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I. INTRODUCTION 

In the nervous system, nerve cells must communicate in order to control physiological 
functions of the body.  Neurotransmitters, carried in packages called synaptic vesicles, function 
as chemical messengers carrying information for dictating the actions of different parts of the 
nervous system.  However, in order for this critical communication to happen between nerve 
cells, also called neurons, the following events must take place in the intracellular environment 
at the nerve terminal: 1) localized targeting of synaptic vesicles to active zones, 2) docking of 
synaptic vesicles in active zones, 3) ‘priming’ of synaptic vesicles to make them fusion-
competent, and finally 4) an action potential on the plasma membrane triggers Ca2+ influx, 
which in-turn activates presynaptic Ca2+ sensors to trigger the opening of fusion pores before 
vesicle-plasma membrane-fusion is complete and neurotransmitters are released [1]. This is 
regulated exocytosis, the details of which remain a puzzle to be solved. 

Regulated exocytosis is vital for neuronal communication.  Without it, neurons have a 
greater challenge in exchanging information critical for dictating nervous system function.  Any 
unexpected delay in information exchange between neurons could potentially lead to 
irregularities in proper function of the nervous system.  Understanding the functionality of the 
key players facilitating regulated exocytosis will help to tackle problems involving cell-to-cell 
communication in the nervous system.  Synaptotagmin1 (Syt1) is a key player in regulated 
exocytosis.  This membrane-protein is thought to play a critical role in modulating the calcium-
ion (Ca2+) signaling that triggers the release of neurotransmitters from synaptic vesicles.  It is 
implicated as a critical component for sensing changes in the levels of intracellular Ca2+ prior to 
vesicle-plasma membrane-fusion [2].  This delicate protein is composed of two calcium-binding 
motifs or C2 domains, C2A and C2B, linked by a short chain of polypeptides.  It is also composed 
of a longer chain of polypeptides tethering the protein to a synaptic vesicle membrane.  During 
regulated exocytosis or controlled release of neurotransmitters, synaptic vesicles fuse with the 
inner leaflet of the plasma membrane [3]. However, the mechanistic details for this fusion 
event between membranes remain elusive to scientific investigation. 

In an attempt to shed light on a possible mechanism by which Syt1 senses changes in 
the levels of intracellular Ca2+, Gauer et. al. studied a construct of Syt1 called C2A-short.  This 
construct is called C2A-short because it lacks the linker tethering Syt1 to a synaptic vesicle 
membrane.  In their publication, Gauer et. al. discuss the biological consequence of this 
possible mechanism.  They propose that marginal stability and ligand-induced redistribution of 
protein conformational states contribute to the mechanistic means by which Syt1 functions in 
the cell and responds to Ca2+ influx [2].  They found that a low free energy of stability is 
associated with the C2A domain.  In addition, the C2A domain can take on many 
conformational states or conformers, but not all are functionally competent for binding 
calcium-ion.  However, upon binding Ca2+, conformers that are binding competent are favored 
from an overall ensemble that includes binding incompetent conformers and are stabilized.  
Furthermore, the overall ensemble of conformers becomes depleted of binding competent 
conformers, but these are replenished by redistribution in order to out compete conformers 
that do not favor binding.  As a result, binding incompetent conformers are ultimately depleted 
out of the ensemble to give rise to the next step in calcium signaling leading to membrane 



fusion and neurotransmitter release.  Moreover, a cooperative link has been found between 
Ca2+ and membrane binding sites of the C2A domain.  What has been found is that Ca2+ binding 
slightly enhances membrane binding; and a subset of C2A domain conformers, being both 
calcium-bound and membrane-bound, disrupt membrane organization [2]. 

The current investigation is on a Syt1 construct called C2A-long and it extends the work 
of Gauer et. al. and focuses on the addition of the linker tethering Syt1, via its C2A domain, to a 
synaptic vesicle.  This linker is thought to be ‘unstructured’ or intrinsically disordered, meaning 
it lacks the secondary structure associated with proteins, namely alpha helices and beta pleated 
sheets.  The role of this ‘disorderly’ linker is the mystery in question.  The main goal of this 
investigation is to ascertain and propose a possible mechanism by which the linker contributes 
to Syt1’s ability to bind calcium and promote vesicle-plasma membrane-fusion for exocytosis of 
neurotransmitter.   

 

II. MATERIALS AND METHODS 

To investigate our research questions, calorimetric and spectroscopic methods were 
employed to study protein stability and protein-ligand binding affinity on Syt1-C2A-long.  
Affinity Chromatography with glutathione coated sepharose column media was used to purify 
Syt1-C2A-long.  Once pure samples were collected, the protein solution was concentrated to 
needed levels for experimentation using DSC (Differential Scanning Calorimetry) and FLT 
(Fluorescence Lifetime Spectroscopy).  The primary materials needed are as follow: (1) 
Genetically engineered E. coli carrying the Syt1-C2A-long gene as a fusion protein GST, (2) 
buffer solution at pH 7.5 composed of 20 mM MOPS, 100 mMKCl (high grade for R&D), (3) 
Glutathione Sepharose Affinity Chromatography Column for protein extraction, (4) 
Benzonuclease, MgCl2, Benzamidine, Thrombin, Chelex-100 ion-exchange resin for decalcifying 
all buffer solutions used during protein purification, and protease inhibitor tablets (all high 
grade for R&D). 

DSC measures the heat capacity difference between two samples of a substance in two 
separate compartments within the calorimeter.  There is a reference cell in which only buffer 
solution is kept and a sample cell with the substance of interest in a buffer solution.  The 
calorimeter adds heat to both reference and sample cells, while raising the temperature at a 
constant rate and measuring the capacity of each cell to absorb heat.  Since the protein in 
buffer solution is expected to have a greater heat-capacity compared to the reference cell, the 
calorimeter does more work to raise the temperature in the sample cell.  The DSC plots the 
difference in this absorbance of heat by the two compartments, as the rate of temperature 
change is kept constant during a scan.  The thermogram of the sample cell is plotted as heat-
capacity vs. temperature.  The area under the curve of the resulting scan is estimated by the 
DSC and this is the enthalpy of denaturation for the protein in solution (see Section III).  A 
limitation of this technique is that it does not reveal what is going on in the microenvironment 
of the protein.  Instead it gives a global picture of protein stability. 



FLT spectroscopy measures the time decay of emitted photons from a fluorescent 
molecule [4].  Because tryptophan has fluorescence capabilities sensitive to local changes in the 
chemical environment, it serves as an ideal probe for monitoring protein denaturation.  A 
limitation of this technique is that it does not directly measure enthalpy, which is important for 
determining protein stability.  However, using a two-state transition model and the lever rule 
[4, 5], enthalpy can be calculated given Tm and slope of the denaturation profile.  The two-state 
model simply says that a protein unfolds from its native state to a denatured state without an 
intermediate state in an all or none fashion; the protein is either folded or unfolded. 

Experimental data from DSC and FLT are globally fitted to complement each other as 
supporting evidence for our hypothesis.  The software programs Microsoft excel and solver-aid 
were used to analyze the data because of their analytical properties and user-friendly 
applications.  A brief derivation of the mathematical basis for the two-state transition model is 
presented in Appendix 1 (Section VI). 

 

III. RESULTS  

Figures 1 and 2 include data from Gauer et. al. (C2A-short) and from the current study on C2A-
long. 

 

Figure 1 – Protein Denaturation as a Function of Temperature:  

DSC plots of C2A-short and C2A-long.  Integrating the area under each curve yields an estimate 
of the enthalpy of denaturation.   
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Figure 2 – Protein Denaturation as a Function of Temperature: 

An overlap of thermograms for short and long C2A in the absence and presence of calcium-ion.  

 

THERMODYNAMIC 
PARAMETERS 

SHORT-C2A LONG-C2A 

Tm ˚C 56.0 ±0.1 50.1 ±0.1 

∆Cp (kcal/mol*K) 1.92 ±0.09 2.77 ±0.04 

∆S (kcal/mol*K) 0.18 ±0.01 0.17 ±0.01 

∆H (kcal/mol) 58.7 ±0.3 54.4 ±0.5 

∆G37˚C (kcal/mol) 2.32 ±0.05 1.47 ±0.02 

 
Table 1 – Protein Denaturation Data: 

Experimental values for thermodynamic parameters used to characterize protein stability.   

The melting temperature, Tm, is a measurement of the transition-point at which protein 
molecules exist in both folded and unfolded states in the transition-region.  The heat capacity 
change, ∆Cp, is the difference in how much heat the protein absorbs between folded and 
unfolded states.  It is determined by calculating the difference between heat-capacities of the 
protein before and after undergoing the transition of folded to unfolded state, Cp1, and Cp2 
respectively.  These are obtained by fitting the baselines of a DSC scan.  The transition region is 
part of the temperature range in which the protein absorbs the most amount of heat, evident 
by a peak in the thermogram.  During this phase, the protein exists in varying populations of 
folded and unfolded states.  Using ∆Cp, ∆S, ∆H and Tm, the free energy of stability, ∆G, can be 
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calculated at any temperature (see equation 6 in Appendix 1 Section VI).  Knowing the free 
energy of stability provides the scientific basis to make inferences about protein function.   

Free energy is a thermodynamic concept.  It stems from the laws of thermodynamics, 
which are governing principles that help explain and to better understand processes by which 
energy is transferred between systems or physical bodies existing at different temperatures.  
These laws claim that energy can be transferred and converted from one form into another but 
can be neither created nor destroyed.  Another claim of the first law is that the total energy in 
the physical universe is constant, never changing.  The second law introduces the concept of 
entropy, a thermodynamic quantity that describes the amount of disorder or randomness in a 
system at the molecular level [4].  The second law of thermodynamics claims that entropy 
remains constant in a reversible process; but increases for an irreversible process.  The laws of 
thermodynamics are applied to gain better insight regarding the energetics of biological 
systems. 

Energy transfer processes, in nature or in experiment, can be observed to be either 
reversible or irreversible [4].  However, the interest in thermodynamics and the reversibility of 
processes involving energy transfer has to do with the ability to calculate the maximum amount 
of work that can be done in these processes, so that efficiency in terms of energy usage can be 
ascertained.  Work in the context of thermodynamics can be thought of as a mode of 
transferring energy [4].  Heat, another mode of transferring energy, like work, is defined by a 
process that can be reversible or irreversible [4]. 

Enthalpy is another thermodynamic quantity, defined as the internal energy of a system 
and the associated heat transferring to it.  Entropy, enthalpy and temperature dependence can 
be used to determine the energy needed for a molecule or group of molecules to do the work 
of driving a chemical reaction in the most favorable or energy efficient way in order for a 
biological process to take place.  This very fundamental concept can be condensed into a 
famous equation by the pioneering American chemical thermodynamicist and physicist J. 
Willard Gibbs, who proposed that ∆G = ∆H-T∆S.  This equation says that the spontaneity of a 
reversible thermodynamic process has an energy associated with it, which can be determined 
by enthalpy change (∆H), temperature (the physical quantity that measures thermal energy), 
and entropy change (∆S).  This thermodynamic quantity is known as Gibbs free energy. 

 

 

 

 

 

 



Parameters Short-C2A 

(50.6μM) 

Long-C2A 

(56.5μM) 

Unfolding ∆H 
(kcal/mol) 

30.6 39.9 

Folding ∆H 
(kcal/mol) 

3.66 34.0 

% Reversible 11.93 85.05 

 
Table 2 – Protein Denaturation Data: 

Results of two DSC scans for C2A-short and C2A-long.  These values give a glimpse of the 
reversibility of both protein constructs upon denaturation.   

Why is reversibility important? 

Reversibility in biological processes has functional implications [6-9].  Furthermore, because 
in thermodynamics a system at equilibrium is defined as having equal rates of forming product 
and reactant, K = [product]/[reactant].  Reversibility is important because it is a part of this 
definition; meaning, the forward process of reactant(s) to product (s) happens at the same rate 
as the reverse process of product(s) to reactant(s).  Therefore, with both processes occurring at 
the same rates there are no net gain of either product(s) or reactant(s); hence a system at 
equilibrium.  Moreover, a system in such a state has zero free energy associated with it because 
at equilibrium K = 1, and applying this to ∆G = -RTlnK yields ∆G = 0.  This is a fundamental 
assumption in thermodynamics, and from this, pertinent questions about any system that 
deviates from equilibrium can be posed.  For instance, why and how, and to what extent does 
the system deviate from equilibrium?  This helps to set the stage for generating a testable 
hypothesis, in terms of applying thermodynamic principles at the bench-top. 

 

IV. DISCUSSION AND FUTURE  WORK  

The results from this study indicate that Syt1-C2A-long is more weakly held together 
compared to Syt1-C2A-short.  This means C2A-long is less stable than C2A-short.  But, what 
does this say about the overall functionality of Syt1?  Furthermore, what is contributing to the 
observed decrease in stability of the C2A domain?  Is it just the addition of the linker or is there 
some cooperative nature associated with the linker that involves the C2A domain and key 
players of regulated exocytosis for controlled neurotransmitter release? 

From Gauer et. al. results reveal that the C2A domain has a low free energy of stability, and 
it can take on a complete ensemble of conformers, being binding competent and incompetent.  
However, binding competent conformers are stabilized, when taken on.  Moreover, these 
binding competent conformers are depleted from the overall ensemble, but replenished upon 



Ca2+ binding; which shifts the conformational equilibrium of the overall ensemble of 
conformers and redistributes the stabilized form.  However, the question begs, by what 
mechanistic means does the C2A domain reorganizes its ensemble of conformers in order to 
replenish depleted binding competent forms? 

We propose that, with the addition of the linker on the C2A domain, it is evident from the 
results that a level of disorder is introduced; enough to disrupt marginal stability.  Moreover, 
having low stability further decreased affords some conformational flexibility that allows the 
C2A domain to explore a wider range of conformers in its ensemble in order to re-equilibrate 
any depleted conformers, binding competent or incompetent.  Depending on the nature of the 
cellular response, biological ramifications of this functional pliability could translate to 
increased sensitivity to calcium influx at the nerve terminal and disseminate this information to 
binding partners such as vesicle membrane and SNARE proteins.  Consequently, these binding 
partners in turn instigate vesicle-plasma membrane-fusion.  Furthermore, functional pliability 
could also indicate a greater ability to respond to physiologically relevant changes in the cellular 
environment such as pH, temperature, pressure and even volume effect.   

In order to ultimately test the cooperative nature potentially associated with the C2A 
domain linker, a separate construct will need to be purified and then conjugated to a thiol-
derivatized liposome in order to mimic the vesicle-membrane-linker attachment of intracellular 
presynaptic neuron.  FLT experiments will allow us to approximate an enthalpy, which can then 
be used to calculate a free energy of stability associated with the tethered form of C2A.  DSC 
experiments would afford us a direct measurement of enthalpy, however, there is a degree of 
technical challenge involved with calculating the concentration of attached protein and lipid.  
Replicate experiments will need to be conducted for further proof of what has been observed 
regarding the difference in stability between C2A-short and C2A-long.  In addition, control-
experiments with and without ligand will need to be conducted in order to test concentration 
dependence and scan rate dependence on the DSC.  These controls should further validate that 
C2A-long is energetically weaker than C2A-short; leading to more definitive conclusions about 
Syt1 functionality. 
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VI. APPENDICES 

APPENDIX 1 – A Mathematical Basis for the Two-State Transition Model 

Thermal denaturation of protein is the experimental method we are using to study protein 
stability.  What we are trying to do is quantify how much of our protein is denatured (or 
unfolded) at any given temperature (especially physiological temperatre, 37 ⁰C) so that we can 
calculate the associated free energy of stability and relate this to function.  What fraction (or 
percentage) of total population of protein molecules in solution is unfolded (or denatured) at 
any given temperature? What is the free energy of stability for this fraction? 

N D, describes protein unfolding from its native state (N) to a denatured state (D) 

ND, describes reversibility of the above process 

(1) K = D/N 
 
Equation 1 describes the unfolding transition, as an equilibrium ratio of unfolded 
molecules over folded molecules to show the extent of denaturation. 
 

(2) fD= D/(N+D) = KN/(N+NK) = (N/N)(K/(1+K)) = K/(1+K) = “fraction of protein denatured” 

Now, how can we relate K to Gibbs free energy? We are interested in Gibbs free energy 
because it is a thermodynamic quantity, and we are applying principles of thermodynamics to 
study protein stability as a function of temperature.  In this study, Gibbs free energy serves as a 
thermodynamic driving force behind the reversible process of protein unfolding. 

From physical chemistry, we know that: 

(3) ∆G = -RTlnK 



(4) K = e^(-∆G/RT) 
 
Equation (3) implies that temperature, T, is fixed, however for our investigation we are 
interested in free energy as temperature changes from some reference point to a target 
point (for our case that reference point is Tm, the temperature defining the transition of 
our protein from N to D, and the target point is T = 37 ⁰C, which is physiological 
temperature).  So the differential of equation (3) yields “-RlnK”, but we want to keep the 
temperature factor in the equation.  We must derive a new equation that will account 
for K and allow us to calculate the fraction of protein denatured (fD).  
 
From equation (3) assuming we don’t know “K”, how can we still calculate ∆G? Data 
from DSC gives us enough parameters to do this: 
 

(5) ∆G = ∆H-T∆S 
a. ∆H = ∆H⁰ + ∫∆CpdT = ∆H⁰ + ∆Cp(T-Tm) 
b. ∆H = ∆S⁰ + ∫(∆Cp/T)dT = ∆H⁰ + ∆Cpln(T/Tm) 
c. From equation (1), at equilibrium K = 1, thus equation (3) follows as ∆G = 0, 

therefore ∆G = ∆H-T∆S = 0 
d. ∆G = ∆H⁰-Tm∆S⁰ = 0 
e. ∆H⁰ = Tm∆S⁰ 
f. = ∆H⁰/Tm 

(6) ∆G = [∆H⁰ + ∆Cp(T-Tm)] – T[∆S⁰ + ∆Cp(ln(T/Tm))] = ∆H(1-T/Tm) + ∆Cp[T-Tm-T(ln(T/Tm))] 
 
From equation (6) since one of our goals remains to be able to calculate the fraction of 
our protein that is unfolded, how can we do that when DSC data does not afford us a 
direct calculation of “K”?  FLT data gives us the fluorescence intensity of tryptophan 
residues in our protein.  We can relate this to “K” such that: 
 

(7) fD/fN = [(SN – S)/(SN – SD)]/[(S – SD)/(SN – SD)] = (SN – S)/(S – SD) = K 
a. S = signal of protein fraction unfolded as monitored by fluorescence signal of 

Tryptophan residues 
b. SN = signal during Native state 
c. SD = signal during Denatured state 
d. fD = fraction of denatured protein 
e. fN = fraction of folded protein, i.e. in native state 
f. 1 = fD + fN = SN + SD 

We now derive an equation that reconciles DSC data with FLT data, because the two 
techniques for collecting experimental data complement each other. 

(8) From equations (2) and (4), we make a substitution such that 
a. K = e^(-∆G/RT) = e^X 
b. X = (-∆G/RT) = [-[∆H(1-T/Tm) + ∆Cp(T-Tm-T(ln(T/Tm)))]/RT] = [(-∆H/RT) – 

(∆H/TmR) – (∆Cp/R) – (Tm∆Cp/RT) – (∆Cp(ln(T/Tm))/RT)] 



c. dX/dT = [(∆H/RT2) – (∆Cp/RT2) + (∆Cp/RT)] 
d. fD = K/(1+K) = (e^X)/(1+e^X) 
e. de^X/dX = (e^X)(X)’ = dfD/dX = dfD/dT 
f. dfD/dT = (K*dX/dT)/(1+K*dX/dT) = [(1+K)(K)(dX/dT) – (K)(K)(dX/dT)]/[(1+K)2] 

 

APPENDIX 2 – Visualizing Synaptotagmin1 and Neurotransmission 

 

Figure 3: A Snapshot of Neurotransmission 

 



 

Figure 4: The Synaptotagmin protein full blown 



 

Figure 5: C2 domains of Sy1 (C2A and C2B, respectively with bound Ca2+). C2A having three 
Ca2+ binding sites as opposed to two associated with C2B. 


