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Despite great functional diversity, characterization of the
a/B-hydrolase fold proteins that encompass a superfamily of
hydrolases, heterophilic adhesion proteins, and chaperone
domains reveals a common structural motif. By incorporating
the R451C mutation found in neuroligin (NLGN) and associated
with autism and the thyroglobulin G2320R (G221R in NLGN)
mutation responsible for congenital hypothyroidism into
NLGN3, we show that mutations in the «/f-hydrolase fold
domain influence folding and biosynthetic processing of neu-
roligin3 as determined by in vitro susceptibility to proteases,
glycosylation processing, turnover, and processing rates. We
also show altered interactions of the mutant proteins with chap-
erones in the endoplasmic reticulum and arrest of transport
along the secretory pathway with diversion to the proteasome.
Time-controlled expression of a fluorescently tagged neuroligin
in hippocampal neurons shows that these mutations compro-
mise neuronal trafficking of the protein, with the R451C muta-
tion reducing and the G221R mutation virtually abolishing the
export of NLGN3 from the soma to the dendritic spines.
Although the R451C mutation causes a local folding defect, the
G221R mutation appears responsible for more global misfold-
ing of the protein, reflecting their sequence positions in the
structure of the protein. Our results suggest that disease-related
mutations in the a/B-hydrolase fold domain share common
trafficking deficiencies yet lead to discrete congenital disorders
of differing severity in the endocrine and nervous systems.

The neuroligins (NLGNs)® are postsynaptic proteins that
associate with cognate presynaptic partners, the neurexins
(1-3, aand B) (NRXNs) (1, 2), and are essential for selectivity in
synaptic function (3). By virtue of a common structure in their
extracellular domain, the NLGNs fall in the «/B-hydrolase fold
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superfamily of proteins. To date, proteins of this family are
known to serve three general functions: 1) catalyzing the
hydrolysis of ester and amide substrates as with acetylcho-
linesterase, 2) serving as chaperones for secretion of hor-
mone precursors such as with thyroglobulin (Tg), and 3)
mediating heterophilic synaptic adhesion interactions as
found for neuroligin. The common structure of the o/3-hydro-
lase fold domain shared by the family members (4) suggests that
despite the different functions, these proteins share common
mechanisms of protein folding and processing.

In NLGN, the a/B-hydrolase fold domain is crucial for trans-
synaptic interactions with NRXN. Both the NRXNs and the
NLGNSs are transmembrane proteins; they facilitate associa-
tions with intracellular proteins at synaptic loci in pre- and
postsynaptic neurons (5). Genetic aberrations in both the
NLGN and the NRXN protein families have been identified in
patients with autism spectrum disorders (6—13). The R451C
substitution in the a/B-hydrolase fold domain of NLGN3 was
found in two autistic brothers (7), and this mutation has been
characterized extensively. Protein derived from R451C NLGN3
¢DNA is predominantly retained in the endoplasmic reticulum
(ER) when transfected into HEK293, COS, and hippocampal
neurons (14—17). Moreover construction of knock-in mice
confirmed in vivo the effect of this amino acid change (18).
Three-dimensional structures of NLGN4 and the NLGN1-
NRXN1-B complex (19-21) reveal that R451C maps to a
position remote from the binding site for NRXN1-8 (21),
suggesting that this mutation likely impairs protein folding and
processing rather than disrupting the binding domain.

Mutations in the a/B-hydrolase fold domain of Tg are com-
monly found in association with congenital hypothyroidism,
causing arrest of intracellular processing and secretory trans-
port (22). The mutation G2320R in Tg maps in the «/B-hydro-
lase fold domain of the protein and is responsible for congenital
non-goitrous hypothyroidism and dwarfism (23, 24). The Tg
G2320R mutant protein is retained within the ER with persis-
tent cysteine thiol exposure consistent with thiol-mediated ER
retention (25).

By incorporating the R451C and G221R (G2320R in Tg)
mutations into NLGN3, we show that mutations in the o/f3-
hydrolase fold domain strikingly influence folding and biosyn-
thetic processing of NLGN3. Although the undifferentiated
HEK293 cells show how the mutations affect the global
processing of the a/B-hydrolase fold proteins, transfection of
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genes encoding the mutant protein into neurons enables us to
examine processing and transport to synapses in the context of
the specialized cell type. Moreover, we demonstrate that the
compromise of trafficking and export correlates with the
degree of misfolding caused by each mutation.

EXPERIMENTAL PROCEDURES

Construction of Neuroligin Expression Plasmids—FLAG-
tagged ¢cDNAs encoding rat WT NLGN3 and the mutant
R451C were described previously (16, 26). G221R and trunca-
tion (stop codon inserted at Tyr-640) were introduced in rat
NLGN3 full-length constructs by site-directed mutagenesis
using the QuikChange mutagenesis kit (Stratagene, San Diego,
CA), verified by restriction digests and DNA sequencing and
subsequently subcloned back into the original NLGN3 vector.
Large scale plasmid purifications used DEAE columns (Qiagen
Inc., Valencia, CA).

Cell Culture and DNA Transfections—HEK293 cells were
maintained at 37 °C, 10% CO, in Dulbecco’s modified Eagle’s
medium (DMEM) containing 10% fetal bovine serum and 2 mm
L-glutamine. NLGN c¢DNA constructs were transfected into
HEK293 cells using FUGENE 6 (Roche Applied Science) both
for transient expression studies and to establish stably trans-
fected cell lines, which were selected with 800 ug/ml G418
(Geneticin, Sigma-Aldrich) as described previously (27).

Immunocytochemistry for Confocal Microscopy—Parental
HEK293, WT NLGNS3, or G221R NLGNS3 stably expressing
cells were plated on poly-p-lysine-coated glass coverslips and
grown in DMEM. Cells were fixed in 4% paraformaldehyde in
phosphate-buffered saline (PBS), washed, and labeled for
immunofluorescence (16) using an anti-FLAG M2 monoclonal
antibody (1:500) (Sigma) and an anti-calreticulin polyclonal
antibody (1:200) (Assay Design/StressGen, Ann Arbor, MI) in
blocking buffer diluted 5-fold (PBS, 2% normal donkey serum,
0.5% BSA, and 50 mm glycine). FITC-conjugated anti-rabbit
and Cy5-conjugated anti-mouse secondary antibodies (Jackson
ImmunoResearch, West Grove, PA) were diluted 1:100 in the
same buffer. Image processing employed a MRC-1024 laser-
scanning confocal system (Bio-Rad) coupled to a Zeiss Axiovert
35 M microscope.

Immunoprecipitation—HEK293 cells stably expressing
NLGN3 WT or R451C or G221R mutant proteins were washed
twice in PBS, and harvested in lysis buffer (140 mm NaCl, 3 mm
MgCl,, 10 mm Tris-HCI, pH 8, 0.5% Nonidet P-40, and 5 ug/ml
leupeptin). After a 30-min incubation on ice, nuclear and cel-
lular debris were removed by centrifugation at 14,000 g at 4 °C
for 10 min. Cell lysate total protein (~500 pg) was incubated
with 4.8 ug of anti-FLAG antibody in 0.5 ml for 2 h, and 30 ul of
immobilized protein G (Thermo Fisher Scientific) was then
added for 1.5 h. Beads were then washed three times with
T-TBS (20 mm Tris-HCI, pH 7.6, 137 mm NaCl, 0.2% Tween),
and proteins were eluted by boiling in 30 ul of 2X SDS sample
buffer (100 mm Tris-HCI, pH 6.8, 4% SDS, 2% B-mercaptoeth-
anol, 0.2% bromphenol blue, and 20% glycerol). Samples were
spun briefly to remove the beads. Proteins in the supernatant
were collected for Western blot analysis. For large scale protein
purification to analyze chaperone content, cells were washed,
harvested with PBS, and extracted with lysis buffer containing
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10 mMm N-ethylmaleimide (Pierce). After protein immunopre-
cipitation using an anti-FLAG antibody, immunocomplexes
were washed in 150 mm NaCl, 10 mm HEPES, pH 7. NLGN
proteins were eluted with FLAG peptide (500 ug/ml) in 50 mm
glycine, pH 2.

Western Blots and Immunoblotting—Western blots were
performed using standard techniques including 10% SDS-poly-
acrylamide gels (Invitrogen) and Immobilon P membranes
(Millipore, Bedford, MA). The commercial anti-neuroligin
mouse monoclonal (clone 4F9, catalog number 129 011 Synap-
tic Systems, Goettingen, Germany) was used for NLGN detec-
tion (see Figs. 2B, 3, and 4) at a dilution of 1:1000. Dilutions and
sources of primary antibodies used for chaperone detection
(see Figs. 24 and 3) are as follows: anti-calreticulin rabbit poly-
clonal antibody, 1:2000; anti-calnexin rabbit polyclonal anti-
body, 1:2000; anti-HSP70 rabbit polyclonal antibody, 1:30,000;
anti-PDI rabbit polyclonal antibody, and 1:4000 (all from Assay
Design/StressGen); anti-GRP78 (GRP78/BiP) rabbit polyclonal
antibody, 1 ug/ml; anti-GRP94 rabbit polyclonal antibody,
1:2000; anti-ERp57 rabbit polyclonal antibody, 1:2000; anti-
HSP90 rabbit polyclonal antibody, 1 ug/ml; anti-PDIr rabbit
polyclonal antibody, 1:1000; anti-ERp72 rabbit polyclonal anti-
body, and 5 ug/ml (all from Abcam, Cambridge, MA).

Endoglycosidase H and N-Glycosidase F Digestions—Immu-
noprecipitated proteins were boiled for 10 min in commercial
glycoprotein denaturing buffer and digested with endoglycosi-
dase H (Endo H) in G5 Reaction Buffer at 37 °C for 3 h (New
England Biolabs, Beverly, MA). Alternatively, proteins were
treated with N-glycosidase F (PNGase F) in G7 Reaction Buffer
(New England Biolabs) for 1 h at 37 °C. Digests were subjected
to SDS-PAGE and immunoblotted using the anti-NLGN com-
mercial antibody described above.

Proteolytic Digests—NLGNS3 proteins from HEK293 cells sta-
bly transfected with WT or mutant constructs were immuno-
precipitated and treated with trypsin (specific activity: 10,000
units/mg of protein) (Sigma-Aldrich) in 50 mm Tris-HCl, pH
7.4. Beads containing the immunoprecipitated NLGN protein
were incubated at room temperature for the times indicated in
Fig. 4. Trypsin concentration used for WT and the R451C
mutant protein was 3 pug/ml, and for the G221R protein, trypsin
concentration was 1 ug/ml. The reaction was stopped by heat-
ing the samples at 90 °C after the addition of SDS-PAGE load-
ing buffer. Protein degradation was analyzed by SDS-PAGE and
immunoblotting using the commercial anti-NLGN antibody.

Metabolic Labeling and Immunoprecipitation—HEK293
cells stably expressing WT or mutant NLGN3 proteins were
grown in methionine- and cysteine-free DMEM (Invitrogen)
for 30 min at 37 °C and then pulsed for 30 min with 0.5 mCi/ml
[**S]methionine and [**S]cysteine (PerkinElmer Life Sciences)
at 37 °C. The labeled amino acids were then chased for intervals
of 0.5-48 h by incubating the cells in DMEM containing 5%
FBS and 5 mm unlabeled methionine and cysteine (Sigma-Al-
drich). At the end of the chase, cells were harvested, and pro-
teins were solubilized in lysis buffer and immunoprecipitated
using an anti-FLAG antibody (Sigma-Aldrich) and immobi-
lized protein G for 3 h. Beads were washed four times with 0.1%
Tween 20 in Tris-buffered saline (TBS), and proteins were
eluted by adding SDS-PAGE loading buffer and heating for 5
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min at 90 °C. The proteins were separated on a 10% SDS-PAGE
gel, and the gel was then incubated for 30 min in a fixing solu-
tion (1% acetic acid, 25% isopropyl alcohol in water) followed by
a 30-min incubation in amplifying solution (GE Healthcare).
The gel was dried, and the radioactive signal was visualized by
fluorography.

TimeSTAMP2-YFP—pcDNA3 plasmids expressing NLGN3
WT, G221R, or R451C were fused at the C terminus to an
improved TimeSTAMP* cassette containing Venus yellow fluo-
rescent protein with an internal hepatitis C virus (HCV) prote-
ase site and the sequence for HCV protease (TimeSTAMP2-
YFP).® In this reporter, the cis-HCV protease inactivates the
Venus FP, producing a non-fluorescent protein. Fluorescent
protein can be obtained by adding the specific HCV protease
inhibitor, BILN-2061 (28). Postnatal day 1 rat hippocampal
neurons were co-transfected, immediately after dissection
and dissociation, with an NLGN expression plasmid and an
mOrange plasmid to monitor transfection efficiency, using the
Amaxa Nucleofection system for neurons (Lonza, Walkersville,
MD) according to the manufacturer’s protocol. Neurons were
then plated on poly-p-lysine-coated glass-bottomed imaging
dishes and cultured in Neurobasal-A media with B27 (Invitrogen)
for 2 weeks, refreshing half the culture medium twice weekly. At
10-12 days, neurons were imaged on an inverted confocal fluores-
cence microscope in a humidified chamber at 35 °C in Hanks’ bal-
anced salt solution supplemented with B27, 5.5 mm glucose, 1 mm
pyruvate, and 10 mm HEPES, pH 7.3. 5 um BILN-2061 was added
during the pulse period and removed by three washes before the
chase period. For assessing the role of proteasome-mediated deg-
radation, the proteasome inhibitor MG132 (5 um) (Sigma-Al-
drich) was applied to one set of cells during the chase. Imaging was
performed with a 40X oil objective and illuminated with a 75-watt
Xenon arc lamp via a 10% neutral density filter. At each time point,
six optical sections of yellow fluorescent protein (YFP) fluores-
cence (excitation filter 495/10 nm, emission filter 535/25 nm,
exposure time 1 s) and mOrange2 fluorescence (excitation filter
540/25 nm, emission filter 595/50 nm, exposure time 100 ms)
spaced 2 um apart were obtained through the entire thickness of
multiple mOrange-expressing neurons. Image analysis was per-
formed on maximum intensity projections in a blinded fashion
using the program Image]. Mean fluorescence intensity was
obtained from regions of interest drawn over the brightest contin-
uous perinuclear region (to quantify ER-Golgi protein) and over a
30-wm segment of dendrite 30 wm away from the soma (to quan-
tify dendritic protein) by hand. Fluorescence from background
regions of untransfected cells was subtracted before ratio
calculation.

RESULTS

The NLGN3 G22IR Mutation Results in ER Retention—A
comparison of the sequences encoding proteins of the a/f-
hydrolase fold family reveals that amino acid Gly-2320 in Tg is
conserved at homologous positions in NLGN, acetylcholinest-
erase, and butyrylcholinesterase in several animal species, sug-
gesting that this residue is critical in the assembly of the tertiary

4 TimeSTAMP is a time-specific tagging for the age measurement of proteins.
M. Z. Lin, J. Yang, M. T. Butko, and R. Y. Tsien, manuscript in preparation.
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structure of the protein family members (Fig. 1A). In addition,
structural data indicate that this residue is positioned in the
core of the a/B-hydrolase fold domain of NLGN, and substitu-
tion to arginine, a bulky cationic amino acid, is likely to perturb
the overall structure of the protein (Fig. 1B) (21). We chose to
use NLGN3 as a model protein to compare the influence of this
mutation on biosynthesis and processing of the gene product in
parallel with the previously characterized R451C mutation.

Through co-localization studies with the ER marker calreti-
culin, we observed that NLGN3 G221R is retained in the ER
instead of migrating to the cell surface as seen with the WT
protein (Fig. 2A). Further evidence that the NLGN3 G221R
mutant protein is retained in the ER is shown by the analysis of
glycosylation. Fig. 2B (left panel) shows that both WT and
mutant G221R NLGN3 cDNAs, truncated at Tyr-640 just
before a cluster of O-linked glycosylation signals, produce the
expression of proteins of similar mass that are completely sen-
sitive to PNGase F, a glycosidase that cleaves between the
innermost GlcNAc and the asparagine residue of N-linked oli-
gosaccharides and is not sensitive to terminal oligosaccharide
processing. Conversely, the full-length NLGN3 protein shows a
significant mass difference between the fully N- and O-glycosy-
lated WT protein and the G221R mutant whose biosynthesis
has been arrested in the ER and is therefore not O-glycosylated.
Treatment with PNGase F (Fig. 2B, middle panel) shows that
the size difference between WT and mutant proteins is main-
tained when N-linked sugars are removed (due to the presence
of O-linked sugars on the WT protein that are absent in the
immature ER-retained G221R NLGN3). Treatment with Endo
H, an enzyme that preferentially digests high mannose imma-
ture oligosaccharides (found on the proteins in transit in the
ER) rather than the mature, processed N-glycans on the WT
protein, confirms the ER localization of the G221R mutant pro-
tein. The mutant protein is susceptible to Endo H, whereas no
deglycosylation shift is observed with the WT protein. These
results establish that NLGN3 G221R is retained in the ER, as
observed for G2320R Tg in the thyrocytes of rdw rats (23),
whereas WT NLGN3 undergoes N- and O-linked glycosylation
in the Golgi (Fig. 2B, right panel).

G22IR and R451C Mutations Alter Chaperone Interactions—
To identify ER chaperones that assist in the folding of native
NLGNS3 and to analyze differential association between chap-
erones that associate with WT and mutant proteins, we immu-
noprecipitated NLGN3 from stably expressing HEK293 cells
and then immunoblotted to identify specific ER chaperone pro-
teins. We show that GRP78/BiP and GRP94 associate more
avidly with R451C and G221R mutant proteins than the WT
protein (Fig. 3), whereas the lectins, calnexin and calreticulin,
show an association with both WT and mutant proteins.

Because NLGNS3 presents both disulfide bonds and free cys-
teines, we tested interaction with oxidoreductases belonging to
the PDI family and found that PDIr, ERp57, and ERp72 are
associated with the mutant proteins, but not with WT NLGN3.
PDI is the only member of the family that shows a specific
interaction with the G221R mutant protein; it does not stably
associate with WT or R451C NLGN3. Cytosolic molecular
chaperones show differential behavior; HSP90 interacts only
with the mutant proteins, whereas HSP70 associates strongly
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FIGURE 1.Schematic representation of mutations studied in NLGN3. A, the diagram of NLGN3 shows G221R
(found in Tg) and R451C (found in NLGN3) mutations. Shown below are the corresponding mutations at the
homologous positions in acetylcholinesterase (AchE) and thyroglobulin. Positions of N-linked glycosylation
sites (N) (Asn-98 and Asn-522 in NLGN3) are shown on top of the «, 3-hydrolase fold domain (blue bar). Disulfide
bonds (rectangular shapes) and unpaired cysteines (at positions 293 and 775 in NLGN3) are shown. St indicates
the stalk domain (pink), the site of O-linked glycosylation (O). Amino acid numbering of NLGN3 is according to
Ref. 1. NLGN3 was truncated at position Tyr-640 (arrow) to produce a soluble protein. Orange arrowheads show
the acetylcholinesterase catalytic triad. B, stereo view of the NLGN4 structure. The homologous NLGN4 crystal
structure is used to show the following mutations: G221R (red) and R451C (yellow). Note that Gly-221 is buried
in the core of the acetylcholinesterase domain and that Arg-451 is near the surface of the protein.

with the WT protein. These data indicate that the folding of
native NLGN3 nascent protein recruits several chaperone pro-
teins and also that retention of the mutant nascent proteins in
the ER results from association with different classes of ER res-
ident chaperones.

Association of ER chaperones with WT and mutant NLGN3
proteins was also investigated using mass spectrometry analy-
sis. In agreement with the immunoblots (Fig. 3), data collection
showed that Grp78/BiP is the most abundant ER chaperone
found associated with both R451C and G221R mutant proteins,
but not with the WT protein.®

6 A. De Jaco and M. Ghassemian, unpublished data.
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Proteolytic Digests Reveal Differ-

Y614 go = ent Degrees of Misfolding in NLGN3
=CR00H Mutants—We used limited trypsin

proteolysis (29) to probe the

potential misfolding of R451C and

COOH G221R NLGN3. Equal amounts of

WT and mutant proteins were puri-
fied by immunoprecipitation from
cell extracts of stably transfected
HEK293 cells and exposed to tryp-
sin for varying incubation times at
room temperature (Fig. 4). At a
trypsin concentration of 3 ug/ml,
the extent of protein degradation of
the R451C mutant protein was ana-
lyzed over 60 min (Fig. 4B). For the
G221R mutant protein, nearly
complete degradation was evident
within 30 min at 1 ug/ml (Fig.
4A). In comparison, WT NLGN3
showed no degradation using these
digestion conditions (Fig. 4, A and
B). Parallel incubations in the
absence of trypsin show no protein
degradation for the mutant pro-
teins. The protease sensitivity of
R451C NLGN3 suggests that this
mutation results in the protein
assuming a locally expanded and
flexible conformation conferring
exposure of trypsin-sensitive sites.
G221R NLGN3 shows even greater
sensitivity to trypsin than R451C,
suggesting that the bulky, charged
arginine side chain in the core of the
a/B-hydrolase fold domain greatly
affects overall protein folding, per-
haps producing a molten globule
state (30).

R451C and G22IR Mutations
Differentially Influence Processing
Rates—We performed metabolic
labeling experiments in HEK293
cells expressing the NLGN3 pro-
teins to monitor rates of protein
maturation and degradation (Fig. 5). Following a 30-min pulse
with #>S-labeled amino acids and variable chase intervals with
unlabeled amino acids, we observed that processing of the WT
protein is complete in less than 3 h, as indicated by the appear-
ance of the slower migrating species (Fig. 54, top panel) in SDS
gels. At 6 h, the WT NLGN3 protein reaches a maximal protein
expression level with a slow decay that decreases to the level of
minimal detection in ~48 h. The presence of the R451C mutation
greatly diminishes the processing of NLGN3 (Fig. 5A, middle
panel). In fact, after a 3-h chase, the mutant protein remains sub-
stantially unprocessed, with only a small fraction appearing in a
band corresponding to the fully processed WT protein. This frac-
tion appears to increase over 6 h and disappears at a slightly faster

2716
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FIGURE 2. Cellular trafficking of WT and G221R NLGN3. A, representative immunofluorescent images of HEK293 cells expressing FLAG-tagged NLGN3
full-length proteins (upper panels, WT; lower panels, G221R mutation). Images show co-localization staining for the ER marker calreticulin (green), the NLGN3-
FLAG tag (red), and the merged view of the two signals, which reveals a yellow color that represents co-localized proteins. A magnification of the merged panel
is shown for NLGN3 WT (*) and G221R (**). B, glycosidase treatment of truncated and full-length immunoprecipitated NLGN3 proteins, WT, and G221R. Left
panel, PNGase F treatment of NLGN3 soluble proteins. NLGN3 is truncated at position Tyr-640. Middle panel, PNGase F treatment of full-length NLGN3 proteins.
Right panel, NLGN3 proteins incubated with Endo H. All digests are followed by SDS-PAGE and immunoblotting using an anti-NLGN antibody. Molecular mass
markers are shown in kDa. Both mutant and WT proteins, whether or not the O-glycosylated tether and membrane span are deleted, show more rapid
migration following PNGase F cleavage of the N-linked oligosaccharides, whereas only the G221R mutant protein is subject to digestion by the high mannose

directed glycosidase, Endo H.

rate than the WT protein. A lower molecular mass band, likely
a degradation product, accumulates over ~24 h.

Even more dramatic differences are observed when process-
ing of the G221R protein is analyzed (Fig. 54, lower panel).
Virtually all the G221R mutant protein remains unprocessed
and is degraded more rapidly than the R451C protein. How-
ever, due to the high sensitivity of the pulse-chase technique
when compared with the steady-state immunofluorescence
and Western blot approaches (Fig. 2), we do see a very low
concentration of the mature G221R protein that becomes evi-
dent over the initial 1.5 h. When the metabolic labeling is con-
ducted in the presence of proteasome inhibitors, either lacta-
cystin or MG123 (Fig. 5B), the fractional increase in expression
of the G221R protein after a 3-h chase is substantially higher
than that of the WT protein, indicating that the mutant protein
is preferentially degraded via the proteasome pathway. These
data indicate a substantial difference in the turnover rate of WT
and mutant proteins and suggest that the preferential degrada-
tion pathway for the G221R NLGN3 mutant involves the
proteasome.
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Trafficking of WT, R451C, and G221R NLGN3 in Single Hip-
pocampal Neurons—To examine the influence of mutations in
NLGN3 on the trafficking in the cellular context of the nervous
system, we transfected WT and mutant NLGN3 proteins fused
to a novel fluorescent reporter into isolated hippocampal neu-
rons that are able to form synaptic connections in culture. The
fluorescent reporter tag, TimeSTAMP2-YFP, consists of a cis-
acting protease from the HCV and YFP with an internal HCV
cleavage site. Newly synthesized tagged proteins are not fluo-
rescent because the YFP is cleaved in-cis by the HCV. The addi-
tion of BILN-2061 rescues YFP fluorescence by virtue of its
inhibition of HCV; the tagged protein (WT or mutant NLGN3)
after BILN-2061 addition is fluorescent (28). Time-lapse
microscopy with this reporter allows visualization of newly syn-
thesized NLGN3 proteins as they traffic to their final
destination.

We co-transfected postnatal day 1 rat hippocampal neurons
with NLGN3 fused to the TimeSTAMP2-YFP tag (NLGN3-
TimeSTAMP2-YFP) and the orange fluorescent protein,
mOrange2 (as a marker for transfection), and allowed the
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FIGURE 3. Association of ER chaperones with WT, R451C, and G221R
NLGNS3. Full-length proteins were immunoprecipitated from lysates of
stably transfected HEK293 cells with anti-FLAG antibody. Lysates and
immunoprecipitated purified samples were immunoblotted using avail-
able commercial antibodies for multiple chaperone proteins. An anti-
NLGN antibody was used to detect immunoprecipitated NLGN3 as a con-
trol. ER chaperones show more association with the R451C and G221R
mutant NLGN3 proteins than with the WT protein. In particular, the chap-
erone PDl appears to associate selectively with the G221R mutant protein.

UT, untransfected cells; IP, immunoprecipitated protein. A, WT and R451C
NLGNS3. B, WT and G221R NLGN3.
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FIGURE 4. Protease sensitivity of WT and mutant NLGN3 proteins. WT,
R451C, and G221R NLGN3 proteins were digested with trypsin and analyzed
by reducing SDS-PAGE followed by immunoblotting with an anti-NLGN anti-
body. Upper panels show trypsin digests of WT and mutant proteins. Lower
panels show incubations of mutant proteins in the absence of trypsin. Mutant
proteins are more sensitive to trypsin than the WT protein. A, WT and G221R
NLGN3. B, WT and R451C NLGNS3.
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FIGURE 5. Intracellular processing of WT, R451C, and G221R NLGN3 pro-
teins. HEK293 cells stably transfected with WT, R451C, or G221R NLGN3
cDNAs were pulse-labeled with [**S]methionine and [**S]cysteine. The label-
ing was followed by incubation with unlabeled amino acids for the times
indicated. Labeled NLGN3 proteins were immunoprecipitated from cell
lysates with anti-FLAG antibody and analyzed by SDS-PAGE. A, biosynthesis
and processing from 0 to 48 h after labeling are shown for WT, R451C, and
G221R NLGN3 proteins. Unprocessed (filled arrowheads) and fully processed
(open arrowheads) proteins are marked. The two mutant proteins show
retarded glycosylation processing when compared with the WT over the first
6 h and more rapid rates of turnover of the nascent protein. B, processing of
WT and G221R NLGNS3 proteins in the absence (Ctrl) or the presence of 5 um
proteasome inhibitors, lactacystin (Lact), or MG132. A single time point, 3 h
after labeling, is shown.

neurons to differentiate over 2 weeks. Without exposure to the
protease inhibitor BILN-2061, neurons show only red-orange
fluorescence (Fig. 64, left column). We then added 5 um BILN-
2061 and visualized newly synthesized protein over the next
18 h. Fluorescence in the ER-Golgi regions and in the dendrites
(beyond 30 wm from the cell body) was quantified at 18 h and
compared for WT, R451C, and G221R versions of NLGN3-
TimeSTAMP2-YFP (Fig. 6B). NLGN3 G221R shows minimal
export to dendrites, whereas NLGN3 R451C is exported at lev-
els intermediate between WT and G221R (Fig. 6B, n = 13 each,
p < 107 by analysis of variance, p < 0.03 between groups by
pairwise ¢ test). Visualizing new protein localization revealed
that WT NLGN3-TimeSTAMP2-YFP is efficiently inserted
into synapses, as shown by punctate green staining in the neu-
rons in Fig. 6A (top row). The R451C mutation in NLGN3
causes a reduction in the export of the protein to dendritic
locations when compared with the WT protein (Fig. 6A, middle
row). Neurons that expressed R451C at higher levels revealed
that some mutated protein was trafficked to the dendrites, but
with very low efficiency (Fig. 6A, middle row, right column).

The most impaired trafficking is observed with the NLGN3
G221R protein. In this case, we find minimal protein in the axon
trunk and dendritic shaft with virtually no localization to den-
dritic synapses, even in strongly expressing neurons (Fig. 64,
bottom row). These results in neurons are in accord with our
observations in HEK293 cells where the G221R and R451C
mutations hinder protein processing, with the G221R mutation
causing the most severe defect.

To understand the influence of the above mutations on proc-
essing rates, we performed time-lapse imaging at times extend-
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di
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FIGURE 6. Trafficking of NLGN3 in rat hippocampal neurons. A, representative images of newly synthesized
NLGN3 in hippocampal neurons using the TimeSTAMP2-YFP labeling technique are shown. Neurons from
postnatal day 0 rats were transfected and cultured for 14 days, and data were collected 18 h after the admin-
istration of BILN-2061. A gradient of newly synthesized NLGN3 (green) from the soma to the dendrites is
observed for the WT protein after 18 h.R451C and G221R mutant proteins show a defect in the translocation of
the proteins through the axon trunk into the dendrites. mOrange2 (red) is a marker of transfection. The left
column shows cells before BILN-2061 administration. The middle column shows cells 18 h after BILN-2061
administration. The right column shows a greater magnification of high expressing cells. B, quantitative analysis
of protein translocation from the ER-Golgi compartment to the dendrites 18 h after BILN-2061 administration.
Thirteen cells from each NLGN transfection, WT, R451C, or G221R were analyzed; the dendritic/ER-Golgi ratios
of WT were significantly different from those of the mutants. *, p = 0.023, **, p < 0.000001, analysis of variance

p < 0.000001. Bars represent S.E.

w

Dendritic/ER-Golgi ratio

after BILN-2061 removal, we were
able to estimate rates of degradation
of proteins within the secretory

ok

020 pathway. Both R451C and G221R
i j mutants are cleared from the
ER-Golgi at faster rates than WT
0.10 (Fig. 7B). Most of this difference is
o5 attributable to enhanced protein
cleared in the proteasome as it is
0.00

largely rescued by treatment with
MG132 during the chase period
(Fig. 7B). These results confirm that
the NLGN3 mutants are susceptible
to proteasome-mediated degrada-
tion during processing in the neuro-
nal secretory pathway.

WT R451C G221R

DISCUSSION

Proteins belonging to the o/3-hy-
drolase fold superfamily are thought
to have diverged from a common

A 0.3 - B ancestral gene (31). Although differ-
° T 8 10 & ent in function and oligomeric
= —RABIC § . . assemblies, NLGNs, cholinester-
E, 6:5 G21R i - 2 TSss c} o ases, and Tg share a common «/B-
o o WT = hydrolase fold domain that plays a
;:'? & = WT+MG132+_ - critical structural role for hetero-
% | § 0.5 - + R451C k N philic adhesion, hydrolase catalysis,
g 0.1 : 4 5 I and hormone secretion, respec-
s s <+ E = @R tively (4, 32). Rare mutations affect-
= /% % S SRS ing NLGN4 and NLGN3 genes have
0.0 &« N - : 0.0 - » been found in patients with autistic

0 10 20 30 0 8 16 traits (33, 34) Most of the mutations

Pulse time (h)

Initial fluorescence is arbitrarily set to 1.0. Bars represent S.E.

ing to 30 h (Fig. 7A). Analysis of ER-Golgi and dendritic fluo-
rescence showed that steady-state distributions are approached
by 18 h. R451C slowed protein progression through the secre-
tory pathway relative to WT (Fig. 7A). Note that there is a com-
plete absence of dendritic protein at 3 h with R451C, whereas
with WT NLGNS3, progression is about one-third complete.
The G221R mutation even more dramatically reduced the
amount of protein exiting the soma (Fig. 7A). Interestingly, a
small amount of G221R protein is exported to dendrites and
appears without much delay; this small increase correlates with
an initial spike in our metabolic pulse-chase results (Fig. 5, A
and B).

Enhanced Proteasome Clearance of NLGN3 Mutant Proteins—
After removal of BILN-2061, the fluorescence that has devel-
oped on TimeSTAMP2-YFP-labeled proteins remains stable,
thereby providing a means to visualize protein turnover of
newly synthesized proteins that were fluorescently labeled dur-
ing BILN-2061 administration.* By quantifying fluorescence in
the ER-Golgi region at various times during the chase period
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Chase time (h)

FIGURE 7. Processing and degradation rates of NLGN3 in rat hippocampal neurons. A, quantification of the
export of WT, R451C, and G221R NLGNS3 at different times. The ratio of fluorescent NLGNSs in the dendrites to
those in the ER-Golgi region is quantified over time. B, degradation of fluorescent WT, R451C,and G221R NLGNs
in the ER-Golgi region over time is shown in the presence and absence of the proteasome inhibitor MG132.

map to the «/B-hydrolase fold
domain of the NLGNs, mainly caus-
ing loss of function of the affected
protein (35). The region homolo-
gous to the cholinesterases in Tg
represents only 20% of the entire
encoded open reading frame. This domain facilitates trafficking
and secretion of the protein that is ultimately processed to the
thyroid hormones (36). The a/B-hydrolase fold domain of Tg s
rich in natural mutations that have been linked to primary con-
genital hypothyroidism and are characterized by ER retention
and subsequent thyroid hormone deficiency (22, 37, 38).

We show that the G221R mutation causes ER retention of
NLGNS3 in a manner that is similar to what is seen with the
homologous Tg G2320R mutation in rdw/rdw rats (23, 24),
most likely due to the structural role of the glycine residue in
the a/B-hydrolase fold domain of both proteins. Processing
of the G221R mutation is compared with the R451C natural
substitution found in NLGNS3 that has been characterized by
our group as well as others, which shows incomplete ER
retention of the mutant protein (14-18). We present direct
evidence that the G221R and R451C mutations cause differ-
ent degrees of misfolding of the a/B-hydrolase fold domain
in NLGN3, highlighting the importance of the correct fold-
ing of this domain for transport of the protein from the ER to
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the correct final cellular location as it has been previously
proposed for Tg (39).

By using a biochemical imaging approach, we demonstrate
that the R451C mutation reduces the rate of maturation of
NLGNS3 and its transport through the dendrites to reach the
synapses, whereas the G221R mutation nearly completely
blocks protein maturation, showing that the rank order of pro-
tein trafficking defects analyzed in HEK293 cells are conserved
in hippocampal neurons. Our data support the concept that
G221R is responsible for global misfolding due to its position in
the core of the a/B-hydrolase fold domain, whereas the R451C
substitution is responsible for local misfolding, consistent with
its location on the surface of the protein (Fig. 2B) (21). That
multiple chaperones and oxidoreductases interact with mis-
folded mutant NLGN3 proteins is consistent with blockade of
trafficking steps in the ER. Increased chaperone association
with the mutant protein when compared with WT NLGN3
indicates that ER quality control blocks R451C and G221R mis-
folded proteins from exiting the ER, potentially assisting them
in achieving the correct folding status (40). There is an obvious
chaperone association observed between the mutant proteins
and the ER stress chaperone GRP78/BiP, suggesting that mis-
folding might activate signal transduction pathways that
orchestrate the unfolded protein response (41, 42).

Investigation of protein interactions with members of the
PDI family has resulted in a particularly interesting finding; PDI
selectively associates with NLGN3 G221R, but not with R451C
and WT proteins. This can be explained in light of the multi-
functional role of PDI as an oxidoreductase (in the formation
and isomerization of disulfide bonds) and a chaperone (40, 43)
and its recently proposed function in accelerating ER-associ-
ated degradation (44). PDI association with G221R might
reflect activation of a cellular response to global misfolding, not
seen in the response to a localized perturbation. Because PDI
family members present different roles in promoting protein
maturation by catalyzing specific reactions (45), interactions of
NLGN3 with other members of the family have been investi-
gated. Both G221R and R451C mutant proteins associate with
PDIr, ERp57, and ERp72, suggesting the activation of a thiol-
mediated ER retention mechanism for mutant NLGN3 pro-
teins. At the same time, the association of Erp57 with the
mutant proteins is not surprising because NLGN3 is glycosy-
lated and is a partner for calnexin and calreticulin as shown by
the co-immunoprecipitation data. Association between
NLGN3 and the cytosolic chaperones HSP90 and HSP70 has
also been tested. Exclusive interaction of HSP90 with the
mutant proteins might show a role in promoting degradation
through the proteasome as shown previously for the cystic
fibrosis transmembrane conductance regulator (46).

Recently, NLGN3-deficient mice have been reported as dis-
playing a behavioral phenotype that resembles symptoms typi-
cal of autism spectrum disorders (47). At the same time, mice
expressing the NLGN3 R451C mutation not only show reduced
socialization behavior but also present an increased frequency
of inhibitory synaptic events, leading the investigators to pro-
pose that the R451C mutation exerts its effects through a gain-
of-function mechanism (18). A gain of function of NLGN3
would be unlikely if protein maturation and export were com-
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pletely blocked by the mutation. Our data support the proposal
that the R451C protein does retain the capacity for interacting
with intracellular partners such as PSD-95 and likely sequesters
them into malfunctioning or destabilized complexes, support-
ing the hypothesis that behavioral changes can be linked to a
subtle perturbation of synaptic functions.

Dissecting the molecular mechanisms that alter protein fold-
ing of NLGNS3 offers new insights into designing pharmacolog-
ical approaches that could allow the rescue of impaired traffick-
ing of the a/B-hydrolase fold domain proteins. Moreover, such
studies could be useful for observing the effects of environmen-
tal toxicants to which trafficking of these synaptic and hormone
secretory proteins might be sensitized.

Here we describe the use of a novel imaging tool,
TimeSTAMP2-YED, that offers the advantage of quantitatively
monitoring the distribution of newly synthesized NLGN3 at the
level of a single neuron. Moreover, screening of future muta-
tions arising in the «/B-hydrolase fold domain should help to
identify congenital disorders with neurological and endocrine
consequences such as autism spectrum disorders for the
NLGN:Ss, hypothyroidism for Tg, and prolonged succinyl apnea
for butyrylcholinesterase (17, 48).
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