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The rice KNOX protein OSH15 consists of four conserved domains: the MEINOX domain, which can be divided into two
subdomains (KNOX1 and KNOX2); the GSE domain; the ELK domain; and the homeodomain (HD). To investigate the
function of each domain, we generated 10 truncated proteins with deletions in the conserved domains and four pro-
teins with mutations in the conserved amino acids in the HD. Transgenic analysis suggested that KNOX2 and HD are
essential for inducing the abnormal phenotype and that the KNOX1 and ELK domains affect phenotype severity. We
also found that both KNOX2 and HD are necessary for homodimerization and that only HD is needed for binding of
OSH15 to its target sequence. Transactivation studies suggested that both the KNOX1 and ELK domains play a role in
suppressing target gene expression. On the basis of these findings, we propose that overproduced OSH15 probably
acts as a dimer and may ectopically suppress the expression of target genes that induce abnormal morphology in
transgenic plants.

INTRODUCTION

 

Homeobox genes were first characterized as transcriptional
regulatory genes that control morphogenesis in 

 

Drosophila

 

species (Gehring, 1987). Products of these genes share a
unique domain known as a homeodomain (HD). The HD
consists of a highly conserved 60–amino acid stretch con-
taining three 

 

�

 

-helices that form a helix-turn-helix–type DNA
binding motif (Desplan et al., 1988; Otting et al., 1990). This
motif recognizes and binds to specific DNA sequences;
thus, HD proteins are believed to regulate the expression of
batteries of target genes by acting as transcriptional factors
(Affolter et al., 1990; Hayashi and Scott, 1990; Kissinger et
al., 1990; Laughon, 1991).

The first plant homeobox gene, 

 

knotted1 

 

(

 

kn1

 

), was identi-
fied by cloning of the gene affected in the maize 

 

Knotted1

 

mutant (Vollbrecht et al., 1991). Afterward, 

 

knotted1

 

-like ho-
meobox (

 

knox

 

) genes encoding KNOX proteins were iso-
lated from various plants, including rice, barley, Arabidopsis,
soybean, tomato, and tobacco (Matsuoka et al., 1993; Lincoln
et al., 1994; Ma et al., 1994; Müller et al., 1995; Harven et al.,
1996; Tamaoki et al., 1997). The loss-of-function mutants of

 

kn1

 

 in maize and 

 

shootmeristemless

 

 (

 

stm

 

) in Arabidopsis
show defects in shoot apical meristem (SAM) development
or maintenance (Long et al., 1996; Kerstetter et al., 1997).
The opposite phenotype, namely, ectopic meristem forma-

tion in leaves, has been reported in transformants that ec-
topically express 

 

knox

 

 genes (Matsuoka et al., 1993; Sinha
et al., 1993; Chuck et al., 1996; Nishimura et al., 2000;
Sentoku et al., 2000). On the basis of this evidence, many
KNOX proteins are considered to play a critical role in the
maintenance of the indeterminate properties of cells in the
SAM (Reiser et al., 2000), although their direct function re-
mains unresolved.

All KNOX proteins have a highly conserved atypical HD
that consists of a 63–amino acid stretch, whereas typical
HDs consist of 60 amino acids (Figure 1). The HDs of KNOX
proteins have three extra amino acids situated between the
first and second helices. These invariant extra residues also
occur in the loop between the first and second helices of
several HD proteins from other organisms, although they are
not found in the typical HD proteins such as Antennapedia
(Bertolino et al., 1995). Based on this unique feature, these
proteins have been designated TALE (three–amino acid loop
extension) HD proteins, and all KNOX proteins are members
of this superclass (Bürglin, 1997).

The sequence immediately upstream of the HD, termed
the ELK domain (Vollbrecht et al., 1991; Kerstetter et al., 1994),
also is conserved (Figure 1). The ELK domain has been
speculated to form a novel amphipathic helix (Kerstetter et
al., 1994) and could function as a nuclear localization signal
(Meisel and Lam, 1996). The ELK domain also is considered
to act as a protein–protein interaction domain (Vollbrecht et
al., 1991), but the precise role of this domain has not been
determined. In addition to the conserved ELK and TALE
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HDs, a stretch of 

 

�

 

100 amino acids located at the N termi-
nus of almost all KNOX proteins also is conserved (Figure 1).
This conserved region, known as the MEINOX domain, may
function in protein–protein interactions (Bürglin, 1997). A rel-
atively smaller and less well-conserved amino acid motif is
located between the MEINOX and ELK domains. The func-
tion of this conserved region, termed the GSE domain, has
not yet been determined.

To understand the function of KNOX proteins in plant de-
velopment, it is necessary to characterize the biochemical
properties of these proteins; however, few studies of plant
KNOX proteins to date have taken this approach. In this arti-
cle, we characterize the biochemical properties of the con-

served domains of a rice KNOX protein, OSH15, and report
that these domains can mediate DNA binding, dimerization,
and target gene regulation.

 

RESULTS

Overexpression of Mutagenized OSH15 Proteins in 
Transgenic Rice Plants

 

It is well known that the overexpression of class I–type 

 

knox

 

genes often results in abnormal plant morphologies. To char-

Figure 1. Scheme of the Mutagenized OSH15 Proteins.

The full-length OSH15 (amino acids 1 to 355) contains four putative functional domains that are conserved in plant KNOX proteins: the MEINOX
domain (which can divided into two subdomains, KNOX1 and KNOX2); the GSE domain; the ELK domain; and the HD. Deletions from the N- or
C-terminal ends and internal deletions of each domain are indicated. In the HD, four sites of highly conserved amino acid residues in the basic,
helix1, loop, and helix3 regions were replaced with alanine residues (M1, M2, M3, and M4, respectively).
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acterize the domains of OSH15 that were required for the
abnormal plant morphologies induced in the overexpression
studies, we overexpressed mutant OSH15 proteins with de-
letion or point mutations, as summarized in Figure 1, in
transgenic rice plants under the control of the rice actin pro-
moter (

 

ACT1

 

), which is a strong constitutive promoter in rice
organs (Zhang et al., 1991). If the OSH15 derivatives are
functional, in terms of directing abnormal plant morphogen-
esis, in transgenic rice plants, the plants should show al-
tered morphologies, as seen in plants that overproduce
intact OSH15 proteins (Sentoku et al., 2000).

Some of the OSH15 derivatives induced altered leaf mor-
phology in transformants, whereas others did not induce an
abnormal phenotype. We categorized the phenotypes of the
transgenic plants into six groups based on their leaf mor-
phologies. In wild-type rice leaves, the ligule and a pair of
auricles are located in the region between the leaf blade and
the leaf sheath. The rice ligule is a thin, white, tongue-like
organ of triangular shape that rises from the adaxial surface
at the proximal part of the sheath. A pair of auricles projects
as horn-like tissues from both sides of the lamina joint (Fig-
ure 2) (Hoshikawa, 1989). Plants categorized as having the
wild-type phenotype (category I) did not display any abnor-
malities in the leaves or alterations in gross morphology
(Figures 3A and 3G). The second category (II) includes plants
showing an asymmetry phenotype that has a perturbed
boundary between the leaf sheath and blade (Figure 3B),
which caused a ligule to split (Figure 3B, arrows) and also
caused asymmetric positioning of the paired auricles (Figure
3H, arrowheads). Plants exhibiting a knot phenotype (cate-
gory III), which was similar to that of the dominant 

 

Kn1

 

 mu-
tant in maize (Smith and Hake, 1994), showed a disruption
in the parallel nature of the lateral veins and the formation of
a knot-like structure in the leaf blades with a perturbation of
the boundary between the sheath and the blade (Figures 3C
and 3I).

Transformants in category IV showed a ligule-less pheno-
type involving the disappearance of the ligule and auricles
(Figure 3D). Ectopic formation of small segments of ligule or
auricle-like organs often was seen in the leaf blade region
(Figure 3J). The fifth category (V) showed a blade-less phe-
notype (Figure 3E). The leaves of plants in this category con-
sisted of only the leaf sheath region and did not form any
parts of a typical leaf blade structure (Figure 3K). When the
top of a blade-less leaf was viewed at higher magnification,
the formation of a tongue-like pale green organ with a trian-
gular shape was evident, which appeared similar to a ligule
(Figure 4A, arrow). There were also auricle-like organs, with
well-developed hairs similar to those of the wild-type plants,
present at the boundary between the tongue-like organ and
the leaf sheath (Figures 4B and 4C). Although the leaf blade
failed to develop, the formation of the leaf sheath appeared
to be normal and its internal structure was similar to that of
nontransgenic rice plants (cf. Figures 4D and 4E). Transfor-
mants categorized as multiple shoot (category VI) showed
the most severe phenotype. Leaves of these plants did not

develop normally, and neither blade-sheath differentiation
nor the formation of a ligule and auricles was evident (Fig-
ures 3F and 3L).

Using these six phenotypic categories, we assessed the
phenotypes of transgenic rice plants that overproduced the
various OSH15 derivatives. As shown in Table 1, the major-
ity (

 

�

 

90%) of plants transformed with the intact OSH15
construct exhibited the multiple shoot phenotype (VI). A
similar distribution of the severe phenotype was seen in the
transgenic plants carrying M1. This observation suggests that
the lysine stretch in the basic region of the HD is not neces-
sary for the induction of the abnormal phenotype of leaves
in transgenic rice plants. Plants transformed with 

 

�

 

KNOX1,

 

�

 

KNOX2, 

 

�

 

KNOX1

 

�

 

2, M2, M3, and M4 primarily showed
the wild-type phenotype, whereas plants carrying 

 

�

 

KNOX1
also exhibited a less severe phenotype, asymmetry. This
suggests that these domains are important for the induction
of altered leaf morphology. Plants carrying the 

 

�

 

ELK con-
struct showed a high frequency (

 

�

 

87%) of the blade-less
phenotype. Interestingly, this unusual phenotype was unique
to the 

 

�

 

ELK protein and was not observed in transformants
overproducing any other OSH15 derivatives, with the ex-
ception of one plant carrying the intact OSH15 construct.
The fact that this phenotype is specific to the 

 

�

 

ELK protein
leads us to speculate that the ELK domain may have a spe-
cific function(s). Plants with the 

 

�

 

GSE protein exhibited only
the severe phenotype: multiple shoots. It is noteworthy that
the phenotypic severity of the 

 

�

 

GSE plants was stronger
than that observed in plants carrying the intact OSH15 con-
struct. Whereas all of the 

 

�

 

GSE plants showed the multiple
shoot phenotype without exception, 10% of the OSH15
plants displayed a less severe phenotype. It is possible that
the GSE domain may have a role in suppressing the induc-
tion of altered leaf morphology (see below).

We wondered whether the difference in the phenotypes
was caused by differences in the level of the OSH15 deriva-
tive proteins in transgenic plants. To investigate this possi-
bility, we directly tested the level of protein expression by

Figure 2. Scheme of the Lamina Joint Region of Rice Leaf in the Wild-
Type Plant.

(A) Abaxial view.
(B) Adaxial view.
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protein gel blot analysis using an anti-OSH15 antiserum
(Figure 5). Each of the nine different transgenes examined
induced a similar level of expression of the OSH15 deriva-
tive protein in the transformants. This result suggests that
the phenotypic differences are not attributable to a significant
difference in the level of expression of the OSH15 derivative
proteins in the transgenic plants carrying the different
transgenes.

 

Nuclear Localization of OSH15

 

Because OSH15 is believed to act as a transacting factor,
nuclear localization should be necessary for the function of
OSH15. Part of the reason for the failure of induction in the
abnormal phenotypes may be a failure in nuclear localiza-
tion of the OSH15 derivatives. To test this possibility, we an-
alyzed the subcellular localization of the OSH15 mutant
proteins with the aid of the green fluorescent protein (GFP).
The fusion proteins were expressed transiently in onion epi-

dermal cells. As shown Figure 6A, the intact OSH15-GFP
was localized primarily to the nucleus. 

 

�

 

KNOX1

 

�

 

2-GFP,

 

�

 

ELK-GFP, and OSH15N-GFP showed localization patterns
that were almost the same as that of the intact OSH15 (Fig-
ures 6B, 6C, and 6D, respectively). In contrast, the maize
cytoplasm-localized protein PEPC-GFP was observed only
in the cytoplasm (Figure 6E). These results demonstrate that
the MEINOX domain, the ELK domain, or the C-terminal re-
gion containing ELK-HD is not essential for the nuclear lo-
calization of OSH15.

 

DNA Binding Property of OSH15 Proteins

 

OSH15 belongs to the TALE superclass of HD proteins,
which includes the animal PBC class HD, vertebrate MEIS1,
human PREP1, and yeast MAT 

 

�

 

2 proteins. The target se-
quences of some of the TALE HD proteins have been identi-
fied previously, and these sequences are similar, with a core
motif of TGTCA (Figure 7A) (Bertolino et al., 1995; Chang

Figure 3. Typical Phenotypes of Rice Leaves in Transgenic Plants That Overproduce the OSH15 Derivatives.

(A) and (G) Wild-type phenotype (I): adaxial (A) and abaxial (G) views show the lamina joint region of a developed leaf.
(B) and (H) Asymmetry phenotype (II): abaxial (B) and adaxial (H) views around the lamina joint region. The arrows in (B) indicate the split ligule,
and the arrowheads in (H) indicate asymmetrical formation of auricles.
(C) and (I) Knot phenotype (III): close-up (C) and abaxial (I) views of a leaf blade with a knot.
(D) and (J) Ligule-less phenotype (IV): adaxial (D) and abaxial (J) views around the putative lamina joint region. There was no typical lamina joint,
only the development of malformed auricles indicated by the arrow in (J).
(E) and (K) Blade-less phenotype (V): whole plant (E) and abaxial (K) views of a blade-less leaf.
(F) and (L) Multiple shoot phenotype (VI).
Bars in (A) to (E) and (G) to (J) � 5 mm; bars in (F), (K), and (L) � 1 mm.
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et al., 1997; Krusell et al., 1997; Berthelsen et al., 1998a;
Sakamoto et al., 2001). We predicted that OSH15 also may
interact with the TGTCA motif or a similar sequence. To ex-
amine this possibility, we performed an electrophoretic mo-
bility shift assay (EMSA) using a series of oligonucleotides
relating in sequence to the TGTCA motif (Figure 7B). As ex-
pected, recombinant OSH15 protein expressed in 

 

Esche-
richia coli

 

 cells interacted with the sequences with the TGTCA
motif and also with some related sequences, but it bound
most strongly to the sequences with the TGTCAC motif (Fig-
ure 7C). Consequently, we used the oligonuleotide with the
TGTCAC motif for further studies.

We tested the DNA binding activity of the OSH15 deriva-
tives (Figure 7D). DNA binding activity was lost completely
in proteins mutagenized in the HD region, such as M2 (lane
11), M3 (lane 12), and M4 (lane 13). In contrast, proteins mu-
tagenized at the basic region of HD (M1, lane 10), deleted in
the MEINOX domain (lanes 5, 6, and 7), the GSE domain
(lane 8), or the ELK domain (lane 9), or missing all of the
N-terminal region (lanes 2 and 3) retained their DNA binding
activity. Furthermore, even a peptide with only the ELK HD
(lane 4) still interacted with the probe. These observations
demonstrate that the amino acid residues in the HD, such as
WW in helix1, PYP in the loop, and WF in helix3, are essen-
tial for the interaction between OSH15 and its target se-
quence. In contrast to the HD, other domains or regions
located at the N-terminal end of the HD, such as the N-ter-
minal region itself, the MEINOX domain, the GSE domain,
and the ELK domain, are not necessary for the DNA binding.
The higher mobility of the sifted bands of some truncated
proteins, such as 

 

�

 

1–103 and 

 

�

 

1–144 (lanes 2 and 3, ar-
rows), may reflect the smaller molecular weights of the trun-
cated proteins. However, in the case of 

 

�

 

KNOX1

 

�

 

2 (lane 7,
arrowheads) and the lower shifted band of 

 

�

 

KNOX2 (lane 6,
arrowheads), the higher mobility of these bands cannot be
attributed solely to the smaller molecular weights of the pro-
teins because the molecular weights of 

 

�

 

KNOX2 and

 

�

 

KNOX1

 

�

 

2 are larger than those of 

 

�

 

1–103 and 

 

�

 

1–144,
whereas the mobilities of shifted bands of 

 

�

 

KNOX2 and

 

�

 

KNOX1

 

�

 

2 (arrowheads) were faster than those of 

 

�

 

1–103
and 

 

�

 

1–144 (arrows). This may be caused by another factor,
probably resulting from a failure of dimer formation (see below).

 

Dimer Formation of OSH15

 

The shifted bands with higher mobility that were caused by
some of the truncated proteins in the EMSA suggest that
OSH15 may form a homodimer in vitro. This possibility also
is supported by previous observations that animal TALE HD
proteins often interact with other HD proteins to regulate their
function (Chan et al., 1994; Rieckhof et al., 1997; Berthelsen
et al., 1998b). To examine this possibility, we investigated
the protein–protein interactions that occur between OSH15
itself and other rice KNOX (OSH) proteins using a quantita-
tive yeast two-hybrid assay. As shown in Figure 8A, OSH15

 

interacted with all of the OSH proteins. Particularly strong
LacZ activity was observed in the case of homodimer for-
mation by OSH15 and heterodimer formation between
OSH15 and OSH43. The fact that OSH15 did not interact
with an unrelated protein (T antigen) indicates that the inter-
action between OSH15 and OSH proteins is specific.

To confirm the interaction between OSH15 and OSH pro-
teins, we tested directly the interaction between 

 

35

 

S-methi-
onine–labeled OSH15 and fusion proteins consisting of
glutathione 

 

S

 

-transferase (GST) and OSH proteins (GST-OSH1,
GST-OSH15, GST-OSH43, GST-OSH6, GST-OSH71, or GST
alone) in an in vitro pull-down experiment. As shown in Fig-
ure 8B, the labeled OSH15 was precipitated with the GST-
OSH proteins (lanes 3 to 7) but not with GST alone (lane 2).

Figure 4. Morphology of Blade-Less Leaves.

(A) Close-up view of the top of a blade-less leaf. The arrow indicates
a tongue-like pale green organ.
(B) Boundary region between the tongue-like organ and the leaf
sheath of a blade-less leaf. The arrow indicates the auricle-like or-
gan.
(C) Close-up view of the auricle of a wild-type plant.
(D) Transverse section of the leaf from a blade-less plant.
(E) Transverse section of the leaf sheath from a wild-type plant.
Bars � 1 mm.
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The amount of OSH15 precipitated by GST-OSH1 was
much less than that precipitated by the other GST-OSH pro-
teins (lane 3) because almost all of the GST-OSH1 fusion
protein was accumulated in the inclusion body of the re-
combinant 

 

E. coli

 

 and not extracted in the soluble fraction
(data not shown). These results confirm that OSH15 can in-
teract both with itself and with other OSH proteins without
binding to its target DNA sequence.

Considering the fact that OSH15 can form a homodimer
in vitro and in yeast, it is possible that OSH15 also forms ho-
modimers in transgenic rice plants that overproduce OSH15
and that the dimerization of OSH15 may be required for the
induction of abnormal leaf morphology. To test the relation-
ship between homodimer formation and induction of the
abnormal leaf morphology in transgenic rice plants, we ex-
amined the formation of homodimers by various mutage-
nized constructs of OSH15 in a yeast two-hybrid assay
(Figure 9). Overall, the results of the yeast two-hybrid assay cor-
related well with the results of overexpression studies. For
example, 

 

�

 

GSE, 

 

�

 

ELK, and M1, all of which can induce the
abnormal phenotypes in transgenic plants, showed strong or
moderate LacZ activities, whereas 

 

�

 

KNOX2, 

 

�

 

KNOX1

 

�

 

2,
M3, and M4, which do not induce any morphological alter-
ations, did not show significant LacZ activities. These re-
sults suggest that the dimerization of OSH15 may be
required for the induction of abnormal morphologies. How-
ever, a truncated protein with strong or moderate LacZ ac-
tivity does not always induce an abnormal phenotype in
transgenic plants. Indeed, 

 

�

 

KNOX1 showed higher LacZ ac-
tivity than the intact OSH15 but could induce only the asym-
metry phenotype with a low frequency. Likewise, M2 showed
some LacZ activity but could not induce the abnormal pheno-
type. Considering the fact that M2 could not bind the putative
target sequence (Figure 7D), this result may be reasonable.
Thus, the induction of abnormal morphologies seems to re-

quire several properties of OSH15, such as DNA binding,
transcriptional regulation (see below), and dimerization.

 

Transcriptional Activity of OSH15

 

In the yeast two-hybrid analysis of OSH15, we observed low
but reproducible background activity when some of the
truncated OSH15 domains, such as 

 

�

 

KNOX1, 

 

�

 

KNOX1

 

�

 

2,
and 

 

�

 

ELK, were fused with the GAL4 DNA binding domain

 

Table 1.

 

Distribution of Each Phenotype in Transgenic Rice Plants Overproducing the OSH15 Derivatives

Phenotype

Construct
I
Wild type

II
Asymmetry

III
Knot

IV
Ligule-less

V
Blade-less

VI
Multiple shoot Total

Intact OSH15 1

 

a

 

1.3

 

b

 

0 0.0 4 5.3 2 2.7 1 1.3 67 89.3 75

 

�

 

KNOX1 20 55.6 16 44.4 0 0.0 0 0.0 0 0.0 0 0.0 36
�KNOX2 72 100.0 0 0.0 0 0.0 0 0.0 0 0.0 0 0.0 72
�KNOX1�2 53 100.0 0 0.0 0 0.0 0 0.0 0 0.0 0 0.0 53
�GSE 0 0.0 0 0.0 0 0.0 0 0.0 0 0.0 92 100.0 92
�ELK 5 13.5 0 0.0 0 0.0 0 0.0 32 86.5 0 0.0 37
M1 (KKK) 11 9.5 0 0.0 1 0.9 6 5.1 0 0.0 98 84.5 116
M2 (WW) 25 100.0 0 0.0 0 0.0 0 0.0 0 0.0 0 0.0 25
M3 (PYP) 15 100.0 0 0.0 0 0.0 0 0.0 0 0.0 0 0.0 15
M4 (WF) 22 100.0 0 0.0 0 0.0 0 0.0 0 0.0 0 0.0 22

a Number of transformants categorized into the phenotype.
b Percentage.

Figure 5. Immunodetection of OSH15 Derivative Proteins.

Total protein was extracted from 10 hygromycin-resistant calli trans-
formed with the intact OSH15 transformants (lane 2), �KNOX1 (lane
3), �KNOX2 (lane 4), �GSE (lane 5), �ELK (lane 6), M1 (lane 7), M2
(lane 8), M3 (lane 9), M4 (lane 10), or the pBI empty vector (lane 1) as
a negative control. Twenty micrograms of total protein was sub-
jected to SDS-PAGE, electroblotted onto nitrocellulose membrane,
and probed with antiserum against OSH15.
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(GAL4-DB; amino acids 1 to 147), whereas this background
activity was negligible for fusion proteins with the intact OSH15
or GAL4-DB alone (Figure 10A). This finding suggests that a
specific region(s) of OSH15 may function as a transactiva-
tion domain and may transactivate the expression of a re-
porter gene without the interaction of GAL4 activation
domain (GAL4-AD; amino acids 768 to 881) fused proteins.

We performed further analyses to examine the transacti-
vation activity of OSH15 using a quantitative yeast one-
hybrid analysis. First, we tested whether the TGTCAC motif
functions as a cis-acting target of OSH15 in yeast. We
transformed yeast with three different reporter constructs
consisting of four repeated cis-acting motifs of TGTCAC,
TGTGAC, or TCTCAG at the front of the core promoter
(yeast iso-1-cytochrome C) for reporter gene expression. As
shown in Figure 10B, the fusion protein GAL4-AD-OSH15,
which consisted of the GAL4-AD and the intact OSH15 (la-
beled as OSH15 in Figure 10B), was able to transactivate
the expression of the (TGTCAC)4-LacZ reporter to a level
�50-fold higher than that of the negative control (empty
vector) in yeast. In contrast, GAL4-AD-OSH15 did not activate
either the (TGTGAC)4-LacZ or the (TCTCAG)4-LacZ reporter.
These results indicate that GAL4-AD-OSH15 specifically
recognizes the (TGTCAC)4 motif in the reporter and that this
recognition can activate the expression of LacZ mainly via
the transactivation activity of the GAL4-AD. OSH15 binding
with the cis-acting motifs was much more specific in the
yeast cells than in vitro. In fact, GAL4-AD-OSH15 could not
transactivate the reporter genes carrying the (TGTGAC)4 or
(TCTCAG)4 motifs, even though OSH15 bound to these se-
quences with moderate affinity in the EMSA (Figure 7C). No
LacZ activity was induced by the GAL4-AD-p53 fusion pro-
tein containing the human DNA binding protein, p53 (Figure
10B), or by the combination of the empty vector and the
(TGTCAC)4-LacZ reporter, indicating that the LacZ activity
was induced specifically by GAL4-AD-OSH15.

Using the yeast carrying the (TGTCAC)4-LacZ reporter, we
tested the transactivating activity of the OSH15 derivatives.
As shown in Figure 10C, the intact OSH15 led to an �10-
fold activation relative to the basal activity. This finding indi-
cates that OSH15 itself has a transactivation function for ex-
pression of the reporter gene. Interestingly, deletion of the
144 amino acid residues of the N-terminal region (�1–144,
which lacks the KNOX1 domain) caused a threefold in-
crease in the transactivation activity of OSH15. However,
further deletions to 235 amino acid residues (�1–235, lack-
ing both the MEINOX and GSE domains) abolished the en-
hanced transactivation activity of �1–144 but still resulted in
a level of activity that was almost equivalent to that of the in-
tact OSH15. Similarly, deletion of KNOX1 (�KNOX1) en-
hanced the activity to a level approximately threefold higher
than that of the intact OSH15, and this enhancement also
was canceled completely by entire deletion of the MEINOX
domain (�KNOX1�2). This suppressive effect on the en-
hanced transactivating activity of OSH15 may be abolished
by a failure of dimer formation through the KNOX2 region. In

addition, deletion of the ELK domain also increased the
transactivation activity, suggesting that this domain func-
tions as a suppressor of OSH15 activation. As a control for
these experiments, we constructed fusion genes encoding
the chimeric protein with the GAL4-AD and each mutage-
nized OSH15 protein and tested the transactivation activity
of these proteins (Figure 10D). All of these proteins induced
a high level of LacZ activity, indicating that the deletion of
each region does not affect the interaction between the
truncated derivatives and the cis-acting motif of the reporter
gene.

Figure 6. Subcellular Localization of OSH15 Derivatives in Onion
Cells in a Transient Assay.

(A) Intact OSH15-GFP.
(B) �KNOX1�2-GFP.
(C) �ELK-GFP.
(D) OSH15N-GFP.
(E) PEPC-GFP.
Each panel shows a confocal image. Bars � 50 �m.
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DISCUSSION

The Function of the HD

We have demonstrated that the HD is essential for the inter-
action between OSH15 and its target sequence in vitro. In
particular, the conserved amino acids WW in helix1, PYP in
the loop, and WF in helix3 are important for DNA binding,
but the amino acid residues (KKK) in the basic region of the
HD are not (Figure 7C). Analysis of the crystal structure of an
animal TALE HD has shown that PYP and WF, which are
conserved between plant and animal TALE families, interact
directly with the target DNA (Passner et al., 1999). On this

basis, PYP in the loop and WF in helix3 of OSH15 HD are
believed to interact directly with the OSH15 target sequence.
In contrast to the loop and helix3, helix1 does not interact
directly with DNA, but nuclear magnetic resonance analyses
of Antennapedia have revealed that some hydrophobic amino
acids in helix1 form a hydrophobic core that can stabilize
the HD structure and the HD–DNA interaction (Qian et al.,
1989). It is possible then that WW in helix1 of OSH15 may
stabilize the HD conformation as part of a hydrophobic core.

Interestingly, the HD of OSH15 also is necessary for ho-
modimer formation. The importance of the TALE HD for
dimer formation has been reported in the case of interac-
tions between Drosophila Ultrabithorax (Ubx; typical HD
protein) and Extradenticle (Exd; TALE HD). Crystal structural

Figure 7. DNA Binding Property of OSH15.

(A) Target sequences of TALE HD proteins that have been reported. Most TALE HD proteins share the same target sequence (i.e., the TGTCAC
motif).
(B) The TGTCAC motif and its derivative sequences. Oligonucleotides containing these sequences were used in this study.
(C) Recombinant histidine-tagged OSH15 was subjected to EMSA using different DNA probes as indicated above each lane. Probe sequences
are shown in (B).
(D) EMSA was performed using histidine-tagged OSH15 derivatives, as indicated above the gel lanes. Both the histidine tag and no protein were
used as negative controls. The arrowheads indicate the positions of the faster mobility bands (lanes 6 and 7), in contrast to the shifted bands
with slower mobility, which are indicated by arrows (lanes 2 and 3).



Domain Analysis of a Rice KNOX Protein, OSH15 2093

analysis has revealed that the Ubx-Exd complex is formed
through the interaction between the Exd HD surface struc-
ture, known as a hydrophobic pocket, which is formed by
hydrophobic amino acids of both the loop and helix3, and
the YPWM amino acid motif located at the N-terminal end of
Ubx (Passner et al., 1999). We found that exchanges of PYP
in the loop and WF in helix3 with alanine residues severely
impede homodimer formation; therefore, it may be possible
that the OSH15 HD also forms a hydrophobic pocket for in-
teraction. In animal HDs, it has been proposed that the ba-
sic region located at the N-terminal end of the HD is
necessary for recognition of the target sequences (Qian et
al., 1989; Kissinger et al., 1990; Passner et al., 1999) and
that the basic amino acid cluster in this region functions as a
nuclear localization signal (Abu-Shaar et al., 1999). OSH15
also has the basic region at the front of the HD, although the
OSH15 protein mutagenized at this basic region (M1) was
no different from the intact OSH15 in all of the biochemical
properties we tested, including DNA binding and nuclear lo-
calization. Moreover, transgenic rice plants that overpro-
duce M1 showed a distribution of abnormal phenotypes
similar to that seen in transgenic plants carrying the intact
OSH15. These observations indicate that, in contrast to ani-
mal HDs, the lysine cluster in the basic region does not
appear to have any function in terms of DNA interaction in
vitro, nuclear localization, or induction of abnormal mor-
phology.

The Function of the MEINOX Domain

The MEINOX domain was first characterized as a highly
conserved domain outside of the HD in plant KNOX proteins
(Bürglin, 1997). This domain also shows apparent similarity
to the MEIS and PBC domains, both of which are found in
animal TALE HD proteins (Bürglin, 1998). Recent biochemi-
cal analyses of the MEIS/PBC domain have revealed that
these domains have several functions, such as transrepres-
sion, heterodimer formation, and nuclear export signaling (Lu
and Kamps, 1996a, 1996b; Rieckhof et al., 1997; Berthelsen
et al., 1998b, 1999; Abu-Shaar et al., 1999). The precise
alignment of the KNOX and MEIS/PBC proteins has sug-
gested that the MEINOX domain can be divided into two
subdomains (KNOX1 and KNOX2 in the case of the KNOX
proteins) that are joined by a flexible linker (Bürglin, 1997). In
this study, we have proposed that the MEINOX domain also
can be divided functionally into two domains and that these
domains are important (KNOX1) or essential (KNOX2) for the
induction of altered leaf morphology in transgenic plants.

According to the nuclear localization experiments and
EMSA analysis, these subdomains are not essential for nu-
clear localization or DNA binding. The transactivation exper-
iments using a reporter gene under the control of the cis-
acting motif of OSH15 revealed that KNOX1 has a suppressive
function against the transcription of the reporter gene in yeast,
whereas KNOX2 does not have this function. A previous

Figure 8. Interaction between OSH15 and Rice KNOX Proteins.

(A) Quantitative yeast two-hybrid assay with OSH15 and rice KNOX (OSH) proteins. For the bait construct, OSH15 was fused to the GAL4 DNA
binding domain (GAL4-DB). For the prey constructs, OSH proteins were fused to the GAL4 activation domain (GAL4-AD). The pairwise combina-
tion of the bait and prey constructs for each row is shown at left. Relative �-galactosidase (LacZ) activity was calculated by standardizing each
LacZ activity with that of intact OSH15/OSH15. We set the activity of OSH15/OSH15 at 100. Error bars represent the standard deviations calcu-
lated from three independent yeast clones. The combinations of OSH15–empty vector and OSH15–T antigen are negative controls of interac-
tion, whereas the combination of p53–T antigen is a positive control.
(B) In vitro pull-down assay with 35S-methionine–labeled OSH15. The fusion proteins consisted of OSH proteins and GST: GST-OSH1 (lane 3);
GST-OSH15 (lane 4); GST-OSH43 (lane 5); GST-OSH6 (lane 6); and GST-OSH71 (lane 7). The input protein, 35S-methionine–labeled OSH15, was
loaded onto the gel alone as a control (lane 1). GST alone was used as negative control for interaction (lane 2).
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study of another rice KNOX protein, OSH45, demonstrated
that the N-terminal region of OSH45 (amino acids 1 to 170,
including KNOX1) works as a suppressive region against the
transcription of a reporter gene in rice protoplasts (Tamaoki
et al., 1995). Furthermore, recent studies have demon-
strated that the abnormal leaf morphology of transgenic to-
bacco plants that overproduce a tobacco KNOX protein,
NTH15, is caused by the ectopic suppression of a gibberel-
lin biosynthetic gene, GA C-20 oxidase (Tanaka-Ueguchi et
al., 1998). Biochemical analyses indicate that ectopically
produced NTH15 interacts with the target sequence in the
GA C-20 oxidase gene and suppresses its transcription
(Sakamoto et al., 2001). These results support the possibility
that KNOX1 has a suppressive function against the expres-
sion of a target gene(s) of OSH15.

Experiments with transgenic tobacco plants that overpro-
duce KNOX proteins have demonstrated that KNOX2 is a
key factor in determining phenotypic severity in plants
(Sakamoto et al., 1999). Our results show that KNOX2 is re-
quired for dimer formation, which leads us to speculate that
homodimer formation is a prerequisite for the induction of
the abnormal phenotype.

The Function of the GSE Domain

Deletion of the GSE domain caused an increase in the se-
verity of abnormalities in the transformants, and all plants
showed a multiple shoot phenotype. This enhancement of
phenotypic severity may be attributable to a unique feature

of the GSE domain. The GSE domain is enriched with the
amino acids proline (P), serine (S), and glutamate (E) at its
C-terminal end (amino acids 205 to 231; KSEGVGSSEDDM-
SPSGRENEPPEIDPR). Peptide regions enriched with P, E,
S, and threonine (T) (PEST sequence) have been known to
act as signals for promoting protein degradation (Rogers et
al., 1986). Deletion of this domain may prolong the half-life
of OSH15, resulting in the induction of severe phenotypes of
the transformants.

The Function of the ELK Domain

Based on its predicted secondary structure, it has been sug-
gested that the ELK domain may be involved in protein–pro-
tein interactions (Mushegian and Koonin, 1996; Sakamoto
et al., 1999). It also has been proposed that this domain may
function as a nuclear localization signal (Meisel and Lam,
1996). In this study, we have suggested that the ELK do-
main is not essential for nuclear targeting, DNA binding, or
homodimer formation. The apparent effect of the deletion of
the ELK domain was the enhancement of the transactivation
activity against a reporter gene under the control of the cis-
acting motif of OSH15. As was the case for the deletion of
KNOX1, the ELK domain may have a suppressive function
against the expression of a target gene(s). However, in con-
trast to �KNOX1, �ELK induced a unique phenotype (blade-
less) in which leaves lacked leaf blade formation but showed
normal formation of the sheath. This finding leads us to
speculate that this domain not only has the suppressive

Figure 9. Homodimer Formation of OSH15 in a Quantitative Yeast Two-Hybrid Assay.

Homodimer formation of OSH15 derivatives in yeast. Shown at left is the pairwise combination of OSH15 derivatives. The shaded bars show the
relative LacZ activity of each pairwise combination of the OSH15 derivatives. The cross-hatched bars show the relative LacZ activity of GAL4-
DB fused with each OSH15 derivative protein alone used as negative control. Error bars represent standard deviations. Relative LacZ activity
was calculated by standardizing each LacZ activity with that of intact OSH15/OSH15. We set the activity of OSH15/OSH15 at 100.



Domain Analysis of a Rice KNOX Protein, OSH15 2095

function but also may have another function (e.g., interac-
tion with a specific protein). Further studies are necessary to
reveal the precise function of the ELK domain.

How Does OSH15 Function in Vivo?

Based on the yeast one-hybrid experiment using a reporter
gene controlled by the OSH15 target cis motif, we conclude

that the transrepressive function of OSH15 is one of the im-
portant factors for the induction of the abnormal pheno-
types of transformants. However, this does not mean that
OSH15 itself does not have a transactivating function
against its target gene in vivo. Indeed, our studies revealed
that the intact OSH15 caused an �10-fold increase in LacZ
activity relative to the basal activity. A dual function of this type
also has been reported for the HOX (typical HD)-PBX (TALE
HD) complex. The HOX-PBX complex can be converted

Figure 10. Transcriptional Activity of OSH15 Derivatives.

(A) Transcriptional activity only of GAL4-DB–fused OSH15 derivatives in yeast. GAL1-UAS stands for the enhancer-like sequence controlled by
GAL4-DB.
(B) DNA binding activity of GAL4-AD–fused OSH15 in yeast. Each reporter gene ([TGTCAC]4-LacZ; [TGTGAC]4-LacZ; [TCTCAG]4-LacZ; or p53
target–LacZ) was introduced into yeast strain YM4271. GAL4-AD–fused OSH15 was introduced into each yeast strain sequentially. The empty
vector or GAL4-AD–fused p53 served as a negative control, whereas the combination of GAL4-AD–fused p53 with the p53 target–LacZ reporter
was used as a positive control.
(C) Transcriptional activity of OSH15 derivatives depending on their DNA binding context in yeast. OSH15 derivatives were introduced into the
(TGTCAC)4-LacZ reporter strain. The empty vector served as a negative control.
(D) DNA binding activity of GAL4-AD–fused OSH15 derivatives in yeast. GAL4-AD–fused OSH15 derivatives were introduced into the (TGTCAC)4-
LacZ reporter strain. The empty vector served as a negative control.
The bars show the LacZ activity, presented as the measured value in Miller units, of each of the effector proteins. Error bars represent standard
deviations.
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from a repressor to an activator through differential interac-
tions with other coregulators, depending on the cellular
context (Saleh et al., 2000). By analogy, we suggest that
OSH15 may regulate the expression of its target genes as
both a transactivator and a transrepressor, depending on
the nature of the target genes and/or the cellular context, by
the formation of multimeric complexes in vivo.

According to the expression analyses of OSH genes,
OSH15 can interact with other OSH proteins because the
spatial expression pattern of OSH15 sometimes overlaps
with that of other OSH genes. During the late globular em-
bryo stage, for example, OSH15 expression is observed in
the area of subsequent shoot development and overlaps
with that of OSH1, OSH43, OSH6, and OSH71. After the for-
mation of the SAM, the expression of OSH15 is downregu-
lated in the SAM and in turn is localized at the boundaries of
the shoot lateral organs, overlapping the expression of
OSH6 and OSH71 (Sato et al., 1998; Sentoku et al., 1999).
Although it is possible that other TALE HD proteins or other
transcriptional regulators may interact with OSH15, OSH15
can change its interaction with other OSH proteins through
different developmental stages. This speculation is attrac-
tive because the state of the SAM at various stages, includ-
ing before its formation, could be determined by the various
combinations of OSH proteins present. The combination of
different kinds of OSH proteins may be involved in the de-
termination of the state of the SAM.

METHODS

Construction of OSH15 Derivatives

The intact OSH15 (amino acids 1 to 355) was constructed by ampli-
fying the OSH15 coding region (in pBluescript SK�) by polymerase
chain reaction (PCR) using a 5	 forward primer including the EcoRI
site and a 3	 reverse primer encompassing the SalI site. The PCR
products were inserted at the EcoRI–SalI site of pBluescript SK
(Stratagene). To construct the OSH15 �1–103, OSH15 �1–144, and
OSH15 �1–235 derivatives, the intact OSH15 (described above)
coding region was amplified by PCR in the same way. The OSH15
�KNOX1 (�91–125), �KNOX2 (�143–194), �KNOX1�2 (�91–185),
�GSE (�184–230), �ELK (�235–256), M1, M2, M3, and M4 deriva-
tives were constructed by PCR-mediated mutagenesis using the
TaKaRa in vitro mutagenesis kit (TaKaRa, Siga, Japan). All OSH15
derivatives were verified by sequence analysis.

Plant Materials and Transformation Procedure

Rice plants (Oryza sativa cv Nipponbare) were used for the analyses.
Transgenic rice plants were grown in a growth chamber maintained
at 30
C (day) and 24
C (night). Procedures for rice tissue culture and
transformation with Agrobacterium tumefaciens were as described
previously (Hiei et al., 1994). For the transformation, the hygromycin-
resistant binary vector containing the ACT1 promoter and the NOS
terminator was used as reported previously (Sentoku et al., 2000).

Histological Analysis

Plant materials were fixed overnight at 4
C in 4% paraformaldehyde and
0.25% glutaraldehyde in a 0.1 M sodium phosphate buffer pH 7.4, de-
hydrated through a graded ethanol series followed by a t-butanol series
(Sass, 1958), and finally embedded in Paraplast Plus (Sherwood Medi-
cal, St. Louis, MO). Microtome sections of 7 to 10 �m thick were applied
to silan-coated glass slides (Matsunami Glass, Osaka, Japan). The sec-
tions were deparaffinized in xylene, rehydrated through a graded etha-
nol series, and dried overnight before staining with hematoxylin.

Protein Gel Blot Analysis

Protein gel blot analysis with anti-OSH15 antiserum was performed
as described previously (Sentoku et al., 2000).

Transient Expression Assay

For the construction of green fluorescent protein (GFP) chimeric pro-
teins of the OSH15 derivatives, the OSH15 derivative cDNAs were
amplified to replace the stop codon with the XbaI site by PCR. These
PCR products were digested with appropriate restriction enzymes,
and the fragments were ligated into the cassette vector (Chiu et al.,
1996) containing the 35S promoter of cauliflower mosaic virus (35S
promoter)-GFP-NOS terminator between the 35S promoter and
GFP. These clones were sequenced to confirm that no nucleotide
substitution occurred during amplification. OSH15N-GFP was con-
structed by ligating the EcoRI–AvaII fragment of the intact OSH15
between the 35S promoter and GFP. GFP-fused proteins were ex-
pressed in onion bulb epidermal cells using particle bombardment
(Bio-Rad).

Electrophoretic Mobility Shift Assay (EMSA)

To produce proteins of the OSH15 derivatives, the OSH15 derivative
cDNAs were inserted into the pET-32a expression vector (Novagen,
Madison, WI) in the sense orientation and expressed in BL21 (DE3)
Escherichia coli cells (Stratagene). DNA probes containing the
TGTCA motif or its derived sequences were excised with restriction
endonucleases, purified on 8% polyacrylamide gels, labeled with
32P-dCTP using Klenow fragment, and purified on Sephadex G-50
columns. DNA binding reactions were performed at 4
C for 30 min in
10 mM Tris, pH 7.5, 75 mM NaCl, 1 mM EDTA, 500 �M DTT, 10%
glycerol, 0.05% Nonidet P-40, and 50 mg L�1 poly(dI-dC)·poly(dI-dC)
(Amersham Pharmacia Biotech) and subjected to EMSA using 5 to
7% polyacrylamide gels in 0.25 � Tris-borate-EDTA buffer.

Yeast Two-Hybrid Analysis

The MATCHMAKER yeast two-hybrid system (Clontech, Palo Alto,
CA) was used. The OSH15 derivatives were inserted into the yeast
expression vectors pACT2 and pGBT9. To determine the interaction
affinity, a yeast strain, Y187 (MAT�, ura3-52, his3-200, ade2-101,
trp1-901, leu2-3, 112, gal4�, met�, gal80�, URA3::GAL1UAS-
GAL1TATA-LacZ), was used. The �-galactosidase liquid assay was
performed according to the Clontech manual.
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In Vitro Pull-Down Assay

Fusion proteins between glutathione S-transferase (GST) and OSH
proteins were generated in the pGEX-4T-1 vector (Amersham Phar-
macia Biotech). GST-OSH proteins or GST were expressed in E. coli
according to the manufacturer’s instructions. 35S-Methionine–labeled
OSH15 protein was synthesized using the TNT T7 coupled wheat
germ extract system (Promega) with linearized pGADT7 (Clontech)-
OSH15 plasmid according to the manufacturer’s instructions. The
production of labeled protein was confirmed by SDS-PAGE. Three
micrograms of purified GST or GST-OSH fusion protein was preincu-
bated with glutathione–Sepharose 4B (Amersham Pharmacia Bio-
tech) in 500 �L of binding buffer (25 mM Tris, pH 7.5, 150 mM NaCl,
2 mM EDTA, 1 mM DTT, 1 mM phenylmethylsulfonyl fluoride, 10%
glycerol, 1% Nonidet P-40, and 1% BSA) for 60 min at 4
C. After the
addition of 35S-methionine–labeled OSH15 protein, the samples were
incubated for another 60 min at 4
C. The Sepharose beads were
washed three times in binding buffer and another two times in bind-
ing buffer without BSA. Bound proteins were eluted by boiling in 2 �
sample buffer for 5 min before loading onto 12.5% SDS-polyacryla-
mide gels.

Transactivation Experiment in Yeast

The MATCHMAKER yeast one-hybrid system (Clontech) was used.
The OSH15 derivatives were inserted into the yeast expression vec-
tor pGADT7 (EcoRI–SalI site) to produce the GAL4 activation domain
chimera proteins or into pGADT7 (KpnI–BamHI site), which contains
the simian virus 40 nuclear localization signal but not the GAL4 acti-
vation domain. To produce the reporter gene construct, the frag-
ments containing four repeats of the TGTCAC sequence or its
derivatives (5	-GAATT[CCTGTCACCA]4GTCGAC-3	, 5	-GAATT[CCTG-
TGACCA]4GTCGAC-3	, 5	-GAATT[CCTCTCAGCA]4GTCGAC-3	)
were inserted into pLacZi at the EcoRI–SalI site. In this experiment,
the yeast strain YM4271 (MATa, ura3-52, his3-200, ade2-101, lys2-
801, leu2-3, 112, trp1-901, tyr1-501, gal4-�512, gal80-�538,
ade5::hisG) was used.
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