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ABSTRACT Homeobox genes encode a large family of
homeodomain proteins in animal systems. To test whether such
genes are also abundant in higher plants, degenerate oligonu-
cleotides complementary to sequences encoding the recognition
helix (helix three) of the homeodomain were used to screen
genomic and cDNA libraries from the plant Arabidopsis
thalana. Analysis of 8 of the 41 cDNAs isolated revealed that
each encodes a presumptive homeodomain; interestingly, most
of these clones also contain a leucine zipper motif tightly linked
to the homeodomain. It is concluded that Arabidopsis encodes
a large family of homeodomain proteins, including members
that contain a homeodomain/leucine-zipper (HD-Zip) motif.

The homeobox, a DNA sequence motif, was first identified
in a set of Drosophila developmental genes (1, 2), though it
is now clear that large numbers of homeobox genes are
present in many animal systems, including insects, amphib-
ians, fish, rodents, and mammals (3). These genes control a
vast array of developmental decisions in animals, apparently
acting as molecular switches to control the fate of cells during
development (4). The homeobox encodes a 61-amino acid
sequence, the homeodomain, which confers the site-specific
DNA binding function of homeodomain proteins (5, 6).
Genetic and structural analyses of the homeodomain suggest
a general model for homeodomain binding to DNA, in which
the most highly conserved of three a-helices (helix 3) fits
directly into the major groove (7-10). Homeobox genes thus
constitute a large family of genes whose products determine
the fate of cells in developing animals by directly modulating
gene expression (1-10).

In contrast to genetic regulators of animal development,
factors that control the development of higher plants remain
largely unidentified. Understanding plant development at the
molecular level is interesting, particularly given the fact that
certain aspects ofplant development differ considerably from
animal development (11). These differences include the fol-
lowing: plant cells exhibit no cell movement during devel-
opment; plant tissues retain totipotency following differen-
tiation; organogenesis is continuous during development; and
plant development is intimately linked to environmental
signals (11). Despite these differences, the conservation of
basic transcriptional regulatory mechanisms in plants and
animals (12-15) suggests that higher plants might utilize genes
analogous to those used by animals to control development.
To investigate this notion, it seemed reasonable as a first step
to determine whether homeobox genes could be recovered
from the plant Arabidopsis thaliana.

MATERIALS AND METHODS
Oligonucleotide Synthesis. Oligonucleotides were synthe-

sized by using a Millipore 8700 DNA synthesizer by the PAN
Facility (Beckman Center, Stanford University).

Plasmids and DNA Sequencing. Sequencing of HAT4, -5,
-22, and -24 was performed by inserting the cDNAs (Fig. 1C,
clones 4, 5, 22, and 24) into the EcoRI site of Bluescript
(Stratagene), followed by double-stranded plasmid sequenc-
ing (PAN Facility, Beckman Center, Stanford University)
using Taq DNA polymerase, dye primers, and a 373A auto-
mated DNA sequencer as recommended by the manufacturer
(ABI).* The 5' portion of the HAT4 cDNA (nucleotides
1-310) was obtained by sequencing an overlapping cDNA
(Fig. 1C, clone 13). Data were analyzed by using the Macin-
tosh DNA Strider and MacDraw software programs (Apple,
Cupertino, CA). Protein sequences were aligned by using the
FastDB program (IntelliGenetics). In the R. W. Davis strain
collection, Bluescript plasmids bearing the HAT cDNAs are
referred to as follows: pNN476 (HAT4), pNN477 (HAT5),
pNN478 (HA722), and pNN479 (HA724).
Genomic and cDNA Libraries. The genomic library was

prepared by using DNA (16) from aseptically grown Arabi-
dopsis thaliana (Columbia) seedlings. The DNA, which
ranged in size from 5 to 50 kilobases (kb), was rendered blunt
with T4 DNA polymerase, ligated to EcoRI adaptors
(pGAGCTCGAG/CTCGAGCTCTTAA), isolated as 10- to
20-kb inserts by agarose gel electrophoresis, phosphorylated
with T4 polynucleotide kinase, and ligated to an equimolar
mix of LambdaGEM-11 (Promega) cut with EcoRI and Xba
I. Approximately 200,000 clones were packaged in vitro,
amplified, and stored in 7% (vol/vol) dimethyl sulfoxide at
-70TC. The cDNA library was prepared by using poly(A)-
purified mRNA (17) derived from the aerial parts of 6-week-
old soil-grown Arabidopsis thaliana (Columbia). The mRNA
was reverse transcribed by using avian myeloblastosis virus
reverse transcriptase as described (17) and inserted into the
EcoRI site of AYES (17). Approximately 106 recombinants
were packaged in vitro, amplified, and stored in 7% dimethyl
sulfoxide at -700C.

Library Screening. The Escherichia coli strain LE392
(BNN127) containing plasmid pMC9 (17) was infected with
phage from the genomic and cDNA libraries and was plated
on ten 15-cm plates per library at a density of5000 plaques per
plate. Plaques were transferred to Colony/PlaqueScreen
(DuPont) filters as recommended by the manufacturer and
were hybridized and washed essentially as described by
Burglin et al. (18). Briefly, filters were prehybridized for 16
hr at 370C in 500 ml of 6x SSC/5x Denhardt's solution/
0.05% sodium pyrophosphate/1% SDS and E. coli tRNA at
0.1 mg/ml (1 x SSC = 0.15 M NaCl/0.015 M sodium citrate,
pH 7; lx Denhardt's solution = 0.02% bovine serum albu-
min/0.02% Ficoll/0.02% polyvinylpyrrolidone). Hybridiza-
tion was performed for 20 hr at 420C in 375 ml of prehybrid-
ization solution supplemented with dextran sulfate at 100
mg/ml and 750 ng of an equimolar mix of HB-1, PRD-1, and
PRD-2 (Fig. 1B) end-labeled with [y-32P]ATP to a final

*The sequences reported in this paper have been deposited in the
GenBank data base (accession nos. M90394 for HAT4, M90416 for
HATS, M90417 for HAT22, and M90418 for HAT24).
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specific activity of 106 cpm/ml. Filters were rinsed three
times for 15 min each at room temperature with 500 ml of 6x
SSC/0.05% sodium pyrophosphate, then with three 100 ml
volumes of 3.0 M tetramethylammonium chloride/50 mM
Tris HCl, pH 8.0/0.2 mM EDTA. Filters were then washed
twice for 15 min each at 540C in 350 ml of 3.0 M tetramethyl-
ammonium chloride/50 mM Tris HCI, pH 8.0/0.2 mM EDTA
to remove oligonucleotides with more than two mismatches
(18).
cDNA Screening. The cDNA inserts were liberated from

the AYES vectors (17) with EcoRI, following conversion of
the A clones to plasmid DNA. Digests were subjected to
agarose gel electrophoresis, transferred to GeneScreen hy-
bridization membrane (DuPont), and probed with the HB-1/
PRD-1/PRD-2 oligonucleotides, using the conditions em-
ployed to screen the genomic and cDNA libraries.
RNA Analysis. Ten micrograms of total RNA (19) was

fractionated by agarose gel electrophoresis, transferred to
GeneScreen membrane, probed with HAT4, -5, -22, and -24
EcoRI inserts (see Fig. 1C) and autoradiographed for 7 days
with two intensifying screens. The cDNA inserts were la-
beled with 32P by using a random primer labeling kit (Strat-
agene). Electrophoresis and hybridization conditions were
those recommended by the GeneScreen manufacturer.

RESULTS
To isolate homeobox genes from Arabidopsis, a strategy
developed by Burglin et al. (18) was used in which degenerate
oligonucleotide probes were employed to identify homeobox
genes from Caenorhabditis elegans. Three pools of degen-
erate oligonucleotides (Fig. 1A; HB-1, PRD-1, and PRD-2)
complementary to sequences encoding the highly conserved
homeodomain helix three were used to screen Arabidopsis
genomic and cDNA libraries. Under high-stringency condi-
tions, approximately 1% of the 10,000 to 20,000-base-pair
(bp) genomic inserts scored positive (Fig. 1B), suggesting
that homeoboxes in the Arabidopsis genome occur once
every 1-2 million bp. Assuming a genome size of 70 million
bp (21), Arabidopsis probably contains between 35 and 70
homeobox genes.
From a total of 50,000 cDNA plaques screened, 48 clones

('0.1% of the total) scored positive (Fig. 1B). The 10-fold
lower frequency of positive clones in the cDNA library
compared with the genomic library is attributed to the facts
that cDNAs were prepared solely to mRNA isolated from the
above-ground parts of adult plants, homeobox genes are
typically expressed at low levels, and most inserts in the
genomic library probably contain more than one gene. Of the
48 cDNA plaques identified, 41 clones continued to score
positive through two additional rounds of purification. Hy-
bridization analysis of the cDNA inserts revealed a spectrum
of intensities from inserts that ranged in size from 0.5 to 2.2
kb (Fig. 1C).
To characterize a subset of the cDNAs in more detail, the

nucleotide sequences of eight inserts that hybridized strongly
to HB-1 (Fig. 1C; clones 4, 5, 10, 13, 22, 24, 25, and 47) were
determined. Of the eight clones analyzed, all eight contain
open reading frames that exhibit considerable amino acid
homology to known homeodomains (Fig. 2A), and four of the
eight unequivocally correspond to distinct genes. These
genes are designated HAT4, -5, -22, and -24 (for homeobox
from Arabidopsis thaliana), in accordance with the recom-
mended Arabidopsis nomenclature.
The nucleotide sequence of clone 13 (Fig. 1C) shares

extensive identity with HAT4 and presumably represents an
overlapping cDNA. Clones 10, 25, and 47 (Fig. 1C) are
identical to HATS within the homeodomain, though noniden-
tity at both the 5' and 3' ends of the cDNAs as well as the
presence of single nucleotide differences outside the ho-
meobox suggests that these sequences may have arisen from
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FIG. 1. Homeobox screen of Arabidopsis genomic and cDNA
libraries. (A) Oligonucleotides used as homeobox probes. Shown is
the sequence of three 1024- to 2048-fold degenerate oligonucleotides
complementary to the coding strand of homeodomain helix three
(18). Residue symbols in parentheses denote amino acids that have
not been previously observed at these positions, and X denotes
positions in which all four nucleotides were included in the synthesis
of the oligonucleotides. (B) Genomic and cDNA library screen using
homeobox probes. Shown are filter lifts of plaques from Arabidopsis
genomic and cDNA libraries probed with an equimolar mix of HB-1,
PRD-1, and PRD-2 (see A) and washed under conditions that allow
two or fewer mismatches. (C) cDNA clone screen using homeobox
probes. Shown is a DNA blot of 48 cDNAs (clones 2-49) probed and
washed as in Fig. 1B. An equimolar amount of plasmid DNA
containing the Drosophila Ultrabithorax (UBX) homeobox (20) was
included as a hybridization standard. Insert sizes were estimated by
using DNA markers (BRL) whose migration positions (0.5-3.0 kb)
are shown to the left of each blot.

mRNAs encoded by distinct cellular genes; nonetheless,
these clones have not been given aHATnumber, as it has not
been determined unequivocally that these cDNAs corre-
spond to distinct genes.
Alignment of the homeodomains of HAT4, -5, and -22

reveal that these proteins exhibit considerable similarity to
each other and to previously characterized homeodomains
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Probe

A Helix 1 Helix 2 Helix 3
Antp RKRGRQTYTRYQTLELEKEFHFNRYLTRRRRIEIAHALCLTERQIKIWFQNRRMKWKKEN

A A A A A AMAAAA
HAT4 NS-KKLRLSKD-SAI--ET-KDHST-NPKQKQAL-KQ-G-RA--VEV------ART-LKQ

HAT5 LPEKKRRL-TE-VHL---S-ETENK-EPE-KTQL-KK-G-QP--VAV------AR--TKQ

HAT22 -VEV------ART-LKQ

HAT24 V-GVMMENIEKVLDRG--IELLVDKTENL-SQAQDFRTQG-QMRR-M----MKI-LIVLA

B HAT4 NSRKKLRLSKDQSAILEETFKDHSTLNPKQKQALAKQLGLRARQVEVWFQNRRARTKLKQ
III 11 III 11 111111 III

ceh-5 PKRPRTDNADEQLEKLEESFNTSGYLSGSTRAKLAESLGLSDNQVKVWFQNR--RTKQKK

HAT4 NSRKK-LRLSKDQSAILEETFKDHSTLNPKQK-QALAKQLGLRARQVEVWFQNRRARTKLKQ
11 11 I 11 III 11 11 111 111111

iab-7 SVRKKRKPYSKFQTLELEKEF-LFNAYVSKQKRWELARNLQLTERQVKIWFQNRRMKNKKNS

HAT4 NSRKKLRLS--KDQSAILEETFKDHSTLNPKQKQALAKQLGLRARQVEVWFQNRRARTKLKQ
11 11 I tIll III III

OCt-3 QARKRKRTSIENRVRWSLETMFLKCPKPSLQQITHIANQLGLEKDVVRVWFCNRRQKGKRSS

HAT4 NSRKKLR----LSKDQSAILEETFKDHSTLNPKQKQALAKQLGLRARQVEVWFQNRRARTKLKQ
11 11 11 II 11 III 11111 11

gsbBSH9 LKRKQRRSRTTFSNDQIDALERIFARTQYPDVYTREELAQSTGLTEARVQVWFSNRRAR-LRKQ

HAT4 NSRKKLRLSKDQSAILEETFKDHSTLNPKQKQALAKQLGLRARQVEVWFQNRRARTKLKQ
11 11 11 I 1 111111 11

H40 ARRARTAFTYEQLVALENKFKTTRYLSVCERLNLALSLSLTETQVKIWFQNRRTKWK-KQ

C Basic Region (b) Leucine Zipper (Zip)
C/EBP NIAVRKSRDKAKQRNVETQQKVLELTSDNDRLRKRVEQLSRELDTLRGIFRQLPES

Homeodomain (HD) Leucine Zipper (Zip)
HAT4 QVEVWFQNRRARTKLKQTEVDCEFLRRCCENLTEENRRLQKEVTELRVLKLSPQFY

HAT5 QVAVWFQNRRARWKTKQLERDYDLLKSTYDQLLSNYDSIVMDNDKLRSEVTSLTEK

HAT22 QVEVWFQNRRARTKLKQTEVDCEFLKKCCETLTDENRRLQKELQDLKALKLSQPFS

FIG.2. Homeodomain and leucine zipper motifs
of Arabidopsis HAT proteins. (A) Sequence of the
HAT homeodomains. Shown are the HAT4, -5, -22,
and -24 homeodomains aligned with the Antenna-
pedia (Antp) homeodomain from Drosophila (3, 5).
The three a-helices of Antp (3, 5), as well as helix
three residues targeted by the degenerate oligonu-
cleotide probes (see Fig. 1A) are indicated by solid
bars. Residues that are highly conserved among all
homeodomain proteins (3, 5) are indicated by open
triangles, and identities between the HAT proteins
and Antp are indicated by dashes. The convention
for genetic nomenclature recommended by the
committee at the Third International Arabidopsis
Meeting (East Lansing, MI, April 1987) requires
wild-type gene names to be italicized, capitalized,
and composed of three letters. In this paper, des-
ignations for genes and gene products are identical
except that the latter are not in italics. (B) Compar-
ison of the HAT4 homeodomain with homeo-
domains from animal systems. The HAT4 homeo-
domain is aligned with C. elegans ceh-5 product
(18), Drosophila iab-7/AbdB (22), mouse Oct-3
(23), Drosophila gsbBSH-9 (24), and Apis H40 (25)
homeodomains. Amino acid identities and gaps
inserted into the sequences to optimize alignments
are indicated by vertical bars and dashes, respec-
tively. (C) Sequence of the HAT leucine zippers.
Shown are the putative leucine zippers ofHAT4, -5,
and -22 aligned with the mammalian C/EBP protein
(26-28). Solid bars indicate the basic region and
leucine zipper of C/EBP, as well as the homeo-
domains and putative leucine zippers of the HAT
proteins. Asterisks denote leucine and isoleucine
residues that define the heptad repeats.

from mammalian and insect systems, particularly at positions
within the homeodomain that are highly conserved (Fig. 2 A
and B). The HAT4 homeodomain, for example, shares 40-
45% amino acid identity with the homeodomains encoded by
the Drosophila iab-7/AbdB (22), Drosophila gsbBSH-9 (24),
and C. elegans ceh-S (18) genes (Fig. 2B); somewhat lesser
similarity (35-40%o) is observed between HAT4 and the
homeodomains of the mouse Oct-3 (23) and Apis H40 (25)
proteins (Fig. 2B). The putative HAT24 homeodomain dis-
plays sequence homology to helix three of the homeodomain
but exhibits little homology elsewhere within the homeo-
domain and bears little resemblance to HAT4, -5, or -22;
furthermore, the presence ofa glycine residue in presumptive
helix one raises some question about whether HAT24 con-
tains a bona fide homeodomain (Fig. 2A).

Additional sequence analysis of the cDNAs revealed a
second motif common to HAT4, -5, and -22, naniely the
presence ofa leucine zipper motif tightly linked to each ofthe
homeodomains (Fig. 2C). The presence of four leucine
residues repeated at exactly seven-amino acid intervals is
reminiscent of the leucine zipper dimerization motif previ-
ously described in C/EBP (26, 27); importantly, the spacing
of the putative leucine zippers relative to the HAT homeo-
domains is identical to the spacing between the leucine zipper
and DNA-binding domain ofC/EBP (26-28). It is interesting
to note that the putative leucine zippers ofHAT4 and HAT22
are nearly identical at the amino acid level, despite the fact
that the corresponding nucleotide sequence of these regions
is highly divergent (Fig. 2C and data not shown). The HAT24
protein does not contain a leucine zipper motif.

Hybridization analysis revealed that each of the HAT genes
encodes transcripts of low abundance ranging in size from 1.2
to 1.8 kb (Fig. 3). On the basis of hybridization intensity, it is
estimated that HAT4, -5, and -24 constitute about 0.012%,
0.05%, and 0.004% of the mRNA in adult tissue, respectively
(Fig. 3 and data not shown). The transcript encoded by HAT22

constitutes about 0.002% of the mRNA in adult plants and has
not been detected in seedlings (Fig. 3 and data not shown).
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FIG. 3. Identification of HAT transcripts. Shown is a hybridiza-

tion (Northern) analysis, using HAT cDNAs as probes, of adult
Arabidopsis thaliana (Columbia) RNA. Arrows denote the position
ofeach transcript relative toRNA molecular weight standards (BRL)
which ranged in size from 0.3 to 9.5 kb. At the bottom are photo-
graphs of the ethidium-stained nuclear ribosomal RNAs (25S and
18S).
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ctt caa ctg ctg cgt cta gct gtc ctt cct tct tca rtt gct tct tct tct cta gct cag 60

cgc gga tcg ctg cag tag tac cct gac gta gcc ttt ctt ctt cct tta ctt tct cat ctt 120

cta tct ctc aaa aga aaa gcsa gac aac ttt att tgc aaa aac aga gtt ttt ttt tct tat 180

ctt gag aaa gtt caa cag aag ATG ATG TTC GAG AMA GAG GAT CTG GGT CTA AGC TTA GGC 240
Met Met Phe Glu Lys Asp Asp Leu Gly Leu Ser Leu Gly 13

TTG AAT TTT CCA AAG AAA CAG ATC AAT CTC AAA TCA AAT CCA TCT GTT TCT GTT ACT CCT 300
Leu Asn Phe Pro Lys Lys Gln Ile Asn Leu Lys Ser Asn Pro Ser Val Ser Val Thr Pro 33

TCT TCT TCT TCT TTT GGA TTA TTC AGA AGA TCT TCA TGG AAC GAG AGT TTT ACT TCT TCA 360
Ser Ser Ser Ser Phe Gly Leu Phe Arg Arg Ser Scr Trp Asn Glu Ser Phe Thr Ser Ser 53

GTT CCA AAC TCA GAT TCG TCA CAA AAA GAA ACA AGA ACT TTC ATC CGA GGA ATC GAC GTG 420
Val Pro Asn Ser Asp Ser Ser Gin Lys Glu Thr Arg Thr Phe Ile Arg Gly Ile Asp Val 73

AAC AGA CCA CCG TCT ACA GCG GAA TAC GGC GAC GAA GAC GCT GGA GTA TCT TCA CCT AAC 480
Asn Arg Pro Pro Ser Thr Ala Glu Tyr Gly Asp Glu Asp Ala Gly Val Ser Ser Pro Asn 93

AGT ACA GTC TCA AGC TCT ACA GGG AAA AGA AGC GAG AGA GAA GAA GAC ACA GAT CCA CM
Ser Thr Val Ser Ser Ser Thr Gly Lys Arg Ser Glu Arg Glu Glu Asp Thr Asp Pro Gln

* * * *

540
113

GGC TCA AGA GGA ATC AGT GAC GAT GAA GAT GGT GAT AAC TCC AGG AAA AAG CTT AGA CTT 600
Gly Ser Arg Gly Ile Ser Asp Asp Glu Asp Gly Asp Asn Ser Arg Lys Lys Leu Arg Leu 133

TCC AAA GAT CAA TCT GCT ATT CTT GAA GAG ACC TTC AM GAT CAC AGT ACT CTC AAT CCG 660
Ser Lys Asp Gin Ser Ala Ile Leu Glu Glu Thr Phe Lys Asp His Ser Thr Leu Asn Pro 153

AAG CAG AAG CAA GCA TTG GCT AAA CAA TTA GGG TTA CGA GCA AGA CAA GTG GAA GTT TGG 720
Lys Gin Lys Gin Ala Leu Ala Lys Gin Leu Gly Leu Arg Ala Arg Gin Val Glu Val Trp 173

TTT CAG AAC AGA CGA GCA AGA ACA AAG CTG AAG CAA ACG GAG GTA GAC TGC GAG TTC TTA 780
Phe Gin Asn Arg Arg Ala Arg Thr Lys Leu Lys Gin Thr Glu Val Asp Cys Glu Phe Leu 193

CGG AGA TGC TGC GAG AAT CTA ACG GAA GAG AAC CGT CGG CTA CAA AAA GAA GTA ACG GAA 840
Arg Arg Cys Cys Glu Asn L Thr Glu Glu Asn Arg Arg Mu Gin Lys Glu Val Thr Glu 213

TTG AGA GTA CTT AAG CTC TCT CCT CAG TTC TAC ATG CAC ATG AGC CCA CCC ACT ACT TTG 900
eu Arg Val Leu Lys Leu Ser Pro Gin Phe Tyr Met His Met Ser Pro Pro Thr Thr Leu 233

ACC ATG TGC CCT TCA TGT GAA CAC GTG TCG GTC CCG CCA CCA CAA CCT CAG GCT GCT ACG 960
Thr Met Cys Pro Ser Cys Glu His Val Ser Val Pro Pro Pro Gin Pro Gin Ala Ala Thr 253

TCA GCG CAC CAC CGG TCG TTG CCG GTC AAT GCG TGG GCT CCT GCT ACG AGG ATA TCT CAC 1020
Ser Ala His His Arg Ser Leu Pro Val Asn Ala Trp Ala Pro Ala Thr Arg Ile Ser His 273

GGC TTG ACT TTT GAC GCT CTT CGT CCT AGG TCC TAA gtc ttt tta ctt gca acc aaa ggg 1080
Gly Leu Thr Phe Asp Ala Leu Arg Pro Arg Ser OCH 284

cat ttt ggt cgt ttt tta agt ttc atg gac cag ata tgc atg tag ttg tta aca tgt atg 1140

tat ttt ctt aga aag aaa gaa aaa cag att sat att aaa ass aaa aaa aaa aaa aaa 1197

FIG. 4. Nucleotide sequence ofthe HAT4 cDNA. Shown is the 1197-bp sequence ofthe HAT4 cDNA and the deduced 284-amino acid protein
encoded by the largest open reading frame. The homeodomain, leucines of the presumptive leucine zipper, and acidic region are indicated by
solid lines, boxes, and asterisks, respectively.

To investigate whether the HAT proteins contain addi-
tional sequence motifs common to transcription factors, the
complete nucleotide sequence of HAT4 cDNA was deter-
mined. Analysis of the 1197-bp cDNA revealed an open
reading frame encoding a 284-amino acid protein with a

predicted molecular mass of approximately 32 kilodaltons
(Fig. 4). A cluster of negatively charged amino acids found
immediately upstream of the HAT4 homeodomain (Fig. 4) is
reminiscent of the acidic activation domains of well-
characterized transcriptional activators (29). The size of the
intact HAT4 cDNA (1197 bp) agrees well with the estimated
size of the HAT4 transcript (1.2 kb) and thus probably
represents a full-length cDNA (Figs. 3 and 4).

DISCUSSION
These results indicate that Arabidopsis thaliana contains a

large number of homeobox genes, confirming and extending
two reports that appeared recently documenting the exis-
tence of a small number ofhomeobox genes in maize (30) and
Arabidopsis (31). On the basis of the frequency with which
clones were isolated from the genomic library and assuming
a genome size of 70 million bp (21), it is estimated that
Arabidopsis contains upwards of 50 homeobox genes. Thus,
similar to Drosophila (32) and Caenorhabditis (18), it appears
that Arabidopsis utilizes the homeodomain extensively as a

functional motif despite the vast evolutionary distance sep-
arating organisms of the plant and animal kingdoms. These

results support further the idea that basic mechanisms of
transcriptional control have been highly conserved in eu-
karyotes (29, 33-35).
What is the functional role of homeobox genes in Arabi-

dopsis? It is tempting to speculate that, as in animal systems
(4), plant homeobox genes encode transcriptional regulators
that mediate important developmental processes. The pres-
ence of a homeodomain, putative leucine zipper, and poten-
tial acidic activation domain in several of the HAT proteins
strongly suggests that these factors function as transcrip-
tional regulators in Arabidopsis. Though the developmental
role of these genes remains to be investigated, it is encour-
aging to note that mutations in the maize homeobox gene
Knotted-i cause alterations in maize leaf development (30).

It is interesting that most of the plant homeodomain
proteins that we have characterized contain a leucine zipper
motif. We propose that thejuxtaposition ofthe homeodomain
and a putative leucine zipper as seen in HAT4, -5, and 22
should be referred to as an HD-Zip motif to highlight their
distinction from the b-Zip proteins from animal systems,
which include C/EBP, GCN4, FOS, and JUN (26, 27, 36, 37).
The spacing of the homeodomain and the putative leucine
zipper in Arabidopsis HD-Zip proteins is identical to the
distance between the DNA-binding domain and the leucine
zipper in b-Zip proteins (26-28, 36, 37); moreover, the
presence of characteristic hydrophobic and charged residues
within the heptad repeats is analogous to the b-Zip class
(26-28, 38, 39). These similarities suggest that HD-Zip pro-
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teins may, like members of the b-Zip class, utilize the leucine
zipper motif as a dimerization domain. An exciting possibility
is that, analogous to FOS and JUN interactions (36, 37),
leucine zipper interactions between members of the HD-Zip
family might mediate the formation of functional het-
erodimers.

It is striking that HD-Zip proteins have not been described
in animals, despite characterization of more than 100 homeo-
domain proteins from animal systems (3). What is the signif-
icance of the apparent uniqueness of HD-Zip proteins to
higher plants? Given that profound differences exist between
plant and animal development (11), it is tempting to speculate
that HD-Zip proteins mediate aspects of development that
are unique to plants, such as the coupling of development to
environmental signals (40). Assuming that HD-Zip proteins
are indeed determinants of Arabidopsis development, the
ability of these proteins to interact as heterodimers might
provide a means by which to alter a particular developmental
pathway in plants simply by modulating the ratios of the
HD-Zip proteins in vivo. The answers to these and other basic
questions regarding plant homeobox gene function are ex-
pected to be complex, particularly if large numbers of these
gene products interact during plant development. The isola-
tion, mapping, and sequencing of these genes, coupled with
reverse genetics, should greatly aid in the illustration of their
function.
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