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Abstract 

Variable temperature electrospray mass spectrometry is useful for multiplexed 

measurements of the thermal stabilities of biomolecules, but the ionization process can be 

disrupted by aggregation-prone proteins/complexes that have irreversible unfolding transitions. 

Resistively heating solutions containing a mixture of bovine carbonic anhydrase II (BCAII), a 

CO2 fixing enzyme involved in many biochemical pathways, and cytochrome c leads to complete 

loss of carbonic anhydrase signal and a significant reduction in cytochrome c signal above ~72 

C due to aggregation. In contrast, when the tips of borosilicate glass nanoelectrospray emitters 

are heated with a laser, complete thermal denaturation curves for both proteins are obtained in <1 

minute. The simultaneous measurements of the melting temperature of BCAII and BCAII bound 

to bicarbonate reveal that the bicarbonate stabilizes the folded form of this protein by ~6.4 C. 

Moreover, the temperature dependences of different bicarbonate loss pathways are obtained. 

Although protein analytes are directly heated by the laser for only 140 ms, heat conduction 

further up the emitter leads to a total analyte heating time of ~41 s. Pulsed laser heating 

experiments could reduce this time to ~0.5 s for protein aggregation that occurs on a faster time 

scale. Laser heating provides a powerful method for studying the detailed mechanisms of 

cofactor/ligand loss with increasing temperature and promises a new tool for studying the effect 

of ligands, drugs, growth conditions, buffer additives, or other treatments on the stabilities of 

aggregation-prone biomolecules. 
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Introduction

Proteins typically function in one or more “native” conformations1 that can be affected by 

solution properties including the pH,2,3 ionic strength,4–6 co-solutes such as ions,6–8 other proteins 

or macromolecular crowding agents,4,9,10 pressure,11–13 and temperature.14,15 Protein misfolding 

can result in aggregation-prone conformations, which are associated with a wide range of human 

diseases.16 Thermal stability measurements or melting temperatures (Tm) are often used to 

determine how stable native protein complexes/conformations are relative to unfolded or 

misfolded states, which helps to predict how ligands may bind to certain structures, how 

enzymes may function under certain conditions, and how long protein therapeutics are stable 

when stored in different buffers. A number of biophysical assays are routinely used to study the 

thermal stabilities of proteins, protein complexes, and protein-ligand interactions, including 

circular dichroism,14,17 differential scanning calorimetry,17–19 differential scanning 

fluorimetry,20,21 or ultraviolet/visible (UV/Vis)-spectrophotometry.15,17 Fluorescence-based and 

calorimetric assays are routinely used to study the aggregation temperature of monoclonal 

antibodies and other biotherapeutic complexes from different buffer conditions.21–24 However, all 

of these methods generally require purified samples and do not provide the type of detailed 

information that mass spectrometry (MS) can provide about solution conformers, unfolding 

intermediates, or ligand-binding. 

Native MS is a well-established technique for measuring the stabilities of proteins and 

protein-ligand binding interactions.25–29 It is possible to unambiguously identify ligand-binding 

from samples containing a single protein and thousands of potential ligands.30 MS-based 

methods of measuring protein thermal stabilities have the advantage that they are sensitive and 

can be used to investigate protein mixtures as long as proteins have different masses that can be 
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resolved.31–33 Protein melting curves are obtained from MS data by monitoring the average 

charge state of each analyte or the relative abundance of conformers identified by ion mobility 

spectrometry. Variable-temperature electrospray ionization (vT-ESI), in which the solution 

temperature is varied during electrospray, has been used to determine the Tm values of 

proteins,34–39 protein complexes,19,34,40–46 protein as well as DNA complex unfolding 

pathways,42,47–49 and the thermochemistry of ligand-binding to protein- and DNA-ligand 

complexes.38,47,50,51 In combination with ion mobility spectrometry, thermochemical values can 

be determined for individual groups of closely related protein conformers.36,38,40,52,53 The Tm 

values of 7 analyte molecules from a mixture of proteins was determined simultaneously, 54 

clearly demonstrating the multiplexing capacity of this technique. Measurements with vT-ESI 

can be time consuming owing to the time necessary for thermal equilibration at each 

temperature. However, recent results demonstrate the acquisition of full melting curves for 

model proteins in <1 min.39 Rapid heating of a solution on timescales between 0.8 ms – 4 

minutes can also be done using theta glass emitters55 or by rapidly flowing a solution through a 

resistively heated portion of an emitter.35,47 

Protein melting has also been investigated using laser heating, either by irradiating the end of 

electrospray emitters56–58 or by heating electrospray droplets directly.38,59 Heating the end of a 

100 m diameter metal emitter led to protein unfolding and dissociation of noncovalent 

biomolecular complexes.56,57,60 Heating the end of borosilicate emitters has the advantage that 

the solution temperature can be rapidly changed due to the small solution volume and rapid heat 

transfer to the surrounding atmosphere.58 Solutions can be heated from room temperature to ~78 

C in less than 0.5 s and cooled from ~82 C back to room temperature in <4 s.58 The rapid 

equilibration enables acquisition of protein melting curves in <40 s and laser power can be 
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converted to solution temperature by calibration with vT-ESI data.58 By laser heating 

electrospray droplets, unfolding intermediates were kinetically trapped and analyzed by ion 

mobility spectrometry.38,59 Multiple time points along the unfolding process were measured 

using electrospray emitters with different diameters to produce droplets with different lifetimes. 

These laser-based heating techniques show great promise for rapidly characterizing protein Tm 

values, but to date, full melting curves have only been acquired for model proteins that have 

reversible unfolding transitions. 

It is challenging to identify the Tm values of proteins that aggregate quickly with vT-ESI 

because of ion signal loss.40,42 Here, the rapid, localized heating of laser-heated electrospray 

ionization (LH-ESI) enables, for the first time, detailed information about the thermal 

denaturation and bicarbonate loss mechanisms of bovine carbonic anhydrase II, a protein that 

rapidly aggregates at high temperatures, to be obtained. The effect of the bound bicarbonate 

reaction product on the thermal stability of the protein can also be obtained simultaneously from 

the same solution. The ability to measure melting transitions before aggregation can disrupt the 

electrospray process expands the multiplexing capacity of MS-based measurements of protein 

thermal stabilities to include mixtures containing aggregation-prone components, a class which 

includes monoclonal antibodies and other important biotherapeutics.

Materials and Methods

An LH-ESI source with a Synrad F48-2 10.6 m CO2 laser (Synrad Corporation, 

Mukilteo, WA) was used to heat the end of borosilicate glass electrospray emitters.58 The length 

of the tip that was heated was limited with a metal beam block. Electrospray emitters were 

positioned in the beam using a 3-axis stage and a Dino-Lite digital microscope (Torrance, CA) 
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such that either the final 300 µm or 500 µm of the tip was positioned past the beam block. An IR 

power meter head (Ophir-Spiricon, Logan, UT) was positioned downstream of the laser beam 

after the capillary to measure the laser power in real time. An Arduino Due microcontroller 

(Somerville, MA) was used to control and record the laser power during the experiment via 

Arduino and Python code. An electrospray voltage of +1.3 – 1.7 kV was applied to a platinum 

wire that was inserted into the back of the capillary and was in contact with the solution. 

A vT-ESI source similar to that of Sterling et al.61 was constructed for comparison to LH-

ESI data. In brief, the source consists of an aluminum cylinder wrapped with resistive heating 

wire. The temperature of the apparatus is measured using a J-type thermocouple and an Omega 

CNi-3222 temperature controller (Stamford, CT). A thermocouple placed in the tip was used to 

calibrate the temperature measured inside of the heating jacket to a solution temperature. 

Electrospray emitters were inserted through the front end of the source until the emitter tip was 

aligned with the end of the heating jacket. The temperature of the apparatus was equilibrated for 

~70 s at each temperature prior to starting electrospray at 1.3 kV. Data were acquired for ~10 s at 

each temperature for analysis. The custom LH-ESI or vT-ESI sources were aligned at the inlet of 

an Orbitrap Elite mass spectrometer (Thermo Fisher Corporation, Waltham, MA). Mass spectra 

were acquired between m/z = 500 – 4000 at a resolution setting of 15,000 to improve 

transmission of high m/z ions. 

Nanoelectrospray emitters were pulled from borosilicate glass capillaries (1.0 mm outer 

diameter, 0.78 mm inner diameter, Sutter Instrument, Novato, CA, Part no. BF100-78-10) to a 

final inner diameter of 2.45 ± 0.30 µm using a P-87 Flaming/Brown micropipette puller (Sutter 

Instrument).62 Emitters were imaged using a Hitachi TM-1000 (Tokyo, Japan) scanning electron 

microscope at the Electron Microscopy Laboratory at the University of California, Berkeley. 
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Emitter flow rates were determined by measuring the mass of the emitter loaded with ~5-

10 µL of solution using an Ohaus Analytical Plus balance (Parsippany, NJ) before and after 

electrospray at 1.3 kV for 5 minutes.63,64 To determine the mass loss due to evaporation, the 

same emitter was placed in front of the mass spectrometer with no spray voltage applied and the 

mass was measured after 5 minutes. Mass loss due to solution flow during electrospray and 

evaporation were obtained using a density of 0.99821 g/mL for water at 20 C.65 

Bovine carbonic anhydrase II (BCAII) and cytochrome c (cyt c) solutions were prepared 

7:3 in 50 mM ammonium acetate to a total protein concentration of 10 M in Milli-Q water. All 

reagents were obtained from Sigma-Aldrich (St. Louis, MO) and were used without further 

purification. All reported melting curves, melting temperatures, and flow rates are the average of 

three replicate measurements using different ESI emitters.

Results and Discussion

Comparison of vT-ESI and LH-ESI for BCAII and Cyt c Melting Measurements.

Bovine carbonic anhydrase II (BCAII) is a well-studied protein responsible for catalyzing 

the reversible hydration of CO2 to ionic bicarbonate, a critical function in living organisms.66 

This protein is also a model system for understanding biochemical CO2 reduction, knowledge 

that could lead to viable methods for converting CO2 to useful chemical precursors.67 However, 

industrial applications for BCAII are limited by the thermal stability of the enzyme,67 which 

undergoes extensive aggregation in <5 min at 63 C.9 To gain insight into the stability of this 

important enzyme at elevated temperatures, vT-ESI was used to study the melting process of 

BCAII and the model protein cyt c that reversibly melts. A typical native mass spectrum 

acquired from a 50 mM aqueous ammonium acetate solution containing 7 M BCAII and 3 M 
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cyt c is shown in Figure 1a. Both protonated (29,087.9  0.8 Da)68 and bicarbonate-bound (+61.1 

 2.1 Da) BCAII with the native Zn2+ cofactor are formed (Figure 1a, inset). Ionic bicarbonate is 

a reaction product of BCAII catalytic activity and has previously been observed to be bound to 

BCAII in native MS experiments.68 The tailing to higher m/z from the bicarbonate-bound form of 

BCAII is due to small nonspecific adducts that remain under the low inlet temperatures used in 

these experiments (100 C) to prevent inadvertent heating of solution in the ESI emitters. The +6 

- +8 charge states of cyt c are also formed, consistent with prior results.35,58,69

The melting of BCAII and cyt c was measured between solution temperatures of 27 C 

and 86 C using vT-ESI. At ~64 C, there is a small population of higher charge states 

corresponding to unfolded BCAII (Figure 1b). No BCAII signal is observed at temperatures 

greater than ~72 C (Figure 1d, data at 68 C shown). There is an increase in light scattering 

intensity at 500 nm in <300 s when solutions of ~7 M BCAII in 50 mM potassium phosphate 

buffer (pH 7) are incubated at 63 C,9 indicating that BCAII aggregates to form large oligomers 

at high temperatures. This indicates that the decrease in BCAII signal in these vT-ESI 

measurements above ~64 C is due to aggregation. Cyt c ions are still observed at temperatures 

>75 C (Figure 1d, data at 68 C shown), but remarkably, there are no high charge states of cyt c 

at 75 C or even higher temperatures that are well above the melting temperature of this protein 

(Tm = ~74 C).35,70 Moreover, the abundances of the low charge states of cyt c are considerably 

lower at temperatures above 65 C compared to when BCAII is not present in solution. The 

absence of unfolded monomers of cyt c indicate that these species may be co-aggregating with 

unfolded monomers of BCAII. Cyt c signal becomes highly variable above ~68 C (Figure S1a). 

This suggests that aggregation may affect the ESI ion formation process at these relatively small 

emitter tip sizes. The complete loss of signal for BCAII, but not for cyt c, indicates that the 
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aggregation process is rapid and produces large oligomers that are outside the mass or detection 

limits of the mass spectrometer. 

LH-ESI is advantageous over vT-ESI due to rapid thermal equilibration times and localized 

heating at the very end of the emitter leading to less time for unfolded proteins to aggregate in 

solution. To investigate whether melting curves could be obtained before aggregation interferes 

with the electrospray process, the same BCAII/cyt c mixture was rapidly heated in the tip of the 

electrospray emitter using an LH-ESI source. Just the final 300 m of the emitter tip was heated 

by using a beam block to limit the length of the capillary that was irradiated by the laser. The 

laser power was ramped between 0 W (laser off) and ~3.9 W. The laser powers used here are 

higher than those used in prior LH-ESI experiments due to irradiating a shorter, thinner volume 

at the end of the emitter tip.58 

The mass spectra did not change with laser powers below ~1.8 W. At ~1.8 W, higher charge 

state ions (+11 - + 31) corresponding to denatured BCAII appear. These high charge state ions 

increase in abundance with increasing laser power (Figure 1c,e) and above ~3.3 W the 

abundances of all BCAII ions decrease (Figure 1e, S1b). The abundance of cyt c also increases 

with increasing laser power, reaching a maximum at the highest laser power of ~3.9 W used here 

(Figure S1b). Increased protein signal with increasing laser power was reported in “laser spray” 

experiments and was attributed to enhanced desolvation at the tip of the emitter at high solution 

temperatures.56 The tailing baseline to higher m/z for the native charge states of BCAII at room 

temperature is largely eliminated at higher temperatures. This indicates that the adducts that 

cause the tailing are weakly bound to the protein. Solutions were prepared from lyophilized 

samples. During lyophilization, the concentration of material in solution, including salts and 

small molecules, increases and can lead to binding or adduction with the protein prior to or at the 
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time the lyophilized powder is formed. Upon rehydration, these species may stay bound for a 

long period of time even in dilute solution. This adduction is not observed after turning the laser 

off and allowing the solution to cool back to room temperature (Figure S2a,b). At high solution 

temperatures, these weakly bound adducts may be lost from the protein and diffuse into the 

relatively dilute solution, preventing their rapid reassociation with the protein after the solution 

returns to room temperature. These results indicate that laser heating may be used to reduce 

adduction for more accurate and sensitive mass measurements.

At laser powers >3.7 W, there are no BCAII ions. We attribute the decrease in ion signal at 

higher laser power to rapid aggregation. Turning the laser off results in a return to a native 

charge state distribution and the re-appearance of peaks corresponding to BCAII in ~42 s 

resulting in spectra that are the same as that shown in Figure 1a (without adduction to BCAII 

ions, Figure S2b,c). These data indicate that fast heating with LH-ESI enables the analysis of the 

melting behavior of aggregation-prone proteins before aggregation can clog the spray or deplete 

the abundance of the monomer, expanding MS-based thermal stability measurements to a much 

wider range of biomolecular analytes.

Melting Curves for vT-ESI and LH-ESI Data

Melting curves are constructed from temperature dependent data by monitoring the change in 

the average charge state (ACS) or changes in the relative abundance of individual charge 

states/ion mobility identified conformers. For vT-ESI, the ACS of BCAII increases from 9.58  

0.08 to a maximum of 13.94  0.54 between ~27 C and ~72 C (Figure 2a, blue data) after 

which no protein signal was obtained. The ACS of cyt c increases slightly from 6.96  0.01 at 

~27 C to 7.38  0.09 at ~86 C (Figure 2a, orange data). The maximum ACS of cyt c in a 
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mixture with BCAII at 86 C is significantly lower than the maximum ACS obtained from 

solutions containing only cyt c (11.05  0.30 at ~90 C, Figure 2a, black data).3 Essentially no 

information about the melting behavior of cyt c or BCAII can be obtained from these vT-ESI 

experiments due to the co-aggregation initiated by BCAII at ~64 C. 

Protein melting data acquired by LH-ESI can also be used to construct melting curves as a 

function of laser power. The ACS of BCAII increases from 9.76  0.11 at 0 W to 17.62  0.55 at 

~3.6 W (Figure 2b, blue data). The ACS of cyt c increases from 6.97  0.03 at 0 W to 8.69  

0.23 at ~3.9 W (Figure 2b, orange data). The maximum ACS of BCAII at ~3.6 W of laser power 

(17.62  0.55) is significantly higher than the ACS at ~64 C (13.94  0.54) with vT-ESI, 

indicating that melting is not completed in vT-ESI before BCAII oligomerization interferes with 

the thermal stability measurements. The average charge state of cyt c at ~3.9 W is lower than the 

previously reported maximum average charge state for cyt c from vT-ESI experiments.58 This is 

consistent with some population of denatured cyt c monomers co-aggregating with BCAII at 

very high laser powers, as was the case with vT-ESI, reducing the high charge population and 

reducing the ACS.

 The average charge state versus laser power data were fit to a two-state model and resulted 

in melting power (Pm) values of ~2.6 W and ~3.3 W for BCAII and cyt c, respectively (Figure 

2b). At high laser powers, the loss of BCAII ion signal indicates that the rate of aggregation is 

substantially higher and that aggregation occurs more rapidly than the residence time scale of 

solution in the heated portion of the emitter tip prior to electrospray droplet formation. 

The unfolding transition of cyt c can be used to calibrate the laser power to solution 

temperature in LH-ESI experiments.58 This method works best over the temperature range where 

the change in the average charge state versus temperature is highest. In the case of cyt c, this 
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region (~3.0 - 3.6 W) does not have appreciable overlap with the melting transition of BCAII 

(~1.7 – 3.0 W). Therefore, a new calibration method was devised that uses the cyt c melting 

transition to determine the maximum temperature in the emitter tip before BCAII aggregation 

(Figure S3a,b). Then, the BCAII melting curve determined by LH-ESI was mapped between 

room temperature and this maximum value to generate a linear calibration function for 

converting laser power to solution temperature (Figure S3c,d). This two-protein calibration 

results in Tm values of 63.4  0.6 C and 73.9  0.5 C for BCAII and cyt c (Figure 2b, top axis), 

respectively, in agreement with the reported melting temperatures for these proteins (~63 C9,71 

and ~74 C,35,54,58,70 respectively) obtained by circular dichroism and UV/Vis-

spectrophotometry. Thermal stabilities of multiple proteins that have reversible unfolding 

transitions can be measured simultaneously using vT-ESI and LH-ESI.54,58 Our data indicate that 

if one of the proteins in solution aggregates upon unfolding, it may not be possible to obtain 

melting temperatures even for proteins that have reversible unfolding transitions and that adverse 

effects of aggregation and co-aggregation in protein mixtures can be overcome using LH-ESI. 

Effect of the Bicarbonate Ion on BCAII Thermal Stability

MS-based measurements of protein melting have the advantage that the thermal 

stabilities of multiple forms of a protein with different masses, such as post-translational 

modifications and ligand- or cofactor-bound species, can be obtained simultaneously.31 LH-ESI-

MS results enable the concurrent analysis of the thermal stability of Zn-bound BCAII with and 

without a bound bicarbonate reaction product because the masses of these ions differ by ~61 Da 

(Figure 1a, inset).68 With vT-ESI, there is a slight increase in the ACS of bicarbonate-bound 

BCAII species from 9.46  0.08 at 27 C to a maximum of 10.74  0.84 at 64 C (Figure 2a, red 
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data), but the full melting behavior of this species cannot be tracked because there are no 

detectable BCAII ions above ~72 C. The melting behavior of the apo- and bicarbonate-bound 

forms of the protein can be determined by LH-ESI. The ACS of bicarbonate-bound BCAII 

increases from 9.59  0.22 at ~27 C (0 W) to 16.92  0.82 at ~79 C (~3.6 W) (Figure 2b, red 

data). These data can be fit to a two-state model with a Tm of 69.8  1.0 C (Pm = 3.01  0.07 

W), which is higher than the Tm of the apo-protein (63.4  0.6 C, Pm = 2.55  0.04 W). The 6.4 

C higher Tm value for bicarbonate-bound BCAII compared to the apo-protein indicates that the 

bicarbonate ion significantly stabilizes the folded conformation of BCAII. 

Thermal denaturation of BCAII has been measured using a variety of biophysical 

characterization methods, including UV/Vis-spectrophotometry, differential scanning 

calorimetry, differential scanning fluorimetry, and circular dichroism. A Tm value of ~62 - 64 

C66,71,72 obtained by these methods corresponds well with the measured Tm of apo-BCAII in the 

LH-ESI experiments. The thermal stability of an enzyme can also be measured by monitoring the 

enzymatic activity as a function of temperature. BCAII catalyzes the formation of a bicarbonate 

ion from CO2 and the enzymatic activity can be assessed by monitoring the pH change in a 

slightly alkaline (pH ~8.1) CO2-saturated solution to more neutral conditions (pH ~7) using a 

pH-sensitive dye or pH meter.66,73,74 BCAII also exhibits esterase activity, which can be readily 

assessed by an increase in absorbance by the formation of p-nitrophenolate from the ester 

substrate p-nitrophenyl acetate.66,75 Across a range of buffer conditions, a sharp decrease in both 

CO2 hydration and esterase activity occurs at ~60 - 65 C.73–75 This is consistent with the thermal 

denaturation temperature of apo-BCAII and indicates that thermal denaturation is concomitant 

with loss of enzymatic activity. The residual activity of this enzyme at 70 C has been reported to 

be between 0 – 30% at 25 C,72–75 consistent with some residual folded BCAII at this 
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temperature. Conventional biophysical techniques used to measure protein thermal stability 

cannot distinguish between the apo- and holo-forms of the protein. Because LH-ESI-MS can 

independently monitor the unfolding of the apo- and bicarbonate-bound forms of BCAII by a 

difference in mass, this method is uniquely suited for studying the complex thermal denaturation 

and bicarbonate loss mechanisms of this enzyme.

Energetics and Mechanism for Loss of Bicarbonate from BCAII

Changes in the ACS vs temperature provide information about the difference between the 

thermal stabilities and Tm values of the bicarbonate-bound and apo-forms of BCAII, but do not 

provide mechanistic information about bicarbonate loss, the rate of interconversion between the 

two forms during heating, or the thermal stability of the protein-bicarbonate interaction. To 

investigate these properties of BCAII melting, the relative abundance of the folded (+8 - +10 

charge states) and denatured (+11 - +31 charge states) forms of bicarbonate-bound and apo-

BCAII were compared as a function of laser power. Unfolding of small proteins, such as BCAII, 

is typically fast on the time scale of these experiments. Under these conditions, mechanistic 

information about the ligand loss process can be derived from temperature-dependent 

measurements. 

Changes in the ACS of the folded (F) and unfolded (U) forms of apo-BCAII measured by 

LH-ESI-MS show a melting temperature for the transition F  U of 63.4  0.6 C. Similarly, the 

ACS indicates a melting temperature for the transition of folded (BF) to unfolded (BU) 

bicarbonate-bound BCAII of 69.8  1.0 C. However, there are three pathways that can 

potentially occur for BF  U (Scheme 1). Information about these pathways can be obtained 

from analysis of the temperature dependance of the relative abundances of all the different forms 
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of this protein. These data obtained with LH-ESI-MS are shown in Figure 3. Initially, folded 

apo- (F) and bicarbonate-bound BCAII species (BF) are predominant but their abundances 

decrease from 35.8  1.7% and 58.1  1.5% at room temperature (0 W) to ~1% at ~78 C (~3.6 

W), respectively (Figure 3, blue and red data, respectively). A two-state model fit to the data 

results in Tm (Pm) values of 65.1  1.0 C (2.68  0.07 W) and 63.4  0.5 C (2.56  0.04 W), 

respectively. The Tm for depletion of BF (63.4  0.5 C) is lower than the Tm determined for BF 

 BU from changes in the ACS (69.8  1.0 C). This is because the former includes both 

pathways for depletion of BF via BF  U and BF  BU  U whereas the latter is specific for 

BF  BU. The adequate fit of the F  U process to a sigmoidal curve and the absence of a 

measurable increase in F with temperature indicates that the process BF  F does not occur with 

F as a stable intermediate to any considerable extent. While this process may occur at 

temperatures above 63 C, the lack of an increase in F indicates that F that is formed by 

bicarbonate loss at this elevated temperature is not stable on the time scale of our experiments.

The relative abundance of BU increases with temperature, reaches a maximum, and 

subsequently decreases at higher temperature indicating BU must go to U (Figure 3, green data). 

This is confirmed by the high abundance of U with increasing temperature which indicates that a 

substantial fraction of U must come from BF as well as F. The relative abundance of U increases 

from 2.8  1.5% at ~27 C to 85.9  5.3% at ~80 C with a formation temperature (Tf) of 65.8  

0.6 C (Figure 3a, orange data). The BU data was fit to a sigmoid with sloped baselines to 

account for bicarbonate loss at high temperatures and a Tf of 63.8  6.9 C was obtained (Figure 

3a, green data). This value is similar to the value obtained for F  U using the ACS method. 

In order to separate the different pathways for formation of U from the LH-ESI melting 

curve data, the theoretical pathway BF  BU was modeled by assuming 100% conversion of BF 
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to BU with no direct formation of U (Figure 3b, red dashed line). The difference between the 

theoretical and observed abundance of BU must be due to loss of bicarbonate from the unfolded 

bicarbonate-bound protein at high temperatures (BU  U) (Figure 3b, green dashed line). Fitting 

these data to a two-state model gives a Tm value for the BU  U process of ~65.9 C (Scheme 

1).

Formation of U can also proceed directly from BF (BF  U). U must also be formed 

from F (Figure 3b, blue dashed line, Figure S4) which may account for up to ~36% of U at the 

highest temperature. The fraction of U that is formed by BF  U can be determined from the 

difference between the observed abundance of U and the sum of the other two formation 

pathways for U, F  U and BU  U (Figure S4). The difference between these two functions 

can be fit to a two-state model with a Tf of ~70.4 C (Figure S4, black dashed line), indicating 

that BF  U is a minor, but clearly distinguishable pathway with ~6% relative abundance at ~80 

C. These data indicate that both BF  U and BF  BU are viable pathways for protein 

unfolding at solution temperatures near the Tm of the bicarbonate-bound protein.

Measuring the melting behavior of proteins using either the ACS or relative abundance of 

different species can probe different processes that occur during thermal denaturation and loss of 

a ligand from a protein. The Tm values determined for the F  U process are similar between the 

two analysis methods (63.4  0.6 C and 65.1  1.0 C for ACS and relative abundance 

quantification, respectively). This is expected because F  U is the only pathway for reducing 

the abundance of F. In contrast, BF has three potential pathways for loss of abundance. Analysis 

of temperature-dependent changes in the ACS of the bicarbonate-bound protein monitors only 

the thermal denaturation transition of BF  BU and, as a result, can provide a Tm value for this 

process. In contrast, the Tm value for the BF  BU process cannot be determined from changes 
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in the relative abundance of BF due to additional dissociation and unfolding pathways that affect 

the observed abundances of BF, BU, and U (BF  BU  U and BF  U). The BU  U 

pathway (Tm = ~65.9 C) influences the BF  BU equilibrium by reducing the abundance of BU 

at temperatures greater than ~65 C. This process shifts more BF to BU, resulting in a lower Tm 

for BF determined from relative abundance data (Tm = 63.4  0.5 C) than from changes in the 

ACS (Tm = 69.8  1.0 C). This method for distinguishing pathways for loss of a ligand should 

work when the onset temperatures for the two processes are close, such as the ~4 C difference 

measured here for the BU  U and BF  U pathways (Tm = ~65.9 C and ~70.4 C, 

respectively). 

These LH-ESI-MS data reveal a complex melting behavior that would be challenging to 

measure with conventional biophysical characterization techniques that rely on a single 

spectroscopic or thermodynamic readout for an ensemble of molecules in a sample. The 

description of bicarbonate loss mechanisms outlined above can be elucidated by LH-ESI-MS due 

to the ability to distinguish between bicarbonate-bound and apo-forms of BCAII by mass and to 

measure melting behavior before substantial aggregation can occur. These data highlight the 

importance of analyzing both the ACS and relative abundance of protein species in MS-based 

analyses of protein thermal stabilities, which is uniquely suited for the detailed characterization 

of temperature-induced ligand loss and protein denaturation mechanisms.

Thermal Timescales of LH-ESI and vT-ESI

An important difference between vT-ESI and LH-ESI is that LH-ESI employs fast, localized 

heating at the tip of the emitter. Proteins are only heated for a short time prior to formation of 

electrospray droplets, which minimizes any aggregation that may occur upon protein unfolding. 
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Once in the electrospray droplet, conditions where there is only one or zero molecules can be 

readily achieved with small emitter tips or lower protein concentration so that aggregation can be 

prevented entirely in the droplets.76–79 In contrast, long thermal equilibration times typically used 

for vT-ESI can provide enough time for a protein to oligomerize. As noted by a reviewer, a rapid 

temperature rise could potentially be accompanied by an increase in pressure that can also affect 

protein structure. However, the emitters are operated at and open to atmospheric pressure at both 

ends and the laser used in this study has a rise time of well over 1 µs. Thus, the solution pressure 

should not change during these laser heating experiments and the observed changes in protein 

structure should be due only to thermal effects.

In order to obtain an estimate of the time that a protein spends in the solution that is directly 

heated by the laser, the solution flow rate and volume in the heated portion of the emitter were 

measured. The flow rate was measured gravimetrically,63,64 and the volume of the tip was 

approximated by a truncated cone. The inner diameter of the emitter tip and the inner diameter 

300 m away from the tip are ~2.4 m and ~45 m determined from scanning electron and 

optical light microscope images, respectively. The volume of solution in the final 300 m of the 

emitter tip is ~170 pL. Solvent evaporation from 2.4 m emitters occurs at a rate of 15.6  5.9 

nL min-1. The flow rate during electrospray after accounting for solvent loss due to evaporation 

was 73.0  19.0 nL min-1. Based on these values, protein analytes are exposed to the solution that 

is directly heated by the laser for only ~140 ms prior to electrospray droplet formation. 

Increasing the heated length of the capillary to 500 m leads to an increase in the solution 

volume that is directly heated to ~445 pL, resulting in a protein residence time of ~367 ms.

In addition to the small solution volume that is directly heated by the laser, heat transfer to 

solution that is not directly heated occurs. Heating the final 300 m of the emitter to ~82 C 
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(~3.9 W) with the laser leads to loss of signal for BCAII. When the laser is turned off, native 

BCAII monomer signal returns within 41  26 s (Figure S2c). Thus, a total solution volume of 

~50 nL is heated. These results indicate that aggregation of BCAII occurs faster than ~41 s above 

~80 C, which is faster than has been previously reported for this protein. There are likely two 

contributing factors. A prior light scattering method could only detect aggregates larger than 

~500 nm,9 whereas depletion/formation of the different conformers of the protein monomer are 

measured with MS. Even small aggregates are well outside of the mass range and detection 

limits of the Orbitrap mass spectrometer used in this study. Another contributing factor may be 

that the rate of protein aggregation increases rapidly with increasing temperature,80,81 and the 

laser heating experiments can take the protein well above its melting temperature. 

Heating a longer length of the emitter (500 m) results in all protein signal disappearing in 

<2 s at laser powers of ~0.6 W, indicating that proteins have sufficient time to undergo 

aggregation within the emitter before being ejected into electrospray droplets. When this larger 

solution volume is heated until protein signal disappears, native charge states return to the same 

intensities as before heating after ~74  21 s, corresponding to a total heated volume of ~90 nL. 

Indirect heating affects a ~2x larger volume of solution when the final 500 m of the tip is 

heated vs the final 300 m. This in turns provides a correspondingly longer timescale for protein 

aggregation to occur before electrospray droplet formation. Pulsed laser heating can raise the 

solution temperature in less than 0.5 s,58 and could extend these kinetic measurements to proteins 

that aggregate in under one second.

Conclusions
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A laser can rapidly heat small volumes of solution at the end of a borosilicate ESI 

emitter, making it possible to measure the thermal denaturation of aggregation-prone proteins 

from which information about the thermal stabilities of protein-ligand interactions and ligand 

loss can be obtained. These data show that at moderate solution temperatures where unfolding 

and ligand loss begins to occur, the rate at which aggregation occurs is slower than the time 

necessary for heating and droplet formation. This enables investigation into the melting behavior 

of BCAII in its bicarbonate-bound and apo-forms and the stability of both forms are obtained 

simultaneously from the same solution. Analysis of these data using both the average charge 

states of individual species as well as the relative abundances of all species makes it possible to 

obtain thermochemical information about various pathways for unfolding and ligand loss. The 

ability of the LH-ESI method to measure the thermal stability of biomolecules should be 

applicable to a wide range of proteins that are prone to aggregation, which includes important 

biopharmaceuticals, such as monoclonal antibodies and antibody-drug conjugates. LH-ESI may 

also be used to study aggregation kinetics at fast timescales by varying the length of the emitter 

heated by the laser beam, providing information about the earliest stages of protein aggregation 

and identifying stable intermediate structures amenable to disruption or therapeutic intervention 

along the pathway towards higher order oligomers.

LH-ESI also shows significant promise for coupling with solution-phase separations 

methods, such as capillary electrophoresis or size exclusion chromatography, where 

chromatographic peak widths are <1 minute and shorter than typical thermal equilibration times 

necessary to obtain vT-ESI data over a full range of temperatures. Obtaining LH-ESI melting 

curves on chromatographic timescales would add an additional dimension of information to 

native MS analyses of complex mixtures. In combination with autosampling instrumentation, 
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LH-ESI may facilitate high-throughput measurements of protein, protein complex, and protein-

ligand thermochemistry, paving the way towards proteome-wide screening of the effect of 

ligands/drugs, buffers, growth conditions, or other treatments on protein thermal stabilities. 
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Figure 1. (a) Native ESI mass spectra of a 7:3 BCAII:Cyt c mixture (10 µM total protein 

concentration) in 50 mM ammonium acetate at room temperature. The inset shows the region 
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between m/z = 2850 – 3025, highlighting apo-BCAII and bicarbonate-bound species. (b,d) vT-

ESI mass spectra of the BCAII:Cyt c mixture acquired at solution temperatures of 64 C and 68 

C. (c,e) LH-ESI mass spectra of the same sample acquired at laser powers of 3.03 W and 3.65 

W by heating only the final 300 m of the emitter.

Figure 2. Average charge state of apo- and bicarbonate-bound BCAII (blue/red) and cyt c 

(orange/black) obtained by (a) vT-ESI or (b) LH-ESI from a solution containing 7:3 BCAII:cyt c 

in 50 mM ammonium acetate. LH-ESI data are shown as a function of laser power (bottom axis) 

and recalibrated temperature (top axis). BCAII signal above ~68 C in (a) was observed in only 

one replicate. Data in black were obtained from a solution containing 10 M cyt c in 20 mM 

ammonium acetate. There are no BCAII ions above ~72 C in vT-ESI experiments due to 

irreversible aggregation, preventing the measurement of a full melting curve for this protein. 
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Figure 3. (a) LH-ESI melting curves of the native (charge states +8 - +10) and denatured (charge 

states +11 - +31) forms of bicarbonate-bound and apo-BCAII measured by the population 

abundances of the different forms and (b) including the modeled abundances (dashed lines) of 

BU, U, and U that is formed by loss of bicarbonate from BU (BUU). 
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Scheme 1. Possible mechanisms of bicarbonate loss from BCAII and the associated Tm value for 

each of the processes (shown in red above each arrow). Conversion of the folded bicarbonate-

bound protein to folded apo-protein is not observed. BF = bicarbonate-bound folded protein; BU 

= bicarbonate-bound unfolded protein; F = folded apo-protein; U = unfolded apo-protein.
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