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ABSTRACT Homeodomain proteins are transcription
factors that play a critical role in early development in
eukaryotes. These proteins previously have been classified
into numerous subgroups whose phylogenetic relationships
are unclear. Our phylogenetic analysis of representative eu-
karyotic sequences suggests that there are two major groups
of homeodomain proteins, each containing sequences from
angiosperms, metazoa, and fungi. This result, based on par-
simony and neighbor-joining analyses of primary amino acid
sequences, was supported by two additional features of the
proteins. The two protein groups are distinguished by an
insertionydeletion in the homeodomain, between helices I and
II. In addition, an amphipathic alpha-helical secondary struc-
ture in the region N terminal of the homeodomain is shared
by angiosperm and metazoan sequences in one group. These
results support the hypothesis that there was at least one
duplication of homeobox genes before the origin of angio-
sperms, fungi, and metazoa. This duplication, in turn, sug-
gests that these proteins had diverse functions early in the
evolution of eukaryotes. The shared secondary structure in
angiosperm and metazoan sequences points to an ancient
conserved functional domain.

Homeodomain proteins originally were defined as gene prod-
ucts from the family of homeotic genes critical in development
of Drosophila (1, 2). The term since has been applied to
transcription factors that meet two criteria: four highly con-
served residues including the absolutely conserved Trp-49 and
a conserved secondary structure consisting of a helix–loop–
helix–turn–helix motif (3–5). Approximately 1,850 homeodo-
main proteins currently meet these criteria and occur in
angiosperms, fungi, and metazoa. Understanding the evolu-
tionary relationships of these transcription factors is of tre-
mendous interest, because they play a vital role in a wide range
of biological phenomena, including mating-type recognition,
pathogenesis response, and early morphological development.

Parsimony and neighbor-joining analyses of primary amino
acid sequences of representative eukaryotic homeodomain
proteins suggested a close relationship between certain angio-
sperm [e.g., knotted-like homeobox (KNOX)], metazoan [e.g.,
extradenticle (EXD)], and fungal [e.g., Cu homeostasis (CUP 9)]
sequences. This result was further supported by two shared
characters: an insertionydeletion in the homeodomain, and an
alpha-helical structure in the region N terminal of the home-
odomain in the angiosperm and metazoan proteins. These
characters differentiate this group of homeodomain proteins
from metazoan antennapedia-like (ANTP) and other angio-
sperm, fungal, and metazoan sequences. This observation
leads to the hypothesis that, in addition to recent duplications
within each kingdom, there was at least one ancient duplica-
tion of homeodomain-encoding genes before the origin of

angiosperms, fungi, and metazoa. The secondary structure
shared by some angiosperm and metazoan proteins suggests an
ancient shared function. On the other hand, the phylogenetic
pattern of distribution of known protein–protein interactions
in metazoa suggests that other interactions arose after the
origin of metazoa.

METHODS

Protein Sequences. Sampling of sequences from protein and
DNA databases was done by using BLAST (http:yywww.ncbi.
nlm.nih.govyBLASTy) (6). Angiosperm sequences were used
as query sequences, with the purpose of obtaining the widest
possible sample. Two to three sequences that were most like,
and others that were least like, the query sequence were
selected from each search. Additional searches were con-
ducted by using these sequences that included metazoan and
fungal proteins. The search was stopped when no new se-
quences were identified. A total of 152 sequences was down-
loaded and aligned. The list of 152 sequences with accession
numbers is available on the web site http:yywww-plb.
ucdavis.eduysinhayhomeo.html. An alignment of 60 of these
sequences (see below) is available on the same site. Alignment
followed previous studies (4), with the exception of an inser-
tion/deletion of three amino acids in positions 24–26 between
helix I and II (7–9). The insertion/deletion was not included in
the phylogenetic analyses.

Phylogenetic Analyses. Two different methods, maximum
parsimony and neighbor-joining (10), were used to analyze
amino acid sequences. Fitch parsimony was implemented by
using heuristic searches on the program PAUP*4.0 (11). Neigh-
bor-joining analyses were done by using p- and poisson dis-
tances on the program MEGA (12). Preliminary neighbor-
joining analyses of all of the sequences showed certain well
supported groups, e.g., angiosperm KNOX proteins. Smaller
datasets were constructed that contained randomly chosen
representatives from these well supported groups or from well
recognized groups such as the HOMyHox cluster. Parsimony
analyses were not conducted on the large data sets because of
computational constraints. Constrained parsimony analyses
were conducted in which sequences from angiosperms, fungi,
and metazoa were forced to remain together (CONSTRAINT
OPTION IN PAUP*4.0). The significance of difference in total
length of trees in constrained and unconstrained analyses was
assessed by using the Templeton test (13) as implemented on
PAUP*4.0. Robustness of results was assessed by bootstrapping
the data (14) in neighbor-joining analyses. Because homeodo-
main sequences have been found only in angiosperms, fungi,
and metazoa, no outgroup sequence was available, so results
are presented as unrooted trees.

Tree Mapping. The minimum number of duplication events
in the history of homeodomain proteins was estimated by
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obtaining reconciled trees by using the program COMPONENT
(15). This method compares the organismal phylogeny with the
gene tree and assumes that the only processes acting on genes
are duplication and loss (i.e., no horizontal transfer). Branches
are added to the gene tree to indicate duplications and genes
that have been lost or are yet to be identified (16).

Secondary Structure Prediction. Secondary structure was
predicted for the N terminal regions by using Predict-protein
server (http:yywww.embl-heidelberg.deypredictproteiny
predictprotein.html) (17–19). This analysis was done for 50
sequences, 40 of which are in the 60-sequence dataset.

RESULTS AND DISCUSSION

Our analyses indicate that the homeodomain proteins form
several statistically well supported subgroups such as the
angiosperm KNOX, BELL, HAT, ZM-HOX, and GL2, and
the metazoan SIX2, EXD, ANTP, POU, and PAX (Fig. 1 A
and B). The metazoan subgroups were also identified by Agosti
et al. (20). Clusters of subgroups, such as the metazoan
HOMyHox cluster, are not strongly linked by primary se-
quence data. However, these proteins are believed to be closely
related based on shared similarity of N terminal regions,
genome structure, and expression patterns (21–24). The in-
ternal nodes in the trees do not have strong bootstrap support
(e.g., Fig. 1B). This result is not surprising, given the short
length of the homeodomain sequence and the length of time
since divergence. Nonetheless, we find some robust conclu-
sions and tantalizing results that emerge from this analysis.

We have identified a clear division among homeodomain
proteins in a consensus of results from several different
analyses (Fig. 1 A). Proteins on either side of the node labeled
1 (groups a and b) are distinguished not only by their sequences
but also by presence or absence of a three amino acid
insertion/deletion between helices I and II of the homeodo-
main. A striking feature is that groups a and b each contain
representatives from all three kingdoms (Fig. 1). Thus, the
angiosperm KNOX subgroup (group a) is more closely related
to fungal and metazoan sequences in group a than to angio-
sperm proteins in group b. Similarly, the ANTP cluster (group
b) is more closely related to angiosperm and fungal sequences
in group b than to metazoan sequences in group a. If the root
of the tree is between the two protein groups, then both may
be orthologous (25); if it is within one of these groups, then the
other protein group would be orthologous. Thus, groups a and
b are candidates for ancient orthologies, i.e., duplicated genes
present in the common ancestor and passed on to the three
lineages during their divergence. More recent duplications
have resulted in multiple copies within each kingdom.

This result also is supported by several constrained parsi-
mony analyses in which sequences within each kingdom are
forced to remain together. For instance, for the 60-sequence
dataset the total tree length in constrained analysis is 1,414,
whereas in unconstrained analysis it is 1,379. This difference is
statistically significant (P , 0.05) by using the Templeton test
(13). In parsimony analyses the shortest tree is taken to be the
best hypothesis of relationships. Therefore we conclude that
the data support a close relationship of some angiosperm
sequences to fungal and metazoan sequences rather than to
other angiosperm sequences, and similarly for sequences from
the other two kingdoms.

We found that all sequences in group a contain an additional
three amino acids, in positions 24–26, between helices I and II
of the homeodomain (7, 8) that are absent from most other
homeodomains, even though the protein tree is based on
alignments from which the insertion/deletion was excluded.
The exceptions are fungal sequences, CC-A42B1 and SC-
MATa2, which contain the additional amino acids, yet are
placed outside of group a. This discrepancy may be the result
of either independent insertion/deletion events or incorrect
placement of the fungal sequences outside of group a, perhaps
owing to their highly divergent primary sequence (3) (suggest-
ed by Val-50 in SC-MATa2 instead of the highly conserved
Phe-50).

In several sequences we also identified two alpha helical
regions N terminal to the homeodomain (Fig. 2). The first
region, the ELK domain (26), is immediately adjacent to the
homeodomain and contains two short helices. The second
region lies further N terminal (16–54 amino acid residues
away) and consists of one amphipathic helix of 9–13 turns with
conserved residues on one face of the helix. This structure is
seen in the angiosperm KNOX and metazoan EXD subgroups.
None of the sequences examined outside of group a has this
secondary structure. The distribution of features of the region
N terminal to the homeodomain on the protein tree (Fig. 1B)
suggests one of three possibilities: (i) the structure arose once,
was spliced to the homeodomain in a single event, but was lost
several times, (ii) it arose once and was spliced to the home-
odomain in independent events, or (iii) it arose independently
in angiosperms and metazoa. It is less likely that such a
complex structure evolved several times, so we infer a single
origin. Assuming a single origin, it is remarkable that this
protein secondary structure has been maintained across the
metazoa and angiosperms. Conserved secondary structure and
amino acid motifs are taken to indicate common function, so
the amphipathic helix of the KNOX and EXD subgroups
suggests a protein–protein interaction that has been conserved
in evolution.

FIG. 1. (A) Phylogenetic relationships between eukaryotic homeodomain protein sequences indicate an ancient duplication that occurred before the
origin of angiosperms, metazoa, and fungi. Homeodomain proteins are divided into two groups, a and b, each containing well supported subgroups from
all three kingdoms: angiospermae (green), fungi (red), and metazoan (blue). This tree is a consensus of results from different phylogenetic analyses of
a dataset of 60 sequences from which a 3-aa insertion/deletion site was removed. The strict consensus of 59 trees was obtained after removing 14 sequences
including subgroups ZM-HOX and SIX2. These 14 sequences occupy variable positions on the tree in all analyses. Results are presented as unrooted trees,
because no outgroup sequence is known. Similar results were obtained from neighbor-joining analyses of larger datasets. All sequences in group a have
a 3-aa insertion (arrow) in the homeodomain. Several sequences in group a share an amphipathic helical secondary structure in the region N terminal
to the homeodomain (F). (B) The distributions of two protein characteristics are consistent with the phylogenetic tree based on primary sequence data.
This tree was obtained from neighbor-joining analyses of pairwise p-distances. Strongly supported angiosperm protein subgroups (green) are associated
with fungal (red) and metazoan (blue) subgroups. Sequence names are indicated as follows: the first two letters represent the Latin name and are followed
by the name of the gene. Angiospermae: AT, Arabidopsis thaliana; DC, Daucus carota; LE, Lycopersicon esculentum; LP, Lycopersicon peruvianum; OS,
Oryza sativa; PS, Phalaenopsis sp.; PC, Petroselinium crispum; ZM, Zea mays. Metazoa: CE, Caenorhabditis elegans; DM, Drosophila melanogaster; EG,
Echinococcus granulosus; HS, Homo sapiens; LS, Lineus sanguineus; MM, Mus musculus; XL, Xenopus laevis. Fungi: SC, Saccharomyces cerevisiae; SCH,
Schizophyllum commune; UM, Ustilago maydis. Branches are drawn proportional to p-distance. The scale represents p-distance. Numbers along each branch
indicate bootstrap values over 50%. Most internal branches have low statistical support. Branch 1 derives support from evidence external to primary
sequence data. Presence of three amino acids in the insertion/deletion (thick branches) marks most of the sequences in group a. The SIX2 subgroup is
assumed to have lost three amino acids on this tree, but not in other trees where its phylogenetic position is outside of group a. The phylogenetic distribution
of the amphipathic helix in the N terminal region (F), its absence (E), and a short N terminal region (h) indicates that the N terminal structure characterizes
sequences in group a.
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Biased sampling of genes and organisms, as well as uncer-
tainty regarding relationships between protein subgroups in
this study, do not allow us to infer the precise number of
ancient homeodomain proteins, although it appears that more
than two copies must have existed in the common ancestor.
Mapping of a reduced set of sequences on the organismal tree
by using reconciled trees produced on the program COMPO-
NENT reveals that at least seven gene duplication events must
be postulated to occur in the history of homeodomain se-
quences to reconcile the gene and organism trees (Fig. 3).
Multiple tree mapping by using several alternative topologies
gave similar result (7–11 duplications). Mapping also points to
‘‘missing’’ sequences, for instance a metazoan representative
for the protein group that contains the angiosperm AT-HAT1
and fungal SC-MATA1 sequences. The homeobox–leucine
zipper genes, the HAT group, are believed to have evolved
after divergence of angiosperms and metazoa (27). Our results,
although lacking statistical support, suggest that the home-
odomain of the HAT group may be most closely related to
homeodomain sequences in fungi and, possibly, metazoa. A
search for representatives from the ‘‘missing’’ kingdom (in this
case, metazoa) may be fruitful. It is likely that such genes will
have new and intriguing functions.

These insights into the evolution of homeodomain proteins
can help to explain and predict patterns of genomic distribu-
tion. For instance, the metazoan HOMyHox group is clustered
in the genome (28), whereas the Knox family (knotted-like
homeobox genes) are dispersed throughout the genome (29).
This result is not surprising, because the HOMyHox cluster is
believed to have diversified within the metazoa, and our results
suggest that the HOMyHox and Knox gene lineages diverged
early in evolution. Similarly, there can be no a priori expec-
tation that other homeodomain gene families will be clustered.

Interestingly, early metazoan development involves interac-
tions between proteins of the two groups identified here.
Members of the ANTP cluster (group b) have a conserved
hexapeptide sequence N terminal to the homeodomain that is
recognized by EXD (group a). This protein–protein interac-
tion leads to cooperative binding to promoter sequences of

genes that play a role in development (30, 31). Three lines of
evidence suggest that the interaction arose after divergence
from angiosperms and, possibly, the origin of metazoa. First,
the conserved hexapeptide is absent in the Abd-B class (32),
which is phylogenetically distinct from other Antp genes (24),
so only a subset of ANTP proteins show the interaction.
Second, the hexapeptide is absent in the early metazoan group
Cnidaria (32), so not all metazoan ANTP proteins show this
interaction. Third, homeodomain proteins that regulate de-
velopment in angiosperms belong to two protein subgroups,
KNOX and BELL (group a), which so far are not known to
interact with other homeodomain proteins. Therefore, inter-
actions between ANTP and EXD classes may have evolved
within metazoa and may characterize a set of metazoa exclud-
ing Cnidaria.

Our study also revealed evidence of modularity in home-
odomain proteins. Our survey showed that the domain N
terminal to the homeodomain is significant in most sequences,
but is very short in a few subgroups (Fig. 1B). The phylogenetic
distribution of this trait indicates that, regardless of where the
tree might be rooted, the N terminal domain must have been
lost independently at least twice (in HS-TGIF, AT-HB8, or
SC-YOX1). Modularity of homeodomain proteins raises the
possibility that the shared structure of the N terminal region
noted by us for angiosperm and metazoan sequences may
represent independent exon shuffling events involving the
same domain. However, we were not able to detect a similar
region in any other proteins. We have found suggestive evi-
dence for modularity of the homeodomain itself. We discov-
ered a fragment of sequence in Toxoplasma (Alveolata, Eu-
karyota; Toxoplasma EST project, accession no. W00079) that
is similar to helix I of the homeodomain. Flanking sequences
reveal no primary or secondary structure similarity to either
helix II or III. If we include this sequence in a phylogenetic
analysis, it attaches within group a near the fungal sequence
SC-MATPI. Because Toxoplasma may represent an outgroup
in our study (33), this finding raises the intriguing possibility
that the homeodomain (currently known only from angio-
sperms, fungi, and metazoa) arose by the evolutionary assem-

FIG. 2. Secondary structure in the region immediately N terminal to the homeodomain is conserved across some angiosperm and metazoan
proteins. This alignment of N terminal regions for some group a proteins shows N terminal helical regions (shaded amino acids), nonhelical linker
region, and the homeodomain. Helical regions were predicted for the N terminal regions by using Phomeodomain Sec (http:yywww.embl-
heidelberg.deypredictproteinypredictprotein.htmly). We identified two alpha helical regions in the angiosperm KN and metazoan EXD subgroups.
The first is immediately adjacent to the homeodomain and contains two short helices (ELK domain) and was not detected in any other sequences.
The second region lies further N terminal and consists of a long amphipathic helix. This helix, if found in other protein subgroups, was either short,
or not amphipathic and not alignable. By using a helical wheel representation it was possible to align the sequence such that conserved amino acids
(boxed and numbered) were positioned on one (hydrophobic) face of the helix. Gaps correspond to one or two turns of the helix and thus maintain
the conserved face of the helix.
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bly of an helix I-like sequence (detected in Toxoplasma) with
one containing the helix–turn–helix–motif present in helix II
and III. Future sampling of a wide range of protists would
provide data to test this hypothesis of stepwise assembly.

Our results suggest that there were at least two, and quite
possibly multiple, genes coding for homeodomain proteins in
the last common ancestor of angiosperms, fungi, and metazoa.
These phylogenetic results in combination with conserved
secondary protein structure, putative modularity of homeodo-
main proteins, and known patterns of expression contribute to

greater understanding of the origin and evolution of these
proteins and their role in the diversification of eukaryote
lineages.
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FIG. 3. Reconciled tree (A) showing seven gene duplication events
(circles) postulated to have occurred in the common ancestor of
angiosperms, metazoa, and fungi before their diversification. The
reconciled tree (A) is obtained from the gene tree (B) and organism
tree (C) by adding leaves (hatched) such that the gene tree and the
organismal association of the sequences can be explained by shared
common history alone. The reconciled tree suggests that nine se-
quences are missing (?), because of either lack of sampling or gene loss,
or because they arose in the common ancestor of fungi and animals and
are therefore absent from angiosperms. Reconciled trees based on
alternative gene trees gave estimates of 7–11 duplications. These
numbers are merely illustrative, and a precise estimate can be made
only with the acquisition of a wider sample of sequences.
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