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The development of autism spectrum disorders (ASDs) involves both
environmental factors such as maternal diabetes and genetic factors such as
neuroligins (NLGNs). NLGN2 and NLGN3 are two members of NLGNs with
distinct distributions and functions in synapse development and plasticity. The
relationship between maternal diabetes and NLGNs, and the distinct working
mechanisms of different NLGNs currently remain unclear. Here, we first
analyzed the expression levels of NLGN2 and NLGN3 in a streptozotocin-
induced ASD mouse model and different brain regions to reveal their
differences and similarities. Then, cryogenic electron microscopy (cryo-EM)
structures of human NLGN2 and NLGN3 were determined. The overall
structures are similar to their homologs in previous reports. However,
structural comparisons revealed the relative rotations of two protomers in
the homodimers of NLGN2 and NLGN3. Taken together with the previously
reported NLGN2-MDGAL complex, we speculate that the distinct assembly
adopted by NLGN2 and NLGN3 may affect their interactions with MDGAs. Our
results provide structural insights into the potential distinct mechanisms of
NLGN2 and NLGN3 implicated in the development of ASD.
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Introduction

Autism spectrum disorder (ASD) is a disease characterized
by neurodevelopmental disorders of the brain, which is mainly
recognized by difficulties in emotional and verbal expression,
social communication impairment, and a preference for
repetitive actions and behaviors (1). Generally, autistic patients
have the condition at the age of 2-3, and the patients’ symptoms
last during their lifetime (2). The incidence of autism has
increased 40-fold at the start of the 21st century (3). The US
Centers for Disease Control and Prevention reports that the
incidence of autism is more than 2%, with an average of one in
44 children (3). Imaging studies have found that the volume,
structure, and connection of autistic brain regions are abnormal,
revealing the abnormal development and function of the
nervous system in patients with autism (4). Although genetic
studies have identified more than 1,000 autism-related
mutations, and most of these genes are closely related to
synapse development and nervous system function, their
molecular mechanisms have not been well-studied yet (5). In
recent years, pregnancy factors are increasingly being paid
attention to, which is considered to be the main reason for the
increase in the prevalence of ASD in the past decade. Recent
epidemiological studies have also shown that maternal diabetes
increases the risk of autism in the offspring (6-13). Taken
together, these findings indicate that the occurrence of autism
is the result of the combined effects of genetic and environmental
factors (14, 15).

The mutated genes currently found in autism include
neuroligin (NLGN), neurexin (NRXN), and shank. They have
distinct roles in synapse formation, elimination, maturation,
plasticity, and modulation under the influence of the external
environment, ultimately affecting the function of synapses and
neural circuits (16-18). Neuroligins are postsynaptic membrane
cell adhesion molecules that connect presynaptic and postsynaptic
neurons, mediate the transmission of signals between synapses,
and shape the characteristics of neural networks through specific
synaptic functions (19). There are five members of NLGNs in
humans (NLGN1, 2, 3, 4X, and 4Y) and four in rodents (NLGN1,
NLGN2, NLGN3, and NLGN4) (20, 21). NLGNs have a unique
expression pattern. NLGNI1 is mainly expressed at excitatory
synapses (22), NLGN2 is mainly expressed at inhibitory
synapses (23), NLGN3 is expressed at both excitatory and
inhibitory synapses (24), and NL4 expression seems to be
limited to the glycinergic synapses of retinal glial cells and
several other regions of the central nervous system (25). NLGNs
belong to single transmembrane proteins, and they all consist of a
large extracellular, acetylcholinesterase-like domain (CLD) and a
carbohydrate-binding region, following the transmembrane
region of O-glycosylation helix and the C-terminal intracellular
region as postsynaptic density zone (PDZ) recognition
component, which mainly binds to postsynaptic target proteins
such as Gephyrin and postsynaptic density protein, thus

Frontiers in Endocrinology

02

10.3389/fendo.2022.1067529

promoting synaptic differentiation and strengthening the
stability of synaptic space and the function of transmitting
intersynaptic signals (26). The neuroligin family members share
52% sequence identity (26). Among them, the intracellular region
was only 31% consistent, while the extracellular sequence and
transmembrane domains were 55% and 91%, respectively (27).
The differences in the intracellular and extracellular regions make
their functions variable.

The ectodomains of NLGNs can form specific cross-synaptic
connections with neurexins (NRXNs) of the presynaptic
membrane, and these connections can be regulated by the
membrane-associated mucin (MAM) domain-containing
glycosylphosphatidylinositol anchor (MDGAs) (28). The
MDGAs belong to the immunoglobulin-like (Ig) superfamily
with six extracellular Ig domains, following a fibronectin type
II-like (FNIII) domain and receptor protein tyrosine
phosphatase mu (MAM) domain (29). MDGAs have two
members, MDGA1 and MDGA2. They share 54% of identities
on the sequence. MDGAs have intracellular regions including a
glycosylphosphatidylinositol anchor, which requires an
association partner when they participate in protein
interactions (29, 30). The MDGAs were reported to suppress
synapse formation, by competing with NRXNs for NLGN
binding (31).

The current study found that the genetic variation of neuroligin
and neurexin can explain about 1% of the occurrence of autism (32).
The single mutation R451C of NLGN3 is the first single-nucleotide
polymorphism associated with ASD (33). Knock-in of NLGN3
R451C mainly affects the function of GABA inhibitory synapses,
leading to the imbalance of neurotransmitter levels in the brain and
brain development disorder. As a result, mice have enhanced
inhibitory synaptic transmission and accompanying difficulties in
social interaction and enhanced spatial learning ability (34). This is
consistent with the findings that many ASD mouse models have
synaptopathies (35). These models included NRXNs and NLGNs
mutations and recently reported MDGA mutations (19, 36).
Recently, studies have shown that the binding of MGDA2 to
NLGN?2 obstructed inhibitory synapse development in an NLGN1-
independent manner (37).

Several high-resolution structures of NLGN/NRXN
complexes have been obtained (38-40). Different NRXN
molecules and NLGN molecules are similar in binding mode,
and the binding regions of MDGA1-NLGN overlapped with
those of NRXN-NLGN (38, 40). Although the biochemical
experiment indicated that MDGA2 has a similar binding
affinity to NLGNs as MGDA1 (41), the role of MDGA2 in
neuronal synapse development remains highly controversial
between the inhibitory and excitatory synapses, and the
molecular mechanism is still unclear. In this study, we solved
the high-resolution cryogenic electron microscopy (cryo-EM)
structures of human NLGN2 and NLGN3. These structures
illustrate that NLGNs are highly conserved in a homodimer
arrangement. However, the orientation of two protomers from
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NLGN2 and NLGN3 has a relative rotation with each other,
which may influence the interaction with MDGAs. Our findings
provide new clues for further in-depth study of the molecular
mechanism of neurodevelopmental disorders including ASD.

Materials and methods

Gene cloning, protein expression,
and purification

The full-length human NLGN2 and NLGN3 genes were
synthesized by GENERAL BIOL Co. (Chuzhou, China). The
extracellular domain of NLGN2 gene was then subcloned to
secretory vector pSecTAG2B with C-terminal Flag-tag and 6xHis-
tag. Full-length NLGN3 gene was further inserted into pCDNA3.1
plasmid containing C-terminal flag tag. Plasmids encoding NLGN2
and NLGN3 were transiently transfected into Expi293F cells
(Thermo Scientific, Waltham, MA, USA) with the
polyethylenimine (PEI) reagent. After 4-5 days of culture, the cells
were harvested by centrifugation. The cell culture supernatants were
passed through a 0.22-pm filter, and the cells were lysed by sonication
and then loaded on 2 ml of nickel resin. After binding, proteins were
eluted in buffer A containing 25 mM of HEPES at pH 7.5, 150 mM of
NaCl, and 500 mM of imidazole. NLGNs were further purified with
size-exclusion chromatography loading on Superose 6 10/300
column (GE Healthcare, Chicago, IL, USA), which was
equilibrated in buffer B (25 mM of HEPES at pH 7.5 and 150 mM
of NaCl). Fractions were assessed by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE), concentrated, and
stored at —80°C.

Cryogenic electron microscopy sample
preparation and data collection

The purified NLGNs were used to prepare cryo-EM grids
with a concentration of 0.25 mg ml™" and applied to the holey
carbon film (Quantifoil, Grofllébichau, Germany; R1.2/1.3)
grids. The grids were blotted for 2.5 s under 100% humidity at
4°C with Vitrobot Mark IV (Thermo Fisher) and plunge-frozen
into pre-cooled liquid ethane. The grids were then observed
using Titan Krios microscope (Thermo Scientific) operated at
300 kV and equipped with K3 Summit camera (Gatan,
Pleasanton, CA, USA) for NLGN2 or K2 Summit camera
(Gatan) for NLGN3. Micrographs were recorded with
SerialEM under a nominal defocus value ranging from —1.5 to
—2.5 um and nominal magnification of x130k for NLGN2 and
x165k for NLGN3, corresponding to calibrated pixel size of 0.92
A pix! for NLGN2 and 0.842 A pix ' for NLGN3. A total of
4,021 and 7,984 micrographs were collected for NLGN2 and
NLGN3, respectively. A detailed description of the data
collection parameters is available in Supplementary Table 1.
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Cryogenic electron microscopy
data processing

After contrast transfer function (CTF) estimation, motion
correction, and particle picking performed by Relion3.1 (42), the
particles of NLGN2 were imported into cryoSPARC v3.3.2 for
2D classification, Ab-initio 3D reconstruction, heterogeneous
3D refinement, and non-uniform refinement (43). For NLGN3,
all those steps were performed in Relion3.1. The iterative model
building and refinement were performed with Coot and Phenix.
The 3D figures were then generated with PyMol and Chimera
(44-47). The workflow of data processing is available in
Supplementary Figure 1 for NLGN2 and Supplementary
Figure 2 for NLGN3.

Generation of diabetic offspring

Diabetic WT C57BL/6/] mice were induced by injection of
streptozotocin (STZ). Four-week-old female mice were injected
daily with 60 mg/kg of STZ (dissolved in Na™ citrate buffer)
intraperitoneally after an 8-h fasting period. Animals with blood
glucose >10 mmol/L were considered positive, while vehicle
injection littermates served as control. The females were then
caged with proven males, and male offspring were then used for
autism-like behavior tests and sacrificed for further experiments.

Analysis of mRNA levels by real-time
quantitative PCR

The total RNA of the mouse brains was extracted by the
RNAzol RT reagent (MRC, OH, USA) using total RNA isolation
protocol and was reverse transcribed using HiScript III Reverse
Transcriptase (Vazyme, Nanjing, China). Each complementary
DNA measuring 100 ng was used to measure target genes. All
the primers were designed by Primer 3 Plus software
(Supplementary Table 2). Real-time quantitative PCR was run
on LightCycler® 480 Instrument II (Roche, Basel, Switzerland;
product no. 05015243001, 384-well) with the Taq Pro Universal
SYBR qPCR Master Mix (Vazyme). B-Actin was used as the
control for transcript normalization.

Quantification and statistical analyses

The qPCR and single-cell sequencing data were given as
mean + SEM, and all the experiments were performed at least in
quadruplicate unless indicated otherwise. The unpaired
Student’s t-test was used to determine the statistical
significance of different groups. Statistical significance was
determined by Student’s test analysis (*p < 0.05; **p < 0.01;
***p < 0.001; ns, not significant).
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Results and discussion

Characteristics of NLGN2 and NLGN3 in
maternal diabetes-mediated autism
spectrum disorder mouse model and
different brain regions

Epidemiological studies have shown that maternal diabetes is
closely associated with ASD, and the maternal diabetes mouse model
is a well-established model for ASD study (9). To further study the
relationship between ASD and NLGNs, we first evaluated mRNA
levels in mouse brains from maternal diabetes-induced ASD mice
and control mice. The expression levels of NLGN2 and NLGN3 in
the ASD mouse group were found to be increased by 56% and 38%,
respectively, compared to the control group (Figure 1A). This result
indicates that the expression levels of NLGN2 and NLGN3 are tightly
related to maternal diabetes-induced ASD. We then further
examined and compared the expression levels of NLGN2 and
NLGN3 based on the deposited single-cell sequencing data from
the mice’s cortex and hippocampus (Allen Brain Map database), and
we found that the expression pattern of NLGN2 and NLGN3 is
similar except for the cortical layer 4 (L4)/5 intratelencephalic cell
regions where NLGN2 has a higher expression level (boxed regions in
Figure 1B, top panel). Further analysis of the single-cell sequencing
data of human brain tissue (Allen Brain Map database) shows similar
results and further support the conclusion, except for
oligodendrocyte progenitor cell (OPC) L1-6 cell regions where
human NLGN3 has a higher expression level (boxed regions in
Figure 1B, bottom panel). Although there are some similarities
between NLGN2 and NLGNS3 in the overall expression in the
brain, we found that the expression of different cells in the mouse
and human brain varies. In mouse brain cells, although NLGN2 and
NLGN3 have the highest expression levels in OPC, NLGN2 is more
expressed in astrocytes than neurons, which is different from that of
NLGN3 (Figure 1C) (48). This finding was similarly confirmed in the
human data (49). Meanwhile, we also found that the increase in the
expression levels of NLGN2 and NLGN3 in different brain regions
varied in the development stage age (50). NLGN2 shows a higher
expression level on postnatal day 7 (P7) compared to that in P32,
whereas NLGN3 shows different trends as demonstrated in the
cortex, hippocampus, and striatum of mice (Figure 1D).

Determination of cryogenic electron
microscopy structures of human NLGNZ2
and NLGN3

NLGN2 and NLGN3 play different roles in the development
of ASD (51), and they have different interactions with MDGAs
(24), which are also important in ASD (39). Considering their
importance, many studies have been performed to decipher the
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structural basis of NLGN2 and NLGN3, including the apo form
of mouse NLGN2 (52) and mouse NLGN3 (53) and the complex
of human NLGN2 and MDGA1 (40). However, the apo form of
human NLGN2 and NLGN3 has not been determined yet. This
study aims to solve their structures using cryo-EM and compare
their differences to deepen our understanding of their distinct
roles in the development of ASD.

The extracellular domain of human NLGN2 full-length
human NLGN3 was expressed in HEK293F cells and purified
by nickel-affinity chromatography. The gel filtration
chromatography results showed that the elution volume of
these two NLGN proteins was similar (15.5 ml for NLGN2
and 15.1 ml for NLGN3). Both NLGN2 and NLGN3 were eluted
as one peak to near homogeneity, which was further
demonstrated by SDS-PAGE analysis (Figures 2A, 3A). They
could form a homodimer in solution, and the peak fraction was
subjected to cryo-EM sample preparation. These structures were
solved with resolutions of 3.5 and 3.9 A (Figures 2B, 3B,
Supplementary Figures 1, 2 and Supplementary Table 1).

Overall structures of NLGN2 and NLGN3

The NLGN structures were highly conserved in both human
NLGN2 and human NLGN3 dimer forms as two symmetrical
elliptical spheres, and the interface comprises a four-helix
bundle including two helices from each protomer (Figures 2B-
E, 3B-E). For NLGN2 protomer, it contains an ¢/ hydrolase
fold, a 13-stranded central curved B-sheet surrounded by 22 o-
helices (Figure 2C, Supplementary Figure 3A). The interface area
between NLGN2 dimer is about 744 A2, which consisted of
interacting residues (E429, H607, M434, F433, A599, Q592,
L604, A439, W438, and Q596), among which E429 and H607
form salt bridges, and other residues mainly contribute
hydrophobic interactions (Supplementary Figure 3B).

Although the NLGN3 was used at full length, the size-
exclusion chromatography and SDS-PAGE analysis showed
that the molecular weight of NLGN3 was similar to NLGN2
ectodomain (Figure 3A), with NLGN3 slightly earlier than
NLGN2. There are two possibilities: one was that the full
length of NLGN3 was degraded, and the other was that the C-
terminal of NLGN3 was very flexible and hard to see. As the C-
terminal flag tag was used for purification and NLGN3 can be
purified successfully, it is possible that the C-terminal of NLGN3
was too flexible to be seen in our case. For modeled human
NLGN3 dimer, the protomer consists of an o/f3 hydrolase fold, a
14-stranded central curved B-sheet surrounded by 25 o-helices
(Figure 3C, Supplementary Figure 4A). The interface area is
about 789 A2, contributed by interface residues including H615,
T619, F623, L627, W461, A462, F456, and A622
(Supplementary Figure 4B).
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FIGURE 1

Comparison of NLGN2 and NLGN3 in expression levels and development stage. (A) Maternal diabetes induces expression increase of NLGN2 and
NLGN3 (*p < 0.05, n = 6) in mouse model. (B) The expression levels of NLGN2 and NLGN3 in mouse and human brains by single-cell sequencing.
Unit: fragments per kilobase of transcript per million mapped reads (FPKM). (C) The expression levels of NLGN2 and NLGN3 in different cells in the
mouse brain. (D) The expression levels of NLGN2 and NLGN3 in postal 7 and 32 days in cortex, hippocampus, and striatum of mice.

Structural comparison of human NLGN2
and NLGN3

Human NLGN2 and NLGN3 have distinct roles in synapse
development and plasticity (55), and the development of ASD as
well. To explore the potential mechanism and structural basis of
their differences, we compared the structures of NLGN2 and
NLGN3. The overall structure of NLGN2 and NLGN3
protomers is very similar, with root-mean-square deviation
(RMSD) of 1.518 A over 522 Co. atoms. However, when chain
A from NLGN2 and NLGN3 was superimposed, the orientation
of chain B from NLGN3 has a rotation relative to that from
NLGN2, indicating the distinct arrangement adopted by
different NLGNs (Figures 4A, B).

MDGAs have been reported as interacting partners of
NLGNs to regulate the recognition between NLGNs and
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NRXNs (29, 40). X-ray crystallography structural analysis of
numerous of MDGAs/neuroligin complexes provides a
structural basis for understanding the role of this complex in
synapses. These studies suggested that neither MDGA1 nor
MDGA2 can bind to NLGN2, but not NLGN1 or NLGN3.
However, there is no direct evidence to reveal the reasons for
this phenomenon, especially at the molecular level. A previous
study has determined the complex structure of human NLGN2
with human MDGAL1 Ig1-3 domain with PDB ID 5XEQ (40);
we thus also compare the NLGN2/NLGN3 structure with
5XEQ. The structural alignment shows that the relative
rotation of chain B may affect the interaction between
NLGN2 and MDGAL1 (Figure 4C). To further explore more
details, sequence alignment was performed using NLGNs from
different species (Supplementary Figure 5), and the identified
residues critical for human NLGN2-MDGA1 interactions were
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FIGURE 2

Overall structure of NLGN2. (A) Preparation of NLGN2. NLGN2 was expressed in HEK293f cells, purified via affinity chromatography and gel
filtration, and eluted at about 15.5 ml on Superose 6 column. Results of SDS-PAGE demonstrated that the purity of NLGN2 was suitable for
further analysis. (B) Cryo-EM map of NLGN2. NLGN2 forms homodimer in C2 symmetry. Two different views are shown. (C) Secondary
structure of NLGN2 analyzed using PDBsum (54). (D) Superimposing NLGN2 dimer model into the cryo-EM maps. (E) Model of NLGN2
homodimer. SDS-PAGE, sodium dodecyl sulfate—polyacrylamide gel electrophoresis; cryo-EM, cryogenic electron microscopy.

extracted and listed in Figure 4D. The result showed that
although some residues are identical across species (D362,
E372, and D415 from human NLGN2), there are some
different residues in the interface (F408 and 1117 from
human NLGN2; A113 is identical in NLGN2 and NLGN3
but not in NLGN1). The electrostatic potential distributions of
NLGN2 and NLGN3 were also calculated using APBS plugin in

PyMol (56) and shown in Figures 4E, F. The interacting
residues were mapped to the previously identified patches A-
C (40). The results intuitively showed a slight difference in
patch B, where F408 of NLGN2 was substituted by Y431 in
NLGN3. To summarize, the differences in interface residues
and distinct dimer arrangement may contribute to the different
roles of NLGN2 and NLGN3.

80:

60 kDa M NLGN3
250
150,

%0 100 " NLGN3
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20 50

FIGURE 3

Chain A ChainB

Overall structure of NLGN3. (A) Preparation of NLGN3. NLGN3 was expressed in HEK293f cells, purified via affinity chromatography and gel
filtration, and eluted at about 15.1 ml on Superose 6 column. Results of SDS-PAGE demonstrated that the purity of NLGN2 was suitable for
further analysis. (B) Cryo-EM map of NLGN3. NLGN3 forms homodimer in C2 symmetry. Two different views are shown. (C) Secondary
structure of NLGN2 analyzed using PDBsum (54). (D) Superimposing NLGN3 dimer model into the cryo-EM maps. (E) Model of NLGN3
homodimer. SDS-PAGE, sodium dodecyl sulfate—polyacrylamide gel electrophoresis; cryo-EM, cryogenic electron microscopy.

Frontiers in Endocrinology

frontiersin.org


https://doi.org/10.3389/fendo.2022.1067529
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Zhang et al. 10.3389/fendo.2022.1067529
A . :
Chain B of NLGN2 and NLGN3 Chain A of NLGN2 and NLGN3
\
B
Positionsin NLGN2 362 372 408 415 113 117
L Residues in NLGN2 D E F D A |
rotation Residues in NLGN3 D E Y D A \
Positionsin NLGN3 385 395 431 438 113 117
FIGURE 4

Comparison of NLGN2 and NLGN3 structures. (A) Structural alignment of NLGN2 and NLGN3 with chain A as reference. Chain B of NLGN2 and
NLGN3 has a rotation relative to each other. (B) Schematic diagram showing the relative rotation of chain B as shown in panel (A). (C) Structural
alignment of NLGN2, NLGN3, and NLGN2-MDGA1 complex (PDB ID: 5XEQ). (D) Key residues for human NLGN2-MDGAL interactions identified
and confirmed previously (40). Electrostatic potential distributions of NLGN2 (E) and NLGN3 (F) calculated using APBS Electrostatics plugin (56)
in PyMol (https://pymol.org/2/). Patches A—C critical for NLGN2-MDGAL interaction are shown in green circles (40). Key residues shown in

panel D were mapped and shown in yellow color. Unit of electrostatic potential is kT ™.

1

Discussion

Recent findings have studied the link between ASD to both type 1
and type 2 diabetes (57-59), while the results are complicated and
make it hard to draw a credible conclusion. The studies based on
Northern California ASD patients showed that there is a significantly
increased prevalence of diabetes in ASD patients (60). However,
studies based on Illinois, New York, and Texas ASD patients showed
reduced prevalence (61). Also, limited by the sample sizes,
researchers can only conclude that there may be an association
between gestational diabetes and ASD (59). However, a convincing
connection was built between maternal diabetes and ASD in a rat
model (9). In rats with diabetes, transient hyperglycemia induces
persistent reactive oxygen species (ROS) generation and oxidative
stress-mediated histone methylation, further suppressing SOD2
expression, which was the major cause of ASD in rat offspring (9).
Neuroligins, known as postsynaptic cell adhesion proteins, had been
shown for decades to be related to oxidative stress regulation (62).
Neuroligin-deficient animals are hypersensitive to oxidative stress
and have sensory processing deficits (62). In the hypothesis of Hunter
et al., neuroligins regulated ROS generation in neuronal and glial
cells, and mutants in neuroligins disrupted the redox homeostasis,
which might be a potential mechanism for neuroligin defect that
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induced ASD. This hypothesis was supported by a recent publication
that showed that lutein feeding restores neuroligin expression and
redox homeostasis, further rescuing neuroligin-mediated
neurodevelopmental defects (63). In our studies, the expression
levels of NLGN2 and NLGN3 were elevated in the maternal
diabetes-related streptozotocin-induced ASD mouse model, which
may be a response to the increased oxidative stress (9).

The development of ASD is closely related with neuron-
neuron communications (64). Synaptic adhesion molecules
mediate the communications between presynaptic and
postsynaptic neurons and play critical roles in synapse
development and plasticity (65). Among them, NLGNs and
NRXNs are two important interacting partners across the
synapse (19). Each of them has several members with different
distributions and splicing isoforms (66, 67). The combination of
NLGNs and NRXNs results in different affinities across the
synapse, which contributes to its plasticity regulation (19).
Moreover, other interacting partners such as MDGAs may
also be involved in the regulation of NLGN-NRXN
interactions. MDGAs may selectively interact with different
NLGNs and eventually regulate the differentiation of synapses
(39-41, 68). In this study, the cryo-EM structures of NLGN2 and
NLGN3 were determined using cryo-EM techniques. The
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structures of neuroligins are highly conserved. The extracellular
domain of NLGN2 is a cholinesterase-like domain, which might
be required for synapse-specific functions (52). Structural
comparisons show that two chains of their homodimers show
distinct orientations, although their protomers adopt a similar
assembly. The functional difference between NLGN2 and
NLGN3 indicated that their small structural differences may
cause a huge functional gap. Our results showed that the
differences in interface area and orientation are the small
structural differences between NLGN2 and NLGN3, which
possibly confer the ability of NLGN2 to determine inhibitory
synaptic transmission in neurons (23) and confer the ability of
NLGN3 to control AMPAR-mediated basal excitatory
transmission (69). Taken together with the previously reported
complex structure of NLGN2 and MDGAL1 (40), it is possible
that the different orientations of NLGNs may also affect their
interactions with MDGAs. This may provide one explanation for
why MGDAs selectively interact with different NLGNs (39,
41, 68).

Several disease-related mutations have been reported for
neuroligins, including R55G, V72X, K82Q, N236S, R451C, R471C,
P534S, R617W, T659N, L721F, and T812S in NLGN3
(Supplementary Figure 6A, retrieved from UniProt ID QINZ94).
Among them, R451C is a well-known mutation that is closely related
to the development of ASD (70) and has recently been found to
enhance the gain of function in excitatory synaptic transmission (71).
This residue locates in the central helix of NLGN3 (Supplementary
Figures 6A, B), and the mutation may affect the intracellular traffic
and membrane localization of NLGN3. Knock-in of NLGN3"**'¢
has also been developed as one of the ASD mouse models (72).
Sequence alignment shows that NLGN2 also has the corresponding
arginine residue at position 428 in a conserved region
(Supplementary Figures 5, 6C). Structural superimposition
demonstrates that R451 from NLGN3 and R428 from NLGN2
adopt similar conformations (Supplementary Figure 6B).
Interestingly, only R451C from NLGN3 was reported to be related
to ASD, but not R428 from NLGN2. This might be because of the
subtle differences between NLGN2 and NLGN3, which still need
further exploration.
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SUPPLEMENTARY FIGURE 1

Workflow of structural determination for NLGN2. Data of NLGN2 were
collected using Titan krios. Raw micrographs were subjected to beam-
induced motion collection and contrast transfer function (CTF)
estimation. NLGN2 particles were then boxed, extracted and subjected
to 2D classification, initial model building and 3D classification. Good
classes were then used for final map reconstruction. The overall
resolution of NLGN2 was determined to be 3.5 A according to Fourier
Shell Correlation (FSC) with 0.143 criteria.

SUPPLEMENTARY FIGURE 2

Workflow of structural determination for NLGN3. Data of NLGN3 were
collected using Titan krios. Raw micrographs were subjected to beam-
induced motion collection and contrast transfer function (CTF)
estimation. NLGN3 particles were then boxed, extracted and subjected
to 2D classification, initial model building and 3D classification. Good
classes were then used for final map reconstruction. The overall

References

1. Rice CE, Rosanoff M, Dawson G, Durkin MS, Croen LA, Singer A, et al.
Evaluating changes in the prevalence of the autism spectrum disorders (ASDs).
Public Health Rev (2012) 34:1-22. doi: 10.1007/BF03391685

2. Xiao Z, Qiu T, Ke X, Xiao X, Xiao T, Liang F, et al. Autism spectrum disorder
as early neurodevelopmental disorder: Evidence from the brain imaging
abnormalities in 2-3 years old toddlers. ] Autism Dev Disord (2014) 44:1633-40.
doi: 10.1007/s10803-014-2033-x

3. Maenner M]J, Shaw KA, Bakian AV, Bilder DA, Durkin MS, Esler A, et al.
Prevalence and characteristics of autism spectrum disorder among children aged 8
years - autism and developmental disabilities monitoring network, 11 sites, United
States 2018. MMWR Surveill Summ (2021) 70:1-16. doi: 10.15585/mmwr.ss7011al

4. Ha'S, Sohn IJ, Kim N, Sim HJ, Cheon KA. Characteristics of brains in autism
spectrum disorder: Structure, function and connectivity across the lifespan. Exp
Neurobiol (2015) 24:273-84. doi: 10.5607/en.2015.24.4.273

5. Nakanishi M, Anderson MP, Takumi T. Recent genetic and functional
insights in autism spectrum disorder. Curr Opin Neurol (2019) 32:627-34. doi:
10.1097/WC0.0000000000000718

6. Zou'Y, Lu Q, Zheng D, Chu Z, Liu Z, Chen H, et al. Prenatal levonorgestrel
exposure induces autism-like behavior in offspring through ERbeta suppression in
the amygdala. Mol Autism (2017) 8:46. doi: 10.1186/s13229-017-0159-3

7. LiL, Li M, Lu ], Ge X, Xie W, Wang Z, et al. Prenatal progestin exposure is
associated with autism spectrum disorders. Front Psychiatry (2018) 9:611. doi:
10.3389/fpsyt.2018.00611

8. Xie W, Ge X, Li L, Yao A, Wang X, Li M, et al. Resveratrol ameliorates
prenatal progestin exposure-induced autism-like behavior through ERbeta
activation. Mol Autism (2018) 9:43. doi: 10.1186/s13229-018-0225-5

Frontiers in Endocrinology

09

10.3389/fendo.2022.1067529

resolution of NLGN3 was determined to be 3.9 A according to Fourier
Shell Correlation (FSC) with 0.143 criteria.

SUPPLEMENTARY FIGURE 3

Structural analysis of NLGN2. (A) Wiring diagram to show secondary
structure of NLGN2. (B) Identified residues in the protomer-protomer
interface import for NLGN2 dimerization. Figures were prepared in
PDBsum (54).

SUPPLEMENTARY FIGURE 4

Structural analysis of NLGN3. (A) Wiring diagram to show secondary
structure of NLGN3. (B) Identified residues in the protomer-protomer
interface import for NLGN3 dimerization. Figures were prepared in
PDBsum (54).

SUPPLEMENTARY FIGURE 5

Sequence alignment of NLGNs. Amino acid sequences of different NLGNs
(NLGN1, NLGN2 and NLGN3) from different species (human, mouse and
rat) were extracted from Uniprot (https://www.uniprot.org/) and
subjected to multiple sequence alignment using Clustal Omega (73).
The alignment file and NLGN2 structure were further used as input of
ESPript webserver (74) to map the secondary structure.

SUPPLEMENTARY FIGURE 6

Disease-related mutations of NLGNs. (A) Mapping of the mutation sites in
NLGN3 cryo-EM structures. Those sites include R55, V72, K82, N236,
R451, R471, P534 and R617 from NLGN3. (B) Structural superimposition of
R428 from NLGN2 and R451 from NLGN3. (C) Sequence alignment of
human NLGN2 and human NLGN3 in the conserved arginine site regions
(R428 of NLGN2 and R451 of NLGN3).

SUPPLEMENTARY TABLE 1
Summary of Cryo-EM data collection, data processing, and
structure refinement.

SUPPLEMENTARY TABLE 2
Primers used in real-time quantitative PCR

9. Wang X, Lu J, Xie W, Lu X, Liang Y, Li M, et al. Maternal diabetes induces
autism-like behavior by hyperglycemia-mediated persistent oxidative stress and
suppression of superoxide dismutase 2. Proc Natl Acad Sci USA (2019) 116:23743—
52. doi: 10.1073/pnas.1912625116

10. Lu J, Xiao M, Guo X, Liang Y, Wang M, Xu J, et al. Maternal diabetes
induces immune dysfunction in autistic offspring through oxidative stress in
hematopoietic stem cells. Front Psychiatry (2020) 11:576367. doi: 10.3389/
fpsyt.2020.576367

11. Xiang D, Lu J, Wei C, Cai X, Wang Y, Liang Y, et al. Berberine ameliorates
prenatal dihydrotestosterone exposure-induced autism-like behavior by
suppression of androgen receptor. Front Cell Neurosci (2020) 14:87. doi:
10.3389/fncel.2020.00087

12. Liang Y, Yu H, Ke X, Eyles D, Sun R, Wang Z, et al. Vitamin d deficiency
worsens maternal diabetes induced neurodevelopmental disorder by potentiating
hyperglycemia-mediated epigenetic changes. Ann N'Y Acad Sci (2021) 1491:74-88.
doi: 10.1111/nyas.14535

13. Liu J, Liang Y, Jiang X, Xu J, Sun Y, Wang Z, et al. Maternal diabetes-
induced suppression of oxytocin receptor contributes to social deficits in offspring.
Front Neurosci (2021) 15:634781. doi: 10.3389/fnins.2021.634781

14. Hertz-Picciotto I, Croen LA, Hansen R, Jones CR, Van De Water J, Pessah
IN. The CHARGE study: An epidemiologic investigation of genetic and
environmental factors contributing to autism. Environ Health Perspect (2006)
114:1119-25. doi: 10.1289/ehp.8483

15. Bai D, Yip BHK, Windham GC, Sourander A, Francis R, Yoffe R, et al.
Association of genetic and environmental factors with autism in a 5-country
cohort. JAMA Psychiatry (2019) 76:1035-43. doi: 10.1001/
jamapsychiatry.2019.1411

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fendo.2022.1067529/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fendo.2022.1067529/full#supplementary-material
https://www.uniprot.org/
https://doi.org/10.1007/BF03391685
https://doi.org/10.1007/s10803-014-2033-x
https://doi.org/10.15585/mmwr.ss7011a1
https://doi.org/10.5607/en.2015.24.4.273
https://doi.org/10.1097/WCO.0000000000000718
https://doi.org/10.1186/s13229-017-0159-3
https://doi.org/10.3389/fpsyt.2018.00611
https://doi.org/10.1186/s13229-018-0225-5
https://doi.org/10.1073/pnas.1912625116
https://doi.org/10.3389/fpsyt.2020.576367
https://doi.org/10.3389/fpsyt.2020.576367
https://doi.org/10.3389/fncel.2020.00087
https://doi.org/10.1111/nyas.14535
https://doi.org/10.3389/fnins.2021.634781
https://doi.org/10.1289/ehp.8483
https://doi.org/10.1001/jamapsychiatry.2019.1411
https://doi.org/10.1001/jamapsychiatry.2019.1411
https://doi.org/10.3389/fendo.2022.1067529
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Zhang et al.

16. Monteiro P, Feng G. SHANK proteins: roles at the synapse and in autism
spectrum disorder. Nat Rev Neurosci (2017) 18:147-57. doi: 10.1038/nrn.2016.183

17. Trobiani L, Meringolo M, Diamanti T, Bourne Y, Marchot P, Martella G,
et al. The neuroligins and the synaptic pathway in autism spectrum disorder.
Neurosci Biobehav Rev (2020) 119:37-51. doi: 10.1016/j.neubiorev.2020.09.017

18. Tromp A, Mowry B, Giacomotto J. Neurexins in autism and schizophrenia-
a review of patient mutations, mouse models and potential future directions. Mol
Psychiatry (2021) 26:747-60. doi: 10.1038/s41380-020-00944-8

19. Sudhof TC. Neuroligins and neurexins link synaptic function to cognitive
disease. Nature (2008) 455:903-11. doi: 10.1038/nature07456

20. Ylisaukko-Oja T, Rehnstrom K, Auranen M, Vanhala R, Alen R, Kempas E,
et al. Analysis of four neuroligin genes as candidates for autism. Eur ] Hum Genet
(2005) 13:1285-92. doi: 10.1038/sj.ejhg.5201474

21. Xu JY, Xia QQ, Xia J. A review on the current neuroligin mouse models.
Sheng Li Xue Bao (2012) 64:550-62.

22. Song JY, Ichtchenko K, Sudhof TC, Brose N. Neuroligin 1 is a postsynaptic
cell-adhesion molecule of excitatory synapses. Proc Natl Acad Sci USA (1999)
96:1100-5. doi: 10.1073/pnas.96.3.1100

23. Ali H, Marth L, Krueger-Burg D. Neuroligin-2 as a central organizer of
inhibitory synapses in health and disease. Sci Signal (2020) 13:1-13. doi: 10.1126/
scisignal.abd8379

24. Uchigashima M, Cheung A, Futai K. Neuroligin-3: A circuit-specific
synapse organizer that shapes normal function and autism spectrum disorder-
associated dysfunction. Front Mol Neurosci (2021) 14:749164. doi: 10.3389/
famol.2021.749164

25. Hoon M, Soykan T, Falkenburger B, Hammer M, Patrizi A, Schmidt KF,
et al. Neuroligin-4 is localized to glycinergic postsynapses and regulates inhibition
in the retina. Proc Natl Acad Sci USA (2011) 108:3053-8. doi: 10.1073/
pnas.1006946108

26. Fabrichny IP, Leone P, Sulzenbacher G, Comoletti D, Miller MT, Taylor P,
et al. Structural analysis of the synaptic protein neuroligin and its beta-neurexin
complex: Determinants for folding and cell adhesion. Neuron (2007) 56:979-91.
doi: 10.1016/j.neuron.2007.11.013

27. Ichtchenko K, Nguyen T, Sudhof TC. Structures, alternative splicing, and
neurexin binding of multiple neuroligins. J Biol Chem (1996) 271:2676-82. doi:
10.1074/jbc.271.5.2676

28. Elegheert J, Cvetkovska V, Clayton AJ, Heroven C, Vennekens KM,
Smukowski SN, et al. Structural mechanism for modulation of synaptic
neuroligin-neurexin signaling by MDGA proteins. Neuron (2017) 96:242-4. doi:
10.1016/j.neuron.2017.09.011

29. Gangwar SP, Zhong X, Seshadrinathan S, Chen H, Machius M, Rudenko G.
Molecular mechanism of MDGA1: Regulation of neuroligin 2:Neurexin trans-
synaptic bridges. Neuron (2017) 94:1132-1141.e1134. doi: 10.1016/
j-neuron.2017.06.009

30. Elegheert J, Cvetkovska V, Clayton AJ, Heroven C, Vennekens KM,
Smukowski SN, et al. Structural mechanism for modulation of synaptic
neuroligin-neurexin signaling by MDGA proteins. Neuron (2021) 109:189-90.
doi: 10.1016/j.neuron.2020.12.006

31. Tanaka H, Miyazaki N, Matoba K, Nogi T, Iwasaki K, Takagi J. Higher-
order architecture of cell adhesion mediated by polymorphic synaptic adhesion
molecules neurexin and neuroligin. Cell Rep (2012) 2:101-10. doi: 10.1016/
j.celrep.2012.06.009

32. Rylaarsdam L, Guemez-Gamboa A. Genetic causes and modifiers of autism
spectrum disorder. Front Cell Neurosci (2019) 13:385. doi: 10.3389/
fncel.2019.00385

33. Etherton M, Foldy C, Sharma M, Tabuchi K, Liu X, Shamloo M, et al.
Autism-linked neuroligin-3 R451C mutation differentially alters hippocampal and
cortical synaptic function. Proc Natl Acad Sci USA (2011) 108:13764-9. doi:
10.1073/pnas.1111093108

34. Chadman KK, Gong S, Scattoni ML, Boltuck SE, Gandhy SU, Heintz N, et al.
Minimal aberrant behavioral phenotypes of neuroligin-3 R451C knockin mice.
Autism Res (2008) 1:147-58. doi: 10.1002/aur.22

35. Lepeta K, Lourenco MV, Schweitzer BC, Martino Adami PV, Banerjee P,
Catuara-Solarz S, et al. Synaptopathies: Synaptic dysfunction in neurological
disorders - a review from students to students. ] Neurochem (2016) 138:785-805.
doi: 10.1111/jnc.13713

36. Connor SA, Ammendrup-Johnsen I, Kishimoto Y, Karimi Tari P,
Cvetkovska V, Harada T, et al. Loss of synapse repressor MDGAI1 enhances
perisomatic inhibition, confers resistance to network excitation, and impairs
cognitive function. Cell Rep (2017) 21:3637-45. doi: 10.1016/j.celrep.2017.11.109

37. Fertan E, Wong AA, Purdon MK, Weaver ICG, Brown RE. The effect of
background strain on the behavioral phenotypes of the MDGA2+/- mouse model
of autism spectrum disorder. Genes Brain Behav (2021) 20:. doi: 10.1111/gbb.12696

Frontiers in Endocrinology

10

10.3389/fendo.2022.1067529

38. Arac D, Boucard AA, Ozkan E, Strop P, Newell E, Sudhof TC, et al.
Structures of neuroligin-1 and the neuroligin-1/neurexin-1 beta complex reveal
specific protein-protein and protein-Ca2+ interactions. Neuron (2007) 56:992—
1003. doi: 10.1016/j.neuron.2007.12.002

39. Pettem KL, Yokomaku D, Takahashi H, Ge Y, Craig AM. Interaction
between autism-linked MDGAs and neuroligins suppresses inhibitory synapse
development. J Cell Biol (2013) 200:321-36. doi: 10.1083/jcb.201206028

40. Kim JA, Kim D, Won SY, Han KA, Park D, Cho E, et al. Structural insights
into modulation of neurexin-neuroligin trans-synaptic adhesion by MDGA1/
Neuroligin-2 complex. Neuron (2017) 94:1121-113.e1126. doi: 10.1016/
jneuron.2017.05.034

41. Connor SA, Ammendrup-Johnsen I, Chan AW, Kishimoto Y,
Murayama C, Kurihara N, et al. Altered cortical dynamics and cognitive
function upon haploinsufficiency of the autism-linked excitatory
synaptic suppressor MDGA2. Neuron (2016) 91:1052-68. doi: 10.1016/
j.neuron.2016.08.016

42. Tegunov D, Cramer P. Real-time cryo—electron microscopy data
preprocessing with warp. Nat Methods (2019) 16:1146-52. doi: 10.1038/s41592-
019-0580-y

43. Punjani A, Rubinstein JL, Fleet DJ, Brubaker MA. cryoSPARC: algorithms
for rapid unsupervised cryo-EM structure determination. Nat Methods (2017)
14:290-6. doi: 10.1038/nmeth.4169

44. Emsley P, Lohkamp B, Scott WG, Cowtan K. Features and development of
coot. Acta Crystallogr D Biol Crystallogr (2010) 66:486-501. doi: 10.1107/
$0907444910007493

45. Croll TL. ISOLDE: A physically realistic environment for model building
into low-resolution electron-density maps. Acta Crystallogr D Struct Biol (2018)
74:519-30. doi: 10.1107/52059798318002425

46. Liebschner D, Afonine PV, Baker ML, Bunkoczi G, Chen VB, Croll T1, et al.
Macromolecular structure determination using X-rays, neutrons and electrons:
Recent developments in phenix. Acta Crystallogr D Struct Biol (2019) 75:861-77.
doi: 10.1107/52059798319011471

47. Ramirez-Aportela E, Vilas JL, Glukhova A, Melero R, Conesa P, Martinez
M, et al. Automatic local resolution-based sharpening of cryo-EM maps.
Bioinformatics (2020) 36:765-72. doi: 10.1093/bioinformatics/btz671

48. Zhang Y, Chen K, Sloan SA, Bennett ML, Scholze AR, O'keeffe S, et al. An
RNA-sequencing transcriptome and splicing database of glia, neurons, and
vascular cells of the cerebral cortex. ] Neurosci (2014) 34:11929-47. doi: 10.1523/
JNEUROSCI.1860-14.2014

49. Zhang Y, Sloan SA, Clarke LE, Caneda C, Plaza CA, Blumenthal PD, et al.
Purification and characterization of progenitor and mature human astrocytes
reveals transcriptional and functional differences with mouse. Neuron (2016)
89:37-53. doi: 10.1016/j.neuron.2015.11.013

50. Clarke LE, Liddelow SA, Chakraborty C, Munch AE, Heiman M, Barres BA.
Normal aging induces Al-like astrocyte reactivity. Proc Natl Acad Sci USA (2018)
115:E1896-905. doi: 10.1073/pnas.1800165115

51. Parente DJ, Garriga C, Baskin B, Douglas G, Cho MT, Araujo GC, et al.
Neuroligin 2 nonsense variant associated with anxiety, autism, intellectual
disability, hyperphagia, and obesity. Am ] Med Genet A (2017) 173:213-6. doi:
10.1002/ajmg.a.37977

52. Koehnke J, Jin X, Budreck EC, Posy S, Scheiffele P, Honig B, et al. Crystal
structure of the extracellular cholinesterase-like domain from neuroligin-2. Proc
Natl Acad Sci USA (2008) 105:1873-8. doi: 10.1073/pnas.0711701105

53. Yoshida T, Yamagata A, Imai A, Kim J, Izumi H, Nakashima S, et al.
Canonical versus non-canonical transsynaptic signaling of neuroligin 3 tunes
development of sociality in mice. Nat Commun (2021) 12:1848. doi: 10.1038/
541467-021-22059-6

54. Laskowski RA. PDBsum: summaries and analyses of PDB structures. Nucleic
Acids Res (2001) 29:221-2. doi: 10.1093/nar/29.1.221

55. Chmielewska JJ, Kuzniewska B, Milek ], Urbanska K, Dziembowska M.
Neuroligin 1, 2, and 3 regulation at the synapse: FMRP-dependent translation and
activity-induced proteolytic cleavage. Mol Neurobiol (2019) 56:2741-59. doi:
10.1007/s12035-018-1243-1

56. Jurrus E, Engel D, Star K, Monson K, Brandi J, Felberg LE, et al.
Improvements to the APBS biomolecular solvation software suite. Protein Sci
(2018) 27:112-28. doi: 10.1002/pro.3280

57. Bethin KE, Kanapka LG, Laftel LM, Majidi S, Chaytor NS, Macleish S, et al.
Autism spectrum disorder in children with type 1 diabetes. Diabetes Med (2019)
36:1282-6. doi: 10.1111/dme.14069

58. Tromans S, Yao G, Alexander R, Mukaetova-Ladinska E, Kiani R, Al-Uzri
M, et al. The prevalence of diabetes in autistic persons: A systematic review. Clin
Pract Epidemiol Ment Health (2020) 16:212-25. doi: 10.2174/
1745017902016010212

frontiersin.org


https://doi.org/10.1038/nrn.2016.183
https://doi.org/10.1016/j.neubiorev.2020.09.017
https://doi.org/10.1038/s41380-020-00944-8
https://doi.org/10.1038/nature07456
https://doi.org/10.1038/sj.ejhg.5201474
https://doi.org/10.1073/pnas.96.3.1100
https://doi.org/10.1126/scisignal.abd8379
https://doi.org/10.1126/scisignal.abd8379
https://doi.org/10.3389/fnmol.2021.749164
https://doi.org/10.3389/fnmol.2021.749164
https://doi.org/10.1073/pnas.1006946108
https://doi.org/10.1073/pnas.1006946108
https://doi.org/10.1016/j.neuron.2007.11.013
https://doi.org/10.1074/jbc.271.5.2676
https://doi.org/10.1016/j.neuron.2017.09.011
https://doi.org/10.1016/j.neuron.2017.06.009
https://doi.org/10.1016/j.neuron.2017.06.009
https://doi.org/10.1016/j.neuron.2020.12.006
https://doi.org/10.1016/j.celrep.2012.06.009
https://doi.org/10.1016/j.celrep.2012.06.009
https://doi.org/10.3389/fncel.2019.00385
https://doi.org/10.3389/fncel.2019.00385
https://doi.org/10.1073/pnas.1111093108
https://doi.org/10.1002/aur.22
https://doi.org/10.1111/jnc.13713
https://doi.org/10.1016/j.celrep.2017.11.109
https://doi.org/10.1111/gbb.12696
https://doi.org/10.1016/j.neuron.2007.12.002
https://doi.org/10.1083/jcb.201206028
https://doi.org/10.1016/j.neuron.2017.05.034
https://doi.org/10.1016/j.neuron.2017.05.034
https://doi.org/10.1016/j.neuron.2016.08.016
https://doi.org/10.1016/j.neuron.2016.08.016
https://doi.org/10.1038/s41592-019-0580-y
https://doi.org/10.1038/s41592-019-0580-y
https://doi.org/10.1038/nmeth.4169
https://doi.org/10.1107/S0907444910007493
https://doi.org/10.1107/S0907444910007493
https://doi.org/10.1107/S2059798318002425
https://doi.org/10.1107/S2059798319011471
https://doi.org/10.1093/bioinformatics/btz671
https://doi.org/10.1523/JNEUROSCI.1860-14.2014
https://doi.org/10.1523/JNEUROSCI.1860-14.2014
https://doi.org/10.1016/j.neuron.2015.11.013
https://doi.org/10.1073/pnas.1800165115
https://doi.org/10.1002/ajmg.a.37977
https://doi.org/10.1073/pnas.0711701105
https://doi.org/10.1038/s41467-021-22059-6
https://doi.org/10.1038/s41467-021-22059-6
https://doi.org/10.1093/nar/29.1.221
https://doi.org/10.1007/s12035-018-1243-1
https://doi.org/10.1002/pro.3280
https://doi.org/10.1111/dme.14069
https://doi.org/10.2174/1745017902016010212
https://doi.org/10.2174/1745017902016010212
https://doi.org/10.3389/fendo.2022.1067529
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Zhang et al.

59. Rowland J, Wilson CA. The association between gestational diabetes and
ASD and ADHD: A systematic review and meta-analysis. Sci Rep (2021) 11:5136.
doi: 10.1038/s41598-021-84573-3

60. Croen LA, Zerbo O, Qian Y, Massolo ML, Rich S, Sidney S, et al. The health
status of adults on the autism spectrum. Autism (2015) 19:814-23. doi: 10.1177/
1362361315577517

61. Vohra R, Madhavan S, Sambamoorthi U. Comorbidity prevalence,
healthcare utilization, and expenditures of Medicaid enrolled adults with autism
spectrum disorders. Autism (2017) 21:995-1009. doi: 10.1177/1362361316665222

62. Hunter JW, Mullen GP, Mcmanus JR, Heatherly JM, Duke A, Rand JB.
Neuroligin-deficient mutants of c. elegans have sensory processing deficits and are
hypersensitive to oxidative stress and mercury toxicity. Dis Model Mech (2010)
3:366-76. doi: 10.1242/dmm.003442

63. Maglioni S, Schiavi A, Melcher M, Brinkmann V, Luo Z, Laromaine A, et al.
Neuroligin-mediated neurodevelopmental defects are induced by mitochondrial
dysfunction and prevented by lutein in c. elegans. Nat Commun (2022) 13:2620.
doi: 10.1038/s41467-022-29972-4

64. Astorkia M, Lachman HM, Zheng D. Characterization of cell-cell
communication in autistic brains with single-cell transcriptomes. J Neurodev
Disord (2022) 14:29. doi: 10.1186/s11689-022-09441-1

65. Yamagata M, Sanes JR, Weiner JA. Synaptic adhesion molecules. Curr Opin
Cell Biol (2003) 15:621-32. doi: 10.1016/S0955-0674(03)00107-8

66. Sudhof TC. Synaptic neurexin complexes: A molecular code for the logic of
neural circuits. Cell (2017) 171:745-69. doi: 10.1016/j.cell.2017.10.024

67. Marchese E, Valentini M, Di Sante G, Cesari E, Adinolfi A, Corvino V, et al.
Alternative splicing of neurexins 1-3 is modulated by neuroinflammation in the

Frontiers in Endocrinology

11

10.3389/fendo.2022.1067529

prefrontal cortex of a murine model of multiple sclerosis. Exp Neurol (2021)
335:113497. doi: 10.1016/j.expneurol.2020.113497

68. Lee K, Kim Y, Lee SJ, Qiang Y, Lee D, Lee HW, et al. MDGAs interact
selectively with neuroligin-2 but not other neuroligins to regulate inhibitory
synapse development. Proc Natl Acad Sci USA (2013) 110:336-41. doi: 10.1073/
pnas.1219987110

69. Han Y, Cao R, Qin L, Chen LY, Tang AH, Sudhof TC, et al. Neuroligin-3
confines AMPA receptors into nanoclusters, thereby controlling synaptic strength
at the calyx of held synapses. Sci Adv (2022) 8:eabo4173. doi: 10.1126/
sciadv.abo4173

70. Tabuchi K, Blundell ], Etherton MR, Hammer RE, Liu X, Powell CM, et al. A
neuroligin-3 mutation implicated in autism increases inhibitory synaptic
transmission in mice. Science (2007) 318:71-6. doi: 10.1126/science.1146221

71. Wang L, Mirabella VR, Dai R, Su X, Xu R, Jadali A, et al. Analyses of the
autism-associated neuroligin-3 R451C mutation in human neurons reveal a gain-
of-function synaptic mechanism. Mol Psychiatry (2022). doi: 10.1038/s41380-022-
01834-x

72. Cao W, Lin S, Xia QQ, Du YL, Yang Q, Zhang MY, et al. Gamma oscillation
dysfunction in mPFC leads to social deficits in neuroligin 3 R451C knockin mice.
Neuron (2018) 97:1253-1260.e1257. doi: 10.1016/j.neuron.2018.02.001

73. Madeira F, Pearce M, Tivey ARN, Basutkar P, Lee J, Edbali O, et al. Search
and sequence analysis tools services from EMBL-EBI in 2022. Nucleic Acids Res
(2022) 73: 50(W1):W276-W279. doi: 10.1093/nar/gkac240

74. Robert X, Gouet P. Deciphering key features in protein structures with the
new ENDscript server. Nucleic Acids Res (2014) 42:W320-324. doi: 10.1093/nar/
gku316

frontiersin.org


https://doi.org/10.1038/s41598-021-84573-3
https://doi.org/10.1177/1362361315577517
https://doi.org/10.1177/1362361315577517
https://doi.org/10.1177/1362361316665222
https://doi.org/10.1242/dmm.003442
https://doi.org/10.1038/s41467-022-29972-4
https://doi.org/10.1186/s11689-022-09441-1
https://doi.org/10.1016/S0955-0674(03)00107-8
https://doi.org/10.1016/j.cell.2017.10.024
https://doi.org/10.1016/j.expneurol.2020.113497
https://doi.org/10.1073/pnas.1219987110
https://doi.org/10.1073/pnas.1219987110
https://doi.org/10.1126/sciadv.abo4173
https://doi.org/10.1126/sciadv.abo4173
https://doi.org/10.1126/science.1146221
https://doi.org/10.1038/s41380-022-01834-x
https://doi.org/10.1038/s41380-022-01834-x
https://doi.org/10.1016/j.neuron.2018.02.001
https://doi.org/10.1093/nar/gkac240
https://doi.org/10.1093/nar/gku316
https://doi.org/10.1093/nar/gku316
https://doi.org/10.3389/fendo.2022.1067529
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

	Expression and structural analysis of human neuroligin 2 and neuroligin 3 implicated in autism spectrum disorders
	Introduction
	Materials and methods
	Gene cloning, protein expression, and purification
	Cryogenic electron microscopy sample preparation and data collection
	Cryogenic electron microscopy data processing
	Generation of diabetic offspring
	Analysis of mRNA levels by real-time quantitative PCR
	Quantification and statistical analyses

	Results and discussion
	Characteristics of NLGN2 and NLGN3 in maternal diabetes-mediated autism spectrum disorder mouse model and different brain regions
	Determination of cryogenic electron microscopy structures of human NLGN2 and NLGN3
	Overall structures of NLGN2 and NLGN3
	Structural comparison of human NLGN2 and NLGN3

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


