental
anomalies in which one part of the body develops iu the
likeness of another. Many cases of homeosis were de-
scribed and the phenomenon was named by Bateson in
[1}. He pointed out the possible significance of such
abnormalities for developmental biology and em-
phasized that such altered pathways of development are
observed in many organisms including plants, insects,

Abbreviations: Ubx, Ultrabithorax: Anip, Antennapedia; bp, base
pair; fiz, fushi tarazu; prd, paired; eve, even-skipped; AbdB, Ab-
dominal B; gsb, gooseberry, abd A, abdominal A; Scr, Sex combs
reduced; Dfd, Deformed; lab, labial; pb, proboscipedia; bed, bicoid:
zen, zerkniillt; hb, hunchback.
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echinoderms, crustaceans, fish, reptiles and mammals.
Possible cases of homeosis in man have been observed
as well (reviewed in Ref. 2). Genetically induced trans-
formations have been powerful ways to identify genes
that control growth and pattern formation during devel-
opment. Homeosis has been more extensively studied in
the fruit fly, Drosophila, than in any other organism. In
Drosophila, homeotic transformations can be caused by
mutations in any of a few dozen genes; two clusters of
homeotic genes, the bithorax complex (BX-C [3]) and
the Antennapedia complex (ANT-C [4]) have been the
focus of most of the research to date. Each of the genes
in the two complexes is expressed in a certain region of
the Drosophila embryo during early development, and
correspondingly that part of the embryo follows a dif-
ferent developmental pathway in the absence of that
particular gene function (reviewed in Refs. 5-9). Be-
cause the genes appeared to have similar functions but
in different places, Lewis (Ref. 3 and references therein)
proposed that the genes might all have evolved from an
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ancestral gene by duplication and divergence. Diversifi- from annelid-like ancestors that had simpler repeating
cation of the homeotic genes could have led to the patterns of body segments. Lewis was therefore predic-
evolution of insects, with their varied body segments, ting that the genes of the BX-C and ANT-C would have

TABLE 1
A compilation of homeodomain amino acid sequences

The homeodomain sequences are grouped into families of related sequences. The members of each class are shown compared to the Anip
homeodomain. Dashes indicate identity with the corresponding residue in the Anip homeodomain. An X indicates that the residue has not yet been
published, or in the case of MATal that the protein ends. The residues that are absolutely conserved within each class are shown below each set as
the consensus sequence, It is possible that some of the classes will eventually be further subdivided, For example the ¢pl1, xlhbox$ and 225
homeodomains might constitute a class,
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TABLE 1 (continued)
pOU Organlsm Reference Synonyms
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W. Bender, personal communication
YHawkins and McGhee, personal communication

‘The bomology of MATa2 to Anfp is increased il the triplet NIE is deleted from the MATa? sequence.

‘Ruiz + Altaba and Melton, submitted

related structures, The two gene complexes have been
cloned [10-14)] and, incived, Lewis was correct, although
not in quite the way anyone could have guessed. A gene
of the BX-C (Ulwrabithorax (Ubx)) and a gene of the
ANT-C (Antennapedia ( Anip)) were found to contain a
similar sequence of about 180 base pairs (bp) that has
been named the homaobox {15-19). At the DNA se-
quence level the two sequences are 74% the same. The
homeobox constitutes part of the protein coding se-
quence of each gene and the corresponding 60 amino
acid part of each protein is called the homeodomain,
The Aatp and Ubx homeodomains are identical at 54
amino acids out of 61 (88%) (Table I). The observation
of greater conservation of the protein sequence than of
the DNA sequence suggested that it is the protein
sequence that is being selected and maintained during
evolution. Homeodomains form parts of much larger
proteins, and are usually located near the C-terminus of
the proteins. Generally, there is little similarity betveen
the primary sequences of the proteins outside of the
homeodomain. Some exceptions to this have been noted,
however (e.g., Refs. 20-23; W. Bender, personal com-
munication), such as the sequence MXSYP at or near

the N-terminus and the sequence YPWM positioned
upstream of the homeodomain.

The homeotic genes direct the development of the
different segmental structures in the epidermis, meso-
derm and the nervous system. An earlier acting class of
genes directs the formation of the segmental divisions of
the embryo. One of these ‘segmentation genes’, the fushi
tarazu (fiz) locus, is in the ANT-C [24]. An embryo
homozygous for a frz mutation has half the normal
number of body segments. Surprisingly the fiz gene was
found to contain a homeobox [15,17] which im-
mediately suggested that fiz and the homeotic genes,
even though their phenotypes are very different, encode
related proteins and may use similar molecular mecha-
nisms.

Drosophila has been popular as an experimental
organism for developmental geneticists due to an 80
year investment in its genetics and to its rapid and
accessible development. Because so little is understood
about the genetic control of development in any
organism, it was reasonable to study insect develop-
ment, with its experimental advantages, and to hope
that the results would provide some guidance for studies



in classes of animals less amenable to genetic analysis,
including mammals. The homeobox is cne example of
the fulfillment of this hope. Homeoboxes quite closely
related to the first known fly homeoboxes were found
by DNA cross-hybridization in mice, humans, chicken,
Xenopus, and earthworms [16]. Subsequently, homeo-
boxes have been found in many higher eukaryotes in-
cluding representative arthropods, annelids, ascidians,
echinoderms, brachiopods, tapeworms, molluscs and
.chordates (e.g. Refs. 25-27), but not in coelenterates,
nematodes, sponges flatworms, slime molds, fungi,
bacteria, platyheiminths or aschelminths. The recent
detection of homeoboxes in nematodes (Refs. 28, 43,
216; Hawkins, N. and McGhee, J., personal communi-
cation) suggests that some of the failures to detect
homeoboxes by DNA cross-hybridization in certain
species may be due to technical limitations rather than
to the actual absence of homeoboxes from some of the
phyla, but this remains to be shown. The first reported
sequence of a homeobox from a higher cukaryote,
Xenopus, revealed striking sequence conservation, the
strongest conservation being at the protein sequence
level [29). The matches with the Antp, Ubx and frz
homeodomain sequences were 55,/60, 51,/60 and 49 /60,
respectively.

Homeoboxes have now been found in over 20
Drosophila genes. Most of these genes are known to
regulate development. Some were cloned using homeo-
box DNA cross-hybridization; in other cases the ho-
meobox was discovered only after the gene had been
cloned in other ways. In addition, more than 50 homeo-
box sequences have been obtained from non-Drosophila
species. In most cases the functions of these genes are
unknown, but we describe below several cases in which
the regulatory functions of non-Drosophila homeobox
genes are known or can be inferred. As we will describe,
all homeodomain-containing proteins that have been
localized have been found in the nucleus, and there is
similarity between the homeodomain and known DNA
binding proteins and transcription factors. The current
hypothesis is that a homeodomain is indicative of a role
in transcriptional regulation, but such a role has only
been firmly demonstrated in a few cases.

Currently important questions about homeoboxes are
whether the homeodomain is a DNA binding domain in
vivo, whether the homeodomain-containing proteins are
transcription factors, what the functions of homeobox
genes are in species other than Drosophila and how the
Drosophila gene network that controls development
makes use of its many homeoboxes. In this review we
will focus on two areas: the common structural char-
acteristics of homeoboxes and homeodomains as de-
duced from sequence comparisons, and the molecular
and developmental functions of homeodomain-contain-
ing proteins.

i1, Classes of homeoboxes
H-A. 4 sequence compilation

Homeobox sequences are being reported at a very
rapid rate, and this has led to difficulties with nomen-
clature and to some questions as to what constitutes a
homeobox. The first homeoboxes found were closely
related over a 180 bp region, but some sequence ho-
mology has been found in flanking regions of the DNA
(and protein) as well. Lower stringency hybridizations,
as well as the identification of homeoboxes in sequences
of genes that had been isolated for other reasons, have
led to the discovery of much more highly divergent
homeoboxes (and homeodomains). A table of 87 ho-
meodomain sequences (Table 1) demonstrates that many
of the proteins can be grouped into related classes. The
sequences are aligned at.an N-terminal position of
(most commonly) a glutamate or aspartate, and 61
amino acids are shown for each protein. The most
distantly related of the higher eukaryote sequences in
this table are identical or conservatively substituted at
30 of the 61 amino acids.

21 homeodomains have been identified in Drosophila.
20 human and 19 mouse homeodomains have already
been found. The other 27 homeodomains were isolated
from Xenopus (seven), rats (seven), nematodes (four),
yeast (four), sea urchin (itwo), honey bees (two) and
zebrafish (one). Although all 87 homeodomains shown
in Table I are clearly related to each other, they can be
put into sets that have more closely related sequences.
From the 83 sequences (excluding the yeast homeodo-
mains) in Table I, we have sorted the homeodomains
into ten classes, with 14 sequences not in any group
(Table 1). A consensus sequence is shown for each
group of homeodomains (Table I11A). Several of the
groups contain sequences from muliiple species, sug-
gesting that the common features among the homeodo-
mains in a group have been evolutionarily conserved.
The degrees of similarity between the different fly ho-
meodomains are shown in Table III. The first class to
be identified has been referred to as the Antennapedia
class homeodomains. There are currently 24 members of
this class, and all are identical to the Antennapedia
homeodomain at more than 50 out of 61 positions.

One class of homeodomains that stands out is the
engrailed group, of which there are two in Drosophilu
(engrailed and invected ), two in honeybee, two in mouse,
and one in sea urchin (see references in Table 1), The
engrailed class sequences are related to each other by
having sequence identities at 70-80% of the amino acids
and by the position of an intron relative 1o the homeo-
box [30,31]. The engrailed class sequences are all only
about 45% conserved at the amino acid level with the
Antennapedia class sequences. In addition, at least some
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TABLE I
Homeodomain consensus sequences and variability

(A) The consensus sequence for each class of homeodomains, from Table I, is shown here, as is the consensus for all of the 83 higher eukaryotic
sequences (‘All'). Only absolutely conserved residues are shown for the consensus sequences for the individual classes, while the overall consensus
includes highly conserved residues that are not absolutely conserved. Yeast sequences were not included in the compilation for ‘All', A dash
indicates that the position is variable. The arrows indicate the amino acids that are absolutely conserved in all of the higher eukaryotic
homeodomain sequences; three of the four amino acids in this category are also conserved in the yeast sequences. (B) The consensus from all of the
homeodomains (from (A)) is at the top, with the three predicted a helices and the turn indicated. The Amp sequence is shown for reference
purposes. Helix 3 is the putative recognition helix. Below the consensus are shown all of the amino acids that appear at each of the 61 positions in
the 83 higher eukaryotic sequences. The least variable region corresponds to the recognition helix.
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of the engrailed sequences have extended homology
adjacent to the 61 amino acids: 26 amino acids up-
stream and 20 amino acids downstream [32-34}.

Other homeoboxes fall cutside the Antennapedia and
engrailed classes. The paired (prd), labial (lab), even-
skipped (eve) and Abdominal B (AbdB) classes have
three, two, two and four members, respectively. The prd
and two gooseberry (gsb) region genes (BSH4 and BSH9)
have an 18 amino acid extension of the homeodomain
region of homology at the N-terminus of the 61 amino
acid sequence shown in Table I [35]. The POU class has
one member from Caenorhabditis elegans and three
mammalian members. The grouping of these four genes
into a class is substantiated by the finding that all four
proteins have two additional regions of conserved se-
quence upstream of the homeodomain (now called the
POU domain); the two additional regions are even more
conserved than the homeodomain [36). The two remain-
ing classes (hox2.4 and 1.5) contain only mammalian
homeodomains at the present time. Many of the diver-
gent homeobox sequences cannot readily be grouped
into any related subclasses, Some of them such as H2.0,
cannot readily be detected by cross-hybridization to a
homeobox probe (only the Scr probe, but not Ubx or
Antp, can be used to detect H2.0, Ref. 37), so other still
more divergent homeoboxes probably remain to be
found. The structural relatedness of homeodomain sub-
classes may not reflect any functional similarities be-
tween members of a given class, but rather the evolu-
tionary history of the sequences.

In spite of the differences between classes of homeo-
domains, all of the homeodomains in Table 1 (excluding
yeast homeodomains) exhibit striking similarities in
primary sequence, even without the introduction of
gaps in any of the domains. These structural similarities
in large part define the homeodomain, and therefore are
worthy of detailed discussion. Four amino aci< residues
are conserved in all non-yeast homeodomains, all in the
C-terminal third of the domain (see Tables I and II),
and three of the four are also conserved in the yeast
sequences. The invariant residues are tryptophan, phen-
ylalanine, asparagine and arginine at positions 49, 50,
52 and 54, respectively. Another cight positions are very
highly conserved, though not invariant. These are posi-
tions 6(arginine/glycine), 13(usually glutamine),
17(leucine/valine), 21(phenylalanine/tyrosine), 41(leu-
cine/ asparagine), 46(isoleucine/valine), S6(lysine/ argi-
nine), and 58(lysine/arginine). The extreme conserva-
tion of these 13 residues, together with the high degree
of conservation at other positions (see Tables I and 1),
is characteristic of most of the homeodomains identified
to date. Certain other features are characteristic of
homeodomains and serve as an aid in determining
whether a homeodomain-related sequence is in fact a
true homeodomain. One of the distinguishing features is
the considerable conservation of predicted secondary

siructure in homeodomains, even in regions that tend to
be relatively variable in primary sequence. The pre-
dominantly a-helical nature of specific regions of the
homeodomain has important functional implications,
and is therefore discussed in detail in a later section. A
second distinguishing characteristic is the nuclear loca-
tion of all homeodomain-containing proteins examined
to date. This subcellular distribution is consistent with
their proposed role as transcriptional regulators (see
later discussion). Thus, the subcellular location and
secondary structure, as well as the primary sequence of
a given protein are important factors in the identifica-
tion of new homeodomains.

What sorts of genes contain homeoboxes? The
Drosophila genes (see Table I for references) include
homeotic genes that control scgmental differentiation
(lab, Dfd, Scr, Antp, Ubx, abdA, AbdB), segmentation
genes that control the division of the embryo into
segments and that in some cases control the homeotic
genes (fiz, eve, prd, en, gsh, inv), genes involved in
dorsal/ventral differentiation (zenl and zen2), genes
that act maternally to control anterior-posterior polar-
ity of the embryo (cad, bed ), a gene (cut) that controls
cell determination in the peripheral nervous system and
also functions in leg, head and wing development [38],
and a gene (re) that functions in eye development
(39-41). One Drosophila gene of unknown function,
H2.0, is expressed in a tissue-specific rather than posi-
tion-specific pattern in the developing fly [37). Four
nematode homeobox genes have been identified. The
function of one is unknown, another, (mec3) controls
differentiation of touch receptor neurons [28), and one
(mab5) controls cell fates in the posterior of the worm
functions [42). The fourth (unc86) is a cell lineage gene
[44]. The yeast genes include three that control mating
type (MATa2 and MATal) (reviewed in Ref, 45), and
the fission yeast gene mar2-P [46), and also a gene
(PHO2, also called BAS2) that is a transcriptional
activator of an acid phosphatase gene [47.48]. The
expression patterns of mouse homeobox genes suggest
roles in controlling development (reviewed in Refs.
49-55). Although the functions of most of the vertebrate
homeobox genes remain unknown, Pit-1 and the OCT
factors have been shown to be transcriptional regulators
[56-62).

To what extent does the presence of a homeobox
correlate with interesting regulatory genes? One way to
answer the question is to ask how often a gene that has
been cloned using a homeobox DNA probe turns out to
be a known gene of interest. The yeast genes and two of
the three nematode genes were first identified through
their interesting phenotypes and then found to have
homeobox-like sequences. This is also true of many of
the Drosophila genes. In contrast, the cad gene was first
cloned through its homeobox homology, then found to
have an interesting distribution [63,64], and then found



to have an interesting phenotype [66]. Previously known
loci of importance that have been cloned through
cross-hybridization with a homeobox DNA probe in-
clude eve [66,67], and en [68). In addition, presumed
protein-coding regions for genes of interest were located
using homeobox probes for abdd and AbdB [69), zenl
and zen2 [70,71), and the putative lab homeobox (Refs.
72 and 73; T. Kaufman, personal communications).
One Drosophila homeobox (H2.0) has been found for
which there is no known function and no genetic link-
age to a gene of known function, but the distribution of
the transcripts suggests a role for the gene in tissue
differentiation {37). Therefore there has been excellent
success in finding genes that appear to regulate develop-
ment simply by using a homeobox probe to screen
genomic libraries.

Highly diverged homeoboxes cannot be so ensily
isolated. Divergent homeodomains in yeast proteins
(MATal and MAT«2) were found by protein structure
similarity soon after the discovery of homeoboxes in
Drosophila genes involved in the control of develop-
ment. While these homologies provided one of the first
clues as to the function of the homeodomain, they also
serve to illustrate a current topic of debate in the field.
Should highly divergent sequences still be considered to
be homecodomains? In light of newly reported, highly
divergent homeodomains, can the presence of a homeo-
domain in a protein still be considered indicative of a
developmental function, or has the definition of a
homeodomain become too vague? The homeodomains
found in the yeast DNA-binding proteins MATal and
MATa2, although highly diverged from the majority of
homeodomains identified to date, are clearly structur-
ally related to the homeodomains found in higher
eukaryotes. Since MATal and MATa2 play roles in the
control of yeast mating type, they support the view that
the presence of a homeobox is an indicator of develop-
mentally important genes. Homology between another
two yeast proteins (PHO2 and ARD1) and homeodo-
mains has recently been reported. ARD]I is a gene that
controls the switch between the mitotic cell cycle and
alternative cell fates such as stationary phase of sporula-
tion [74). The sequence of ARD1, while somewhat re-
lated to certain homeodomains, clearly does not fit the
pattern of conservation observed in the homeodomains
listed in Table 1. Therefore, while this protein may be
distantly related to homeodomain-containing proteins,
it does not contain a true homeodomain by the criteria
of the conserved amino acids described above. In con-
trast, PHO2 (a transcriptional activator of an acid phos-
phatase gene) exhibits significant homology to the prd
and en homeodomains (37% in both cases). Without the
introduction of gaps in its primary sequence, all four of
the invariant positions found in all of the non-yeast
homeodomains in Table I are conserved in the PHO2
homeodomain. Six of the eight highly conserved posi-
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tions are also conserved in PHO2. Thus, PHO2 clearly
contains a homeodomain (as defined by sequence), al-
though it plays no obvious developmental role, It is
worth noting, however, that the role of this gene in
known processes does not preclude the possibility that
it also functions in yeasi processes that may be closer to
developmental functions thar is the cell meiabolic regu-
latory function. Other proteins may be found to have
similarities to only part of the homeodomain. An exam-
ple of a protein that has a possible helix-turn-helix
sequence (see below) but is not otherwise similar to a
homeodomain is fs(1)K10 [75], a gene that controls
dorsal/ventral polarity in the Drosophila embryo. We
agree with Prost et al. [75] that the fs(1)K10 proiein,
and others with similarly short sections of sequence that
are reminiscent of homeodomains should not be classi-
fied as homeodomains,

The sequence similarity of ARD1 and PHO2 to
homeodomains demonstrates the need for caution in
defining what constitutes a homeodomain, and in inter-
preting the functional significance of this domain, The
first homeodomains were identified by comparison of
the primary sequence of functionally related proteins.
The fact that so many developmentally important genes
have been found to contain homeoboxes does suggest
that the homeodomain is extensively used in genetic
systems controlling development. However, many ho-
meobox genes have been isolated by virtue of their
DNA sequence homology to Drosophila homeotic and
segmentation genes, and thus might be expected 1o be
functionally related as well. Since we currently have no
idea how many homeoboxes are present in the genome
of any organism, including Drosophila, it is possible
that a great variety of homecdomain-containing pro-
teins exist, and may function in regulating the activity
of a broad spectrum of target genes. Thus, in the
absence of data concerning the function of a given
homeodomain-containing protein, a developmental role
should not be assumed unless the homeodomain ho-
mology is quite high or the homology extends to non-
homeodomain regions of developmentally important
proteins. At present, it does seem safe to conclude that
a protein containing a homeodomain probably func-
tions as a DNA-binding protein that regulates the ex-
pression of other genes, though noi necessarily in a
developmental context.

I1-B. Genomic organization and the evolution of homeo-
boxes

One of the striking features of the homeotic genes of
Drosophila is the clustering of many of them into the
two complexes, The BX-C contains the three homeo-
boxes of the Ubx, abdominal A (abdA), and AbdB
homeotic genes [15,17,69]. The ANT-C (reviewed in
Ref. 76) contains the Antp, Sex combs reduced (Scr),
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Fig. 1. Evolutionary tree of Drosophile homeodomains. The tree was
generated by the program ‘protpars’ of the Phylip package (Phylip
was generously provided by J. Felsenstein). The tree was generated as
the most parsimonious way for the protein sequences to have evolved
taking into account relationship between codon sequences. The num-
bers represent inferred intermediates in the evolution of the se-
quences; the sequences of the intermediates are shown in Table 1V,
This & not the only possible tree, but it is most parsimonious among
the tres: generated and it is the one most frequently generated by the
analysis when the order in which sequences are added is varied. There
is no significance (o the length of the linea connecting the sequences,
and parts of the wes could be rotated around any of the branch

points.

Deformed, (Dfd), labial (lab), and proboscipedia ( pb)
homeotic genes, each with its homeobox (Refs. 15, 17,
69, 72, 76, 77; T. Kaufman, personal communication).
In addition there are at least four other genes with
homeoboxes in the complex: frz [15,17), bicoid (bed
[78)), and zerkniillt (zen) genes 1 and 2 [71). While the
ftz homeobox (and homeodomain) sequence is closely
related to the homeotic gene sequences, the other three
are not (Table I). Therefore the simplest idea ~ that the
ANT-C arose through duplication and divergence of an
ancestral gene containing a homeobox - is not sup-
ported in an obvious way by the presence of the diver-
gent homeoboxes in the complex.

Most of the other Drosophila homeoboxes are not
clustered, two exceptions being the engrailed and in-
vected genes [30,31,68] and the two gooseberry (gsb)
region genes BSH4 and BSHY [78), In both of these
cases the clustered genes and their products are closely
related, are expressed in similar patterns, and seem very
likely to have arisen from a common ancestor.

We have used the computer program * protpars’, from
the ‘Phylip’ package, to generate a ‘tree’ of the
Drosophila homeodomains (Fig. 1 and Table IV) that is
based on relationships among the sequences. The tree is
constructed with the assumption that the sequences
evolved from a common ancestor, but it is of course
possible that there has been some convergent evolution
as well. The tree was constructed by computing a
parsimonious way in which the sequences could have
arisen by gradual changes, taking into account the
number of changes required to convert one codon into
another (reviewed in Ref. 79). Intermediate forms which
link the actual sequences are generated by the program
and are indicated as numbers 1-20 in the tree. The
changes in sequence to generate the intermediates are
shown in Table IV. The question marks in the se-

quences of the intermediates indicate cases where a
change in sequence could have occurred at more than
one place in the tree and there is not enough informa-
tion to say when the change happened. For example,
the proline (P) found in the first positicn in abdA could
have arisen when the leucine (L) in Ubx became P in the
transition “to intermediate No. 2. Alternatively, there
could have been an L in the first position of inter-
mediate No. 2 and the change to P could have hap-
pened in the conversion of No. 2 into No. 1 or when
No. 1 became abd4. Similar types of uncertainties
apply to the other question marks in Vable IV,

The intermediates shown in the tree are plausible,
but variations on them could be closer to intermediates
that actually arose during evolution, and there could
have been multiple intermediates where only one is
shown. The tree is *unrooted’: it contains information
about the relations between sequences, without giving
an explicit starting point. Intermediate No. 4 could have
evolved into intermediate No. 5, or the opposite could
have occurred. Only historical information could estab-
lish the actual events that occurred, and it is not clear
that the necessary historical information can be ob-
tained from doing present-day sequence comparisons.

The computer program generates somewhat different
trees depending on the order in which the sequences are
added. For this reason we used the program’s capability
to jumble the order in which it adds the sequences. 40
different orders of adding the sequences were used to
increase the likelihood that the ‘best’ tree was found
and to sce what aspects of the tree were independent of
how the sequences were added. The tree in Fig. 1, and
slight variations on it, account for all of the best scoring
trees (32 out of the 191 trees generated). The variations
consist of: (i) the exchange of nodes 3 and 4 (anode is a
branchpoint); (ii) the reordering of nodes 7, 8, 18 and
19 5o that nodes 7 and 20 are connected and the new
linkage pattern connects 7 to 19 to 18 to 8; and (iii) the
placement of node 4 between nodes 6 and 7.

Many aspects of the tree are intuitively reasonable.
The gsb and prd proteins, all involved in segmentation,
share a related protein domain other than the homeodo-
main [80] and their clustering in the tree is therefore not
surprising. en and inv, and zen! and zen2, are close
together on their chromosomes, and each pair is ex-
pressed in similar patterns, so the homeodomain simi-
larity is again expected. The homeotic genes in the two
homeotic gene complexes are fairly closely positioned
on the tree, except that /ab and AbdB, which control
formation of the extreme (and opposite) ends of the
embryo, are placed on a divergent branch. The close-
ness of the homeotic gene complex sequences (see also
Table III) may reflect the origin of the two complexes
as a single complex. There appears to be one complex
with characteristics of both of the Drosophila complexes
in beetles [81].
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TABLE 1V
Changes in homeodomain seguences generated for the Drosephil cvelutionary tree by the Phylip program

The first line, sequence No. 1, is an arbitrary starting point generated by the computer. Sequence No. 1 is shown at the top. Subsequent lines show
the changes between the two sequences listed in the left-hand columns. Refer to Fig. 1 for the positions of the sequences in the evolutionary tree.
Each line thereafter indicates the changes in the sequence, for example between No. 1 and abdA (second line) where two substitutions are made.
The question marks, as explained in the text, indicate uncertainty as to when a change took place. The change of P (in abdA) into L (in Ubx ) could
have occuried between No. t and No, 2, or between No. 2 and Ubx, for example.

From To State at Fode (“.“ means the same as in the nearest
node with a lower number)
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The significance of the clustering of Drosophila of Kaufman and his colleagues (e.g., Refs. 4, 76 and
homeotic genes in the ANT-C and BX-C is unknown, 82-84) 10 the ANT-C where the homeotic genes are also
but Lewis observed [3] the curious fact that the order of ordered along the chromosome according to their sites
homeotic genes along the chromosome in the BX-C of function along the body of the fly. Thus the leftmost
corresponds to the order of the body segments that they ANT-C gene, lab, acts in four segments of the head, the
affect. This observation has been extended by the work next gene, pb, acts in the posterior head segments (at
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Jeast in the development of the adult), the next gene,
Dfd, is active just posterior to lab, and Scr, the next
gene, is active in the posterior head and anterior thoracic
segmental primordia. Ansp itself, which is adjacent to
Scr, acts in parts of all of the thoracic primordia
(overlapping in its region of influence with Scr) and at
a low level in the abdominal segments. Beyond Antp
the next homeotic gene that is encountered, the Ubx
gene, is a third of a chromosome arm away in the BX-C.
Ubx functions in the posterior thorax (overlapping with
Anip) and anterior abdomen. The abdA gene is adjacent
to Ubx and functions in the central abdominal segment
primordia. The last gene in the series, AbdB, functions
in the most posterior abdominal regions. The exact
details of where the genes are expressed and where they
function will not be discussed here (reviewed in Refs, 5,
9 and 76).

It is curious that the order of the abdd, Ubx, Anip,
fiz, Scr, Dfd and zen genes (and bed if the tree is
rotated at node 10) in the tice (Fig. 1) corresponds to
their order along the chromosome. However, the two
homeotic genes that function at the two opposite ends
of the embryo, and which are located at opposite ends
of the homeotic gene complexes, are placed by the
analysis together on a branch of the tree that forks off
between Dfd and the zen genes. Until more is known
about the actual evolution of the genes, the importance
of these observations cannot be readily assessed.

Three possible explanations of the ANT-C and BX-C
gene organization are: (i) the correspondence is a coin-
cidence, (ii) The arrangement of the genes is necessary
for their differential expression along the embryo. Three
chromosomal rearrangements that split apart the BX-C
[85,86] have been used to show that the separated genes
could still function (although there was some DNA in
common between the separated pieces of the complex).
(iii) The arrangement is an evolutionary remnant with
no current relevance to gene function. In this last case
the duplication and divergence of the genes from an
ancestral gene could be viewed in a novel way: the
genes could have evolved in the order that the body
segments they control evolved. The evolution of insects
from annelid-like ancestors could have occurred by
head-controlling and tail-controlling genes forming first.
The diversification of thoracic and abdominal segments
would follow, controlled by later-evolving genes, What
sort of homeobox gene would have existed prior to
formation of the multiple homeotic genes? Perhaps the
ancestral homeotic gene controlled differentiation events
that are common to all segments.

Due to the lack of polytene chromosomes, much less
is known about the genomic arrangement of non-
Drosophila higher eukaryotic homeobox genes. How-
ever, it is striking that in several cases clustering has
been observed that is reminiscent of the Drosophila
gene complexes. In Xenopus, two homeoboxes have

been found to be closely linked {87]. In both mice and
humans there are clusters of homeobox genes. A system
of nomenclature for the mouse genes has been pro-
posed, and generally followed [88], in which the genes
are called Hox genes. Each cluster of genes is given a
number and each gene within the cluster the cluster
number, a decimal point and its own number. So far the
largest mouse cluster contains seven homeobox genes
(Hox1.1-Hox1.7) in a 65 kb region on chromosome 6
[89-97]. In the mouse Hox2 locus on chromosome 11
there are four homeoboxes in a 20 kb region all tran-
scribed in the same direction [98-101) plus a fifth for
which the mapping has not yet been reported [10]
Sequence similarities among the Hoxl and Hox2 ho-
meoboxes, together with the locations of mapped genes
in the vicinity of the Hox1 and Hox2 loci, suggest that
the two loci may have arisen by a large scale chro-
mosome duplication event [97,102-104). Single mouse
homeoboxes have been found at the Hox4 locus on
chromosome 12 [105}, the Hox5 locus, and the Hox6
locus on chromosome 14 [106]. Two homeoboxes have
been found at the Hox3 locus [107,108). The two en-
grailed class mouse genes have been mapped to chro-
mosomes 1 (En-1) and § (En-2) [109], so these two
related genes are not linked on a chromosome.

The mouse Hox loci correspond to identified loci on
human chromosomes [20,98,110~116). 17 human ho-
meoboxes have been cloned and sequenced. They are
organized in four clusters with two homeoboxes within
20 kb on chromosome 2 [117], four within 23 kb on
chromosome 7 {114), four in a 80 kb region of chro-
mosome 12 [117], and seven in a 76 kb region on
chromosome 17 all transcribed in the same direction
{118). For comparison, the Drosophila BX-C and ANT-C
are each within about 300 kb regions. The nomenclature
for human homeoboxes has unfortunately not been
standardized as of the time this review was written.

It is not clear whether the clustering of homeobox
genes in mammals is related to the clustering in
Drosophila. The expression patterns of the mammalian
genes are only partly known, but there is some evidence
for a correlation between where the genes are expressed
and their order along the chromosome [53]. One emerg-
ing generalization is that genes at the 5’ end of the
Hox2 cluster (the genes are all transcribed in the same
direction) are expressed in more posterior parts of the
ectoderm and genes in more 3’ parts of the cluster have
more anterior limits to their expression (Graham, A,
Papalopulu, N. and Krumlauf, R., Duboule, D. and
Dolle, P.; personal communications; reviewed in Refs.
19 and 53). In the Hox1 cluster, the order of the loci is
1.1, 1.2, 14, 1.6, and the sequence of the proteins
suggest correspondence to Antp, Dfd, and leb. Hox1.1
and 1.2, and the most closely corresponding loci in the
Hox2 complex (Hox 2.2 and 2.3), are all clozely related
to Antp (Table I). Hox1.4 and 2.6 are closely related to



each other and to Dfd (Table I). Hox1.6 is closely
related in sequence to lab (Table I); a corresponding
Hox2 gene has not yet been identified. If the expression
patterns of Hox1 genes correspond to the Hox2 genes
(in keeping with the idea that the two clusters arose
through a duplication event), then the Hox1.6 gene
would be expressed more anteriorly than the Hoxl.4
gene, which in turn would be expressed more anteriorly
than the Hox1.1 or 1.2 genes. These expression pattern
would correlate with the anterior-posterior order of
Anip, Dfd and lab expression, lab being active in the
most anterior regions. Therefore, there are some hints
that the gene order in the mammalian clusters may be
related to the gene order of the fly clusters, both in
sequence homology and in anterior-posterior expression
patterns (Duboule, D. and Dolle, F.. Graham, A,
Papalopulu, N. and Krumlauf, R.; personal communi-
cations). This suggests that Lewis’ observation that gene
order corresponds to site of function in the embryo
applies not only to the Drosophila complexes but also to
the mammalian genes, indicating a very ancient gene
arrangement the function of which remains unknown.
In any case, the distinct spatial and temporal expression
patterns observed for many of the non-Drosophila ho-
meobox-containing transcripts are consistent with a role
in pattern formation in higher eukaryotes.

[ii. Models of homeodomain function
111-A. Helix-turn-helix proteins

The first clue about the function of the homeodo-
main came from the basic character of the predicted
protein sequence. About 30% of the amino acids are
basic, suggesting the possibility that the homeodomain
associates with nucleic acid. The nuclear location of all
of the homeodomain-containing proteins examined to
date is also consistent with such a role. A more precise
clue came from the observation [120] that the homeodo-
main contains a region that is similar in sequence to the
a-helix-turn-a-helix sequences that are found in many
bacterial DNA-binding proteins [121). The first (more
N terminal) helix is eight amino acids long, the turn is
three amino acids long, and the second helix is nine
amino acids long. These bacterial proteins bind as di-
mers to DNA sequences about 15-20 bp long, and the
binding sites often have dyad symmetry. In the A cro
protein, for example, one helix, the ‘recognition helix’,
lies in the major groove of the DNA and is thought to
play the major role in sequence recognition. An a-helix
is about 12 A in diameter, and the major groove of B
form DNA is 6-8 A deep and about 12 A wide.
Therefore the fit is reasonable. In A cro, the two recog-
nition helices, one is each protein monomer, are 34 A
apart [122] which is the proper spacing to fit into two
adjacent major grooves on the same face of the DNA
double helix. The more N-terminal of the two helices
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lies over the recognition helix and makes contacts with
phosphate groups; this helix, which we will refer to as
helix 2, is believed to stabilize the interaction of the
recoganition helix with the DNA. Contacts of parts of
the protein outside the recognition helix may also be
important for sequence-specific DNA binding,.

The critical residues in the helix-turn-helix frame-
work (Table II) are a hydrophobic residue at the fourth
and eighth positions in helix 2, an alanine in the fifth
position in helix 2, a glycine (or sometimes cysteine or
serine) in the first position of the turn followed by a
hydrophobic residue, an isoleucine or valine at the
fourth position of the recognition helix, and a hydro-
phobic residue at the seventh position of the recognition
helix. All of these attributes are common to the homeo-
domain sequences that are listed in Table I. The helix-
turn-helix part of the homeodomain is located at posi-
tions 32-51 using the coordinates of Table I. A
Garnier-Robson analysis [123) predicts two a-helices in
this region of the protein, in keeping with the model,
and no helix-breaking residues are found in the predic-
ted helical regions in any of the known homeodomain
sequences. According to the analysis, the helices may
extend beyond the lengths seen in the bacterial proteins,
which would allow the most highly (i.e., absolutely)
conserved homeodomain residues to be included in
helix 3. Recently, NMR analysis of a purified Anten-
napedia homeodomain has provided direct support for
a helix-turn-helix structure [123a).

An additional a-helix is predicted for the homeodo-
main by the Garnier-Robson analysis. We will refer to
this helix, without proof of its existence, as helix 1.
Helix 1 is predicted to extend from about amino acid 9
to amino acid 26. This region includes five of the most
highly conserved amino acids in the homeodomain, i.c.,
those in positions 9, 13, 17, 21 and 26 (Table ). P.
O'Farrell (personal communication) has observed that if
these conserved amino acids are wound into an a-helix,
they would form a hydrophobic face on one side of the
helix. He has proposed that this part of the homeodo-
main is involved in protein-protein contact, for exam-
ple to allow formation of protein dimers.

In the absence of structural studies, it is not strictly
correct to consider the sequences encoded by homeo-
boxes to be a structural domain of a protein. However,
there is some indirect evidence that the homeodomain is
a functional unit, and perhaps a physical domain, of the
proteins that contain it. First, homeodomains alone,
tested as B-galactosidase fusion proteins, are capable of
sequence-specific DNA binding (see below). Second, the
homeobox is usually found as a separate exon. Third, a
mutation that joins the homeobox exon of one
Drosophila gene 1o the non-homeobox protein-coding
exons of another produces a functional protein [124,125].
Fourth, in general, the homeodomain sequence has been
much more highly conserved during evolution than the



38

surrounding protein sequences. A large body of data
concerning prokaryotic helix-turn-helix proteins now
exists. Although the relationship between homeodo-
mains and these proteins is not proven, these data
provide a useful framework for ongoing studies of ho-
meodomain function and therefore merit further discus-
sion.

II1-B. Binding site specificities of bacterial proteins

Many bacterial proteins have been proposed to have
a helix-turn-helix structure, but only five crystal struc-
tures of helix-turn-helix proteins have been reported
[122,126-130]. All of these proteins are dimers. One of
the structures is of the DNA-binding fragment of the A
repressor; one is of a phage 434 repressor fragment
bound to its 14 bp operator. The other two are of
complete proteins, the CAP protein and the ip repres-
sor. The specificity of a helix-turn-helix protein for a
particular DNA sequence is dependent upon the recog-
nition helix sequence, as has been shown by changing
specific amino acids of the recognition helix of 434
repressor [131) and of CAP [132) to cause changes in
DNA binding specificity, by substituting the recogni-
tion helix of 434 cro protein for the recognition helix of
434 repressor (133], and by isolating mutations in the
tecognition helix of the wp repressor, as negative com-
plementers, that affect the DNA binding [134]. These
data support the structure-function relationship pro-
posed for the recognition helix, and suggest that the
corresponding helix in the homeodomain affects DNA-
binding specificity.

Based on the crystal structures of A cro, amino acids
in the third position of the turn, in the first two and
sixth positions of the recognition helix, and an amino
acid two amino acids downstream of the recognition
helix are predicted to contact bases in the major groove
[135-137]. Amino acids in the corresponding positions
of a homeodomain may therefore be critical for DNA
sequence selection. Residues in the first and fifth posi-
tions of helix 2 and the fifth and ninth positions of the
recognition helix are predicted to make contacts with
the DNA backbone. Mutations that atfect DNA bind-
ing by A repressor (without detectably unfolding the
protein) cluster in the helix-turn-helix region [138-140),
and &p repressor mutations that compete for DNA
binding with wild-type repressor also cluster in the
corresponding region [134). The specificity of binding of
the CAP protein can be altered by any of three muta-
tions of the second position of the recognition helix
{132} Mutations that alter the first and second positions
of the lac repressor recognition helix cooperatively
change the specificity of binding [141). Only one point
mutation in the putative helix-turn-helix region of a
hm has been reported. It is an alanine to
valine change in the fiz protein in the fifth position of

helix 2, i.e., in the residue predicied to contact the
valine or isoleucine in the fourth position of the recog-
nition helix [120]. The mutation causes the fiz protein
to become temperature-sensitive in vivo and would not
be predicted, based on knowledge of the bacterial pro-
teins, to affect DNA-binding specificity.

In Table IIB, the assortment of amino acids found at
each position of the homeodomain is shown. The frame-
work positions, the hydrophobic residues in the fourth
and eighth position of helix 2, in the central position of
the turn, and in the seventh position of the recognition
helix are all very highly conserved among the se-
quences: the fourth position of helix 2 is always an
isoleucine, leucine, valine or methionine; the eighth
position is nearly always a leucine, as is the central
residue of the turn; and the seventh residue of the
recognition helix is always a tryptophan, The fifth posi-
tion of helix 2 (i.e., position 36 of the sequences in the
tables), commonly an alanine in bacterial proteins, is
usually an alanine (73/87 cases) in the homeodomains.
The first residue of the turn, which is most often a
glycine in bacterial proteins, is quite variable among the
homeodomains, although it is a glycine in several of the
cases. Four amino acids are invariant among the 83
non-yeast sequences. All of the invariant residues occur
at the Ceterminal part of the predicted recognition helix
and just downstream of it. The other residues in, and
downstream of, the recognition helix are, in general, the
least variable of any part of the homeodomain,

In the positions of the homeodomains that would be
expected, {rom the model, to control specificity of DNA
binding, there is considerably more variation than there
is among the framework amino acids. The most variable
positions of the recognition helix, the first, second, fifth,
sixth and ninth positions, are exactly the amino acids
predicted from the bacterial models to contact DNA,
The amino acids two residues downstream of the recog-
nition helix, which is also predicted to contact DNA, is
also somewhat variable and is flanked by absolutely
invariant amino acids. The homeodomains that are most
divergent in the recognition helix are the C. elegans
homeodomains encoded by the mec3 and unc-86 genes,
and the mammalian homeodomains in the unc-86 class.
The Drosophila prd segmentation gene is closely related
to the Drusophila gsb region genes BSH4 and BSHY
(also segmentation genes) by DNA cross-hybridization;
they are also noticeably related in their recognition
helix sequences, by having a threonine at the end of
helix 2, and by having arginines in positions 56 and 58.
Homeodomains of the en class stand out by having
lysine in position 53 and phenylalanine in position 9.
Homeodomains of the unc-86 class stand out by having
a cysteine in position 51 in the recognition helix. Thus
the identities of generally highly conserved residues
make it possible to classify some of the homeodomains
into groups, just as overall sequence similarity can. The



consensus sequences for the different classes of homeo-
domains are shown in Table HA. Undoubtedly the
number of classes will increase and become clearer as
more homeodomain sequences are obtained.

The original hypothesis that homeodomains contain
helix-turn-helix structures was based on three homeodo-
main sequences [120]. The addition of more than 80
additional sequences does not reveal any major con-
tradictions of the hypothesis but instead provides ad-
ditional support for the idea.

HI-C. DNA-binding studies with homeodomains

The sequence similarity of homeodomains to known
DNA-binding proteins is strong enough to be sugges-
tive, but not so strong as to provide certainty as to the
function(s) of the proteins. Moré direct evidence for
DNA binding has been provided by studies in which
Drasophila proteins were tested for their abilities to
preferentially bind to specific sequences of DNA. These
studies are made more difficult by the complete absence
of knowledge about which, if any, sequences are bound
in vivo, or even which genes are directly regulated by
any homeodomain-containing gene. A first step is just
to show that the proteins have affinity for specific DNA
sequences without immediately approaching the more
difficult problem of finding fuactionally imporiant
binding events. This step was first taken by Desplan et
al. [142] who showed that the protein product of the
engrailed locus, when made in bacteria as a f-galac-
tosidase fusion protein, is capable of sequence-specific
DNA binding. They also showed that the en homeodo-
main, with only a small amount of surrounding en
protein, is capable of the observed DNA binding. Stud-
ies with mammalian homeodomains also demonstrated
sequence-specific binding [143,144]. Due to the types of
protein used, it was not possible to measure the affini-
ties of the proteins for the binding sites quantitatively,
nor were the exact limits of the binding sites defined.

Recent experiments with fly proteins made in bacteria
have employed DNase I footprinting studies to better
define the exact sequences of the binding sites, Hoey
and Levine [145]) have used four different homeodo-
main-containing proteins, all produced as unfused full
length proteins in bacteria using a T7 expression sys-
tem, to map binding sites. The proteins were from the
Drosophila eve, en, prd and zen genes. The first three
are segmentation genes, the fourth is a gene involved in
dorsal/ ventral differentiation. The four proteins have
very different homeodomains (Table I). In particular
the homeodomains differ in the recognition helix in
ways that lead to the prediction that they will bind to
different sequences.

In the binding experiments, the DNA used was from
the eve and en genes. The experiments employed crude
extracts of bacteria, and the protein extracts went
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through a 4 M guanidine step which means the protein
was denatured and renatured. Therefore some of the
differences observed between the behaviors of the four
proteins may have been due 1o different protein stabili-
ties or to protein folding problems. eve protein was
found to bind specifically to sequences near the 5’ end
of each of the two genes. The binding of eve to en
DNA could have biological significance because eve is
known to be an activator (directly or indirectly) of en
[66,67]. Based on footprint data, the consensus sequence
for the binding sites is TCAATTAAAT, a sequence that
is found in up to three copies at some of the bound
sites. However, some of the bound sites do not contain
a sequence similar to this consensus and instead are
GC-rich. eve protein binds to both types of site with
similar affinity. zen protein binds to the GCerich sites
but en and prd proteins bind only weakly to them.
None of these proteins binds as strongly to the GCerich
sites as does eve protein. None of the binding sites has
yet been tested for function in vivo.

The sequences to which en protein binds have also
been determined using DNase 1 footprinting. The con-
sensus sequence for binding is S'TCAATTAAAT 3,
which is identical to the consensus sequence shown
above [146]. The fiz protein also binds to this sequence
{146}, as does the Xenopus homeodomain-containing
protein x1hbox1 [147]. Desplan et al. [146] also showed
that single point mutations in the consensus sequence
could drastically reduce the binding affinity of the site,
and that both en and frz fusion proteins also bind to a
repcated TAA sequence that has been found to be a
binding site for Ubx protein. The ftz homeodomain
bound about equally well to the TCAATTAAAT and
TAA repeat, while the en homeodomain had a strong
preference for the TCAATTAAAT sequence.

The protein product of the Ultrabithorax (Ubx)
homeotic gene has been found to bind both to specific
DNA sequences with the consensus sequence
S'TAATAATAATAATAA 3 and to repeats of the
hexanucleotide TAATCG [148,149). Other variations on
thiese sequences are bound as well (Beachy, P., personal
communication). The bound sites are 40-90 bp long,
based on footprint analyses. The Ubx protein used was
made in bacteria but was not joined to B-galactosidase
and was not denatured prior to DNA binding. Using
electron microscopy. it has been shown that the Ubx
protein can bind to two sites on a DNA fragment and
by doing so curl the fragment into a loop (Beachy, P.,
personal communication). This was demonstrated using
two sites about 235 bp apart on a DNA fragment
corresponding to the Ubx RNA 5'leader region.

In studies with B-galactosidase protein fused to ftz or
Deformed (Dfd) (a homeotic gene) homeodomains, 25
different footprint sites were identified in a scan of
DNA from the Antp gene [151]. The proteins bound to
specific DNA sequences but no single consensus se-
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quence was found. Instead three consensus sequences
could be derived from the data (Laughon, A., personal
communication). One, 5’TTT(A/CXT/C)NTTAATT-
GCTT(T/AXT/A)ATY, with TTAATTGC being the
most conserved ‘core’, is similar to the sequence found
in the four protein study described above and to the
sequence bound by en and fiz homeodomain fusion
proteins in the study by Desplan et al. [146]. The
second, 5'TATTTAATAATAATGNNATNAZ’, is simi-
lar to the sequence bound by Ubx protein [149). The
third is 5’ GTAATCGTAY'. Each consensus sequence is
based on at least eight footprinted sites. The three types
of site have in common the TAAT sequence, which
therefore stands out as possibly a key attribute of
binding sites for these proteins. A purified Anrp ho-
meodomain also binds to TAAT (150}, The other con-
sensus sequences shown above also contain TAAT or its
complement, as does the operator site for the yeast
homeodomain protein MATa2 {152).

Thus, homeodomains are capable of sequence-specific
DNA binding in vitro. Do those interactions occur in
vivo and affect the transcription of other genes? Recent
experiments directed at this problem using cultured
Drosophila cells and a transient expression system have
shown that the Ubx protein can repress transcription
from an Antp promoter and stimulate transcription
from the Ubx promoter [152a), while Anp and fiz
proteins can activate transcription from the Ubx pro-
moter [152b]. Sequences near the Ubx promoter that
respond to Anip activation map to the RNA leader
region and may be similar or identical to the sequences
there that are bound by Ubx protein. Angp protein
tested in vitro also binds to DNA corresponding to the
Ubx RNA leader (Hayashi and Scott, unpublished data).

A transcriptional activator found in the rat pituitary
gland has been found to contain a homeodomain, This
*Pit-1" protein, which is quite probably the same as the
protein GHF-1, was purified on the basis of its binding
to an important cis-acting regulatory sequence of pro-
lactin and growth hormone genes [56.62,153}, Pit-1 pro-
tein may have roles in addition to its presently known
ones. The sequence recognized by the Pit-1 protein is
S'(T/AXT/A)TATNCAT3’, which could be related to
the TAAT theme found in the experiments described
above. Pit-1 is in a divergent class of homeodomains
with a recognition helix sequence quite different from
the proteins used in the Drosophila DNA binding ex-
periments and therefore would be expected to have a
different preferred binding site.

The other mammalian transcription factors, the OTF
or OCT proteins, have been found to contain homeodo-
mains [37-62] and to be in the same POU class as Pit-1
{Tables [ and II). The factors bind to the sequence
ATGCAAAT. This sequence is an important compo-
nent of the cis-acting regulatory sequences of H2B

histone genes [154] and of immunoglobulin promoters
and enhancers [155,156,160). The OCT-1 factor, which
is probably identical to OTF-1 and has also been called
OBP100, is found in many cell types [157,158}, whereas
OTF-2 (probably the same as OCT-2) is B-cell-specific
and therefore is likely to control the B-cell specificity of
immunoglobulin gene expression {159-163]. OTF-1 has
been found to be the same as NF-III, a DNA repli-
cation factor identified in an in vitro Adenovirus DNA
replication system [163]. NF-1I1/OTF-1 was found to
activate DNA replication, which now raises the interest-
ing possibility that a homeodomain protein could be
involved in controlling DNA replication as well as
transcription. Pit-1 and the OCT factors provide clear
cases of mammalian transcriptional regulation by ho-
meodomains,

The DNA binding and transcription studies have
shown that the proteins are capable of sequence recog-
nition and transcriptional regulation and therefore the
helix-turn-helix hypothesis may well be correct. The
potential problems with in vitro DNA binding studies
are clear: the proteins produced in bacteria may have
properties different from the normal proteins, other
proteins involved in the functions of the homeodomain
proteins may be missing from the assays, and small
cofactors that alter binding properties (such as tryp-
tophan in the case of #p repressor, Ref, 130) may be
missing or present in the wrong concentrations. Apart
from these problems there remains considerable uncer-
tainty about the range of sequences that can be bound
by homeodomain proteins. An obvious and only partly
answered question is how, given the similarity of the
homeodomains and their DNA-binding behavior, the
proteins control specific aspects of development. The
experimental results to date appear to demonstrate that
many of the proteins can bind to similar sites, and that
at least some of the proteins can bind to more than one
type of site. These issues are particularly relevant be-
cause it is clear that multiple Drosaphila homeodomain-
containing proteins can coexist within the same cell
(e.g., Ref. 165). There also appear to be cases in mam-
malian hcmeobox expression where multiple genes are
active in the same cells (reviewed in Ref. 53), but the in
situ hybridization analyses used have insufficient resolu-
tion to be certain of this result, If, as in the case of the
bacterial helix-turn-helix proteins and yeast MATa2,
homeodomain proteins are multimeric, there would op-
portunities for the formation of heterogeneous multi-
mers. Heterodimers might, for example, have DNA
binding or other properties different from those of the
related homodimeric proteins. For all of these reasons it
is now crucia! to use functional tests to establish which
sites are used in vivo and to determine whether proteins
compete for sites or cooperative in bindirs



IV. Genetic analyses of homeodomain function

IV-A. Regulatory interactions among Droseophila homeo-
box-containing genes

In much the same way as studies of prokaryotic
DNA binding proteins and yeast homeodomains sug-
gest models of Drosophila homeodomain function, the
analysis of the network of genes controlling Drosophila
development has implications for the study of homeo-
box genes in higher eukaryotes. Many of the Drosophila
homeobox-containing genes are part of the developmen-
tal network. In general, there does appear to be a good
correlation between the regions of expression and func-
tion for the Drosophila homeobox genes, many of which
are expressed in intricate and dynamic spatial and
temporal patterns during development. Thus, consider-
able work has been directed to the study of how homeo-
box gene expression is regulated. While genetic studies
have revealed much about the developmental role of
homeobox genes, considerably less is known about the
molecular mechanisms underlying their function,

Since homeobox genes are thought to act as tran-
scription regulators of other loci, the identification of
the targets of homeodomain function has also repre-
sented a major goal. In Drosophila, a small number of
targets of homeodomain function have been identified.
In addition, genes which act to regulate homeobox gene
expressicn have also been found. Rather than review
the functions of the Drosophila homeobox genes in
detail, which has been done elsewhere [5,8,9,18,19], we
will discuss cases of regulatory interactions involving
homeodomain proteins and/or homeobox genes. Inter-
actions among the genes have generally been studied by
looking at the expression of one of the genes in embryos
mutant for another. This sort of experiment establishes
a hierarchy between the genes, but cannot say whether
the interaction is direct or indirect, an issue that is
particularly important in cases where the product of one
gene is hypothesized to regulate a target gene by bind-
ing to it. Among the various interactions between regu-
latory genes, several stand out as possible cases of direct
effects of the product of one gene on the transcription
of another. As discussed in the previous section, the
identification of the targets of hcmeodomain-containing
proteins will greatly aid the analysis of DNA binding by
homeodomains.

At the earliest stages of zygotic development, expres-
sion of the segmentation genes depends on maternally
provided RNA and the corresponding proteins. Some of
the carliest genes to become active are the ‘gap’ genes
that are expressed, and function, in broad region:. of the
embryo. One of these, hunchback (hb), encodes a zinc
finger protein and is expressed in the anterior region of
the embryo [166). The activation of the hb gene has
been shown to depend on the activity of a maternally
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provided homeodomain protein encoded by the gene
bicoid (bed) [167]). The responsive Ab DNA has been
delimited to a 300 bp region just upstream of the
transcription initiation site and sites through which bed
protein can activate hb transcription have been identi-
fied [167a].

After the earliest patterns of zygotic gene activity are
established the segmentation genes interact so that their
initially broad transcription patterns are refined into
specific patterns such as transverse stripes. The first
homeobox-containing genes 1o become active (except
for maternally encoded proteins) are the * pair-rule’ genes
that are characterized by mutations that cause embryos
to develop with about half the normal number of body
segments. At least three of the genes in this class, fushi
tarazu (fiz [17,16)), even-skipped (eve [66.67)). and
paired (prd [168]), contain homeoboxes. frz stripes
form in the absence of eve function but they are
abnormal in spacing, the first stripe is often missing,
and the stripes disappear prematurely [67.169). There-
fore eve function appears to be required for proper
formation and maintenance of the transcription of fiz
in stripes; the eve protein could act directly on frz.
Mutations in prd affect neither fiz [169] nor eve [170]
expression, and frz mutations do not affect eve expres-
sion in the blastoderm embryo. Curiously, eve function
is required for proper fiz expression in the developing
nervous system [171), so the cellular context appears to
be able to affect the interactions that occur,

After the pair-rule genes have come to be expressed
in transverse stripes, another class of genes becomes
active: the segment polarity genes. These genes are also
expressed in transverse stripes but the stripes are nar-
rower and occur at a density of one per segment
primordium rather than one for each two segment
primordia as is the case for pair-rule genes. The best
studied segment polarity gene is engrailed (en), which
contains a homeobox. The en stripes are controlled by
several of the pair-rule genes, including the homeobox-
containing genes frz, eve, and prd [66,67,172-175].
These three genes are all activators of en stripes. fiz
and eve have been shown to be negative regulators of
another segment polarity gene, wingless [176]. The in-
teractions among segmentation genes therefore lead to
three important conclusions: (i) a gene can be a positive
regulator of one target gene and a negaiive regulator of
another; (ii) *ke cellular context may affect which gene
interactions occur; and (iii) there are several cases in
which the timing of expression of interacting genes
suggests that the interaction could be direct, the product
of one gene binding to the other gene.

The initial pattern of homeotic gene expression in the
embryo appears to be controlied by vanous segmenta-
tion genes including frz. Each of the three homeotic
genes Ubx, Antp, and Scr is transcribed at the blasto-
derm staze in a discrete region that overlaps with one of
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the transverse stripes where frz protein accumulates. In
the absence of fiz function, the peaks of expression of
the three homeotic genes in the blastoderm stage em-
bryo do not form [177]. Therefore the ftz protein may
be a direct activator of transcription of each of the three
homeotic genes. en negatively regulates Ubx in the
posterior regions of abdominal segments [175], so the en
protein homeodomain could be a direct repressor of
Ubx transcription.

After the initial patterns of homeotic gene transcrip-
tion are set up, there are continuous changes and refine-
ments of the patterns, Some of these changes, as well as
the maintenance of some aspects of the patterns that do
not change, require interactions between homeotic genes,
For example, the genes of the bithorax complex, Ubx,
abdA and AbdB, negatively regulate Anip expression in
posterior icgions of the embryo {178-180], and abdA
and AbdB negatively regulate Ubx expression in the
abdominal regions of the embryo (180), These interac-
tions could be direct, the homeodomain-containing
products of one gene binding to another gene to lower
(not eliminate) its transcription. This molecular model
of the interactions has not yet been tested directly. In
one case a cis-acting ¢lement that responds to homeo-
domain proteins has been roughly mapped. The Anip
gene has two promoters. The cis-acting elements of one
of them, P2, has been studied in vivo using lac Z gene
fusions and P-element-mediated introduction of the en-
gineered genes into the germ line (182}, The P2-lac Z
fusions are negatively regulated by Ubx, abdA, and
AbdB, as P2 normally is. The region responsive to Ubx
and abdA was mapped to a region extending from the
promoter to 2 kb upstream. Additional experiments will
allow a more precise mapping of the control elements.

1V-B, The functions of nematode homeobox genes

Three Caenorhabditis elegans genes have been dis-
covered for their effects on development and subse-
quently found to contain homeoboxes. The first, mec-3,
insiructs cells 1o develop into ‘touch cells' (mecha-
nosensory neurons) rather than follow another develop-
mental pathway [28]. This pathway choice is conceptu-
ally similar to the cell fate decisions controlled by
Drosophila homeotic genes, and therefore mec-3 is a
kind of homeotic gene. A decision between alternative
neural fates is also controlled by the cur gene of
Drosophila [183] and cur also contains a homeobox [38).
Both of these genes therefore fall into a broadened
category of homeotic genes: those that control cell fates
as opposed to body segment fates.

The second C. elegans gene with a homeobox is the
mab-5 gene {42,216}, mab-3 controls the development of
an array of cells, from different tissue types and lin-
eages, that form structures characteristic of the post-
erior of the worm. In general without mab-5 function,

the posterior cells develop in anterior patterns; some of
the transformations alter male-type development to
hermaphrodite pathways. Therefore the phenotype of
mab-5 mutations is conceptually very similar to
homeotic phenotypes in Drosophila. The third C. elegans
gene found to have a homeobox is the unc-86 gene [43]
which controls cell lineages [44]. In the absence of
unc-86 function, cell lineage patterns are reiterated
rather than diverging as they do in wild-type worms.
The affected cells act in quite different parts of the
worm. The changes in cell lineages indicate a failure of
cell to differentiate.

A fourth homeobox-containing gene (JML1001) has
been found in the C. elegans genome (Hawkins, N. and
McGhee, J., personal communication), but nothing is
yet known about its function or expression. The threz
komeoboxes whose functions are known provide further
evidence for the association of homeoboxes with genes
that control development.

IV-C. Tests of function in Xenopus

In Drosophila, two kinds of mutation are often found
in homeobox genes: mutations that inactivate the gene
and prevent it from performing its normal function in
the cells where it is needed, and mutations that result in
expression of the gene in cells where it is normally
inactive. It is currently very difficult to obtain any
mutations in vertebrate genes that are identified as
molecular clones. To circumvent this problem, ap-
proaches have been developed to mimic the phenotypes
expected from two types of mutations: dominant gain-
of-function and recessive loss-of-function mutations. An
experiment of this sort has been done by injecting
synthetic RNA made from the cloned Xhox-la gene
into Xenopus eggs [184). RNA encoding a truncaled
form of the protein has no effect, but RNA encoding
the full protein causes dramatic developmental defects.
The most striking effect is a disruption of the somites;
the metameric pattern is almost completely lost. The
normal pattern of expression of Xhox-la is not known
in detail, but it is absent in the head and present both
dorsally and ventrally in the trunk. Based on dissections
and RNA blots, the RNA appears to be predominantly
in the somitic mesoderm. Therefore the injection experi-
ment may cause the protein o act in somitic mesoderm
cells where (or when) it is normally inactive. If somitic
metameres are regarded as analogous to segments, there
is a tantalizing similarity of the injection phenotype to
segmentation gene mutant phenotypes in flies. How-
ever, there is good reason to question such an anziogy
[185]). The safer, and probably better, analogy is that
pattern formation is affected in both cases. This is the
first evidence for a function in pattern formation of a
vertebrate homeobox gene, although it is a demonstra-
tion of what the gene product can do to interfere with



proper development rather than a demonstration of its
normal developmental function. Nonetheless, the ex-
periment is a significant step forward. This approach
has also been taken to analyze the developmental role
of Xhox3 (Ruiz i Altaba, A. and Melton, D.A., unpub-
lished data). Xhox3 mRNA is normally found in highest
concentration in the posterior pole of the anterior-post-
erior axis of the mesoderm. Interestingly, microinjection
of Xhox3 mRNA into Xenopus embryos was found to
cause defects in, or deletions of, anterior structures,
suggesting that Xhox3 does indeed play a role in the
establishment of maintenance of anterior—posterior
identities in the devcloping Xenopus embryo.

A different and complementary approach receutly
has been taken in the study of x1hbox1 function [147].
x1hbox1 activity was blocked by microinjection of anti-
bodies directed against this protein into developing
Xenopus embryos. The microinjection of such antibod-
ies might mimic the phenotype expected from loss of
funclion mutations in this gene. The antibodies were
found to diffuse throughout the injected embryos and
were stable for at least 48 h post injection. A reproduci-
ble (though low frequency) consequence of injection is
the deletion of dorsal fin structures. Though the af-
fected structures are derived from regions that normally
express x1hbox1 in the neural crest, other regions that
normally express the protein are not affected by anti-
body microinjections. Nonetheless, this technique repre-
sents a potentially powerful approach for dissecting the
function of homeodomain-containing proteins in
organisms not amenable to genetic analysis. Another
potentially very powerful approach to homeobox gene
function in vertebrates is the use of gene disruption in
transgenic mice (e.g., Ref. 186), but no experiaenis of
this sort involving homeoboxes have been reported yet.

1V-D. The MATa2 repressor: a yeast paradigm for ho-
meodomain functional studies

Because yeast is a single cclled organism, it is not
possible for yeast homeobox genes to control pattern
formation. However, they could play a role in cell
differeatiation and in at least one case they do. Given
the relative ease and rapidity with which yeast genetic
analysis can be conducted, a great deal of progress has
been made in the study of yeast homeodomain function.
These studies have important implications for the study
of homeodomain function in higher organisms. The first
relationship between the homeobox genes of Drosophila
and a yeast gene to be noted was the case of the yeast
MAT locus, which controls the mating type of the yeast
cell (reviewed in Refs. 45 and 47). The MAT locus
produces different proteins depending which of two
alternative ‘cassettes’ of DNA has been brought to the
MAT locus from donor loci by gene conversion. A yeast
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cell is directed to be an « mating type cell if an a
cassette is present at the MAT locus and to be an a
mating type cell if an a cassette is present at the MAT
locus. The protein coding capacity of MAT depends on
which cassette is present. The « allele of MAT encodes
two proteins; one is a protein called a2 that has been
shown to be a repressor of a-specific genes [152.189].
The a allele of MAT encodes a protein called al that
has been shown to repress, in collaboration with a2,
haploid-specific genes [188,190,191]. Both «2 and al
have sequence similarity to the homeodomain (Table I
Refs. 120 and 192). The region of greatest similarity is
in the putative helix-turn-helix of the homeodomain.
Nothing is yet known about the structure of the yeas:
MAT proteins, but a great deal has been learned about
the function of a2, and the information may serve 1o
guide studies of other homeodomain-like sequences.

The MATa2 protein is being intensively studied as a
case of a eukaryotic repressor. This protein turns off
transcription of a set of target genes that are normally
only expressed in a mating-type yeast cells [152]. The
protein was the first yeast protein to be described as
having a homeodomain, in part because its sequence
similarity to the Drosophila homeodomains extends be-
yond the putative helix-turn-helix region. MATa2 pro-
tein has been overexpressed in E. coli and purified but
its three-dimensional structure is not yet known. The
protein is a covalently (disulfide) linked dimer with
identical subunits [193]). The homeodomain part of the
protein has been shown 10 be sufficient for sequence-
specific DNA binding, but this part of the protein alone
is not suificient for repression in vivo [194]. Therefore
as with some bacterial protein, one domain of the
protein may be involved in DNA binding and another
in interactions with other factors to repress transcrip-
tion. The second MAT product with homeodomain
homology. al, also has been shown to bind to specific
sequences near genes that it regulates [195]. In contrast
to a2 protein, the al protein is an activator of transcrip-
tion of a-specific genes.

The binding of MATa2 protein to the 32 bp operator
upon which it acts occurs through two contact points
about two and a half turns of the DNA helix apart
[193]. Contact with the center of the operator has not
been detected, despite the obvious sequence conserva-
tion of the centers of operators from different genes
regulated by MATa2. This paradoxical result is now
understood because another protein, called GRM, binds
to the center of the operator [196). GRM interacts with
MATa2 protein through protein-protein contact ine
volving the N-terminal domain of MATa2. GRM s
found in yeast cells of all three mating-types and there-
fore probably has more functions than just to interact
with MATa2. GRM may be identical to a transcrip-
tional activator protein called PRTF [195] that works
together with the second protein encoded by the MAT«
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locus, the al product, which is required to turn on
a-specific genes.

In addition to its interaction with GRM, MATa2
protein has been found to interact with the other MAT
product that contains a homeodomain, al protein {197].
Both the «2 and al proteins are present in diploid yeast
cells, and in such cells a set of genes called the haploid-
specific genes is repressed [188]. In such cells it appears
that a2 protein dimers turn off transcription of a-
specific genes and a2 and al proteins acting together
turn off transcription of haploid-specific genes. The
DNA binding specificity of a2 protein is changed in the
presence of al protein, as had been suggested by the
finding (189,193) that a 29 bp consensus sequence at
haploid-specific genes differs from the operator acted
upon by a2 alone, The spacing of the contact points for
a2 in a2 operator sites is different from the spacing in
al /a2 sites, suggesting that the o2 protein is binding
differentiy to the two types of sites, perhaps because al
protein shares in the binding or because al protein
alters the conformation of a2 protein.

These findings with MAT products may provide
some idea of what can be expected with homeodomain
proteins in higher eukaryotes: interactions with non-
cell-type-specific proteins and with other homeodo-
main-containing proteins, and binding to a variety of
different DNA sequences. Thus, the results obtained in
DNA-binding studies using purified homeodomain-con-
taining proteins should be cautiously interpreted. As is
described above, the data on DNA binding by higher
eukaryotic homeodomains do provide some indications
of such interesting phenomena.

V. Conclusions

It seems clear now that at least one function of
homeodomain proteins is to regulate transcription by
binding to specific DNA sequences, as has been shown
most clearly for the Pit-l and OCT cases. It is still
possible, however, that the proteins, or some of them,
have other functions instead or as well. The relationship
of the homeodomain to the helix-turn-helix structure
remains to be proven, but the data to this point are
consistent with a remarkably direct extrapolation from
studies of transcriptional regulation in bacteria to the
gene networks that control development. It is also
surprising that so many of the Drosophila regulatory
genes, acarly all of which were first found genetically,
contain homeoboxes., Together with zinc finger proteins,
the homeodomain proteins account for a very large
fraction of the Drosophila regulatory proteins whose
sequences have been determined. One might have ex-
pected a greater diversity in the composition of regu-
latory proteins even within the group of segmentation
and homeotic genes. The high correlation of homeo-
boxes with regulators of development in flies is reason

for optimism that the homeoboxes in other organisms
will succeed in leading us to regulatory genes, and the
first experiments with manipulating frog homeobox
genes add to the optimism.

Major hurdles that lie ahead are to understand the
specificity of homeodomain interactions with target
genes and with the transcription apparatus. The {unc-
tions of parts of the proteins outside of the homeodo-
main need to be understood. The interactions of homeo-
domain proteins with each other, in competition or
cooperation, and with other classes of regulatory pro-
teins, are very likely to be crucial to the regulatory
systems. Although we can now point at cases where the
product of gene A is likely to act directly on gene B,
there is only a very fuzzy picture, even in flies, of how
the whole regulatory circuitry is integrated. As precise
mechanisms of homeodomain protein functions are
worked out, we can expect additional clues as 10 how
the systems that control multicellular development
evolved. The homeodomain is a powerful 61 amino acid
unit, and the reasons for its usefulness to organisms and
to experimentalists will become clearer as this exciting
field moves forward.
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