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ABSTRACT OF THE THESIS 

 

Elucidating Dynamic Interactions of Neuroligin4 with Alpha and Beta-Neurexin1 via 

Deuterium Exchange Mass Spectrometry 

 

by 

 

David Eugene Lee 

 

Master of Science in Biology 

University of California, San Diego, 2013 

Professor Palmer Taylor, Chair 

Professor Darwin Berg, Co-Chair 

 

Synaptic adhesion molecules such as neuroligins and neurexins play a critical role 

in nervous system development and aberrations in their structure appear associated with 

developmental conditions such as the Autism Spectrum Disorders.  Yet why two distinct 

α- and β- neurexin protein isoforms emerged in the synapse is still not well understood.   

Neurexins are composed of either α- forms containing six distinct Laminin-Neurexin-Sex  



 

xii 

 

(LNS 1-6) hormone binding globulin domains and three epidermal growth factor 

like domains (EGF 1-3), and β- forms which are solely composed of the sixth LNS 

domain.  Both serve as presynaptic cell adhesion molecules and bind to postsynaptic 

neuroligins which are members of the α-β hydrolase fold family.  It is hypothesized that 

though binding of neuroligin to neurexins is strongest at the sixth LNS domain, or β-

neurexin, it may not have to occur there exclusively due to established variance in protein 

function.    

 Hydrogen/Deuterium Exchange Mass Spectrometry (DXMS) was utilized to 

elucidate structural components of neuroligin4 and α- and β-neurexin1 and probe for 

changes induced by binding interactions.  This revealed in neuroligin a novel point of 

interaction with α-neurexin through reductions in deuterium exchange rates absent when 

bound to beta-neurexin1.  α-neurexin1 exchange profiles also affirmed physical occlusion 

at LNS 4 and 5 yet neuroligin’s binding site remained specific to LNS 6.  Furthermore β-

neurexin1 displayed binding trends highly similar to α-neurexin1’s LNS 6 and confirmed 

both bind neuroligin4 in the same fashion and that potential neuroligin interaction with 

LNS 4 and 5 exert minimal effects on LNS 6 binding. 
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INTRODUCTION  

Neuroligin and Neurexin: Partners of Synaptic Transmission 

The α-β hydrolase fold superfamily of proteins are diverse in structure and 

function.  Yet these tend to share common pathways for protein folding and processing.  

Not only do they serve as catalytic centers for substrate ester and amide hydrolysis as 

well as chaperones in thyroid hormone synthesis, they are responsible for maintaining 

neuronal communications through vital heterophilic synaptic adhesion interactions (De 

Jaco et al., 2012).  The latter function is carried out through the binding of neurexin and 

neuroligin class cell adhesion proteins (Davletov et al., 2003; Dean et al., 2003; 

Fabrichny et al., 2007, Leone et al., 2010; Miller et al., 2011; Sudhof, 2001; Sudhof, 

2008; Ushkaryov et al., 2008). 

 Vertebrates possess three distinct neurexin genes labeled neurexin 1-3, each of 

which can be transcribed to produce the longer α-neurexin or the shorter β-neurexin via 

alternative promoter regions (Leone et al., 2010;
 
Miller et al., 2011).  Translation of 

neurexin transcripts leads to the production of presynaptic class I transmembrane proteins 

whom all possess the same C-terminal sequence anchoring them to the cell.  Their N-

terminal regions, however, differ.  α -Neurexin is comprised of nine distinct and 

independently folded domains which include six laminin-neurexin-sex hormone-binding 

globulin domains, or LNS domains, and three epidermal growth factor-like domains, or 

EGF domains.  The C-terminal region is composed of an O-glycosylated stalk domain 

consisting of approximately 100 amino acids and functions as an elongated flexible linker 

to the protein’s transmembrane domain.  The setup varies between the two forms in that 
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the β form is solely composed of the last LNS domain of α-neurexin and lacks any EGF 

domains (Miller et al, 2011).  These two forms are further diversified through five 

potential alternative splicing sites labeled SS#1-5 of which α-neurexin can utilize all five 

whereas β-neurexin only can access site 4 and 5.  It is believed that different forms have a 

significant influence on synapse specificity (Comoletti et al. 2006; Ichtchenko et al., 

1996; Ullrich et al., 1995). 

 Neuroligins are another family of class I transmembrane cell-adhesion proteins 

consisting of five main isoforms designated neuroligin 1-4 and 4Y.  The proper selection 

of these isoforms which exhibit sequence homologies ranging from 32-36% plays a 

significant role in the proper maintenance of glutamatergic excitatory synapses which 

utilize neuroligins 1, 3, and 4 as well as GABAergic inhibitory synapses which utilize 

neuroligin 2 (Leone et al., 2010; Song et al., 1999; Varoqueaux et al., 2004).  As 

postsynaptic cell adhesion proteins they interact and bind with neurexin class proteins to 

effectively convey neuronal signals via characteristic release of neuronal transmitter 

across the synaptic cleft.  When induced to be expressed by non-neuronal cells they aid in 

the formation of functional presynaptic structures, which can then be connected to 

postsynaptic projection to initiate transmission (Brose et al., 1999; Garner et al., 2002).  

They are close relatives of cholinesterases, lipases, protein neurotactins, glutactins, 

gliotactins, and thyroglubulins which are also members of the α/β-hydrolase fold 

superfamily (Auld et al., 1995; Cygler et al., 1993; de la Escalera, 1990; Ollis et al., 

1992; Olson et al., 1990; Schumacher et al., 1986) yet instead of utilizing its now-

vestigial catalytic pocket to perform hydrolysis and transmit signal, it utilizes surface 

recognition properties to execute its role (Fabrichny et al., 2007).   
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 The proper assembly, delivery, and placement of these two families of proteins 

should not be taken lightly.  In studies both past and present there are been results 

associating complications with the proper formation of the neuroligin-neurexin complex 

with the onset of disorders such as ASD, Tourette’s Syndrome, schizophrenia, as well as 

learning disabilities (Sudhof, 2008).  Genetic screening has largely determined that 

mutations within the coding sequence whether they be deletions, truncations, or point 

mutations often do not necessarily affect the proper binding and formation of the 

complex but rather can drastically hinder the post-translational processing and delivering 

of protein to the target dendritic or axonal surface (Arons et al., 2012; Fabrichny et al., 

2007; Jamain et al., 2003; Leone et al., 2010; Miller et al., 2011; Yan et al., 2008; Zhang 

et al., 2013).  This has been determined to be a result of a protein’s inability to properly 

fold and be glycosylated in lieu of any changes, thus leading to intracellular retention.  

For any that do manage to get out, they are quickly labeled for degradation and removed, 

further depriving the synapse of points of connectivity (De Jaco et al., 2012). 

 Given the role that neuroligin and neurexin play in synaptic transmission, the 

specifics surrounding their interactions have been well studied.  The two families of 

proteins are capable of interacting with one another in a calcium dependent fashion where 

a single cation will coordinate assembly of the complex via its specific binding sites on 

either protein.  Neuroligin forms a dimer with itself in antiparallel form along its four-

helix bundle.   This setup thus leaves two β-neurexin proteins to bind on opposite sides of 

the dimeric molecule through coordination with calcium in between their respective 

binding interfaces to neuroligin as shown via X-ray crystallography.  (Arac et al., 2007; 

Chen et al., 2008; Fabrichny et al., 2007; Leone et al., 2010; Miller et al, 2011).  On the 
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other hand whether calcium plays a role outside of coordinating complex formation, 

whether neuroligin4 binding to the LNS 6 region of α-neurexin1 is consistent with that of 

β-neurexin1, as well as why the latter may have evolved, are questions that have not been 

extensively examined.  With multiple independently folding domains, where LNS 2 and 

LNS 6 domains have been shown to possess capacity for direct protein binding, curiosity 

regarding the roles played by the LNS 3-5 domains found in between inevitably rise as 

well (Sugita et al., 2001).  In this paper we demonstrate that calcium coordination leads to 

protein stabilization, LNS 6 binding to neuroligin is not notably influenced by the 

presence of additional LNS domains, and LNS 4 and 5 domains may serve as points for 

additional stabilization and potential function of the bound complex through transient 

interactions with neuroligin. 

 

Relation to Autism Spectrum Disorder 

ASD has been linked to issues of protein structure of neuroligins as well as 

neurexins (Arons et al., 2012; Sudhof, 2001).  They can also induce symptoms of 

schizophrenia, Pitt Hopkins-like syndrome 2 and mental retardation (Kim et al., 2008; 

Rujescu et al., 2009; Sebat et al., 2007; Yan et al., 2008; Zahir et al., 2008; Zweier et al., 

2009).  Some have hypothesized that these mutations likely either cause an issue with 

binding integrity or proper signaling either by neurotransmitter release or by some yet-to-

be-determined metabolic product.  Changes in one or more facets of synapse formation, 

maintenance, signaling, and plasticity have frequently been under scrutiny.  Generally in 

cases where an individual suffers from disorders which prevents proper expression, 

delivery, or interaction with neuroligin, the condition renders an effective loss-of-
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function of neuroligin and subsequently induces a mismatch between the balance of 

excitatory to inhibitory networks functioning at any given point in time (Dean et al., 

2003; Sudhof, 2008; Yan et al., 2008; Zhang et al.,
 
2009). 

The genetic basis for such is a complex one and has yet to be fully understood.  

For example it has proposed an interaction with protein SHANK3 where levels of 

expression had a close correlation to the rate of excitatory synapse formation which leads 

to increases in neuroligin levels.  Upregulation of such promotes the proliferation of 

excitatory synapses but does not fully establish an explanation for its role in how it 

contributes to proper synapse maturation (Arons et al., 2012).  Other studies have 

localized points of interest to particular X-linked genes which may affect proper protein 

folding, binding, or post-translational modification through variance of number of gene 

copies, physical alterations of chromosomes, specific sequence mutations along with 

missense mutations (Jamain et al., 2003; Feng et al., 2006; Glessner et al., 2009; Kim et 

al., 2008; Rujescu et al., 2009; Sebat et al., 2007; Szatmari et al., 2007; Yan et al., 2008; 

Zahir et al., 2008; Zweier et al., 2009).  These changes that affect neuroligin’s structural, 

function, and availability provide us with a look at how far we have come and how much 

more there is to be done to fully comprehend it. 

The neurexin family which is involved with presynaptic neuroligin binding is not 

excluded from these considerations.  Since synaptic signaling is a concerted effort by 

both neuroligin and neurexin, loss of the latter can be just as problematic as issues with 

the former.  α-Neurexins have been shown to not only participate in binding with 

neuroligin to connect a bridge for signaling, but they are also responsible for regulating 

proper function of synaptic calcium channels (Missler et al, 2003).  Changes in its 
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structure lead to an inability to properly couple signals with calcium channel opening and 

as a result effectively interfere with transmissions which likely lead to a diminished 

neuronal response (Schapitz et al., 2010).  Even while synapses might contain a 

functional copy of β-neurexin, it is unable to compensate effectively for the roles that α-

neurexin fills, accordingly the question of what α-neurexin’s full spectrum of functions 

are have yet to be completely answered (Sudhof, 2008).  Seeing as how evidence towards 

linking the formation of the neuroligin-neurexin adhesion complex and the linkage to 

ASD via mutations in synaptic adhesion proteins still remains fairly incomplete, it would 

be of interest to further elucidate the fundamental mechanisms of cell-to-cell adhesion to 

isolate whether these observed complications are solely due to independent causes or a 

culmination of a series of related symptoms.      

 

Background surrounding Hydrogen/Deuterium Exchange Mass Spectrometry 

 With a seemingly ever increasing list of health issues that may impact an 

individual’s ability to experience an otherwise fulfilling life, there must be a 

comprehensive understanding of protein structure, function, and conformational 

dynamics to define the targets of novel treatments.  With each protein possessing its own 

biological and physical characteristics, the task of quickly and efficiently cataloging all 

pertinent information on the protein’s properties can be a very difficult and highly time 

consuming one.  However with the development of modern techniques such as X-ray 

crystallography and surface plasmon resonance, proteins have become far easier to 

observe, assess, and isolate for experimentation.  Even so, significant hurdles still remain 
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in that each technique usually can only provide a limited scope of information on each 

protein (Wintrode et al., 2007). 

 Peptide amide hydrogen/deuterium exchange mass spectrometry, or more 

commonly referred to as DXMS, has become one of the most frequently utilized tools in 

analysis of protein dynamic interactions.  It serves as a method to rapidly and efficiently 

map out binding footprints in protein-protein or protein-antigen type interactions.  

Utilizing this technique provides a wider perspective than possible through function of 

point mutants alone.  Prior to deuterium exchange, hydrogen exchange studies were and 

still are performed using proton NMR (Chandak et al., 2013; Dyson et al., 2004).  

Nowadays mass spectrometry has come to be viewed as a highly preferable choice for 

protein hydrogen-exchange experiments (Chung et al 2011, Kaltashov et al., 2002; 

Westfield et al., 2011).  DXMS itself is also viewed as an advantageous technique in 

comparison to others in that the amount of protein needed to perform an experiment is 

significantly less than traditional methods (400-1500 picomoles), and it makes 

elucidation of protein structure possible even if crystallization is not possible, since 

analysis of protein is conducted directly in solution (Maier et al., 2005; Morgan et al., 

2009).  Like what can be said about most organic molecules, a protein’s unique structure 

and conformational dynamics are determinants of its functionality.  Any alterations to 

said structure either through amino acid mutation or changes in post translational 

modifications can drastically influence protein function.  By applying DXMS to interests 

in disease progression, DXMS has allowed for the tracking of shifts in protein structure 

and function in comparison to wild-type counterparts.  Since its inception it has also been 

of great use in observing dynamic interactions and structures of various proteins related 
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to human diseases such as those found in aggressive neurodegenerative disease, platelet 

activation, and viral infections (Hsu et al., 2009; Lee et al., 2011; Zhang et al., 2012, 

Aiyegbo et al., 2013).  In this study, DXMS is applied to neuroligin4, α-neurexin1, and β-

neurexin1, which when functioning abnormally have been shown to be related to, 

amongst other complications, onset of Autism Spectrum Disorders (ASD), Tourette’s 

Syndrome, schizophrenia, and learning disabilities (Sudhof, 2008). 

 

Theory behind Hydrogen/Deuterium Exchange 

 The phenomenon of hydrogen exchange occurs more often than most individuals 

realize.  It is characterized by the deprotonation of a hydrogen from an atom in the 

molecule being studied along with subsequent reprotonation by a hydrogen from solution.  

Hydrogens on proteins are largely categorized into three groups.  The first consists of 

those which make up general hydrocarbons which fail to exhibit any measurable levels of 

exchange.  The second contains functional groups found on amino acids (-COOH, -NH2, 

-SH, -OH) where exchange occurs too rapidly and cannot be accurately measured due to 

the majority of deuterium having back exchanged with solution during mass spectrometry 

processing.  Finally the third group is made up of peptidic backbone hydrogens which 

display appreciable rates of exchange due to stabilization of surrounding amide groups.  

DXMS utilizes this property to track rates of hydrogen exchange and can examine all 

amino acids with the exception of proline which lacks an amide hydrogen on the peptidic 

backbone (Figure 1).  When under physiological conditions, peptidic amide hydrogens 

have exchange rates varying from a few milliseconds to hours, days, or in some instances 
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even weeks due to influences of inherent protein structure and regional solvent 

accessibility (Morgan et al., 2009). 

 Peptidic amide hydrogens are known to be weakly acidic and can normally 

exchange with hydrogens in solution without any trace of such activity.  If however the 

solvent hydrogen is replaced with a heavier isotope such as deuterium, mass spectrometry 

can precisely identify locations where exchange-induced mass increase has occurred.  

The overall rate of hydrogen-deuterium exchange across a protein is largely determined 

by its structural conformation and solvent accessibility and can be further influenced by 

binding interactions (Englander and Kallenbach., 1983).  That means areas of proteins 

which are structurally organized or sterically impeded by physical obstruction show a 

lesser degree of hydrogen exchange whereas areas that generally lack structure or possess 

greater degrees of mobility exhibit much more rapid rates of exchange (Bai et al., 1993; 

Garcia et al., 2005).  Thus with having collected such information, valuable contributions 

can be made to existing as well as novel understandings of proteins interacting under 

physiological conditions.   

  The rate of amide hydrogen exchange as mentioned above can shift as additional 

considerations are made for local factors such as steric hindrance by neighboring side 

chains in key solvent causeways or by binding of organic molecules such as ligands or 

antibodies which can potentially physically occlude various areas upon occupation.  

Hydrogen exchange takes place when a solvent base physically deprotonates a peptidic 

hydrogen and a deuterated solvent molecule comes in to replace the lost proton 

(Englander et al., 1996). Anything that impedes this can severely inhibit efficient 

exchange.  In functional native conformation proteins, any amide hydrogens located on 
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unstructured/variable loop regions or lacking any sort of additional stabilization by 

hydrogen bonding will usually display a very high degree of exchange on the scale of 

milliseconds to seconds.  Peptidic hydrogens buried deep within a hydrophobic interior or 

perhaps involved in indispensable hydrogen bonding may take days, weeks or even 

months to see any appreciably degree of exchange (Tsutsui et al. 2007; Zhang and 

Smith., 1993).  Similar trends are also observed once a binding partner has docked and 

hidden otherwise exposed areas of the target protein which can exhibit clear differences 

in exchange in comparison to its free counterparts.  (Zhang et al., 2012)  Thus analyzing 

the rates of peptidic hydrogen exchange can provide vital information on protein 

structural layouts under physiological conditions as well as potential conformational 

changes due to dynamic interactions with other macromolecules. 

 

Analysis of Hydrogen/Deuterium Exchange by Mass Spectrometry 

A given DXMS study is comprised to two major experimental parameters: 

digestion optimization and deuterium on-exchange.  Digestion optimization is the process 

by which the most optimal conditions of proteolysis are determined.  Factors which must 

be considered are the concentrations of denaturant applied, what conditions the 

experiment took place under, the arrangement and type(s) of protease columns used, as 

well as appropriate flow rate over said protease column(s).  To assess the effectiveness of 

these conditions, non-deuterated protein samples are prepared and mixed with a series of 

quench buffers varying in concentration of denaturant salt guanidinium hydrochloride to 

neutralize any protein structure.  In addition, the levels of TCEP added to the quench 

must also be considered to ensure appropriate reduction of any disulfide bonds present.  
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Once this step has been completed, the samples are then injected and flowed across a 

conjugated protease column to be proteolyzed into daughter peptides generally ranging 

between 4 to 30 amino acids in length.  These peptides are then separated via gradient 

elution by reverse-phase liquid chromatography.  During this process primary data-

dependent MS1 profile mode scans for parent mass identification to identify the peptides 

generated as a result of proteolysis in each quench condition, and subsequently follows it 

up with a MS/MS scan to identify the peptide sequence of daughter fragment ions.  Upon 

completion of data acquisition, Proteome Discoverer, which is a program that utilizes a 

database search algorithm, is used to analyze the data and assigns further identifications 

of parent peptides including their sequence and chromatographic retention times for 

additional data reduction procedures.  The optimal quench condition is one that ideally 

yields the greatest coverage of the protein’s amino acid sequence and highest number of 

peptides, and will be used further to conduct deuterium on-exchange experiments. 

 Deuterium exchange experiments utilize the acidic nature of peptide bonds to 

incorporate isotopic deuterium labels onto a protein’s peptidic backbone.  A deuterium 

on-exchange experiment is performed so that the degree of deuteration across various 

portions of the protein can be assessed.  This is done by comparing the levels of 

deuteration on a protein incubating in D2O buffer over pre-determined time points versus 

that of protein incubating in H2O buffer, both of which are occurring at each individual 

protein’s native physiological conditions.  The time points are pre-set incubation times 

where once time is up, an aliquot of the exchanging solution is “quenched” via mixing 

with quench solution and the temperature of the solution is cooled to 0
o
C.  The quench 

functions to remove protein structure so as to allow proteases to function more effectively 
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as well as lower the solution pH to 2.5 so as to push acid/base catalyzed exchange 

reaction rates to a minimum which is not so important in preventing further deuterium 

labeling as it is in hindering loss of peptide deuterium to surrounding H2O in solution 

(Figure 2).  Thus quenching the solution at pH 2.5 maximizes deuterium retention and 

allows for the labeled peptides to be analyzed by mass spectrometry and peptide 

identification using the aforementioned procedures above.  Once data acquisition of these 

experiments has been completed complete, the masses of the deuterated peptides can be 

compared and contrasted to the masses of their fellow non-deuterated counterparts.  At 

the conclusion of data comparison, the peptides comprising these data sets can be used to 

construct a detailed map to quantitatively illustrate the varying rates of deuterium 

incorporation across different sectors of the protein over time.  Thus generating such 

allows for the elucidation of structural dynamics across particular regions of interest as 

well as verifying domains for ligand or substrate interaction (Figure 3). 
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MATERIALS AND METHODS 
 

Neuroligin4 and Α/Β Neurexin1 Expression and Purification 

 Rat Neuroligin4 and bovine α-neurexin1 were expressed in HEK293 GnT1 

mammalian cell lines via p-cDNA 3.1 with a 3Cpro cleavage site introduced upstream 

from the Fc domain as previously described (Bolliger et al., 2001; Comoletti et al., 2010; 

Miller et al., 2011; Ushkaryov et al., 1992) and rat β-neurexin1 was expressed in bacterial 

Rosetta Plys cells where initial pGEX construct (Comoletti et al., 2003; Comoletti et al., 

2004, Ushkaryov et al., 1994) was subcloned into pDEST 17 (Invitrogen).  These were 

then purified via immobilized anti-FLAG M2 antibody (Sigma Aldrich) and gel-filtration 

FPLC on Superdex 200 in buffer A as previously described.  Stock solutions came out to 

6.0 mg/ml, 5.3 mg/ml, 5.1 mg/ml respectively.  Neuroligin stock was stored at 0°C while 

α- and β-neurexin stocks were divided into 100 ul aliquots and stored at -80°C.  All 

reagents used for experimentation were at purities that were reagent grade at minimum.   

 

Establishing Optimal Proteolysis Conditions 

Before performing deuteration studies, quench conditions that could yield an 

optimal pepsin fragmentation pattern were identified.  Five main conditions were 

attempted where stock concentration of guanidinium chloride was either 0.08M, 0.8M, 

1.8M, 3.2M, or 6.4M.  All of these also contained 15mM TCEP, 0.8% formic acid, and 

16.6% glycerol.  An additional condition containing 6.4M guanidinium chloride, 1M 

TCEP, 0.8% formic acid, 16.6% glycerol was also attempted.  For Neuroligin with and 

without calcium (6.0  mg/ml stock solution), Neuroligin-α-Neurexin complex (4.5 mg/ml
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 stock solution) and Neuroligin-β-Neurexin complex (4.9 mg/ml stock solution), 

fragmentation study was performed by mixing 1.5 ul of neuroligin stock solution 

suspended in 10 mM HEPES, 150 mM NaCl at pH 7.4 with 22.5 ul of H2O buffer (8.3 

mM Tris, 150 mM NaCl in H2O, pH 7.2), and subsequently aliquoted into 36 ul of 

quench at 0°C.  After allowing it to equilibrate for 60 s, autosampler vials were filled 

with 20 ul aliquots and frozen at -80°C.   

 One last condition attempted followed similar to the preparation above where 

fragmentation study was performed by mixing 1.5 ul of neuroligin stock solution 

suspended in 10 mM HEPES, 150 mM NaCl at pH 7.4 with 10.5 ul of H2O buffer (8.3 

mM Tris, 150 mM NaCl in H2O, pH 7.2), and subsequently aliquoted into 18ul of select 

quench and allowed to equilibrate for 300 s at 0°C.  Thirty ul of diluent (0 M GuHCl, 

0.8% formic acid, 16.6% glycerol) were subsequently added and allowed to equilibrate 

for 60 s at 0°C.  Samples were then aliquoted in 20ul amounts into autosampler vials and 

frozen at -80°C.  A similar procedure was repeated in preparing α-Neurexin and β-

Neurexin fragmentation studies. 

Once ready for data acquisition samples were thawed at 5°C and flowed over an 

AL-20-pepsin column (16 ul bed volume (Sigma)) packed with porcine pepsin (3,200-

4,500 units/mg protein, St. Louis MO) coupled to Poros AL-20 um resin (Life 

Technologies, Grand Island, NY) at 30 mg protease/ml resin per manufacturer’s 

instructions at a rate of 20 ul/min.  The resulting peptides were then collected onto a C18 

trap column at 0°C (Michrom MAGIC C18AQ 0.2x2 mm) and separated via elution 

using a C18 reverse phase column at 0°C (Michrom MAGIC C18AQ 0.2x50 mm) 

utilizing a liner gradient of 8-48% solvent B (80% acetonitrile and 0.01% TFA) over 30 
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minutes with column effluent directed into an Orbitrap Elite mass spectrometer 

(ThermoFisher Scientific Orbitrap Elite).  The instrument was set to operate in positive 

ESI mode with a sheath gas flow of 8 units, a spray voltage of 4.5 kV, a capillary 

temperature of 200°C, and an S-lens RF of 67%.  Data acquisition was completed in both 

data dependent MS1:MS2 mode and MS1 profile mode (Zhang et al., 2012).  Survey scan 

resolution was set to 60,000, at m/z 400 with a target value of 1x10
6
 ions and 3 

microscans.  Maximal injection time for MS/MS fragmentation was varied between 25 

and 200 ms.  Dynamic exclusion was 30 s and early expiration was disabled.  MS/MS 

fragmentation isolation window was set to 2, and the five most abundant ions were 

selected for product ion analysis.  Resulting data utilized Proteome Discoverer 

SEQUEST software (ThermoFisher Scientific Inc.) to identify the sequence of peptide 

ions.  Centroid scores of isotopic envelopes of nondeuterated, functionally deuterated, 

and equilibrium deuterated peptides were then assessed using DXMS Explorer (Sierra 

Analytics Inc, Modesto, CA) and subsequently converted to corresponding deuteration 

levels (Spraggon et al., 2004). 

 

Preparation for Protein Deuteration On-Exchange Experimentation  

To perform functional deuteration studies, the aqueous phase utilizes deuterated 

water obtained from Cambridge Isotope Laboratories (Andover, MA) which results in a 1 

Dalton increase in the mass of a particular exchanged amide proton on a defined peptide.  

Deuterated water added to protein is buffered at physiological pH and ionic 

concentration.  Over predetermined periods of time, as the protein becomes more labeled, 

aliquots of exchanged solution are quenched to drop the pH to 2.7, have disulfide bonds 
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reduced using tris (2-carboxyethyl) phosphine hydrochloride (TCEP) from Sigma (St. 

Louis, MO), and immersed in crushed dry ice to markedly reduce the rate of further 

exchange as well as deuterium label loss from the protein.  The locations and amounts of 

deuterium exchange can be quantified after rapid protein denaturation and disulfide bond 

reduction, as well as digestion over solid phase pepsin.  The shifts in mass of the resulting 

peptides induced by deuteration are detected via liquid chromatography mass 

spectrometry. 

In preparation for deuterium exchange, neuroligin was prepared under four 

conditions either being calcium-deficient, calcium-bound, and in complex with either α-

neurexin1 or β-neurexin1 with three states each: non-deuterated (ND), partially 

deuterated (PD), and equilibrium deuterated (FD).  For calcium-deficient, 20 ul of 

neuroligin was diluted with 4.5 ul H2O buffer (8.3 mM Tris, 150 mM NaCl in H2O, pH 

7.2) and 0.5ul EDTA at 25°C.  For calcium-bound, 20 ul of neuroligin was diluted with 5 

ul calcium-enriched H2O buffer (8.3 mM Tris, 150 mM NaCl, 15mM Ca
2+

 in H2O, pH 

7.2) at 25°C to generate a working stock.  α-Neurexin and β-neurexin were also incubated 

individually in calcium-enriched H2O buffer.  After 300 s incubation, neuroligin was 

mixed with α-neurexin and β-neurexin respectively in individual tubes at a 1:1.2 

neurolign:neurexin mole ratio and allowed 300 s to bind at 25°C.  

For functional deuteration studies of calcium-bound neurolgin, 6.0 ul of working 

stock protein was mixed with 6.0 ul of calcium-supplemented H2O buffer (8.3 mM Tris, 

150 mM NaCl, 3mM Ca
2+

 in H2O, pH 7.2) and then diluted into 36ul of calcium-

supplemented D2O buffer (8.3 mM Tris, 150 mM NaCl, 3mM Ca
2+

 in D2O, pDread 7.2) at 

25°C.  At 10 s, 100 s, 1000 s, 10,000 s, and 100,000 s, an 8 ul aliquot of the exchanging 
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solution was quenched via addition to 12 ul of optimized quench (6.4 M GuHCl, 1 M 

TCEP, 0.8% formic acid, 16.6% glycerol) chilled to 0°C on melting ice, allowed to 

equilibrate for 300 s, and diluted with 20 ul of diluent (0 M GuHCl, 0.8% formic acid, 

16.6% glycerol) at 0°C which was subsequently allowed 60 s to equilibrate before 

transfer into autosampler vials in 20 ul aliquots.  Vials were then immediately immersed 

in crushed dry ice and frozen at -80°C.   

Nondeuterated samples were prepared by mixing 2 ul of neuroligin working stock 

solution with 14 ul of calcium-supplemented H2O buffer (8.3 mM Tris, 150 mM NaCl, 

3mM Ca
2+

 in H2O, pH 7.2), and subsequently aliquoted into 24ul of optimized quench 

and allowed to equilibrate for 300 s at 0°C.  40 ul diluent containing 0 M GuHCl, 0.8% 

formic acid, 16.6% glycerol, was subsequently added and allowed to equilibrate for 60 s 

at 0°C.  Samples were then aliquoted in 20 ul amounts into autosampler vials and frozen 

at -80°C.  

Equilibrium deuterated samples were prepared by mixing 2 ul of neuroligin 

working stock solution with 2 ul of calcium-supplemented H2O buffer (8.3 mM Tris, 150 

mM NaCl, 3mM Ca
2+

 in H2O, pH 7.2).  12 ul D2O buffer containing 100% D2O, 0.8% 

formic acid was added and the sample was left to incubate for 72 hours at 25°C.  A 12 ul 

aliquot of exchanging sample was subsequently transferred into 18ul of optimized quench 

and allowed to equilibrate for 300 s at 0°C.  Thirty ul of diluent were subsequently added 

and allowed to equilibrate for 60 s at 0°C.  Samples were then aliquoted in 20 ul amounts 

into autosampler vials and frozen at -80°C.  Data acquisition for each set of samples was 

completed in 8-hour blocks and acquired with MS1 profile analysis mode.  The resulting 

data reduction was done via DXMS data reduction software described below.  Studies of 



18 

 

 

 

α-neurexin and β-neurexin and respective complexes were completed similarly.  For the 

α-neurexin study, an additional mole ratio of 1:3 was prepared and analyzed. 

 

DXMS Data Processing 

 To assess the anticipated sequence of parent peptide ions from the large quantity 

of MS/MS data acquired from the mass spectrometer, Proteome Discoverer which was 

developed in collaboration with ThermoFischer Scientific Inc, Fairlawn, NJ, was utilized 

to assign initial peptide identifications.  The program is a highly specialized DXMS-

specific data reduction algorithm software which pooled all generated peptides and 

passed them through a primary quality control threshold which can be adjusted by the 

user.  Each individual unique peptide was evaluated for accuracy and quality of the mass 

to envelope signal of the mass spectrum which was fitted along with the calculated mass 

envelope for further data reduction.  Should a given peptide contain several charged 

residues, then the ionization states which possessed the highest signal-to-noise ratio was 

selected.  In general circumstances the peptides which possessed the lowest charge states 

yielded the closest matches and optimally accurate signals. 

 Data processing is also needed to accommodate for “back-exchange” phenomena,  

characterized as the loss of deuterium from peptides into solution during processing and 

mass spectrometer analysis.  This resulted from the presence of H2O in the protein’s 

surroundings in addition to H2O which could be found in the flow solvent carrying 

protein towards the mass spectrometer and protein’s innate ability to exchange with such 

molecules. Corrections for “back-exchange” of deuterium to hydrogen during processing 

were made through the following two equations developed by Zhang and Smith., 1993, 
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and allowed for the determination of more accurate levels of deuterium incorporation for 

each given peptide. 

 

 In each of the equations, m(N), m(P), and m(F) represent the centroid values 

assigned for non-deuterated, partially deuterated, and fully deuterated peptides 

respectively.  MaxD is defined as the maximum value of deuterium which can be 

incorporated onto a given peptide.  It can be calculated by from the total number of non-

proline amino acids in a given peptide by subtracting the sum number of proline residues 

that are not found in the first two amino acid residues, along with an additional two to 

accommodate for the back-exchange rate of the first two N-terminal residues being too 

fast to allow for any appreciable measuring of deuteration levels. 
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RESULTS 

Characterization of Neuroligin and Neurexin 

 Preparations of Neuroligin and Neurexins were quantified to have a purity of 

~95% by coomassie (Figure 4).  Neurexins were expressed to not contain splice site #4.  

In addition β-neurexin1 did not possess any glycosylation due to expression in bacterial 

cells incapable of attaching carbohydrate to β-neurexin1.   

 

Fragmentation Optimization of Neuroligin4 and Α-Neurexin1 and Β-Neurexin1 

 Prior to initiating deuterium exchange experiments, we conducted fragmentation 

analysis to ascertain which set of quench conditions would yield optimal recovery of 

identifiable unique peptides on all three proteins separately and in complex with their 

respective partner(s).  Quench conditions were defined by varying the concentration of 

guanidinium chloride and TCEP in each set of solutions.  Ideally the condition chosen 

maximizes the number of overlapping peptides available and which together span the 

entire amino acid sequence of each respective protein.  The results of the optimal 

experiment came out to be the quench solution containing high guanidinium chloride and 

TCEP (6.4 M and 1M respectively) followed by dilution (0 M guanidinium) prior to 

freezing.  Proteolysis results for the three proteins across the pepsin column are shown in 

Table 1.  For neuroligin4 and α-neurexin1 there are characteristic gaps due to N-linked 

glycosylations, while β-neurexin did not have any.  For neuroligin they are found on 

Asn102 & Asn511 and α-neurexin on Asn813 and Asn1246.  Furthermore for α-neurexin 

the EGF-3 region which is a cysteine-rich area is known to contribute to
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disulfide bonding contains little to no coverage.  Even so, none of the other quench 

conditions provided superior coverage, number of peptides, or both (data not shown).  

Therefore we selected this particular condition to conduct deuterium exchange 

experimentation as follows. 

 

Analysis of Hydrogen/Deuterium Exchange 

 In order to characterize the conformation profile of each protein alone and in 

bound form, multiple conditions were developed to monitor the progressive change in 

deuteration.  For each protein we used three standard conditions: calcium deficient, 

calcium bound, and in complex in a 1:1.2 ratio of target:partner protein.  For α-neurexin, 

an additional ratio condition of 1:3 was also completed.  For each set, protein was 

incubated in deuterated buffer for five set time points, quenching time points exchanging 

at 25°C from 10 s to 100,000 s with optimized quench chilled to 0°C on melting ice to 

drop the rate of back-exchange to a minimum as it underwent mass spectrometer analysis.  

In addition, we prepared non-deuterated and equilibrium-deuterated sets for each sample 

as negative and positive controls.  With these the overall levels of deuterium 

incorporation in each set and time point was quantified via mass spectrometry and 

assigned a percent deuteration as detailed in the Materials and Methods section.  To 

establish a proper deuteration profile, a peptide of specific length and charge state must 

be identified in the non-deuterated, functionally-deuterated, and equilibrium-deuterated 

conditions.  As a result of experimental variation, there was inevitably some loss of 

peptides yielded which may or may not have resulted in coverage gaps not previously 

observed in initial fragmentation optimization experiments as detailed in Figure 5.   
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Hydrogen-Deuterium Exchange Profile of α-Neurexin1 

 Examination of the final map provides an extensive look at the structural nature of 

α neurexin1’s LNS 4, 5 and 6.  Initial fragmentation yielded the following sequence 

coverage for the whole protein: 93% for calcium deficient, 94% for calcium enriched, 

83% for neuroligin-bound complex at 1:1.2 neurexin:neuroligin mole ratio, and 88% for 

neuroligin-bound complex at 1:3 neurexin:neuroligin mole ratio.  Upon completion of the 

experiment, these shifted to 75%, 77%, 75%, and 70% respectively.  Thus a majority of 

the LNS 4, 5, and 6 domains were recovered and deuteration data could be effectively 

quantified.  LNS 4 coverage, with one disulfide bond, stayed around 83% for calcium 

deficient, calcium enriched, and 1:1.2 ratio and decreased slightly to 82% for the 1:3 ratio 

experiment.  LNS 5, also with one disulfide bond, showed a similar trend where most 

experiments hovered at 77% coverage except for the 1:3 ratio experiment where it 

dropped to 58%.  EGF 3 which is a small exposed domain held together by three 

disulfide bonds, yielded no data for the first three conditions, but provided a 39% 

coverage for the last.  Finally LNS 6 gave 76% coverage for the first three conditions and 

yielded 73% for the 1:3 ratio.  All of the following data are illustrated in Figure 6a-d.  

Peptide yields for each set came out to 303, 319, 233, and 150 peptides respectively.  In 

this sequence there are 2 gaps at glycosylation sites found on Asn813 in LNS 4 and 

Asn1246 in LNS 6 which are characteristic of carbohydrate attachments which can 

significantly affect peptide affinity in solution, making it difficult to be properly ionized 

and analyzed by the mass spectrometer.  Because Proteome Discoverer is not set up to 

identify peptides with complex carbohydrates attached, we are unable to recognize this 
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shift and account for it in its peptide identifications.  In addition LNS 5 possesses gaps 

spanning Ala1040-Ile1051 which is between β sheets 10 and 11, leaving it as an 

unstructured region identified as its hypervariable region exposed to solution and 

digestion by protease, as well as Phe1094-Gly1105 which serves as an exposed linker to 

the EGF 3 domain.  Even so, coverage of the three LNS domains studied was sufficient to 

show where specifically calcium and neuroligin associate.   

In comparing the changes between calcium enriched and calcium deficient 

conditions, we saw decreased rates of exchange in LNS 4 along its α helix 1 region and β 

sheets 3,8, and 11-14 regions, in LNS 5 along its α 1 region and β 1-4, 6-9, and 12 

regions, and in LNS 6 along its α 1 and β 2-7, 10-12 regions (Figure 6a-b).  From prior 

literature we know that LNS 6’s β 10 region flanks its hypervariable area where calcium 

can associate at concentrations as little as several hundred uM and be fully saturated 

under physiological conditions (Sheckler et al., 2006; Tanaka et al., 2011).  It can also be 

noted that binding of calcium induces a small change in the Asp1252-Val1256 area just 

upstream which is indicative of conformational change to allow for proper cation 

coordination.  In addition LNS 4 and 5 have previously been hypothesized to possess 

calcium binding properties along respective hypervariable regions and auxiliary 

coordination regions given that sites for such in LNS 6 at Ile1268 and Asn1270 for the 

former as well as Asp1199 and Val1216 for the latter are highly conserved when 

compared against LNS 4 and 5’s domain alignments (Rudenko et al 1999).  They yielded 

evidence for a lower affinity binding possibly due to the differences in polarity and 

spatial orientation of each  participant residue in LNS 4 and 5 in comparison to LNS 6.  It 

should also be noted that there is an insert between Leu806 and Lys816 which when 
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present is likely interfering with normal calcium coordination contributions. With 

evidence for stabilization by calcium illustrated in Figure 7a, there is good support for 

calcium potentially having water-mediated interaction with LNS 4 & 5. 

When bound to neuroligin in a 1:1.2 ratio, LNS 4 regions α helix 1 and β sheets 1-

4, 8, 9, 11, 13, & 14, LNS 5 β 1, 4, & 7-9, and LNS 6 α 1 and β 2, 4, 6, 7, & 10 all 

showed marked decreases in rates of exchange.  The most expected of these are near LNS 

6’s hypervariable region where neuroligin coordinates directly and indirectly with 

neurexin residues such as Arg1171 so as to potentially minimize steric and charge 

limitations caused by bulky side chains by sequestering it in a pocket formed by 

neuroligin’s His267, Glu270, and Leu363 (Arac et al, 2007; Leone et al, 2010).  While 

this may induce a conformational change characterized by increased flexibility across a 

segment of neuroligin, these residues ultimately contribute to the stability and 

functionality of the adhesion protein complex.     

 Upon analysis of the complex at the 1:3 bound ratio, one sees further slowing of 

LNS 4 α 1 and β 1-3 & 8-11, LNS 5 3-5 & 7-8, and LNS 6 α 1 and β 2-4, 6-7, & 10-13, a 

majority of which were seen to show notable when measured in stoichiometric ratios.  Of 

these the greatest change was observed near the β 10 region of LNS 6, indicating that 

even with such an excess of neuroligin present, binding is still highly specific to the LNS 

6 region along with any peripheral interactions which occur as a result of the LNS 6 

anchor.  Impact on deuteration is consistent with this mode of binding rather than 

separate neuroligin molecules binding at all three LNS domains.  Thus it affirms that 

even when mole ratios are increased to such proportions, neuroligin continues to exhibit 
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high selectivity for LNS 6 binding and does not initiate binding to other α-neurexin LNS 

domains (Figure 7b-c). 

 

Hydrogen-Deuterium Exchange Profile of β-Neurexin1 

 Analysis of the significantly shorter β-neurexin1 yielded coverage similar to that 

obtained with α-neurexin1 fragmentation.  The initial digest yielded 97% coverage for the 

first three previously mentioned conditions.  Upon completion of analysis final coverage 

came out to 93%, 95%, and 92% respectively.  Peptide yields came out to be 215, 233, 

and 166 respectively. For a protein of such size with no disulfide bonds this information 

was enough to establish a suitable picture of interaction.  Furthermore β-neurexin1 was 

expressed in bacteria which were not capable of providing the usual glycosylation at 

Asn184, a residue whose glycosylation does not affect expression. 

When calcium is added there are shifts in exchange rates along the α 1 region as 

well as β sheets 1-4 & 6-13 with majority of change being around β sheet 10 

(hypervariable region) just after splice site 4 which functions as the primary calcium 

binding site (Figure 8a-b, 9a).  When the splice insert is present synaptic activity is 

pushed towards operating as in a GABAergic role (Craig and Kang, 2007).  This sort of 

conformational shift was anticipated since side arms Asp137, Val154, Ile236, Asn238 

directly interact with calcium to hold it tightly in place where it has been shown to 

assume an octahedral type geometry (Rudenko et al., 1999; Tanaka et al., 2011).  As 

neuroligin was added, we noticed a change in the exchange rates such that the 

hypervariable region along with the residues interacting with calcium in β sheets 5 & 6 

were being physically occluded by binding (Figure 8b-c, 9b).  Furthermore Pro106 and 
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Ser107 in between β sheets 2 & 3, Leu135 between β 4 & 5, and Leu234 and Ser239 

right before β 11 all contribute to Van der Waals interactions, Arg109 and Arg232 help 

form putative salt bridges, and Asn103, Arg105, Arg109, Tyr235, Asn238, and Ser239 

form putative hydrogen bonds to neuroligin residues and stabilize the complex 

(Fabrichny et al, 2007).  Outside of those regions, less significant changes were observed 

in portions of the remaining sequence.  This likely indicates that binding to neuroligin 

once calcium is present does not necessitate large scale remodeling of β neurexin itself. 

 

Hydrogen-Deuterium Exchange Profile of Neuroligin4 

 As a large dimeric molecule we expected neuroligin to be a challenge to resolve 

completely.  Upon completing initial fragmentation optimization, we were presented with 

93% coverage for calcium deficient condition, 95% for calcium enriched, 91% for 1:1.2 

neuroligin:α-neurexin complex, and 91% for neuroligin:β-neurexin complex.  Upon 

completion of analysis coverage came out to 73% for calcium deficient, and 82% for the 

final three conditions.  Peptide yielded came out to 422, 422, 364, and 308 respectively.  

Two gaps seen in both sets are characteristic of glycosylations at Asn102 and Asn511.  

The structure also contains three disulfide bonds which are Cys110-Cys146, Cys306-

Cys317, and Cys476-Cys510 which were all reduced when quenched.   Final deuteration 

patterns also provide additional structural information for previously published crystal 

structures on His160-Ser164 and Pro539-Glu555 where their lack of structure prevented 

resolution by X-ray (Miller et al, 2011). 

 Review of deuteration experiments for calcium enriched neuroligin showed 

negligible to mild decreases in deuteration at α helices 4 (6,7) and  4 (7,8) and β sheets 6-
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8 (data not shown).  This transient increase in protection of these areas seems reasonable 

when comparative structures reveal that these are regions flanking or immediately linked 

to His267, Glu270, Gln359-Asn364, Asn462, and Tyr463 which are residues that interact 

with α and β neurexin.  On the other hand we noticed some areas increase in flexibility or 

solvent exposure in response to calcium binding, particularly Val109-Leu114 which are 

at the N-terminus of the Cys loop, Asp158-Met169 which occupies the area immediately 

N-terminal to β sheet 3, as well as residues Tyr409-Leu416 which appear unstructured 

and feed into α 3 (7,8), the third α-helical region, along with Tyr549-Ala558 which has 

no organized structure. 

 Acquisition of data comparing binding to α neurexin and β neurexin yielded 

similar information.  When bound to α-neurexin1, we observed a decreased exchange rate 

for the region between α 1 (6,7) and α 2 (6,7), α 2 (4,5), α 4 (6,7) and β 7, as well as α 4 

(7,8) and β 8.  There were also small increases in flexibility in the Cys loop α 1 (3,2) and 

α 3 (3,2) regions, α (3,4), 2 (7,8), α 2 (8,9) and β sheets 9-10 which likely coincided with 

a necessary rearrangement of the superstructure to facilitate binding (Figure 11a). 

 When bound to β-neurexin1, decreased rates of exchange are still observed 

between α 4 (6,7) and β7, as well as α 4 (7,8) and β 8.  What is interesting is that residues 

Asp385-Gly389 of Loop 2 also show signs of decreased exchange whereas α helix 1 (6,7) 

no longer exhibits difference in exchange when bound to β-neurexin1, indicative of a 

possible point of interaction that only α-neurexin1 is capable due to its other LNS 

domains (Figure 11b).  In fact when bound to β-neurexin there seems to be a greater 

degree of exchange in that region along with regions of the unstructured N-terminus 

Leu58-Asp65, α (3,4), α 2 (7,8), α 3 (7,8), α 1 (8,9), and loop 3 (Figure 11c).  The 
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differences here might be explained by the different regions of stabilization for neuroligin 

when bound to α-neurexin than when bound to β-neurexin and may play a role in how 

these two combinations might contribute to synaptic function differently.   

  

Application of Deuteration Profiles to Crystal Structures 

 As mentioned previously an objective of these studies was to observe how the 

binding profile of neurexin1 might differ between α- and β-neurexin.  To do so, ribbon 

diagrams which utilize color codes to illustrate changes in deuteration profiles were 

applied to the crystal structure of neuroligin4-β-neurexin1 complex along with α-

neurexin with its LNS 6 region superimposed on the neuroligin interface occupied by β-

neurexin (data not shown), (Comoletti et al., 2007).  Unfortunately we were unable to fill 

in a gap in the structure between Ile808-Lys816 due to a glycosylation at Asn813.  Given 

the issue with retrieving glycosylated entities and the surrounding structure could not be 

resolved on its own, we conclude tha it is likely a highly flexible region.   

The rate of deuteration of a given protein is highly dependent on localized 

structuring.  Areas which are not structured and/or are exposed to solvent deuterate the 

fastest.  The hypervariable region of LNS 6 contains one such exposed area, is not 

spatially impeded by either of the other LNS domains, and exchanges with surrounding 

solvent so quickly it has become heavily labeled by quenching at 10 s, and fully labeled 

by 10,000 s as detailed by the yellow to red coloration at their corresponding locations in 

Figures 6a-b, 8a-b.  The linker region between LNS 4’s β sheet 14 and LNS 5’s β sheet 1 

is another example of such.  On the other hand regions such as neuroligin4’s α 2 (4,5) and 

α 4 (7,8) helices are buried within the structure and difficult for solvent to access even 
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after incubation for 100,000 s.  From general review of the resulting structures we saw 

that the deuteration profiles of the respective proteins correlated with the respective 

crystal structures.  Upon closer analysis of superimposed bound structures, we observe 

that α-neurexin1 LNS 6 domain’s deuteration levels closely parallels that of β-

neurexin1’s.  Thus we can reasonably conclude that having additional LNS domains 

attached does not alter how the LNS 6 domain interacts with neuroligin4, in addition to 

previous findings that additional LNS domains do not appreciably influence α and β 

neurexin binding affinity for neuroligin. (Miller et al, 2011) 
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DISCUSSION 

 The purpose of this study was to identify any variations in the binding patterns of 

α-neurexin1’s LNS 6 domain and β-neurexin1 under physiological conditions.  In 

addition, we also wanted to examine whether neuroligin binding was specific to LNS 6/β-

neurexin or if it was capable of binding to LNS 4 & 5 at higher stoichiometric 

concentrations.  The results on the association of neuroligin to neurexin would serve as a 

significant advance towards fully understanding the mechanistic details behind the causes 

of ASD as well as why an independent β-neurexin protein might have evolved. 

 

Calcium’s role as an indispensable binding partner 

Previous studies have concluded calcium is a necessary component of neuroligin-

neurexin interaction.  For α-neurexin1 it has been shown calcium may associate with 

LNS 6 and potentially LNS 4 and 5, along with it needing to be bound for any binding to 

occur between neuroligin and neurexin.  (Fabrichny et al., 2007; Miller et al., 2011; 

Sheckler et al., 2006)  However little information is available about how its association 

can transiently alter distant conformations in the protein.  For α-neurexin1, we 

demonstrate calcium binding induces a stabilization correlated with reduced exchange 

across the three LNS domains used (Figure 7a).  Such is likely due to a combination of 

direct calcium coordination via residues in theoretical binding pockets of LNS 4 and 5 

which have been speculated to have a lower affinity for calcium, along with residues 

Asp1199, Val1216, Ile1298, and Asn1300 in LNS 6, as well as conformational shifts 

which occurred as a result of binding (Miller et al., 2011 Tanaka et al., 2011)
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β-neurexin1 possesses deuteration profiles similar to those of α-neurexin’s LNS 6 which 

is a reasonable consideration given that the structural features are identical.  On the other 

hand neuroligin does not show the similar marked shifts in deuteration when calcium was 

applied.  A possible explanation for such is that upon analysis of the complex, the 

neuroligin residues do not all directly associate with calcium as β-neurexin1 residues do 

in a stable complex but rather utilize interactions of side chains Gln359-Asn364 to 

conduct a combination of direct calcium contact, water-mediated calcium contact, and 

residue-to-residue interaction.   

 

Protein-Protein Interactions 

Prior binding studies have offered significant insights on structural dynamics.  In 

studying α-neurexin1 in complex at the 1:1.2 ratio, we observed characteristic binding at 

the hypervariable region of the LNS 6 domain and decreased exchange is observed in 

regions containing residues which are physically occluded by the presence of neuroligin 

as well as a small area of increased exchange characteristic of a necessary rearrangement 

to fully accommodate neuroligin (Figure 7b).  In addition the β 11-13 regions and α 1 

region of LNS 4 and β 4, 7-8 regions of LNS 5 exhibit further decreases in exchange 

likely due to an association with neuroligin4 that has successfully been anchored by LNS 

6.  Based on the deuteration results as well as the flexibility and location of the hinge 

region connecting LNS 5 to the EGF 3 domain neuroligin associates with more of the 

LNS 4 surface area than with the LNS 5 area, and when compared to known crystal 

structure data, these points of reduced exchange are consistent with previously mapped 

out regions where neuroligin is thought to be affiliated with (Miller et al., 2011; Tanaka 
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et al., 2012).  When complexes are formed at 1:3 ratio stoichiometries, LNS 4’s β 3, 8, 

10-12 and α 1 regions as well as LNS 5’s β 3-4, 7-8 exhibit even further decreases in 

exchange, while LNS 6 displayed the greatest changes of all three domains (Figure 7c).  

What this indicates is that even incubation at such high concentrations does not induce 

unspecific interactions between neuroligin4 and α-neurexin’s LNS 4 and 5 domains of 

neurexin.  Hence both α-neurexin and β-neurexin association occurs solely in a 1:1 

stoichiometric ratio with neuroligin.  Furthermore based on the neuroligin positioning in 

α-neurexin1 complex, LNS 4’s changes come from interaction with neuroligin while 

changes in LNS 5 are a combination of occlusion by LNS 4 being brought spatially closer 

to its surface as well as minor indirect interactions with neuroligin binding.  The setup for 

this affiliation necessitates the hinge region as described previously to twist slightly so as 

to place the LNS 6 binding site across from the faces of LNS 4 and 5 which show 

decreased exchange when neuroligin is present (Miller et al, 2011).  On neuroligin’s 

structure the corresponding regions of decreased exchange are spatially close to each 

other, indicating that α-neurexin1 does not necessarily assume a conformation where it 

needs to reach extensively around neuroligin but rather looks as if it pinches two points 

approximately 90° apart which might allow for enough space to dock LNS 6 and for LNS 

4 and 5 to get close enough to induce the observed changes.  Such an association is not 

possible for β-neurexin for its binding to neuroligin is restricted solely to one site.  Even 

so when the deuteration profile of LNS 6 is applied to the crystal structure and 

superimposed on the neuroligin4:β-neurexin1 structural profile, the two show similar 

deuteration trends.  Thus in addition to knowing that having additional LNS domains 

present does not noticeably alter the binding of LNS 6 to neuroligin4, it is shown that 
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having these additional domains present does not noticeably influence the structure of 

LNS 6.  Furthermore with no changes in binding pattern, the reasons for such may likely 

be found in reasons of metabolic efficiency, survival against foreign molecules such as α-

latrotoxin due to reduced synaptic docking sites, or simply providing synapse malleability 

where a difference in particular protein levels can influence synaptic transmission 

(Davletov et al., 1995; Tanaka et al., 2012).   

 

Protein Structures in Solution 

The role deuterium hydrogen exchange mass spectrometry plays in studying 

protein dynamics cannot be understated.  The technique has allowed the elucidation of 

regions in proteins which may lack structure or for an otherwise precariously structured 

protein to be resolved in its entirety and complements information provided by protein 

NMR (Englander et al., 2003; Sharma et al., 2009).  In addition some proteins may shift 

from a less structured state to a more structured one or vice versa when in contact with a 

particular binding partner, both of which can be examined via changes in their respective 

deuteration profiles (Wales et al., 2006; Wintrode et al., 2003).  Furthermore, binding 

may cause a cascade of changes marked by cycles of loss of structure to restructuring into 

another conformation, as exemplified in studies on bovine spongiform encephalopathy 

disease (Colby et al., 2011; Liberski, 2012; Prusiner et al, 1984).  With these changes 

proteins can become more structurally stable and even protease-resistant at times, which 

can be exemplified via substantial decreases in rates of deuterium hydrogen exchange.  In 

general experimentation via DXMS allows for proteins to interact continuously under 

physiological conditions which can provide in some instances information which cannot 
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be obtained by other experimental methods (Hamuro et al., 2003).  Thus far there has yet 

to be an X-ray crystal structure submitted detailing the interaction between neuroligin4 

and α-neurexin1, but through the use of DXMS we have established that the proposed 

calcium-binding sites of LNS 4 and 5 are in fact capable of binding calcium under 

physiological conditions and that while our methodologies preclude us from designating 

exactly which residues may be interacting, we concur that a degree of function 

conservation took place in nature’s delegation of responsibilities in the transition from α- 

to β-neurexin and that having additional interactions with neuroligin through LNS 4 and 

5 may satisfy requirements for α-neurexin1 to functionally mediate calcium-dependent 

exocytosis along with the potential of regulating other processes which we do not yet 

understand (Missler et al., 2003).  Together these may help fill in a vital part of the 

picture detailing how a mismatch in the neuroligin:neurexin complex occurs and lay 

down the groundwork for future studies on the neurological effects of when these novel 

regions of interaction are disrupted. 

 

Evolutionary Pressures on Structural Designs 

Evolution of survival niches and methods of coopting them have been in ceaseless 

competition for ages.  Upon examining the data presented here and in previous studies 

one may ask why did a promoter region move downstream to solely include the last of six 

LNS regions of α-neurexin1 and thus creating an independent functional protein β-

neurexin1.  After all, this study established that LNS 6 is the primary binding site for 

neuroligin4 binding, and other studies have shown that β-neurexin1 can largely function 

in the same roles as α-neurexin1, likely saving the organism from seeming duplication.  
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However another plausible answer may be found in tolerating problems experienced in 

survival across the ages.  For example in addition to its normal binding partners α-

neurexin1 serves as a high affinity receptor for spider neurotoxin α-latrotoxin (Davletov 

et al., 1995; Sudhof, 2001).  The toxin induces large-scale neurotransmitter release.  

Mechanistically it anchors onto the LNS 5 and 6 domains of α-neurexin1, likely through 

their calcium binding interfaces, and inserts itself into the presynaptic cell membrane, 

leading to neurotransmitter vesicle mobilization and exocytosis (Van Renterghem et al., 

2000).  It has been shown that such can occur both in calcium dependent and independent 

fashions.  However the response is significantly stronger in the former and occurs 

through the use of α-neurexin’s role as an integral regulator of neuronal calcium-

dependent exocytosis.  (Davletov  et al., 1995; Hlubek et al., 2000; Missler et al. 2003; 

Ushkaryov et al. 1992; Ushkaryov et al., 2008; Volynsk et al, 2000; Zhang et al., 2005)  

On the other hand β-neurexin alone is unable to mediate the calcium-dependent 

exocytosis function that α-neurexin can and is seemingly unable to bind α-latrotoxin with 

sufficient affinity which likely prevents effectively insertion into the membrane and 

execution of its function. (Sudhof, 2001; Ushkaryov  et al., 2008)  Thus one might see the 

potential for the likely shift from a synapse containing solely α-neurexin on the 

presynaptic end to that of a mixture of α and β-neurexin so as to reduce the effectiveness 

of complications induced by molecules with functions similar to the toxin but still be able 

to preserve sufficient everyday function.  However the precise reasons of this shift are 

still yet to be elucidated and should be further studied. 
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FIGURES 

 
 

H = Amide Hydrogen     H = Carbon Hydrogen     H = Side Chain Hydrogen 
 

Figure 1:  The three main groups of exchangeable hydrogen on amino acids are shown.  

Hydrocarbon-based hydrogens (green hydrogens) do not exhibit any measureable degree 

of exchange.  Functional group hydrogens (blue hydrogens) exchange with solvent too 

rapidly for an accurate measurement to be made.  Peptidic amide hydrogens (red 

hydrogens) exchange with sufficient rate and frequency to allow for accurate analysis by 

mass spectrometry and DXMS.  (adapted from Hsu et al, 2009).  
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Figure 2:  Rate of hydrogen/deuterium-exchange illustrated as a function of pH.  

Exchange rate is minimized at pH 2.5 (adapted from Tsutsui and Wintrode, 2007). 
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Figure 3:  Schematic Overview of Deuterium Exchange Experiment Setup and Data 

Acquisition 
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Figure 4: Chromatography analysis of Neuroligin4.  Results show a well formed 

Gaussian peak with minimal extraneous material present. 
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Figure 5a: Fragmentation map for calcium deficient β-Neurexin1.  Blue bars represent 

each individual peptide remaining after quality control analysis was performed and 

together they illustrate maximal potential coverage when performing deuterium exchange 

analysis.  Subsequent figures follow suit.  Similar maps were also plotted for α-

Neurexin1 and Neuroligin4 which are not shown but detailed in Tables 1-3.
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Figure 5b: Fragmentation map for calcium enriched β-Neurexin1.
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Figure 5c: Fragmentation map for β-Neurexin1:Neuroligin4 1:1.2 mole ratio complex.
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Figure 6a: Functional deuteration exchange profile for calcium deficient α-Neurexin1.  

The arrows denote the start of the LNS 4, LNS 5, EGF 3, and LNS 6 domains 

respectively along the amino acid sequence.  Unstructured and unprotected regions tend 

to deuterate fastest and saturate early on, which is illustrated by the red coloring seen 

below respective portions of the sequence.  More structured regions deuterate slower and 

overall levels can be observed via progression from blue band coloring to red band 

coloring.  Finally occluded regions at the core incorporate deuterium slowly, if at all, and 

remain blue.  Subsequent figures describe similar exchange behavior.   
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Figure 6b: Functional deuteration exchange profile for calcium enriched α-Neurexin1.

 

 

 

 

 

 

 

 

 

 

 



50 

 

 

 

R
ib

b
o

n
 M

a
p

 o
f 
A

lp
h

a
 N

e
u

re
x
in

a
lo

n
e

 (
C

a
, 
in

 D
%

, 
D

e
u

te
ra

ti
o

n
L

e
v
e

l)

1
0

%
  

  
  

  
  

  
  

  
 5

0
%

  
  

  
  

  
  
  

  
9

0
%

D
e

u
te

ra
ti

o
n

 l
e

v
e

l

 

 



51 

 

 

 

Figure 6c: Functional deuteration exchange profile for α-Neurexin1:Neuroligin4 complex 

at 1:1.2 mole ratio.

 

 

 

 

 

 

 

 

 

 

 

 



52 

 

 

 

R
ib

b
o
n
 M

a
p
 o

f 
A

lp
h
a
 N

e
u
re

x
in

in
 C

o
m

p
le

x
 (

1
:1

.2
, 

in
 D

%
, 
D

e
u
te

ra
ti
o
n

L
e
v
e
l)

1
0
%

  
  
  
  
  
  
  
  
 5

0
%

  
  
  
  
  
  
  
  
9
0
%

D
e
u

te
ra

ti
o

n
 l
e
v
e
l

 

 



53 

 

 

 

Figure 6d: Functional deuteration exchange profile for α-Neurexin1:Neuroligin4 complex 

at 1:3 mole ratio. 
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Figure 7a: Functional deuteration exchange difference map for α-Neurexin1 calcium 

deficient and calcium enriched conditions.  Calcium deficient deuteration levels are 

subtracted from calcium enriched deuteration levels.  Areas of blue illustrate graded 

increases in protection in the presence of calcium.  Significance level was set to consider 

differences greater than 10%.  Subsequent figures follow suit.  
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Figure 7b: Functional deuteration exchange difference map for α-Neurexin1 calcium 

enriched and α-Neurexin1:Neureoligin4 1:1.2 mole ratio complex conditions.  Calcium 

enriched deuteration levels are subtracted from 1:1.2 deuteration levels. 
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Figure 7c: Functional deuteration exchange difference map for α-Neurexin1 1:1.2 mole 

ratio complex and 1:3 mole ratio conditions.  1:1.2 mole ratio deuteration levels are 

subtracted from 1:3 deuteration levels. 
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Figure 8a: Functional deuteration exchange profile for calcium deficient β-Neurexin1.  

As with figure 4, deuteration profiles are displayed under the amino acid sequence.  The 

arrow denotes the start of the β-neurexin sequence.  Subsequent figures follow suit.   
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Figure 8b: Functional deuteration exchange profile for calcium enriched β-Neurexin1.
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Figure 8c: Functional deuteration exchange profile for β-Neurexin1:Neuroligin4 complex 

at 1:1.2 mole ratio. 
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Figure 9a: Functional deuteration exchange difference map for β-Neurexin1 calcium 

deficient and calcium enriched conditions.  Calcium deficient deuteration levels are 

subtracted from calcium enriched deuteration levels.  Areas of blue illustrate graded 

increases in protection upon addition of calcium.  Significance level was set to consider 

differences greater than 10%.  Subsequent figures follow suit.   
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Figure 9b: Functional deuteration exchange difference map for β-Neurexin1 calcium 

enriched and Β-Neurexin:Neuroligin4 1:1.2 mole ratio complex conditions.  Calcium 

enriched deuteration levels are subtracted from 1:1.2 deuteration levels. 
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Figure 10a: Functional deuteration exchange profile for calcium enriched Neuroligin4.  

As with figures 6 & 8, deuteration profiles are displayed under the amino acid sequence.  

β denotes amino acids which take part in binding interactions with LNS 6 on α-neurexin1 

and β-neurexin1 as a whole.  Subsequent figures follow suit.   
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Figure 10b: Functional deuteration exchange profile for Neuroligin4:α-Neurexin1 

complex at 1:1.2 mole ratio. 
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Figure 10c: Functional deuteration exchange profile for Neuroligin4:β-Neurexin1 

complex at 1:1.2 mole ratio. 
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Figure 11a: Functional deuteration exchange difference map for Neuroligin4 calcium 

enriched and Neuroligin4:α-Neurexin 1:1.2 mole ratio.  Calcium enriched deuteration 

levels are subtracted from 1:1.2 mole ratio deuteration levels.  β denotes amino acids 

which take part in binding interactions with LNS 6 on α-neurexin1 and β-neurexin1 as a 

whole.  Subsequent figures follow suit.   
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Figure 11b: Functional deuteration exchange difference map for Neuroligin4 calcium 

enriched and Neuroligin4:β-Neurexin 1:1.2 mole ratio.  Calcium enriched deuteration 

levels are subtracted from 1:1.2 mole ratio deuteration levels.   
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Figure 11c: Functional deuteration exchange difference map for Neuroligin4:α-Neurexin 

1:1.2 mole ratio and Neuroligin4:β-Neurexin1 1:1.2 mole ratio.  Neuroligin4:β-

Neurexin1 deuteration levels are subtracted from Neuroligin4:α-Neurexin1 1:1.2 mole 

ratio deuteration levels.   
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TABLES 

 

Table 1: Coverage statistics for α-Neurexin1.  Quench solution comprised 6.4 M GuHCl, 

1 M TCEP, 0.8% formic acid, and 16.6% glycerol along with diluent solution of 0 M 

GuHCl, 0.8% formic acid and 16.6% glycerol. 

 

α-NX1 Calcium 

Deficient 

Calcium 

Enriched 

1:1.2 mole ratio 

α-NX1:NL4 

1:3 mole ratio 

α-NX1:NL4 

LNS 4 83% 83% 83% 82% 

LNS 5 77% 77% 77% 58% 

EGF 3 0% 0% 0% 39% 

LNS 6 76% 76% 76% 73% 

Complete 

Protein 

75% 77% 75% 70% 

Total # 

Peptides 

303 319 233 150 

 

 

 

 

 

 

 

 



84 

 

 

 

Table 2: Coverage statistics for β-Neurexin1.  Quench solution comprised 6.4 M GuHCl, 

1 M TCEP, 0.8% formic acid, and 16.6% glycerol along with diluent solution of 0 M 

GuHCl, 0.8% formic acid and 16.6% glycerol. 

 

β-NX1 Calcium Deficient Calcium Enriched 1:1.2 mole ratio 

β- NX1:NL4 

% coverage 93% 95% 92% 

Total # Peptides 215 233 166 
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Table 3: Coverage statistics for Neuroligin4.  Quench solution comprised 6.4 M GuHCl, 

1 M TCEP, 0.8% formic acid, and 16.6% glycerol along with diluent solution of 0 M 

GuHCl, 0.8% formic acid and 16.6% glycerol. 

 

NL4 Calcium 

Deficient 

Calcium 

Enriched 

1:1.2 mole ratio 

NL4:α-NX1 

1:1.2 mole ratio 

NL4:β-NX1 

% coverage 73% 82% 82% 82% 

Total # 

Peptides 

422 422 364 308 
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