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The homeobox, a 183 bp DNA sequence element, was
originally identified as a region of sequence similarity
between many Drosophila homeotic genes. The homeobox
codes for a DNA-binding motif known as the homeodo-
main. Homeobox genes have been found in many animal
species, including sea urchins, nematodes, frogs, mice
and humans. To isolate homeobox-containing sequences
from the plant Arabidopsis thaliana, a cDNA library was
screened with a highly degenerate oligonucleotide
corresponding to a conserved eight amino acid sequence
from the helix-3 region of the homeodomain. Using this
strategy two cDNA clones sharing homeobox-related
sequences were identified. Interestingly, both of the
cDNAs also contain a second element that potentially
codes for a leucine zipper motif which is located
immediately 3' to the homeobox. The close proximity of
these two domains suggests that the homeodomain-leucine
zipper motif could, via dimerization of the leucine
zippers, recognize dyad-symmetrical DNA sequences.
Key words: A. thaliana/HD-Zip motif/homeodomain/
leucine zipper

Introduction
The homeobox (HB), a 183 bp DNA sequence element, was

originally identified as a region of sequence similarity shared
by several genes involved in the control of Drosophila
development (Gehring, 1987). The HB sequence encodes
a 61 amino acid sequence, known as the homeodomain (HD).
Several lines of evidence indicated that HD proteins are

transcription factors in which the homeodomain is respon-
sible for sequence-specific recognition of DNA (Affolter
et al., 1990; Hayashi and Scott, 1990, and references
therein). HB genes have now been identified in many animal
species, including sea urchins, nematodes, frogs, mice and
humans, via a low-stringency hybridization with HB-
containing probes (Scott et al., 1989). Related sequences
have also been found in yeast (Shepard et al., 1984) and
in the fungus Ustilago maydis (Schulz et al., 1990).

Surprisingly, the homeodomain has not yet been detected
in plants, despite the fact that a substantial fraction of plant
regulatory factors contains structural motifs such as

helix-loop-helix (Ludwig and Wessler, 1990), leucine
zipper (Hartings et al., 1989; Katagiri et al., 1989; Singh
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et al., 1990) or zinc finger motifs (Lam et al., 1990),
homologous to those described in yeast and animal transcrip-
tion factors (Glover, 1989; Johnson and McKnight, 1989).

In a direct approach to identify sequences coding for HD
proteins from the plant Arabidopsis thaliana, we took advan-
tage of a strategy which has been successfully used to isolate
several HB genes from the nematode Caenorhabditis elegans
(Burglin et al., 1989). In this way two HB-containing
sequences were isolated from an A. thaliana cDNA library.
DNA sequence analysis revealed that the two cDNA clones
are also related by virtue of a second conserved element that
potentially codes for a leucine zipper motif (Landschulz
et al., 1988). Furthermore, both sequences exhibit an iden-
tical alignment between the homeodomain and the leucine
zipper motif, with the former immediately N-terminal to the
latter. These observations led us to propose the existence
of a novel class of plant proteins constructed from a combina-
tion of the homeodomain (DNA contacting region) and the
leucine zipper (dimerization motif), each of which was
previously described, but only in separate classes of DNA-
binding proteins (Glover, 1989; Johnson and McKnight,
1989).

Results
Isolation of cDNA encoding homeodomain-containing
proteins
To isolate sequences coding for HD proteins from
A. thaliana, we took advantage of the strategy developed by
Burglin et al. (1989). They designed a degenerate
oligonucleotide, HB-1 (Figure lA), corresponding to a
conserved eight amino acid sequence from the helix-3 region
of the homeodomain (Burglin, 1988), able to detect a large
set of HB genes. Using conditions resulting in strong
hybridization to DNA fragments with two or fewer
mismatches (Burglin et al., 1989), more than 15 bands of
varying intensities could be distinguished on an A. thaliana
genomic Southern blot probed with HB-1 (Figure iB).
We screened 300 000 clones from an A. thaliana cDNA

Xgtl 1 library (Clontech) with HB-1 and selected four
independent X clones. Two of these cDNA clones, designated
Athb-1A and Athb-2A (Athb for A.thaliana homeobox),
were further characterized.

Nucleotide and predicted amino acid sequences of
Athb- 1
The homeodomain is a 61-residue amino acid sequence
which is highly conserved among the known HB genes (Scott
et al., 1989). In all of them, four amino acid residues located
within helices 3 and 4 are invariant and eight residues
distributed throughout the 61-residue sequence are highly
conserved (Gehring et al., 1990). Sequence analysis of the
Athb-1A cDNA clone revealed a 722 bp insert with a

poly(dA) stretch located at one end (Figure 2A). The
predicted amino acid sequence contained all the invariant
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Athb-1 protein from aa 64 to 124 (Figure 2B) contains the
invariant as well as most of the highly conserved amino acid
residues of the homeodomain, as shown by the alignment
with the Antp homeodomain (Gehring et al., 1990) (Figure
4 and see below). Finally, exactly at the end of the homeo-
domain, there are a series of leucine residues separated by
seven aa residues (aas 125-160 in Figure 2B). A similar
configuration of leucine residues in the transcription factor
C/EBP has been suggested to form an amphipathic a-helical
structure, where the leucine residues are arranged along one
side of the helix. Two such helices are thought to interact
by a 'leucine zipper' mechanism generating a dimeric protein
complex (Landschulz et al., 1988).

Interestingly, DNA sequence analysis also revealed that
the 330 bp-long 5'-untranslated leader sequence of Athb-lC
contains two short open reading frames, one of 28 amino
acids in-frame with the ATG at position 331 and one of 8
amino acids out of frame. Short open reading frames have
been described in the 5'-untranslated leader sequence of plant
regulatory factor mRNAs (Hartings et al., 1989; Singh
et al., 1990) and found to be responsible for translational
regulation of GCN4 expression in yeast (Hinnebusch, 1984
and 1988). The 153 bp-long 3'-untranslated region contains
a putative poly(A) addition sequence, AATAAT, 63 bp
upstream of the polydA sequence (Figure 2B).

Northern blot analysis of A. thaliana leaf poly(A)+ RNA
revealed that Athb-1 mRNA appears to be a single species
of - 1450 bases (Figure 3). Thus, the 1302 bp Athb-IC
clone represents most of the Athb-1 mRNA sequence.

Fig. 1. Southern blot of A.thaliana DNA hybridized with HB-1. (A)
Sequence of the degenerate oligonucleotide HB-1 (Burglin et al., 1989)
and its predicted translation. The single letter code is used to designate
amino acid residues. Amino acids in brackets have not been found at
that position in the homeodomain, but were included as a byproduct of
the degenerate codons. (B) Southern blot of A.thaliana genomic DNA
(6 jig) digested with EcoRI and probed with HB-1. The numbers
indicate the size, in bp, of DNA mol. wt markers.

amino acid residues of the homeodomain. Using the Athb-lA
insert as a probe, two additional overlapping clones (Athb-1B
and Athb-1C) were subsequently isolated by screening
another 300 000 plaques of the A. thaliana cDNA library.
Their location relative to Athb-lA was determined by DNA
sequencing. Athb-1C cDNA is 1302 bp long and overlaps
completely the Athb-1A clone and most of the Athb-1B clone
(Figure 2A). Analysis of the predicted amino acid sequence
of Athb-1C cDNA (Figure 2B) revealed an 816 bp open
reading frame starting with an ATG at position 331 and
ending with a stop codon at nucleotide 1147. Athb-lC
encodes for a protein of 272 amino acids (aas) in length,
with a calculated molecular mass of 31 kd (Figure 2B). The
putative polypeptide is highly hydrophilic and has several
interesting features. It contains two acidic regions (aspartic
or glutamic acid), one in the N-terminal part of the polypep-
tide, between aas 39 and 63 and the other in the C-terminal
part, between aas 210 and 243 (Figure 2B). Clusters of
aspartate or glutamate residues have been described in many
transcription factors, and there is strong evidence that acidic
regions function in the activation of RNA polymerase II
transcription initiation (Ptashne, 1988). A region of the

Comparison of the predicted amino acid sequence of
the Athb- 1 and Athb-2 homeodomain regions
DNA sequence analysis of the region flanking the probe-
hybridizing region of the Athb-2A cDNA clone also revealed
the presence of a complete homeodomain (Figure 4), which
shows a 52% homology (32 out of 61 amino acid residues)
to the Athb-I homeodomain.
The homeodomains of Athb-I and Athb-2 diverge from

previously characterized HD sequences: at most they share
only 41 % homology (25 out of 61 amino acid residues) with
any of the previously identified genes (Scott et al., 1989).
However, Athb-I and Athb-2 homeodomains contain the
four invariant aa residues and seven out of the eight highly
conserved aa residues of the homeodomain consensus
sequence (Gehring et al., 1990). The invariant residues are
tryptophan, phenylalanine, asparagine and arginine at posi-
tions 49, 50, 52 and 54, respectively. The highly conserved
aas are located in positions 13 (glutamine), 17 (leucine), 21
(phenylalanine), 41 (leucine), 46 (valine), 56 (arginine) and
58 (lysine). Furthermore, Athb-1 and Athb-2 contain, at
position 6, a conservative substitution (lysine versus arginine)
(Figure 4).

Athb-1 and Athb-2 are also related by virtue of a second
conserved sequence element that codes for a potential leucine
zipper motif (Figure 5). The leucine zipper is a special case

of the coiled-coil motif with a series of leucine residues
spaced by exacfly seven aa residues. The start of each heptad
repeat is designated by the letter a, such that the hydrophobic
residues occur in positions a and d, with leucine residues
usually found at position d (Glover, 1989). This distribu-
tion of residues permits the theoretical formation of an

amphipathic a-helix, which can pair by interaction of the
aligned hydrophobic residues (Landschulz et al., 1988).
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B
Athb-IC TGT CTC TCT CTT TGO TTO-T -TO TATA A -A. a

9 18 ' 36

CGA AAA TTG GAT ATA OAT AGG TTT CTT GTT 1GA TCT TGA TCO C. T-G A
57 66 75 84 93

AGG GGA GAA TAG CAG TTC ATG ATG GGA TTT TGT A.C TGC COCG TS GAG TC
111 120 129 138 14'

GCG AGA TTA CTA TGG AGT ACA A1C ,TC TTC CGC CAT AAG ATC Al'' AIT TT
165 174 183 192 2C-

TCC TTC CTA CTT CTT CCC ATC TTT TTA ATC ATC TTC TCG CTA TCT 0TG C0
219 228 237 246 255

Athb- 1 and Athb-2 zipper motifs are formed by 6 and 5
At h b-1 A heptad repeats, respectively. Athb-1 contains an isoleucine

at position d4 and Athb-2 contains a threonine residue at
position dl. It should be noted that Athb-1 has the amino

Ath b-1 B acid tyrosine repeated three times at position a2, a3, and a4,
always followed by an aspartate residue. Consistent with the
hypothesis of (x-helix formation, no helix-disrupting proline

Athb-1C or glycine residues are present in these heptad repeats. In
addition, like the first example of a leucine zipper protein,
C/EBP (Landschulz et al., 1988), the potential ar-helical
region in Athb-1 and Athb-2 possesses a high density of
paired charged residues that could stabilize the structure.
Interestingly, in both the Athb proteins, the position of the
al hydrophobic residue corresponds to the 59th position of
the homeodomain, which is usually occupied by a positively
charged amino acid (Scott et al., 1989). We aligned the
homeodomain-leucine zipper regions with representative

102AlloGleucine zipper proteins, which show the contiguous basic
region-leucine zipper (b-ZIP) architecture (Vinson et al.,

CA 1989). This revealed that the putative recognition helices of
the Athb-1 and Athb-2 homeodomains are located, with

2 10 respect to the leucine zipper motif, in a position equivalent
to that occupied by the DNA contacting region (the basic

2T64 region) in the b-ZIP proteins (Figure 5).

CTT TCT CTC TGT TTC CTC TTT CTC AGA ACT CAG AAG TAG TO TT T AT TTC
273 282 291 3C3̂T 313

I- Met Glu Ser Asn Ser Phe Phe Phe Asp Pr^ Se- Ala Ser His -14
TGT TGA TCA AAA ATG GAA TCC AAT T-CGTC TTC TTC ST C,-A T 737T

327 336 345 354 3e 3 3-02

Gly Asn Ser Met Phe Phe Leu G' y Ast Leu Asn Pro Val 'a5',7 I 1; - 32
GGC AAC AGC ATG TTC TTC CTT GGG AAT CTC AAT CCC OTC .TC Cr -GA 111A^,A

381 390 399 408 417 426

Ala Arg Ser Met Met Asn Met Glu Glu Thr Ser Lys Arg Arg Prc Phe Phe Ser 50
GCA AGA TCG ATG ATG AAC ATG GAG GAA ACT TCG AAG CGA AGG, CC TTCOTT ASC

435 444 453 462 401480

Ser Pro Glu Asp Leu Tyr Asp Asp Asp Phe Tyr Asp Asp G1n Leu Pro^, Lys -68
TCC CCT GAG GAT CTC TAC GAC GAT GAC TTT TAC GAC GAC CA, T-O ^CT ^,AA AAS

489 498 507 516 S2 534

Lys Arg Arg Leu Thr Thr Glu Gln Val His _eu Leu Glu Lys Ser-She SI,, Tnr -86
AAG CGT CGC CTC ACT ACC GAA CAA GTG CAT CTG CTS OAG AAA AOC TCC 0A0 ACA

543 552 561 570 579 089

Glu Asn Lys Leu Glu Pro Glu Arg Lys Thr Gln Leu Ala Lys Lys Leu Sly Leu -104
GAG AAC AAG CTA GAG CCT GAA CGC AAG ACT CAG CTT GCC AAG AAO CTT GGT CTA

597 606 615 624 633 642

Gln Pro Arg Gln Val Ala Val Trp Phe Gln. Asn Arg Arg Ala Aro Trp Lys The -122
CAG CCA AGG CAA GTG GCT GTC TGG TTT CAO AAT CG0 CGA OCT COT TOOG AAA ACA

651 660 663 67 603

Lys Gle Les=Glu Arg Asp Tyr Asp Leu Leo Lys Ser Thr Tyr Asy Ol,n eu=Leu -140
AAA CAG CTT GAG AGA GAC TAC GAT CTT CTC AAG TCC ACT AO GAC CAA CTT CTT

705 714 723 732 740 751

Ser Asn Tyr Asp Ser le= val Met Asp Asn Asp Lys Leo Arg Ser Glu Val Thr -158
TCT AAC TAC GAC TCC ATC GTC ATG GAC ATC GAT AAG CTC AGA TCC GAG GTT ACT

759 768 777 786 703 804

Ser Le= Thr Glu Lys Leu Gln Gly Lys Gln Glu Thr Ala Asn G1S Pro Pro Sly -176
TCC CTG ACC GAA AAG CTT CAG SGC AAA CAA GAG ACA GCT AAT GAA CCA CTT OGT

813 822 831 840 Q49 858

Gln Val Pro Glu Pro Asn Gln Leu Asp Pro Val Tyr Ile Asn Ala Ala Ala Ile -194
CAA GTG CCC GAA CCA AAC CAA CTT GAT CCG GTT TAC ATT AAT 00G GCA OCA ATC

867 876 885 894 903 912

Lys Thr Glu Asp Arg Leu Ser Ser Sly Ser Val Gly Ser Ala Val Leu Asp Asp -212
AAA ACC GAG GAC CGG TTA AGT TCA GGG AGC GTT GGG AGC GCG GTA CTA GAC GAC

921 930 939 948 957 966

Asp Ala Pro Gln Leu Leu Asp Ser Cys Asp Ser Tyr Phe Pro Ser T le Val Pro -230
GAC GCA CCT CAA CTA CTA GAC AGC TGT GAC TCT TAC TTC CCA ASC ATC GTA CCC

975 984 993 1002 1111 1020

Ile Gln Asp Asn Ser Asn Ala Ser Asp His Asp Asn Asp Arg Ser Cys Phe Ala -248
ATC CAA GAC AAC AGC AAC GCC AGT GAT CAT GAC AAT GAC CGG AOC TGT TTC GCC

1029 1'038 1047 1056 1'065 1074

Asp Val Phe Val Pro Thr Thr Ser Pro Ser His Asp His His Oly GSu Ser Leu -266
GAC GTC TTT GTG CCC ACC ACT TCA CCG TCG CAC GAT CAT CAC GGT GAA TCA TTG

1083 1092 1101 1110 1119 1128

Ala Phe Trp Gly Trp Pro TER
GCT TTC TGG GGA TGG CCT TAO AAA ACC ACT CTG ATA AOl AAT G00 TGT TTA TTT

1137 1146 1155 1164 1103 1182

AAG TTC AAG AGT CAT CTT CTT GTT OTTTTOT ACG TTG ACO ATA ATT GTT GAT TCG
1191 1200 1209 12138 227 1236

TOG AAT AAT TCC GCT GTT CAA CGG TAT TTT TAT CAG TTG TAT TAT ATG CTT TTA
1245 1254 1263 1272 1283 1291

TGA AA AAA AAA
1299

Discussion
We report the first isolation of homeobox-containing
sequences from the plant A. thaliana. A cDNA library was
screened with the degenerate oligonucleotide HB-1 (Burglin
et al., 1989), which corresponds to a conserved amino acid
sequence from the helix-3 region of the homeodomain
(Burglin, 1988), and two clones, termed Athb-l and Athb-2,
were selected.
A domain of both Athb-1 and Athb-2 has homology to

the homeodomain sequence first identified in developmental
regulatory factors of Drosophila (Gehring, 1987) and subse-
quently found in vertebrates and worms (Scott et al., 1989).
Recently, homeodomain proteins have been grouped into
different families of related sequences (Scott et al., 1989).
Sequence comparisons of the putative Athb-1 and Athb-2
products with a representative member of each homeodo-
main family revealed that they cannot be assigned to any
of the previously identified classes. Although Athb-1 and
Athb-2 have to be included in the group of the unclassified
homeodomains (Scott et al., 1989), they exhibit a strong
homology with the helix-3 region and the highly conserved
residues of most of the HD sequences (Gehring et al., 1990).
The conservation of these residues suggests that Athb-1 and
Athb-2 homeodomains may adopt three-dimensional struc-
tures similar to those of others (Qian et al., 1989; Kissinger
et al., 1990). Nuclear magnetic resonance studies of the Antp

Fig. 2. DNA and amino acid sequence of Athb-l1. (A) Schematic
representation of the Athb-I cDNA clones. The location of the three
cDNA isolates relative to each other is shown. The boxed region of
Athb-1C denotes the open reading frame starting from the ATG at
nucleotide 331 to a TAG at nucleotide 1147. The location of the
homeodomain (HD) and the leucine zipper (Zip) of the predicted
Athb-1 protein is indicated. (B) The entire nucleotide sequence and the
deduced amino acid sequence of the Athb-IC cDNA. Chequered bars
delimit the glutamate- and aspartate-rich regions. The amino acid
sequence enclosed by an open bar indicates the homeodomain. Periodic
leucines and a single isoleucine are boxed.
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HelixI Helixil HelixIII HelixIV

Antp ERKRGRQTYTRYQTLELEKEFHFNRYLTRRRRIEIAHALCLTERQIKIWFQNRRMKWKKEN

Athb-1 QLPEKKRRL-TE-VHL---S-ETENK-EPE-KTQL-KK-G-QP--VAV------AR--TKQ

Athb-2 DNS-KKLRLSKD-SAI--ET-KDHST-NPKQKQAL-KQ-G-RA--VEV------ART-LKQ

Dfd -P--Q-TA---H-I--------Y--------------T-V-S-----------------D-
labial TNNS--TNF-NK-LT-------------A------NT-Q-N-T-V----------Q--RV
AbdB XVRKK-KP-SKF---------L--A-VSKQK-W-L-RN-Q-----V----------N--NS
en DE--P-TAFSSE-LAR-KR--NE-----E---QQLSSE-G-N-A--------K-A- I--AT
eve SVR-Y-TAF--D-LGR-----YKEN-VS-P--C-L-AQ-N-P-ST--V--------D-RQR
prd KQR-C-T-FSAS-LD---RA-ERTQ-PDIYT-E-L-QRTN---AR-QV--S---ARLR-QH
hox .5 SS----TA---P-LV------------M-P--V-M-NL-N----------------Y--DQ
hox2 .4 G-R------S-----------L--P----K----VS---G-----V---------------
Oct-1 R-RKK-TSIETNIRVA---S-LE-QKP-SEEITM--DQ-NMEKEV-RV--C---Q-E-RI-
mec3 X-RGP-T- IKQN-LDV-NEM-SNTPKPSKHA-AKL-LETG-SM-V-QV------S-ERRLK
MATal KSPK-KSSISPQARAF--QVKRRKQS-NSKEKE-V-KKCGI-PL-VRV--I-K--RS-XXX

1 10 20 30 40 50 60

Fig. 3. Northern blot of Athb-l mRNA. A 485 bp HindIII-EcoRI 3'
end fragment of Athb-IC was randomly labeled with 32P and used to
probe 1 og of poly(A)+ RNA from leaves of 6 week old Arabidopsis
plants. The numbers indicate the size, in bases, of denaturated DNA
molecular weight markers.

homeodomain (Qian et al., 1989; Otting et al., 1990) and
an X-ray crystallographic study of the engrailed (en)
homeodomain (Kissinger et al., 1990) demonstrated that they
contain a helix -turn-helix motif. The presence of this motif
in the homeodomain was previously suggested on the basis
of sequence comparisons between HD proteins and
prokaryotic regulatory proteins (Laughon and Scott, 1984).

Crystallographic studies revealed that the monomeric form
of the en homeodomain bound to its target DNA can provide
only a modest amount of sequence specificity. Due to the
paucity of sequence-specific contacts additional factors might
be necessary to attain the requisite specificity (Kissinger
et al., 1990). Some cases where the DNA binding specificity
of homeodomains is enhanced either by sequences outside
the domain (Hoey et al., 1988) or by combinatorial interac-
tion between a HD protein and other transcription factors
(Keleher et al., 1988) or by dimerization of HD proteins
(Miller et al., 1985; Nicosia et al., 1990) have been
described.
A potential dimerization domain is encoded by Athb-1 and

Athb-2 in the form of a leucine zipper motif. These Athb-l
and Athb-2 motifs are formed by 6 and 5 heptad repeats,
respectively. Each repeat contains a leucine at position d,
with the exception of an isoleucine (d4) in Athb-1 and a
threonine (dl) in Athb-2 (Figure 5). A threonine in posi-
tion d, has been found in the leucine zipper of C/EBP
(Landschulz et al., 1988). Furthermore, mutagenic analysis
of the GCN4 leucine zipper has shown that replacement of
the first leucine (dl) with a threonine, or the fourth leucine
(d4) with an isoleucine results in functional dimerization
domains (Hu et al., 1990).
Alignment of the Athb homeodomain-leucine zipper

regions with b-ZIP proteins revealed that the putative
recognition helices of the Athb-l and Athb-2 homeodomains

Fig. 4. Amino acid comparison of Athb-l and Athb-2 with other
homeodomains. Single letter code designates amino acid residues. The
amino acid sequence of the Antp homeodomain and the location of the
four helices are indicated. The invariant amino acids are marked by
black triangles, the highly conserved ones by open triangles (Gehring
et al., 1990). Dashes indicate identity of the putative Athb-1 and
Athb-2 homeodomains and of selected members of each HB family
(Scott et al., 1989) to the Antp homeodomain. Identity between the
two Athb homeodomains are indicated by asterisks. Antp (McGinnis
et al., 1984a), Dfd (Laughon et al., 1985), labial (Hoey et al., 1986),
AbdB (Regulski et al., 1985), en (Poole et al., 1985), eve (Harding et
al., 1986), prd (Frigerio et al., 1986), hox 1.5 (McGinnis et al.,
1984b), hox 2.4 (Hart et al., 1987), Oct-I (Scheidereit et al., 1988),
mec3 (Carrasco et al., 1984), MATal (Nasmyth et al., 1981).

RD Leucine zipper
Helix III IV

Athb- 1 PRQVAVWFQNRRARWKTKQLERDYDLLKSTYDQLLSNYDSIVMDNDKLRSEVTSL
Athb-2 ARQVEVWFQNRRARTKLKQTEVDCEFLRRCCENLTEENRRLQKEVTELRALKLSP

Basic region Leucine zipper

C/EBP RNNIAVRKSRDKAKQRNVETQQKVLELTSDNDRLRKRVEQLSRELDTL
GCN4 RNTEAARRSRARKLQRMKQLEDKVEELLSKNYHLENEVARLKKLVGER
Opaque2 SNRESARRSRYRKAAHLKELEDQVAQLKAENSCLLRRIAALNQKYNDA

al d1 a2 d2 a3 d3 a4 d4 a5 5

Fig. 5. Amino acid sequence comparison of the Athb-1 and Athb-2
leucine zipper motifs with selected b-Zip proteins. Athb-1 and Athb-2
sequences, designated according to the single letter code, were aligned
to the leucine repeat of the b-Zip proteins. The first residue of each
heptad repeat is designed by the letter a, with leucine residues at
position d. C/EBP (Landschulz et al., 1988), GCN4 (Hinnebusch,
1984), opaque 2 (Hartings et al., 1989).

are located, with respect to the leucine zipper motif, in a
position equivalent to that occupied by the DNA contacting
region in the b-ZIP proteins. Therefore we propose that
proteins with a contiguous homeodomain-leucine zipper
architecture should be referred to as HD-Zip proteins.

It has been shown that the helix-3 of the homeodomain
has the ability to recognize specific DNA sequences (Affolter
et al., 1990; Hayashi and Scott, 1990) and by inference,
the putative recognition helix of the Athb proteins may have
the same function in the plant cell. In addition, the Athb
leucine zipper motifs have all the structural features to result
in functional dimerization domains. The exact spatial register
between the homeodomain and the leucine zipper motif in
the two Athb proteins is similar to that observed between
the DNA binding and the dimerization domains in the b-ZIP
proteins (Vinson et al., 1989). Therefore, in analogy with
the model proposed for the b-Zip proteins (Vinson et al.,
1989), we suggest that the HD-ZIP proteins might use the
dimerization domain to closely juxtapose a pair of DNA
contacting surfaces, each of which fits into half of a dyad-
symmetric recognition sequence.

1790



A.thaliana homeobox genes

Materials and methods

Isolation of cDNA encoding homeodomain-containing proteins
An A.thaliana cDNA library in Xgtl (Clontech) was screened with the
oligonucleotide HB-1 (Burglin et al., 1989). The oligonucleotide was 5'
end-labelled with T4 kinase according to Ausubel et al. (1987) using 3000
Ci mmol-F [-y-32P]ATP (Amersham). Filters were prehybridized in 6x
SSC, 5x Denhardt's solution, 0.05% Na pyrophosphate, 1% SDS and
100 mg mFl- herring sperm DNA for 6 h at 42°C. Approximately
5 x 106 c.p.m. (5 ng) of labelled oligonucleotide per ml of hybridization
solution were hybridized for 24 h at 42°C. Filters were washed exactly
as described by Burglin et al. (1989).

DNA sequencing
HB-1 hybridizing EcoRI fragments were subcloned into Bluescript SKII
(Stratagene) or pUC9 using standard techniques (Maniatis et al., 1982).
Sequencing was carried out on double-stranded DNA using Sequenase 2
(USB) according to manufacturer's instructions. Initial sequences were

obtained using either universal and reverse primers or the degenerate
oligonucleotide (HB-1). Sequences were then extended by synthesizing
specific primers. Oligonucleotides were synthesized on a Beckman DNA-
SM synthesizer and purified according to manufacturer's instructions.

Southern blot analysis
Restriction digests, gel electrophoresis and Southern transfer onto Hybond-N
membrane (Amersham) were done as described (Maniatis et al., 1982).
Hybridization with HB-1 probe was as described above.

Northern blot analysis
Northern blot analysis of A.thaliana RNA was performed essentially as

described by Thomas (1980), except that the probe was prepared by the
random priming method (Feinberg and Vogelstein, 1983).

Computer analysis
Comparative sequence analysis were performed with programs from the
University of Wisconsin Genetics Computer Group (Devereux et al., 1984).
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Note added in proof
While this article was in press, Vollbrecht et al., (1991) Nature, 350,
241-243, reported that the knotted-I gene of maize contains a homeobox
related sequence. The sequence data reported here have been submitted to
the EMBL/GenBank/DDBJ databases and are available under the acces-
sion number X58821.
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