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In the present study, we have analyzed an upstream regulatory element of the neural cell adhesion molecule (NCAM) promoter which is required

for full promoter activity. It contains an ATTATTA motif that resembles the core recognition sequence of homeodomain (HD) proteins of the

Antennapedia (Antp) and related types. Electrophoretic mobility shift (EMSA) and DNase I footprinting analyses revealed that the Drosophila HDs

coded by the Antp and the zerkniillt (zen) genes bind this site in vitro. In contrast, the engrailed (en) protein did not produce a detectable footprint.

The functional relevance of the ATTATTA motif was demonstrated by showing that a two-nucleotide exchange curtailed stimulation of an heterolo-

gous promotor. An oligonucleotide known to be recognized with high affinity by 4np-like HDs efficiently competed for endogenous factor binding.
These results suggest that the NCAM gene may be a target for HD proteins.

Homeobox; NCAM; Promoter; N2a cell

1. INTRODUCTION

During embryonic development, adhesive interac-
tions between cell surfaces mediated by cell-cell adhe-
sion molecules (CAMs) participate in the control of cell
recognition, sorting and migration and may also in-
fluence proliferation and differentiation. NCAMs
represent a family of closely related proteins that arise
from a single gene by differential processing of the pre-
mRNA (for reviews, see [1-4]). NCAM shows a
dynamic pattern of expression during embryonic
development. After its initial appearance at the
blastoderm stage, NCAM is expressed transiently on
derivatives of all three germ layers often in mor-
phogenetically active regions [4-6]. In the adult,
NCAM expression is mainly restricted to nervous tissue
[2-4]. On the basis of its adhesive function and its
evocative expression patterns, NCAM is believed to be
involved in specifying cell patterning and movement in
the embryo. This conjecture is supported by ex-
periments, in which nerve and muscle development has
been perturbed by injection of anti-NCAM antibodies
in vivo [7,8].

It can thus be anticipated that the control of NCAM
expression is crucial for the regulation of embryonic

Abbreviations: EMSA, electrophoretic mobility shift analysis; HD,
homeodomain; NCAM, neural cell adhesion molecule.
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development. To learn more about the transcriptional
control of NCAM expression, we [9] and others [10,11}
have begun to analyze the upstream region of the gene.
These studies show that the NCAM gene is transcribed
from a single promoter which does not contain a typical
TATA box. We found that 750 bp of upstream se-
guence from the mouse gene contain sufficient infor-
mation for high-level expression of a reporter gene in
transiently transfected NCAM-expressing cells, where-
as promoter activity is low in NCAM-negative cells.
Much of the transcriptional activity can be ascribed to
the NCAM proximal promoter region from —462 to
— 37 relative to the start site of translation. This activity
is modulated by a positively acting element between
- 645 and —498 and a negatively acting element be-
tween —941 and — 646. We mapped eight domains of
interaction with nuclear proteins to the region analyzed,
of which three, termed a, b and ¢, were localized to the
— 645 to —498 or abc element [9]. Footprint b contains
aS'ATTATTA3' motif, which as shown here, is essen-
tial for factor binding and for transcriptional activation
of a reporter gene. This motif resembles the central core
shared by the sequences recognized by most if not all
transcription factors which contain as DNA binding do-
main a homeodomain of the Anrp or a related type
[12-14). This prompted us to investigate whether the
ATTATTA sequence may be a target for this class of
transcription factors, to which belong the products of
major developmental control genes in Drosophila and
probably also in the mouse [12,14-16].
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2. EXPERIMENTAL

20 Plasmids

The whe fragment used as probe in EMSA and DNase protection
assayy is the Neel-Sau3A fragment from plasmid NS2 [9]. 1t was clon-
ed in front of the Thyl promoter in plasmid Thy1-CAT, in which the
mouse Thyl.2 promoter region (position &6 1o+ 403 according to
the numbering of Ingraham and Evans [17}) is linked 1o the promoter-
less  chloramphenicol  acetylransterase (CAT) pene from  the
neonaCAT vevtor {13] vielding Thylabe-CAT. A mutant venion of
the wbe clement with the ATTATTA box changed 1o ACTATCA was
devived by polymerase chain reaction of the whole plasnnd {19) using
as primers the lower sirand of oligonucleotide ¢ and the upper strand
ot oligonucleotide bin

2.2, ligonucieotides
Oligonucleotide «:

AattCTTTGAAAATCGAACCGAATCTAAAATTCT ... ...
.. GAAACTTTTAGCTTGGCTTAGATTTTAAGAAAAAG

s derived from the footprint ¢, oligonucleotide H:

TYTTCCCCCTAATTATTAAAAACGTTCA. ...
. OBGGATTAATAATTTITTGCAAGTTTAA

{rom the footprint & sequence [9]; the mutated olizonucieotide bDOL
oligonucleotide 1P 201 a 26-mer oligonuckeatide dorived from the
Hoxi 3-protein binding site {135 niimm:ckc):icie en 2427 12
oligonucieotide rat 3 recognized by TARP {22

230 Expression and purification of polypepiides

All peptides were expressed in L cofi strain BL21 after cloning in
pET3a [23] (a gitt of William Studier), The 60 amino acid HD of the
Arntp protein was puritied to electrophoretic homogeneity as describ-
ed [24]. Bacterial expression vectors containing the full-length coding
seguences of the Drosophily HD proteins ces (pARzem) and en
{pARen) were Kindly provided by Tunothy Hoey [25]. They were ox-
pressed and E. ook extravts propared essentially as dosoribed {281

The methods used for EMSA, DNasel toogwimiing and CAT
assays have been described (91

3. RESULTS

Previous experiments {9,10] have shown that the
upstream region of the NCAM gene can be subdivided

Thyt 2 g 7
Lo N
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into a proximal promotcer region, the integrity of which
is required for transcriptional activity, and upstream
regulatory clements that modulate this activity. The abe
elen‘lem centered around the three adjacent footprints
, b and c increased promoter efficiency around two-
lolcl [9]. This clement functions also in the context of a
heterologous promoter, since it stimulated transcription
{rom the Thy1.2 promoter five- and two-fold in L and
N2Za cells, respectively {Fig. 13 As shown below, a two-
nucleotide exchange withmn the centrally locared AT-
TATTA motif contained in footprint HATTATTA 1o
ACTATCA) is sufficient to eliminate factor binding to
this site. When the same mutation was introduced into
the abe clement, its ability to stimulate CAT gene
transcription from the Thyl.2 promoter was lost.
When tested by EMSA| the ¢be element was found to
form two specific complexes, termed €1 and C2, with
N2a cell nuclear factors suggesting that it contains
binding sites for at Teast two nuclear proteins [91. We in-
vestigated the relation between the footprinted domains
and the retarded bands by the EMSA experiments
shown i Fig. 2. The ligated 2 and b oligonucleotides
were efficient competitors for the formation of the Ci
and C2 complexes and reproduced the pattern seen with
the intact fragment when used as labeled probe. Since
the other sequences seem dispensable, we used the ab se-
quence as labeled probe in subseguent experiments. In
the presence of an oligonucleotide corresponding to
footprint £ formation of complex €2 was completely
inhibited, while addition of the ¢ scquence eliminated
complex C1. Hence, C1 and C2 represent nuclear factor
binding to footprints « and b, respectively.
Oligonucleotide b0 bearing the ATTATTA box muta-
tion was unable o compete for factor binding
strengthening our conclusion that this motif is essential
for recognition of the A site. We therefore tested
whether binding sites for known factors that contain a
central 5S"ATTA3 motif mayv compete tor C2 forma-
tion. Two identified recognition sequences of HD pro-
teins containing the motif (en 2/2' {211 and Hox 1.3

T N2A

Lmys 7

Thytabc |  abc

ThytabOc [ abdc | ™yt [

b " X »

2 3 4 5

Fig. 1. Effect of wild-type and mutant gbe clements on CAT expression from he Thy (.2 promoter, The CAT construets used are sehematically

depicted at the left of the figure, the hatched boxes signify the CAT coding region. The wild-lype and mutant v ersions of the element are indicated

by abe and ablc, respectively. Equimolar amounts of each plasmid were transiently expressed in N2a (open boxes) or 1. (black boxes) cells and

CAT activities measured. After correction for variations in transfection efficiencies {91, they were normalized with respect 1o the activizy of the

proximal promaoter without the upstream element in each vell tvpe. The mean values are shown for 1wo 1o six o experiments, The changes duw 10

the abe or «bfc elements varied not more than » 17% except for the induction of the Thyl.2 promoter in L colls by the ebe clament where inductions
berween 2.7-fold and R.5-Told were vecorded.
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Fig. 2. EMSA analysis of N2a cell nuclear factors that bind to the ube element. The labeled probes used are the intact — 645 to - 498 fragment
or the linked « and b oligonucleotides as indicated above (ab). The different competitor sequences added are indicated below with their respective
molar excess with respect to the labeled probes.

[13]) did not affect factor binding. Neither did the
A+ T-rich TARP-recognition site [22] (Fig. 2F). By
contrast, an oligonucleotide (L.P) containing palin-
dromic ATTA motifs, a high-affinity binding site for
the en and fushi tarazu proteins [20], completely
prevented formation of C2. Complex C1 was also af-

fected suggesting that the factor that binds domain a
recognizes also the LP sequence albeit with weaker af-
finity. Together, these results show that the N2a cell
nuclear factors that bind the abc element interact with
a specific subset of ATTA-containing sequences.

To test the possibility that HD proteins may
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Fig. 3. An isolated Anip HID peptide farms a specific complex with the & sequence. The puritied peptide (20 ng) was incubated with the labeled

oligonucleotides ah (lett panel) or b (right panel) (approximately 2.5 fmol) in the absence or presenve of a 400- and 1200-fold molar excess of com-

petitor sequenees (oligonucleotide £ or an API binding site). The retarded bands are indicated by the arrow; they migrate close to the free probe
(F) due to the small size of the 60 amino-acid pratein.

-~ 513

B A3 3 (VI A ot

- - 581

Fig. 4. DNasel footprint patterns produced by the Anep HD peptide and full-length zen and en proteins. (A) and (B). The end-labeled non-coding

(A) and coding (B) strands of the - 645 to - 498 fragment (20 f'mol) were incubated in the absence of pratein (0) or in the presence of increasing

concentrations of the purified Aatp HD (0.5 to 1.5 ug as indicated above). A Maxam-Gilbert sequence of the fragment was run alongside (A + G,

C+T). (C) No detectable footprint was produced with the fragment bearing the ACTATCA murtation (19) Differcnt amounts (5 to 40 pg ol extract

protein, 0 signifies incubation in the absence of extract) of bacterial extracts containing the en o zen protoins were incubated with the end-labeted
coding strand.
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recognize the essential ATTATTA motif within site b,
we used the isolated HD from the Antp protein and the
full-length zem and en proteins in binding assays.
Binding of the purified Anfp HD was indeed detected
by EMSA and could be competed for by the b sequence
but not by an unrelated factor binding site (Fig. 3).
When used in DNasel protection experiments in
amounts (500 ng) comparable to the ones (400 ng)
shown to be required for complete protection of an
authentic binding site [271, the Antp HD protected the
CCTAATTA motif on the transcribed and the
TTAATAATT sequence on the non-transcribed strand
within element b (Fig. 4A and B). As expected from ifs
binding specificity, the Anip HD peptide did not pro-
duce a footprint on the fragment bearing the two C-T
exchanges of oligonucleotide b0 (Fig. 4C). The zen pro-
tein produced a footprint which included the sequence
protected by the isolated Antp domain. By contrast,
comparable amounts of the en protein did not produce
a detectable footprint. We tried five-fold higher
amounts with equally negative results (not shown). The
bacterially produced protein was shown to be func-
tional by its ability to form a retarded band when tested
with an oligonucleotide corresponding to an authentic
en binding site (results not shown). Hence, the HDs
belonging to two classes, Antp and zen, are capable of
interacting with the b element, whereas the en protein,
which contains an HD of a third type [14], does not
bind with an affinity high enough to produce a detec-
table footprint.

4. DISCUSSION

The HD is an evolutionary conserved 60 amino acid
DNA binding domain which has been found in proteins
from nearly every eukaryote investigated. Based on se-
quence homologies, HDs fall into several groups that
are conserved across species. Drosophila HDs similar to
the Antp prototype are present in the products of
several classes of developmental control genes. In the
mouse, the Hox genes encode closely related HDs. The
Hox proteins are supposed to play major roles in speci-
fying anterior-posterior polarity and cell fate in the em-
bryvo {12,14-16]. Several HDs with more divergent se-
quences also have counterparts in flies and mice and
display embryonic expression patterns suggesting a role
in controlling morphogenetic processes [28,29]. HDs of
the Antp and similar types including the en domain bind
with high affinity to a DNA sequence containing mat-
ches to either TCAATTAAAT or (TAA), [12,13,20].

The natural recognition sequences of these proteins
have been found in the promoter regions of genes en-
coding other transcription factors. However, HD pro-
teins must also influence the expression of other genes
which can affect cellular phenotype more directly.
Despite some progress towards identifying candidate
genes [30,31], these ultimate effector genes have re-
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mained largely unknown. Among the prime candidates
are the genes that code for CAMs such as NCAM,
which arc believed to play key roles in specifying cell
assembly and movement in the embryo. We have map-
ped a factor binding site in the NCAM distal promoter
region, termed site & [9], which contains a potential HD
binding site. The EMSA and DNase footprinting ex-
periments shown here demonstrate that this site binds
the Drosophila Antp and zen HDs in vitro suggesting
that NCAM expression might be modulated by the
products of related genes in the mouse. The two-fold
stimulation of NCAM promoter activity afforded by
the gbc upstream element (up to 5-fold when linked to
the Thy!l.2 promoter) may seem modest. An only two-
fold change in transcriptional efficiency may, however,
have important functional consequences as comparable
changes in NCAM expression have been shown to result
in large functional effects [32,33].

The Ant and zen HDs share 59% amino acid identity
[14] and protected the same sequence within site b. The
en HD is somewhat more divergent but recognizes the
same sequences [25] and shares with the other two a
glutamine in helix 3 which seems to determine binding
site specificity [34]. It came thus as a surprise that in
contrast to zen, a similarly prepared en protein did not
protect the same site. Apparently, the sequences which
flank the ATTA box in site b are incompatible with effi-
cient binding of the en protein.

Although these results demonstrate that the Anep and
at least one other Drosophila HD bind to site £ in the
NCAM distal promoter region in vitro, we do not know
whether the endogenous factor which recognizes this
site in N2a cells contains a HD as its DNA binding site.
Experiments showing that the LP sequence, which can
be assumed to be recognized by all Anrp-like HDs, very
efficiently competed for endogenous factor binding
suggest that this may be the case. Together, these results
make the NCAM genc an interesting candidate target
gene for HD proteins.
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