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ABSTRACT:  

Autism Spectrum Disorder (ASD) is disorder associated with difficulties in social skills, 

communication, sensory information, and repetitive behaviors. A small subset of patients have 

mutations in the pre and post synaptic transmembrane synaptic adhesion molecules, neurexin 

(NRX) and neuroligin (NLG). In humans, there are five forms of NLGN proteins and three forms 

of NRXN. Genetically liked autism may be associated with mutations in NLGN3 or NLGN4.  

Caenorhabditis elegans (C. elegans) are widely used as model organisms, due to their 

relatively short life cycle of approximately three days. They have a total of 302 neurons and have 

homologues to NLGN and NRXN. The nine different isoforms of worm neuroligin do not 

currently have predicted crystal structures. Utilizing the online resources SWISS Model, the 

Zhanglab I-TASSER program and PyMol, the structures were predicted. Exonal differences were 

also determined; isoform E contains all sixteen exons. Seven of nine isoforms are missing exon 

14. Two other isoforms begin at the second start found within exon 8. The protein structure of 

the nlg-1 knockout strain VC228, was also predicted. It was hypothesized that it is unable to 

form dimers; nor is it capable of binding to nrx-1 following computational modeling.  

To better understand the role of neuroligin in C. elegans, a complete knockout of the 

gene by CRISPR/Cas9 was designed. A rescue null knockout plasmid was constructed utilizing 

PCR and Gibson assemblies. Sanger sequencing determined multiple mutations within coding 

regions of the final construct (pSW13): thus, a restriction digest method was utilized to complete 

the construction. Components were isolated from pSW13 and pDD282 (commercial plasmid 

used as part of pSW13 construction) a combinations of different restriction enzymes. Site-

directed mutagenesis was used to correct one PCR mutation. Additional rounds of restriction 

fragment replacement were used to correct remaining mutations. Completion of the rescue 
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plasmid is ongoing. Once transgenic C. elegans are created, the knockout mutant can be used to 

explore functions of individual isoforms, mutations, and even human variations of neuroligin.  

As such computational modeling of the C. elegans nlg-1 protein showed that the wild 

type isoforms should all be capable of forming dimers, however the knockout strain, VC228 

cannot, thereby making its less drastic phenotype even more confusing. Thus, creating a 

complete knockout will allow for a greater understanding of the protein.  

  



 
 

iv 
 

TABLE OF CONTENTS 

ABSTRACT: ................................................................................................................................. ii 

TABLE OF CONTENTS ............................................................................................................ iv 

LIST OF ABBREVIATIONS .................................................................................................... vii 

INTRODUCTION: ....................................................................................................................... 1 

Autism Spectrum Disorder ........................................................................................................................ 1 

Controversies in Study .............................................................................................................................. 4 

Genetic Causes of Autism Spectrum Disorder .......................................................................................... 5 

Neuroligins and Neurexins ....................................................................................................................... 5 

Neurexin and Neuroligin Domains ........................................................................................................... 6 

Figure 1. Visualization of Neurexin and Neuroligin domains................................................... 8 

Human Neuroligin .................................................................................................................................... 9 

Cross-synapse binding ............................................................................................................................ 11 

Neuroligin: an Underlying Cause of Autism Spectrum Disorder ........................................................... 13 

Model System .......................................................................................................................................... 14 

Neuroligins and C. elegans ..................................................................................................................... 14 

Figure 2. Design schematic for designing a complete null knockout. .................................... 17 

METHODS .................................................................................................................................. 18 

Computational Modeling ....................................................................................................................... 18 

Table 1 Caenorhabditis elegans nlg-1 Isoforms ........................................................................ 18 

Predicting nlg-1 dimerization and neurexin binding sites ................................................................... 19 

Neuroligin Complete Knockout: ............................................................................................................ 20 

The Neuroligin 3 prime gRNA ........................................................................................................... 21 

nlg-1 Null Knockout ........................................................................................................................... 21 

Figure 3. Creating pSW13 through Gibson Assembly. ........................................................... 23 

Table 2. pSW13 sequencing primers ......................................................................................... 24 

Figure 4. Creating pSW1312 through restriction enzyme digest. .......................................... 25 

Figure 5. Creating pSW13126X through restriction enzyme digest. ..................................... 27 

RESULTS .................................................................................................................................... 28 

Computational Modeling ....................................................................................................................... 28 

C. elegans neuroligin 1 modeled isoforms .......................................................................................... 28 

Figure 6. Visual representation of nlg-1 isoforms. ................................................................... 29 

Visualization of nlg-1 Protein Isoform Structures .............................................................................. 30 

file:///C:/Users/steph/Desktop/RISE%20Project/Thesis%20things/Modeling%20neuroligin%20based%20autism%20spectrum%20disorders%20in%20Caenorhabditis%20elegans.docx%23_Toc103005424
file:///C:/Users/steph/Desktop/RISE%20Project/Thesis%20things/Modeling%20neuroligin%20based%20autism%20spectrum%20disorders%20in%20Caenorhabditis%20elegans.docx%23_Toc103005430
file:///C:/Users/steph/Desktop/RISE%20Project/Thesis%20things/Modeling%20neuroligin%20based%20autism%20spectrum%20disorders%20in%20Caenorhabditis%20elegans.docx%23_Toc103005438
file:///C:/Users/steph/Desktop/RISE%20Project/Thesis%20things/Modeling%20neuroligin%20based%20autism%20spectrum%20disorders%20in%20Caenorhabditis%20elegans.docx%23_Toc103005440
file:///C:/Users/steph/Desktop/RISE%20Project/Thesis%20things/Modeling%20neuroligin%20based%20autism%20spectrum%20disorders%20in%20Caenorhabditis%20elegans.docx%23_Toc103005441
file:///C:/Users/steph/Desktop/RISE%20Project/Thesis%20things/Modeling%20neuroligin%20based%20autism%20spectrum%20disorders%20in%20Caenorhabditis%20elegans.docx%23_Toc103005445


 
 

v 
 

Figure 7. Comparison of the predicted structure of nlg-1 isoform H with isoform E. ......... 31 

Figure 8. Hypothesized alterations in protein structure due to the ....................................... 32 

Figure 9. Predicted structural change due to the glycine, asparagine, serine deletion at the 

end of exon 15. A) Visualization of predicted dimer that nlg-1 forms when translated from 

isoform E. The red circle highlights the initial loop conformation. B) Visualization of 

predicted structure for dimer formed by nlg-1 isoform F. Red circle indicates highlights the 

conformation of loop in the same location as in panel A. C) An overlayed alignment of 

Isoforms E (green and yellow) and F (orange and pink). In the red circle, the conformation 

change of loop can be seen.......................................................................................................... 33 

VC228 isoforms .................................................................................................................................. 34 

Figure 10. Predicted structure of the nlg-1 from the strain VC228. ...................................... 34 

Predicted nlg-1 dimerization and neurexin binding sites ................................................................... 35 

Complete nlg-1 Knockout ...................................................................................................................... 36 

Neuroligin 3 Prime gRNA Plasmid .................................................................................................... 36 

Figure 11. Screening for potential 3’ gRNA candidates. ......................................................... 37 

pSW13 ................................................................................................................................................. 37 

Figure 12. Identification of pSW13 cloneuseing PuvII. ........................................................... 39 

pSW1312 ............................................................................................................................................. 39 

pSW13126 ........................................................................................................................................... 40 

Figure 13. Identification of successfully completed mutagenesis creating pSW13126. ........ 41 

pSW13126X ......................................................................................................................................... 42 

Figure 14. Restriction enzyme digest of pDD282 and pSW13126 with BamHI. ................... 43 

DISCUSSION .............................................................................................................................. 44 

Computational Modeling ........................................................................................................................ 44 

Complete nlg-1 Knockout Model ........................................................................................................... 46 

Figure 15. Flowchart of creating the nlg-1 knockout rescue plasmid. ................................... 47 

Possible Reasons for Errors in pSW13 and pSW13126X ....................................................................... 49 

Future Directions .................................................................................................................................... 50 

Conclusions ............................................................................................................................................. 53 

REFERENCES ............................................................................................................................ 55 

Appendix 1. Non-Kit Protocols .................................................................................................. 61 

PCR Set Up ............................................................................................................................................. 61 

Restriction Enzyme Digest ..................................................................................................................... 62 

Gel Sample Preparation: ......................................................................................................................... 62 

file:///C:/Users/steph/Desktop/RISE%20Project/Thesis%20things/Modeling%20neuroligin%20based%20autism%20spectrum%20disorders%20in%20Caenorhabditis%20elegans.docx%23_Toc103005447
file:///C:/Users/steph/Desktop/RISE%20Project/Thesis%20things/Modeling%20neuroligin%20based%20autism%20spectrum%20disorders%20in%20Caenorhabditis%20elegans.docx%23_Toc103005448
file:///C:/Users/steph/Desktop/RISE%20Project/Thesis%20things/Modeling%20neuroligin%20based%20autism%20spectrum%20disorders%20in%20Caenorhabditis%20elegans.docx%23_Toc103005449
file:///C:/Users/steph/Desktop/RISE%20Project/Thesis%20things/Modeling%20neuroligin%20based%20autism%20spectrum%20disorders%20in%20Caenorhabditis%20elegans.docx%23_Toc103005449
file:///C:/Users/steph/Desktop/RISE%20Project/Thesis%20things/Modeling%20neuroligin%20based%20autism%20spectrum%20disorders%20in%20Caenorhabditis%20elegans.docx%23_Toc103005449
file:///C:/Users/steph/Desktop/RISE%20Project/Thesis%20things/Modeling%20neuroligin%20based%20autism%20spectrum%20disorders%20in%20Caenorhabditis%20elegans.docx%23_Toc103005449
file:///C:/Users/steph/Desktop/RISE%20Project/Thesis%20things/Modeling%20neuroligin%20based%20autism%20spectrum%20disorders%20in%20Caenorhabditis%20elegans.docx%23_Toc103005449
file:///C:/Users/steph/Desktop/RISE%20Project/Thesis%20things/Modeling%20neuroligin%20based%20autism%20spectrum%20disorders%20in%20Caenorhabditis%20elegans.docx%23_Toc103005449
file:///C:/Users/steph/Desktop/RISE%20Project/Thesis%20things/Modeling%20neuroligin%20based%20autism%20spectrum%20disorders%20in%20Caenorhabditis%20elegans.docx%23_Toc103005449
file:///C:/Users/steph/Desktop/RISE%20Project/Thesis%20things/Modeling%20neuroligin%20based%20autism%20spectrum%20disorders%20in%20Caenorhabditis%20elegans.docx%23_Toc103005451
file:///C:/Users/steph/Desktop/RISE%20Project/Thesis%20things/Modeling%20neuroligin%20based%20autism%20spectrum%20disorders%20in%20Caenorhabditis%20elegans.docx%23_Toc103005455
file:///C:/Users/steph/Desktop/RISE%20Project/Thesis%20things/Modeling%20neuroligin%20based%20autism%20spectrum%20disorders%20in%20Caenorhabditis%20elegans.docx%23_Toc103005457
file:///C:/Users/steph/Desktop/RISE%20Project/Thesis%20things/Modeling%20neuroligin%20based%20autism%20spectrum%20disorders%20in%20Caenorhabditis%20elegans.docx%23_Toc103005460
file:///C:/Users/steph/Desktop/RISE%20Project/Thesis%20things/Modeling%20neuroligin%20based%20autism%20spectrum%20disorders%20in%20Caenorhabditis%20elegans.docx%23_Toc103005462
file:///C:/Users/steph/Desktop/RISE%20Project/Thesis%20things/Modeling%20neuroligin%20based%20autism%20spectrum%20disorders%20in%20Caenorhabditis%20elegans.docx%23_Toc103005466


 
 

vi 
 

Agarose Gel: ........................................................................................................................................... 63 

“Freeze and Squeeze” Agarose Gel DNA Purification (Patharkar 2019) ............................................... 64 

Gibson Assembly .................................................................................................................................... 64 

Ethanol Precipitation: .............................................................................................................................. 65 

Appendix 2. Sequences for pSW13 ............................................................................................ 66 

Appendix 3. Additional Protein Structures .............................................................................. 72 

Individual Isoforms ............................................................................................................................... 72 

Alignment of each isoform with isoform E ......................................................................................... 77 

VC228 ..................................................................................................................................................... 81 

 

  



 
 

vii 
 

LIST OF ABBREVIATIONS  

aa Amino acids 

 

bp base-pair 

 

CGC Caenorhabditis Genomics Center, University of Minnesota 

 

Cre Cre Recombinase, removes sequence between two lox-p Sites found in 

self-excising cassette 

 

EGF Epidermal growth factor like domain 

 

gRNA Guide RNA 

 

Hyg/HygR Hygromycin B (eukaryotic antibiotic) / Hygromycin B Resistance 

 

Kb Kilobase-pair 

 

LNS domain 

 

laminin A/Neurexin sex hormone binding domain 

NLG Non species specific neuroligin gene  

 

NLG Non species specific neuroligin protein 

 

nlg-1 C. elegans neuroligin gene 

 

nlg-1 C. elegans neuroligin protein 

 

NLGN(1,2,3,4X,4Y) Five human neuroligin genes 

 

NLGN(1,2,3,4X,4Y) Five human neuroligin proteins 

 

NRX Non species specific neurexin gene 

 

NRX Non species specific neurexin protein 

 

nrx-1 C. elegans neurexin gene 

 

nrx-1 C. elegans neurexin protein 

 

NRXN Human neurexin gene 

 

NRXN Human neurexin protein 

 

N-gly N-glycosylated protein region 

 



 
 

viii 
 

O-gly O-glycosylated protein region 

 

PDZ (PSD95) - (Dlg1) - (Zo-1), protein domain 

 

SEC Self-excising cassette 

 

Sqt-1 Gene for the C. elegans roller phenotype 

 

WT Wild type 

  



1 
 

INTRODUCTION: 

Autism Spectrum Disorder 

Autism Spectrum Disorder (ASD) is a neurodevelopmental disorder that in 2020 

diagnosed in 1 in 54 children in the United States (CDC 2020a). Since 2000, the number of 

children diagnosed with ASD has continued to rise in the United States. Such an increase in 

prevalence in the US may be due to increased and better screening protocols, early intervention, 

and a larger general understanding of ASD in the public (Doherty et al. 2021). Children may be 

diagnosed with ASD as young as 18 months and generally before the age of two years. However, 

children with mild ASD may be diagnosed much later (Hyman et al. 2020). Prior to 2013, ASD 

was comprised of many subtypes according to the Diagnostic and Statistical Manual of Mental 

Disorders, Fourth Edition (DSM-4).  The fifth edition of the DSM combines the previous 

subtypes into a singular syndrome-based disorder.    

ASD usually presents as a variety of abnormal social, communicational, and 

developmental behaviors (CDC 2020a, Niedźwiecka and Pisula 2022, Doherty et al, 2021). 

Some examples of abnormal social behaviors include the refusal to engage in eye contact, and 

the preference to be alone. Some will prefer to not engage in physical contact while others may 

not understand personal space. Examples of communicational abnormalities include delayed 

speech, repeating words or phrases or reversing pronouns. Some individuals may not understand 

jokes or sarcasm. Some others may also be completely nonverbal, or they may speak very little. 

Furthermore, ASD patients may exhibit temper tantrums, aggression, or strange emotional 

reactions to different situations. Some patients may also present with over or under stimulation in 

different situations, leading to difficulties or a diminished quality of life. There are many more 
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symptoms not discussed however, each patient may present with different combinations of these 

symptoms.  

As stated above, diagnosing ASD changed in 2013, as prior to this the DSM4 had three 

different classifications (NIH). These included Autistic Disorder, Asperger’s Syndrome and 

Pervasive developmental disorder not otherwise specified (PDD-NOS). Following the revision of 

the DSM these three classifications became autism spectrum disorder. Catching and diagnosis of 

ASD early is crucial; this allows for early intervention and access to resources at a much younger 

age. Diagnosing ASD can be different depending on the age of diagnosis. For young children it 

is a two-step process which include routine screenings during normal physicals with their 

primary care doctor. If the doctor notices developmental delays or if the child is at a higher risk, 

the doctor will move to step two where more evaluation of the child takes place. During this step 

doctors work with other professionals to evaluate cognition levels, language abilities, and the 

skill level of daily activities. Doctors may also perform hearing and blood tests to determine if 

there are any other disorders the child may experience compounded with ASD.   

Diagnosing ASD can also occur in older children, adolescents, and adults. In school age 

children, it is traditionally teachers and school staff who notice the signs of ASD and perform 

initial screening (Duesenberg and Burns 2022). The parents may then be asked to bring their 

child to their primary care doctor for further evaluation and testing. In adults, procuring an ASD 

diagnosis can be more difficult; there currently exists no definitive diagnostic criteria for adults 

(Hayes et al. 2022, Huang et al. 2020). Prior to testing, adults must first identify the symptoms of 

ASD in themselves and come to an understanding of what a diagnosis may mean for their life, all 

before mentioning it a doctor. Finding professionals who would be willing to diagnose adults is 

another challenge many may face. When a professional is found, a developmental history of the 



 
 

3 
 

patients as well as interviews with family members will also be needed to make the correct 

diagnosis.  

 Currently, there are a multitude of different treatment approaches for autistic children and 

their families ranging from medications to different behavioral/occupational therapy. For 

instance, medication can be used to treat some symptoms a child may experience. If a child is co-

diagnosed with ADHD, medications could be used to help the hyperactivity, aggression, and 

attention challenges (Carlson et al. 2006, Mayes et al. 2020). Medications may also be used to 

treat seizures, gastrointestinal issues, and other associated medical conditions. More non-medical 

approaches also exist such as teaching the child how to eventually lead independent lives 

(Hymen et al. 2020). Usually, these treatments are adult lead and can focus on developing the 

child’s communication and social skills. One example is applied behavior analysis (ABA), where 

children are rewarded for correctly performing a task. However, this therapy’s efficacy has been 

called into question in recent years (Sandoval-Norton et al. 2021). There are other therapies, such 

as floor time, which critics of ABA have been suggesting is more beneficial to autistic children; 

however, more research is needed to fully determine which therapy system is most beneficial. 

Children may also see a speech language pathologist to help teach better communication 

techniques through sounds, gestures, and words (Santhanam and Bellon-Harn 2022). Other more 

nontraditional therapies also exist, such as essential oils, crystals, and hugging. However, these 

treatment routes do not have any clinical evidence to support their use. New and innovative 

methods such as transcranial magnetic stimulation are being developed adding to the arsenal of 

tools available to parents and caregivers, to improve the quality of life for each individual 

(Santhanam and Bellon-Harn 2022). There are more treatment options for ASD patients and their 

families that are not mentioned, but each individual case is unique and treatment/therapy 
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methods that worked in one case may not work for another. Thus, it is important that 

implementing different treatments is done on a case-by-case basis. 

Controversies in Study 

In the past few years, the study of autism has become increasingly controversial among 

the autism community. Within the community, there are those who strongly believe that autism 

is simply a case of neurodiversity. According to the Merriam-Webster dictionary, neurodiversity 

is defined as “the concept that differences in brain functioning within the human population are 

normal and that brain functioning that is not neurotypical should not be stigmatized” (2021). 

With a rise in use of the internet and an increased abillity to connect with other autistic 

individuals, there has been an increase in the way information relating to ASD has been 

distributed, spreading the aims of the self-advocates in and out of the autistic community. They 

believe that autism, among other disorders, is just a version of diversity, just like hair, eye, and 

skin color (Leadbitter et al. 2021). They also champion equal rights for and the decrease of 

discrimination against those with disabilities. Of course, there are many who advocate against 

the concept of neurodiversity. These people are often parents or caretakers of children who 

require more care. They believe that their children are being left out of the conversation (Hughes 

2021). These high care children may not hold the capability to advocate for themselves, if they 

can, it may not be to the quality or the extent that many of their low care counterparts possess. 

Some in the neurodiversity movement do not view scientific autism research in a positive 

light (Grinker 2015). Many believe the end goal of autism related medicine and research is to 

find a cure. The self-advocates within the community do not believe there is anything that must 

be fixed; it is a part of who they are. Thus, they may view any science relating to autism or other 

neurodevelopmental disorders as a personal attack. However, within this neurodiversity debate is 
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a belief that the medical model of autism is wrong, to the point where they do not even want to 

understand the underlying causes.    

Genetic Causes of Autism Spectrum Disorder 

Currently there exists no clear, concreate cause of autism spectrum disorder, however, 

multiple different factors have been suggested. Epigenetics, older parental age both maternal and 

paternal, history of autoimmune disorders, infection during pregnancy, low birth weight, and 

genetics have all been correlated to ASD (Hodges et al. 2020). The credibility and actual 

causation of study results in these fields, have been mixed. Despite the uncertainty, the genetic 

aspects of ASD have been one of the largest areas of study; there have been approximately 900 

different genes that have been linked to ASD as of 2021 (Huang et al 2022). With cheaper and 

more accessible gene testing technologies, such as Next Generation Sequencing, the number 

could continue to rise. Of these 900 gene, 26 have been well characterized as potential risk 

factors for ASD. Two of these genes, NLGN3 and NLGN4X are part of a family of genes known 

as neuroligins. Prior research has linked mutations in the neuroligin (NLG, non-species specific) 

genes, subsequent proteins misfolding and alterations to ASD phenotypes (Jamain et al. 2003, 

Ulbrich et al. 2016). 

Neuroligins and Neurexins 

Neuroligins (NLG) are transmembrane proteins that participate in cell adhesion of 

neurons when interacting with their cross-synapse binding partner, neurexins (NRX). The 

presynaptic NRX interacts with the postsynaptic NLG during normal function (Südhof 2008). 

The main role of NRX and NLG is that they are involved in synaptogenesis, maintenance, and 

the maturation of new synapses (Varoqueaux et al. 2006). The current body of work that 

characterizes neuroligins and neurexins has greatly increased since neurexins were first 
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discovered in 1992 by Ushkaryov and colleagues as they searched for a receptor for α-latrotoxin 

from the black widow spider (1992).  They discovered that NRX had two genes (I. and II.)  and 

each had two different sized forms, the alpha (α) and a beta (β) due to different promoters. 

Furthermore, they also determined that each gene and form were able to undergo different 

alternative splicing events resulting in at least 100 different isoforms of neurexins. It was later 

determined in 1994 that there were three NRX genes and a total of six mammalian forms, Iα-IIIβ 

(Ushkaryov et al. 1994).  

Approximately three years following the initial discovery and characterization of NRX, 

Neuroligin 1 was identified in rats by Ichtchenko and colleagues as the cross-synapse binding 

partner for β- neurexins (1995). This paper was one of the first to suggest that the interaction 

between neurexin and neuroligin function as synapse adhesion molecules due to the tightness of 

the interaction. In 2001, Bolliger and colleagues were able to identify and characterize four 

human neuroligin genes using reverse transcription PCR and human brain tissue samples (2001). 

They utilized the three known rat neuroligins to find the three human orthologs. They are further 

responsible for the discovery of a fourth human neuroligin and proposed a fifth. Over 20 years 

later, the information regarding neuroligins and their roles in the central nervous system 

continues to improve and grow. It is now known that there are five neuroligin genes in humans, 

NLGN1, NLGN2, NLGN3, NLGN4X and NLGN4Y. 

Neurexin and Neuroligin Domains 

The structures and domains of both human neurexin and neuroligin have been 

characterized over the years. Both are single transmembrane proteins that include an intracellular 

transmembrane PDZ ((PSD95) - (Dlg1) - (Zo-1)) domain on the C terminal end of the protein 

(Figure 1) (Lisé and Husseini 2006, Dean and Dresbach 2006, Chen et al. 2008, Lee and Zheng 
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2010, Miller et al. 2011, Bang and Owczarek 2013). However, the PDZ domain found in 

neuroligin is a type 1 PDZ recognition site where the one found in neurexins is a type 2 PDZ 

interaction site.  Both proteins also contain an O-linked glycosylation (O-Glyc) domain just next 

to the extracellular side of the transmembrane region. In the case of neurexin, there are two 

distinct forms that each of the three neurexins can take: α-neurexin and the β-neurexins. In both 

neurexin forms there is at least one LNS domain on the extracellular side of the N-terminus of 

the protein. The LNS domain contains sequences relating to laminin A, neurexin and a sex 

hormone binding protein.  The two neurexins differ however in that α- neurexin contains 6 LNS 

domains that are separated by epidermal growth factor (EGF)-like sequences. Beta-neurexins 

only contain 1 LNS domain and have a unique sequence on the N terminal side of the LNS 

domain. Alpha-neurexins also contain five to six alternative splice sites; however, the beta form 

only contains splice sites 4 and 5.   

Neuroligins in comparison, to neurexins, are much simpler in that they are a single 

transmembrane protein with a cholinesterase-like domain (Figure 1) (Lisé and Husseini 2006, 

Dean and Dresbach 2006, Chen et al. 2008, Miller et al. 2011, Bang and Owczarek 2013). 

Neuroligins are missing one residue which makes the cholinesterase-like domain enzymatically 

inactive when compared to a normal cholinesterase domain. They also contain an 

oligomerization site in addition to the other similar domains it shares with neurexins. Neuroligins 

also contain three N-glycosylation (N-gly) sites and two EF-hand motifs (not pictured) which are 

included to aid in calcium ion (Ca2+) binding (Calahorro 2014, Lisé and Husseini 2006). 

Furthermore, there are two alternative splice sites found within the cholinesterase-like domain.   
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Figure 1. Visualization of Neurexin and Neuroligin domains. (Adapted from Calahorro 2014).  

A)  Visualization of Neurexin (NRX) domain structures for both alpha and beta forms. Six 

alternative splice sites (SS1-6) can be found in neurexin alpha forms and only two can be found 

in in the beta form. B) Visual representation of Neuroligin (NLG) domains. Includes the three N 

glycosylation (N-Glyc.)  sites and the two alternative splice sites (SSA and SSB). Dimerization 

site is also noted.     

A 

B 
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Human Neuroligin 

In humans there are five NLGN genes; two, NLGN3 and NLGN4 are located on the X 

chromosome (NLGN4X) these are of particular interest because mutations in these genes have 

been linked previously to cases autism spectrum disorders. (Südhof 2008). NLGN4X has a 

chromosomal complement involving the Y chromosome, often called NLGN5 or NLGN4Y.  

Prior research has discovered that NLGN1, NLGN3, and NLGN4X/NLGN5 are very similar to 

each other, and that NLGN2 is the most different. Evolutionarily, NLGN4 (both X and Y 

versions) are the least evolutionarily conserved among different species (Marro et al. 2019, 

Nguyen et al. 2020). As such, NLGN4Y animal models are more difficult to create, leading to 

limited characterization and other research.    

The variety of NLGNs differ depending on the type of neuron, specifically whether the 

neuron is inhibitory or excitatory. It has been seen that NLGN3 is present in both inhibitory and 

excitatory neurons (Budreck and Scheiffele 2007).  NLGN1 and NLGN4 are found in excitatory 

(glutamatergic) synapses (Song et al. 1999, Marro et al. 2019). Whereas NLGN-2 is found in 

inhibitory (GABAergic) synapses (Varoqueaux et al. 2004). NLGN3 can be found in both 

glutaminergic (excititory) and GABAergic (inhibitory) synapses. Each synapse can also contain 

multiple different of NLGN proteins at a time (Budreck and Scheiffele 2007). For example, 

either a combination of NLGN1 and NLGN3 or NLGN2 and NLGN3 can be found in the same 

synapse. However, NLGN1 will not be found in the same synapse as NLGN2. 

Each of the four neuroligin proteins are responsible for different roles within the growth 

and maturation of synapses. One example is that the NLGN1 protein was determined to play a 

role in the formation of dendritic spines of neurons (Nakanishi et al. 2017). In a paper by 

Nakanishi and colleagues they studied four separate mice NLG1 point mutations associated with 
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autism. Each mice point mutation had corresponding human variant. In models containing these 

mutations they found that in each instance the number of dendritic spines was greatly reduced 

from that of the wild type.  

As mentioned above NLGN2 is located within the inhibitory synapses and functions to 

recruit other proteins such as gephyrin to the cell membrane surface (Poulopoulos et al. 2009, 

Choii and Ko 2015). Research utilizing HEK293 cells and mice cerebellar granule cells has 

indicated that NLGN2 is critical to synaptogenesis and maturation of inhibitory synapses (Fu and 

Vicini 2009). In the research completed by Fu and Vicini they created a culture system where 

synapses could form (2009). In this culture system, expression of only NLGN-2 allowed for the 

formation of inhibitory synapses. In addition, NGLN2 recruits and activates additional proteins 

to the membrane surface (Papadopoulos and Soykan 2011, Poulopoulos et al. 2009). NLGN2 

activates the molecule collybistin, a GDP/GTP-exchange factor, that helps to recruit gephyrin to 

the synapse plasma membrane (Papadopoulos and Soykan 2011, Poulopoulos et al. 2009). 

Gephyrin is responsible for the clustering γ-aminobutyric acid type A (GABAA) receptors as well 

as acting as providing posttranslational modifications and binding for other proteins such as 

GABAA receptor-associated protein (Choii and Ko 2015). As such NLGN2 is necessary for 

inhibitory synapse formation and maturation. 

Recent research has identified that NLGN3 is active in processes involved with growth 

and complexity of the dendrites in excitatory neurons (Etherton et al. 2011a, Xu et al. 2019). 

The, NLGN3, arginine451cysteine (R451C) mutation was shown to increase the complexity of 

dendrites in the hippocampus (Etherton et al. 2011a). This mutation also increased the synaptic 

transmission seen with both the AMAP and NMDA receptors indicating that NLGN3 may be 

involved in regulating the signal transmission. In research utilizing another mutation, the NLGN3 
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arginine704cysteine (R704C) it was seen that there was an increase in the amount of AMPA 

receptors but not in the amount of NMDA receptors (Etherton et al. 2011b). Thus, further 

solidifying that NLGN3 may play a role in the recruitment and retention of excititory receptors.   

Unlike the other NLGNs, NLGN4 is not well conserved among different species. To 

combat this challenge in research, researchers may use human neuronal stem cells to determine 

overall changes. For example, to elucidate the function of NLGN4X, Shi and colleagues 

identified and measured the knocked down of the gene (Shi et al. 2013). They noticed that during 

a six-week period, the neuron with their NLG4X knocked down had less cell growth. This 

included fewer numbers of axons, neurites and neuron differentiation. Thus, this suggests that 

NLGN4 is vital to growth and the differentiation of neurons. NLGN4Y is even more of an 

interesting case as there is only a 3% difference from the sequence of NLGN4X sequences, yet 

there are drastic changes in the cellular processing (Nguyen et al. 2020). The biggest change is 

that NLG4Y is unable to induce synapses due to the lack of cellular transport to bring the protein 

to the cell surface. This is believed to be due to an amino acid (aa) change from  serine to proline 

change at position 93 in the extracellular domain.  

With five different genes for neuroligins found in humans, the possibility for different 

mutations in genes and subsequent proteins to contribute to ASD phenotypes, is expansive. Thus, 

understanding the function of each protein is vitally important.     

Cross-synapse binding  

Binding of neurexins and neuroligins can be influenced by multiple different factors. 

These include alternative splicing, the presence of calcium ions (Ca2+) and the form of neurexin 

and mutations (Chen et al. 2008, Miller et al. 2011, Liu et al. 2013, Tsetsenis et al. 2014). 

Specifically in species with more than one neuroligin, the combination of neurexin and 
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neuroligin forms may influence binding. Despite this, there are critical components that are 

required for the cross-synapse binding (binding of proteins that hold two synapses togeter) to 

occur. Neurexins and neuroligin have been shown to bind in a hydrophobic calcium dependent 

manner (Rissner et al. 2008, Miller et al. 2011). Specifically, the hydrophobic Ca2+ binding 

pocket can be found in the 2nd, 3rd, and 6th LNS domains of α-neurexins and the sixth LNS 

domain of β-neurexin (Miller et al. 2011).  Another critical component is that neuroligins must 

form dimers to reach the plasma membrane found in the synapse (Poulopoulos et al. 2012). 

However, these dimers have been shown to exist as both homodimers and heterodimers within 

the nervous system. Some dimerization sites have been determined though both computer 

modeling and mutagenesis work. In one example, the three human NLGN3, homodimerization 

sites were determined (Dean et al. 2003, Ko et al. 2009, Shipman and Nicoll 2012). The first 

dimerization site was determined to be located at Phenylalanine (F) 437, Methionine (M) 438, 

and Tryptophan (W) 442, where the second dimerization site is located at Histidine (H) 606 and 

Leucine (L) 607 (Dean et al. 2003, Ko et al. 2009, Shipman and Nicoll 2012). The third 

dimerization site is located at Lysine (K) 600 and Lysine (K) 606 ((Dean et al. 2003, Ko et al. 

2009, Shipman and Nicoll 2012).  

Alterations to other, less critical, regions allow for variation in the binding of NRXs and 

NLGs. As mentioned above, both neurexins and neuroligins each have multiple alternative splice 

sites, resulting in potentially thousands of different combinations, each possibly affecting cross-

synapse binding differently (Boucard et al. 2005). For example, Boucard and colleagues found 

that synapse size and density differed when alternatively spliced neuroligin was bound to the two 

forms of neurexin (2005). In another example, altering the specific neuroligin, also affected the 

binding affinity and tightness (Koehnke et al. 2010). In a paper by Koehnke and colleagues they 
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determined that NLG3 had a weaker interaction with β-NRX as compared to both NLG1 and 

NLG2. Furthermore, they found that the insertion and retention of the β-NRX alternative splice 

site 4 either weakened or strengthened the interaction between the NLG and the three different 

NRX translated proteins. Thus, indicating that the form and alternative splicing do play a critical 

role in NRX/NLG interactions.  

Neuroligin: an Underlying Cause of Autism Spectrum Disorder 

In many cases of ASD the cause is unknown, however for a small subset of individuals 

their ASD is caused by genetic mutations (Ulbrich et al. 2016, CDC 2020b). Mutations of 

neuroligin (NLGN) and neurexin (NRXN) genes have been linked to ASD. Most commonly it is 

mutations in NLGN3 and NLNG4 that have been linked to ASD. Two specific mutations include 

the NLGN3 mutations of glycine to arginine at position 221 (G221R) and arginine to cysteine at 

position 451 (R451C) (Ulbrich et al. 2016,). The R451C mutation has been characterized to a 

much larger extent than the G221R mutation. In both mutations, the quaternary structure of 

NLGN is altered, leading to difficulties in cellular trafficking. Research has shown that the 

R451C mutation causes an activation of the unfolded protein response due to local protein 

misfolding causing a total loss of approximately 90 percent of NLGN3 (Ulbrich et al. 2016, Shen 

et al. 2014). Previous research has shown that individuals with the R451C mutation, had some 

mutant protein at the cell surface; however, the rest of these proteins were degraded in the 

endoplasmic reticulum. The G221R mutation has been shown to increase the degree of 

misfolding of the α/β-hydrolase fold domain due to its centralized location in the domain (De 

Jaco et al. 2010).  

Recent research utilizing mice has identified that mutations in NLGN3 (R451C mutation) 

cause growth and complexity in the dendrites (Xu et al. 2019). They suggest that NLGN3 relates 
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to the Akt/mTOR signaling pathway, a pathway related to cellular division. The mutation up-

regulates the pathway and increases the dendritic growth. This could potentially be a mechanism 

of ASD. Furthermore, research with R451C transgenic mice indicates that there appears to be 

deficiencies in social behavior (Etherton et al. 2011a). Interestingly the mice seemed to show an 

increased ability to learn in a Morris Water Maze environment.  However, they noticed when 

they bred a second generation of R451C mutant mice, different phenotypes presented 

themselves. This could further suggest that like humans, mice with ASD-like symptoms can all 

be different from each other and need individualized treatment approaches.     

Model System 

Caenorhabditis elegans (C. elegans) are a species of nematodes that since the 1960s have 

been widely used to model different diseases (Corsi et al. 2015). C. elegans have a relatively 

short life cycle of approximately three days and a life span of about 10 days. This allows for 

generational studies to occur relatively quickly. In addition, most are self-fertilizing 

hermaphrodites allowing much easier breeding and repopulation of a specific strain. Most 

importantly however is that C. elegans only have 302 neurons. This makes studying their 

nervous system and neurons much less complicated compared to, say, a mouse nervous system 

with millions of neurons (Corsi et al. 2015). 

Neuroligins and C. elegans 

C. elegans have one neuroligin gene (nlg-1) which is an ortholog of the five human 

NLGN genes (Calahorro 2014). This provides another strong reason to use C. elegans as a model 

system. Despite having only one neuroligin gene, there are nine separate known and 

characterized isoforms of the nlg-1 protein (Wormbase.org). However, it has been suggested that 

there may be a many as 24 different isoforms for the single neuroligin gene (Hunter et al. 2010). 
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Of the nine confirmed isoforms, the longest contains 847 amino acids (aa) and 16 exon regions. 

Each of the nine isoforms are the result of alternative splicing, isoforms A-I. It has been 

suggested that the different isoforms of nlg-1 may compensate for the lack of multiple 

neuroligins genes found in humans and other organisms (Calahorro et al. 2015). Thus, 

introducing different interactions and functions that otherwise may be unseen.         

Currently there are neuroligin knockout strains of C. elegans available from the 

Caenorhabditis Genomics Center (CGC) at the University of Minnesota. One example is the 

strain VC228, genotype nlg-1(ok259), which is a model system designed to mirror the ASD like 

symptom and genetics (C. elegans Deletion Mutant Consortium 2012). However, prior work 

demonstrated that these worms phenotypically appear to resemble the wild type (WT) worms 

even with a 2341 base pair (bp) deletion and a 334 base pair insertion in their nlg-1 gene (Hunter 

et al. 2010, DeFronzo 2020). This deletion led to the loss of exons eight through thirteen. Thus, 

despite containing such a large mutation, it was surprising that the worms do not show a greater 

behavioral deficit. Perhaps the knockout mutation of VC228 was not drastic enough to display 

the desired phenotype.  

In the current body of literature, it is still unclear how the different isoforms of nlg-1 

affect the functionality of the protein. There is also limited knowledge on how these nine 

different isoforms may affect the overall folding of subsequent proteins. Thus, we aimed to 

computationally model the crystalline protein structure of the isoforms. Further we aimed to 

create a complete knockout of the C. elegans neuroligin gene that expresses a green fluorescent 

protein from the nlg-1 promoter.  

Creating a complete neuroligin knockout strain of C. elegans would further improve the 

knowledge surrounding the function of the protein at the synapse. Moreover, the knockout strain 
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can be further modified to express individual isoforms and even a “humanized” protein 

containing known ASD associated proteins. To accomplish this, a plasmid can be constructed to 

contain the 5 prime and 3 prime flanks of the neuroligin gene annealed together with a self-

excising cassette and a green fluorescent protein (GFP) reporter (Figure 2). The self-e excising 

cassette contains a temperature induced Cre which will facilitate self-removal, the Sqt-1 gene 

which will alter behavioral phenotype, and a hygromycin resistance gene (Dickinson et al. 2015). 

The Sqt-1 gene and the hygromycin resistance are selection markers for the transgenic animals.  

Following the successful microinjection of the CRISPR/Cas9 system, C. elegans would be 

screened before the self-excising cassette was removed leaving the complete knockout with the 

GFP transcriptional maker behind.   

To better understand the role of neuroligins in both C. elegans and its role in autism 

spectrum disorder, computation modeling and the creation of a null knockout mutant were 

initiated. Through the computational modeling we hoped to gain insight into the reason the 

existing nlg-1 mutant strain, VC228, did not show many phenotypic changes. We then worked 

on creating the null knockout mutant to fully ensure no function of the protein was present; the 

null knockout strain will allow for future selective expression of different isoforms and 

mutations associated with ASD.    
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Figure 2. Design schematic for designing a complete null knockout. (Blue box: exons, 

black box: VC228 insert) A) Full exon structure of the C. elegans nlg-1 gene. B) Exon 

structure for the disrupted VC228 disrupted nlg-1 gene. C) Structure of the nlg-1 null 

knockout rescue plasmid. Contains green fluorescent protein and a self-excising cassette. 

D) Depiction of the nlg-1 null gene following excision of self-excising cassette. 

A 

B 

C 
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METHODS 

Computational Modeling 

 Utilizing different computer software (NCBI’s BLAST, SWISS-Model and C-I-

TASSER, and PyMol) the difference in isoforms and the crystalline structure and of the nine 

known C. elegans neuroligin proteins were predicted. First differences between the nine different 

isoforms were determined by aligning each of the smaller protein sequences against the full nlg-1 

gene which is present in isoform E. The remaining isoform information can be found in Table 1. 

Each of the isoform sequences were analyzed with NCBI’s nucleotide BLAST software. The 

differences were noted and compared against the known location of each of the introns and 

exons. This information was also available from WormBase.org. 

Table 1 Caenorhabditis elegans nlg-1 Isoforms 

Isoform Coding Sequence 

Name 

(WormBase.org) 

Coding Sequence 

length (base pairs) 

Protein Length 

(amino acids) 

Isoform A C40C9.5a 2397 798 

Isoform B C40C9.5b 2388 795 

Isoform C C40C9.5c 2385 794 

Isoform D C40C9.5d 2292 763 

Isoform E C40C9.5e 2544 847 

Isoform F C40C9.5f 2397 798 

Isoform G C40C9.5g 2460 801 

Isoform H C40C9.5h 1269 422 

Isoform I  C40C9.5i 1278 425 
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    Bolded Isoform E indicates largest final protein. Table adapted from WormBase.org 

Once the differences were known each protein sequence was placed through the 

programs SWISS-Model and C-I-TASSER to generate unsubmitted Protein Data Bank (PDB) 

files (Guex et al. 2009, Bertoni et al. 2017, Bienert et al. 2017, Studer et al. 2020, Waterhouse et 

al. 2018, Zheng, et al. 2021). The structures of the different isoforms would be predicted based 

upon using the crystal structure of human NLGN4X (PDB 3BE8) as a reference (Fabrichny et al. 

2007).  The Program PyMOL (Schrodinger, LLC) was used to help visualize the predicted 

structures of each isoform. Each visualized isoform was also aligned with isoform E, thus 

allowing for visualization of the difference present. Furthermore, the crystal structure of the 

knockout nlg-1 protein from the C. elegans strain VC228 was also predicted also utilizing 

SWISS-Model, C-I-TASSER and PyMOL.  

Predicting nlg-1 dimerization and neurexin binding sites 

 From prior work completed by Ko and colleagues and Dean and colleagues, the 

dimerization location for human neuroligin 3 was known (Dean et al. 2003 and Ko et al. 2009). 

For NLGN3 there are three dimerization sites. The first contains three residues at phenylalanine 

(F) 437, methionine (M) 438, and tryptophan (W) 442 (Ko et al. 2009). The second and third 

dimerization sites only contain two residues; for dimerization site 2, the residues are histidine 

(H) 606 and leucine (L) 607, and for dimerization three, the residues are lysine (K) 600 and 

valine (V) 601 (Dean et al. 2003). To find the predicted corresponding C. elegans residues, the 

translated NLGN3 sequence (NP_061850.2) was compared to the translated nlg-1 sequence 

(NP_872254.1) utilizing NCBI’s protein BLAST. The location of the NLGN3 residues were 

identified on the corresponding C. elegans protein sequence. From there the sequence was 

compared to the known sequence of each exon.  



 
 

20 
 

 A similar process was used to find the predicted nlg-1 and nrx-1 binding sites. Studies 

modeling three of the human neuroligins indicated each had its own binding sites (Uchigashima 

2021, Yoshida et al. 2021). The binding sites for NLGN1 and NRXN were found at D387, E397 

and N400; the binding sites for NLGN3 and NXRN are found at K609, R611 and R613. 

Furthermore, for NLGN4X and NRXN the binding sites were found at D351, E361, and N364. 

Each of the three translated NLGN sequences (NLGN1: XP_016861382.1/ NLGN3: 

NP_851820.1/NLGN4X: NP_001269074.1) were compared to the translated nlg-1 sequence 

(NP_872254.1) utilizing NCBI’s protein BLAST. Each of their residues were found and the 

corresponding C. elegans regions was noted and again found in the reverse translated protein 

sequence. The partial base pair sequence was found within the known sequence of each exon. 

Neuroligin Complete Knockout: 

 To better understand the function of neuroligins, a complete knockout model was 

designed. This model would use a CRISPR/Cas9 system to incorporate the transgenic DNA into 

the C. elegans genome (Jiang et al. 2013, Doudna and Charpentier 2014, Dickinsonet al. 2015, 

Singh et al 2017, Zerbini et al 2017). To utilize the CRISPR system the 3’ guide RNA (gRNA) 

and the rescue plasmid were created. The plasmid carrying the 5’ guide RNA was previously 

made by Stefanie DeFronzo and named pSD1. Following the completion of all components, the 

rescue plasmid, gRNA plasmids and the Cas9 plasmids would be microinjected into WT C. 

elegans for transfection. After the null model is created, others can be made to express specific 

isoforms or mutation, further characterizing the role of neuroligin in synapses and in autism 

spectrum disorders.   
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The Neuroligin 3 prime gRNA 

The gRNA will be used to specifically locate the location within the C. elegans genome 

where the targeted gene editing is to occur. The nlg-1 3’ guide RNA (gRNA: pSW19) was 

created by isolating the plasmid pRB1017, an empty gRNA plasmid obtained from Addgene, 

using the miniprep plasmid purification kit from Invitrogen (Arribere et al. 2014). The plasmid 

pRB1017 was digested (protocol in Appendix 1) with BsaI to obtain the empty backbone into 

which the gRNA sequence was inserted (Arribere et al. 2014). The oligonucleotides 3’g1          

(5' TCTTGAAGTTGGAGATCATGAGCGG 3') and 3’g2                                                           

(5' AAACCCGCTCATGATCTCCAACTTC 3') were annealed and ligated to pRB1017 utilizing 

the New England BioLabs (NEB) Quick Ligase kit before being transformed into NEB 10-Beta 

competent E. coli cells. Colony polymerase chain reactions (PCR protocol; see Appendix 1) was 

performed with the primers M13F1 (5' TGTAAAACGACGGCCAGT 3') and M13R1                

(5' CAGGAAACAGCTATGAC 3') and the NEB LongAmp Hot Start Taq 2X Master Mix. The 

PCR product was purified following the NEB Monarch PCR and DNA Clean Up Kit protocol. 

Sanger sequencing reaction was completed by using the Applied Biosystem’s BigDye 

Terminator v3.1 Cycle Sequencing Kit with the primer M13R1. An ethanol precipitation was 

completed to clean the reaction before being loaded into the sequencing machine. The samples 

were analyzed for the correct sequence.  

nlg-1 Null Knockout 

Creating pSW13 

The CRISPR/Cas9 system contains a rescue plasmid which will replace the genomic 

DNA with the alternate sequence that will be incorporated into the wild type animals (Jiang et al. 

2013, Doudna and Charpentier 2014, Dickinson et al. 2015, Singh et al 2017, Zerbini et al 2017). 
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This plasmid was constructed to include a green fluorescent protein and a self-excising cassette, 

used for introducing and removal of selection markers (Dickinson et al. 2015). Following the 

completion of this plasmid, additional modifications can be introduced to selectively express 

specific isoforms and mutations; to better characterize function, location, and potential 

pathogenesis of a mutation. The nlg-1 null knockout rescue plasmid was made by linearizing the 

plasmid pDD282 (obtained from AddGene, pDD282 contains the self-excising cassette) with 

SalI and the plasmid pJR33 (backbone containing the 5’ and 3’flanks of the C. elegans nlg-1 

gene made in the Bayne laboratory by Janaya Reeves, class of 2019) with EcoRV (Figure 3). 

Linearization occurred to reduce the possibility of super coiled DNA interference. The restriction 

sites, for this and subsequent restriction mapping, were predicted utilizing the online program 

RestrictionMapper (Blaiklock). Each digest was run on an 0.8% agarose gel to ensure 

linearization before PCR reactions were run to isolate the desired Gibson Assembly fragment. 

All project specific sequencing primers were designed with NCBI’s online Primer BLAST 

software (Ye et al. 2012). Gibson Assembly primers were designed utilizing NEBuilder 

Assembly tool (New England BioLabs Inc).  pJR33 underwent PCR with the forward primer 

pJR3B_fwd (5’ ataagcgtgaCTCCAACTTCTTTCGTTTC 3’), the reverse primer                        

(5’ ctttactcatGCCTGTTCACTTCCAAATTC 3’) and the NEB LongAmp Hot Start Taq 2X 

Master Mix. pDD282 underwent PCR with the forward primer gfpsec_fwd                                 

(5’ gtgaacaggcATGAGTAAAGGAGAAGAATTGTTC 3’), the reverse primer gfpsec_rev      

(5’ gaagttggagTCACGCTTATCGTCATCG 3’) and the NEB LongAmp Hot Start Taq 2X 

Master Mix. A Gibson assembly (see appendix 1) was completed to anneal the two PCR 

products together (Figure 3). The assembly product was transformed into NEB 10-Beta 

competent E. coli cells following manufacturers protocol. A mini prep following the Invitrogen 



 
 

23 
 

PureLink Quick Plasmid Miniprep Kit was completed to isolate plasmid DNA, which was used 

to complete an identifying digest using PuvII and 0.8 % gel. The expected band sizes were 4766, 

3140, 2364, and 384 base pairs (bp) due to the number of restriction enzyme cut sites. 

Promising colonies were further sequenced using Sanger sequencing in reactions with the 

primer 282F (5’ AATCAGATCCGGCTCCCTG 3’) or JRA2F             

(5' CTTCTACCCGCCCTTCTTGTCTTC 3'). Following the initial identification sequencing, a 

full plasmid sequence was completed utilizing 24 overlapping sequencing primers. A full list of 

pSW13 sequencing primes can be found in Table 2. These sequencing primers were also 

designed using NCBI’s Primer BLAST software (Ye et al. 2012). The resulting sequence 

confirmed that the pSW13 plasmid contains the pJR33 backbone and pDD282 insert was 

designated pSW13. After receiving the raw sequencing data, files were compiled to read the full 

Figure 3. Creating pSW13 through Gibson Assembly. (5’: 5 prime flank, 3’: 3’flank, 

GFP: green fluorescent protein, Sqt-1: gene for visualizing phenotypic changes in 

transgenic animals, Cre: Cre recombinase, HygR: Hygromycin resistance).  A) The starting 

plasmids and their contents needed for creating the null knockout rescue plasmid. I.) 

Actions taken to isolate plasmid fragments. Each plasmid was linearized with their 

respected restriction enzymes and underwent PCR to obtain each fragment. B) Fragments 

isolated from each starting plasmid and its final construct important components. II.) 

Gibson Assemblies were performed to anneal the fragments together. C. The final null 

knockout rescue plasmid was generated and given the designation pSW13. 
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transcript. The intended sequence was compared to the experimental sequencing data using 

NCBI’s Basic Local Alignment Search Tool (BLAST) (Altschul et al. 1990). 

Table 2. pSW13 sequencing primers 

Primer 

Name Sequence 5' to 3' 

JRA1F GGCCAAGCTGGGATAAACAC 

JRA2F CTTCTACCCGCCCTTCTTGTCTTC 

JRA3F TTCCAACACATTTCAGACTCAAGC 

JRB1F AGCACATGTTTGAAACAAATCCCG 

JRB2F AAGGGCAACTATGGGCTCCTTGAC 

JRB3F ACCCTGCGAGAGACCATCAAGTTC 

JRB4F AATGGCAAGACCTGGAGCAC 

SWF2 CCCCACTCACACTCCACTACTACAAGGAGAATCTGTACTTTC 

NLG1 CACGACGTTGTAAAACGACG 

NLG2 CTTCTACCCGCCCTTCTTGTCTTC 

NLG3 ACGGAAAGCTCACCCTCAAG 

NLG4 TTTCAGATCCGTCACAACATCG 

NLG5 TTTCTCTTTCCGTCTCCCAATTCG 

NLG6 AAAGGAGACGAATCCGGTAGG 

NLG7 TGGACCAACCTGCAACTGCAATG 

NLG8 ACCAGACGGAAGACCAGGAAAG 

NLG9 GCGCCAGTTTCAGAATCCAAG 

NLG10 CGATGTGGATGAGCATTCTTC 

NLG11 ACTGAGAGAAGCATCTTCCAG 

NLG12 TACCACTATTTCCGTCCAGC 

NLG13 AGGGCGAAGAATCTCGTGCTTTC 

NLG14 ACGCGGATTTCGGCTCCAACAATG 

NLG15 GGGTCCAATTACTCTTCAACATC 

NLG16 GGGACACACCTCTTAGATTGAAAG 

Sequencing primers were designed in the NCBI Primer BLAST program (Ye et al. 2012).  

 

Creating pSW1312 

 pSW1312 was constructed to rectify mutations in pSW13 by ligating two restriction 

enzyme digest fragments; both fragments were generated by useing SacII and BglII. pSw13 was 

digested into two fragments of 6768 and 3886 bps and pDD282 was digested into two fragments 
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of 6601 and 3874 bps (Figure 4). The large backbone fragment was collected from pSW13, and 

the small self-excising cassette (SEC) fragment was collected from pDD282. These two 

fragments were gel purified using the NEB Monarch DNA Gel Extraction kit. The two purified 

fragments were joined together using the NEB Quick Ligation kit before being transformed into 

10-Beta competent E. coli cells.  The transformants were sequenced using NLG sequencing 

primers 1-16 (Table 2). After sequencing, this plasmid also underwent BLAST analysis like that 

of pSW13. This new plasmid was given the designation of pSW1312. 

 

 

Figure 4. Creating pSW1312 through restriction enzyme digest. (5’: 5 prime 

flank, 3’: 3’flank, GFP: green fluorescent protein, Sqt-1: gene for visualizing 

phenotypic changes in transgenic animals, Cre: Cre recombinase, HygR: 

Hygromycin resistance). A) These are the starting plasmids from which pSW1312 

was made. Important regions needed for pSW1312 are shown along with BglII and 

SacII cut sites. I.) Each starting plasmid underwent restriction enzyme digest with 

BglII and SacII to retrieve needed fragments. B) Visualization of the critical regions 

within each of the fragments. Within the self-excising region, the location of digest 

sites cut within marker sequences. II.) Fragments underwent ligation with NEB’s 

Quick Ligase to generate the latest iteration of the null knockout rescue plasmid. C) 

Visualization of the final pSW1312 plasmid following ligation.          
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Creating pSW13126 

pSW13126 was generated to correct a point mutation found in pSW1312 utilizing site-

directed mutagenesis; and was completed using the NEB Q5 site-directed mutagenesis kit. 

Mutagenesis primers were designed in NEBaseChanger (New England BioLabs inc): GFPF (5’ 

GTTCTCCGTCTCCGGAGAGG3’) and GFPR primer (5’ TTGTGTCCGTTGACGTCTCC 3’). 

Clones were digested with HindIII for identification of SEC insert; fragment were expected to 

have band sizes of 3032, 2973, 2246,1514, and 889 bp each die to the number of HindIII cut sites 

in the pSW13126 sequence. This was followed by Sanger sequencing with the JRA2F primer (5’ 

CTTCTACCCGCCCTTCTTGTCTTC 3’) to ensure that the site-directed mutagenesis occurred. 

Potential clones identified with the SEC insert were fully sequenced with NGL sequencing 

primers 1-16 (Table 1). This plasmid was designated pSW13126. 

Creating pSW13126X in progress 

pSW13126X was designed to fix additional mutations found within the pSW13126 

plasmid. For this construction, both pSW13126 and pDD282 were digested with BamHI. 

Digestion of pSW13126 was predicted to produce two fragments with the length of 9298 and 

1356 bp long. Digestion of pDD282 was predicted to also have two fragments of 9119 and 1356 

bp (Figure 5). Fragments were run on an 0.8% agarose gel. The large fragment from pSW13126 

was isolated and the small fragment from pDD282 was also collected. The fragments underwent 

gel purification following a protocol identified as “freeze and squeeze” (see Appendix 1) 

(Patharkar 2019). The fragments were ligated together using the NEB Quick ligation kit before 

being transformed into 10-Beta competent E. coli cells. Clones were digested with BamHI to 

ensure that the fragments were present before sequencing; the same fragment size found prior in 

pSW13126 would be expected here. 
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Figure 5. Creating pSW13126X through restriction enzyme digest. (5’: 5 prime flank, 3’: 

3’flank, GFP: green fluorescent protein, Sqt-1: gene for visualizing phenotypic changes in transgenic 

animals, Cre: Cre recombinase, HygR: hygromycin resistance). A) starting products for 

pSW13126X, are depicted as well as key components found within each plasmid and 

approximations to the location of each BamHI site. I.) Each plasmid underwent BamHI digest and 

gel purification. B) Visualization of the fragments and their components following restriction 

enzyme digest. II.) The fragments underwent ligation to form the final construct for psSW13126X. 

C) Final intended construct for pSW13126X and its components.   

I. II. 
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RESULTS 

Computational Modeling 

C. elegans neuroligin 1 modeled isoforms 

Utilizing NCBI’s BLAST software and information obtained from WormBase, the differences 

between the nine different C. elegans neuroligin isoforms were determined. All isoforms were 

compared to the full transcript of nlg-1 found in isoform E with 847 aa (Figure 6). Isoform A is 

missing three amino acids, an arginine, phenylalanine, and another arginine (RFR), in exon 4 and 

is also missing exon 14. Isoform B is also missing the three amino acids (RFR) from exon 4, as 

well as exon 14. However, isoform B also lacks three amino acids, glycine, asparagine, and 

serine (GNS) at the very end of exon 15 and beginning of exon 16. Isoform C was discovered to 

only be missing exons 15 and 16. Isoform D was also determined to be missing the three, RFR, 

amino acids from exon 4 as well as exons 13 and 14. Isoform F is missing the three GNS amino 

acids from the end of exon 15 and beginning of exon16. It was further determined that Isoform G 

is only missing exon 14. Isoforms H and I start at the second start codon found within exon 8, 

thus, both are missing the portion of exon 8 prior to the start codon and the first 7 axons (Figure 

6). Both isoforms are also missing exon 14. Isoform H differs from Isoform I in that the three 

amino acids GNS are missing from the end of exon 15 and beginning of exon 16. Isoform I 

begins at the second start codon and is missing exon 14. Thus, these two isoforms were expected 

to have different predicted crystal structures compared to the other isoforms which began coding 

at exon 1.  
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Figure 6. Visual representation of nlg-1 isoforms. (Light blue box: exon, RFR deletion in exon 4: solid 

red outline, GNS deletion in exons 15/16: dashed red outline, shortened exon 8: dashed blue outline) There 

are nine different isoforms of nlg-1, two of which start at the second start codon found within exon 8. If a 

particular exon is missing from the sequence, there will be no representative box in the known position.  

Each isoform is represented with their letter designation on the left followed by the exon structure on the 

right. Isoform E is the largest isoform that contains no deletions and is what all other isoforms were 

compared to.   
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 Visualization of nlg-1 Protein Isoform Structures 

 Utilizing C-I-TASSER, the predicted structures (PDB file) of the different nlg-1 isoforms 

was generated and visualized in PyMol (see Appendix 3 for the prediction files). These predicted 

crystal structures allowed for a visual determination on potentially how each of the different 

isoforms altered the structure of nlg-1. In isoforms H and I, the isoforms starting at the second 

start codon, the protein is much smaller but still capable of forming dimers, despite missing large 

sections of the N-terminus region of the full protein (See Figure 7 for isoform H predicted 

structure). In panels B and C of Figure 7, the pink- and orange-colored section of Isoform E 

indicate each of Isoform H’s monomers. The overlapping of isoform E and H allowed for a 

visual representation of the similarity of both the proteins and the dimerization sites. 

In isoforms with a arginine, phenylalanine, arginine deletion in exon 4, such as in isoform 

B, it was hypothesized that the deletion would cause a β-sheet to turn into α-helix (red circle in 

Figure 8). This change can be seen in all three-isoform (A, B, and D) containing the three amino 

acid deletion but not seen in the others. This structural change should not be the result of any 

protein sequence change after the second start codon. This region of the visualized protein is not 

found within the two isoforms that begin their coding there (Figure 7). Structural changes 

caused by the exon deletion were much more difficult to determine. No visual difference could 

be detected that were unique to those of isoforms without the exon deletion. However, the three 

amino acid deletion from the end of exon 15 and beginning of 16 in isoforms B, F, and H did 

affect how a section of loop interacted with itself changing the conformation (Figure 9). It was 

determined that all isoforms are capable of forming dimers with other neuroligin proteins. The 

structures of all nine isoforms independently and compared to isoform E can be found in 

Appendix 3.    
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Figure 7. Comparison of the predicted structure of nlg-1 isoform H with isoform E. (all 

proteins visualized in PyMol) Isoform H starts at the second start codon as such is expected 

to be smaller in size to the other isoforms. While isoform I is not pictured in this figure, both 

share the common similarity of starting at the second start codon found within this eighth 

exon. A) The predicted dimer formed by translating nlg-1 isoform H without alignment to 

full protein. B) Isoform H (pink and orange) aligned with Isoform E (yellow and green). The 

predicted isoform H size is much smaller than isoform E but can still form dimers in the same 

fashion as isoform E. C) This a zoomed in view of the aligned isoform H and isoform E 

focusing on the regions translated from Isoform H. This panel does not focus on the large 

overall picture of isoform E.   
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Figure 8. Hypothesized alterations in protein structure due to the arginine, phenylalanine, 

arginine deletion. (Red circle indicates area of interest, all structures visualized in PyMol). A) 

Visualization of predicted dimer that nlg-1 forms when translated from isoform E. The red circle 

highlights the initial β-sheet conformation. B) Visualization of predicted structure for dimer 

formed by nlg-1 isoform B. Red circle highlights the conformation change from β-sheet to α-

helix in the same location as in panel A. C) An overlayed alignment of Isoforms E (green and 

yellow) and B (orange and pink). In the red circle the conformation change can be see clearly 

changing from a β-sheet to an α-helix.       
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Figure 9. Predicted structural change due to the glycine, asparagine, serine deletion at the 

end of exon 15. A) Visualization of predicted dimer that nlg-1 forms when translated from 

isoform E. The red circle highlights the initial loop conformation. B) Visualization of predicted 

structure for dimer formed by nlg-1 isoform F. Red circle indicates highlights the conformation 

of loop in the same location as in panel A. C) An overlayed alignment of Isoforms E (green and 

yellow) and F (orange and pink). In the red circle, the conformation change of loop can be seen. 
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VC228 isoforms 

Prior sequencing in the Bayne laboratory (completed by Stefanie DeFronzo; class of 

2020) provided the full sequence of VC228 (data not shown). This sequence was compared to 

the wildtype (WT) nlg-1 protein sequence. VC228 is missing exons 8-13 and a 334 base pair 

insert exists in its place. VC228 does not appear capable of forming dimers (Figure 10). It also 

appears smaller than the other isoforms. This mutated protein does include the β-sheet to α-helix 

change, like some of the wild type isoforms. Further computational modeling information can 

also be obtained in Appendix 3.  

Figure 10. Predicted structure of the nlg-1 from the strain VC228. A) Predicted 

structure of a monomer of VC228, nlg-1 protein (pink). B) The predicted VC228 

monomer compared to the predicted structure of wildtype nlg-1 isoform E. The 

alignment is shown in orange and yellow for increased contrast between the two 

proteins. C) A magnified view of the VC228 monomer compared to a monomer of 

the wild type nlg-1 isoform E.  
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Predicted nlg-1 dimerization and neurexin binding sites 

 Identification of the predicted neuroligin dimerization site, utilizing research of human 

neuroligin, showed the exon location of each of each residue within the C. elegans protein. As 

mentioned in the methods section there are three NLGN3 dimerization sites, found by Dean and 

colleagues and Ko and colleagues. The corresponding C. elegans residues for the first site were 

determined to be located at positions asparagine (N) 414, glutamic acid (E) 415 and tryptophan 

(W9) 419. The residues for the nlg-1 dimerization site two are located at asparagine (N) 594 and 

phenylalanine (F) 595. The third dimerization site is located at positions glutamine (Q) 588 and 

valine (V) 589. It was further determined that the first dimerization site is located within exon 8 

of nlg-1 and both sites two and three are in exon 11. Further confirmation of these predicted sites 

is need. However, this serves as an initial proof of concept that if the dimerization sites of 

NLGN3 and nlg-1 are conserved, they should behave within the cell in similar fashions.     

 The NLGN/NRXN human binding site was also used as a reference to determine the 

potential C. elegans nlg-1/nrx-1 binding site. Currently, the NRX/NLG binding sites have been 

identified for NLGN1, NLGN3 and NLGN4X. All were used to predict the binding sites as it is 

unclear which NLGN, nlg-1 would behave more like in at different synapses. For NLGN1 the 

binding sites are located at aspartic acid (D) 387, glutamic acid (E)97, and asparagine (N) 400 

(Yoshida et al. 2021, Uchigashima 2021). The binding sites for NLGN3 are located at lysine (K) 

609, arginine (R) 611 and arginine (R) 613. Finally, the binding sites for NLGN4X are located at 

aspartic acid (D) 351, glutamic acid (E) 361 and asparagine (N) 364. The corresponding C. 

elegans residues for each NLGN were located by using NCBI protein BLAST. The 

corresponding residues by using NCBI protein BLAST for NLGN1 are located at lysine (K) 344, 
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leucine (L) 356, and glutamic acid (E) 359, where the associated residues for NLGN3 are found 

at arginine (R)577, arginine (R) 579 and lysine (K) 615. Finally, the NLGN4X corresponding 

residues are found at asparagine (N) 343, lysine (L)356 and glutamic acid (E) 359. From C. 

elegans residues, the binding sites associated with NLGN1 and NLGN4X are located within the 

eighth exon of nlg-1 and the associated binding site for NLGN3 can be found in within exons 10 

and 11. While both the nrx-1 binding and dimerization sights of nlg-1 are predictions, they 

provide the abillity to speculate the overall effect mutations may have on these behaviors.   

Complete nlg-1 Knockout 

Neuroligin 3 Prime gRNA Plasmid 

Following the computational modeling, creation of the nlg-1 knockout commenced with 

the creation of the 3’ guide RNA and the rescue plasmid. All plasmids underwent sanger 

sequencing to confirm identity and sequence.  The two gRNA oligonucleotides were annealed 

together and ligated into a BsaI digested pRB1017 (confirmed through an agarose gel; not 

shown). The product was transformed into NEB 10-Beta competent E. coli cells as described in 

methods. The colony PCR and subsequent agarose gel electrophoresis identified sample 3 and 6 

as potential candidates due to the slightly larger band size (Figure 11). Sample 3 was identified 

to contain the correct sequence, after confirmational sequencing and analysis with the primer 

M13R1. However, sample 6 was determined to not contain the correct sequence and was 

discarded. The third sample plasmid was given the designation pSW19. 
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pSW13 

This plasmid (pSW13) was designed to function as the rescue plasmid in the 

CRISPR/Cas9 system to make a knockout of the C. elegans nlg-1. pSW13 was created through 

PCR and Gibson assembly from the starting plasmids, pJR33 and pDD282. pJR33 contains the 

5’ and 3 prime flank regions of the nlg-1 gene. These flanking regions improve the efficiency of 

homologous recombination to making the complete null knockout. pDD282 contains the green 

fluorescent protein and the self-excising cassette, loxP sites, sqt-1, Cre and hygromycin (an 

eukaryote antibiotic) resistance (HygR). Once each of the PCR fragments were identified 

through an agarose gel, they were annealed using a Gibson Assembly and transformed into 10-

Figure 11. Screening for potential 3’ gRNA candidates. (Lane 1: New England 

BioLabs 1kb Plus DNA Ladder, Lane 2: Clone 1, Lane 3: Clone 2, Lane 4: Clone 3, 

Lane 5 Clone 4, Lane 6: Clone 5, Lane 7: Clone 6, Lane 8: Clone 7, Lane 9: Clone 8, 

Lane 10: Clone 9, Lane 11: Clone 10, Lane 12: New England BioLabs 1kb Plus DNA 

Ladder) * indicates colonies chosen to be sequenced for presence of 3’ gRNA. 
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Beta competent E. coli cells. Liquid cultures of the transformation bacteria were used to isolate 

the plasmid DNA, which were subsequently digested with PvuII (Figure 12). Only one of the 16 

prepared samples showed, promise of being the correct plasmid; the promising sample had four 

fragments at approximate sizes of 4766, 3140, 2364, and 384 base pairs as predicted. These sizes 

were expected due to the location of cut sites within the sequence. This information will 

determine if the SEC insert was successfully ligated to the backbone. 

 The plasmid was sequenced utilizing a series of 24 overlapping primers. Analysis of the 

sequencing data demonstrated that the Gibson assembly and transformation had indeed worked. 

Upon closer inspection, there appeared to be many point mutations throughout the self-excising 

cassette, backbone, and green fluorescent protein (GFP) regions. There was also a missense 

mutation within the GFP region (data not shown). This mutation causes a serine to proline 

change at position 961. Moreover, there was two other mutations that were introduced that 

further caused concern. There is missense mutation at position 6313 of pSW13, due to the 

change of an adenine to a guanine, that caused a histidine to become an arginine within the self-

excising cassette region. Thus, further work was needed to correct these mutations.  



 
 

39 
 

pSW1312 

 Due to the mutations found in the sequencing data from pSW13, subsequent plasmids 

were created to rectify many of the errors. Following the assembly of the two restriction enzyme 

digest fragments (fragments made with BglII and SacII, see methods) and verification through 

sequencing; the data showed a less mutated self-excising cassette region (data not shown). 

Mutations were still, however, found throughout the plasmid. Despite the self-excising cassette 

region containing no new mutations, the serine to proline mutation at position 961 mutation of 

the GFP region remained. This mutation would need to be remedied to ensure proper function of 

the GFP post translation.  

 

Figure 12. Identification of pSW13 cloneuseing PuvII. (Lane 1: New England BioLabs 1kb 

Plus DNA Ladder, Lane 2: uncut pSW13, Lane 3: digested pSW13, Lane 4: New England 

BioLabs 1kb Plus DNA Ladder. Expected fragment sizes 4766, 3140, 2364, and 384 base pairs.  



 
 

40 
 

pSW13126 

 Site-directed mutagenesis was performed, as described in methods, on pSW1312 to 

return the proline at position 961 back to a serine. Multiple clones were grown, and DNA was 

isolated before being digested with HindIII as an initial verification step. The digestion (agarose 

gel not shown) showed that all samples except for sample 3 contained the correct fragments (see 

methods for band sizing). Following the initial screening, clones were sequenced utilizing the 

JRA2F primer, clone 6 and clone 7 contained the expected base change pair (Figure 13). Clone 6 

was chosen due to the higher concentration of DNA in the sample following sequencing. This 

sequencing showed a less mutated sequence within the self-excising cassette as compared to 

pSW13. Despite this there still were four point mutations and two single base pair insertions 

within the non-coding region between the first loxP site and the start of the Sqt-1 coding region. 

Thus, these mutations would not affect the overall formation of the protein. Moreover, there was 

a mutation was a tyrosine to cystine mutation at position 4310. This mutation, found within the 

coding region for green fluorescent protein, could prevent proper function of the protein. Thus, 

another round of cleanup was determined to be needed.  
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Figure 13. Identification of successfully completed mutagenesis creating pSW13126. (* 

indicates target for mutagenesis) A) sequence for pSW1312 with presence of the in-frame serine 

to proline mutation. (proline: CCC) B) Sequence for pSW13126 demonstrating successful 

mutagenesis of the in-frame proline (CCC) mutation back to a serine (TCC).  
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pSW13126X 

 Construction of this plasmid this plasmid is still progress; thus, it does not have a unique 

designation, but rather a temporary identifier of pSW13126X. This plasmid was created to 

further remove mutations from the self-excising cassette and the green fluorescent protein. Thus, 

pSW13126 was digested with BamHI to fix the tyrosine to cystine change at position 4310 

mutation along with the other six mutations. The BamHI fragment from pDD282 (contains the 

unmutated sequence) replaced the mutated BamHI fragment from pSW13126. The pSW13126 

plasmid was successfully digested with BamHI and the 9298 bp fragment was isolated through 

the “Freeze and Squeeze” agarose gel purification (gel not shown). The pDD282 1356 bp 

fragment caused challenges. This fragment had been difficult to isolate through restriction digest. 

The small plasmid fragments also did not appear well on the 1% gel. After multiple trials in 

creating this plasmid through restriction enzyme digest and ligation failed to produce colonies. 

Additional trials demonstrated that higher concentrations of DNA may be needed for distinctive 

bright bands and a higher gel purification concentration. In instances of no colonies growing, the 

concentration of the smaller pDD282 fragment was low following isolation, thus there was an 

even smaller amount of DNA isolated after being purified through the agarose gel (quantified 

through NanoDrop). At higher concentrations, an agarose gel showed bright correct bands for 

both pSW13126 and pDD282 (Figure 15). The concentration of the pDD282 samples is 340 

ng/μL. For pSW13126 the concentration is at 220 ng/μL. The pDD282 samples were at a much 

higher concentration compared to previous attempts where it was frequently under 100 ng/μL. 

This last plasmid purification trial was the stopping point; thus, any future work should continue 

from these samples.    

  



 
 

43 
 

 

  

Figure 14. Restriction enzyme digest of pDD282 and pSW13126 with BamHI. Lane 

1 New England BioLabs 1kb Plus DNA Ladder, Lane 2: Undigested pDD282, Lane 3: 

Digested pDD2828, Lane 4: Blank, Lane 5: Undigested pSW13126, Lane 6: Digested 

pSW13126. (1% agarose gel) 
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DISCUSSION 

Autism spectrum disorder have been linked in the past to mutations within neuroligin 

genes. C. elegans and humans both have neuroligin genes that has been very well conserved. As 

such, a C. elegans model system in which to study human ASD. The model system could also be 

used to study each of the different isoforms of wild type nlg-1, this would help to better 

understand the function and location of each. To build this model, computational modeling of the 

individual nlg-1 isoforms was completed along with the determination of potential dimerization 

and neurexin binding sites. This allowed for visualization of current proteins (wild type and 

mutated) and understanding of how they interact with themselves and neurexins. A 

CRISPR/Cas9 system was used to build a complete knockout of the C. elegans nlg-1 gene. A 

green fluorescent protein (GFP) was included to allow for visualization of which neurons 

expressed nlg-1 in its synapses. The GFP also may determine if nlg-1 was expressed in any other 

location inside of a neuron.      

Computational Modeling 

 Following the prediction of each C. elegans nlg-1 isoform structure, further analysis of 

the protein sequence was completed. It was determined from the structure that each of the nine 

isoforms should be capable of forming dimers, and thus, able to be trafficked to the plasma 

membrane of the synapse where interactions between neuroligin and neurexin take place 

(Figures 7, 8, 9, and Appendix 3). The sequence of the protein further supports this analysis as, 

the predicted three dimerization (based on human NLGN3 dimerization sites) sites are located 

withing exons 8 and 11 (Ko et al. 2009 and Dean et al. 2003). Each of the nine isoforms, 

including the two shortened forms, contain exons 8 and 11.  Utilizing similar techniques, the 

potential binding sites of neuroligin and neurexin were also predicted. The binding sites from 



 
 

45 
 

NLGN1, NLGN3 and NLGN4X were used to obtain corresponding regions of nlg-1. These 

corresponding regions were found within most of the nlg-1 isoforms except for the shortened 

isoform forms H and I. The binding sites for NLGN1/NRXN and NLGN4X/NRXN correspond 

to residues within the beginning of exon 8, prior to the start codon used in isoforms H and I. 

However, the binding sites of NLGN3 and NRXN correspond to regions exon 10 and 11within 

nlg-1. Therefore, binding would still occur if the binding region of nlg-1 is most like that of 

NLGN4X or NLGN1 in most instances. The binding sites for the NLGN2 was not used in these 

predictions as this information was not determined in referenced literature.   

  The neuroligin protein found in the strain VC228, when modeled, did not appear to 

capable of forming dimers (Figure 10). Therefore, the binding and dimerization sites for VC228 

were also analyzed. Due to the known deletion of exon 8 through 13, the dimerization sites for 

VC228 are not present. The 334 bp insertion does not appear to influence the dimerization of 

VC228 as no dimerization sites appear within the insertion (Hunter et al. 2012). Further 

investigation would be required to determine full effects of this insertion. The lack of 

dimerization theoretically would prevent the VC228 produced protein from being brought to the 

plasma membrane of the synapse therefor, there would be no interactions between neuroligin and 

neurexin. However, due to the limited deficits found within this strain, the lack of dimerization is 

peculiar and requires further study. Perhaps the addition of a GFP tag will provide insight into 

where this protein is ultimately trafficked to.  

Due to the uncertain effect of the 334 bp insertion, it was further thought that perhaps 

VC228 still contained the neuroligin and neurexin binding sites. Analysis showed VC228 also 

does not contain the corresponding NLGN/NRXN binding site regions when compared to the 

wild type. As mentioned above the VC228 gene lacks exons 8-13; the NLGN1/NRXN and the 
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NLGN4X/NRXN corresponding binding sites are located within the missing exon 8. The 

NLGN3/NRXN corresponding binding site is also located within deleted exons, specifically 

exons 10 and 11. The corresponding regions also did not appear within the 334 base pair 

insertion; thus, it can be expected that there would be little unintended interaction. The lack of all 

binding sites further adds to the confusion relating to the limited deficit phenotype despite altered 

structure. The knowledge that despite the altered protein, the limited behavioral changes remain, 

provide a compelling reason to create a null knockout mutation.  

Complete nlg-1 Knockout Model 

 The complete nlg-1 knockout model has yet to be completed due to multiple mutations 

found within the plasmid. Multiple iterations of the rescue plasmid construction have been 

needed; each contained corrections for the different mutations found in the SEC and GFP found 

during the previous attempts (Figure 15). There still are mutations to be corrected; however, the 

number is much smaller, these were fixed alongside the larger amino acid mutations. Multiple 

correction methods were used, including site-directed mutagenesis, and restriction enzyme 

fragment replacements and ligations.   
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Following the initial completion of the pSW13 plasmid through PCR and Gibson 

assemblies, the Sanger sequencing data showed many different mutations (data not shown). Each 

of the following mutations was corrected in a later iteration of the rescue plasmid. One of the 

most problematic mutations that was fixed, was the in-frame serine to proline change at base pair 

position 961 of pSW13. Followed by a second, which was the missense mutation, of a histidine 

to arginine mutation at base pair position 6313, this change caused concern due to it unknown 

effects on protein folding. Another example of a mutation found was the point mutation within a 

splice site at base pair position 4264; a cytosine was mutated to a thymine. The number of 

Figure 15. Flowchart of creating the nlg-1 knockout rescue plasmid. Described above is 

a general depiction of the overall plan followed in creating the null knockout rescue plasmid 

along with the unique challenges found within each step.  
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mutations within the self-excising cassette region resulted in developing a new protocol to 

helpfully minimize the mutations introduced. 

 To reduce the mutations in the rescue plasmid sequence, we decided that the plasmid was 

to be remade minimizing the number of PCR steps used. A restriction enzyme digest and ligation 

method were developed and used in following iterations of the null knockout rescue plasmids. 

The first attempt utilizing this technique involved the restriction enzymes BglII and SacII and 

was named pSW1312 (Figure 4). This plasmid contained a substantially cleaner self-excising 

cassette region, and both the point and missense mutations were both remedied. However, the 

plasmid still contained the serine to proline mutation at position 961from pSW13. As a result, the 

serine to proline mutation at position 961 was also further remedied by site-directed mutagenesis 

utilizing the NEB Q5 site-directed mutagenesis kit. The mutagenesis was successful in returning 

the proline to the rightful serine (Figure 13). This iteration was named pSW13126. However, 

following sequencing, a tyrosine to cystine mutation at position 4310 was discovered. Thus, 

further modifications are needed.  

  The newest iteration is focused on removing the tyrosine to cystine mutation at position 

4310. Due to its location within a coding region of GFP, we decided that it was of important that 

the sequence be free of mutations to ensure proper function of the fluorescence marker (Figure 

5). This iteration utilized BamHI as the restriction enzyme, there were two cut sites, which 

removed the need for a second restriction enzyme. Multiple attempts had been made to correctly 

make this plasmid; however, each of these trials failed. In some trials, no colonies would grow, 

in others, there would be colonies, however when analyzed though a gel, these colonies did not 

contain the new insert. Often, they were either empty backbone or nothing would show up on a 

gel. Multiple different routes were taken in attempts to solve the problem, including increasing 
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the concentration of insert used, utilizing different competent cells, and isolating plasmid DNA 

from new colonies grown from frozen stock. Prior to the stopping point it was decided to attempt 

to isolate high concentration DNA to work with from both pDD282 and pSW13126. This was 

completed by purifying larger quantities of liquid culture in one purification column. After 

multiple attempts, isolating DNA from colonies grown from frozen stock granted DNA of high 

concentrations that had not been previously seen, and when ran on an agarose gel the bands were 

super bright and had the correct fragment sizes (Figure 14). This indicats that future attempts 

should be completed with the newest DNA isolation or with high, greater than 150 ng/μL 

concentration DNA. Creation of a successful pSW13126X will allow for the completion of the 

components of the CRISPR/Cas9 system as the two gRNAs are already made. The system, with 

the rescue plasmid would be microinjected into wild type C. elegans to produce the new 

neuroligin null model system.  

Possible Reasons for Errors in pSW13 and pSW13126X  

 As mentioned above, sequencing pSW13, created using Gibson Assembly, revealed 

multiple mutations throughout the plasmid. After analysis of the sequence and steps utilized to 

create the plasmid, we decided that the mutations were introduced during the multiple PCR steps. 

In the following attempts that do not use PCR, no new mutations were introduced.   

 In pSW13126X, there are multiple possible reasons for the challenges seen in creating 

this plasmid. First, the pDD282 plasmid is unstable due to the temperature induced Cre and lox-p 

sites present within the sequence (Dickinson et al 2015). Thus, the depositing laboratory suggest 

that it should be grown at 30° C to maintain stability. Furthermore, the stock of pDD282 

obtained from AddGene is only stable for approximately two weeks without being placed in the -
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80° C freezer. Therefore, one should return to the original frozen stock plasmid anytime there 

may be concerns relating to growth quality or presence of the SEC insert.  

Another issue that was faced in the construction of pSW13126X came from only utilizing 

BamHI as it created two identical ends, in which can be combined with the backbone in either 

orientation. Thus, a screening method prior to sequencing is needed. This method is a work in 

progress; however, it was decided that screening will either involve colony PCR with carefully 

selected primers designed to determine the orientation of the insert. Another challenge that was 

faced was when transformations were completed, to insert the plasmid DNA into competent 

cells, often no colonies would grow. It was suspected that there was not a large enough 

concentration of insert DNA from pDD282 that was used in the annealing reaction. Thus, not 

enough plasmids were created and used in the transformation despite multiple different 

concentration being attempted. This would explain why no cells grew as they were plated on 

ampicillin plates and the plasmids contained the ampicillin resistance gene. It was also suspected 

that the competent cells were just old and lost their effectiveness; however, when others in the 

lab, used the same supply of competent cells, their experiments worked, thus, proving this theory 

unlikely. Changing the type of competent cells was also tested to no avail. Following attempts 

with these modifications, it was determined that the likely cause of the issues was  a combination 

of the instability of pDD282 and low concentrations of pDD282 insert DNA.      

Future Directions 

 Despite the many attempts at creating a mutation-free nlg-1 complete null knockout, no 

iteration was completely mutation free. There were many instances where the desired GFP and 

self-excising cassette insert were not found when colonies were grown and purified from older 

existing cultures. Also, the purified plasmid DNA did not appear stable when frozen at -20°C, 



 
 

51 
 

samples that had the insert when initially purified (confirmed through gel electrophoresis; not 

shown), did not contain the insert weeks later. To increase the probability of success during the 

next trial, the pDD282 plasmid should be streaked from frozen stock (-80°C) every time it is to 

be used.  

 In the latest iteration pSW13126X, there were difficulties in the transformation and 

uptake of the plasmid into the competent E. coli cells (data not shown). One potential way to 

improve the transformation is to adjust the concentration of vector used in the annealing step 

within and outside of the kit’s manufacturers recommended range. Since the insert is smaller 

(approximately 15%) compared to the backbone, a lower concentration would be needed. In the 

current concentrations there are far more molecules of insert than vector per nanogram, as such 

the number of annealed plasmids is limited by the concentration of vector. To achieve a higher 

concentration of DNA overall, the starting concentration must be higher. Some of the DNA is 

lost during both the restriction digest and gel purification steps. Thus, more colonies should be 

grown up overnight at 28°C from a frozen stock plate; multiples of these samples (maximum of 

9 mL liquid culture) should be combined and purified together to increase the concentration 

isolated following a miniprep. Furthermore, during the gel purification step, an attempt should be 

made to recover the largest amount of the band with as little extra agarose gel as possible. This 

will increase the concentration of gel purified DNA as there would be less liquid for the DNA to 

be soluble in. The isolated gel piece should also be “mushed” and pulverized as best as possible 

before being added to the filter pipet tip, possibly increasing and amount of DNA fragments that 

can be recovered. When enough insert is isolated, the ligation step should include the addition of 

phosphatase of the vector to prevent the large ends of the backbone from re-ligating together 

without the presence of an insert. A restriction enzyme digest with HindIII would be completed 
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to distinguish between the two different orientations due to a change in the location of the 

restriction sites. If the insert is not reversed, there will be five bands with the lengths of 3032, 

2973, 2246,1514, 889 bps. If the insert was reversed there will only be 3 bands with the lengths 

of 4648, 3032, 2973 bps.  

 Following the completion of the null knockout plasmid the next step would be to 

microinject the C. elegans with the CRISPR/Cas9 system plasmids. The C. elegans would be 

initially screened for the roller (sqt-1) phenotype, a C. elegans behavior where they move in 

circle instead of a straight line, and for the hygromycin resistance as this indicates successful 

incorporation of the self-excising cassette (Kramer et al. 1988, Park and Kramer 1994). Finally, 

the temperature at which the successful transgenic animals are growing would be raised to 

remove the self-existing cassette, thus the hygromycin resistance and the roller phenotype would 

no longer be present in these animals. Allowing for animals to only express the GFP and making 

this a full knockout. Fluorescent and behavioral testing would follow. Fluorescent testing would 

allow for identification of neurons and synapse which express neuroligin in the worm body 

(Calahorro and Ruiz-Rubio 2012). The behavior testing will identify possible phenotypic deficits 

associated with the missing neuroligin protein; some behavioral characteristics that may be tested 

include chemotaxis and thermotaxis. 

 Another direction to continue in the future would be to create a C. elegans model that 

expressed the human NLGN3 as mutations in this gene have been associated with ASD In the 

past (Jamain et al. 2003, Ulbrich et al 2016). Once the humanized model system is completed, 

site-directed mutagenesis would be completed to create a C. elegans model of the R451C and 

G221R mutations. The former mutations have been associated with autism in the literature; the 

latter is a mutation often used as a positive control of protein misfolding, but not associated with 
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autism (Jamain et al. 2003 and Ulbrich et al. 2016). To accomplish this, a synthetic gene 

component containing artificial C. elegans introns with the beginning of the human neuroligin 

gene. Introns were chosen to be included as in C. elegans express transgenic genes better if there 

are introns present (Mary Colasanto, InVivo Biosystems personal communication). This would 

be ligated to a neuroligin cDNA to create a full human gene that can be expressed within C. 

elegans. Creating these mutant model systems would allow for further identification and 

understanding of the phenotypic implications surrounding autism associated mutations.   

Conclusions  

 Predicting the protein structure of nlg-1 has allowed for valuable understanding into 

possible reasons for the strains VC228’s nlg-1 lower deficit phenotype. Through this analysis, 

we determined that VC228 is unable to form dimers nor is it predicted that this nlg-1 will bind 

with nrx-1. Despite this, question still remain, how does this strain not exhibit a more severe 

behavior deficit. Thus, the goal was to create a complete null knockout mutant strain to avoid 

confounding variables.  Despite the challenges seen in each attempt, valuable information 

regarding future experimental processes were obtained. With each new iteration, the null 

knockout plasmid continues to move forward towards microinjection and the creation of 

transgenic animals.  

 Research into autism spectrum disorders has become a controversial topic within the last 

ten years as the medical model of disabilities has been rejected (Pellicano and den Houting 

2022). However, with such limited knowledge regarding the role of genetics, environment, and 

other potential causes, work completed in this field would provide scientific and peer reviewed 

reasoning, to potential help individuals, parents, and caregivers understand that their choices and 

undermine the harmful misinformation that is so often seen among the public. Research may also 
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provide insight into helpful, long-term treatments to improve the quality of life of autistic 

individuals without ever curing the autism. The research completed in this study does not seek to 

cure autism through the use of CRISPR/Cas9 or another method, but rather to understand the 

effect and function of an autism associated protein.      
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Appendix 1. Non-Kit Protocols 

The following are protocols for procedures used not obtained from commercially available kits:  

PCR Set Up 

• 25 μL New England BioLabs LongAmp Hot Start Taq 2X Master Mix 

• 2.5 μL 5 μM Forward primer 

• 2.5 μL 5 μM Reverse primer 

• 1 μL DNA 

• 19 μL Nuclease free water 

Follow appropriate annealing temperature for primers (NEB TM calculator) 

NEB Thermocycling program: (final holding temperature 4°C)  

Initial denaturization  94°C 30 seconds 
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30 cycles 94°C 

45-65 °C (annealing temperature) 

65°C 

15-30 seconds 

60 seconds 

50 

seconds/Kilo 

base (kb) 

Final extension 65°C 10 minutes 

Restriction Enzyme Digest 

• 20 μL Reaction 

o 2 μL NEB CutSmart Buffer (1x) or another appropriate buffer 

o 5 μL mini prep DNA 

o 2 μL Restriction enzyme 

▪ was reduced to 1 μL of each enzyme if more than one 

restriction enzyme was needed 

o 11 μL Nuclease free water 

May scale this reaction depending on quantity of digested DNA needed 

Gel Sample Preparation: 

• 12 μL Uncut sample:  

o 5 μL DNA sample 

o 5 μL Tris-HCLl or TE or nuclease free water 

o 2 μL 6X Loading dye  

• 24μL Digest sample 

o 20 μL Digest sample 
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o 4 μL 6X Loading dye  

Agarose Gel: 

1. Make 800 mL of 1X Tris-acetate-EDTA (TAE)  (80 mL 10X TAE and 

720 mL distilled water) 

2. Weigh out appropriate amount of agarose powder  

a. Measurements for 100 ml gel apparatus: 

i. 0.8% gel= 0.8 gram (g) agarose powder 

ii. 1X gel= 1.0 g agarose powder 

3. Measure out appropriate amounts of 1X TAE 

a. Small gel uses 50 ml of 1X TAE 

b. Large gel uses 100 mL 1X TAE 

4. Combine and heat until the solution is clear with no granules remaining 

5. Let cool until tolerable to hold without gloves or heat protection 

6. Add 2 μL, 10 mg/ml ethidium bromide (EtBr) for every 100 mL of 

agarose gel 

7. Pour into pre prepared gel casting apparatus and wait for it to solidify 

8. Remove gel from casting apparatus and place into running apparatus, 

cover with enough 1X TAE that the tops of wells can no longer be seen  

9. Add EtBr (10 mg/mL) to buffer in the same 2 μL/100 mL ratio 

10. Load samples w/ 5 μL NEB 1kb Plus DNA ladder on the outside lanes of 

sample on gel 

11. Run gel 80 volts/2 amps/ 120 min (adjust time as needed) 
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“Freeze and Squeeze” Agarose Gel DNA Purification (Patharkar 2019) 

• Run desired DNA on an agarose gel 

• Cut a large 1 mL pipet tip with a filter to fit in a 1.5 mL microcentrifuge tube and 

place inside 

• Cut the desired fragment out of gel with as little excess gel as possible 

• Place the fragment within the cut pipette tip, chopping the gel fragment into small 

pieces 

• Place the sample in -80°C freezer for 5 minutes  

• Following freezing, immediately spin in microcentrifuge for 3 minutes at 

maximum speed 

• Purified DNA will be in the flow through; discard filter. 

Gibson Assembly 

• 2x Annealing Buffer (makes 10 milliliters) 

o 200 μL 1M Tris 

o 160 μL 125mM EDTA 

o 58.44 mg NaCl 

o Nuclease free water to 10 mL 

• Assembly Reaction  

o 10 μL 2X annealing buffer 

o 2 μL small fragment 

o 1 μL large fragment 

o 7 μL nuclease free water 

o Incubate 15 minutes at 50°C 
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Ethanol Precipitation: 

 Section 1: 

• 7 μL PCR sequencing reaction 

• 1.5 μL Exonu* 

• 1.5 μL Alkphos* 

1. Incubate 15 minutes at 37°C 

2. Incubate 15 minutes at 80°C 

*Sold together as ExProStar by Cytiva 

Section 2: 

1. Transfer 8 μL into 1.5 mL microcentrifuge tube 

2. Add 

a. 1 μL of 20μg/mL glycogen 

b. 2.25 μL 125 mM EDTA, pH 8.0 

c. 27 μL 95% EtOH 

3. Vortex to mix 

4. Incubate at room temperature for 20 minutes 

5. Spin in 18 °C microcentrifuge for 20 minutes 

6. Carefully aspirate off supernatant with pipette 

7. Add 250 μL 70% EtOH vortex 20 seconds 

8. Spin in 18 °C microcentrifuge for 10 minutes 

9. Carefully aspirate off supernatant with pipette 

10. Repeat steps 7-9 
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11. Place samples in speed vac to dry for 15 minutes under both pressure and 

temperature (caps open) 

12. Add 20 μL HiDI (highly deionized) formamide and vortex for 30-60 

seconds 

13. Transpher to sequencer tubes and load into sequencer 

Appendix 2. Sequences for pSW13 

Introns 

Introns within sequences 

5’F 

GFP 

SEC 

   LoxP 

   Sqt-1 

   Cre 

   Hygr 

   LoxP 

3”F 

C TC TA G AG TC G ACC T GC AG GC A TGC A AG CT TG GC G TA A TC A TG G TC AT

A G CT G TT TCC TG TG T G AA A TT G TT AT CC GC TCA CA A TT CC AC AC AA CA

T A CG A GCC G GA AG C AT A AA G TG T AA A GC CT G GG G TGCC T AA T GA G T G

A G CT A ACT CA CAT T A AT T GCG T TGC GC TC ACT GC CCG C TT TCC A GTC G

G G A A ACC TG TC GT G CCA GC T GC ATT A A TG A AT CG GCC A AC GC GCG G G

G A G A GG CG G TT TG C GT A T T G GG CGC TC TTC CG CT TCCT C GCT CAC T GA

C TC GC TGC GC TCG G TC G TTC G GC TG C GG CG A GC GG TA T CA GC TC ACT C

A A A G GC GG T AA TA C GG T TA TCC ACA G A AT CA G G GG AT A AC GC A GG A A

A G A AC AT G TG A GC A AA A G GCC AG CA A A A GG CCA G G AA CC GT A A AA A G

G CC GC GT T GCT GG C GT TT T TCC AT AG G CTC CG CCCCCC T GAC G A GC AT

C AC A AA A AT CG AC GC TC AA G TC AGA G G TG GC G A AA C CC G AC A GG AC T

A T A AA G A TAC CAG G CG T TTC CCCCT G G AA GC TCC CTC G TGC GC TC TCC

T G TT CC GA CCC TG CC GC TT ACC G GA T ACC T GT CCG CC TT TC TCCC T TCG

G G A A GC GT G GC GC TT TC TC AT A GC TC AC GC TG T AG G TA T CTC A GT TC G
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G T G TA G GT CG TTC GC TCC A AG CT GG G CT G TG T GC ACG A AC CCCCC G TT

C A GCCC G ACC GCT G CGC CT T ATC CG G T AA CT A TC GTC TT G A GTC CA AC

CC G GT A A GA CACG A CT T ATC GCC AC T GGC A GC A GCCA C TG G TA AC A G

G A T TA GC A GA GCG A G GT A T GT A GGC G GT GC TA CA G AG T TC TT G AA G TG

G T G GCC TA AC T AC G GCT AC AC T AGA A G A AC AG T AT TT G G TA TC TG CG C

T CT GC T GA A GCCA G T TA CCT TC G GA A A A AG A GT T GGT A GC TC TT G ATC

C G GC AA AC A AA CC ACC GC T GG T AGC G GT G GT TT T TT TG T TT GC A A GC A

G C AG A TT AC GC GC A GA A A AA A AG GA T CTC A AG A A GAT CC TT TG A TC TT

T TC T AC GG G GT CT G AC GC TC AG T GG A AC G A AA AC TCA C GT T AA G GG A T

T T TG G TC AT G AGA T T ATC A A AA A GG A TC TT CA CCT AG A TCC T TT T AA A

T T A AA A AT G A AGT T TT A A ATC A ATC T AA A GT A TA T AT G A GT A A ACT T G

G T CT G ACA G TT ACC A AT GC T TA A TC A GT G AG GC ACCT A TC TC AG CG A T

C T GTC T AT TT CG TT C ATC CA T AG TTG CC TG AC TCC CC G T CG T GT A GA T A

A C TAC G AT AC G GG A G G GCT T ACC AT CT G GCCC CA G TG C TGC A AT G A TA

CC GC G A GAC CC AC GC TC ACC G GCTCC A G AT TT A TC AG C AA T AA AC CA G

CC A GCC G GA A G GG CC G AG CGC A G AA G T GG TCC T GC AA C TT TA TCC GC

C TCC A TCC AG TCT A TT A A TT GT T GCC G GG A A GCT A G AG T A AG T A GT TC

G CC A GT TA A T AGT T TG CG CA AC G TT G TT GC CA T TGC TA C AG GC A TC GT

G G T GT CAC GC TCG T CG TT T GG T ATG G CT TC AT TC A GC TCC G GT TCCC AA

C G ATC A A GG CG AG T T AC AT G ATC CCC CA T GT T GT GCA A A A AA GC G GT T

A G CTC CT TC GG TCC TCC G AT CG T TG T CA G AA G TA A GT T G GCC GC AG T G

T T AT CA CTC A TGG T T AT G GC AG CAC T GCA T AA T TCTC TT AC T GTC A TGC

C A TCC GT A AG A TG C TT TTC T GT G ACT G G TG A GT AC TCA A CC AA G TC AT

T CT G A GA A TA G TG T A TG CG GC G ACC G AG T TGC TC TTG CCC G GC GT CA A

T A CG G GA T AA T ACC GC GCC AC A TAG C AG A AC TT T AAA A G TG CTC A TC A

T T G GA A A ACG T TC TT CG G GG CG A AA A CTC TC A AG G AT CT T ACC GC TG T

T G A GA TCC A G TTC G AT G TA ACC CAC TC GT GC ACC CAA C TG A TCT TC A G

C A TCT TT T AC TT TC ACC A GC GT TT CT G G GT G A GCA A AA A CA G G AA G GC

A A A AT GC CG CA AA A A A GG G A AT A AG G GC G AC AC GG AA A T GT T GA A TA

C TC AT AC TC TTC CT T TT TC A AT A TT AT T G AA GC A TT TAT C AG G GT T AT T

G T CTC A TG A GC GG A T AC AT A TT TGA A T GT A TT T AG AA A A AT A A AC AA A

T A G GG G TT CC GCG C AC AT TT CCCCG A A A AG T GCC ACC T GAC G TC TA A G

A A AC CA TT A TT AT C AT G ACA T TA ACC T AT A AA A A TAG G CG T ATC AC G A

G G CCC TT TC GT CTC GC GC GT T TCG GT G A TG AC G GT G AA A AC CTC T GA C

A C AT GC A GCT CCC G GA G AC GG TC AC A GCT T GT CT GTA A GC G G AT GCC G

G G A GC A GAC A A GCC CG TC A GG GC GC G TCA GC G G GT GT T G GC GG G TG T

C G GG GC T GG CT TA A CT A TGC G GC AT C AG A GC AG A TTG T AC T GA G AG T G

C ACC A TA T GC GGT G T GA A AT AC CGC AC A GA T GC GT AA G G A GA A A AT A

CC GC A TC AG GC GCC A TT CGC CA T TC A GG CT GC GC AAC T GT TG G G AA G G

G C GA TC G GT GC GG G CCT CT TC GC TA T T AC GCC AG CTG G CG A A AG G GG G

A T G TG CT GC A AGG C GA T TA A GT T GG G T AA CG CC AG GG T TT TCC CA G TC

A C GA CG TT G T AAA A CG AC G GCC A GT G A AT TC G AG CTC G GT ACC CG G G

CC A A GCT G G GA TA A AC AC AC TC GAA A G TT G A AA A TTG A A A AT T GT TT T

A A T TT TT CTC T TGA A A G AA A TCT G AT A A TT TT T TA A TTC A AT TT CTC CA

A T T GT TT T GG T TTT T TT CAC T TG A GCT T TG T A GAC A T AT A T GT G TCA AC

A T CA A AT G TT TGT T AC AT A TT TC AA A A GCC A AC TT AA T A AA AC T AA A A
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A A A A ACC GA A A AT G A AA AC G AT CTA T T AA T GT TT T TTT G CA G AA T TT T

T CT T TCA G A AT GC A AA A A AT TA T TT G A AC GT G TC AGA T TC A AA TT A A G

A T GC TT A TA T TCA A CT TC AA TC A AA A A A GCT T AA CAT T TT A AC AA A AC

C TT T TT AT A TT CAA T A TT A TT TT CCTA C TTC CT AT CA CA T TT CA A A AT G

T CC AT CTC A TT GCA A CTC G AC A AG TT T TG T GC AG A TTG A G AC A AT TG A

CC G G AC AAC A ATT TC CT AT T GC TG GA CCC CCT G TT GCCC CCC AA A T GA

T G AC A TT ACC TCT T TT CCT CCC TTCT A CCC GCCC TT CTT G TC TTC T TCT T

C TT CT TT T TCG G GA T TT T TCT CT AC AA C GA TC AT CA T TT T TT G TC AT GC

A G CT A GG T TG TTG C ATC T GC TTC CA A G AT A AC A AA CC T AA TT T TT G TC

A T GC G AA AC A ATT T AC TC GT TT CA TG T TT T TT TT CCT TT T G ACT TC TT C

A A A AC TA TC TT AT G CT TT T AT TT T AT A G TC GT AT A TTA T TT A TT T AT G A

C TC AA CTC A A AAT A T GA CA A TT TTA A T GA T GCC G ATT A CT TCT A A ACT

T A TT GC CA A A ATT A TT A T AT GT G TGT T TT CA G AT AC TTT CC AT TC G AA A

A A CA AC G AA A A TG G CG G A AA GC A GA G A AT CA T GC GAA T TT G G AA G TG

A A CA G GC AT G A GT A A AG G A GA A G AA T T GT T C AC TG GA G T TG TCC CA A

T CC TC GTC G AG CT C GAC G G AG AC GT C AAC G G AC ACAA G T TCT CC GTC T

CC G G AG A GG G A GA G G G AG AC GCC ACC T AC GG A A AGCT C ACCC TC AA G

T TC A TCT GC AC CA CC G GA A AG CTCCC A GT CCC AT G GCC A ACCC TC G TC

A CC ACC TT CT GCT A CG G AG TCC A AT G CT TCT CCC GT TA CCC A G ACC AC

A T G AA GC G TC ACG A CT TC TTC A A GT CC GCC AT GC CAG A G G GA T AC GTC

C A AG A GC GT ACCA T CT TCT TC A AG gt aag t t t a aaca t a t a t a t ac t aac t ac t g a t t a t t t a

aa t t t t c ag g a C GAC GG A A AC TA CA A G ACC CG T GCC G AG GT C AA G TTC G A G

G G A G AC ACCC TCG T CA ACC G TA TCG A GC TC A AG gt aag t t t a aacag t t cgg tac t

aac t aacca t aca t a t t t aaa t t t t c ag G GA A TCG A CT TC AA G G AGG A CG G A AAC A TC

C TC GG AC AC A AGC TC GA G TA CA ACT A CA AC TCCC ACA A CG TC TA CA TC

A T G GCC G AC AA GC A AA A G AAC G G AA T CA A GG TC A ACT TC A A G gt aag t t t

a aaca tg a t t t t a c t aac t aac t aa t c t g a t t t a aa t t t t c ag A TCC G TC ACAA C ATC G A GG AC

G G A TCC GT CC AAC TC GCC G ACC ACT A CCA AC A A AACA CCC CA A TC GG

A G AC G G ACC AG TCC TCC TCC C A G AC A ACC AC T A CCTC TCC ACC CA A TC

C GCC CTC TCC A AG G AC CC AA AC G AG A A GC GT G ACC AC A TG G TCC TCC T

C G AG T TCG TC ACC GCC GCC G G AA TC ACC CAC G G AA TG G AC G A GCT CT A

C A AG G A GA A TCTG T AC TT TC A ATCC G GA A A GG T AA GT T TA A A AT A ACT

T C GT AT A GC AT AC A TT AT AC G A AGT T AT T TTC A G GGA G A GC A AA A GC T

T A TC TCC G AG G AG G AC CTC T AA G GA T G AT CG AC GCCA A CG TC GT T G AA

T T TT CA A AT T TT AA A T AC TG A AT A TT T GT T TT TT T TCCT A TT A TT T AT TT

A T TC TCT T TG T GTT T TT T TTC T TGC TT TC T AA A A AA TTA A T TC AA TCC A

A A TC T AA AC A TTT T TT T TTC TC TT TCC G TC TCCC A ATT C GT AT TCC GC TC

C TC TC ATC T GA AC AC A AT GT GC A AG T TT A TT T AT CT TC T C GC TT TC AT T

T C AT TA G G AC GTG G G G GG A AT T GGT G G AA G G GG G A AA C AC AC AA A AG

G A T GA T G GA A ATG A A AT A A GG AC AC AC A AT AT GC A AC A AC AT TC AA T

T C AG A AA T AT G GA G G A AG G TT T AAA A G A AA AC A TA AA A A TA T AT A G A

G G A G GA A G GA A AC T AGC T GCCC TCG A T TG TC TA TC TTCC A TT CTC ACC

A A G TT TC A AC AAC TT T AT TC A GTC AT TC T TCT CT G GT TC A TT TCCC A AC

C A ATC T TC CC G AA T A AA GC CC ATCT G TCC TT TC G GCCA C AT TCC TC ACC

T A CA TCC G TAC TCC T TA TC TCCC G TT CT T ATC CA G TC TT T TA TC G TCT CT

G C GTC TC GC AC AC T GTC TC GT CG GT A A TG T AA A A AAA A A AC A AA A AA
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A A CT T GA A AA CTT G CG G AA A G AT TT CC TA A TA A A AGG A G AC G AA TCC

G G T AG G A AA TC GA C AA G TCT CT GCT TC TC G AA G AC TA G G TG A G TT AC A

T T TC TT TG GC CG AA T T AT TT T GA A ATCC T AA A TT T GA TA A T TTC A G AG A

T G TC TG T AA A ACT T GC GT G TT A TG TG A CG GC TT CG G TC AC TG TC GCC A

C TC TT AT G G TA TG C TTC A TG ACC AT G TC A ACC ATC TA C TCG G A GG T TG

A T G GA T TC AG A GA G A A GCT T GA T ACC G A GA T GA A TGT G TT CA G A g tg ag

t t a aa t t a t a t t t t gaa t t t t a aa t aa t t t t t a a t t t t c t ag C A ATC T ACC A ATG G A TT G TG G A A

G G AC A TA G TT G TC A TCG G A AG A TCT A GC A AG CG T GTCC G TT G TC AA T A

T G A AG A G ACC A AC GC TA CCCC A ACT CC AC AT GC TG AT G G AT CC CC AT C

T G CTC CAC CA G GT C AAC CA CC AGCA G T TCC ACC A GTC TT CA ACC A GCC

A A A G ACT CC AA AT G G AG CC AA T GGA A A TG G ACC A ACC T GCA AC T GC A

A T GC T GA T AA CAA G T GCCC A GC TGG A CC ATC CG G ACC A AA G G GA G TT

CC A G GA G TTC CAG G AC TC G AC GG AG T TCC A GG AC T TG A CG G TG T TCC A

G G A GT T G GA GC TG A T GA T AT CG CTCC AC A AC GC GA GT CT G TC GG A TG C

T TC AC TT GC CC AC A AG G ACC A GT TG G AC CA CCA G G AG C TCT T GG A A GA

CC A G GA CCA CG TG G AC T TCC AG G ACC A A GA G GA CA AA A T GG A A ACCC

A G G A AG A G AT G GA C AA CC AG G AC AT CC AG G A GA GC AA G G AT CA TCC G

G T CA A ATC G G AAA G A TC GG A G AG CC A GG AC CAC CA GG A G A GA A G GG A

C GC G AC GCC GA GC A TCC AA TC G GAA G AC CA G GA CC AA A G G GA CCA A G

A G G A GA TC A AG GA CC A AC AG G ACCA G CT G GA CA G A AC G GTC T TC ACG

G A CC ACC AG G A GA G CC AG G AA CC GT T G GA CCA G A AGG A CC ATC T GG A

A A GC A A GG AC G TC A AG G ACC A GA CG G A ACC CA G GG AG A G AC TG G ACC

A G AC G G AA G ACCA G G A AA G G AT GCC G AG T ACT GC CAG T GCC CA G AC A

A G TC TCC ACC A TC A GA G GC TG TC AA C GCC A ACC GT GG A T AC AG A A AT

A T CT A AA TT G TTG G T GT T TTC T AA TA A A AT A TT T GA GA T TC A GT G AG A

C TT T TT TC TT G GCG G CA CA A TA A A GT T TCC TC TT TT T GT T G GG TC AC TC

A A CG A AC AC AA TA C AA A TA T TT G AG C GCT CG CA TT TT TC TC A ACC TT T

C G GG T TT A AA GCA C TTC A AA A T AGA A T TG A A GA G AGA T T GT G AA A GT

A C ATC A G AC AG AA T CAC A TT T TG AT A GC A TTC AC TTC AC TC AG A TG C A

A A CT TT TC A GT GA C TA T AA A AA G TC A TA A AA T AA T AA C AT T AA A AA A G

C A AA T AA A TT A GC G AG A G AA TT T TT T G AC AA A AA G AA A G A AG A GT G A

T A G AG A A GA A G GG A A TG CT T GA A AG G A TT T TGC A TT TA T C T TA A TC AC

C G TCT TC G AG A AG A CG A ACC A TG GC GCC A GT T TCA GA A TCC A A GT TT C

T A A TA T AG T TCAT C ACA A TG T TG AC G TT G GTC CA ACC TCC G GCT T GC A

T A A TCT CT G GG AT G G A A AC TCC A GC GC G AG CCA T GTC AC G GG CA GC TC

C G AC AC GG GC G GA A T GT CCA G ACCA A GC CA A GT A ACG T T GTC CG G A A

T C ATC CT TG GC TCC G TA G AT G AG ACG G T GG G T AGC T TC G AA G AT T cct ga

aaa t t t a t t t t c ag c t t a t t c t t ag c t aa t a t g t t g t t t a aac t t a C CT TC AA G AG C TCG A GT CG A

G A G TT G TG A TG TT G CAC TC G GG GCA G CA AC TCC G TTC TT GC G AA CA CG

A C AG A AC AG G T AG T T GT TT G G ATCA T CG GC G ACT CCG G A A ACC GA A A T

CC A GC GC TC AACG A GC T TG G TA ACT CC AA G G GA G A GC GC TT TT TC G AC

T CC GG CA G TC GAG A CA TC ACC CA GC G TT TT T GT AC GTCC G AT G TG G A T

G A GC A TTC T TCCT CC GT CT GT GC GA C TA A TA TCC TTG A CG CG A AT GC G

G G CA A TT TC G GCG A T AC GG A G AA GT G T GT T GT A AGCA A T TCC GA G G A

A G GC G A GG TT TCG G A TG TCC T G GCA A CG A T C GG A ATT T TCC AT A A GA G

A A CG G ACC T GA TC G AA G TC GG T t c t gaaaa t t t cg t caag tc t t ag g a t t g aa t aca t t a a t
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a t t t a aac t t a CC TT TCG A A G GC GA G GG CT T GC TT G GC TCT CT CT CC AGC A TC

A A CA T TT TCC TT GC G GA T AC GTC TCA T T AC GA G AG A TA C GG CA TT A G A

A T CT G AT G GG CGT G G AA G TCC A GAT C GGC G AT G G AGC A TA TT G A GCT G

T CC GA G AT G TT GT T G GA TC GT CT TCA C C GCC A AT CCAC G AG CT TG G A G

G T A GA GC A A GT AG T CAC G A AC GTCT TC T GG CTC G GCT G G GA AC CA CT T

G C GG T TG TT A A GC TT GC ACC A G GCA G CCC A AG A AC GG C AC ACT G A GA

G A A GC AT CT TCCA G G TG T GC TC GGA G A A GG CT TG TCT G TC AC GG A AC A

T A TCC A TG A G GTT CT T GC GA AC TTC A TCA CT T GTC GC G TCA AC T GG A A

G T GC T GG A AG A TT T TG A T GA AC A GT G A GA A G AT TT GA C AT A TT TT CG A

A G T TT TT T AG A TGC AC TA G A AC AA AG C GT G TT G GCT TCC TC T GA GCC C

G C TT TCC TT A TA TA CCC GC A TTC T GC A GCC TT AC A GAA T G TTC T AG A A

G G TCC T AG A T GCA T TC GT T TG A AAA T AC TCCC G GT GG G T GC AA A G AG A

C GC A GA CG G AA AA T G TA TC TG G GTC TC TT TA T TG T GTA C ACT AC T TT TC

C A TG T ACC GA A TG T G AG TC GCC CTCC T TT TG CA AC AA G CA GC TC G AA T

G T TC TA G A AA A AG G T GG A A AA T AGT A T AA A TA CC GTT G A AA A T AA A T

A CC G AA CA AC ATT T GC TCT A A TT GTG A A AT T A GA A ATC TT CA A AC TA T

A A TC A TG TC AC TT T ACC AC T AT TT CC G TCC AG CTC A AC G TTC CG TT T TT

G G T GA TC A TT TT TG C TT TC GTC G TAA A TC T ACA CA CGC G TCT CT TCC GT

G C GA G A GTC CA AG CC A GC AGC CA AA T TC GT T GA CT GA G T AT TC A AC GT

T T AT AC G TT G TCG G CA AC G AG A A AT A G GA A A AT GC AT C GG G AA A TG T T

C TT T TT TC GA T TTT T TCC A AG G TT TTG A CA A AT T TT ACC AC G AA TT T TG

C T AT GT T TTC A ATT A A AA A A TA T GTT A TT CA AC T GT TTC T AT G AG G AA

A A T AA G GC TT T GC A TG T AA TT T TCTT A TT CA GC A TA AT T TT T AA T TA A T

T T G AA T TT TC TG TCC T AA CG T TT AT TT T GT T TTC T TG G TT A T GA CT G ATC

T G A AA T TA A TT TTT G A AT T TT A AG GT A A TA T GTC A G GC G GT GCC GC A A

G T TT G T ACA A A AA A GC A G GCT CC AT G A AA A A GCC TGA A CTC AC CG CG

A C GTC T GT CG A GA A G TT TC TG A TCG A A A AG T TCG ACA G CG TC TCC G AC

C T GA T GCA GC TCT C GG A GG GC G A AG A A TC TCG T GC TT TC A GC TTC G AT

G T A GG A G GG CG TG G A TA T GT CCT GC G GG T AA A TA GCT G CGC CG A TG G T

T TC T AC AA A G ATC G TT AT G TT T ATCG G CA CT TT GC A TC G GCC GC GC TCC

C G AT TC C G GA A GT G CT TG AC A TT GG G G A AT TC AG CGA G A GCC T GA CCT

A T T GC ATC TCC CG CC GT GC AC A GGG T G TC ACG T TG CA A G ACC T GCC TG

A A AC CG A AC TGCCC GC T GT TC TG CA G CC GG TC GC GGA G GC CA T GG A TG

C G ATC GC T GC GGCC G AT CT T AGC CA G AC G A GCG G G TT C GGC CC AT TC G

G A CC GC AA G GA AT C GG TC AA T AC AC T ACA T GG CG T GA T TT CA T AT GC G

C G AT T GCT G AT CCC CA T GT G TA TCA C TG GC A AA CT GT G A TG G AC GA CA

CC G TC AG T GC GTCC G TC GC GC AG GC TC TC GA T GA GCT G A TG CT TT G GG

CC G A GG AC T GCCCC G A AG TCC G GCA CC TC GT GC AC GC G GA T TTC G GC T

CC A AC A AT GT CCT G AC G GA CA A TGG CC GC AT A AC AGC G GTC A TT G AC T

G G A GC G AG GC G AT G TT CG G G GA TTCC CA A TA CG A GGT C GCC AA CA TC T

T CT TC TG G A GG CC G TG G TT G GCT TG T A TG G A GCA GCA G AC GC GC T ACT

T C GA GC G GA G GCA T CCG G A GCT T GC A GG A TC G CC GCG G CTC CG G GC G

T A T AT GC TCC GCA T T GG TC TT G ACC A ACT CT A TCA GA G CT T GG TT G AC

G G CA A TT TC G ATG A T GC AG CT T GGG C GC AG G GT CG AT G CG AC GC A ATC

G T CCG A TCC G GAG CC G GG AC T GTCG G GC G TA CA CA AA T CGC CC GC AG

A A GC GC G GCC GTC T GG ACC G AT G GC T GT GT A G AA G TA C TCG CC GA T AG



 
 

71 
 

T G G AA AC CG AC GCC CC AGC AC TC GT CC GA G G GC AA AG G A AT A G ACCC

A G CT TT CT T GT ACA A A GT G G GTC CAA T T ACT CT TC AAC A TCCC TA CA T

G C TCT TT CTC CCTG T GC TCCC AC CCCC T AT TT T TG T TAT T AT CA A A AA A

C TT CTC T TA A TT TC TT T GT TT T TT A GC TT CT TT T AA G TCA CC TC TA AC A A

T G A AA T TG T GT AG A T TC AA A AA T AG A A TT A AT TC GTA A T AA A A AG TC G

A A A A AA A TT G TGC TCCC TCC CCCCA T T AA T AA T AA TT CT A TCCC A AA A

T CT AC AC A AT G TT CT G TG T AC A CT TC TT A TG T TT TT T AC TT CT G AT A AA

T T TT T TT G AA AC AT C AT A GA A AA A ACC GC AC AC A AA AT A CCT T ATC A T

A T G TT AC GT T TCA G T TT A TG ACC GC A AT TT T TA A TAA C TTC G TA T AG CA

T A CA TT A TA CG AA G T TA T TT TC AGG G A GCC G GA TC TG A T TA T AA A G AC

G A T GA CG A TA A GC G TG A C TCC A ACT TC T TTC G TT TCCC TCC T GA A AT G

T A CAC A TCC AT TG T T GC GG T GT TT TG T AC A TA TT T T CCT T TT GC A AA G T

T T TC TT AT T TTC TT T TT T TA TC AT T GC T GT TT G TC AT AA T A AA A TCC G AG

T A T ACT A TT T TCGC A TG T AT GC TT AT A A TT TCC A AA TT C AA A GG A AC TG

G A A AC A AT A AA AA T T GG G G ACA CACC TC TT A G AT TGA A A G AT A TG TC

A T TT T GT A A AT TGA G A TG T TT TT A GC T AAC A A GA A ATA A T TT TT CC AA T

C TT AC A AA G A ATC T GAC A A AA G TTC TT CG GCC T TTC AT C GT GT T TC AT C

T A G AA AC G TG G AA G T TT A TT TT A ATC A TCT A GA T TT TTT T TT A A AA TC T

A A A TC TCT T TTC AG A T AA A G TG A TTT T TT A TC AG T TA AT A T AT A TA T AT

G T T AA T AG A TA AG CC GT A AT A A TCA T A AA A T ATC ACT T AT T GC TT G AT

A C ACCC A AA A TTA CC A AA T AG GCCA A T TT TC AC GT TCA C AT TT T GC AT

T A T AT G GC AG CTT CC TT A AG TC TAA G  
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Appendix 3. Additional Protein Structures 

Individual Isoforms 

 

  

Isoform A Isoform B 
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Isoform C Isoform D 
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Isoform E Isoform F 
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Isoform G Isoform H 
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Isoform I 

Isoform I 
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Alignment of each isoform with isoform E 

 Isoform E: Yellow and Green  Compared Isoforms: Pink and Orange  

  

  

Isoform A vs E Isoform B vs E 
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Isoform C vs E Isoform D vs E 
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Isoform F vs E Isoform G vs E 
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Isoform H vs E Isoform I vs E 
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VC228 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

VC228 

Monomer 
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VC228 alignment with 

WT nlg-1 isoform E 

VC228: Orange 

WT, nlg-1 Yellow 

 


