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The Arabidopsis BELL1 and KNOX TALE Homeodomain
Proteins Interact through a Domain Conserved between
Plants and Animals
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Interactions between TALE (three-amino acid loop extension) homeodomain proteins play important roles in the devel-
opment of both fungi and animals. Although in plants, two different subclasses of TALE proteins include important de-
velopmental regulators, the existence of interactions between plant TALE proteins has remained unexplored. We have
used the yeast two-hybrid system to demonstrate that the Arabidopsis BELL1 (BEL1) homeodomain protein can selec-
tively heterodimerize with specific KNAT homeodomain proteins. Interaction is mediated by BEL1 sequences N termi-
nal to the homeodomain and KNAT sequences including the MEINOX domain. These findings validate the hypothesis
that the MEINOX domain has been conserved between plants and animals as an interaction domain for developmental
regulators. In yeast, BEL1 and KNAT proteins can activate transcription only as a heterodimeric complex, suggesting a
role for such complexes in planta. Finally, overlapping patterns of BEL1T and SHOOT MERISTEMLESS (STM) expression
within the inflorescence meristem suggest a role for the BEL1-STM complex in maintaining the indeterminacy of the in-

florescence meristem.

INTRODUCTION

The shoot of a plant arises through the reiterative formation
of lateral primordia from the main axis of growth. These pri-
mordia, in turn, may develop as leaves, axillary shoots, or
floral organs (Lyndon, 1998). Subtle variations in primordium
initiation can produce remarkable differences in shoot archi-
tecture. Consequently, the control of lateral primordium for-
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mation and identity remains a focal point for studies of plant
development.

The BELL1 (BEL1) gene of Arabidopsis is crucial to the
production of lateral primordia within developing ovules, the
reproductive structures that contain the female gameto-
phyte and develop into seed after fertilization. Recessive
mutations in BEL1 result in the inability to properly initiate
the formation of the lateral integuments that would normally
develop into the seed coat (Robinson-Beers et al., 1992;
Modrusan et al., 1994). BEL1 encodes a TALE (three-amino
acid loop extension) homeodomain transcription factor, an
atypical superclass of homeodomain protein that is con-
served among eukaryotes and characterized by a three-
amino acid extension to the loop connecting the first and
second helices of the homeodomain (Reiser et al., 1995;
Burglin, 1997). Consistent with its function in ovule devel-
opment, the pattern of BEL1 transcription predicts the initi-
ation of integument formation in the ovule primordium
(Reiser et al., 1995). BEL1 appears to belong to a small
subclass of plant TALE homeodomain proteins that in-
cludes the light-responsive Arabidopsis thaliana homeo-
domain 1 (ATH1; Quaedvlieg et al., 1995) and Malus
domestica homeodomain 1 (MDH1; Dong et al., 2000).

Beyond the inference that it regulates the transcription of
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other genes, nothing is known of the molecular mechanisms
by which BEL1 controls integument development. Com-
puter modeling, however, suggests that a sequence of
amino acids N terminal to the BEL1 homeodomain can form
an amphipathic a-helix that might be involved in protein-
protein interactions (Reiser et al., 1995). Heterodimerization
between transcription factors is common and likely repre-
sents a way to optimize the potential of an individual tran-
scription factor to differentially regulate multiple genes.
Indeed, interactions between TALE homeodomain proteins
have been well documented in fungi and animals and are
known to regulate developmental processes, including mating
type determination, embryogenesis, and limb development
(Knoepfler et al., 1997; Rieckhof et al., 1997; Berthelsen et
al., 1998b). Therefore, it is possible that BEL1 homodimer-
izes or heterodimerizes with other TALE homeodomain pro-
teins of Arabidopsis to regulate the transcription of genes
important to developmental processes.

In animals, the PBC subclass of TALE homeodomain pro-
teins includes the vertebrate pre-B cell leukemia homeo-
domain proteins (PBX1, PBX2, and PBX3) and fruit fly
EXTRADENTICLE (EXD). PBC proteins are named for two
conserved N-terminal domains that are collectively referred
to as the PBC domain (Birglin and Ruvkun, 1992). Interest-
ingly, an N-terminal portion of the PBC domain is essential
for heterodimerization with a second subclass of TALE ho-
meodomain proteins, the MEINOX proteins (Biirglin, 1997;
Knoepfler et al., 1997; Berthelsen et al., 1998b). MEINOX
proteins, including the vertebrate MEIS1 and PREP1 and
fruit fy HOMOTHORAX (HTH), also are named for two con-
served N-terminal domains that have been collectively referred
to as the MEINOX domain (Burglin, 1997). Experiments have
demonstrated that the MEINOX domain is required for inter-
action with PBC proteins (Knoepfler et al., 1997; Berthelsen
et al., 1998b). Although the interaction between PBC and
MEINOX proteins results in cooperative binding to DNA
(Knoepfler et al., 1997; Berthelsen et al., 1998b), hetero-
dimerization between PBC and MEINOX proteins does not
require their homeodomains or the presence of a DNA tar-
get (Berthelsen et al., 1998a). Apparently, interaction be-
tween the N-terminal domains of PBC and MEINOX proteins
is required to mask a nuclear export sequence in the PBC
protein and thereby facilitate the nuclear localization of the
heterodimer (Rieckhof et al., 1997; Abu-Shaar et al., 1999;
Berthelsen et al., 1999). PBC proteins and PBC-MEINOX
heterodimers also can bind cooperatively to DNA target se-
quences with vertebrate HOX homeodomain proteins (EN-
GRAILED homeodomain protein in fruit fly) and thereby
modify the target specificity, binding affinity, and regulatory
activity of these typical homeodomain proteins (reviewed by
Chariot et al., 1999). These interactions are mediated by
C-terminal sequences of both PBC and HOX proteins and
require DNA binding.

In plants, MEINOX proteins are represented by the
KNOTTED1-like homeobox (KNOX) protein family (MEINOX
being derived from MEIS and KNOX; Burglin, 1997) and are

easily distinguished from other TALE proteins, including
BEL1, by their conserved homeodomains, MEINOX do-
mains, and ELK domains (Kerstetter et al., 1994). KNOX pro-
teins can be further classified into two subgroups on the
basis of sequence similarity (Kerstetter et al., 1994; Birglin,
1997). Several molecular and genetic analyses associate
class 1 KNOX proteins with important roles in meristem for-
mation and maintenance (for a comprehensive review, see
Reiser et al., 2000). This is best exemplified by recessive
mutations in the SHOOT MERISTEMLESS (STM) gene,
which result in the inability to form or sustain the Arabidop-
sis shoot apical meristem (SAM; Barton and Poethig, 1993;
Clark et al., 1996; Endrizzi et al., 1996). Consistent with its
function in meristem activity, STM is expressed throughout
the shoot meristems of Arabidopsis (Long et al., 1996; Long
and Barton, 1998). Ectopic expression of class 1 KNOX pro-
teins can cause ectopic meristem development (Sinha et
al., 1993; Chuck et al., 1996). Class 1 KNOX proteins also
may be important in lateral organ formation because loss-
of-function mutations in KNOTTED1 (KN1) result in abnor-
mal leaf and flower development in maize (Kerstetter et
al., 1997), whereas gain-of-function mutations lead to knot-
ted or lobed leaves in maize, Arabidopsis, tobacco, and to-
mato (reviewed by Reiser et al., 2000).

Because they contain the MEINOX domain, which is clearly
required for interactions between animal TALE proteins, Buirglin
(1998) has predicted that KNOX proteins dimerize with other
plant TALE proteins to control transcription. This hypothesis im-
plies homodimerization or heterodimerization between KNOX
proteins and/or heterodimerization between KNOX and
BEL1-like proteins. To test these possibilities, we used
BEL1 as bait in a yeast two-hybrid screen to identify Arabi-
dopsis BEL1-interacting proteins. In this article, we report the
ability of BEL1 to interact with KNOX proteins from A.
thaliana (KNATSs). The data indicate that only specific combi-
nations of BEL1 and KNAT proteins can heterodimerize. Al-
though an N-terminal domain of each protein mediates the
general interactions, the C-terminal region of BEL1 appears
to be particularly important in discriminating between po-
tential KNAT partners. The transcription patterns of BEL1
and STM overlap in the SAM and floral meristem, which
suggests the potential for their protein products to het-
erodimerize. The identification of BEL1 and KNAT proteins
as interacting partners has important implications not only
for the study of their respective functions in plants but also
for the study of PBC-MEINOX complexes in animals.

RESULTS

Identification of BEL1-Interacting Proteins

Reiser et al. (1995) identified an amino acid sequence N ter-
minal to the BEL1 homeodomain that had the potential to
form an amphipathic a-helix, a motif known to mediate pro-



tein—protein interactions through so-called coiled coil struc-
tures. This suggested that BEL1 may function within a
complex of transcription factors. Interestingly, sequence
comparisons suggest that this putative amphipathic a-helix
is actually part of a larger domain, stretching from P262 to
E350 of BEL1, that is highly conserved among 14 BEL1-
LIKE HOMEODOMAIN (BLH) proteins identified in Arabidop-
sis, apple, and rice (Quaedvlieg et al., 1995; Reiser et al.,
1995; The Arabidopsis Genome Initiative, 2000; Dong et al.,
2000; A. Samach, M.S. Pidkowich, Z. Modrusan, and G.W.
Haughn, unpublished results). We refer to this sequence as
the BELL domain (Figure 1A). In addition, a short sequence
N terminal to the BELL domain, from 1193 to G213, also is
conserved among at least 13 BLH proteins and also may
form an amphipathic a-helix. We refer to this region as the
SKY domain for the nearly invariable sequence of serine,
lysine, and tyrosine residues found within this sequence
(Figure 1A). Thus, BEL1 contains two sequences that possi-
bly mediate protein—protein interactions.

Because the identity of protein partners could reveal fur-
ther clues regarding the role of BEL1 in development, we
used a GAL4-based yeast two-hybrid screen to discover
proteins that are capable of interacting with BEL1 (Kohalmi
et al., 1997). The complete BEL1 coding sequence was
cloned into the vector pBI-770 (Kohalmi et al., 1997) to give
pDB-BEL1 (Figure 1A), by which BEL1 could be expressed
as a C-terminal fusion to the GAL4 DNA binding domain
(DB). This bait construct was introduced into the yeast two-
hybrid host strain YPB2 (Bartel et al., 1993) and then used to
screen a two-hybrid cDNA expression library encoding Ara-
bidopsis proteins as C-terminal fusions to the GAL4 tran-
scription activation domain (TA; Samach et al., 1999).
Colonies expressing putative BEL1-interacting proteins
were selected on the basis of histidine prototrophy and fur-
ther screened on the basis of 3-amino-1',2’,4'-triazol (3-AT)
resistance and lacZ expression. Fourteen colonies were re-
covered in this manner (Table 1). To ensure that the histidine
prototrophy depended on the combined presence of the
pDB-BEL1 bait plasmid and a prey plasmid, TA-containing
plasmids (pTA; see Methods) were recovered and reintro-
duced into YPB2 containing pDB-BEL1 or pDB-CRU-
CIFERIN (negative control). Of the original 14 prey clones, only
11 continued to activate both YPB2 marker genes in spe-
cific combination with pDB-BEL1. Remarkably, sequence
analysis revealed that these 11 cDNA clones represented
just two genes, each of which encodes a member of the
KNAT family of homeodomain proteins; 8 clones repre-
sented KNAT1 (Lincoln et al., 1994), and 3 clones repre-
sented KNAT5 (Serikawa et al., 1996).

BEL1 Interacts with a Specific Subset of KNAT Proteins
At least eight individual KNAT genes exist in the Arabidopsis

genome (Lincoln et al., 1994; Dockx et al., 1995; Long et al.,
1996; Serikawa et al., 1996; Semiarti et al., 2001; this arti-
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cle). Interestingly, only two different KNAT cDNA clones were
recovered in the two-hybrid screen using BEL1 as bait. This
may indicate that BEL1 interacts with a limited set of KNAT
protein partners. Alternately, this result may reflect only the
relative abundance of KNAT cDNA clones within the cDNA
library. To distinguish between these two possibilities, we
used the two-hybrid system to test directly the ability of
each remaining known KNAT protein to interact with BEL1
(Figure 1B). The coding sequences of STM, KNAT2, KNAT3,
KNAT4, and KNAT7 (see Methods) were cloned into pTA to
express the corresponding proteins as C-terminal fusion
proteins with the GAL4 TA. Each plasmid was then used to
transform YPB2 in combination with pDB-BEL1 or pDB-
CRUCIFERIN (negative control). Strains were then assayed
for B-galactosidase activity as a measure of their ability to
activate the lacZ marker gene. As a positive control for inter-
action, we included a known pair of yeast proteins, SNF1
and SNF4, that have been demonstrated previously to inter-
act via the two-hybrid system (Fields and Song, 1989).

pDB-CRUCIFERIN did not affect the activation of lacZ in
combination with any pTA-KNAT bait constructs, indicating
that the KNAT proteins neither interact nonspecifically with
either the GAL4 DB or CRUCIFERIN nor activate transcrip-
tion autonomously. In addition to combinations with pTA-
KNAT1 and pTA-KNAT5, pDB-BEL1 also affected lacZ acti-
vation in combination with pTA-STM and pTA-KNAT2. How-
ever, combinations between pDB-BEL1 and pTA-KNAT3,
PTA-KNAT4, or pTA-KNAT?7 did not result in lacZ activation.
Therefore, these results suggest that the BEL1 protein can
discriminate between KNAT family members and interact
with only a specific subset of KNAT proteins, namely STM,
KNAT1, KNAT2, and KNATS.

Interestingly, the two-hybrid results imply that BEL1 can
interact equally well with KNAT1, KNAT2, KNAT5, and STM,
yet no KNAT2 or STM clones were isolated in the two-hybrid
screen using BEL1 as bait. This anomaly most likely reflects
the relative representation of each gene in the cDNA library,
with KNAT7 and KNAT5 clones being more abundant than
KNAT2 or STM.

To demonstrate that the two-hybrid system results were
not dependent on additional yeast-specific factors, we also
tested the ability of BEL1 to interact with specific KNAT pro-
teins in vitro (Figure 1C). We in vitro translated STM, KNAT1,
KNAT3, and glutathione S-transferase-tagged BEL1 (GST-
BEL1), alone and in combination using 35S-methionine, and
then incubated the extracts with glutathione—-agarose beads.
Upon washing the beads, STM, KNAT1, and KNAT3 alone
were not retained (Figure 1C, lanes 8 to 10). As expected,
STM and KNAT1, but not KNAT3, were retained by the
beads in combination with GST-BEL1 (Figure 1C, lanes 5 to
7). The retention of STM and KNAT1 is not likely to result
from nonspecific interaction with the GST tag because STM,
KNAT1, and KNAT3 were not retained in combination with
GST alone (data not shown). The retention of STM in combi-
nation with GST-BEL1 was slightly ambiguous because one
truncated GST-BEL1 translation product had approximately
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Figure 1. Interactions between BEL1 and KNAT Proteins via the Yeast Two-Hybrid System.

(A) Scheme of intact and truncated BEL1 sequences used as bait in two-hybrid screens and quantitative assays. The patterned box (HD) repre-
sents the homeodomain, whereas the other boxes represent the SKY and BELL domains. The putative amphipathic a-helix, represented by the
cross-hatched box, comprises the N-terminal portion of the BELL domain. Numbers in superscript indicate the BEL1 amino acids encoded by
each clone. Intact BEL1 was used for two-hybrid screen A, whereas BEL'-3% was used for two-hybrid screen B.

(B) B-Galactosidase activity resulting from the combinations of BEL1 bait constructs and pTA-KNAT prey clones. pTA-based “prey” clones are
indicated at the bottom of the histogram, and pDB-based “bait” clones are indicated to the right of the histogram. Enzyme activity resulting from
the combination of the yeast pDB-SFN4 and pTA-SFNT1 clones is included as a positive control for interacting proteins, combinations with pDB-
CRUCIFERIN are included as a negative control, and pDB-BEL1447-671 is included as a clone that induces B-galactosidase activity autono-
mously. Asterisks denote tests that were not performed. For each prey category, the bait combinations are presented from left to right as fol-
lows: pDB-CRUCIFERIN, pDB-BEL1, pDB-BEL11-3%, pDB-BEL 1447611 and pDB-SNFA4.

(C) GST pulldown experiments demonstrating specific BEL1/KNAT interactions in vitro. The table indicates which combinations of translation
products were used in each lane. The bottom panel shows an SDS-PAGE gel of the various translation products before or after incubation with
glutathione—agarose beads as indicated (asterisks denote lanes in which translation products were not incubated with beads). In vitro translated
GST-BEL1 displays a major, presumably full-length product and several minor truncated products (lane 1). STM and KNAT1 display single prod-
ucts (lanes 2 and 3, respectively), whereas KNAT3 displays two major products (lane 4). No STM, KNAT3, or KNAT1 products are retained by the
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Table 1. Results of Two-Hybrid System Screens

Bait Transformants Screened His* Colonies LacZ* Specific Interactions KNAT Clones
pDB-BEL1 1.8 x 107 14 14 11 11
pDB-bel17-3%6 1.8 x 107 122 118 80 63

the same mobility as STM. Therefore, we repeated this ex-
periment in the opposite orientation using GST-STM and
BEL1 (Figure 1C, lanes 11 and 12). As expected, BEL1 alone
was not retained by the beads (data not shown). BEL was
retained only in combination with GST-STM (Figure 1C, lane
13). In summary, our results indicate specific interactions of
BEL1 with STM and KNAT1.

Identification of BEL1 Domains Mediating Interactions
with KNAT Proteins

The presence of a putative amphipathic a-helix in BEL1 pro-
vided impetus for the two-hybrid system screen reported
here. Therefore, we wished to determine if this domain, or
other sequences within the BELL or SKY domains, was re-
sponsible for mediating the interactions between BEL1 and
KNAT proteins. To this end, we tested the ability of a series
of BEL1 deletions to interact with KNAT1 via the two-hybrid
system (Figure 2). Briefly, sequences encoding the various
BEL1 deletions were cloned into pTA and introduced into
YPB2 strains containing pDB-KNAT1. Transformants were
then assayed for B-galactosidase activity as a measure of
lacZ activation. As a negative control, we tested these dele-
tions against pDB-CRUCIFERIN.

No pTA-based BEL1 deletion constructs stimulated
B-galactosidase activity in combination with pDB-CRUCIFERIN
(Figure 2). As expected, pTA-BEL1 stimulated B-galactosi-
dase activity in combination with pDB-KNAT1. Deletion of
sequences from the C terminus of BEL1 diminished, but did
not eliminate, the ability to stimulate B-galactosidase activity
in combination with pDB-KNAT1. Remarkably, a clone ex-
pressing only the N-terminal 266 amino acids of BEL1 (pTA-
BEL 17-266) was sufficient to promote B-galactosidase activity
in combination with pDB-KNAT1, whereas a clone express-
ing a 137-amino acid region spanning the putative amphi-
pathic a-helix (pTA-BEL1260-3%) was not. These results

indicate that sequences N terminal to the putative amphi-
pathic a-helix are sufficient for interaction with KNAT1 and
that the amphipathic «-helix is neither sufficient nor neces-
sary for interaction with KNAT1. Because pTA-BEL17-266
promoted the same level of B-galactosidase activity as pTA-
BEL1783-3% it is tempting to speculate that the SKY domain
mediates interactions with KNAT proteins. The SKY domain
was not essential for interaction, however, because a C-ter-
minal region of BEL1 from amino acids 260 to 611 (pDB-
BEL 1260-677) also could stimulate B-galactosidase activity in
combination with pDB-KNATT. All pTA-BEL1-based clones
that retain the homeodomain still stimulated B-galactosi-
dase activity in combination with pDB-KNATT1, indicating
that a C-terminal interaction domain lies in the region of the
homeodomain. Neither the N-terminal nor the C-terminal in-
teraction domain alone affected B-galactosidase activity to
the same extent as did intact BEL1, suggesting that these
two domains function cooperatively to affect an interaction
with KNAT1.

As a negative control, we initially used pDB-KNAT3 as a
representative noninteracting KNAT protein. Surprisingly,
deletion of the C-terminal portion of BEL1 including the ho-
meodomain (pTA-BEL17-3%) allowed for B-galactosidase ac-
tivity in combination with pDB-KNAT3 (Figure 2). These data
suggest that sequences in this C-terminal region, possibly
the same sequences that are capable of interacting with
KNAT1, are necessary to mediate the specificity of BEL1 for
potential KNAT partners. The fact that pTA-BEL 1260-677 was
incapable of promoting B-galactosidase activity with pDB-
KNATS3 is consistent with this hypothesis.

Together, these results identify at least two domains of
BEL1 that are important for protein—protein interactions.
One is located in the N-terminal 266 amino acids of BEL1
and is possibly capable of mediating general interactions
between BEL1 and all KNAT proteins. A second region in-
cluding the homeodomain is both necessary and sufficient
to confer the specificity of BEL1 for interactions with KNAT1

Figure 1. (continued).

beads alone (lanes 8 to 10, respectively). GST-BEL1, but not KNATS3, is retained by the beads when these translation products are incubated to-
gether (lane 7). STM and KNAT1, however, are retained by the beads in combination with GST-BEL1 (lanes 5 and 6, respectively), indicating spe-
cific interactions between BEL1 and STM or KNAT1. To confirm that BEL1 interacts with STM, the experiment was conducted in the reverse
orientation. In vitro translated BEL1 (lane 11) and GST-STM (lane 12) display major, presumably full-length products and several minor truncated
products. BEL1 was not retained by the glutathione-agarose beads alone (data not shown, but comparable to the results shown for STM,
KNAT1, and KNATS3), but it was retained in combination with GST-STM (lane 13).
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Figure 2. Deletion Analysis to Identify Protein—Protein Interaction Domains of BEL1.

Schemes of the BEL1 sequences expressed as C-terminal fusions to the GAL4 TA are depicted as black boxes at left. The patterned box (HD)
represents the homeodomain, whereas the other boxes represent the SKY and BELL domains. Numbers in superscript indicate the BEL1 amino
acids encoded by the deletion construct. B-Galactosidase activities resulting from the combinations of individual BEL1 deletion constructs with
pDB-CRUCIFERIN, pDB-KNAT1, and pDB-KNAT3 are presented in the histogram at right.

relative to KNAT3. We predict that this region also is essen-
tial for specific interactions between BEL1 and KNAT2,
STM, and KNATS5. Our results also are consistent with a hy-
pothesis that both domains work cooperatively to allow the
strongest and most selective protein—protein interactions.

Two-Hybrid System Screen Using the N-Terminal
Region of BEL1

The previous results suggested that a C-terminal domain of
BEL1 may confer specificity to the BEL1-KNAT interactions.
Conceivably, the N-terminal region of BEL1 is capable of in-
teracting with all KNAT proteins. Furthermore, strong inter-
actions between the complete BEL1 protein and certain
KNAT proteins may have precluded the identification of
weaker, yet relevant, interactions with additional proteins in
the yeast two-hybrid screen. To test this possibility, we con-
structed pDB-based plasmids to express the N-terminal 396
amino acids and the C-terminal 164 amino acids of BEL1
(Figure 1A) and used these as bait constructs in two-hybrid
screens.

YPB2 colonies harboring only pDB-BEL1447-61" were His*
with high levels of B-galactosidase activity (Figure 1B).
This finding suggests that the C-terminal region of BEL1 can
function as a TA in yeast and precludes its use in a two-
hybrid screen. This result, however, is consistent with the
hypothesis that acidic residues C terminal to the BEL1 homeo-
domain may function as an activation domain (Reiser et al.,

1995). In contrast, colonies harboring only pDB-BEL1'-3%
were His~ with no detectable B-galactosidase activity and
therefore suitable for use in a two-hybrid system screen.

We isolated 80 pTA-based clones that stimulated histi-
dine prototrophy and 3-galactosidase activity only in combi-
nation with pDB-BEL17-3% (Table 1). A combination of DNA
sequencing and restriction digest analyses revealed that 63
of these clones encoded KNAT proteins, including STM (2
clones), KNAT1 (20 clones), KNAT3 (38 clones), KNAT4 (1
clone), and KNAT7 (2 clones). In general, direct tests indi-
cated that each combination of pDB-BEL17-39 with a pTA-
KNAT promoted comparable levels of B-galactosidase ac-
tivity (Figure 1B), which suggests that the N-terminal inter-
action domain of BEL1 is competent to bind to each KNAT
protein with similar affinity. In this respect, it is again inter-
esting that no KNATZ2 clones were isolated in this screen,
and again we attribute this to the relative abundance of
functional KNAT2 clones in the library. B-Galactosidase ac-
tivity was notably greater in combinations of pTA-STM,
pTA-KNAT1, and pTA-KNAT2 with pDB-BEL1 relative to
DB-BEL 17-3% a result that is consistent with N-terminal and
C-terminal domains functioning cooperatively to affect an
interaction.

KNAT5 proved to be an unexpected, yet interesting, ex-
ception. We were surprised not to isolate a single KNAT5
clone in the screen with pDB-BEL17-3%, which suggests that
KNATS is not capable of interacting with the N-terminal do-
main of BEL1-3%9, Consistent with the two-hybrid screen re-
sults, pTA-KNATS5 did not promote B-galactosidase activity



in combination with pDB-BEL1'-39 (Figure 1B). Therefore,
we infer that KNATS5 interacts specifically with the C-termi-
nal domain of BEL1.

The remaining 17 clones corresponded to five different
Arabidopsis cDNAs that encode proteins with no homology
with any protein of known function in the databases and no
identifiable motifs. Furthermore, crude filter assays indi-
cated that the B-galactosidase activities affected by combi-
nations of these clones with pDB-BEL17-39 were very low
compared with pDB-BEL 17-3%/pTA-KNAT combinations (blue
precipitate detected after several hours compared with after
20 min for the combination of pDB-BEL17-39/pTA-KNATT,;
data not shown). Therefore, the interactions of BEL1 with
these proteins were not examined further in this study.

Conserved MEINOX Domain Mediates Interactions
between BEL1 and KNAT Proteins

The KNAT cDNA clones isolated in both two-hybrid screens
vary considerably in length (Figure 3). Consequently, their
sequences prove informative with regard to the domain
through which KNAT proteins interact with BEL1.

The pTA-KNAT1 and pTA-KNAT5 clones isolated using
pDB-BEL1 as bait fell into four and two classes, respectively
(Figure 3, A group). For both KNAT1 and KNAT5, the short-
est cDNA clones encoded polypeptides just spanning the
MEINOX and ELK domains. More specifically, the KNAT1
clones pTA-A3 and pTA-A70 encoded a 188-amino acid
polypeptide from A113 to S300, whereas the KNAT5 clone
pTA-A5 encoded a 192-amino acid polypeptide from G109
to E300. The structure of these KNAT clones implicates the
MEINOX domain in interactions with BEL1. Consistent with
this possibility, recent studies have demonstrated that the
MEINOX domain mediates interactions between two sub-
classes of TALE homeodomain proteins in fruit flies and hu-
mans (Chang et al., 1997; Knoepfler et al., 1997; Berthelsen
et al., 1998a; Abu-Shaar et al., 1999).

A subset of the KNAT clones isolated using pDB-BEL 17-3%
as bait also fell into multiple classes (Figure 3, B group).
With one exception, every clone encoded a polypeptide
containing both the MEINOX and ELK domains. The excep-
tion (pTA-B100) encoded a 71-amino acid N-terminal section
of the KNAT7 MEINOX domain, which confirms that the
KNAT MEINOX domain is sufficient for interaction with BEL1.

It is important to note that the KNAT7 and KNAT5 clones
that terminated before the homeobox were polyadenylated.
These data suggest that KNAT7 and KNAT5 genes may give
rise to two different transcripts: one transcript that encodes a
full-length KNAT1(5) protein, and a second truncated tran-
script that does not encode a homeodomain. It is unclear to
what extent these transcripts accumulate or whether they cor-
respond to the shorter class of KNAT1 transcripts reported by
Lincoln et al. (1994). In any case, it is interesting to speculate
that this truncated class of cDNA reflects a role for KNAT pro-
teins independent of homeodomain-mediated DNA binding.
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BEL1-KNAT Interactions Activate Transcription in Yeast

Our two-hybrid assay results suggest that the C-terminal
164 amino acids of BEL1 include a TA that functions effi-
ciently in yeast when fused to the GAL4 DB. The intact
BEL1, however, did not activate the transcription of reporter
genes when fused to the GAL4 DB. The simplest explana-
tion for this discrepancy is that the BEL1 protein assumes a
tertiary structure that masks the TA activity of its C terminus.
Subsequent interaction with another protein, such as a
KNAT, could modify the BEL1 conformation to unmask the
C-terminal TA.

STM i [ e Bl | pase
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Figure 3. Sequence Analyses of KNAT cDNA Clones Isolated in
Two-Hybrid Screens Using BEL1 as Bait.

Prey plasmids were isolated with either pDB-BEL1 (pTA-A clones) or
pDB-BEL'-3% (pTA-B clones) as bait. Predicted polypeptides are de-
picted schematically with N-terminal and C-terminal amino acids in-
dicated at left and right of the schemes, respectively. Boxes with
diagonal hatches represent the MEINOX domain, gray boxes represent
the ELK domain, and black boxes represent the homeodomain (HD).
Only a subset of the isolated KNAT7 and KNAT3 clones are de-
picted because several were identified by restriction digest analysis.
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To evaluate the merit of this hypothesis, we tested the
ability of KNAT1 and BEL1 to activate /lacZ without the aid of
the GAL4 TA. We constructed a plasmid (pNLS-BEL1) to
express the intact BEL1 as a fusion protein with a yeast nu-
clear localization signal (NLS). This construct was intro-
duced into yeast strains harboring pDB-CRUCIFERIN, pDB-
KNAT1, pDB-STM, pDB-KNAT3, and pDB-KNATS5. As antic-
ipated, the combinations of pNLS-BEL1 with pDB-CRU-
CIFERIN or pDB-KNAT3 did not affect p-galactosidase
activity (Figure 4). However, combinations of pNLS-BEL1
with pDB-KNAT1, pDB-STM, or pDB-KNAT5 were able to
affect B-galactosidase activity in the absence of a GAL4 TA.
These data strongly suggest that complexes between BEL1
and certain KNAT proteins are able to activate the transcrip-
tion of target genes and that the interactions are necessary
for activation domain function. Our data indicate that the C ter-
minus of BEL1 most likely provides this activation domain.
At this time, however, we cannot reject the possibility that
the activation domain is provided, at least in part, by KNAT
proteins or a yeast protein that interacts with the BEL1-
KNAT complex. For example, pDB-KNAT2 alone was capa-
ble of activating /lacZ in YPB2 (data not shown), which sug-
gests that KNAT2 also contains an effective TA.

BEL1 and STM Transcript Patterns Overlap in the
Inflorescence Apex

Consistent with the ovule defects of BEL1 mutants, BEL1 is
transcribed in developing ovules (Reiser et al., 1995). Inter-

estingly, BEL1 mutants also display an inflorescence pheno-
type resembling Terminal Flower 1 (Tfl1; Shannon and Meeks-
Wagner, 1991) in which the inflorescence meristem termi-
nates in a floral structure (compare Figures 5B and 5C with
Figure 5A). This phenotype suggests that BEL1 is expressed
and functions in the inflorescence SAM to maintain indeter-
minate growth. Therefore, we used in situ RNA hybridization
to closely examine the pattern of BEL1 transcription in the
Arabidopsis inflorescence. In agreement with Reiser et al.
(1995), we detected BEL1 transcripts in the developing
ovules in a manner that predicts the emergence of the integ-
uments (Figure 5D). Consistent with a function in the inflo-
rescence meristem, significant levels of BEL1 transcript also
were detectable in the inflorescence apex and developing
flowers (Figure 5F). This is unlikely to result from nonspecific
hybridization because no such signal is detected in the inflo-
rescence of bel1-3 homozygotes (Figure 5E), which are de-
void of BEL1 transcripts (Reiser et al., 1995). BEL1 message
also could be observed in the floral apex immediately before
sepal formation (Figure 5H). A short time later, signal was
detected in the sepal primordia (data not shown). Subse-
quently, transcripts were not detected until the emergence
of ovule primordia. Notably, BEL1 expression was never ob-
served in the developing pedicel (floral stem).

Like BEL1, STM transcripts also were detected through-
out the inflorescence SAM, in agreement with Long and
Barton (1998) (Figure 5G). Also like BEL1, STM expression
was observed in the early floral primordium but persists in
the floral meristem until carpel development. Clearly, the
transcript patterns of BEL7 and STM demonstrate the po-



tential for interactions between their protein products in at
least two stages of development. As in previous studies
(Long and Barton, 1998), however, STM was not detected in
ovules, which suggests that BEL1-STM interactions are not
involved in ovule development.

Unlike BEL1 and STM, KNAT1 expression was not de-
tected in the inflorescence apical meristem. In the inflores-
cence stem, message was observed in the cortex next to
the vasculature (data not shown), as reported previously by
Lincoln et al. (1994). In the flower, KNATT1 transcript was ini-
tially limited to what developed as the pedicel (Figure 5I).
Later, KNAT1 expression was observed in the stigma. Thus,
it is not obvious from the KNAT1 expression pattern that
BEL1 has the potential to interact with KNAT1 protein in the
inflorescence. It is worth noting, however, that the BEL7
transcript pattern juxtaposed that of KNATT in the inflores-
cence apex and in what becomes the flower receptacle (the
junction of the pedicel and the remaining parts of the
flower). Consequently, it is possible that KNAT1 and BEL1
proteins interact at these borders. As with STM, KNAT1
transcript was not detected in the developing ovule, which
indicates that BEL1-KNAT1 interactions also are not in-
volved in ovule development.

DISCUSSION

Previous mutant analyses have identified both BEL7 and
KNOX genes as important regulators of morphogenesis in
Arabidopsis (Barton and Poethig, 1993; Modrusan et al.,
1994). The BEL1 and KNOX proteins belong to the TALE
superfamily of homeodomain transcription factors. Until
now, little has been determined about the molecular mech-
anisms by which they regulate development. In this study,
we have used the yeast two-hybrid system to demonstrate
that BEL1 can interact with Arabidopsis KNOX proteins
(KNATSs) to form heterodimeric complexes. Moreover, our
results suggest that BEL1 can dimerize only with a specific
subset of KNAT proteins and that a C-terminal domain of
BEL1 including the homeodomain mediates this specific-
ity. These findings are significant because the properties of
these heterodimers may regulate the function of BEL1 and
KNOX proteins in terms of target selectivity, affinity, and
activation.

Specificity of Interactions between BEL1 and
KNAT Proteins

Our yeast two-hybrid system experiments reveal that BEL1
can interact with Arabidopsis KNOX homeodomain proteins,
and we believe that BEL1-KNAT interactions are both spe-
cific and meaningful for multiple reasons. First, the two-hybrid
screen using a complete BEL1 protein as bait exclusively
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identified members of the KNOX family as BEL1-interacting
proteins, and subsequent experiments confirmed that only a
subset of KNAT proteins are capable of interacting with
BEL1. Second, in vitro pulldown experiments provide physi-
cal evidence that BEL1 can interact with KNAT proteins with
the same specificity demonstrated by two-hybrid system
experiments. Third, the interactions between BEL1 and
KNAT proteins are comparable to the interaction observed
between a well-documented pair of interacting proteins, as
inferred from their ability to activate a marker gene in the
context of the two-hybrid system. Fourth, interactions be-
tween TALE homeodomain proteins are well documented in
fungi and animals (Knoepfler et al., 1997; Berthelsen et al.,
1998a). Fifth, the MEINOX domain mediates interactions
of KNAT proteins with BEL1, as it does between TALE
homeodomain proteins in animals (Knoepfler et al., 1997;
Berthelsen et al., 1999). Finally, the transcription patterns of
BEL1 and STM overlap, providing the potential for their pro-
tein products to interact in planta.

BEL1-KNAT Heterodimer Formation

Several studies have demonstrated that the MEINOX do-
main is essential for interactions between TALE proteins in
animals (Knoepfler et al., 1997; Berthelsen et al., 1998a). In
our two-hybrid screen, we identified a truncated KNAT7
cDNA clone that encoded only an N-terminal portion of the
MEINOX domain yet retained the ability to interact with
BEL1. These data indicate that the MEINOX domain is suffi-
cient to mediate interactions with other TALE homeodomain
proteins and confirm that this is a distinct interaction do-
main conserved between plants and animals.

The truncation analysis presented here indicates that
BEL1 interacts with KNAT partners through an N-terminal
domain. The SKY domain, a stretch of amino acids from
1193 to G213 that is highly conserved among at least 12
other BLH proteins, represents the prime candidate for an
N-terminal domain of BEL1 that is capable of interacting
with most KNAT proteins. C-terminal sequences of BEL1
including the homeodomain also are sufficient for inter-
action with certain KNAT partners. We suggest that this
C-terminal interaction allows BEL1 to discriminate be-
tween potential KNAT partners, although it is possible that
distinct domains impart C-terminal interaction and KNAT
specificity.

We are intrigued that the putative amphipathic a-helix
is neither sufficient nor necessary for interaction with
KNAT proteins. The function of this sequence, and the
rest of the BELL domain, remains unknown, but it is un-
doubtedly important because these sequences are highly
conserved between BEL1 and BLH proteins. It is still pos-
sible that this domain contributes to the interactions with
KNAT proteins. Alternately, this region may mediate inter-
actions with additional factors not identified in the two-
hybrid screens.



Figure 5. BEL1 Function in Situ Hybridization Analyses of the Expression Patterns of BEL1, STM, and KNATT1 in the Inflorescence Apex of
Arabidopsis.

(A) Wild-type Arabidopsis inflorescence apex from which lateral flowers are produced indeterminately.

(B) Bel1 mutant apex that has terminated in a flower.

(C) Bel1 terminal flower at a slightly later stage than in (B).

(D) BEL1 transcript is detected in developing ovules in a pattern that predicts the position of integument formation.
(E) No BEL1 transcript is detected in the inflorescence of a plant homozygous for the bel1-3 allele.

(F) Low levels of BELT mRNA can be detected in the inflorescence apex and developing floral primordia.

(G) STM transcript is detected across the apical meristem and in the apex of the developing floral primordium.

(H) Close-up of floral primordium shown at left in (F).

(I) KNATT1 is transcribed in the early floral primordium in what will become the pedicel. As the pedicel develops, this expression persists in the
cortex next to the vascular tissue.

ov, ovule; fp, floral primordium; im, inflorescence meristem. Bars in (A) to (C) = 1 mm; bars in (D) to (I) = 30 pm.



Parallels between TALE Homeodomain Protein
Properties in Plants and Animals

Striking parallels exist between BEL1-KNOX associations
and PBC-MEIS associations. Both involve interactions be-
tween members of two distinct subclasses of TALE homeo-
domain protein, and both involve important regulators of
morphogenesis. These similarities not only support the va-
lidity of our conclusions that BEL1 and KNAT proteins act as
transcription factor partners in plants but also could provide
further insight into how these proteins function.

As in BEL1-KNAT interactions, MEIS and PBC proteins
interact through the N-terminal domains of each protein.
Similar to our observations with KNAT7, multiple studies
have demonstrated that the N-terminal portion of the MEI-
NOX domain is essential for the interactions of MEIS pro-
teins with PBC proteins (Knoepfler et al., 1997; Berthelsen
et al., 1998a). In addition to establishing a transcription fac-
tor complex, the interactions between these N-terminal do-
mains regulate the subcellular localization, and thereby the
function, of PBC and MEIS proteins. In animal cells, PBX1
(EXD) localizes to the nucleus only upon interaction with
PREP1 (HTH) in the cytoplasm, presumably because PREP1
(HTH) masks a nuclear export sequence present in PBX1
(EXD; Abu-Shaar et al., 1999; Berthelsen et al., 1999). Anal-
ogous to PBX1 and EXD, BEL1 contains a sequence resem-
bling a leucine-rich nuclear export sequence (Fischer et al.,
1995; Wen et al., 1995) within the N-terminal domain that is
sufficient for interaction with KNAT partners. Therefore, we
predict that interactions between BEL1 and KNAT proteins
also regulate their subcellular localization, and thereby their
function, in a manner similar to PBX1-PREP1 (EXD-HTH) in-
teractions.

In multiple cases, the sequences immediately C terminal
to the homeodomain of a TALE protein contribute to interac-
tions with a second homeodomain protein partner. In yeast,
the C-terminal tail of a2 contacts the homeodomain of a1
(Mak and Johnson, 1993). In human cells, deletion of the re-
gion C terminal to the homeodomain reduces the ability of
PBX1 to interact with MEIS1 (Knoepfler et al., 1997). Simi-
larly, deletion of the C-terminal sequences of BEL1 includ-
ing the homeodomain reduces its ability to interact with
KNAT1. More importantly, this truncation eliminates the abil-
ity of BEL1 to discriminate between KNAT partners. These
results suggest that the C-terminal regions of PBX1 and
BEL1 make important contacts with their respective MEI-
NOX partners, and because this contact is important to me-
diate partner specificity in BEL1-KNAT interactions, it will be
interesting to learn if this region functions similarly in PBC-
MEIS interactions.

The downstream target genes of BEL1 and KNOX pro-
teins remain to be determined, and the identification of
target sequences for BEL1-KNOX complexes could con-
ceivably facilitate this process. DNA target sequences of
PBC-MEIS heterodimers have been reported, and these ele-
ments also are found in the promoter region of key genes
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that regulate development in Arabidopsis. We are currently
testing the ability of BEL1-KNAT heterodimers to recognize
these sequences.

In animals, PBC and MEIS proteins function in ternary
complexes with the typical HOX homeodomain proteins.
Consequently, Birglin (1998) predicted that KNOX proteins,
and hence possibly BEL1-like proteins, heterodimerize with
typical homeodomain proteins such as those belonging to
the HD-zip family. Although no proteins other than KNATs
were identified as BEL1-interacting proteins, it is possible
that additional factors interact specifically with a BEL1-
KNAT heterodimer, but such ternary complexes would not
be identified in a yeast two-hybrid screen.

Role of Interactions between BEL1 and KNAT Proteins

Consistent with its function in ovule development, the BEL1
expression pattern predicts the position of integument initia-
tion (Reiser et al., 1995; this article). That BEL1 also regu-
lates processes distinct from integument formation is strongly
implied by its expression in other tissues (Reiser et al.,
1995), including the inflorescence SAM and emerging floral
apices. Interestingly, several important regulators of ovule
morphogenesis also are known to function in other plant tis-
sues (Gasser et al., 1998).

Our results indicate that the BEL1 and STM expression
patterns overlap within the inflorescence and floral apices.
Interestingly, a subtle defect in Bell inflorescence SAM de-
velopment has received little attention (Modrusan et al.,
1994). Unlike wild-type plants, in which the primary inflores-
cence grows indeterminately up until senescence, Bell
shoot apices terminate in a flower. This phenotype and the
expression of BEL1 in the shoot apex suggest that BEL1
has a direct role in maintaining the indeterminate growth of
the inflorescence meristem, possibly by inhibiting the floral
development program. One attractive hypothesis would
have BEL1 interacting with STM to maintain indeterminate
growth programs in the inflorescence SAM.

Our expression analysis also indicates the potential for BEL1
to interact with KNAT1 in the young floral primordium. The jux-
taposition of the BEL1 and KNAT expression domains makes it
tempting to speculate that BEL1-KNAT1 heterodimers estab-
lish a boundary between the apical and basal portions of the
primordium. Development of the young floral primordium,
however, is not obviously affected in Bel1 mutants, which sug-
gests that BEL1-KNAT1 interactions are not specifically re-
quired in early flower development. Nevertheless, this apparent
lack of BEL1 function could be explained by redundancy
conferred by additional BLH genes whose expression patterns
overlap with BEL1 (A. Samach, M.S. Pidkowich, K. Kushalappa,
and G.W. Haughn, unpublished results).

Consistent with previous findings (Lincoln et al., 1994;
Long and Barton, 1998), we did not detect STM or KNAT1
expression in developing ovules, and preliminary experi-
ments indicate that KNAT5 is not expressed in ovules either.
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It is worth noting, however, that STM and KNAT2 are tran-
scribed in placental tissues that are immediately adjacent to
the domain of BEL17 expression in young ovule primordia
(Long and Barton, 1998; Bowman et al., 1999). It is possible
that BEL1 interacts with KNAT proteins to establish the
boundary between placenta and developing ovule and/or
that additional KNAT proteins with expression patterns in
the ovule remain to be discovered. Alternately, BEL1 may
function independently of KNAT proteins within the ovule.
Finally, we expect that more complete expression analyses
of BEL1, KNAT1, KNAT2, STM, and KNAT5 will identify ad-
ditional tissues in which BEL1-KNAT interactions play a
role. We have begun to use reporter genes under the con-
trol of BEL1 and KNAT promoters to assist us in such iden-
tification.

BEL1 and KNAT Proteins Form Complexes That Can
Activate Transcription

Our results indicate that although neither BEL1 nor various
KNAT proteins can do so alone, BEL1-KNAT complexes are
capable of activating transcription in yeast. Because the
C-terminal 164 amino acids of BEL1 can activate transcrip-
tion in isolation from the rest of the protein, we suggest that
BEL1 possesses a latent activation domain that can be trig-
gered through interaction with certain KNAT proteins.

The ability of a transcription factor to activate or repress
transcription depending on the identity of its interacting
partner is a common theme in developmental biology.
Hence, the interactions of BEL1 with multiple KNAT part-
ners, some of which contain activation domains themselves,
may reflect a dynamic capacity of BEL1 to activate or re-
press, depending on the specific KNAT partner.

Implications for the Study of KNOX Protein Function

Studies in various systems have demonstrated that ectopic
expression of some, but not all, KNOX proteins results in
abnormal leaf, stem, and flower morphology (reviewed by
Reiser et al., 2000). In Arabidopsis, for example, KNAT1 but
not KNAT3 is capable of inducing defects in leaf and flower
development (Lincoln et al., 1994; Serikawa and Zambryski,
1997).

Two related pieces of evidence hint that interactions with
a BEL1-like protein may be important for the generation of this
phenotype. First, domain exchange experiments between
class 1 and class 2 KNOX proteins suggest that the major
determinant of the abnormal phenotype rests within an
N-terminal region containing the BEL1-interacting MEINOX
domain (Serikawa and Zambryski, 1997; Sakamoto et al.,
1999). Second, it is a striking correlation that BEL1 can in-
teract with KNAT1, the ectopic expression of which can
affect the abnormal phenotype, but cannot interact with

KNATS, which is incapable of affecting an abnormal pheno-
type. Because multiple BLH genes are expressed simulta-
neously in leaves, stems, and flowers, we hypothesized that
loss-of-function mutations in BEL1 and/or additional BLH pro-
teins would attenuate the KNAT1 ectopic expression pheno-
type. Removal of BEL1 function alone, however, does not
achieve this effect (A. Samach, K. Kushalappa, and G.W.
Haughn, unpublished results).

Coevolution of TALE Homeodomain Proteins

A model has been proposed previously for the evolution of
TALE homeodomain proteins in which an ancestral MEI-
NOX-TALE protein was able to form homodimers (Burglin,
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Figure 6. Model Depicting the Evolution of Interactions between
TALE Homeodomain Proteins (after Birglin, 1998).

It has been hypothesized that an ancestral MEINOX-TALE homeo-
domain (HD) protein was capable of forming homodimers and inter-
acting with another, typical homeodomain protein. Before the
emergence of plants and animals, this ancestral MEINOX gene du-
plicated, and the diverging proteins retained the ability to interact
with each other. In animals, MEINOX proteins (represented by the
MEIS class) retained the ability to interact with TALE homeodomain
proteins that evolved into the PBC family and typical homeodomain
proteins that evolved into the HOX family. In plants, the MEINOX
proteins have been conserved as KNOX proteins that have retained
the ability to interact with the BEL1 homeodomain protein. The ex-
istence of BEL1-KNAT interactions with typical homeodomain pro-
teins is hypothetical.



1998). In animals, this MEINOX gene duplicated and di-
verged to give rise to the MEIS- and PBC-class proteins,
which retained the ability to dimerize with each other. Be-
cause no obvious PBC-like proteins exist in plants, Birglin
(1998) predicted that KNOX proteins homodimerize or het-
erodimerize among each other. The results presented here
strongly suggest that KNOX proteins interact with BEL1. In
light of these findings, we suggest a modification of this
model such that the ancestral MEINOX-TALE gene dupli-
cated and diverged before the emergence of plants and ani-
mals (Figure 6). One of the MEINOX ancestors gave rise to
the KNOX and MEIS families in plants and animals, respec-
tively, whereas the second ancestral gene gave rise to the
BEL1-like and PBC genes. Although the N-terminal, MEI-
NOX-interacting sequences of BEL1 and PBC proteins do
not share sequence similarity, it is possible that they have
diverged beyond recognition. The merit of this hypothesis
will be easier to evaluate once the three-dimensional struc-
tures of these complexes are determined.

METHODS

Plasmid Construction

For the purposes of this article, pBI-770- and pBI-771-based plas-
mids (Kohalmi et al., 1997) are designated pDB-X and pTA-X, re-
spectively, where X represents a coding sequence of interest.

For many of the constructs used, coding sequences were ampli-
fied from the appropriate cDNA source by polymerase chain reaction
(PCR) using the Expand High-Fidelity PCR System (Hoffmann-La
Roche) and oligonucleotides that introduced a Sall site at the 5’ end
and a Notl site at the 3’ end of the open reading frame. This fragment
was digested subsequently with Sall and Notl and inserted into pDB
and/or pTA. The following plasmids were constructed in this way:
pDB/TA-BEL1 (BF1, 5'-ACGCGTCGACACATGGCAAGAGATCAG-3';
BR1, 5'-ATAAGAATGCGGCCGCGTTACATAACCGAATCG-3'), pTA-
BEL17-3% (BF1; BR2, 5'-ATAAGAATGCGGCCGCGTTGTGGA-
CGCCCAAGG-3'), pTA-BEL17-266 (BF1; BR3, 5'-ATAAGAATGCGG-
CCGCTTGAGAGTGAAGTGGTGG-3'), pTA-BEL1'83-671 (BF2, 5'-ACG-
CGTCGACATCAGCATCATAATCATC-3'; BR1), pTA-BEL 1183-39 (BF2;
BR2), pTA-BEL1260-3% (BF3, 5'-ACGCGTCGACAATCTGCGACT-
ACTTCTTC-3'; BR2), pTA-BEL1260-617 (BF3; BR1), pTA-BEL1260-453
(BF3; BR4, 5'-ATAAGAATGCGGCCGCTCAAATCATTGGTTTCCATA-
G-3'), pTA-BEL1305453 (BF4, 5'-ACGCGTCGACACATGGAAGCG-
GCGGTTGGACT-3'; BR4), pDB/TA-BEL1447-611 (BF5, 5'-GTCGAC-
TAGGCTATGGAAACC-3’; BR1), pDB/TA-STM (5'-ACGCGTCGA-
CGTATGGAGAGTGGTTCCAAC-3'; 5'-ATAAGAATGCGGCCGCCC-
AAGTATACCGAGAACC-3'), pDB/TA-KNAT2 (5'-ACGCGTCGACTA-
ATGGATAGAATGTGTG-3'; 5'-ATAAGAATGCGGCCGCCTCTT-
TTCATTACTCGG-3'), and pDB/TA-KNAT4 (5'-ACGCGTCGACCG-
ATGGCGTTTCATAAC-3'; 5'-ATAAGAATGCGGCCGCGGATCTCT-
ACATGCAAGC-3’). pLR113 (Reiser et al., 1995) was used as a tem-
plate in BEL1-related PCRs, an ATK7 cDNA (Dockx et al., 1995) was
used as a template in KNAT2-related PCRs, and an Arabidopsis
thaliana cDNA library (see below, Rapid Amplification of cDNA Ends)
was used as a template in STM- and KNAT4-related PCRs.

PTA-KNATT corresponds to pTA-B49 (Figure 3), which contains
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the entire KNAT1 coding sequence and includes the first glutamine
upstream of the predicted methionine start codon. pTA-KNAT3 cor-
responds to pTA-B3, which contains the entire KNAT3 coding se-
quence. pTA-KNAT5 corresponds to pTA-A6. That this truly
represents the complete KNAT5 coding region is unclear because
GenBank accession number D43962 reports the “complete” coding
sequence, but no stop codons are observed upstream of the most 5’
ATG. Therefore, the coding may actually be longer. pTA-KNAT7 cor-
responds to pTA-B33, which contains a partial KNAT7 cDNA. The
cDNA inserts within pTA-KNAT1, pTA-KNAT3, pTA-KNAT5, and
PTA-KNAT7 were liberated from pBI-771 as Sall-Notl fragments and
cloned into pBI-770 to produce pDB-KNAT1, pDB-KNAT3, pDB-
KNATS5, and pDB-KNAT7, respectively.

To construct pNLS-BEL1, pTA-BEL1 was first digested with Sall
and Xhol. This produced three fragments: a 383-bp fragment includ-
ing the transcription activation domain (TA) coding sequence, a 1.4-kb
fragment including the yeast nuclear export sequence coding se-
quences, and the 7.2-kb fragment including the remaining plasmid
and BEL1 sequences. The 1.4- and 7.2-kb fragments were then li-
gated to produce an in-frame fusion between the yeast nuclear local-
ization signal (NLS) sequences and the BEL7 cDNA.

For in vitro glutathione S-transferase (GST) pulldown experiments,
BEL1, STM, KNAT1, and KNAT3 fragments were excised from pTA-
BEL1, pTA-STM, pTA-KNAT1, and pTA-KNAT3, respectively, with
Sall and Notl and then inserted into pET28A (Novagen, Madison, WI)
to yield pHIS-BEL1, pHIS-STM, pHIS-KNATT, and pHIS-KNAT3. To
create a plasmid for GST fusion proteins, a GST fragment was ampli-
fied from pGEX-4T (Amersham Pharmacia Biotech) using primers 5'-
GCCTCTAGATCACACAGGAAACAG-3' and 5'-TCCTGGGGATCC-
ACGCGG-3' and then inserted into pET28A to produce pET28A-
GST. BEL1 and STM fragments were then excised from pTA-BEL1
and pTA-STM and cloned into pET28A-GST as Sall-Notl fragments
to produce pGST-BEL1 and pGST-STM, respectively, which en-
coded BEL1 and STM as C-terminal fusions to GST.

For in situ hybridization probe synthesis, 5 STM and KNAT1 frag-
ments that did not include the homeobox were amplified from pTA-
STM and pTA-KNATT and cloned into pCR2.1 (Invitrogen, Carlsbad,
CA) to produce pSTMT7 and pK1T7, such that antisense transcripts
could be generated using T7 RNA polymerase. The oligonucleotides
used for STM amplification were 5'-GACGACGACAAGGGTCG-3' and
5'-CTAATACGACTCACTATAGGGTTTGGAGAGCTCTTGC-3', whereas
those used for KNATT amplification were 5-GACGACGACAAG-
GGTCG-3' and 5'-CTAATACGACTCACTATAGGGTCACAGTATGCT-
TCC-3'.

Yeast Two-Hybrid Library Screening

Arabidopsis cDNA clones encoding BEL1-interacting proteins were
identified using a modified GAL4-based yeast two-hybrid system
and library that have been described previously (Fields and Song,
1989; Kohalmi et al., 1997; Samach et al., 1999). Briefly, the appro-
priate bait construct was introduced into the yeast two-hybrid host
strain YPB2 (Bartel et al., 1993). If the resulting colonies were histi-
dine auxotrophs, sensitive to 3-amino-1',2',4'-triazol (3-AT), and
lacked lacZ expression, this strain was used to screen the Arabidop-
sis two-hybrid cDNA expression library. Colonies expressing puta-
tive BEL1-interacting proteins were selected on the basis of the
activation of two marker genes, HIS3, which conferred both histidine
prototrophy and resistance to 3-AT, and lacZ. pTA-based plasmids
were isolated from yeast, transformed into Escherichia coli, and
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purified again. Upon retransformation of these plasmids into YPB2,
we sequenced plasmids that were found to activate a lacZ only in
specific combination with the original bait plasmid.

B-Galactosidase Assays

B-Galactosidase assays were performed as described by Miller
(1972), except that the yeast cells were permeabilized using glass
beads, and soluble protein was determined using the Bradford
(1976) method. Cultures were grown in an appropriate liquid medium
to ODggy = 1 before being sedimented, resuspended in breaking
buffer, and frozen at —80°C. The sample then was vortexed at 4°C for
at least 5 min. The lysate was centrifuged for 15 min, and the super-
natant was collected and used for the B-galactosidase assay. Spe-
cific activity was calculated using the formula B-galactosidase units =
1000(0OD,5¢/ODggo):min~1-mL~". Values represent the averages of
three separate assays for each treatment.

Rapid Amplification of cDNA Ends

5" sequences of the KNAT7 cDNA were amplified using the Marathon
cDNA Amplification Kit (Clontech, Palo Alto, CA). Briefly, a cDNA li-
brary was constructed according to the manufacturer’s instructions
with Arabidopsis mMRNA isolated from floral bud tissue with RNeasy
Plant and Oligotex mRNA kits (Qiagen, Valencia, CA). This library
provided the template for PCRs with the kit-provided adaptor-spe-
cific primer and the KNAT7-specific primer 5-ATCTGACGA-
GAAATCCATCGGAA-3'. Candidate PCR products were then gel pu-
rified and subcloned using the TA-Cloning System (Invitrogen). Fi-
nally, the inserts were sequenced to determine the 5’ sequence of
the cDNA of interest. A minimum of two independently amplified
PCR products was sequenced to confirm the sequence of the
KNAT7 cDNA.

In Vitro GST Pulldown Experiments

The pet28a-BEL1, -STM, -KNAT1, -KNAT3, -GST-BEL1, and -GST-
STM plasmids were transcribed and translated in vitro, alone or in
combination, using the TNT Coupled Wheat Germ Extract System
(Promega) according to the manufacturer’s instructions using T7
RNA polymerase and 35S-methionine (Amersham Pharmacia Bio-
tech). Twenty-five microliters of the translation products were mixed
with 20 pL of glutathione-agarose beads (Sigma) in binding buffer
(PBS containing 0.1% BSA, 0.1% naphthylphthalamic acid, 10 mM
phenylmethylsulfonyl fluoride, and 1 mM DTT) and incubated at 4°C
for 2 hr with shaking. Beads were then washed four times with bind-
ing buffer. Transcription/translation extracts or the glutathione-aga-
rose beads were run on a 12% SDS-PAGE gel to size fractionate the
retained translation products. The gel was fixed and treated with Am-
plify (Amersham Pharmacia Biotech) to enhance the signal. Transla-
tion products were then visualized by autoradiography.

Plant Material and Growth Conditions

Arabidopsis wild type, ecotypes Columbia-2 (Col-2) and Wassilew-
skija (Ws), and Bel1 mutant (Ws ecotype) plants were grown at 20°C
under continuous light (90 to 120 wE-m~2-sec™! PAR) on prepared

soil mix (Terra-Lite Redi Earth; W.R. Grace and Company of Canada
Ltd., Ajax, Ontario, Canada).

In Situ Analysis

Tissue fixation, sectioning, hybridization, and detection were con-
ducted as described previously by Samach et al. (1997). Sections
were photographed under differential interference contrast optics.
The resulting images were digitized and manipulated using Photo-
shop 5 (Adobe Systems, San Jose, CA).

To generate digoxigenin-labeled antisense transcripts, pSTMT7
and pK7T7 were linearized by digestion with BamHI and Hindlll, re-
spectively, and then transcribed as described previously (Wilkinson
and Haughn, 1995).

Accession Numbers

The GenBank accession numbers for the sequences described in
this article are AF306661 (KNAT5) and AF308451 (KNAT?).
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