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Abstract

Proteins of the α/β-hydrolase fold family share a common structural fold, but perform a diverse set 

of functions. We have been studying natural mutations occurring in association with congenital 

disorders in the α/β-hydrolase fold domain of neuroligin (NLGN), butyrylcholinesterase (BChE), 

acetylcholinesterase (AChE). Starting from the autism-related R451C mutation in the α/β-

hydrolase fold domain of NLGN3, we had previously shown that the Arg to Cys substitution is 

responsible for endoplasmic reticulum (ER) retention of the mutant protein and that a similar 

trafficking defect is observed when the mutation is inserted at the homologous positions in AChE 

and BChE. Herein we show further characterization of the R451C mutation in NLGN3 when 

expressed in HEK-293, and by protease digestion sensitivity, we reveal that the phenotype results 

from protein misfolding. However, the presence of an extra Cys doesn’t interfere with the 

formation of disulfide bonds as shown by reaction with PEG-maleimide and estimation of the 

molecular mass changes. These findings highlight the role of proper protein folding in protein 

processing and localization.
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INTRODUCTION

The α/β-hydrolase fold superfamily comprises a group of proteins with a common structural 

motif referred to as the α/β-hydrolase fold domain, or the cholinesterase homologous (or 

like) domain. Although all the members of the family share common structural features, they 

show great diversity in protein function. The cholinesterase subfamily presents catalytic 

hydrolytic functions, thyroglobulin is involved in precursor secretion and thyroid hormone 

production and the neuroligins (NLGNs) are heterophilic cell adhesion proteins. Other non-
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enzymatic adhesion proteins of the α/β-hydrolase fold superfamily include: glutactin, 

neurotactin, gliotactin [1] [2]. The NLGNs (1 to 4) are a family of multi-domain post-

synaptic proteins involved in extracellular heterophilic adhesion interactions within the 

synapse [3]. Their function is critical for formation and maintenance of synaptic selectivity 

and function through the association with the pre-synaptic partner proteins, the neurexins (1 

to 3) (NRXNs). NLGN-NRXN trans-synaptic association is essential for maturation and 

function of inhibitory and excitatory synapses [4]. The α/β-hydrolase domain of the NLGNs 

is involved in the heterophilic interaction with the NRXNs, therefore the structural 

organization of this domain is crucial for the recognition properties of the family members. 

Structural homology of the NLGN extracellular domain with other proteins in the α/β-

hydrolase fold superfamily, such as the cholinesterases and thyroglobulin, suggests possible 

common mechanisms of protein folding. We have been interested in disease-related 

mutations naturally occurring in the α/β-hydrolase fold domain. In the case of the NLGNs, 

genetic alterations (point mutations, exon deletions, and premature truncations) have been 

reported in the genes encoding for NLGN3 and NLGN4 in patients with autism spectrum 

disorders (ASD) [5]. Interestingly, mutations affecting members of the NRXNs protein 

families have also been associated with ASD, indicating that improper localization and 

function of both partnering proteins at the synapse may contribute to an imbalance in the 

excitatory/inhibitory networks, leading to impaired neuronal signalling [6].

We have characterized a mutation found in NLGN3 in select cases of autism [7] as well as in 

BChE, in cases of post-succinylcholine apnea [8]. We found that the R451C mutation in 

NLGN3, when introduced in AChE and BChE, causes comparable protein trafficking 

impairments with the mutant protein arrested in the ER. Despite severe intracellular 

retention, R395C AChE was still active, although its catalytic properties were altered [9]. In 

order to study mutations mapping in the α/β-hydrolase fold domain of NLGN, BChE, and 

AChE, we propose an approach employing NLGN3 as a prototype protein to study if the ER 

retention of R451C NLGN3 is a consequence of a protein folding defect and if the mutation 

is responsible for altered processing and trafficking of NLGN3 (figure2).

EXPERIMENTAL METHODS

Proteolytic Digests

Full length flag-tagged NLGN3 proteins from HEK293 cells stably transfected with wild 

type or mutant constructs were immunoprecipitated with the anti-FLAG M2 monoclonal 

antibody (Sigma, St. Louis, MO) and treated with trypsin (10,000 units/mg protein, Sigma-

Aldrich, St. Louis, MO, USA cat. No. T6567) in 50mM Tris HCl, pH 7.4. Immunopure 

immobilized protein G (Thermo Fisher Scientific, Inc, Rockford, Il, USA) containing the 

immunoprecipitated NLGN protein was incubated at room temperature for 5 minutes with 

the indicated increasing trypsin concentrations (from 0 to 10μg/ml). The reaction was 

stopped by heating the samples at 90°C after the addition of an equal volume of 2-fold 

concentrated SDS-PAGE loading buffer (100 mM Tris-HCl, pH 6.8, 4% SDS, 2% β-

mercaptoethanol, 0.2% bromophenol blue and 20% glycerol). Protein degradation was 

analyzed by SDS-PAGE and immunoblotting using the commercial anti-NLGN antibody 

diluted 1:1000 (clone 4F9, cat.No. 129 011 Synaptic Systems, Goettingen, Germany).
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PEG-Maleimide Treatment

Immunoprecipitated full length wild type and mutant NLGN3 proteins were incubated in 

2.5mM methoxy polyethylene glycol maleimide, (JenKem Technology, Allen, TX, USA), 

dissolved in 50mM Tris HCl, pH 7.4, in the presence of 2% SDS, for 1 hour at 30°C. 

Sample buffer containing 2% β-mercaptoethanol was added to elute the protein from the 

immobilized protein G. Samples were boiled and band shifts were analyzed by SDS-PAGE 

and immunoblotting using the anti-NLGN commercial antibody (see above).

RESULTS

Folding defects of R451C NLGN3

To ascertain whether the R451C mutation affects folding of the α/β-hydrolase fold domain, 

we used NLGN3 as a template to perform trypsin digestion experiments. If the Cys 

substitution caused a significant difference in folding between wild type and mutant protein, 

exposure of trypsin-sensitive sites would be different, leading to variations in trypsin 

sensitivity. As shown in figure 1A, the mature form of wild type NLGN3 was quite resistant 

to trypsin requiring up to 10μg/ml for complete digestion. In contrast the mutant protein with 

incomplete glycosylation processing shows higher sensitivity to proteolytic digestion at 

lower trypsin concentrations, starting from 3μg/ml, even in the presence of higher NLGN 

concentrations. This result suggests that the core-glycosylated immature form of R451C 

NLGN3 is more loosely folded than the fully processed-glycosylated form of wild type 

NLGN3 with its more complex oligosaccharide chains.

Disulfide bond formation in wild type and R451C NLGN3

PEG5,000-maleimide (PEG-mal) was used to study whether the R451C mutation is affecting 

formation of disulfide bonds in NLGN3. The native protein presents three disulfide bonds 

and 2 free cysteines: one buried in the core of the α/β–hydrolase domain (position 293 of the 

protein sequence) and one in the intracellular domain (position 775 of the protein sequence) 

[10]. After treatment with PEG-maleimide, the alkylated cysteines should add an additional 

mass to the protein (5kDa to each reactive cysteine thiol) that will appear as a band shift on a 

10% SDS-PAGE gel when compared to the untreated protein. Wild type NLGN3 reacts with 

PEG-mal with a band shift that likely result from the conjugation of both unpaired cysteines 

(C293 and C775) (Figure 2B). When the R451C mutation is inserted, PEG-maleimide 

conjugation of mutant NLGN3 shows a further band shift likely corresponding to the 

alkylation of three cysteine thiols. This indicates that C451 is not affecting the formation of 

pre-existing disulfide bonds in the wild type protein and does not disulfide bond with the 

free C293.

DISCUSSION

In order to study mutations arising naturally in the cholinesterase-like domain of proteins of 

the α/β-hydrolase domain superfamily, we have employed a model template of an autism-

linked mutation, R451C, located in the α/β-hydrolase domain of NLGN3. In figure 2 we 

show how the study of a mutation in the α/β-hydrolase protein family can be approached 

experimentally to reveal mutational effects on protein folding, processing and trafficking in 
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transfected HEK-293 cells by a biochemical approach and by applying imaging techniques 

in neurons to follow the protein from synthesis to translocations into the dendrites (Figure 

2). Our group has been studying, collaboratively with other groups [9] [11], the R451C 

NLGN3 mutation, since it was reported to be associated with the autism spectrum disorders 

[7]. It has been shown that, when the R451C mutation is present in NLGN3, the mutant 

protein is significantly retained in the ER, where its adhesive functions are also altered [9] 

[11]. From the NLGN4 crystal structure the mutation appears in a surface location, but far 

from the binding site of β–neurexin [12] [13] [14]. At the same time, no data are thus far 

available on processing of the NLGNs and protein trafficking in neurons. To further study 

the alteration provoked by the R451C NLGN3 mutation, we used proteolytic digestion to 

show that when the mutation is present, R451C NLGN3 folding is altered, when compared 

to the wild type protein. Nonetheless, the extra Cys does not seem to interfere with the 

disulfide bond formation since the introduced sulfhydryl appears free to be alkylated by 

PEG-maleimide. Studying the processing of mutant NLGN3 and its trafficking in neurons 

(De Jaco et al., submitted) will clarify the extent of the folding deficiency and may allow for 

designing therapeutic interventions for certain congenital disorders with mutations in the α/

β-hydrolase fold domain.
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Figure 1. Trypsin sensitivity and PEG-maleimide reaction of NLGN3 wild type and R451C 
mutant protein
A) Immunoprecipitated NLGN3 wild type and R451C were treated for 5 min with trypsin at 

the indicated concentrations and analyzed by SDS PAGE in reducing conditions followed by 

immunoblotting with an anti-NLGN antibody. Mutant protein is more sensitive to the 

digestion with trypsin compared to wild type. B) PEG-mal conjugation with free cysteines in 

NLGN3 wild type and R451C proteins. NLGN3 immunoprecipitated proteins are treated 

with 1mM PEG5,000-maleimide in denaturing conditions and band shifts are observed on a 

SDS PAGE followed by immunoblotting with an anti-NLGN antibody. R451C NLGN3 

shows a band shift likely corresponding to the alkylation of three cysteine thiols (arrows).
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Figure 2. Schematic representation of an experimental approach to study a mutation in the α/β-
hydrolase fold proteins
Determination of mutant protein location with immunofluorescence staining; protein 

function studies by surface plasmon resonance (NLGNs) or determination of enzyme 

catalytic constants (ChEs); protein folding by proteolytic digestion with trypsin, and 

exposure of free cysteine by treatment with PEG-maleimide. Possible alteration of 

glycosylation processing is studied by sensitivity to glycosidases, pulse-chase metabolic 

labelling and differential association of wild type and mutant proteins with molecular 

chaperones during protein biosynthesis. Protein trafficking in the cellular context of the 

nervous system can be approached using imaging techniques.
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