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Abstract The Ncx gene encodes a homeobox containing
transcription factor that belongs to the Hox11 gene family. We
determined specific Ncx protein binding consensus DNA
sequences. Optimal Ncx binding sequences were 5'-CGG-
TAATTGG-3" (TAAT core) and 5'-CGGTAAGTGG-3’
(TAAG core), which coincided with the Hox11 binding sequence.
Both Ncx and Hox11 could bind to the TAAT and the TAAG
core oligonucleotide in vitro. However, they could efficiently
transactivate the reporter plasmid linked to the TAAT core
sequence but not to the TAAG core sequence. Thus, Ncx and
Hox11 act as transcriptional activators via their target sequence,
5'-CGGTAATTGG-3'. © 2000 Federation of European Bio-
chemical Societies. Published by Elsevier Science B.V. All
rights reserved.
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1. Introduction

Mammalian homeobox proteins have a conserved 60 amino
acid sequence (homeodomain), which bind to a specific DNA
sequence and function as a transcription factor [1-3]. They
play an important role in specification of position along axis
in the developing embryo [4] and in determination of cell type
specification [5]. Disregulated expression of some of these
proteins is responsible for tumorigenesis and congenital
anomalies in humans and mice [6,7]. The HoxII gene was
originally isolated from the chromosomal translocation break-
point of T cell leukemia with t(10, 14) or t(7, 10) [8-11].
Hox11 is normally expressed in primordium of spleen, bran-
chial arches, and some cranial ganglia such as trigeminus and
facial ganglia [12,13]. Hox11-deficient mice show asplenia, in-
dicating that it is essential for genesis of the spleen [12,14].

Subsequently two additional members of the HoxII gene
family, Nex/Hox11L1/Enx and Hox11L2, were identified [15].
The Ncx gene (Enx, Hox11L1) is specifically expressed in
neural crest derived tissues such as dorsal root ganglia, cranial
ganglia, sympathetic ganglia, adrenal medulla, and enteric
ganglia [16]. Ncx-deficient mice develop megacolon with in-
creased numbers of neuronal cells in enteric ganglia [17,18].
The sequence homology of overall amino acids between Ncx
and Hoxl11 is 61.3%. The homology of homeobox region be-
tween them is 86.6%, and especially the helix three sequence
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that determines a specificity of DNA binding is identical [15].
Although phenotypes of Ncx- and Hox11-deficient mice were
distinct from each other, expression of these genes is detected
in some overlapping region during embryogenesis and the
overlapping regions are intact in each of these deficient
mice. These facts suggest that the function of Hox11 family
protein is redundant at least in the area where the expression
is overlapping.

The Hox11 family proteins belong to a distinct subclass of
homeodomain possessing a threonine at position 47 within the
third helix. Usually an hydrophobic amino acid, isoleucine or
valine, is found at this position [19]. Purified GST-Hox11
homeodomain fusion protein was previously shown to bind
to the DNA sequences containing the TAAC or the TAAT
core sequence [15]. Moreover, the longer consensus sequence,
5'-GGCGTAAGTGG-3’, was identified using a full length
Hox11 recombinant protein [20]. Here we have identified
Ncx binding consensus by PCR-mediated selection. Further-
more, we examined transactivation activity of Ncx with a lu-
ciferase reporter gene linked to the Ncx binding core sequen-
ces and demonstrated that the TAAT core sequence is the
target sequence for Ncx. We will discuss the possible mecha-
nism of the transcriptional regulation by Ncx in the context of
the Hox11 family protein.

2. Materials and methods

2.1. Expression and purification of GST-Ncx fusion protein

GST-Ncx expression vector was constructed by subcloning a Notl
fragment (corresponding to the amino acids 133 to 243 containing
homeodomain) of the Nex gene [15] into pGEX-4T2 plasmid (Amer-
sham Pharmacia) in frame. The recombinant plasmid was trans-
formed to Escherichia coli strain BL21. Production of GST-Ncx fu-
sion protein was induced by adding 0.1 mM IPTG and the protein
was purified by glutathione—Sepharose beads as described in the man-
ufacturer’s protocol.

2.2. Antibody production

Polyclonal antibodies against Ncx were raised in rabbits immunized
with GST-Ncx recombinant protein using a standard immunization
protocol. Immuno-sera were pre-cleared by passage through GST-
Sepharose columns followed by affinity purification on antigen col-
umns on which GST-Ncx protein was coupled to activated CH
Sepharose (Amersham Pharmacia).

2.3. Identification of the DNA binding site by the selection and
amplification binding (SAAB) technique
The 55 or 75 bp oligonucleotide containing a 15 or 35 base
randomized internal region (5'-CTGGATCCTAAGATTCCCTG(N)
150r 35sAGGAATTCAGCTTTGAGCCT-3") was subjected to the
SAAB method as described [21]. Briefly, 10 ug of GST-Ncx recombi-
nant protein was incubated with 55 or 75 bp double-stranded random
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oligonucleotide in binding buffer (25 mM Tris-HCI, pH 7.5, 50 mM
KCl, 10% glycerol, 0.1 mM DTT, 0.1 mM PMSF). The protein-DNA
complex was purified by glutathione-Sepharose beads and eluted
DNA was amplified by PCR using primers corresponding to the
flanking sequences of the random oligonucleotide. The PCR reaction
was incubated for 7 min at 94°C for one cycle and 1 min at 94°C,
1 min at 55°C, 1 min at 72°C for 20 cycles. Amplified DNA was
mixed with GST-Ncx protein again and the selection was repeated
six times. After six rounds of PCR selections, the selected oligonucleo-
tides were subcloned into T easy vector (Promega) and sequenced.

2.4. Electrophoretic mobility shift assay (EMSA)

Double-stranded oligomers were labeled with digoxigenin (DIG) by
the DIG 3’ end-labeling kit (Boehringer). 100 fmol of DIG-labeled
probe was mixed with 0.1-1 pg of GST-Ncx or GST-Hox11 recombi-
nant protein in total 5 pl of reaction buffer (20 mM HEPES, pH 7.6;
30 mM KCl, 1 mM EDTA, 10 mM (NH4),SO4, | mM DTT, 0.2%
(w/v) Tween 20, 0.5 pg of poly[(dI-dC)], 0.5 pg of L-lysine) for 15 min
at room temperature. The mixture was electrophoresed on a 6% poly-
acrylamide gel in 0.5XTBE buffer (22.5 mM Tris—HCIl, pH 8.5,
28 mM boric acid, 0.7 mM EDTA). The gel was electrotransferred
to a nylon membrane (Pall) at 400 mA for 30 min using a semi-dry
blotting system (Bio-Rad). The probe was detected by the enhanced
chemiluminescent detection system with sheep anti-DIG antibody
labeled with alkaline phosphatase (Boehringer). Probes used for this
experiment were as follows: a TAAT core; 5'-GTACGGAGTATC-
CAGCTCCGCCGGTTAATTGGCTCTGG-3', a TAAG core; 5'-
GTACGGAGTATCCAGCTCCGCCGGTTAAGTGGCTCTGG-3,
a TAGT core; 5'-GTACGGAGTATCCAGCTCCGCCGGTTAGT-
TGGCTCTGG-3’, control (Oct. 1 binding site); 5'-GTACGGAG-
TATCCAGCTCCGTAGCATGCAAATCCTCTGG-3'".

2.5. Luciferase assay for transcriptional activity

The expression vectors, pAct-Ncx and pAct-Hox1l, were con-
structed by insertion of a full length Ncx or Hoxll ¢cDNA into
pHBApr-1 [22] by blunt end ligation, respectively. The luciferase re-
porter plasmids, pGL3-TAAT and pGL3-TAAG, were constructed by
introducing two tandem repeats of the TAAT core (5'-GTACGGAG-
TATCCAGCTCCGCCGGTTAATTGGCTCTGG-3') or the TAAG
core (5'-GTACGGAGTATCCAGCTCCGCCGGTTAAGTGGCTC-
TGG-3") oligonucleotide into the pGL3 luciferase vector (Promega),
respectively. For luciferase assay, 0.25 ug of the reporter plasmid and
various amounts of the expression vector were transfected into 1x 10°
of C1300 cells by the lipofection method using the Trans Fast kit
(Promega) together with 2.5 ng of pRL-SV40 (Promega) as a trans-
fection efficiency control. 3 days later, luciferase activity was measured
using the Pikkagene dual (Toyo Ink) with luminometer (Lumat
LB9506; Berthold) as described previously [23].

3. Results

3.1. Identification of Ncx binding consensus sequences

In order to determine an optimal DNA binding sequence
for Ncx protein, GST-Ncx homeodomain fusion protein was
mixed and incubated with double-stranded oligonucleotides
containing 15 (Nj5) or 35 (N3s) nucleotides of random core
sequences. Specifically bound oligonucleotides were recovered
and amplified by PCR. After six sequential rounds of PCR
selections, 20 independent clones were randomly picked up
from N5 and Njs selected oligonucleotides respectively and
sequenced. Fig. 1 shows an alignment of selected oligonucleo-
tide sequences from Nys5 (A) and N3s (B). 10 bp of two related
consensus binding sequences, 5'-CGGTAATTGG-3' (TAAT
core) and 5'-CGGTAAGTGG-3' (TAAG core), were deter-
mined.

3.2. Binding of Ncx to the consensus sequences in vitro
Specific interaction between Ncx and the optimal binding

DNA sequences was further examined by the EMSA. GST-

Hox11 homeodomain fusion protein was used in parallel to
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Fig. 1. Alignment of oligonucleotide sequences isolated after six
rounds of binding site selection. The best match sequences were de-
termined by Mac Vector II software. The sequences of clones that
had a detectable 10 bp consensus sequence derived from Njs (A)
and N3s (B) random oligonucleotide selection are shown. Capital
letters indicate the nucleotides corresponding to the original 15 or
35 base region of random sequence. Lowercase letters indicate the
region of DNA flanking the 5’ or the 3’ end of the random core el-
ement. The nucleotide frequency in each set of clones is indicated
below the clone sequences.

GST-Ncx fusion protein. As shown in Fig. 2, stoichiometric
shift bands were observed according to the quantity of re-
combinant proteins in both Ncx and Hoxll using the
TAAT or the TAAG core sequence as a probe. Both Ncx
and Hox11l bound the TAAT core in preference to the
TAAG core.

To assess specificity and affinity of the protein—-DNA inter-
action, competition assay was performed using unlabeled oli-
gonucleotides. Further studies show that these bindings were
specific because they were blocked by unlabeled self oligonu-
cleotides as a competitor but not by mutated oligonucleotides
(Fig. 2B and data not shown). Binding of Ncx to the TAAT
core probe was completely blocked by 200 fold excess of the
cold TAAT core oligonucleotide (Fig. 3A). The TAAG core
competitor could also compete Ncx binding to the TAAT
probe but less efficiently compared with the TAAT core com-
petitor. On the other hand, when the TAAG probe was used,
the TAAT oligonucleotide could compete the binding more
efficiently than the TAAG self competitor did (Fig. 3B).

Binding of Hox11 to the TAAT core probe was competed
by the TAAT self competitor but not completely by the
TAAG competitor (Fig. 4A). On the other hand, the binding
to the TAAG core probe was competed by the TAAT core
competitor whereas the TAAG self competitor could not so
efficiently compete as the TAAT competitor did (Fig. 4B).
These results indicate that both Ncx and Hox11 prefer the
TAAT core sequence for binding.

3.3. Transcriptional activity of Ncx protein in vivo

We next examined whether Ncx could bind to the selected
DNA consensus sequence in vivo and transactivate transcrip-
tion of a luciferase reporter gene linked to the consensus se-
quence. Ncx expression constructs and the reporter gene with
the TAAT or the TAAG core binding sequence were cotrans-
fected into C1300 neuroblastoma cells. Luciferase activity of
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the reporter gene linked to the TAAT core sequence was in-
creased in proportion to the amount of the Ncx expression
constructs (Fig. 5A). In contrast, when the TAAG core con-
taining reporter plasmid was used, little luciferase activity was
detected even with a higher amount of the Ncx expression

TAAT TAAG Oct.| Ab
Competitor (seff)

(fold) = = 100 200 100 200 200

Ncx -+ o+ o+ o+ o+ o+ 4+
protein

A  TAAT core probe
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Fig. 2. EMSA with Ncx and Hoxll. A: GST fusion proteins con-
taining homeodomain of Ncx or Hox11 were used. The fusion pro-
teins were assayed with two amounts of protein (0.1 and 1 pg) as
indicated. The oligonucleotides used for the assays were 5’'-
CGGTAATTGG-3'(TAAT core) and 5'-CGGTAAGTGG-3'
(TAAG core) as indicated at the top. B: EMSA was performed
with reaction mixture without competitor (—) or with 200-fold ex-
cess of unlabeled TAAT core, mutated TAAT core (TAGT) or

Oct.1 binding sequence as a competitor.
-

vector used. This was repeated in another cell line, NIH3T3
(Fig. 5B), indicating that Ncx has stronger transactivation
property to the TAAT core consensus binding sequence
than to the TAAG core sequence.

Since Hox11 can bind to the same consensus sequences as
Ncx protein does, we examined the ability of Hox11 protein
to transactivate the same luciferase reporter gene. As shown in
Fig. 6, Hox11 has a transactivation ability when the TAAT
core consensus sequence was used as a reporter gene. How-
ever, when the TAAG reporter plasmid was used, no increase
of the luciferase activity was observed. These results show that
Ncx and Hox11 are capable of activating transcription in vivo
through the TAAT core target sequence.

4. Discussion

We have identified two Ncx binding sequences, 5'-
CGGTAATTGG-3" and 5'-CGGTAAGTGG-3’, by the
PCR-based random oligonucleotide selection. These sequences
coincided with the Hox11 binding consensus sequences previ-
ously reported [15,20]. Since the critical amino acid in the
homeodomain for DNA binding is identical between Ncx
and Hoxl1, it is reasonable that both proteins share common
consensus sequences for their binding. One of the character-
istics of Hox11 family protein is Threonine at position 47 in
the homeodomain. Threonine has both a hydrophobic methyl
group and a polar hydroxyl group in its side chain and flex-
ibly interacts with different nucleotides. Threonine at this po-
sition could potentially bind by hydrogen bonds with the ami-

TAAT TAAG Oct. |
Competitor -] (self)
(fold) - = T00 200 100 200 200

Nex — _ + o+ + o+ o+ o+
protein

B TAAG core probe

Fig. 3. Competition assays for binding of GST-Ncx fusion protein with the consensus sequence. The TAAT core (A) or the TAAG core (B)
probe labeled with DIG was mixed with 0.1 pg of GST-Ncx fusion protein. EMSA was performed with reaction mixture without competitor
(—) or with 100- or 200-fold excess of unlabeled TAAT core, TAAG core or Oct.l as a competitor, or with Ncx specific polyclonal antibodies

(ADb) as indicated at the top.
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Hox11 _ + + + + + o+ +
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Fig. 4. Competition assays for binding of GST-Hox11 fusion protein with the consensus sequence. The TAAT core (A) or the TAAG core (B)
probe labeled with DIG was mixed with 0.5 ug of GST-Hox11 fusion protein. EMSA was performed with reaction mixture without competitor
(—) or with 20- 80- or 200-fold excess of unlabeled TAAT core, TAAG core or Oct.l as a competitor as indicated.

no acid chain of cytosine as well as guanine, or methyl-methyl
interaction with a thymine residue [20]. By in vitro selection
the TAAT core as well as the TAAG core sequence resulted
from random oligonucleotides using GST-Ncx fusion protein.
Although the TAAT and the TAAG core sequences were
selected in almost equal frequency, affinity of GST-Ncx ho-
meobox protein was stronger to the TAAT core than to the
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Fig. 5. Luciferase assays from C1300 (A) and NIH 3T3 (B) cells
transfected with Ncx expression plasmid. A luciferase reporter plas-
mid containing two tandem repeats of the TAAT core (pGL3-
TAAT) or the TAAG core (pGL3-TAAG) consensus sequence was
cotransfected with various amounts of Necx expression plasmid into
C1300 or NIH 3T3 cells. As a control, pGL3 promoter vector
(pGL3) was used. The values for the relative luciferase activity were
determined from two independent experiments performed in dupli-
cate, where the pGL3 promoter vector was taken as a value of 1.

TAAG core. Hox11 also prefers the TAAT core sequence for
its binding in our hands.

In other studies the TAAG and the TAAC core were re-
ported to be suitable for the Hox11 consensus sequence [15].
This difference might be due to several reasons. The first was
difference in the condition of EMSA assay. We used binding
buffer containing 50 mM KCl instead of 30 mM. The second
was properties of the recombinant proteins used for the ex-
periments. Though many experiments proved that only the 60
amino acid homeodomain part is sufficient for specific DNA
binding, amino acid sequences outside the homeodomain also
affect the binding specificity in some cases [24]. The third was
the labeling method of the oligonucleotides used for the ex-
periments. We used DIG-labeled oligonucleotide probes in-
stead of *?P and these might influence the protein-DNA in-
teraction.

As these sequences were determined by an in vitro system,
we attempted to confirm the transactivation capacity of Ncx
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Fig. 6. Luciferase assays from C1300 cells transfected with Hox11
expression plasmid. A luciferase reporter plasmid containing two
tandem repeats of the TAAT core (pGL3-TAAT) or the TAAG
core (pGL3-TAAG) consensus sequence was cotransfected into
C1300 cells with Hox11 expression plasmid. As a control, pGL3
promoter vector (pGL3) was used. The values for the luciferase ac-
tivity were determined from two independent experiments performed
in duplicate, where the pGL3 promoter vector was taken as a value
of 1.
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and Hoxl11 by in in vivo transfection using a full length Ncx
or Hox11 expression plasmid. Only the TAAT core sequence
containing the reporter gene was efficiently transactivated by
Nex. This was also the case with Hox11. Even with a higher
amount of the expression plasmids, the TAAG core reporter
gene was not activated more than the control level. Thus, in
physiological conditions, Ncx and Hox11 prefer to the TAAT
core sequence for binding. Interestingly, the TAAT core or
TAAG core reporter plasmid alone was significantly transac-
tivated in C1300 cells (Fig. SA and 6) but not in NIH 3T3
cells (Fig. 5B). Since C1300 cells but not NIH 3T3 express
Ncx, this may be due to the endogenous Ncx proteins. Alter-
natively, other transcription factors which can transactivate
the same consensus sequence may be present in C1300 cells
but not in NIH 3T3.

The DNA binding capacity of Hox proteins themselves is
weak [25]. Although monomeric homeodomain proteins ex-
hibit limited ability to discriminate among different DNA se-
quences, their specificity is greatly enhanced through cooper-
ative binding of DNA with other DNA binding partners such
as Exd in Drosophila and Pbx1 in mammalia [26]. The Pbx1
homeodomain containing an additional o helix is larger than
the canonical homeodomain. Amino acids of the o helix of
Pbx1 interact with the hexapeptide, X(Y/F)PWM(K/R) motif
(X indicates a hydrophobic residue), of partner homeodomain
proteins and this heterodimer stably binds to DNA [27]. Both
Ncx and Hox11 have the hexapeptide motif at 41 amino acids
distance in the N-terminal extension of homeodomain and
they could potentially heterodimerize to Pbx1. Thus, it is pos-
sible that in in vitro selection, monomeric Ncx could not dis-
criminate between the TAAT and the TAAG core. However,
in the in vivo situation where Pbx1 protein exists, Ncx and
Hox11 can make a heterodimer with Pbx1 and more prefera-
bly bind to the TAAT core and transactivate the target se-
quence. Alternatively, the TAAG core reporter gene may not
be transactivated by Ncx or Hox11 under the same situation
as the TAAT core reporter gene is. Another cofactor may be
required for Ncx or Hoxl11 to bind to the TAAG core se-
quence in those cells. Further study is necessary to elucidate
a functional significance of the TAAG core consensus binding
motif.

Identification of the consensus sequence may be a clue to
identify target genes. Although Ncx is expressed in dorsal root
ganglia, some cranial nerve ganglia, adrenal medulla and en-
teric ganglia [16], the phenotype of Ncx-deficient mice was
megacolon [17,18]. Similarly, Hox11 is expressed in some cra-
nial nerve ganglia and nucleus, branchial arches and primor-
dium of spleen, but the phenotype of Hox11-deficient mice
was asplenia [12,14]. These facts indicate functional redun-
dancy of Hoxl11 gene family proteins. Since Ncx and Hoxl11
have overlapping expression at the trigeminus ganglion, these
proteins may also differentially and cooperatively regulate pu-
tative target genes containing the 5-CGGTAATTGG-3' se-
quence in their regulatory region. Since both Ncx and Hox11
transactivate the reporter gene, these two proteins might be

H. Shimizu et al.IFEBS Letters 475 (2000) 170-174

interchangeable in vivo. Analysis of Ncx and Hox11 double
knockout mice will reveal the in vivo mechanism of transcrip-
tional regulation by Hox11 family proteins.
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