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Temperature-controlled electrospray ionization (tcESI) coupled to mass spectrometry 

(MS) gives detailed structural information of proteins and has been used to study their thermal 

denaturation. In this work, our programmed-temperature electrospray ionization (ptESI) source is 

used to rapidly heat and cool a nanoESI capillary containing proteins in solution. The structural 

changes of acidified ubiquitin and lysozyme are investigated during both unfolding and 

refolding. ptESI uses fast scan rates, allowing for short experiment times, and results in data 

dense experiments. As mass spectra are acquired continuously while temperature is scanned. 

Both ubiquitin and lysozyme exhibited highly reversible unfolding and refolding at different scan 

rates, but only lysozyme displayed a scan rate dependence; the midpoint temperatures (Tm) shift 

to higher temperatures with increasing scan rates. This scan-rate dependence indicates the 
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unfolding and refolding transitions are not at equilibrium and there is a partial kinetic 

component. The refolding of lysozyme appears to be frustrated as there is a large difference 

between the unfolding and refolding curves and midpoint temperatures (∆Tm). ΔTm also displays 

a scan-rate dependence, as it increases with increasing scan rate. This research demonstrates that 

ptESI can be used to determine Tm values, probe protein unfolding and refolding, and reveal 

kinetic dependencies for reversible transitions. Based on these results, I propose that ptESI can 

be used to investigate protein stability and scan-rate dependence in protein folding studies, in 

binding or thermostability assays, and can be a valuable tool for studying biomolecules. 
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CHAPTER I 

Introduction 

 

Anfinsen’s dogma states that the native structure of a protein is unique, the most 

thermodynamically stable, and arises from the polypeptide primary structure through folding.1 

The importance of protein folding is becoming more and more emphasized as we begin 

understand the link between misfolded proteins and disease, however, the actual process of 

folding remains only partially understood. It is difficult to study protein folding in vivo, as the 

cell is a crowded and concentrated environment. Though the in vitro environment does not fully 

reflect in vivo conditions, in vitro folding is easier to reproduce and control.2 Model proteins, like 

ubiquitin and lysozyme, are used due to their small size, fast folding rate and now their long 

history of study.2 The simplest way to study protein folding is to start with the folded protein, 

perturb the native structure, and study the subsequent refolding. Several different methods can be 

used to perturb protein structure, either alone or in combination: chemical denaturants, pH, 

reducing agents, pressure, and temperature have commonly been used.3 Out of these methods, 

temperature is a convenient denaturation strategy that does not require solution additives and is a 

“universal factor of influence with a fundamental physical meaning”.4 

 

Traditional Methods for Characterizing Protein Stability 

Previously, thermal studies of protein folding have mostly relied on calorimetric or 

optical methods like differential scanning calorimetry (DSC), differential scanning fluorescence 

(DSF), and circular dichroism (CD). DSC measures the difference between a reference and a 

sample cell as the temperature of both cells is increased. DSC can operate across the wide 
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temperature ranges over which changes in protein structure can occur. It is also highly stable and 

sensitive technique.5 DSC has been used in protein thermal denaturation studies for many years 

and is still the method of choice for precisely determining thermodynamic parameters for protein 

unfolding. Changes in molar heat capacity, enthalpy of unfolding, and melting temperature 

related to unfolding events are determined directly and can be used to calculate the Gibbs free 

energy of the transition.6 Heat capacity is plotted against temperature and unfolding events are 

characterized as strong peaks. The heat capacity for the specific transition is the magnitude of the 

unfolding peak, the enthalpy is determined by the total area under the peak, and the melting 

temperature is the temperature at which the unfolding peak has a maximum.6 Comparing the heat 

capacity and the enthalpy gives a measure of the cooperativity of the transition.7  

In DSC, to test if an unfolding event is reversible or not, the sample is cooled to the 

starting temperature and scanned again. If no peak is visible on the second scan, it is deemed an 

irreversible transition. This measure of irreversibility is a simple metric that may be useful for 

simple system; the thermal denaturation of proteins is often a complex transition that is 

represented only by a single peak in DSC. It is also limited by slow scan rates, often 0.1 – 2.5 

˚C·min-1, resulting in long experiment times, It may also introduce the problem of aggregation at 

elevated temperatures, as the exposed hydrophobic residues of unfolded proteins interact and 

aggregate in an irreversible, thermodynamically favourable process.4 DSC requires large 

amounts of concentrated sample,5 which may be difficult to obtain or express for some proteins. 

It is also very low throughput, as a single experimental run often takes many hours and only a 

single sample can be run at a time.5 At low pH, the protein sample is often dissolved in buffer 

with dilute glycerol added as a stabilizer, but this may affect intermolecular interactions and has 

been found to shift native protein structures to more compact states.8 Fast scanning calorimetry 



10 

(FSC) has been developed as a faster version of DSC. It uses ultrafast scan rates of 600 – 2400 

˚C·min-1, allowing for shorter experiment times and can help avoid aggregation effects.9 FSC 

requires smaller sample volumes than DSC, however samples are also often prepared in glycerol 

solutions to minimize the effect of evaporation due to the low sample volume.9,10 

DSF, often commonly called fluorescent thermal shift assay (FTSA), uses a fluorescent 

dye that emits light in non-polar environments, such as the hydrophobic regions in proteins. As 

the temperature increases, the protein unfolds and the dye interacts with the exposed 

hydrophobic core.11 The intensity of the fluorescence is measured as temperature is scanned. 

DSF has been gaining popularity for use in thermal stability experiments, ligand binding 

experiments, and drug screening assays in the pharmaceutical industry.11 It is particularly useful 

as a broad screening assay as it is target-independent.11 DSF is commonly run on real-time PCR 

instruments in multi-well plates, allowing for high-throughput experiments and small sample 

volumes. The interactions between protein and dye will vary depending on their respective 

chemical structures, thus the dye must be carefully selected, as some protein and dye pairs may 

not result in a detectable transition.12 One of the most commonly used dyes, SYPRO Orange, is 

favoured because of its high signal-to-noise ratio,13 but it is proprietary and has no available 

structural information, limiting the understanding of potential interactions with proteins.5 The 

dye is added in large excess, often up to 20-fold. This can perturb the equilibrium of the system 

as the dye binds to the protein through Le Chatelier’s principle, and could introduce errors in 

some thermodynamic binding assays.11 Furthermore, experiments in the absence of protein show 

that the intensity of fluorescence often decreases with increasing temperature,14 which may 

complicate analysis. Proteins with many accessible tryptophan and tyrosine residues are likely to 

have high background fluorescence, as the dye will associate before the protein has unfolded.11 
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Unlike DSC, DSF cannot measure direct thermodynamic values like enthalpy, but a midpoint 

transition temperature (Tm) can be determined by the inflection point of the curve or the midpoint 

of the fluorescence transition after a baseline approximation.12 Changes in Tm can be compared 

as an measure of stability, but cannot be converted into physiologically relevant thermodynamic 

parameters or binding affinities.11 

CD measures the difference in absorption of left- and right-handed circularly polarized 

light through an asymmetric structural feature, resulting in elliptically polarized light. The α-

helices and ß-sheets in folded proteins have characteristic CD spectra at specific wavelengths, 

giving a direct measurement of protein secondary structure.15 Far-UV CD is extremely sensitive 

to the protein backbone and its conformation.16 Near-UV CD is sensitive to aromatic amino acid 

side chains and can be indicative of tertiary structural elements.17 As the temperature increases 

and the protein unfolds, these structural elements begin to be lost and the changes in ellipticity 

are measured. Some CD instruments are capable of ramping temperature, though most require 

setting specific temperature points and equilibration times, and collecting individual spectra at 

these temperatures.15 Spectra must be collected at several wavelengths, so taking CD 

measurements over a range of temperatures becomes time-consuming. It is estimated that 

collecting initial spectra at a single wavelength will take 7 – 8 hours, and an unfolding and 

refolding experiment will take 12 – 14 hours.15 The spectra collected must then be deconvoluted 

to determine what fraction of folded states are contributing to the spectra. Although CD is 

primarily a structure-focused method, thermodynamics of unfolding can also be estimated 

through the change in the fraction of folded states with temperature.15 

These traditional thermal techniques work well when we assume simple unfolding 

transitions are occurring in simple solution conditions. Multiplexing is generally not possible as 
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the signal from individual proteins cannot be separated, and the readout is an average 

measurement of the mixture. In both DSC and DSF, there is a documented dependence of Tm on 

scan rate.10,12,18,19 While it is more commonly known that irreversible transitions have scan rate 

dependence, it was found that the apparent Tm also increases with increasing scan rate for 

reversible transitions.18 This suggests that reversible protein transitions may be partially 

kinetically controlled. The folding of small proteins is thought to be on the order of 

microseconds to seconds,2 so it is commonly assumed that the protein is at equilibrium 

throughout a thermal unfolding experiment, especially at the low scan rates used in DSC. 

Though thermal scanning CD instruments exist, there is no record of scan rate dependence in CD 

experiments. 

 

Models for Protein Folding  

Ubiquitin is a highly conserved protein across eukaryotes involved in many cellular 

processes and disfunction has been linked to several diseases.20 It is commonly used as a model 

protein as it is small, has a very structured native conformation and is stable across a broad range 

of pHs.21 It has been studied using many different techniques resulting in extensive stability 

work and one of the most complete pictures of a folding energetic landscape.21 The Tm of 

ubiquitin can be shifted to lower temperatures by lowering the solution pH.22 

Hen-egg white lysozyme (referred to as lysozyme from here on) is another one of the 

most extensively studied proteins and has been used as a model system for protein folding as 

well. Many of these studies have probed lysozyme folding at low pH, as the structure is very 

stable near neutral pH and must be perturbed further to induce a transition between 0 – 100 ˚C.23 
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Studies have shown that lysozyme remains very stable in acidic conditions and the structure 

remains similar to that at native pH, though the rates of unfolding and folding are slower.24,25 

 

MS Methods for Characterizing Protein Stability  

Since the advent of native mass spectrometry (MS), in which ions are generated by 

electrospray ionization of biomolecules prepared in aqueous solutions with physiologically 

relevant pH and ionic strength, there have been efforts to control the temperatures of liquid 

samples and probe the stability of non-covalent complexes in solution.26 Mass spectrometry 

provides more detailed structural information compared to the traditional techniques and can also 

give information on molecular events that occur during transitions.27 One of the earliest 

temperature-controlled sources designed used a chrome wire wrapped around ceramic block 

containing an electrospray capillary.28 Now, most devices use a Peltier thermoelectric chip that 

controls the temperature of a metal block. For example, one such design was used to study the 

equilibria of oligomeric states of the small heat shock protein TaHSP16.9.29 Many of these 

sources use protocols where the desired temperature is set, the source and capillary must then 

equilibrate for 1 – 10 min, then mass spectra are acquired for several minutes before this is all 

repeated at the next temperature increment.29,30,27,31–35 This results in time-consuming 

experiments and few data points across the transition. Other source designs are capable of 

ramping the temperature, at rates of 1 – 5 ˚C·min-1,36–38 resulting in shorter experiment times and 

continuous measurements. The fastest reported scan rate is 240 ˚C·min-1, though it was 

recommended to scan at more moderate rates that do not exceed the rate of mass spectral 

acquisition.39 
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There is no set name for the field, so it will be referred to here as tcESI. The many source 

designs have been given many different names, such as temperature-controlled ESI (TC-

ESI),29,40,30,27,36,37 variable-temperature ESI (vt-ESI),31,41,35,42 and digital temperature control ESI 

(DTC-ESI),39 among other unnamed sources. Recently, a laser has been used to heat the liquid at 

the tip of an electrospray emitter, allowing for the accurate determination of melting curves on a 

timescale of seconds.43 The laser-heated ESI (LH-ESI) heats only a small volume of liquid, so 

molecules could diffuse in and out of the laser-heated area during electrospray. 

Average charge state is the most common metric to characterize protein unfolding using 

MS. As the protein unfolds with increasing temperature, more protonation sites become 

accessible and the charge state distribution shifts to higher charge states. tcESI data is often 

represented as plots of average charge state versus temperature. The unfolding is visible as a 

sigmoidal transition with the inflection point of the curve fit giving the Tm. Alternatively, native 

and unfolded charge state distributions can be established, and the tcESI data represented as the 

relative abundance of the two fractions versus temperature.39 In these types of plots, Tm is 

determined by the intersection of the curve for the native and unfolded fractions. 

Both ubiquitin and lysozyme have previously been studied using tcESI, but the refolding 

of both proteins has been less well investigated. El-Baba and coworkers identified intermediate 

conformations of ubiquitin using ion mobility-MS and probed the effect of buffers on its stability 

at low pH.33 The reversibility of ubiquitin unfolding was tested by incubating the solution at 90 

˚C before cooling to 26 ˚C and analyzing the sample. It was found to be reversible as the 

spectrum was indistinguishable from a sample that had not been incubated33, but the transition 

that occurred during cooling was not measured. In a follow-up study, the tcESI temperature 

profile was reversed and revealed a similar curve35, but the data and curve are not shown. In one 
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of the earliest tcESI studies, Benesch and coworkers documents the unfolding of lysozyme at pH 

2.29 They compared the Tm determined by tcESI with the Tm determined by fluorescence 

measurements and found good agreement, concluding that this technique gives accurate 

determinations of Tm and can be used to study thermal effects on proteins.29 Wang and 

coworkers repeated these lysozyme unfolding experiments with their own source and were able 

to replicate the results.27 However, they link the appearance of high charge states to disulfide 

scrambling, in which the native disulfide bonds are broken and do not reform resulting in 

irreversible unfolding. However, it seems the refolding was not investigated and whether this is 

indeed irreversible is not fully evaluated. This dissertation will test the hypothesis that native 

disulfide bonds are broken during tcESI experiments. 

 

ptESI Source Background and Description  

The programmed temperature nanoESI (ptESI) source in its current iteration was 

designed and built in 2020 by Dr. Meagan Gadzuk-Shea, a former student in the group, who 

performed successful proof-of-principle experiments shortly before graduating. The project was 

picked up again in 2023 by Dr. Theresa Gozzo, Christopher Weir, and me. Early experiments 

were focused on understanding the source, its limits, and replicating the proof-of-principle 

experiments We made minor modifications to the source for improved safety and ease of use.  

The ptESI source allows us to rapidly scan across a broad range of temperatures while 

continuously acquire mass spectra. The first iteration of the source was used to control the source 

temperature during cation-to-anion proton transfer reaction (CAPTR) experiments using 

cytochrome c.44 Like many other designs, a Peltier thermoelectric chip is incorporated; 

controlled by a digital temperature controller, it heats and cools a small copper block. This 
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copper block is placed on top of the Peltier and has an embedded thermistor that measures the 

block temperature and a hole drilled through it for a capillary tip. The temperature controller 

adjusts the current supplied to the Peltier based on the reading from the thermistor. Thermal 

connections are made using thermal paste. A 3D-printed clamp maintains even pressure on the 

Peltier and helps hold everything in place. The nESI capillary is positioned inside the copper 

block with the tip pointing towards the instrument inlet. The source is mounted on an xyz stage 

to enable the tip position to be finely tuned. A platinum wire is inserted into the wide end of the 

capillary to apply the electrospray voltage. Only 3 – 5 µL of solution is required for a single 

experiment.  

The ptESI source is capable of scanning temperatures between 5 – 97 ˚C at rates of up to 

120 ˚C·min-1. The desired start, end, and optional midpoint incubation temperatures, scan rates 

between temperature steps, incubation times, number of cycles, and desired waveform are set 

using a custom Python program. Characterization experiments were performed by measuring the 

temperature of an ammonium acetate solution using a thermocouple inserted into a pulled 

capillary tip. The temperature inside the capillary was monitored using a thermocouple data 

acquisition device and compared to the temperature recorded by the embedded thermistor. The 

two measured temperatures are in close agreement with each other and the programmed 

temperature throughout repeated thermal cycles. From this, the block temperature measured by 

the thermistor can be used as a proxy for the temperature of the solution inside the capillary. 

ptESI experiments can be performed very rapidly. At a scan rate of 30 ˚C·min-1, scanning from 

10 – 90 ˚C takes ~2.5 min, during which mass spectra are continuously recorded. With an MS 

scan rate of 60 scans·min-1, 150+ mass spectra are acquired during the temperature ramp. 

Although many previous tcESI studies have determined the melting curves for various model 



17 

proteins, they have neglected to thoroughly investigate the cooling phase during which the 

protein may refold. The ptESI source is easily programmed for thermal cycles, in which the 

temperature is scanned from low to high, and back to the initial low temperature at a set scan 

rate. Both the heating and cooling phases are controlled while acquiring mass spectra. At a scan 

rate of 15 ˚C.min-1, scanning from 10 – 90 – 10 ˚C takes just over 10 min and 600+ mass spectra 

are recorded. A sample can be cycled any number of times, the number of cycles is set in the 

program. The rapidity of scanning with ptESI may help avoid aggregation, as shorter periods of 

time are spent at elevated temperatures. Though ptESI may not be as fast as the laser heated 

source, it has active cooling capabilities and results in shorter and more data-dense experiments 

than tcESI sources. In this work, ptESI is used to investigate both the unfolding and refolding 

transitions of the model proteins ubiquitin and lysozyme through thermal cycling experiments at 

multiple scan rates. 
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CHAPTER II 

Evaluating the Reversible Unfolding of Ubiquitin and Lysozyme at Low pH Using 

Programmed Temperature ESI (ptESI) 

Introduction 

Temperature is a popular method to manipulate protein structure to probe protein folding, 

as it is a “universal factor of influence with a fundamental physical meaning.”4 Protein folding or 

misfolding is being increasingly linked to disease, yet the process through which it occurs is not 

yet fully understood. Commonly used thermal techniques such as differential scanning 

calorimetry (DSC), differential scanning fluorimetry (DSF), and circular dichroism (CD) have 

been used to study the folding kinetics, conformational states, and stabilities of proteins. DSC 

provides precise and direct measurements of molar heat capacity of unfolding events, melting 

temperature, and other thermodynamic parameters.5,6 It is limited by slow scan rates and low 

throughput experiments and also requires large sample volumes, which can be challenging to 

obtain for many analytes of interest. Scan rate dependence has been well documented in DSC. 

Previously, it was only thought to arise during irreversible transitions, but the melting 

temperature shifting to higher temperatures with increasing scan rate was observed for the 

reversible thermal denaturation of xylanase.18 DSC is very good for obtaining thermodynamic 

values but offers no additional structural or conformational information. 

In comparison, DSF provides a measurement of melting temperature, but also some 

conformational information through fluorescence as this technique uses dyes that fluoresce in 

non-polar environments, such as hydrophobic pockets in protein structure.11 As the temperature 

increases, the protein unfolds and the dye interacts with the exposed hydrophobic sites resulting 

in increased fluorescence intensity. DSF experiments are often performed using real-time PCR 
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instruments, which are widely available, require smaller sample volumes, and are compatible 

with multiplexing through multi-well plates.11 However, not all protein-dye combinations will 

result in a detectable melting transition.12 A large excess of dye is added, which can perturb the 

system and result in errors in measurement.11 Both DSC and DSF are calorimetric methods that 

can be used to monitor changes in melting temperature to assess changes in stability, which is 

useful for binding assays.  

CD is an optical method that is sensitive to structure and allows for a more direct 

measurement of protein secondary structure, as -helices and ß-sheets have characteristic spectra 

at specific wavelengths of light15 and far-UV CD is sensitive to changes in protein backbone 

conformation.16 Most CD instruments are not capable of scanning temperature, thus spectra must 

be acquired at points over a range of temperatures, resulting in time-consuming experiments.15 

Thermodynamic parameters can be estimated only if there is a single unfolding event and the 

unfolding is reversible.15 Overall, these common techniques provide limited information and 

work best when simple unfolding transitions are occurring. 

Nanoelectrospray ionization-mass spectrometry (nESI-MS) provides detailed structural 

information about biomolecules in physiologically relevant solution conditions. Changing the 

temperature experienced by sample in the nESI capillary changes the conformation of the protein 

in solution, which is at least partially maintained through transfer into the gas phase.45 This 

technique has been developing rapidly and encompasses sources called variable-temperature ESI 

(vt-ESI),33,34,41,35,46 digital temperature control-ESI (DTC-ESI)39, laser heating ESI (LH-ESI)43, 

and temperature-controlled-ESI (TC-ESI).37,38 Many of these sources use Peltier thermoelectric 

devices to control the temperature of a metal block. 
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Here, we will describe our programmed temperature-ESI (ptESI) source design to control 

solution temperature of a nESI capillary during thermal cycling experiments. We will apply this 

source to characterize the unfolding and refolding with heating and cooling of ubiquitin and 

lysozyme are measured at different scan rates through changes in average charge state. 

Determination of midpoint temperatures (Tm) and characterization of transitions can be done 

rapidly.  

 

Materials and Methods 

Sample Preparation  

Lysozyme from hen egg white (62970, Sigma-Aldrich, St. Louis, MO) was dissolved in 

MilliQ ultra-pure water (EMD Millipore, Burlington, MA) and adjusted to pH 2 using glacial 

acetic acid (A-35, Fisher Scientific, Rockwood, TN) to a final protein concentration of 3 µM. 

Recombinant human ubiquitin (U-100H, R&D Systems, Minneapolis, MN) was dissolved in 

aqueous acetic acid at pH 2.15 to a final protein concentration of 4 µM. For the multiplex 

experiment, ubiquitin and lysozyme were dissolved in aqueous acetic acid at pH 2.15 at 2 µM, 

for a total protein concentration of 4 µM. Sample pH was measured using a micro pH probe 

(ThermoFisher Scientific, Waltham, MA). 

ptESI and Mass Spectrometry Settings 

Our ptESI source (Fig. S1) scans between starting, high, and ending temperatures 

programmed by the experimenter at scan rates. A full description of the source and its 

capabilities are included in the Supplemental Information. Source characterization experiments 

have shown a close agreement between the temperature inside the capillary, block temperature, 

and programmed temperature (Fig. S2). 
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For tcESI experiments, the program starts at 10 °C and ends at 90 °C, with 4-minute 

incubation steps at 5 °C increments. The temperature is increased at a rate of 5 °C.min-1 between 

incubation periods. For ptESI experiments, the temperature scans from 10 – 90 °C at 9, 15, or 30 

°C·min-1. For thermal cycling experiments, the temperature scans from 10 – 90 – 10 °C at 9, 15, 

or 30 °C·min-1 for the specified number of cycles.  

Five µL of sample was loaded into a borosilicate glass capillaries pulled to a 1-3 µm tip 

(Sutter Instruments Model P-97), then inserted into the ptESI source held at 10 °C. Electrical 

contact with the solution was made using a platinum wire electrode inserted into the wide end of 

the capillary. Electrospray was established by applying 0.4 to 0.7 kV of potential to the 

electrode. Mass spectra were acquired using a SELECT SERIES Cyclic IMS instrument47 at a 

rate of 1 scan·second–1. Mass spectra were calibrated using cesium iodide. Mass spectral data 

was worked up in a Jupyter notebook using custom Python tools developed in-house that use the 

Waters SDK to interact directly with raw data files. The extracted ion chromatograms (Fig. S3) 

for each charge state are generated using specified mass ranges and the average charge state is 

calculated using the intensity of the extracted ion chromatogram as a weight for each charge 

state. The temperature readings from the embedded thermistor in the ptESI source are used to 

link experiment time and block temperature. The average charge state and temperature are 

plotted and sigmoidal curve fitting is done using Equation S1. 

 

Results and Discussion 

Using ptESI to Study Protein Folding 

In this work we will use tcESI to refer to approaches or methods that take measurements 

at discrete, pre-determined temperatures and allow time – typically several minutes – after 
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changing the temperature before acquiring mass spectral data. Figure 1A shows the temperature 

program for a tcESI experiment adapted for ptESI. The program replicates typical tcESI 

experiments with several minute equilibration and acquisition times at each temperature step, 

resulting in an experiment duration of ~90 minutes. The average charge state of ubiquitin is 

plotted over time (Fig. 1B). The temperature steps are visible in the average charge state plot. 

The insets indicate the mass spectra acquired at the lowest and highest temperatures.  

 

Figure 1. TC-ESI style program and results for the unfolding of ubiquitin at pH 2.15. (A) tcESI 

style stepped temperature program scanning from 10 – 90 °C, with 4 minute incubation periods 

every 5 °C. This program has a duration of 84 minutes. (B) Unfolding curve obtained using the 

program in A. The changes in temperature are reflected in the average charge state. The insets 

show the mass spectra acquired at the lowest and highest temperature incubations, along with the 

time. 
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The tcESI-style program (Fig. 1A) incubates for 4 minutes to reflect the longer duration 

of time spent at each temperature step in a typical tcESI experiment: 1 – 2 minutes of 

equilibration before 1 – 2 minutes of mass spectral acquisition. Average charge state (𝑧̅) is an 

established measure of protein unfolding in native MS, as the number of protons that a protein 

can carry depends on the extent of unfolding. It is a weighted average based on the intensity of 

the charge state peaks in the mass spectrum. Each data point in Figure 1B is the average charge 

state calculated from a single mass spectral scan of ubiquitin acquired at the corresponding 

temperature point. Representative mass spectra for the highest and lowest temperatures are 

shown in the insets; the charge state distribution shifts dramatically from low to high 

temperature. The sigmoidal transition can be curve fit and the midpoint temperature of unfolding 

(Tm) determined by the inflection point of the fit.29 The tcESI-style experiments resulted in a Tm 

of 42.2  0.2 °C, which is consistent with all other Tm values determined in this study. The Tm 

values obtained do not agree with results from a previous DSC study22; however, in that study, 

the transition was irreversible. The reversibility of the transition studied using ptESI is discussed 

later.  

Ubiquitin is a small, monomeric, highly conserved protein in eukaryotes with 76 

residues. It is commonly used as a model system for protein studies due to its abundance, 

stability, and highly structured native conformation.21 However, because ubiquitin is so stable, 

the solution must be at low pH to destabilize the native structure in order to obtain an unfolding 

transition between 0 – 100 °C. In this tcESI type experiment, the need for equilibration and 

acquisition time at each temperature results in longer experiment times, thus the selection of 
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temperature points, the increments in between, equilibration and acquisition times must balance 

good coverage across the melting curve and reasonable experiment times. 

Varying the temperature scan rate reveals differing behaviour for different proteins. The 

temperature program is shown by the measured block temperature (Fig. 2A) during scans of 

ubiquitin at rates of 9, 15, and 30 °C·min-1. Figure 2B shows the corresponding unfolding curves 

of ubiquitin. The three curves for the three different rates are overlaid and give a Tm of 47.5  2.4 

°C. In contrast, the unfolding curves of lysozyme (Fig. 2C) shows the curves shift to lower 

temperatures with increasing scan rates. The three curves at 9, 15, and 30 °C·min-1 give Tm of 

56.2, 60.3, and 69.2 °C, respectively.  
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Figure 2. Unfolding curves for ubiquitin and lysozyme acquired using ptESI. A) The 

temperature program is reflected in the measured block temperature for the three different scans 

of ubiquitin at the three scan rates investigated. The lysozyme data were acquired using the same 

temperature programs and are indistinguishable from the block temperatures shown. B) 

Unfolding curves of ubiquitin at 9, 15, and 30 °C.min-1. All three curves overlap well. C) 

Unfolding curves of lysozyme at 9, 15, and 30 °C.min-1. The transition and thus Tm values shift 

to higher temperatures with increasing scan rate. 

 

Our ptESI source allows for rapid acquisition of thermal cycling data, in which mass 

spectra are acquired continuously. Compared to the tcESI experiment in Fig. 1, the same data is 

acquired in under 5 minutes using ptESI. The curve in Figure 2B resembles previously those 

reported in tcESI studies of ubiquitin, but the Tm values differ as those studies used a higher 

pH.33,35 Small proteins like ubiquitin and lysozyme are expected to fold quickly, on the order of 

micro- to milliseconds.2 From this, we assume that the protein is in equilibrium throughout the 

measurement, as the rate of folding is faster than the scan rate. Lysozyme is another small, 

monomeric protein, with 129 residues and 4 disulfide bonds. Like ubiquitin, it is a common 

model protein used in folding studies, as is known to retain its folded structure and remain stable 

at low pH.48,49 Lysozyme also has the expected sigmoidal unfolding transition (Fig. 2C), but it 

shifts to lower temperatures with increasing scan rate. The apparent scan rate dependence of 

lysozyme unfolding indicates that it may not be in equilibrium during the unfolding transition 

and there is a kinetic component. While there have been previous studies of acidified lysozyme 

discussing pH guanidinium chloride dependence,50–52 few have indicated a scan-rate 

dependence.25 Scan rate dependence will be discussed more in depth further on. It is important to 
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note that the slope of the sigmoid differs between the ubiquitin and lysozyme curves. A steeper 

slope corresponds to unfolding beginning later, and the folded protein state being more resistant 

to increasing temperatures.53 The folding transition of ubiquitin is highly sensitive to pH, and 

very small changes in pH result in large shifts of the curves (Fig. S4). Because the slope of the 

transition is less steep, it is more difficult to capture the full transition between 10 – 90 °C. The 

ptESI source is capable of heating and cooling between 5 – 97 °C, but it is currently optimized to 

operate between 10 – 90 °C. The continuous acquisition of mass spectra results in data dense 

experiments with many more points across the unfolding transition compared to tcESI 

experiments. The ease of determining Tm using ptESI make a potential candidate for use in 

thermal stability and binding assay as part of drug development programs. 

 

Using ptESI To Study Protein Refolding 

Figure 3A shows the block temperature for a single cycle program with a gradient of ±30 

°C·min-1. Here, a thermal cycle is defined as scanning from a low temperature to a high 

temperature, and back to the starting low temperature at a set scan rate. Figures 3B and 3C show 

average charge state plots for single thermal cycles of ubiquitin and lysozyme, respectively. 
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Figure 3. Single thermal cycles of ubiquitin and lysozyme at 30 °C·min-1. A) The block 

temperature for a single thermal cycle of ubiquitin, reflecting the programmed temperature. The 

block temperatures for lysozyme are indistinguishable. B) The average charge state over a single 

thermal cycle of ubiquitin. The data points from the heating phase are in dark blue and those 

from the cooling phase are in light blue-green. The two curves overlap. C) The average charge 

state over a single thermal cycle of lysozyme. The data points from the heating phase are in dark 

purple and those from the cooling phase are in pink. The two curves do not overlap during the 

transition. 
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A strength of the ptESI source is the ease in which thermal cycling experiments can be 

performed. In a thermal cycle, both the unfolding and refolding of the protein are captured, 

unlike in the heating-only curve in Figure 1. The importance of studying refolding is difficult to 

overstate, as protein folding is critical to forming functional proteins as part of normal 

physiology. The melting or unfolding curve is acquired during heating and the refolding curve is 

acquired during cooling. For a single thermal cycle of ubiquitin (Fig. 3B), the refolding curve 

overlaps with the unfolding curve. The Tm values for the heating and cooling phases are very 

similar, 47.0 and 45.9 °C, respectively. The average charge state returns to the initial value, 

indicating complete refolding and a reversible transition. Previous work has demonstrated the 

reversible unfolding of ubiquitin at low pH by first incubating at 90 °C before cooling the sample 

and analyzing at 26 °C.33 The results were found to be indistinguishable from samples that had 

not been heated, but the sample was not monitored during cooling. The results shown in Fig. 3B 

demonstrate the reversibility while monitoring the refolding transition. With ptESI, evaluating 

the reversibility of the unfolding transition is easy. The average charge state returning to near the 

initial value at the end of a cycle indicates reversible unfolding. Compared to DSC, this does not 

require a second scan and can be done as part of the same acquisition. The overlap of the 

unfolding and refolding curves of ubiquitin suggests that the two transitions are very similar in 

cooperativity and likely occur through similar processes, further emphasizing the reversibility of 

unfolding.  

For a single thermal cycle of lysozyme (Fig. 3C), the average charge state also returns to 

the initial value, but there is a significant difference between the unfolding and refolding curves, 

as they do not overlap during the transition. The Tm values for the heating and cooling phases are 

quite different, 54.1 and 39.4 °C, respectively. The change in Tm between the unfolding and 
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refolding curves (ΔTm) suggests that the unfolding and refolding processes are more different. 

Protein refolding is usually a more complex compared to unfolding, as the unfolded state is 

conformationally more heterogeneous.3 A previous tcESI study noted that the high charge states 

of lysozyme in the high temperature mass spectra appear similar to spectra in which disulfide 

scrambling has occurred.27 It is unlikely that disulfide scrambling is occurring, as the protein 

would be trapped in unfolded conformations with high average charge state upon cooling and the 

average charge state returns its low initial value, indicating the protein is refolding. This is 

discussed further in the Supplementary Information. Other studies have shown that at elevated 

temperatures, lysozyme retains its disulfide bonds.23,48 It has been suggested that isomers of the 

unfolded polypeptide chain could get tangled in loops formed by the maintained disulfide bonds, 

resulting in slow refolding pathways.52 Kiefhaber also stated that if there is a partially folded 

state refolding slowly with a sequential folding mechanism, there would be a “lag phase […] in 

the formation of native molecules”,52 which arises in these ptESI data as ∆Tm.  

 

Repeated Thermal Cycling 

The block temperature for a thermal cycling program of ubiquitin is shown in Figure 4A. 

At a rate of 30 °C·min-1, three thermal cycles take in ~15 minutes. Plotting the average charge 

state versus time (Fig. 4B) shows the average charge state changing with thermal cycling. 

Plotting the average charge state versus temperature (Fig. 4C) reveals a sigmoidal transition 

during both heating and cooling. 

Changes in average charge state (Fig. 4B) align closely with the temperature program 

(Fig. 4A). As the temperature increases, ubiquitin unfolds, and the average charge state 

increases; and the reverse occurs during cooling. Comparing the three thermal cycles of 
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ubiquitin, the behaviour of the unfolding and refolding curves remains highly consistent. Plotting 

average charge state versus temperature (Fig. 4C) shows that the curves overlap with repeated 

thermal cycling and the unfolding of ubiquitin remains highly reversible. Analysis of the Tm 

reveals that as the number of cycles increases, the Tm remains within 1.3 °C. The outlier 

datapoints in the average charge state plots are due to fluctuations in ion current that are carried 

through the data workup and can affect the calculation of Tm. 

 

Figure 4. Three thermal cycles of ubiquitin at 30 °C·min-1. The heating phase is in red-orange 

and the cooling phase is in blue. A) The block temperature for three thermal cycles, reflecting the 
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programmed temperature. B) The average charge state of ubiquitin changes with thermal cycles 

over time. The shape and timing matches the temperature program in A. C) The average charge 

state plotted versus temperature, revealing the sigmoidal shape of the transition. 

 

Scan Rate Dependence of Lysozyme 

Figure 5A shows the temperature program for three thermal cycles at a rate of 30 

°C·min-1. For three cycles of ubiquitin (Fig. 5B), the average charge state as a function of 

temperature during heating (unfolding curve) and cooling (refolding curve) exhibit significant 

overlap. Note that the average charge state continues to return to the initial value at low 

temperature with increasing numbers of cycles. Lysozyme (Fig. 5C) has similarly consistent 

refolding, as the average charge state also continues to return to the initial low value with 

increasing cycles. However, the Tm shifts to lower temperatures with increasing numbers of 

cycles (Table S1). The ΔTm remains present in all cycles. 
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Figure 5. Three thermal cycles of ubiquitin and lysozyme. A) The block temperature for three 

thermal cycles of ubiquitin, reflecting the programmed temperature. The block temperature for 

lysozyme cycles is indistinguishable. B) Average charge state data for three cycles of ubiquitin. 

The curves for all three cycles overlap. C) Average charge state data for three cycles of 

lysozyme. There is a significant difference between the heating and cooling curves and ∆Tm is 

maintained over the repeated cycles. 

 

Both ubiquitin and lysozyme (Fig. 5B and C), have highly reversible unfolding with 

repeated thermal cycling, indicating high thermal stability. In contrast to ubiquitin, lysozyme 

exhibits changes during the folding transitions. The Tm for both unfolding and refolding shifts to 

lower temperatures with repeated cycling. One possible explanation for this result is that the 
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sample pH decreases during these long electrospray experiments due to the oxidation of 

water.54,55 It is known that Tm of proteins are dependent on solution pH. For aqueous lysozyme, it 

was found that the Tm shifts ~20 °C between pH 2 and 2.5 (Fig. S6). At 30 °C·min-1, it is less 

likely that acidification of the sample would occur, as three cycles takes ~15 min (Fig. 5C). 

However at 9 °C·min-1 (Fig. 6A), three cycles takes ~50 min, a duration of time during which 

pH drift can occur.55 If acidification is occurring, the Tm of the third cycle would be significantly 

lower during the longer experiments. Comparison of Tm from 30 and 9 °C·min-1 experiments 

reveals no significant difference. Gadzuk-Shea and coworkers observed acidification of samples 

that were initially at neutral pH.55 The lysozyme samples in this experiment are at pH 2, i.e., 

initially have a proton concentration that is 105-fold higher, therefore the formation of additional 

protons by the oxidation of water would have a much smaller effect on pH. Cycling at the 

highest scan rate, 30 °C·min-1, for the duration of the lowest rate experiment, 50 minutes, gives a 

10-cycle experiment (Fig. S7) in which the Tm initially shifts to lower temperatures, but then 

shifts back to slightly higher temperatures. Additionally, the Tm of the cooling phase shows a 

more significant shift to lower temperatures compared to the Tm of the heating phase (Fig. S8).  

While Tm is a useful metric for comparing results between different scan rates, or for 

measuring the effect of binding partners, it is less useful for characterizing changes between 

cycles within a single experiment. There is vastly more structural data being acquired that is not 

being used when solely using Tm as a metric, especially with ptESI. It is also sensitive to large 

fluctuations in ion current. The ion current changes with temperature (Fig. S3), which requires 

further investigation. 
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Figure 6. Three thermal cycles of lysozyme at three different scan rates. A) Three cycles at 9 

°C·min-1. B) Three cycles at 15 °C·min-1. C) Three cycles at 30 °C·min-1. These plots have 

Savitsky-Golay56 smoothing function applied for easier visualization of multiple overlaid cycles.  

 

Figure 6 shows three-cycle experiments at 9 (Fig. 6A), 15 (Fig. 6B), and 30 °C·min-1 

(Fig. 6C). ΔTm is present for all scan rates investigated and increases with increasing scan rate. 

The Tm values for both unfolding and refolding tend to shift to higher temperatures with 

increasing scan rate and are tabulated in Table S2. 

The changes in Tm and ΔTm indicate a scan rate dependence for thermal cycling of 

lysozyme. Scan rate dependence indicates that the scan rate is faster than the rate of unfolding 

and the protein is not at equilibrium, thus there is a kinetic component to the transition.19 For 

small proteins like lysozyme, the rate of folding is assumed to be fast, but the observed scan rate 

dependence implies the rate is slower than assumed. Scan rates used in DSC are slow compared 

to ptESI, but scan rate dependence still occurs. In the case of lysozyme at low pH, it was found 

that folding occurs slower than at neutral pH and this was attributed to a kinetic intermediate 

state.25 The changes in ΔTm with scan rate may be due to a lag in protein refolding as mentioned 
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previously. The refolding is potentially frustrated due to tangles in the polypeptide chain and 

disulfide bonds. As the scan rate increases, the protein will likely take the same length of time to 

refold. The temperature is changing much faster than the protein is able to refold, this introduces 

as lag resulting in the ΔTm increasing as the scan rate increases. At high temperatures, the 

asymptotic region has a closer overlap between the two curves and both curves reach this region 

at a similar temperature. The protein is in a disordered, conformationally heterogeneous state and 

the lag in refolding is less visible. At low temperatures, the unfolding and refolding curves do not 

overlap in the asymptotic region to the same extent and reach this region at different 

temperatures. The protein is in a more ordered, conformationally homogeneous state, and the lag 

in refolding is apparent. Even for a highly reversible system like lysozyme, it is important to 

consider kinetic effects and measuring at different scan rates can reveal scan rate dependencies. 

 

Using ptESI with Multiplexing 

Figure 7 shows data from multiplexed experiments of ubiquitin and lysozyme at pH 2.15. 

The curves for ubiquitin and lysozyme are overlaid (Fig. 7B), demonstrating the differences in 

average charge states between the two analytes. 
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Figure 7. Multiplexed thermal cycling experiment with equimolar ubiquitin and lysozyme. A) 

The programmed temperature is reflected in the block temperature during three thermal cycles at 

a scan rate of 30 °C·min-1. B) Average charge state data for both ubiquitin (blue) and lysozyme 

(purple). 

 

A strength of MS-based measurements is the ability to perform multiplexed experiments, 

which can also apply to tcESI.43,46 The solutions of ubiquitin and lysozyme were prepared at the 

working pH for ubiquitin, as it is much more pH sensitive than lysozyme. This results in a minor 

shift of the lysozyme curves to higher temperatures (Fig. 7B). The Tm value for ubiquitin 

obtained from the multiplexed experiment is 44.8  4.2 °C, which agrees with the values 

obtained in this study. The difference between the first unfolding curve of ubiquitin and all 

subsequent curves is due to a decrease in intensity at low temperatures in the ion chromatogram, 
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which is carried through the workup. The Tm values for lysozyme (Table S3) are higher than 

other results reported here, but this is attributed to the change in solution pH. Interestingly, the 

ΔTm appears smaller than previous thermal cycles at 30 °C·min-1. This may also be due to the 

higher pH being less destabilizing or less time spent at elevated temperatures during which the 

unfolded regions could get tangled. The greater change in average charge state for ubiquitin is 

very clearly demonstrated when lysozyme data is overlaid. Ubiquitin average charge state ranges 

from 7.5 – 10.5 over the course of a thermal cycle, whereas lysozyme only ranges between 9 – 

11. The smaller change in average charge state likely also contributes to the ease in which 

lysozyme can be captured in the desired temperature range.  

 

Conclusions 

ptESI-MS is a powerful tool for thermal denaturation studies, in which large amounts of 

structural information is rapidly collected. It can scan across a broad range of temperatures while 

mass spectra are continuously acquired. In this work, we demonstrated the use of ptESI to study 

the thermal denaturation of model proteins using thermal cycling. At low pH, both ubiquitin and 

lysozyme have highly reversible transitions (Fig. 3). With repeated thermal cycling, ubiquitin 

exhibited overlapping unfolding and refolding curves and no scan rate dependence (Fig. 4), 

indicating it is in equilibrium during scanning. In contrast, thermal cycling of lysozyme (Fig. 5) 

revealed significant differences between the unfolding and refolding curves (∆Tm), implying the 

refolding is frustrated and occurring slower than the unfolding. This may be due to unfolded 

regions becoming tangled in loops formed by disulfide bonds. Varying the scan rate (Fig. 6) and 

noting changes in Tm revealed a scan rate dependence, indicating there is a kinetic component to 

the transition between the native folded and denatured unfolded states of lysozyme. This work 
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also demonstrates the need to consider kinetic effects for reversible transitions, which can be 

exposed by investigating multiple scan rates. Multiplexed experiments can be performed using 

ptESI, as shown in Figure 7, but it requires proteins that are stable in the same solution 

conditions. 

Compared to DSC, DSF, and CD, ptESI obtains more structural information in less time. 

Tm can be rapidly determined without the addition of dye like DSF, or large amounts of sample 

like DSC, but cannot monitor specific structural features like CD. More studies are needed to 

understand what is causing the scan rate dependence in ptESI. In this study, ubiquitin exhibited 

thermodynamic stability, as it remained in equilibrium throughout the experiment. For proteins 

like lysozyme, which exhibit a scan rate dependence and kinetic stability, there are options in 

experiment design to obtain equilibrium values: one could slow the scan rate until the scan rate 

dependence is eliminated, or one could use multiple fast scan rates to determine the dependence 

of Tm on scan rate and extrapolate a Tm at zero scan rate.12 However, it may not be possible to 

fully eliminate kinetic effects, depending on the analyte. Tm is a useful metric for comparing 

stability between measurement techniques or for assessing the effects of a binding partner, but 

for evaluating folding behaviour between repeated thermal cycles in a single experiment it is 

lacking. For ptESI experiments in particular, a metric that makes better use of the wealth of mass 

spectral data acquired is needed. 
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CHAPTER III 

Conclusions 

 

In this study, the novel technique ptESI is used to characterize the thermally induced 

unfolding and refolding of two model proteins: ubiquitin and lysozyme. ptESI offers many 

advantages over traditional thermal techniques like DSC, DSF, and CD because of its speed, 

thermal cycling capabilities, and the large quantities of structural data that can be obtained. The 

experimental results provide insight into some of the folding processes of two model proteins 

and the differences between them. 

An early goal of this work was to characterize the source and the data that can be 

acquired with it, as the source was designed and built by Dr. Meagan Gadzuk-Shea, who 

graduated several years prior. As we gained experience using the source and acquiring data with 

it, the extent of what can be done with ptESI began to be revealed. A strength of ptESI is the 

sheer amount of data that can be collected in very short amounts of time. Compared to tcESI 

experiments, ptESI experiments continuously acquire mass spectra while the temperature is 

changed, and is capable of thermal cycling. This results in rapid, data dense experiments.  

Ubiquitin showed highly reversible unfolding and refolding transitions. The results do not 

indicate a scan rate dependence, suggesting that ubiquitin is at equilibrium throughout the 

measurement. Thermal cycles demonstrate the reversibility of the unfolding, and the lack of ∆Tm 

indicates refolding is proceeding unhindered. Ubiquitin appears to be highly sensitive to pH, as 

very small changes in pH resulted in large shifts in Tm. The pH sensitivity combined with the 

moderate slope of the unfolding transition created challenges obtaining a full sigmoidal transition 
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within the optimal operating temperatures of the ptESI source (10 – 90 ˚C). Ubiquitin exhibited 

very stable behaviour and is contrasted by lysozyme.  

Lysozyme also showed highly reversible unfolding, but in contrast to ubiquitin, the 

results show a scan rate dependence, suggesting that the protein is not at equilibrium during the 

unfolding and refolding transitions. We tend to assume that small proteins like lysozyme fold 

fast relative to the scan rate, but Tm and ΔTm increasing with increasing scan rate imply that there 

is a kinetic component to the transitions. The presence of ΔTm implies a difference in the 

unfolding and refolding processes, likely arising due to refolding being more complex.57 It may 

be due to unfolded regions becoming tangled in loops formed by disulfide bonds,52 as the 

disulfide bonds are likely maintained at elevated temperature. Throughout the various thermal 

cycling experiments, the refolding remained highly reversible, highlighting that even reversible 

transitions can show scan rate dependence. When studying a new protein, I recommend 

investigating multiple scan rates as this can reveal scan rate dependencies and kinetic effects.  

ptESI is limited to temperatures between 0 – 100 ˚C to avoid freezing or boiling the 

sample in the capillary. In practice, this generally means remaining between 3 – 97 ˚C. As model 

proteins have historically been chosen for their stability, many of them – including ubiquitin and 

lysozyme – do not have unfolding transitions within this temperature range. Thus, to obtain a 

reasonable Tm the protein is first destabilized using pH. While the stability of these proteins 

contributed to their adoption as model systems, it forces the use of non-physiological pH values 

to obtain a visible transition. The work presented here furthers our understanding of folding and 

its study using fast-scanning methods, but the protein-specific findings will not fully relate to 

what occurs at physiological pH. Furthermore, working at such low pH limits what reagents can 

be used. For example, the reducing agent dithiothreitol (DTT) does not work in this pH range 
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and cannot be used to further investigate the possibility of disulfide scrambling. Another 

commonly used reducing agent, tris(2-carboxyethyl)phosphine (TCEP), can be used at low pH, 

but it is proposed to be a powerful charge-reducing agent in native MS and would therefore be 

incompatible with this study.58 The ptESI source can scan at rates of up to 120 ˚C·min-1, but in 

practice it is limited by the rate of mass spectral acquisition, as discussed in Liu et al.39 If the 

temperature is scanned faster than mass spectra can be acquired, the temperature resolution is 

lost. To a certain extent, the scan acquisition time can be shortened, at the sacrifice of signal-to-

noise.  

Average charge state is weighted by the intensity of the peaks, however in ptESI the peak 

intensity fluctuates with the ion current, which appears to fluctuate with temperature. In non-

ptESI experiments, the ion current is generally very stable. Further investigation into the effects 

of temperature on ESI is needed to aid our understanding of the source of the ion current 

fluctuations. Tm is calculated through a curve fit applied to the plot of average charge state versus 

temperature and is thus also dependent on ion current fluctuations. While Tm is a good metric for 

comparing to established methods or between scan rates, the complexities of repeated thermal 

cycling experiments and ion current fluctuations mean it is not the most well-suited for 

comparing cycles within the same experiment. While average charge state plots present data in a 

simple and easily understandable format that clearly demonstrates unfolding, it does not 

adequately represent the vast amount of structural data obtained, especially in the more data 

dense ptESI experiments. 

ptESI is an exciting new technology. In the future, we want to build on the work shown 

study proteins that are expected to have an unfolding transition between 5 – 95 ˚C at neutral pH 

such as citrate synthase, lactate dehydrogenase, and -lactalbumin. The potentially frustrated 
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refolding exhibited by acidified lysozyme warrants further investigations on the effects of 

disulfide bonds on refolding. -lactalbumin is homologous in sequence to lysozyme51 and also 

has 4 disulfide bonds, but can be studied at neutral pH, where DTT can be used. Preliminary 

work has already begun on -lactalbumin, but the slope of the transition may be too gentle for a 

strong sigmoidal transition in the temperature range of ptESI. A powerful use of the ptESI source 

would be for binding assays, analogous to those often performed using DSF, but with potentially 

far more information content. The ability of a binding partner, like a drug candidate molecule, to 

stabilize or destabilize a protein is reflected in large shifts in Tm. Citrate synthase is of interest as 

it can have multiple different small molecule binding partners.59 Lactate dehydrogenase can also 

bind small molecules, forms oligomers, and previous studies have shown that substrate binding 

may help prevent thermal inactivation.60 The fast scan rates of ptESI will allow for short 

experiment times and a high overall throughput, and could be very useful as part of drug 

development and screening for pharmaceuticals and biotherapeutics. Another vital component of 

bringing a therapeutic to market is stability testing, in which samples are held at elevated 

temperature for prolonged periods of time. ptESI may be able to provide an alternative method of 

“stress-testing” suitable biotherapeutics through rapid and repeated thermal cycling. Coupled to 

MS, sample degradation can be monitored in real-time. Overall, ptESI is a versatile technique 

that has the potential to be applied to studying fundamental interactions involved in protein 

folding and as part of routine testing during the development of biotherapeutics and drugs. 
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APPENDIX A 

Supplemental Information for Chapter III 

 

Description of ptESI Source 

The source design incorporates a Peltier thermoelectric chip (ATE1-TC-71-7R8A, 

Analog Technologies Inc) which moves heat to and from a small copper block placed on top of 

it. A thermistor (MP-3022, TE Technologies) is placed in the copper block to monitor the block 

temperature. A temperature controller (TC-720, TE Technologies) adjusts the voltage being 

supplied by an external DC power supply (72-420, Tenma) to the Peltier based on the measured 

block temperature. Thermal connections are made using thermal paste (NT-H1, Noctua). A hole 

has been drilled through the copper block, in which a borosilicate nESI capillary (1.00 mm outer 

diameter, 0.78 mm inner diameter) is placed. A 3D-printed acrylonitrile butadiene styrene clamp 

maintains even pressure on the Peltier and provides support for a platinum wire. The source is 

mounted on a xyz stage (PI, Auburn, MA) on a rail carriage (XT66P2/M, Thor Labs) for easy 

positioning in front of an instrument inlet. A render of the source is shown in Figure S1. 

A customized program is used to set the desired starting, incubation (optional), high, low, 

and ending temperatures; scan rate(s), waveform, and number of cycles for each experiment. The 

source is currently set to operate between 5 – 95 °C. Incubation steps can be programmed for any 

desired length of time. The scan rate can be changed between program steps (Fig. S2). 
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Discussion of Disulfide Scrambling 

A past study noted that high charge states apparent in the high temperature mass spectra 

appear similar to spectra in which disulfide scrambling has occurred.1 If disulfide scrambling is 

occurring at elevated temperatures, the protein would be locked in an unfolded state during the 

cooling phase of the thermal cycle and the mass spectra at low temperatures would have the 

same charge state distribution as the high-temperature spectra. Inspection of the mass spectra 

from thermal cycling (Fig. S3) shows that this is not the case, and the low temperature spectra at 

the end of the cycle resemble those from the beginning of the experiment. This is also reflected 

in the average charge state returning to its low initial value at the end of the thermal cycle. It 

seems unlikely that disulfide scrambling is occurring. High charge state peaks are present with 

low intensity at low temperatures, even before thermal cycling, and these are likely due to other 

degradation events.  
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Equation S1 

Sigmoidal curve fitting is performed using the equation below: 

𝑧̅ =
𝐿

1 + 𝑒−𝑘(𝑥−𝑥0)
+ 𝑏 

where 𝑧̅ is the average charge state, x is the block temperature, x0 is the midpoint temperature, 

and L, b, and k are fitting parameters.  
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Table S1. Tm values for thermal cycles of lysozyme in Figure 5. 

 Cycle 1 

Heat 

Cycle 1 

Cool 

Cycle 2 

Heat 

Cycle 2 

Cool 

Cycle 3 

Heat 

Cycle 3 

Cool 

Tm (°C) 55.7 47.0 56.7 47.3 55.4 46.3 

 

The Tm values show a large difference between those obtained from the heating phase and those 

obtained from the cooling phase. There are decreases changes in Tm as the number of cycles 

increases. The magnitude of the change varies between runs, as the calculation of Tm is linked to 

fluctuations in ion current. As discussed previously, Tm is not a solid metric to evaluate changes 

between cycles.  

  



74 

Table S2. Tm values for three thermal cycles of lysozyme as shown in Figure 6. 

Rate Cycle 1 

Heat 

Cycle 1 

Cool 

Cycle 2 

Heat 

Cycle 2 

Cool 

Cycle 3 

Heat 

Cycle 3 

Cool 

9 °C·min-1 53.0 47.7 52.0 46.8 51.5 45.8 

15 °C·min-1 52.0 43.6 51.5 43.1 51.4 42.0 

30 °C·min-1 54.1 39.4 54.5 38.9 54.7 38.4 

 

The Tm values for the cooling phase decrease more significantly than those for the heating phase, 

across all scan rates investigated.  
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Table S3. Tm values for three thermal cycles of lysozyme as shown in Figure 7. 

 Cycle 1 

Heat 

Cycle 1 

Cool 

Cycle 2 

Heat 

Cycle 2 

Cool 

Cycle 3 

Heat 

Cycle 3 

Cool 

Tm (°C) 69.9 60.0 66.6 59.2 64.9 58.5 

 

The Tm values obtained from the multiplexed experiment (pH 2.15) are higher than those 

obtained for other cycling experiments (pH 2.0) shown in this study. 
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Table S4. Tm values for 10 thermal cycles on lysozyme as shown in Figure S7. 

Cycle Number Tm Heat (°C) Tm Cool (°C) 

1 63.7 52.2 

2 66.1 51.8 

3 64.2 48.0 

4 64.0 50.1 

5 64.4 48.0 

6 60.7 45.4 

7 62.5 46.9 

8 62.7 46.7 

9 63.1 47.4 

10 63.8 49.0 
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Figure S1. Render of the ptESI source depicting the Peltier, copper block, embedded thermistor, 

nESI capillary and 3D-printed clamp in front of an instrument inlet. 
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Figure S2. Characterization data for the ptESI source showing four thermal cycles of 10 – 90 – 

10 °C at 30 °C.min-1 in 21.3 minutes. The programmed (yellow), block (red), and solution 

(black) temperatures are in close agreement throughout the experiment; thus the block 

temperature is used as a proxy for the solution temperature. 
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Figure S3. Extracted ion chromatogram for lysozyme data shown in Figure 5. It shows the ion 

chromatogram that has been extracted from the total ion chromatogram for each charge state. 

The mass ranges for each charge state as set by the analyst. 
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Figure S4. Ubiquitin is highly sensitive to small changes in pH. When the pH is too high (A), 

only the bottom asymptotic region of the sigmoidal curve is visible. When the pH is too low (B), 

the curve is shifted the other direction and only the upper asymptotic region is visible. Careful 

control of solution pH is required to capture the sigmoidal curve (C). These data do not have a 

precise measurement, as they predate our lab’s micro pH electrode.  
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Figure S5. Mass spectra of lysozyme from a thermal cycle. A) At low temperatures at the 

beginning of the cycle, lysozyme is folded and the charge state distribution shown, with lower 

average charge state. B) At high temperatures in the middle of the cycle, lysozyme is unfolded 

and the charge state distribution shifts to higher values. C) At low temperatures at the end of the 

cycle, the charge state distribution shifts back to the initial state as lysozyme refolds. If disulfide 

scrambling were occurring, we would expect the final low temperature spectrum to have the 

same charge state distribution as at high temperature. As this is not the case and the unfolding is 

reversible, it seems unlikely that disulfide scrambling is occurring. 
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Figure S6. The Tm values for lysozyme depend strongly on pH. At pH 2.0, the values of Tm for 

unfolding and refolding are 54.1 and 39.4 °C, respectively. At pH 2.5, the resulting curve is 

unable to be fit to a sigmoidal curve, but the value of Tm can be estimated as ~85 °C. The Tm 

shifts ~ 38 °C higher over only 0.5 pH units. 
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Figure S7. Lysozyme is cycled at the fastest scan rate, ±30 °C·min-1, for the duration of the 

slowest scan rate experiment, 50 min. This 10-cycle experiment demonstrates the stability of 

lysozyme and the reversibility of its unfolding. The Tm initially shifts to lower temperatures as 

the number of cycles increases, but then appears to shift back. This may be due to fluctuations in 

the ion current. The values of Tm are shown in Table S4 and are plotted in Figure S8. The minor 

transition at low temperatures during the first heating phase may be the irreversible loss of a 

structural feature or a kinetically trapped state resulting from freezing. Further experiments are 

planned. 
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Figure S8. Values of Tm from the 10-cycle experiment (Fig. S7) are plotted. The values from the 

heating phases (red) appear to be more stable than those from the cooling phase (blue). However, 

as discussed previously, Tm is not an ideal metric for comparing between cycles within the same 

experiment. 
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Figure S9. Three thermal cycles of ubiquitin at three different scan rates. A) Three cycles at 9 

°C·min-1. The average Tm is 45.5  0.9 °C. B) Three cycles at 15 °C·min-1. The average Tm is 

47.5  1.2 °C. C) Three cycles at 30 °C·min-1. The average Tm is 45.8  1.3 °C.  There are no 

significant differences between the curves at the three different scan rates. 

  

      
 

 

 

  

  

  
  

  
  
  

  
  

  
  

  

         
 
 
 

      

          
 
 
 

      

          
 
 
 

                

   



86 

References 

(1) Wang, G.; Abzalimov, R. R.; Kaltashov, I. A. Direct Monitoring of Heat-Stressed 

Biopolymers with Temperature-Controlled Electrospray Ionization Mass Spectrometry. 

Anal. Chem. 2011, 83 (8), 2870–2876. https://doi.org/10.1021/ac200441a. 

 


