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Neuroprotective Peptide NAPVSIPQ Antagonizes
Ethanol Inhibition of L1 Adhesion by Promoting
the Dissociation of L1 and Ankyrin-G
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ABSTRACT
BACKGROUND: Ethanol causes developmental neurotoxicity partly by blocking adhesion mediated by the L1 neural
cell adhesion molecule. This action of ethanol is antagonized by femtomolar concentrations of the neuropeptide
NAPVSIPQ (NAP), an active fragment of the activity-dependent neuroprotective protein (ADNP). How femtomolar
concentrations of NAP antagonize millimolar concentrations of ethanol is unknown. L1 sensitivity to ethanol
requires L1 association with ankyrin-G; therefore, we asked whether NAP promotes the dissociation of ankyrin-G
and L1.
METHODS: L1–ankyrin-G association was studied using immunoprecipitation, Western blotting, and
immunofluorescence in NIH/3T3 cells transfected with wild-type and mutated human L1 genes. Phosphorylation of
the ankyrin binding motif in the L1 cytoplasmic domain was studied after NAP treatment of intact cells, rat brain
homogenates, and purified protein fragments.
RESULTS: Femtomolar concentrations of NAP stimulated the phosphorylation of tyrosine-1229 (L1-Y1229) at the
ankyrin binding motif of the L1 cytoplasmic domain, leading to the dissociation of L1 from ankyrin-G and the
spectrin-actin cytoskeleton. NAP increased the association of L1 and EphB2 and directly activated EphB2
phosphorylation of L1-Y1229. These actions of NAP were reproduced by P7A-NAP, a NAP variant that also
blocks the teratogenic actions of ethanol, but not by I6A-NAP, which does not block ethanol teratogenesis as
potently. Finally, knockdown of EPHB2 prevented ethanol inhibition of L1 adhesion in NIH/3T3 cells.
CONCLUSIONS: NAP potently antagonizes ethanol inhibition of L1 adhesion by stimulating EphB2 phosphorylation
of L1-Y1229. EphB2 plays a critical role in synaptic development; its potent activation by NAP suggests that ADNP
may mediate synaptic development partly by activating EphB2.
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Fetal alcohol spectrum disorders are highly prevalent causes
of developmental disability (1,2). Brain lesions of fetal alcohol
spectrum disorders resemble those of L1 syndrome, a disorder
caused by mutations in the gene for the developmentally
critical L1 neural cell adhesion molecule (3). This phenotypic
similarity may be a consequence of the ability of ethanol to
inhibit L1 adhesion at concentrations attained after just one
drink (3). Ethanol interacts with an alcohol binding site in the
extracellular domain of L1 (L1-ECD) at the interface between
the Ig1 and Ig4 domains (4,5), a location essential for stabi-
lizing a horseshoe conformation of L1 that favors L1 homo-
philic binding (6). The alcohol binding site discriminates the
size and shape of diverse alcohols, and several alcohols
antagonize ethanol inhibition of L1 adhesion (7). One such
alcohol, 1-octanol, also interacts with the alcohol binding site
(4) and prevents ethanol-induced growth retardation in mouse
embryos at micromolar concentrations (8).

A second class of ethanol antagonists is exemplified by the
peptides NAPVSIPQ (NAP) and SALLRSIPA (SAL). NAP and
Pub
N: 0006-3223
SAL are active fragments of the developmentally important
activity-dependent neuroprotective protein (ADNP) and
activity-dependent neurotrophic factor, respectively (9,10).
Both NAP and SAL antagonize alcohol inhibition of L1 adhe-
sion (11–13), and NAP protects against alcohol-induced
growth retardation and delayed closure of the neural tube at
femtomolar concentrations (12–14). ADNP and NAP may even
protect against excessive alcohol consumption (15). Although
NAP potently protects against a broad array of other central
nervous system insults, NAP appears to block ethanol tera-
togenesis primarily by antagonizing ethanol inhibition of L1
adhesion, rather than through its broad neuroprotective
actions (12). How femtomolar concentrations of NAP antago-
nize the actions of millimolar concentrations of ethanol is un-
known. This stoichiometry strongly suggests that NAP acts
through a catalytic mechanism, rather than by interacting
directly with the alcohol binding site on the L1-ECD.

L1 sensitivity to ethanol requires the association of L1 with
ankyrin-G and the spectrin-actin cytoskeleton (16,17). Linkage
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of L1 to these cytoskeletal elements constrains the lateral
mobility of L1 within the cell membrane (18), a change that is
postulated to stabilize a conformation of the L1-ECD that fa-
vors the interaction of ethanol with the alcohol binding pocket
(17). In contrast, dissociation of L1 from ankyrin-G and the
spectrin-actin cytoskeleton increases the lateral mobility of L1,
which may stabilize a conformation of the L1-ECD that ex-
cludes ethanol from the alcohol binding pocket. L1 association
with ankyrin-G requires dephosphorylation of Y1229 within the
L1 cytoplasmic domain (L1-CD) (19,20). Therefore, we asked
whether NAP antagonizes ethanol inhibition of L1 adhesion by
activating the phosphorylation of L1-Y1229, thereby promoting
the dissociation of L1 and ankyrin. Here we show that NAP, but
not octanol, potently induces the dissociation of L1 and
ankyrin-G by activating EphB2, a kinase that phosphorylates
L1-Y1229 (21,22). Moreover, knockdown of EphB2 abolishes
NAP antagonism of ethanol inhibition of L1 adhesion.

METHODS AND MATERIALS

Reagents

The following antibodies were utilized: goat polyclonal anti-
body (pAb) against the L1-CD (SC-1508, RRID: AB_631086;
Santa Cruz Biotechnology, Dallas, TX) (17,23,24), measuring
total L1; monoclonal antibody (mAb) against the L1-ECD (SC-
53386, UJ127, RRID: AB_628937; Santa Cruz Biotechnology)
(25), measuring total L1; rabbit pAb against C-terminus of
ankyrin-G (SC-28561, RRID: AB_633909; Santa Cruz
Biotechnology) (17,26,27); mAb against L1 (5G3) (Maine
Biotechnology Services, Portland, ME) (28); mAb against
spectrin (SC-46696, RRID: AB_671135; Santa Cruz Biotech-
nology); goat pAb against actin (SC-1616, RRID: AB630836;
Santa Cruz Biotechnology); mAb against EphB2 (SC-130752,
RRID: AB_2099957; Santa Cruz Biotechnology); rabbit
pAb against Src (SC-18, RRID: AB_631324; Santa Cruz
Biotechnology); antibody mAb anti-phosphotyrosine (pY)
(ab10321, RRID: AB_297058; Abcam, Cambridge, MA);
horseradish peroxidase–conjugated secondary antibodies
against mouse (115-035-062, RRID: AB_2338504; Jackson
ImmunoResearch Laboratories, West Grove, PA), rabbit (711-
035-152, RRID: AB_10015282; Jackson ImmunoResearch
Laboratories), goat (705-035-003, RRID: AB_2340390; Jack-
son ImmunoResearch Laboratories); recombinant human
EphB2 protein (PV3625) and kinase assay buffer (PV3189;
Thermo Fisher Scientific, Waltham, MA); goat anti-mouse
IgG conjugated with Alexa Fluor 546 (A-11003, RRID:
AB_2534071; Thermo Fisher Scientific); goat anti-rabbit
IgG conjugated with Alexa Fluor 488 (R37120, RRID:
AB_2556548; Thermo Fisher Scientific); and mAb to b-tubulin
(86298, RRID: AB_2715541; Cell Signaling Technology,
Danvers, MA). NAP peptides were custom synthesized by
New England Peptide Inc. (Gardner, MA); and CNEDGSFIG-
QYSGKKE (FIGQY) peptides were synthesized by GenScript
USA Inc. (Piscataway, NJ).

Cell Culture

NIH/3T3 clonal cell line 2A2-L1s (ethanol-sensitive) stably
expressing human L1 were employed to evaluate the effects of
experimental manipulations on wild-type L1 (17), and NIH/3T3
2 Biological Psychiatry - -, 2019; -:-–- www.sobp.org/journal
cells transiently transfected with L1 mutations in the ankyrin
binding region were used to study L1-ankyrin interactions, as
described (20). Cells were cultured in Dulbecco’s modified
Eagle’s medium plus 10% bovine serum (BS) at 37�C with
10% CO2 atmosphere, as described (17).

Immunocytochemistry

NIH/3T3 cells were plated in 9-mm Petri dishes in Dulbecco’s
modified Eagle’s medium supplemented with 10% BS and
transiently transfected with wild-type L1 or L1-phenylalanine
(Y1229F). After 48 hours of culture, cells were treated with
10212 mol/L NAP for 1 hour and fixed in 4% paraformaldehyde
for 30 minutes, blocked with phosphate-buffered saline (PBS)
supplemented with 5% BS, and incubated overnight at 4�C
with L1 mAb 5G3 (5) and rabbit pAb against ankyrin-G in PBS
plus 5% BS. Cells were washed 3 times with PBS and incu-
bated with goat anti-mouse IgG conjugated with Alexa Fluor
546 and goat anti-rabbit IgG conjugated with Alexa Fluor 488
in PBS with BS. Cells were washed again with PBS and fixed in
paraformaldehyde. Images were captured using a Nikon
Eclipse Ti microscope (Nikon Instruments Inc., Melville, NY),
and the colocalization efficiency of L1 and ankyrin-G were
calculated using NIS-Elements Microscope Imaging Software
(version 4.30; Nikon Instruments Inc.) (29).

Immunoprecipitation and Western Blot Analysis

Immunoprecipitation and Western blot analysis were carried
out as described (17). NIH/3T3 cells were lysed in NP40 lysis
buffer plus Halt Protease and Phosphatase Inhibitor Cocktail
(1862495; Thermo Fisher Scientific). For L1 immunoprecipita-
tion, whole cell lysates were incubated with mAb 5G3 (Maine
Biotechnology Services) at 4�C for 2 to 4 hours, and protein A-
agarose beads were added to precipitate the antigen-antibody
complex. Images of protein bands were acquired on an
Amersham Imager 600 (GE Healthcare Life Sciences, Pitts-
burgh, PA), and densitometry was quantified using ImageJ
(National Institutes of Health, Bethesda, MD) (30,31). All data
were normalized to values in 2A2-L1s cells or cells transfected
with wild-type L1 (L1-WT) and plotted as mean 6 SEM. The
specificity of the L1 and ankyrin antibodies for immunopre-
cipitation and Western blotting is well established in the liter-
ature (17,23,32) and is further demonstrated in Supplemental
Figures S1 and S2.

Small Interfering RNA Transfection of 2A2-L1s Cells

Cells were transfected with EphB2-siRNA (SC-39950; Santa
Cruz Biotechnology), using Lipofectamine 2000 (Invitrogen,
Carlsbad, CA) following the manufacturer’s instructions (16).
Scrambled small interfering RNA (siRNA) was used as a con-
trol, inactive siRNA (SC-37007; Santa Cruz Biotechnology).
Forty-eight hours after transfection, cells were harvested for
cell aggregation assays, Western blots, and coimmunopreci-
pitation analysis (16). Levels of protein expression in Western
blots were normalized to values from untreated 2A2-L1s cells.

Preparation of Rat Brain Lysate

Rat brain lysates were prepared from whole brain homoge-
nates of Sprague Dawley rat pups (Charles River Breeding,
Worcester, MA) at postnatal day 10. Pups were euthanized in a
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Figure 1. NAPVSIPQ (NAP) effect on the interac-
tion of L1 with ankyrin-G (AnkG) and the spectrin-
actin cytoskeleton. (A) L1 was immunoprecipitated
(IP) using monoclonal antibody 5G3 from whole cell
lysates of NIH/3T3 cells expressing human L1 (2A2-
L1s) that had been treated with NAP at various con-
centrations; coimmunoprecipitated proteins were
separated and blotted with antibodies to L1 or AnkG.
Ankyrin-G was detected as a band of approximately
190 kD, but occasionally, a second band was
observed at approximately 150 kD, likely representing
a splice variant (59). L1 was detected as a doublet at
210 kD and 190 kD. Protein band densities were
normalized to values for total L1, and values were
expressed as mean 6 SEM percentage of control
cells from 6 to 14 independent experiments (F = 6.59;
p , .0001). (B) L1 was immunoprecipitated using
monoclonal antibody 5G3 from whole cell lysates of
2A2-L1s cells treated with 1029 mol/L (M) NAP, and
coimmunoprecipitated proteins were separated and
blotted with antibodies to L1, AnkG, spectrin, or actin.
Protein band densities were normalized to values for
total L1, and values were expressed as mean 6 SEM
percentage control cells from 5 to 13 independent
experiments (AnkG: *t = 4.4, p = .01; spectrin: *t = 2.6;
p = .03; actin: ***t = 5.9, p = .0004).
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CO2 chamber. The brain was removed, the cerebellum was
dissected away, and the remaining tissue was frozen in liquid
nitrogen. Thawed brain tissue was homogenized in NP40 lysis
buffer plus protease and phosphatase inhibitors by repeated
passage through a 20-gauge needle. After centrifugation, the
supernatant was removed for coimmunoprecipitation experi-
ments. The handling, care, and treatment of animals were
performed in accordance with the guidelines of the Institutional
Animal Care and Use Committee of VA Boston Healthcare
System.

Cell Aggregation Assay

To perform cell aggregation assays, 2A2-L1s cells stably
expressing human L1 or NIH/3T3 cells transiently transfected
with L1 constructs were harvested, as described elsewhere
(5,16). Cell aggregation assays were performed in the absence
and presence of 100 mmol/L ethanol, a maximally effective
concentration. Although the half maximal concentration for
ethanol inhibition of L1 adhesion is w5 mmol/L (3), we used
high concentrations of ethanol to study the antagonist effects
of NAP. Ethanol inhibition of L1 adhesion was normalized to
values obtained in 2A2-L1s cells or the values obtained in cells
transfected with L1-WT.

Phosphorylation of FIGQY Peptide

Phosphorylation of FIGQY-peptide by EphB2 kinase, whole
cell lysate, or rat brain was performed on peptides conjugated
to agarose beads according to the manufacturer’s manual
(26196, Pierce NHS-activated dry agarose beads; Thermo
Fisher Scientific). Purified EphB2 (0.4 mg) protein or whole cell
lysates (50 mg protein) were added to 2 mg of peptide-coated
agarose beads in the absence or presence of NAP for the
desired time in kinase buffer (PV3189; Thermo Fisher Scientific)
supplemented with 2 mmol/L adenosine triphosphate at a final
B

volume of 660 mL. The reaction was stopped by adding 1 mL
PBS plus 2 mmol/L EDTA, and the particulate and supernatant
fractions were separated by centrifugation at 3000 rev/min for
5 minutes at 4�C. The pellet was washed 3 times with 1 mL
PBS, and incubated for 1 hour with anti-pY antibody ab10321
(Abcam) in 500 mL PBS plus 5% bovine serum albumin. After 3
washes, the pellet was denatured at 95�C in reducing sodium
dodecyl sulfate sample buffer for Western blot analysis.
Blotted membranes were incubated with horseradish
peroxidase–conjugated secondary antibodies against mouse
(115-035-062, RRID: AB_2338504), and the level of pY anti-
body retained on agarose beads was used as an index of
tyrosine phosphorylation of FIGQY peptide.

Statistical Analysis

Data are expressed as mean 6 SEM, except as noted. Sta-
tistical analysis was performed by using the analysis of vari-
ance and 2-tailed paired t tests using Prism 5 (GraphPad
Software, San Diego, CA). Statistical significance was defined
as p , .05. Levels of statistical significance were designated
as follows: *p , .05; **p , .01; ***p , .001.

RESULTS

NAP Potently Reduces the Association of L1 With
Ankyrin-G and the Spectrin-Actin Cytoskeleton

We evaluated the effects of NAP on L1 coupling to ankyrin-G
using immunoprecipitation and Western blotting from NIH/3T3
cells transiently transfected with L1-WT. NAP caused a dose-
dependent reduction in the association of WT-L1 with ankyrin-
G (Figure 1A). Significant inhibition was observed at NAP
concentrations of 100 fmol/Lwithmaximal effects at 100 nmol/L.
Treatment with 1029 mol/L NAP also significantly decreased the
association of L1 with spectrin and actin (Figure 1B).
iological Psychiatry - -, 2019; -:-–- www.sobp.org/journal 3
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Figure 2. L1 association with ankyrin-G (AnkG) and ethanol inhibition of L1 adhesion in cells expressing wild-type L1 (L1-WT) or L1 in which Y1229 was
mutated to phenylalanine (L1-Y1229F). (A) NIH/3T3 cells were transfected with L1-WT or L1-Y1229F in the absence (CT) and presence of 10212 mol/L
NAPVSIPQ (NAP) or 100 mmol/L octanol (Oct). L1 was immunoprecipitated (IP) from whole cell lysates using monoclonal antibody 5G3, and coimmunopre-
cipitated proteins were separated and blotted with antibodies to L1 and AnkG. Densities of AnkG bands were normalized to values for L1 in corresponding
experiments and then expressed as a percentage of values in untreated cells expressing L1-WT. Shown are mean 6 SEM percentage association of L1 and
AnkG from 4 to 13 independent experiments (F = 2.94; p , .05); ***t = 7.18; p , .001. (B) Colocalization of L1 (red) and AnkG (green) immunostaining in L1-WT
and L1-Y1229F–expressing cells treated for 1 hour in the absence and presence of 10212 mol/L NAP. Mander’s overlap coefficient indicated significant
differences in the colocalization of L1 and AnkG under various experimental conditions (F = 3.2; p, .05); **t = 5.26; p, .01; n = 14 to 15. (C, D) The L1-Y1229F
mutation abolished NAP (1029 mol/L) and okadaic acid (OK) (100 mmol/L) antagonism of ethanol inhibition of L1 adhesion. NIH/3T3 cells were transiently
transfected with L1-WT and L1-Y1229F. Cells were treated with 1029 mol/L NAP or 100 mmol/L okadaic acid for 1 hour, and cells were harvested for cell
aggregation assays performed in the absence and presence of 100 mmol/L ethanol. Ethanol inhibition of L1 adhesion in L1-Y1229F–expressing cells was
expressed as a percentage of that obtained in L1-WT expressing cells (47.7 6 4.4%). Shown are mean 6 SEM relative levels of ethanol inhibition in (C) (F =
16.77; p , .0001); ***t = 5.938, p = .0000, n = 12 to 32; (D) (F = 3.90; p , .05); **t = 6.93; p = 0.002; n = 5. CT, control.
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Interestingly, 100 mmol/L 1-octanol, a maximal antagonist con-
centration, had no significant effect on L1–ankyrin-G association
(Figure 2A). These findings suggest that NAP and 1-octanol
antagonize ethanol inhibition of L1 adhesion through different
mechanisms.

L1-Y1229FMutationBlocks theActions of NAP on L1

Ankyrin-G binds to L1 at the consensus sequence FIGQY1229
in the L1-CD, and this binding requires dephosphorylation of
L1-Y1229 (18,21). If NAP acts by inducing the dissociation of
L1 and ankyrin-G, then stabilizing the association of L1 and
ankyrin-G by preventing the phosphorylation of L1-Y1229
might eliminate NAP’s antagonist activity. Mutation of Y1229
to Y1229F prevents phosphorylation at the 1229 site and
stabilizes ankyrin-G association with L1 (17,20,33). We used
this mutation to test whether NAP retains its antagonist
properties when the residue at the 1229 position can no longer
be phosphorylated. Immunoprecipitation studies showed
that NAP had no effect on the association of ankyrin-G with
L1-Y1229F, in contrast to its actions on L1-WT (Figure 2A). The
4 Biological Psychiatry - -, 2019; -:-–- www.sobp.org/journal
effects of NAP on the colocalization of L1 and ankyrin-G were
also visualized using immunofluorescence staining of L1 and
ankyrin-G. As expected, NAP significantly reduced the coloc-
alization of L1 and ankyrin-G in cells transfected with L1-WT
but had no effect on their colocalization in cells transfected
with L1-Y1229F (Figure 2B). Of note, both NAP and the
phosphatase inhibitor okadaic acid blocked ethanol inhibition
of L1 adhesion in cells transfected with L1-WT but not in cells
transfected with L1-Y1229F (Figure 2C, D). These data imply
that NAP promotes the dissociation of L1 and ankyrin-G and
antagonizes ethanol inhibition of L1 adhesion by increasing the
phosphorylation of L1-Y1229.
Lysates From NAP-Treated NIH/3T3 Cells or Rat
Brain Increase Tyrosine Phosphorylation of FIGQY
Peptide

We next sought evidence that NAP increases the phosphory-
lation of L1-Y1229. We were unable to raise an antibody that
selectively recognizes phospho– or dephospho–L1-Y1229
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Figure 3. NAPVSIPQ (NAP) effect on tyrosine
phosphorylation (pY) of the 16–amino acid
CNEDGSFIGQYSGKKE (FIGQY) peptide fragment
derived from the L1 cytoplasmic domain, containing
a single tyrosine. (A) The 2A2-L1s cells were incu-
bated in the absence and presence of 1029 mol/L
(M) NAP, and extracted cell lysates were incubated
with FIGQY peptide conjugated to agarose beads at
room temperature for the indicated time (see
Methods and Materials). The pY of FIGQY peptide
was measured using the mouse anti-pY monoclonal
antibody PY20. The magnitude of pY in FIGQY
peptide was quantified by densitometric analysis of
anti-pY antibody-agarose bead bands separated by
sodium dodecyl sulfate polyacrylamide gel electro-
phoresis. Densities of pY in the FIGQY peptide
bands were normalized to values obtained at time 0.
Shown are mean 6 SEM percentage of pY of FIGQY
peptide compared with values at time 0 from 5 in-
dependent experiments (F = 9.84; p , .0001). Peak
phosphorylation occurred at 10 minutes following
NAP treatment of intact cells. (B) Dose-response
curve for NAP phosphorylation of FIGQY peptide
by cell lysate from NAP-treated 2A2-L1s cells.
Reactions were carried out for 10 minutes at room
temperature in the presence of the indicated con-
centrations of NAP. The pY levels were normalized
to values in cells that were not treated with NAP
(lane 0). Shown is a representative gel from 12 ex-
periments. Densitometry was obtained from 7 to 12
independent experiments (F = 2.48; p , .05).
(C) Lysate of cerebral cortex from postnatal day 10
rat pups was incubated in the absence and pres-
ence of 10212 M NAP for 10 minutes. NAP treatment

of rat brain lysates significantly increased phosphorylation of FIGQY peptide (**t = 2.888; p, .01; n = 7). (D) The 2A2-L1s cells were incubated for 15 minutes at
room temperature in the absence and presence of 1029 M NAP and 20 mM PP2, and cell lysates were then incubated with FIGQY peptide to determine the
effect of drug treatments on pY (*t = 3.45; p = .010; n = 8; and **t = 3.55; p = .0085; n = 8).
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(21). Therefore, we used an anti-pY antibody to determine the
phosphorylation state of a synthetic 16 amino acid peptide
fragment of the L1-CD comprising a single tyrosine residue
located within the FIGQY-ankyrin binding site (FIGQY peptide)
(34). We used 2A2-L1s, an ethanol-sensitive NIH/3T3 clonal
cell line, because it stably expresses human L1 (16,17,35). We
exposed 2A2-L1s cells to 1029 mol/L NAP for various periods
of time and then incubated whole cell lysates from NAP-
treated 2A2-L1s cells with FIGQY peptide conjugated to
agarose beads. Levels of phosphorylated FIGQY peptide were
determined by Western blot analysis. NAP increased tyrosine
phosphorylation of FIGQY peptide more than 2-fold, with peak
effects occurring after 10 minutes of exposure (Figure 3A). A
10-minute NAP exposure caused a dose-dependent increase
in FIGQY peptide phosphorylation, with significant effects
observed at 10216 mol/L and half maximal effects at approxi-
mately 33 10215 mol/L (Figure 3B). NAP also caused a greater
than 2-fold increase in FIGQY peptide phosphorylation in
lysates from rat cerebral cortex (Figure 3C). These findings
support the hypothesis that NAP acts by increasing the
phosphorylation of L1-Y1229.

NAP Stimulates the Association of EphB2 and L1

The kinase EphB2 phosphorylates the FIGQY consensus
sequence of L1 (21,22). We next asked whether NAP stimu-
lates the association of EphB2 and L1 in NIH/3T3 cells
B

transiently transfected with L1-WT. Treatment of these cells
with 1029 mol/L NAP significantly increased the association of
L1 with EphB2, as determined by immunoprecipitation
(Figure 4A). Hence, NAP treatment of intact cells brings EphB2
and L1 into proximity, thereby increasing the probability of
EphB2 phosphorylation of L1-Y1229.

NAP and Its Active Homologues Stimulate EphB2
Phosphorylation of FIGQY Peptide

To determine whether NAP directly activates EphB2, we
incubated purified EphB2 with FIGQY peptide in the absence
and presence of various concentrations of NAP. NAP caused a
dose-dependent increase in EphB2 phosphorylation of FIGQY
peptide, with half maximal effects occurring between 10 and
100 fmol/L (Figure 4B). NAP did not increase phosphorylation
of FIGQY peptide in the absence of EphB2.

Dai et al. (21) showed that EphB2 phosphorylation of
L1-Y1229 in HEK293 cells is reduced by PP2, an Src family
kinase inhibitor, suggesting that Src may be a downstream
mediator of EphB2 phosphorylation of L1. In contrast, in our
2A2-L1s cells, 20 mmol/L PP2 had no effect on NAP stimulation
of FIGQY peptide phosphorylation, both in whole cell lysates
and with purified EphB2 (Figure 3D). Furthermore, NAP did not
increase Src association with L1 in NIH/3T3 cells (69.8 6
12.4% of control cells; n = 6; p = .059) (Supplemental
Figure S3). These experiments suggest that in our model
iological Psychiatry - -, 2019; -:-–- www.sobp.org/journal 5
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Figure 4. NAPVSIPQ (NAP) activation of EphB2 phosphorylation of L1. (A) Effect of NAP on association of L1 with EphB2. L1 was immunoprecipitated (IP)
with monoclonal antibody 5G3 from 2A2-L1s cells in the absence and presence of 1029 mol/L (M) NAP, and coimmunoprecipitated proteins were separated
and blotted with antibodies to L1 and EphB2. Densities of EphB2 bands were normalized to those for L1, and values for NAP treatment were expressed as a
percentage of control values. Shown is the mean 6 SEM percentage increase in L1 association with EphB2 following NAP treatment derived from 8 to 9
independent experiments: *t = 3.17; p, .05; n = 8. (B) Dose-dependent stimulation by NAP of tyrosine phosphorylation (pY) of CNEDGSFIGQYSGKKE peptide
by recombinant EphB2 (F = 2.45; p , .05). The pY levels following NAP treatment were normalized to control values (0 NAP). Shown is the mean 6 SEM
percentage increase in pY levels following treatment with the indicated concentrations of NAP derived from 6 to 9 independent experiments. (C) Stimulation of
EphB2 phosphorylation of L1 by 1029 M NAP and P7A-NAP (P7A), but not by 1029 M I6A-NAP (I6A), SALLRSIPA (SAL), or octanol (Oct). Shown is a
representative gel and densitometric analysis from 7 independent experiments. The pY levels for each drug treatment were normalized to values obtained in
the absence of drugs (Control) (F = 2.84; p , .05); *t = 3.01; p = .0235; **t = 4.01; p = .0070; n = 7.
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system, NAP activates EphB2, and EphB2 directly phosphor-
ylates L1.

A structure-activity analysis of NAP revealed that alanine
replacement of proline (P7A-NAP) does not decrease NAP
antagonism of ethanol inhibition of L1 adhesion or NAP inhibi-
tion of ethanol teratogenesis (12). In contrast, alanine replace-
ment of isoleucine (I6A-NAP) greatly reduces both actions
of NAP. Consistent with this structure-activity relationship, P7A-
NAP was as effective as NAP in stimulating EphB2
phosphorylation of the FIGQY peptide, whereas I6A-NAP had
no significant effect (Figure 4C). Neither SAL nor 1-octanol
significantly activated EphB2 phosphorylation of FIGQY
peptide.
Knockdown of EphB2 Blocks NAP Antagonism of
Ethanol Inhibition of L1 Adhesion

If NAP antagonizes ethanol inhibition of L1 adhesion by stim-
ulating EphB2 phosphorylation of L1-Y1229, then knockdown
of EphB2 should reduce NAP antagonism. We transfected
2A2-L1s cells with an EphB2 siRNA, resulting in a 37 6 9%
reduction in EphB2 protein expression (n = 9; p = .0047)
(Figure 5). This reduction in EphB2 expression abolished NAP
stimulation of FIGQY peptide phosphorylation and eliminated
NAP antagonism of ethanol inhibition of L1 adhesion. A
scrambled siRNA had no effect on EphB2 expression or the
actions of NAP.
6 Biological Psychiatry - -, 2019; -:-–- www.sobp.org/journal
DISCUSSION

These experiments identify a possible mechanism by which
femtomolar concentrations of NAP antagonize the effects of
millimolar concentrations of ethanol (Figure 6). NAP potently
activates EphB2, leading to the association of EphB2 with L1
and the direct phosphorylation by EphB2 of Y1229 on the
L1-CD. Phosphorylation of L1-Y1229 promotes the uncoupling
of L1 from ankyrin-G and the spectrin-actin cytoskeleton. The
resulting increase in lateral mobility of L1 in the cell membrane
may then induce a conformational change in the L1-ECD that
restricts access of ethanol to the alcohol binding pocket in the
L1-ECD. In effect, an intracellular catalytic action of NAP
produces an extracellular change that renders L1 insensitive to
ethanol.

What is the evidence for this mechanism? Previous work
demonstrated that L1 association with ankyrin-G was neces-
sary for L1 sensitivity to ethanol (17). Phosphorylation of 4
separate residues on the L1-CD was required for ethanol in-
hibition of L1 adhesion (16,17). Each of these phosphorylation
events led to an increase in L1 association with ankyrin-G and
the spectrin-actin cytoskeleton. Dephosphorylation of each of
these residues had no effect on L1 adhesion but reduced or
abolished inhibition of L1 adhesion by ethanol, but not by
methanol. The effects of dephosphorylation of these residues
could be overcome by stabilizing the association of L1 and
ankyrin-G through the mutation of L1-Y1229 to phenylalanine,
a residue that cannot be phosphorylated. Furthermore, ethanol

http://www.sobp.org/journal


Figure 5. Effect of EphB2 knockdown on NAPVSIPQ (NAP) antagonism of ethanol inhibition of L1 adhesion. (A) The 2A2-L1s cells were treated with an
EphB2 small interfering RNA (siRNA) or a scrambled siRNA. L1 and actin were used as loading control substances, and densities of protein bands were
normalized to those obtained in untreated cells (Control). Shown is a representative gel and mean 6 SEM percentage changes in EphB2 expression derived
from 9 independent experiments (F = 9.33; p , .001); **t = 1.07; p , .0044; n = 10. (B) EphB2 siRNA specifically reduced while scrambled siRNA had no effect
on the phosphorylation of CNEDGSFIGQYSGKKE peptide from lysates of 2A2-L1s cells treated with 10212 mol/L NAP. Values for tyrosine phosphorylation (pY)
in NAP-treated siRNA-treated cells were normalized to values in control cells that were not treated with NAP (F = 2.77; p, .05); control: *t = 2.47; p = .04; n = 8;
control-siRNA: *t = 2.54; p = .039; n = 8. (C) EphB2-siRNA specifically reduced while scrambled siRNA had no effect on NAP antagonism of ethanol inhibition
of L1 adhesion. Values for ethanol inhibition of L1 adhesion in the presence of NAP were normalized to values obtained in the absence of NAP (38.6 6 6.9%)
(F = 7.17; p , .0001); control: ***t = 9.30; p = .0000; n = 9; control-siRNA: ***t = 7.41; p = .0001; n = 9. IP, immunoprecipitation.
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inhibition of L1 adhesion could be abolished by knockdown of
ankyrin-G. Collectively, these findings suggest that the disso-
ciation of L1 from ankyrin-G leads to a small conformational
change in the alcohol binding site in the L1-ECD that excludes
ethanol (17).

Ankyrin-G binds to L1 at the highly conserved consensus
sequence FIGQY1229 only when Y1229 is dephosphorylated
(18,36). Because ankyrin binding to L1 is necessary for ethanol
inhibition of L1 adhesion, drugs that stimulate the phosphor-
ylation or inhibit the dephosphorylation of Y1229 will antago-
nize ethanol inhibition of L1 adhesion. We found that okadaic
acid, a phosphatase inhibitor, blocked ethanol inhibition of
L1-WT adhesion but had no effect on ethanol inhibition of L1-
Y1229F adhesion. These findings imply that okadaic acid
antagonizes ethanol inhibition of L1 adhesion by inhibiting
dephosphorylation of L1-Y1229. Our data do not indicate
whether NAP also acts as a phosphatase inhibitor; however,
we found strong evidence that NAP antagonizes ethanol inhi-
bition of L1 adhesion by stimulating the phosphorylation of
Y1229.

NAP stimulated the dissociation of L1 and ankyrin-G at
femtomolar concentrations. The potency of NAP for inducing
the dissociation of ankyrin-G and L1 was comparable to that
observed for NAP antagonism of ethanol inhibition of L1
adhesion (11–13), consistent with a common mechanism of
action. Like okadaic acid, NAP did not reduce ethanol inhibi-
tion of L1-Y1229F adhesion or promote the dissociation of L1-
Y1229F and ankyrin-G. These findings support the hypothesis
B

that NAP antagonizes ethanol inhibition of L1 adhesion by
increasing the phosphorylation of L1-Y1229 and promoting the
dissociation of L1 and ankyrin.

We were not able to raise antibodies that would have
allowed us to measure phosphorylation of Y1229 as part of the
full L1 molecule within intact cells. Rather, our assay depended
on the detection of tyrosine phosphorylation of a peptide
fragment of L1 that contained Y1229 as the sole tyrosine, an
approach that has proven effective in other proteins (34). Past
work showing phosphorylation of L1 by EphB2 in intact cells
increases the likelihood that our in vitro phosphorylation assay
reflects in vivo events. Our data identify EphB2 as a kinase that
NAP activates to phosphorylate Y1229. The ability to block the
antagonist action of NAP by partial knockdown of EphB2 in
intact cells further implies that NAP activation of EphB2 and
EphB2 phosphorylation of L1-Y1229 constitute the primary
mechanism responsible for NAP antagonism of ethanol inhi-
bition of L1 adhesion.

NAP treatment of mouse embryos prevents ethanol-induced
fetal demise, growth retardation, premature closure of the neu-
ral tube, and cognitive deficits in adult mice (12,14,37,38). NAP
may decrease ethanol embryotoxicity through diverse mecha-
nisms, including reducing ethanol-induced increases in proin-
flammatory cytokines (37,39), decreases in vasoactive intestinal
peptide (40) and brain-derived neurotrophic factor (41), neuro-
protection (42), and antagonism of ethanol inhibition of L1
adhesion (12). Systematic replacement of individual amino acids
of NAP with alanine produced a series of NAP homologues that
iological Psychiatry - -, 2019; -:-–- www.sobp.org/journal 7
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Figure 6. NAPVSIPQ (NAP) antagonizes ethanol inhibition of L1 adhesion
by activating EphB2 phosphorylation (P) of L1-Y1229, leading to the
dissociation of L1 from ankyrin-G (AnkG) and the spectrin-actin cytoskel-
eton. L1 is sensitive to ethanol (EtOH) only when it is associated with
ankyrin-G. siRNA, small interfering RNA.
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differed markedly in their antagonism of ethanol inhibition of L1
adhesion and their inhibition of tetrodotoxin neurotoxicity (neu-
roprotection) (12). P7A-NAP abolished NAP neuroprotection but
did not reduce antagonism of either ethanol inhibition of L1
adhesion or embryotoxicity. In contrast, I6A-NAP preserved
neuroprotection but greatly reduced antagonism of both ethanol
inhibition of L1 adhesion and embryotoxicity. These findings
suggested that NAP antagonism of ethanol inhibition of L1
adhesion was more important than neuroprotection in preventing
ethanol embryotoxicity in mice (12). Our current experiments
demonstrate that P7A-NAP is also more effective than I6A-NAP
in stimulating the phosphorylation of L1-Y1229. These findings
suggest that NAP stimulation of L1-Y1229 phosphorylation plays
a pivotal role in preventing ethanol embryotoxicity in mice. In
contrast, the neuroprotective peptide SAL did not activate L1-
Y1229 phosphorylation and may therefore prevent ethanol
embryotoxicity (43) through a different mechanism.

NAP directly stimulated the activation of EphB2, leading to
phosphorylation of L1-Y1229. In our experiments, EphB2
appeared to phosphorylate L1-Y1229 directly. In contrast,
EphB2 phosphorylation of L1-Y1229 in HEK293 cells requires
activation of Src (21). We could not block EphB2 activation of
L1-Y1229 phosphorylation with the Src family kinase inhibitor
PP2, and we did not find that NAP promoted the association of
Src with L1 in NIH/3T3 cells. Therefore, this activation does not
appear to be necessary for NAP activation of EphB2 or EphB2
phosphorylation of L1-Y1229, at least in our model system.

Octanol also antagonizes ethanol inhibition of L1 adhesion (7);
however, it appears to do so by a different mechanism than
NAP. NAP stimulated the dissociation of L1 and ankyrin-G and
stimulated EphB2 phosphorylation of FIGQY peptide, whereas
1-octanol showed neither of those effects. Previous work
demonstrated that 1-octanol interacts directly with the alcohol
binding pocket in the L1-ECD (4). The effective concentrations
of 1-octanol and ethanol are more similar than those for NAP and
8 Biological Psychiatry - -, 2019; -:-–- www.sobp.org/journal
ethanol, and based on differences in membrane-buffer partition
coefficient, the membrane concentration of 10 mmol/L 1-octanol
and 100 mmol/L ethanol are likely very similar (7). Hence,
1-octanol may act as a competitive antagonist, whereas NAP
may act noncompetitively through a catalytic mechanism.

The Eph family of signaling molecules are receptor tyrosine
kinases that interact with ephrins on adjacent cellular pro-
cesses to promote bidirectional signaling (44,45). EphB2 and
its ephrin ligands guide pathfinding of neuronal growth cones
(45,46), and EphB2 plays a critical role in synapse formation
and synaptic stabilization (45). The kinetics of EphB2 activation
in cortical dendritic filopodia mediates the sampling and se-
lection of axonal processes for synapse formation (47).

The interaction of EphB2 and L1 contributes to forward
signaling in hippocampal development (46) and in retinocollicular
synaptic mapping (21). Disruption of the EphB2 signaling
pathway leads to aberrant retinocollicular mapping. Furthermore,
deletions of the genes for the EphB2, EphB3, and L1 lead to
defective pathfinding of commissural axons, resulting in agen-
esis of the anterior commissure or the corpus callosum (48–50).
Dysgenesis of the corpus callosum also occurs in fetal alcohol
spectrum disorders (51), perhaps reflecting the linkage between
ethanol inhibition of L1 adhesion and ethanol embryotoxicity (3).

NAP is an active motif of ADNP, a molecule that is critical for
normaldevelopment (52,53).ADNPgenemutationsareamong the
most common genetic abnormalities in autism spectrum disorder
(54), which arises in part due to abnormal synaptic formation.
ADNP regulates the activity of numerous genes by chromatin
remodeling (55). Among its many actions, NAP is believed to
strengthen synaptic connections by binding to microtubule end-
binding proteins and promoting axonal transport (9). The potent
activation of EphB2 by NAP suggests that ADNP may mediate
normal synaptic development in part by stimulating EphB2
activity. EphB1 is a microtubule-associated protein (56), and it is
conceivable that the cognate Eph ligands interact with ephrins on
a microtubule scaffold. Indeed, there is evidence that EphB2 may
help shape dendritic morphogenesis through its interaction with
GRIP1 and kinesin-1, a microtubule motor protein (57). Hence,
NAP might activate EphB2 through its interaction with microtu-
bules or other microtubule-associated proteins (58). Further work
is necessary to support this hypothesis.
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