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ABSTRACT In previous reports we have demonstrated
that the 60-aa peptide corresponding to the homeodomain of
the Drosophila protein Antennapedia (pAntp) translocates
through the membrane of neurons in culture, accumulates in
neuronal nuclei, and promotes neurite growth. To analyze the
importance of specific pAntp DNA-binding properties in this
phenomenon we have constructed three mutant versions of
PAntp that differ in their ability to translocate through the
membrane and to bind specifically the cognate sequence for
homeodomains present in the promoter of HoxA5. We dem-
onstrate that removing two hydrophobic residues of the third
helix inhibits pAntp internalization and suppresses its neuro-
trophic activity. We also show that pAntp neurotrophic activity
is lost when mutations are introduced in positions preserving its
penetration and nuclear accumulation but abeolishing its ca-
pacity to bind specifically the cognate DNA-binding motif for
homeoproteins. Our results strongly suggest that pAntp neu-
rotrophicity requires both its internalization and its specific
binding to homeobox cognate sequences. We propose that
homeoproteins might regulate important events in the mor-
phological differentiation of the postmitotic neuron.

Homeoproteins, first identified as the products of develop-
mental genes in Drosophila, are strongly expressed in the
developing nervous system of vertebrates and invertebrates
(for review, see ref. 1). Although their exact function has not
been clearly established, recent data indicate that they par-
ticipate in central nervous system induction and morphogen-
esis and also in the establishment of specific neuronal cir-
cuits. This latter point is best illustrated by studies showing
that a mutation in the gene encoding the homeoprotein unc-4
in the nematode modifies the synaptic input of a distinct
subset of motoneurons (2, 3).

The exact function of homeoproteins in the ontogenesis of
the vertebrate nervous system is now being studied thanks to
homologous recombination studies in the mouse (4-7) and to
more classical approaches in Xenopus and chicken (8-10).
All of these studies, together with a careful description of the
patterns of expression of the transcripts during development,
clearly point toward a role for homeoproteins in the organi-
zation of defined central nervous system structures. How-
ever, until recently (11-14), the study of the mode of action
of these trans-activating factors has been hampered by the
difficulty in identifying structural genes controlled by these
homeoproteins.

In fact, possible insights into the mode of action of ho-
meoproteins in the developing nervous system can be de-
duced from the phenotypic analysis, at the single-cell level,
of mutations affecting distinct homeogenes. This procedure
has been achieved in toto by Doe et al. (15) who demonstrated
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a cell-autonomous modification of cell fates and axonal
trajectories in mutants carrying fz.

In our laboratory, a strategy was developed for studying
the role of homeoproteins in early postmitotic rat neurons
developing in vitro. The principle was to introduce large
amounts of the homeodomain of Antennapedia into neurons
in culture, expecting that this peptide would compete with
endogenous homeoproteins and interfere with their binding
to cognate sites present within the genome, thus creating
different morphological phenotypes.

Indeed, we observed that mechanical introduction of
pAntp, a purified 60-aa peptide corresponding to the homeo-
domain of the Drosophila protein Antennapedia, into rat
embryonic neurons in culture enhances neurite outgrowth
(16, 17). In addition, and to our great surprise, we also
observed that pAntp neurotrophicity remained intact when
the peptide was added directly to the culture medium after
seeding of the cells and that, in fact, extracellular pAntp
translocated through the cell membrane by a non-energy-
dependent mechanism and accumulated within neuronal nu-
clei (16, 17).

These observations, however, did not allow us to conclude
that the neurotrophic effect of pAntp was linked to its
occupancy of the cognate sequences present in promoter
sequences of homeoprotein-regulated genes. Indeed, diverse
artifacts could be invoked, most importantly artifacts related
to the very basic nature of pAntp (pI = 11.35), such as a
‘‘polyornithin-like’’ substratum-coating effect or the occur-
rence of nonspecific interactions with cytoplasmic or nuclear
proteins.

To investigate these possibilities we generated different
pAntp mutants by creating point mutations. Two mutants
have a reduced capacity to specifically bind the homeodo-
main-cognate sequence present in the HoxA5 (formerly Hox-
1.3) promoter (Prom-HoxAS5) but still can cross the mem-
brane and accumulate in neuronal nuclei. A third mutant
peptide does not translocate through the membrane and
cannot bind Prom-HoxAS. Compared with wild-type pAntp,
none of these mutants increased neurite growth, thus strongly
suggesting that pAntp activity is linked to the ability of the
60-amino acid-long homeodomain to penetrate into the cells
and to form stable complexes with promoter sequences
recognized by endogenous homeoproteins.

MATERIALS AND METHODS

In Vitro Mutagenesis. The pAH1 recombinant plasmid
contains the coding sequence for the 60 amino acids of the
Antennapedia homeodomain inserted into the pET-3a ex-
pression vector (18). Two different PCR products were
obtained between a primer outside the coding sequence (nt

Abbreviations: pAntp, 60-aa peptide corresponding to the homeo-
domain of the Drosophila protein Antennapedia; Prom-HoxAS,
promoter of homeobox gene HoxAS.
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3968-3983 or nt 4765-4743) and a mutagenic primer inside the
sequence ataaagatttggttcGCgaatcggcgcatgaa in the sense
strand; the two residues in capital letters allowed the GIn3*—
Ala mutation and introduced a Nru I restriction site. The two
PCR products were subcloned into the EcoRV site of the
Bluescript pKSm vector (Stratagene). The mutant homeobox
was then reconstructed by using the Nru I site and transferred
into expression vector pET-3a to give the recombinant plas-
mid pAH50A.

The pAH48S mutant plasmid arose during this cloning
procedure, when an exonucleolytic activity contaminating
the Nrul enzyme removed 6 nt. The resulting sequence codes
for a deletion mutant where residues 48-50 (tryptophan,
phenylalanine, and glutamine) were replaced by a single
serine.

To produce pAH40P2, we started from an intermediate
recombinant plasmid, pAH39S, in which the Kpn I-BamHI
segment of pAH1 (nt 30-183 in the homeobox sequence) had
been modified to introduce convenient restriction sites cor-
responding to silent mutations, except for a Cys*® — Ser
substitution. Plasmid pAH40P2 was obtained by replacing a
Sph 1-Bgl II segment of plasmid pAH39S (nt 106-136 in the
homeobox sequence) by a synthetic oligonucleotide restoring
Cys? and leading to the replacement of another 2 aa in the
turn, Leu® and Thr*l, by two proline residues.

All experiments were done according to current proce-
dures (19). Enzymes were purchased from Boehringer Mann-
heim, New England Biolabs, or Cetus, and the oligonucleo-
tides were synthesized on a model 381A DNA synthesizer
(Applied Biosystems). All mutants were verified by sequence
determination (20).

Preparation of Mutant Homeodomains. Synthesis and pu-
rification of peptides expressed in Escherichia coli strain
BL21(DE3)pLysS were done, as described (16). Metabolic
labeling was achieved by transferring the cells (0.3 A600) to
M9 medium/0.2% glycerol/10% methionine-free MEM
(GIBCO/BRL). After 1 hr of culture the cells were induced
for 1 hr with isopropyl B-p-thiogalactoside (1 mM), incubated
for 15 min with rifampicine (200 ug/ml), and incubated for a
further 5 min with [3S]methionine (Amersham, 30 uCi/ml; 1
Ci = 37 GBq). After a 10-min chase with 5 uM unlabeled
methionine the proteins were extracted and purified, as
described (16).

Peptide analyses by gel electrophoresis and fluoresceina-
tion were done, as described (16). Purified AR3C fusion
protein containing pAntp and the C terminus of the Rab3A
protein was from Franck Perez (Ecole Normale Supérieure,
Paris) (21).

DNA-Binding Properties. Purified peptides (100 ng) were
incubated at 4°C for 15 min with a 32P-5'-labeled double-
stranded synthetic oligonucleotide (sequence 5’'-ccaactc-
" ccccattagtgcacgagac-3') in the presence of 20 mM Tris-HCI,
pH 7.6/80 mM KCl/1 mM MgCl,/2 mM dithiothreitol/10%
(vol/vol) glycerol/bovine serum albumin at 100 ug/ml. Com-
plexes were separated in 10% polyacrylamide gels (preelec-
trophoresed at 100 V for 1 hr) at 150 V in 45 mM Tris borate,
pH 8.3/0.1 mM EDTA.

Peptide Translocation Through the Cell Membrane. Rat
embryonic neurons were dissociated from the spinal cord or
cortex of embryonic day 14-16 embryos (22) and suspended
in Dulbecco’s phosphate-buffered saline-glucose (2 x 108
cells per ml) containing DNase I (30 ug/ml, Sigma) and
various concentrations (see Results) of purified nonmodified
or fluorescent peptides. After 2 hr at 37°C with occasional
gentle mixing, the cells were centrifuged, washed once in
culture medium, plated at the density of 5000 cells per cm2 on
coverslips or plastic culture wells precoated with polyorni-
thine and laminin (22), and cultured for 1 or 2 days before
fixation and morphological analysis. Culture conditions, fix-
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ation protocols, and morphological analysis have been de-
scribed (17, 22, 23).

When radioactive peptides were used, the cells incubated
in suspension with 3S-labeled peptides (50,000 cpm) were
carefully washed, lysed for 15 min on ice in phosphate-
buffered saline containing 0.5% Nonidet P-40, 1 mM Ca?*/1
mM Mg?*, and the following antiproteolytic agents: Pefa-
block (0.5 mM), a;-macroglobulin (1 ug/ml), leupeptin (10
png/ml), and pepstatin (1 ug/ml). The nuclear and postnuclear
fractions were separated by centrifugation at 2000 X g over
a 0.32 M sucrose layer for 10 min at 4°C. After resuspension
of the nuclear pellets, the radioactivity in aliquots of the
different fractions was determined.

In some experiments, the peptides were fluoresceinated as
described (16) or tagged with a biotin residue. This latter
protocol was based on the ability of an activated thiol linked
to an aminopentanoic acid and a biotin residue to establish a
covalent disulfide bridge with the single cysteine present
between helices 2 and 3. The activated thiol-aminopentanoic
acid-biotin molecule was provided by D. Derossi (Ecole
Normale Supérieure, Paris) and G. Chassaing (Université
Pierre et Marie Curie, Paris). Fluorescent or biotinylated
peptides were added to the cells in suspension (fluorescent
peptides) or to cells previously cultured for 2 days (biotiny-
lated peptides). Cellular localization of fluorescent peptides
was directly analyzed after fixation (16).

Localization of the biotinylated peptides was estimated
either by confocal microscopy after fixation and incubation
with fluoresceinated streptavidin (Amersham) or by SDS/
15% PAGE of cellular fractions followed by electrotransfer
on Immobilon (Millipore) and development with streptavidin-
peroxidase and luminol, according to the indications of the
manufacturer (Amersham).

RESULTS

Production of Mutant Antennapedia Homeodomains. We
designed pAntp mutant peptides with sizes and isoelectric
points similar to those of pAntp but likely to be impaired to
various degrees in their DN A-binding properties. Three such
peptides were obtained (Fig. 1). (i) pAntpSOA has a substi-
tution in position 50 of the homeodomain within the third
helix. Position 50 was chosen because of its recognized
importance in the specificity of interaction between homeo-
domains of different classes and their cognate binding sites
(24). Among different possibilities we selected the GIn*® —
Ala modification on the basis of the absence of Ala%® in any
of the classical homeodomain sequences available today and
also because the same modification results in the complete
loss of recognition for both Bicoid and Antennapedia target
sites (25). Concomitantly, a His36 — Tyr substitution was
introduced (Fig. 1).

HELIX 1 HELIX 2 HELIX 3+4

HELIX 2 HELIX 3+4

LTRRRRIEIAHALCLTERQIKIWFQNRRMKWKKEN pAntp

__________ Y--===--------A---—-—-——-— pAntp 50A
______________________ #%g__________ pAntp48S
______________ PP--——-—————————————_ pAntp 40P2

FiG. 1. Structures of mutant Antennapedia homeodomains.
Amino acid sequences of the region encompassing helices 2 and 3-4
in the wild-type and mutant homeodomains are in single-letter code;
no other differences exist outside this region. %, Deletions without
replacement.
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(ii) A second mutant, pAntp48S, corresponds to the re-
placement of 3 aa (Trp*8, Phe*?, and GIn*) by a single serine
residue (Fig. 1). Trp*® and Phe* are conserved in all homeo-
domains known so far and, therefore, are probably important
for homeodomain properties. (iii) A third mutant,
pAntpd40P2, corresponds to the substitution of Leu*® and
Thr?., 2 aa located in the turn between helices 2 and 3, by two
proline residues. This modification, which was mimicked by
computational imaging (data not shown), impairs correct
folding of the helix—turn-helix motif.

DNA-Binding Properties of Wild-Type and Mutant Homeo-
domains. Fig. 2A shows that wild-type pAntp efficiently
retarded Prom-HoxAS, which contains a consensus sequence
recognized by many homeoproteins (26). This complex was
specific because its formation was inhibited by adding in-
creased amounts of nonradioactive probe. Compared with
pAntp, pAntp50A bound poorly to the cognate sequence and
was displaced with lower concentrations of unlabeled Prom-
HoxAS5, suggesting lower complex stability (Fig. 2B). No
retardation was visible with pAntp48S or pAntp40P2 (Fig. 2
C and D).

To further compare the affinity of pAntpSOA with that of
pAntp we used a chimeric peptide (called AR3C) encompass-
ing pAntp and the C-terminal region of rab3A, a small
GTP-binding protein (21). This chimeric construct—prepared
for reasons not related to this study—had a molecular size of
12 kDa. Thus, the retardation bands corresponding to the
association of Prom-HoxAS with pAntp or AR3C could be
distinguished by their respective velocities. Fig. 2 E and F
shows that although pAntp quantitatively displaced the fu-

A B

FiG. 2. Specific DNA recognition by wild-type and mutant
homeodomains. Prom-HoxAS target sequence end-labeled with 32P
was incubated with 100 ng of purified pAntp (A), pAntp50A (B),
pAntp48S (C), or pAntp40P2 (D), in the presence of various amounts
of unlabeled Prom-HoxAS double-stranded oligonucleotide (none,
none, 10, 30, and 150 ng in lanes 1-5, respectively), without (lane 1)
or with (lanes 2-5) 10 ng of poly(dI-dC). Lane 6, free probe. Open
arrowheads indicate predicted position of complexes. (E and F)
Competition in gel retardation of Prom-HoxAS between 100 ng of
AR3C (lanes 1-6) and increased amounts (25, 50, 100, 200, and 300
ng in lanes 2-6, respectively) of either pAntp (E) or pAntpS0A (F).
Lane 7, free probe alone. Retarded complexes between Prom-
HoxAS and pAntp or pAntpS0A are indicated by open arrowheads,
and those with the chimeric AR3C peptide are indicated by solid
arrowheads.
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F1G. 3. Distribution of fluoresceinated homeodomains. Embry-
onic neurons were incubated as described with the following fluo-
resceinated peptides. (A) pAntp. (B) pAntp5S0A. (C) pAntp40P2.
Visualization is with confocal microscopy. (Scale bar = 5 um.)

sion protein at a molar ratio of 2:1, pAntpS0A had only a small
displacement effect under these conditions.

Peptide Translocation. To analyze translocation and nu-
clear accumulation of the peptides, they were fluoresceinated
and incubated with the dissociated embryonic cells for 2 hr.
Cells were then washed, plated, and cultured for 1 day before
fixation. Fig. 3 shows by confocal microscopy that pAntp
(Fig. 3A), pAntp50A (Fig. 3B), and pAntp40P2 (Fig. 3C)
mutants were taken up by all cells in the population, and
significant concentrations of the peptides accumulated in the
nuclei.

Unfortunately, for nonelucidated structural reasons, pos-
sibly because of abnormal folding, pAntp48S could not be
fluoresceinated by standard procedures. To study the behav-
ior of this mutant, we developed an original protocol allowing
the one-to-one linkage of a biotin residue at the level of the
cysteine (Cys®) present between helices 2 and 3 (see Mate-
rials and Methods). The wild-type pAntp and mutants were

1 2 3 4

FiG. 4. Internalization of biotinylated peptides. Peptides were
modified, as described. (4) Analysis of the four biotinylated peptides
by electrophoretic transfer. (B) Only pAntp and pAntp50A peptides
are recovered within the cells. Lanes: 1, pAntp; 2, pAntpS0A; 3,
pAntp40P2; 4, pAntp48S. (C and D) Confocal microscopy sections
showing internalization of pAntp (C) and lack of internalization of
pAntp48S (D). (Scale bar = 10 um.)
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Table 1. Measurement of wild-type and mutant homeodomains
in different compartments
Fraction

Homeodomain Nuclear, % Postnuclear, % Medium, %
pAntp 170 £ 6 401 79.0 = 6.5
pAntp40P2 1152 1.0+ 0.5 87525
pAntp50A 1905 601 7506
pAntp48S 2505 1.0 = 0.5 96.5 1

Dissociated rat embryonic neurons treated for 2 hr with purified
radioactive peptides were lysed with Nonidet P-40, and the radio-
activity in the medium, the nuclear, and the postnuclear fractions
was determined. Results are the mean values (+SD) of six different
experiments.

labeled in this way, and intensity of the labeling was verified
by gel electrophoresis and electrophoretic transfer (Fig. 4A).

Cells were incubated for 1 hr with the modified peptides
and washed twice in phosphate buffer, and the proportion of
peptide present within the cells was measured by gel elec-
trophoresis and electrophoretic transfer. Fig. 4B shows that
modified pAntp and pAntp50A were similarly translocated,
whereas the two other biotinylated mutants were not trans-
ported through the neuronal membranes. Accordingly, bio-
tinylated pAntp (Fig. 4C) or pAntpSOA mutant (data not
shown) was seen within the neuronal cells, in contrast with
biotinylated mutants pAntp48S (Fig. 4D) or pAntp40P2 (data
not shown).

This latter result was, for mutant pAntp40P2, contradic-
tory to that obtained by direct fluoresceination. We hypoth-
esize that the addition of a biotin residue linked to Cys?, in
direct apposition to the two proline residues, created a
structural modification incompatible with transmembrane
transport.
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This assumption led us to monitor peptide penetration with
a third protocol. Peptides labeled in E. coli with [**S]methio-
nine were purified and added to dissociated neurons for 2 hr.
The medium was then recovered by centrifugation, and after
lysis with Nonidet P-40, nuclear and postnuclear fractions
were isolated. The radioactive material in the nuclei was
analyzed by gel electrophoresis. Autoradiography confirmed
that the radioactive species internalized corresponded to the
original peptide with no obvious degradation (data not
shown).

Peptide distribution was quantified, and the results (Table
1) show that peptides pAntp, pAntpSOA, and pAntp40P2
penetrated rapidly and that between 10 and 20% of the
peptides reach the nuclei within 2 hr. In fact, pAntp40P2
might be internalized with less efficiency, suggesting that the
rigidity created by the two prolines interferes with the
internalization process. Strikingly, pAntp48S was the only
peptide unable to translocate through the membrane. As
previously observed for the wild-type homeodomain and for
the chimeric peptides encompassing the homeobox, the pen-
etration of pAntp, pAntpS0A, and pAntp40P2 was not re-
duced by lowering the temperature (data not shown).

In conclusion, it is very likely that all the peptides except
pAntp48S translocate through the neuronal membranes and
are conveyed to the nuclei.

Neurotrophic Activity. The purified unlabeled peptides
were added to dissociated cells for 2 hr. After one wash by
centrifugation, cells were resuspended in culture medium,
plated at low density, allowing morphological analysis, and
cultured for 1 or 2 days before fixation. Fig. § illustrates the
distribution of rat cortical neurons according to total neurite
length and shows that the effect obtained by a 2-hr preincu-
bation with the optimal pAntp concentration of 300 ng per 10°
cells (Fig. SA) was not reproduced with pAntp50A (Fig. 5B),
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F1G. 5. Cumulative distributions according to total neurite length. This cumulative representation indicates the percentage of neurons with
total neurite length higher than the value on the abscissa. For example, in A, the percentage of neurons of neurite length >150 um increases
from 34% (control) to 65% (pAntp). Such distributions can be statistically analyzed (computer program STATWORKS from Cricket Software,
Philadelphia). Compared with control, pAntp (A) significantly increased neurite length (P < 0.001), whereas mutant homeodomains (B-D) were
without effect. Diagrams represent the analysis of 80 neurons for each condition.
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pAntp48S (Fig. 5C), or pAntp40P2 (Fig. 5D). A similar
absence of stimulation was also seen at higher (up to 900 ng
per 10° cells) peptide concentrations. The experiment of Fig.
S5 is representative of a series of 10 experiments in which we
used four different preparations of pAntp and pAntp40P2 and
two different preparations of pAntp48S and pAntpS0A. In
addition, it is noteworthy that identical results were found
with different types of neurons and with neurons from
different species (23).

DISCUSSION

pAntp mutant derivatives with poor or no DNA-binding
capabilities were obtained. pAntpS0A (GIn® — Ala) still
binds Prom-HoxAS but does so with a lower affinity than
does pAntp. This result is clearly demonstrated in the com-
petition experiments with the unlabeled promoter and the
chimeric AR3C peptide. This result corresponds to reports on
the importance of position 50 for homeodomain specificity
and with the observation that introducing alanine into this
position of the Bicoid homeodomain suppresses trans-
activation (24, 25). The two other mutants cannot specifically
bind Prom-HoxAS. For pAntp48S, this effect might be from
the Glu® — Ser modification. However, replacing the two
hydrophobic residues in positions 48 and 49 could also have
influenced pAntp48S-binding properties because these resi-
dues appear in all homeodomains sequenced so far. For
pAntp40P2, the absence of specific DNA-binding properties
is best explained by the modification and rigidity of the turn
between helices 2 and 3.

Among the four peptides presented in this study, only
one—pAntp48S—was completely unable to translocate
through the neuronal membrane. The other peptides, as well
as chimeric proteins encompassing the wild-type pAntp,
penetrated rapidly at 37°, 12°, and 4°C (data not shown; refs.
17 and 21). It is interesting to note that mutant pAntp48S is
lacking two hydrophobic residues partly responsible for the
amphiphilic structure of the third helix of pAntp. It is thus
plausible that the two hydrophobic residues, Trp*® and Phe*?,
participate in a structural motif responsible for pAntp inter-
nalization; this would implicate the third helix as the driving
force for the internalization of homeobox-containing pep-
tides. Preliminary experiments confirm this hypothesis (D.
Derossi, A.H.J., G. Chassaing, and A.P., unpublished work).

The main goal of our present study was to examine whether
the reported neurotrophic properties of pAntp (16, 17, 23)
were from the specific binding of pAntp to its cognate
sequence in the genome or to unspecific phenomena involv-
ing the physicochemical properties of the peptide. An obvi-
ous artifact is the coating of the substrate by the basic
peptide. Indeed, polylysine and other basic polymers are
known to increase neurite growth. Our results, which show
that three peptides of size and charge similar or identical to
those of pAntp do not promote neurite growth, eliminate the
possibility that the neurotrophic properties of pAntp reflect
a substrate-coating artifact. Another possible pitfall would be
that pAntp interacts unspecifically with cytoplasmic or nu-
clear elements. The lack of neurotrophic properties of
pAntp50A and pAntp40P2 also excludes such a possibility.

Our results show that pAntp neurotrophic activity depends
on the high affinity and specific DNA-binding properties of
the peptides. This result strongly suggests that pAntp acts by
interfering with sequences normally recognized by endoge-
nous homeoproteins. In fact, we have verified that the
Prom-HoxAS is recognized by nuclear proteins in cortical
neurons and that this interaction can be specifically antago-
nized by increased concentrations of pAntp (data not shown).

Proc. Natl. Acad. Sci. USA 90 (1993)

However, the pattern of homeoprotein expression in the
developing nervous system is complex, and the diversity of
promoters containing homeodomain cognate-binding se-
quences is high. Thus, elaborating further on a precise
mechanism for pAntp neurotrophic activity is difficult. Nev-
ertheless, from our results we can speculate that homeopro-
teins are involved in the differentiation of postmitotic verte-
brate neurons.
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