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Ligand Binding to the Shank3 Ankyrin Repeat Region™
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Background: Missense mutations in the SHANK3 gene have been detected in autism patients.

Results: A mutation in the conserved SPN region of Shank3 improves ligand binding to the ankyrin repeats.

Conclusion: The SPN domain regulates accessibility of the ankyrin repeats through an intramolecular interaction.
Significance: Autism-associated mutations of Shank3 result in gain-of-function with respect to specific interaction partners.

Shank/ProSAP proteins are major scaffold proteins of the
postsynaptic density; mutations in the human SHANK3 gene are
associated with intellectual disability or autism spectrum disor-
ders. We have analyzed the functional relevance of several
SHANK3 missense mutations affecting the N-terminal portion
of the protein by expression of wild-type and mutant Shank3 in
cultured neurons and by binding assays in heterologous cells.
Postsynaptic targeting of recombinant Shank3 was unaltered. In
electrophysiological experiments, both wild-type and L68P
mutant forms of Shank3 were equally effective in restoring syn-
aptic function after knockdown of endogenous Shank3. We
observed that several mutations affected binding to interaction
partners of the Shank3 ankyrin repeat region. One of these
mutations, L68P, improved binding to both ligands. Leu-68 is
located N-terminal to the ankyrin repeats, in a highly conserved
region that we identify here as a novel domain termed the
Shank/ProSAP N-terminal (SPN) domain. We show that the
SPN domain interacts with the ankyrin repeats in an intramo-
lecular manner, thereby restricting access of either Sharpin or
a-fodrin. The L68P mutation disrupts this blockade, thus
exposing the Shank3 ankyrin repeat region to its ligands. Our
data identify a new type of regulation of Shank proteins and
suggest that mutations in the SHANK3 gene do not necessarily
induce a loss of function, but may represent a gain of function
with respect to specific interaction partners.
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Autism spectrum disorders (ASDs)? are characterized by
delayed acquisition of speech, deficits in social communication,
and stereotypic behaviors. The analysis of genetic causes for
ASD has recently uncovered mutations in genes coding for sev-
eral synaptic proteins, pointing to a synaptic cause of the dis-
ease. Mutated genes include those coding for the synaptic adhe-
sion molecules Neurexin (1) and Neuroligin (2), as well as
postsynaptic scaffold proteins Shank3/ProSAP2, Shank2/Pro-
SAP1, and more recently Shankl (3-5). In the case of Shank
proteins, several of the genomic alterations observed in patients
lead to a loss of function for one copy of the gene. In addition, a
number of rare missense mutations have been identified in
autistic patients which are not likely to be causative for the
disease but may constitute strong risk factors (3, 5, 6).

Shank/ProSAP proteins are major scaffold proteins of the
postsynaptic density (PSD) of excitatory (glutamatergic) syn-
apses in the central nervous system (7-9). Via conserved
protein interaction motifs (ankyrin repeats, SH3 and PDZ
domains, a proline-rich region and a sterile alpha motif (SAM)),
they bind to other components of the PSD and are involved in
the generation of dendritic spines and in the postsynaptic spe-
cialization (10-12). To date, it is unclear how individual mis-
sense mutations affect Shank3 function, in particular as all
patients identified so far are heterozygous for the mutations.
ASD-related mutations are in most cases not localized to
known functional domains or interaction motifs of the protein;

2 The abbreviations used are: ASD, autism spectrum disorder; ANOVA, analy-
sis of variance; ARR, ankyrin repeat region; DIV, days in vitro; GKAP/SAPAP,
guanylate kinase-associated protein/synapse-associated protein (SAP)-as-
sociated protein; mEPSC, miniature excitatory postsynaptic current; mRFP,
monomeric red fluorescent protein; PDZ domain, domain found in PSD-
95/discs large/Z0-1; ProSAP, proline-rich synapse-associated protein; PSD,
postsynaptic density; SH3 domain, Src homology 3 domain; Shank, SH3
and ankyrin repeat-containing; SPN domain, Shank/ProSAP N-terminal
domain; SUMO, small ubiquitin like modifier.
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therefore it is difficult to predict whether any particular func-
tion of Shank3 may be disrupted. Expression of some mutant
forms of Shank3 (R12C, R300C and Q321R) in neurons leads to
changes in spine morphology, most likely via an actin polymer-
ization-dependent mechanism (13). Interestingly, several
mutations have been localized to the ankyrin repeat region
(ARR) and to a highly conserved N-terminal region (termed
Shank/ProSAP N terminus or SPN here) of approximately 90
amino acids which immediately precedes the ARR (3, 6). Due to
alternative splicing and differential promoter usage, not all
expressed Shank variants contain the N-terminal SPN and ARR
domains; thus in the forebrain, both Shankl and Shank3 con-
tain these two domains, whereas Shank2 does not (14).
Whereas the SPN region has so far remained functionally
uncharacterized, the ARR is known to interact with the cyto-
skeletal protein a-fodrin (15) and with Sharpin (16). Sharpin is
involved in NFkB and integrin-dependent signaling pathways
(17-21), but its role in the nervous system has not yet been
characterized. Here, we analyzed the impact of mutations in the
SPN and ARR on functional properties of the Shank3 protein.
We found that several mutations in the ARR, and surprisingly
also in the SPN region, improved binding of the ARR to Sharpin
as well as a-fodrin. Our data identify the SPN sequence as a new
functional domain of Shank proteins. By binding to the ARR
domain, it has a regulatory function with respect to ARR
ligands. In addition, our data show that heterozygous missense
mutations may lead to a gain of function with respect to inter-
action with Shank3-associated proteins.

EXPERIMENTAL PROCEDURES

Expression Vectors—The rat Shank3 cDNA (accession num-
ber AJ133120) in the expression vector pcDNA3.1myc/his has
been described; it leads to expression of full-length Shank3 car-
rying a C-terminal myc tag (22). For site-directed mutagenesis,
a1.3-kb EcoRV fragment encompassing the 5" end of the cDNA
was subcloned into pBluescript, and mutations were intro-
duced using the QuikChange II Site-directed mutagenesis kit
(Stratagene). Mutant fragments were sequence-verified by
dideoxy sequencing and reintroduced into the full-length
expression vector via the EcoRYV sites.

For lentivirus-based RNA interference, Shank3 oligonucleo-
tides were annealed and inserted into the HindIII/BglII sites of
the pPLVTHM vector for lentivirus production. We used siRNA
sequences targeted against a sequence that is identical in rat
and mouse Shank3 mRNA: 5'-GGAAGTCACCAGAGGA-
CAAGA-3'. To make Shank3 expression constructs resistant to
shRNA, further silent mutations were introduced into the rec-
ognition region for the shRNA (changing it to 5'-GGAA-
ATCGCCGGAAGATAAA-3'; altered bases underlined).

mRFP-tagged deletion constructs of Shank3 were based on
pmRFP-C1 (23). The mRFP coding sequence for the vector
construction was obtained from Prof. Roger Tsien (University
of California at San Diego, La Jolla, CA; see Ref. 24). WT
and L68P mutant Shank3 fragments were introduced into
pmRFP-C1 by taking advantage of restriction sites in the Shank3
coding sequence. A cDNA fragment containing bp 6043-7795 of
the a-fodrin cDNA (accession number BC070885; see Ref. 15) was
cloned into pEGFP-C3 (Clontech). The rat Sharpin cDNA was
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obtained from Eunjoon Kim (KAIST, South Korea) and cloned
into pEGFP-C3. The cDNA fragment coding for the SPN region of
rat Shank3 was cloned into pEGFP-C1.

Tissue Culture, Transfections, and Precipitation Assays—Hu-
man embryonic kidney cells (HEK293) were grown in DMEM
containing 10% fetal bovine serum and transfected using Tur-
bofect (Fermentas, Vilnius, Lithuania) according to the manu-
facturer’s instructions. For the precipitation of Shank3, GKAP-
Sepharose was prepared by coupling a synthetic peptide
corresponding to the 10 C-terminal residues of GKAP/SAPAP1
(NH,-IYIPEAQRTL-COOH; custom synthesized by EZBiolab
Inc. Westfield, IN) to NHS-Sepharose (GE Healthcare) at a con-
centration of 3 mg/ml matrix. For precipitation of GFP or
mRFP fusion proteins, GFP-trap or mRFP-trap matrices were
obtained from Chromotek, Munich, Germany. Transfected
cells were lysed in radioimmune precipitation assay buffer (50
mM Tris-HCI, pH 8.0, 150 mMm NaCl, 1% Nonidet P-40, 0.5%
sodium deoxycholate, 5 mm EDTA, 0.1% SDS, 0.2 mm phenyl-
methylsulfonyl fluoride, 1 ug/ml pepstatin, 10 ug/ml leupep-
tin) and centrifuged for 20 min at 20,000 X g. Clear superna-
tants were incubated with either GKAP-Sepharose, mRFP-trap,
or GFP-trap for 2 h at 4 °C. Beads were sedimented by centrif-
ugation at 1000 X g for 5 min, and washed four times with
radioimmune precipitation assay buffer. Aliquots of input and
precipitate samples were analyzed by Western blotting using
appropriate antibodies (rabbit «-Shank PDZ (25); mouse
a-GFP (Covance); rabbit a-mRFP (23); rabbit a-Sharpin (cus-
tom immunization using a GST-Sharpin fusion protein by Bio-
genes GmbH, Berlin, Germany). Chemiluminescent Western
blot signals were quantified by a ChemiDoc XRS luminescence
imager (Bio-Rad) in combination with Quantity One software.

Hippocampal neurons were prepared at embryonic day 19
and plated at a density of approximately 500 cells/mm?. Cul-
tures were grown in Neurobasal medium (Invitrogen) supple-
mented with B27 (Invitrogen) and 0.5 mm glutamine. 12.5 um
glutamate was included for the first 4 days in culture. Cells were
transfected with full-length WT or mutant Shank3 expression
vectors at day 8 in vitro (DIV8) using Lipofectamine 2000
(Invitrogen). For immunocytochemistry, neurons were fixed at
DIV13 with 4% paraformaldehyde in PBS and permeabilized
with 0.1% Triton X-100 in PBS for 5 min at room temperature.
After blocking (2% horse serum in PBS) for 1 h at room tem-
perature, cells were incubated with mouse anti-myc antibody
(Sigma; diluted 1:1000 in blocking solution) and rabbit anti-
MAP2 (obtained from Craig Garner, Stanford, CA; 1:5000) for
2 h at room temperature, followed by 1 h of incubation with
Cy3-conjugated anti-mouse and Alexa Fluor 488 anti-rabbit
(diluted 1:400 in blocking solution). Immunostaining was visu-
alized by fluorescence microscopy using a Leica DMIRE2 con-
focal microscope. Images acquired with the 60X objective and
GFP- and mRFP-specific filter settings were processed using
Paintshop Pro software.

Yeast Two-hybrid Screen—A cDNA fragment coding for res-
idues 1-103 of the human Shank1 protein (bp 233-541, acces-
sion number NM_016148) was cloned into the two-hybrid bait
vector pGBKT7 (Clontech) in-frame with the Gal4 DNA bind-
ing domain. This bait plasmid was transformed into yeast strain
AH109; the resulting strain was mated with the Y187 strain

VOLUME 288+NUMBER 37+-SEPTEMBER 13,2013



Shank3 SPN Domain Disrupted in Autism Spectrum Disorder

carrying a pretransformed Matchmaker human brain cDNA
library (Clontech) according to the manufacturer’s protocols.
Positive clones were selected by growth on the respective drop-
out media, and analyzed for B-galactosidase activity. After plas-
mid isolation, positive clones were subjected to retransforma-
tion into yeast cells together with bait and control plasmids (to
verify specific interaction) and subsequently sequenced.

Cell Cultures for Patch Clamp Recordings—Primary murine
hippocampal neuronal cultures were prepared as described
previously (26). Hippocampi from 1-3-day-old C57BL/6] pups
were dissected at 4 °C, and the neurons were recovered by enzy-
matic digestion with trypsin and mechanical dissociation. Cells
were then plated at a density of 300/mm?® in Neurobasal-A
medium supplemented with 5 ug/ml gentamycin, 2% B27 sup-
plement, 25 ng/ml FGF2, and 0.5 mM L-glutamine (all from
Invitrogen) on 18-mm glass coverslips (Menzel-Glaser) coated
overnight with 100 pug/ml poly-L-lysine (Sigma-Aldrich) and 40
pg/ml laminin (Sigma-Aldrich). Cultures were maintained at
37°Cina95% O,, 5% CO, humidified incubator. From the 3rd
day in culture, the medium was supplemented with 0.5 um
AraC (Sigma-Aldrich) to prevent glial cell proliferation. The
medium was changed twice a week.

Infection and Transfection of Neurons—Primary hippocam-
pal neurons were infected on DIV6-8 with lentiviruses
expressing GFP (shCtrl) or GFP plus shRNA (shShank3) to
knock down expression of Shank3. Infected neurons were
transfected on DIV11 with pcDNA3 (mock) or with WT or the
L68P mutant form of Shank3. A vector expressing the red flu-
orescent protein tdTomato was co-transfected in these experi-
ments to identify transfected neurons. A modification of the
calcium phosphate precipitation method was used for transfec-
tion (27). Briefly, neuronal cultures were incubated with the
DNA-calcium phosphate precipitate for ~1.5 h. After incuba-
tion, the precipitate was dissolved by incubation for 15 min in a
medium that had been preequilibrated in a 10% CO, incubator.
The plates were then returned to their original conditioned
medium and checked the next day for tdTomato expression.
Cells were used for electrophysiological recordings 3—4 days
after transfection.

Whole Cell Recordings from Hippocampal Cultures—Whole
cell recordings from pyramidal-like neurons were obtained as
described previously (28). Electrodes with a resistance in the
range of 3—6 megohms were filled with a solution that con-
tained 130 mm CsMeSO,, 8 mm NaCl, 4 mm Mg-ATP, 0.3 mm
sodium GTP, 0.5 mm EGTA, and 10 mm HEPES, pH 7.25. Cells
were perfused continuously with HEPES-buffered saline of the
following composition: 119 mm NaCl, 5 mm KCl, 2 mm CaCl,, 2
mm MgCl,, 25 mm HEPES, 33 muM D-glucose, 0.0005 mM tetro-
dotoxin citrate (Tocris), and 0.05 mm picrotoxin (Tocris), pH
7.35. The osmolarity of HEPES-buffered saline was adjusted to
that of the culture medium on the day of recording. The osmo-
larity of the electrode solution was 10 mosm less than that of
HEPES-buffered saline. Data were digitized at 10 kHz. Contin-
uous recording of miniature EPSCs (mEPSCs) was made using
an EPC10 USB patch clamp amplifier and PATCHMASTER
software (HEKA Elektronik). Detection and measurements of
mEPSCs, which were collected over a 3-min period, were per-
formed using MiniAnalysis software (Synaptosoft, Leonia, NJ)
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after filtering of traces at 1 kHz and using a detection threshold
of 6 pA (i.e. above 4X the S.D. of base-line noise) and visual
verification of all detected events. Only cells with leak cur-
rent < —100 pA were analyzed.

Statistical Analysis—For immunoprecipitation data, the blot
signal of the precipitated protein was first normalized to the
intensity of the respective input signal. This was then compared
with the ratio obtained with the wild-type protein. For compar-
isons of multiple mutants, ANOVA, followed by Dunnett’s cor-
rection for multiple comparisons was used. For comparing sin-
gle mutants with WT, a paired Student’s ¢ test was used.
Statistical analysis was performed on the raw data, whereas data
normalized on wild type (or on the L68P mutant in one figure)
are shown in the figures. For electrophysiological data,
ANOVA on ranks was used in combination with Dunn’s ¢ test
for multiple comparisons.

Structural Analyses—Secondary structure predictions were
performed at Network Protein Sequence Analysis using default
parameters (29). For expression of Shank3 fusion proteins,
¢DNAs coding for fragments of Shank3 were cloned into
Champion™ pET SUMO vector (Invitrogen) and expressed in
Escherichia coli BL21 Star (DE3) cultured in LB. Protein was
purified by immobilized metal-affinity chromatography and gel
filtration after the removal of the SUMO tag. NMR samples
were prepared at 2 mg/ml protein concentration in 20 mm
sodium phosphate, pH 6.5, 150 mm NaCl buffer with 5% *H,O.
Spectra were collected on Bruker AVANCE II+ 800 MHz spec-
trometer equipped with CryoProbe at 298 K.

RESULTS

Normal Synaptic Targeting of Mutant Shank3 Proteins—We
introduced several of the mutations found in autism patients
into a cDNA expression vector coding for a myc-tagged version
of the rat Shank3 protein. We focused on amino acid exchanges
in the N-terminal part of the protein (L68P, R300C, and Q321R;
see Fig. 1A). Initially, we analyzed whether these mutations
affect the postsynaptic targeting of Shank3 in cultured hip-
pocampal neurons. Primary neurons were transfected on DIV7
and fixed and processed for immunocytochemistry on DIV14.
WT Shank3 and all three mutants tested were found in a punc-
tate manner along dendrites of transfected neurons. Costaining
with the dendritic marker MAP2 revealed that these puncta are
mostly localized on dendritic spines emanating from the main
dendritic shaft (Fig. 1B). Quantitation of fluorescence intensi-
ties showed that the ratio of spine signal versus signal in the
adjacent dendritic shaft does not differ for WT and mutant
Shank3 forms, indicating that postsynaptic targeting is intact
for all three mutant forms of Shank3 tested (Fig. 1C). Further
costaining with an antibody against the vesicular glutamate
transporter (vGlut; a marker for glutamatergic axon terminals)
confirmed that Shank3-positive punctae are found in close
proximity to presynaptic terminals (Fig. 2A4). Quantitation of
the number of Shank3-positive spines showed equal numbers
of spines for the WT and all three mutants, revealing no differ-
ence in the ability of Shank3 variants to induce the formation of
dendritic spines (Fig. 2B).

To gain insight into the role of mutated Shank3 in synapse
formation and function, we knocked down Shank3 in hip-
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FIGURE 1. ASD mutations in Shank3 do not affect localization on den-
dritic spines in cultured hippocampal neurons. A, overview of the domain
structure of the Shank3 protein. The positions of individual point mutations
found in ASD patients are indicated. Mutations analyzed in this paper are
indicated in bold print. Please note that the rat Shank3 mRNA (database entry
AJ133120.1) contains two translational start sites, which lead to protein prod-
ucts differing in length by 75 amino acids. The numbering of amino acids in
this paper refers to the shorter variant (generated from the more 3’ located
start site), as it is consistent with the numbering for human Shank3 (also see
below, Fig. 4). SAM, sterile alpha motif. B, WT and mutant Shank3 expression
vectors carrying a C-terminal myc tag were transfected into primary cultured
hippocampal neurons. Five days after transfection (DIV13) neurons were
fixed and stained using anti-myc (Shank3; red fluorescence) and anti-MAP2 (a
marker for neuronal dendrites, green fluorescence). Cells were visualized using
confocal microscopy. Dendritic segments indicated by white rectangles are
shown in higher magnification. Scale bars, 20 um, 4 wm in magnified pictures.
C, targeting of overexpressed Shank3 to dendritic spines. Fluorescence inten-
sities in spines and the adjacent dendritic shafts were quantified using
ImageJ. Data are represented as the spine/shaft intensity ratios = S.D. 180
spines from nine cells derived from three or four independent experiments
were evaluated. D, dendritic segments evaluated for the number of Shank3-
immunopositive spines. Data are represented as the number of spines per
um of dendrite (=S.D.). For each mutant, 27 segments from nine cells derived
from three or four independent experiments were evaluated. The evaluating
person was blind to the experimental condition.

pocampal neurons using RNA interference. Shank3-specific
shRNA (shShank3) or a control shRNA (shCtrl) was expressed
via infection with lentiviral vectors. WT or L68P mutant
Shank3 was then reintroduced by transfection, and transfected
cells were identified by coexpressed mRFP. Recording of
mEPSCs in pyramidal-like GFP-expressing neurons in
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shShank3- and shCtrl-treated cultures revealed that knock-
down of Shank3 expression strongly reduced the frequency of
mEPSCs; however, neither their amplitude nor their time
course was affected (Fig. 2, Cand D). The observed reduction in
mEPSC frequency in shShank3-treated cultures is consistent
with the reported increase in mEPSC frequency when Shank3 is
overexpressed in aspiny cerebellar neurons (11). The reduction
in the mEPSC frequency in shShank3-treated cultures could be
reversed by transfection with a shShank3-resistant form of WT
Shank3 (Fig. 2, C and D), confirming the specificity of the
shShank3 knockdown and subsequent effect on the mEPSC fre-
quency. Transfection of shShank3 treated neurons with the
L68P mutant form of Shank3 also fully restored the frequency
of mEPSCs to control levels. The amplitude and shape of
mEPSPs were also not affected by the mutation (Fig. 2D), sug-
gesting that the L68P mutant supports normal excitatory syn-
aptic transmission and does not result in a loss of function.
Efficient knockdown of Shank3 by the Shank3 shRNA to
approximately 20% of control levels was confirmed by Western
blotting (Fig. 2E). The level of other Shank family members
remained unaffected; the selectivity and efficiency of this pro-
cedure have been described before (30).

ASD Mutations Affect Binding of the ARR Domain—W e ana-
lyzed whether the mutations affect binding to known interac-
tion partners of Shank proteins. The ARR domains of both
Shank3 and Shankl bind to the cytoskeletal protein a-fodrin
(15). In addition, Lim et al. (16) identified an interaction
between the ARR domain of Shankl and Sharpin; the highly
similar ARR of Shank3 was not tested in that study. We coex-
pressed Shank3 and Sharpin in HEK293 cells and analyzed the
interaction of both proteins by precipitating Shank3 with
immobilized GKAP C-terminal peptide. Use of this high affin-
ity ligand of the Shank PDZ domain (31) for purification elim-
inates the need for antibodies, which in some cases interfere
with the detection of proteins around 50 kDa (such as Sharpin)
due to the presence of the antibody heavy chain (see Ref. 32 for
a description of this method). By Western blot analysis of lysate
and precipitate samples, we found that Sharpin does indeed
interact with Shank3 as it could be detected in precipitates
derived from Shank3-expressing cells but not from control cells
in the absence of Shank3 (Fig. 3A4). Sharpin could also be copre-
cipitated with all three Shank3 mutants tested. Quantitative
analysis of Western blot signals showed that, based on the
amount of Sharpin present in input samples, more Sharpin was
coprecipitated by each of the Shank3 mutants compared with
the wild type.

Similarly, we coexpressed and coprecipitated WT and
mutant Shank3 variants with a GFP-tagged, C-terminal frag-
ment of a-fodrin, which contains the site of interaction for the
ARR of Shankl and Shank3 (15). Again, the L68P and Q321R
mutations slightly (but not significantly) improved binding,
whereas binding of a-fodrin to the R300C mutant was slightly
reduced.

Thus, all three mutations tested differentially affected the
binding of ARR ligands. Interestingly, Leu-68 is located within
the SPN region and is therefore outside the region directly
interacting with Sharpin and a-fodrin (15, 16). The SPN region
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FIGURE 2. Shank3 ASD mutants are targeted to postsynaptic sites and support normal excitatory synaptic transmission. A, Shank3 expression con-
structs transfected into primary cultured hippocampal neurons as in Fig. 1. Neurons were fixed and stained using anti-myc (Shank3; red fluorescence) and
anti-vGlut (a marker for glutamatergic presynaptic terminals, green fluorescence). Cells were visualized using confocal fluorescence microscopy. Dendritic
segments indicated by white rectangles are shown in higher magnification; arrows point to Shank3- and vGlut-immunopositive clusters. Scale bars, 20 wm, 4 um
in magnified pictures. B, quantification of A. The percentage of Shank3 clusters with an attached vGlut immunopositive terminal (=S.D.) is depicted. 30
dendritic segments from three individual experiments were evaluated per construct. C-E, Shank3 expression knocked down by lentiviral shRNA in hippocam-
pal neurons. C, representative mEPSCs recorded on DIV14 from control neurons (shCtrl + mock), at a holding potential of —60 mV in the presence of 0.5 um
tetrodotoxin and 50 um picrotoxin, after knockdown of Shank3 (shShank3 + mock) at DIV8 and after transfection of Shank3 knocked down neurons with
Shank3 WT and L68P mutant Shank3 at DIV11 (shShank3 + Shank3 WT and shShank3 + Shank3 L68P). D, summary graphs of the frequency, amplitude, rise,
and decay time of mEPSCs in shCtrl + mock (n = 13 cells), shShank3 + Shank3 WT (n = 9 cells), shShank3 + Shank3 L68P (n = 12 cells), shShank3 + mock (n =
16 cells) treated groups. Data are from four independent experiments. ANOVA on ranks revealed a difference in frequency among the four groups (p < 0.01).
The frequency of mEPSCs is decreased in shShank3 + mock-treated neurons compared with shCtrl + mock (*, p < 0.05, Dunn’s t test for multiple comparisons).
Data are presented as mean = S.E. (error bars). E, Western blot (WB) analysis of four samples each for shShank3- and shCtrl-infected cells using anti-Shank3 and
anti-tubulin antibodies revealing efficient knockdown. Shank3 signal intensity (arrow in upper panel) was normalized to tubulin signals and depicted in relation
to the values derived from shCtrl-infected cells. *, position of a weak nonspecific signal above 250 kDa.

and the sequence surrounding Leu-68 are highly conserved, as
shown in Fig. 44 (6, 33).

Intramolecular Interaction between SPN and ARR Domains—
To assess the functional relevance of the SPN region, we
searched for interaction partners in a yeast two-hybrid screen;
the SPN of Shankl (Shankl amino acid residues 1-103) was
used in this experiment. A screen of 20 X 10° clones of a human
brain cDNA library yielded three interacting clones, only one of
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which passed the specificity tests of the screen. Sequence anal-
ysis showed that it contained a fragment of Shank1 cDNA fused
atits 3’ end to a portion of mitochondrial DNA. The mitochon-
drial DNA sequence could be deleted without affecting the
interaction in the yeast system (Fig. 4B).

The Shankl prey clone isolated from our screen encodes
amino acids 86 —418 of human Shank1, thus encompassing the
entire ARR of Shankl (predicted from amino acid residues
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FIGURE 3. ASD mutations facilitate binding of Shank3 to ligands of the ARR domain. A, WT or mutant myc-tagged Shank3 was coexpressed with Sharpin
in HEK cells. Shank3 was precipitated from cell lysates using GKAP-Sepharose. Input (In) and precipitate (P) samples were analyzed by Western blotting (WB)
using the antibodies indicated. B, WT or mutant Shank3 was coexpressed with a GFP fusion protein containing the C-terminal portion of a-fodrin. Shank3 was
precipitated as in A, and input and precipitate samples were analyzed by Western blotting. C, quantitation of data shown in A and B. Means = S.D. (error bars)
are shown. Signals of the Sharpin- (black bars) or a-fodrin- (gray bars) specific bands were quantitated, and the ratio of precipitate to input was calculated. For
each experiment, this was normalized to the ratio obtained with the WT Shank3 protein. *, p < 0.05; ***,0.001, significantly different from WT (ANOVA, followed

by Dunnett’s correction for multiple comparisons; n = 4-5).

107-328) and some additional C-terminal sequence. This indi-
cates that the Shankl SPN domain interacts with the Shankl
ARR domain. This interaction could be intramolecular within
the same Shank molecule, or intermolecular, linking two or
more Shank proteins in the PSD. To differentiate between these
possibilities, we performed a two-hybrid assay with the SPN
domain bait construct, and prey constructs containing either
the ARR alone or the full N-terminal region containing SPN
and ARR domains. Only yeast colonies expressing the isolated
ARR domain (residues 86—-418) showed a strong interaction
whereas those containing the entire N-terminal region com-
prising SPN and ARR domains (1-418) did not (Fig. 4B). This
was not due to different expression levels in the yeast strains
used, as both the 1-418 fragment and the 86—418 fragment
were produced at similar levels, whereas the 86 —418+mt frag-
ment (which strongly supported growth in selective media) was
produced at rather low levels (Fig. 4C). These data suggest that
an intramolecular interaction between SPN and ARR domains
is preferred over the intermolecular interaction, to the effect
that intramolecular binding blocks access of exogenous SPN
domain to the ARR domain. Further support for this concept
came from experiments in HEK cells where we coexpressed a
GFP fusion protein of the Shankl SPN domain with either the
N-terminal half of Shankl (SPN to PDZ domain) or the same
construct lacking the SPN domain. In addition we introduced
the L61P mutation, which corresponds to the L68P mutation in
Shank3. Upon precipitation of Shank1 variants by GKAP-Sep-
harose, we observed that the SPN-GFP fusion could be co-pre-
cipitated with the WT Shankl version, but the efficiency of
coprecipitation was increased by the L61P mutation and even
more so by removal of the SPN domain in the Shankl1ASPN
construct (Fig. 4, D and E). These data also indicated that the
L61P mutation (or L68P in Shank3) might interfere with the
inhibitory role of the SPN domain.
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Similarly, the intramolecular interaction was observed in
Shank3, when we coexpressed full-length Shank3 or a Shank3
deletion mutant lacking the SPN motif (Shank3ASPN) with the
GFP-tagged SPN of Shank3. Here, the Shank3ASPN variant was
expressed at lower levels (10 —20%) compared with WT Shank3;
this may be due to altered translation initiation (because of
altered context of the start codon), or inefficient folding of the
ARR in the absence of its interacting SPN domain. Neverthe-
less, we observed that more Shank3ASPN was coimmunopre-
cipitated with the GFP-SPN compared with WT Shank3 (Fig.
5A). Also, the increase in binding which we observed upon
removal of the SPN domain was much stronger in Shank3 com-
pared with Shankl.

To analyze whether the intramolecular interaction in Shank3
might also be affected by ASD mutations, the GFP-tagged
Shank3 SPN domain was coexpressed with WT and mutant
forms of full-length Shank3, followed by immunoprecipitation
of GFP-SPN. The R12C mutation, which is also localized in the
SPN domain, was included here. We observed that none of
the Shank3 forms could be coprecipitated with GFP-SPN, with
the exception of the L68P mutant which was readily detected in
precipitates (Fig. 5B). We concluded that the SPN-ARR inter-
action blocks the ARR domain to the exogenously expressed
SPN domain and that this blockade is relieved by the L68P
mutation in the SPN. Consistently, we observed that introduc-
tion of L68P into the isolated SPN domain blocked interaction
with full-length Shank3, regardless of whether this was in the
WT “closed” form or in the L68P mutant “open” form. On the
other hand, the R12C mutation did not interfere with the bind-
ing of the SPN domain to full-length L68P mutant Shank3 (Fig.
5C). These data were confirmed by a reverse experiment where-
upon precipitation by GKAP-Sepharose WT and R12C mutant
full-length Shank3 did not coprecipitate with the GFP-tagged
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FIGURE 4. The SPN domain of Shank1 is involved in an intramolecular interaction with the ARR domain. A, sequence alignment of the first 100 residues
of human Shank3 (Hs.Sh3) with Shank3 from rat (Rn.Sh3) and zebra fish (Danio rerio; Dr.Sh3), the single Shank proteins present in worm (Caenorhabditis elegans,
Ce.Sh), and fly (Drosophila melanogaster, Dm.Sh), as well as human Shank1 (Hs.Sh1). Identical residues are indicated by dots, gaps by dashes, and conservative
substitutions in gray. The position of Leu-68 is indicated by an asterisk. As described in the legend of Fig. 1, two alternative translational start sites may be used
in the case of rat Shank3; the same holds true for human (and rat) Shank1, and for D. rerio Shank3. In these cases, numbering refers to the shorter variant, and
the numbering for the longer variant is given in parentheses. B, results of a yeast two-hybrid screen with the SPN domain of Shank1 as a bait. The only positive
clone obtained in this screen contained a cDNA fragment coding for amino acids 86418 of human Shank1, fused to a fragment of mitochondrial DNA (mt).
Shown is the result of a retransformation assay with the original clone, a plasmid lacking the mtDNA, and a plasmid that codes for the full N-terminal region of
Shank, which includes the SPN and ARR domain. Positive signals refer to growth on Trp- and Leu-deficient media (documenting the presence of both bait and
prey plasmids) or on Trp-, Leu-, and His-deficient media (documenting an efficient interaction between proteins expressed on both plasmids). Note that the
SPN in the bait vector cannot bind when the SPN region is also present in the prey vector. C, Western blot analysis of lysates of yeast expressing the Shank1
fragments indicated, using anti-HA antibody directed against the HA tag encoded by the pACT2 prey vector. D, GFP fusion of the Shank1 SPN fragment
coexpressed with Shank1 fragments carrying WT or L61P mutant sequence, or lacking the SPN domain (ASPN) as indicated. From cell lysates, Shank1 was
precipitated using GKAP-Sepharose, and input (In) and precipitate (P) samples were analyzed by Western blotting (WB) using the antibodies indicated. E, the
efficiency of coprecipitation of the Shank1 SPN domain was determined as in Fig. 3C. Data are shown as mean * S.D. (error bars). (*, p < 0.05; ***, p < 0.001,
ANOVA, n = 4-5).

WT SPN domain whereas L68P mutant Shank3 did interact tag resulted in insoluble proteins. To enhance solubility we

efficiently (Fig. 5D).

Introduction of a proline, as in the L68P mutation, may often
be deleterious to protein structure as proline interferes with the
formation of secondary structure elements. This may apply
here also, as a secondary structure prediction of the Shank3 N
terminus suggests that a long helical segment around amino
acid 70 is considerably shortened by the L68P mutation (Fig.
6A). Furthermore, as we hypothesized that the SPN domain
folds back on the ARR domain we generated bacterial expres-
sion constructs coding for residues 1-99 and 1-148 (both con-
taining the SPN domain) and 1-348 (SPN-ARR double
domain). Expression of these fragments with an N-terminal His
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added an N-terminal SUMO tag to these fragments. Both 1-99
and 1-148 fragments remained insoluble as fusion proteins.
However, the 1-348 double domain expressed at high levels as
a soluble protein and remained in solution after removal of
SUMO by cleavage with SUMO protease. The 'H NMR spec-
trum of the Shank3(1-348) fragment (Fig. 6, B and C) shows
high chemical shift dispersion and a lack of strong sharp signals
or large composite peaks in the areas corresponding to unstruc-
tured polypeptides. This demonstrates that most of the resi-
dues in Shank3(1-348) are incorporated into the folded protein
regions. L68P mutant Shank3(1-348), however, could not be
obtained in a soluble form, suggesting that the introduction of a
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FIGURE 5. The L68P mutation interferes with the ability of the Shank3 SPN domain to bind to the ankyrin repeat region. A, a GFP fusion of the Shank3
SPN domain was coexpressed with full-length myc-tagged Shank3 or a similar construct lacking the SPN motif (Shank3ASPN). GFP-SPN was precipitated from
cell lysates, and input and precipitate samples were analyzed by Western blotting (WB). Note that much more Shank3ASPN is coprecipitated with the SPN
fragment despite its lower expression level. *, significantly different from WT, p < 0.05 (Student’s t test; n = 3). B, WT and mutant full-length Shank3-myc
constructs were coexpressed with a GFP fusion of the SPN domain of Shank3 (or GFP alone). GFP-containing proteins were precipitated from cell lysates, and
input and precipitate samples were analyzed by Western blotting using the antibodies indicated. Note that only the L68P mutant form of Shank3 interacted
with the SPN domain in this assay. C, WT and L68P mutant full-length Shank3 were coexpressed with WT and mutant (R12C or L68P) SPN domain fused to GFP.
GFP-containing proteins were precipitated from cell lysates and analyzed as in A. D, WT and mutant full-length Shank3 were coexpressed with the WT Shank3
SPN domain fused to GFP. Shank3 was precipitated using GKAP-Sepharose; input and precipitate samples were analyzed by Western blotting.

proline at this position may indeed disrupt the secondary struc-
ture or the folding of the SPN domain.

To further compare the binding properties of Shank3 toward
the three known ligands of the ARR domain, we generated a
series of deletion constructs of Shank3, either as WT or as L68P
mutant forms fused to the mRFP coding sequence (Fig. 7A).
Here, the SH3 domain as well as the region between ARR and
SH3 were included in some constructs, to determine whether
they also affect the function of the ARR. Sharpin, a fragment of
a-fodrin, and the Shank SPN domain were expressed as GFP
fusion proteins, and interaction was analyzed by immunopre-
cipitation of either GFP fusion proteins or the mRFP-tagged
Shank fusion proteins (Fig. 7, B-E). We observed for all three
ARR ligands that their interaction with Shank3 was strongly
enhanced by the L68P mutation. In addition, a-fodrin, SPN,
and Sharpin required the ARR domain but no additional ele-
ments of the Shank3 sequence for binding, as interaction was
observed in each case when the isolated ARR was used. A dif-
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ference between the ARR ligands was observed only with one
construct (Shank3(75-376), containing approximately 30 resi-
dues C-terminal to the ARR domain) which did not bind to
Sharpin, interacted weakly with a-fodrin, and strongly with the
SPN domain.

DISCUSSION

It is generally understood that haploinsufficiency of the
SHANKS gene causes mental illness, either manifest as intellec-
tual disability in case of the 22q13 deletion syndrome (34) or as
autism (3). Gene targeting studies in mice confirmed the role of
both Shank3 and Shank2 for the development of an autistic
phenotype (35-38). In humans, larger deletions within the
SHANKS3 gene or truncating mutations have been observed
which are consistent with a loss of function of one copy of the
gene. In the case of point mutations which have been found in
several autistic patients, the functional significance of these
changes remains rather unclear for several reasons. Most muta-
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FIGURE 6. Structural analysis of Shank3 SPN region. A, secondary structure prediction for the first 100 amino acids of rat Shank3 and its L68P mutant; h,
a-helical; e, extended; ¢, random coil; ?, ambiguous. Note that the L68P mutation is predicted to disrupt a long a-helical stretch around amino acid 70. The lost
helical partis underlined. B and C, "H NMR 800-MHz spectra of Shank3(1-348) (top) and SUMO (bottom). High field aliphatic region (B) and low field amide region
(C) are shown separately for clarity. High chemical shift dispersion and lack of sharp intense signals demonstrate that both SPN and ARR domains are folded,
and the Shank3(1-348) does not include extensive unstructured regions. All Shank3(1-348) signals have similar line width and are much broader than the
signals of SUMO, which has a size similar to that of the SPN domain. This suggests that SPN and ARR domains make a close contact and move as integrated unit.

tions lead to changes in those parts of the protein, which are not
required for synaptic targeting of Shank proteins and do not
contribute to the enhanced formation of dendritic spines,
which has been observed under conditions of Shank overex-
pression (10, 11, 39). Furthermore, it is not known whether
these mutations affect interactions with identified binding
partners of Shank proteins.

In this study, we analyzed several mutations which are
localized within the N-terminal segment of Shank3 (SPN +
ARR). We established by biochemical assays that the muta-
tions differentially affect binding to Sharpin, and a-fodrin,
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the two known ligands of the ARR domain. Interestingly,
enhanced binding was observed with the L68P mutation
which is not located in the ARR domain, but within the SPN
domain of Shank3. Our subsequent analyses by yeast two-
hybrid assays and the expression of deletion constructs
showed that the SPN region constitutes a novel functional
domain of Shank proteins which has so far been overlooked.
We observe here that the SPN is involved in an intramolec-
ular, inhibitory interaction with the ARR.

Our NMR analysis further supports the notion that both SPN
and ARR domains are folded and either connected by a very
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were used to generate WT and L68P mutant deletion constructs of Shank3 fused to mRFP, as indicated. B-D, constructs were coexpressed with GFP-tagged SPN
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shortlinker or alinker that is structured and immobilized in the
SPN-ARR double domain. All the signals in isolated Shank3(1-
348) have uniform line width that is much larger than the line
width in small globular proteins of a similar size to the SPN
domain, such as SUMO. These characteristics indicate that
SPN and ARR domains make a stable contact and move as a
single unit. In the absence of interdomain interaction the rela-
tive motion of the domains would strongly reduce the line
width of signals from the smaller SPN domain and make these
signals comparable with the signals of a small protein of a sim-
ilar size. Although we do not have resonance assignments for
Shank3(1-348), the signals with reduced line width would be
easily identifiable in the one-dimensional spectra. The lack of a
flexible linker between the domains and uniformly broadened
resonances suggests association of the SPN and ARR domains.
This is indirectly supported by the aggregation of the isolated
SPN domain that may be caused by the exposure of the residues
that make contact with the ARR domain.
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In a cellular system, the binding of the SPN domain pre-
vents access of both a-fodrin and Sharpin to the ARR. The
isolated SPN domain exhibits similar binding properties
compared with a-fodrin and Sharpin. Differences between
ARR ligands were observed with one Shank3 fragment only
(residues 75-376) which did not bind to Sharpin but did bind
to SPN and a-fodrin. The reasons for this discrepancy are
unclear, but these results may point to additional regulatory
mechanisms within the Shank3 protein. We conclude that all
three ligands of the ARR compete for the same binding inter-
face. Blocking access to a specific domain through intramo-
lecular interactions is a mechanism frequently employed to
place this domain under regulatory control within a cellular
signaling pathway. Our data suggest that regulated access to
the Shank3 ARR by the SPN domain carries functional rele-
vance in intracellular signaling.

It should be noted here that both the SPN and the ARR
domains are highly conserved throughout evolution and can be
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detected in all known Shank proteins (33), including Shank
variants identified in nerveless, unicellular organisms such as
choanoflagellates (33). As pointed out by Gauthier et al. (6), the
sequence around Leu-68 is particularly well conserved. This
part is predicted to be a-helical, and disruption of this helical
segment by introduction of a proline may cause misfolding of
the SPN domain. In agreement, we were unable to produce
soluble Shank3(1-348) protein carrying the L68P mutation.

Splice and promoter variants of Shank1-3 exist which do not
contain both the SPN and ARR domains (14); thus the Shank2
forms expressed in the forebrain lack this region (37). However,
no variant has been identified which contains only one of the
two domains. Thus we believe that the SPN-ARR linkage is an
element of a physiologically relevant regulatory circuit control-
ling ARR function. Regulation of this circuit appears to be more
tight for Shank3 than for Shank1, as removal of the SPN domain
has a stronger effect in Shank3 than in Shank1 (Figs. 4E and 5A4).
Importantly, the L68P mutation detected in an autistic patient
disrupts this circuit and leaves the ARR domain in a perma-
nently open state allowing for unregulated access of ligands.
Consequently, the L68P mutation should be considered a gain-
of-function mutation, which allows the mutant Shank3 protein
to bind better and possibly also prematurely to its interacting
partners.

Our electrophysiological analysis further supports the notion
that L68P mutant Shank3 is not a loss-of-function mutant.
Knockdown of endogenous Shank3 expression in cultured neu-
rons led to a reduced frequency of mEPSCs, consistent with the
role described for Shank3 in synapse formation (10, 11). Mini-
ature EPSP frequency could be rescued by reexpression of
either WT or mutant Shank3 in a similar manner. Further work
will be required to elucidate the molecular mechanisms by
which an enhanced interaction of the ARR with either a-fodrin
or Sharpin may contribute to the pathology of autism. The
increased interaction of the ARR with a-fodrin observed with
the L68P mutation may be involved in the dysregulation of the
actin cytoskeleton of the dendritic spine, as has been described
in the case of R300C and Q321R mutants (13). Interestingly,
Sharpin has recently been described as a component of the E3
ubiquitin ligase complex which is involved in assembly of linear
ubiquitin chains and plays a role in TNFa signaling in nonneu-
ronal cells (17-19). Thus postsynaptic signal transduction may
be altered in neurons carrying the L68P mutant form of Shank3.
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