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Abstract

The formation of high charge-state protein ions with nanoelectrospray ionization (nESI) from

purely aqueous ammonium bicarbonate solutions at neutral pH, where the proteins have native or

native-like conformations prior to ESI droplet formation, is demonstrated. This “electrothermal”

supercharging method depends on the temperature of the instrument entrance capillary, the nESI

spray potential, and the solution ionic strength and buffer, although other factors almost certainly

contribute. Mass spectra obtained with electrothermal supercharging appear similar to those

obtained from denaturing solutions where charging beyond the total number of basic sites can be

achieved. For example, a 17+ ion of bovine ubiquitin was formed by nESI of a 100 mM

ammonium bicarbonate, pH 7.0, solution, which is three more charges than the total number of

basic amino acids plus the N-terminus. Heating of the ESI droplets in the vacuum/atmosphere

interface, and the concomitant denaturation of the protein in the ESI droplets prior to ion

formation, appears to be the primary origin of the very high charge-state ions formed from these

purely aqueous, buffered solutions. nESI mass spectra resembling those obtained under traditional

native or denaturing conditions can be reversibly obtained simply by toggling the spray voltage

between low and high values.

Introduction

With electrospray ionization (ESI), proteins, DNA, macromolecular complexes, and even

intact viruses can be readily ionized from purely aqueous or buffered aqueous solutions, a

method often referred to as “native” mass spectrometry.1 The solution-phase properties of

macromolecules can be probed, including binding affinities,2 changes in protein

conformation,3 the stoichiometries of protein complexes,4–6 or protein complex assembly

kinetics and thermodynamics.7,8 Charge-state distributions of proteins and protein

complexes from native solutions tend to be narrow and centered at high m/z. For example,

the charge-state distribution for intact 3.0 MDa Hepatitis B virus capsids is centered around

the 133+ charge-state at m/z 22,500.9 Time-of-flight mass spectrometers are typically used

to analyze such large complexes because of the more limited m/z ranges of most other types

of mass spectrometers.

The formation of ions with high charge is often desirable because the sensitivity and

resolution of most mass spectrometers improves at lower m/z, and tandem mass

spectrometry (MS/MS) is typically more efficent and structurally informative when higher

charge-state ions are produced.10–12 This is especially true for electron capture or electron

transfer dissociation experiments performed on Fourier-transform ion cyclotron resonance

(FT-ICR) or Orbitrap™ mass spectrometers, because both the capture/transfer cross

section13,14 and ion detection15 increase substantially with ion charge. High charge-state
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ions of proteins or other molecules that can change conformational states are commonly

formed from “denaturing” solutions that typically contain high concentrations of organic

solvents, and/or at extremes of solution pH.16,17 The resulting ESI mass spectra generally

have broad distributions of high charge-state ions as a result of unfolding the protein in the

original solution prior to ion formation.18,19 Although the resulting high charge-states are

ideal for MS/MS experiments, all native structure and function of the protein is lost in the

initial solutions.

An alternative approach to form high charge-state ions is to use supercharging reagents.

Originally demonstrated with denaturing solutions,20–26 this method also works well for

proteins formed from native solutions.27–39 A supercharging reagent is added to the ESI

solution at low initial concentration, but because these reagents have high boiling points

compared to the other solvents, enrichment of the reagent occurs during the ESI droplet

evaporation process.34,40 Studies of the origin of supercharging from denaturing solutions

containing water/methanol/acetic acid indicate that an increase in the solvent surface tension

due to reagent enrichment allows for more highly charged ESI droplets and, thus, more

charge available for the protein at the time of ion formation,20–22 although this mechanism

has not been universally accepted.41,42 In contrast, supercharging reagents added to aqueous

or buffered aqueous solutions can result in chemical and/or thermal denaturation of the

protein or protein complex analytes in the ESI droplets.29–34 Experiments using circular

dichroism,31,34 HDX-MS,33,34 and chemical crosslinking30,32 show that the conformations

of proteins and protein complexes in the initial solution are unaffected by the low

concentration of the supercharging reagent, but unfolding of proteins and/or conformational

changes to protein complexes are caused by the increased concentration of these reagents in

the ESI droplets, and these conformational changes are the origin of native

supercharging.29–34

A key advantage to forming high charge protein ions with supercharging reagents is that the

native conformations of the analytes remain undisturbed until ESI droplets are formed.30–34

Conformation changes occur during the ms or even sub-ms timescale of the droplet

lifetime43 prior to ion formation.29–34 However, the supercharging effect is limited by the

conformational flexibility and stability of the folded form of the analyte30 and is therefore

highly protein-dependent. Some researchers have found that the extent of supercharging

with these reagents is insufficient to significantly shift some analyte charge-state

distributions to lower m/z where better sensitivity and resolution can be attained.44,45

Here, a supercharging effect that can be controlled by a combination of entrance capillary

temperature, ESI spray potential, and the ionic strength of ammonium bicarbonate used to

buffer the protein solutions at neutral pH is described. Results from experiments exploring

these variables indicate that unfolding of the protein analytes that occurs in the ESI droplets

is the primary origin of the supercharging effect, and that the effect can be attributed to

thermal denaturation that is enhanced by additional protein destabilization due to the

presence of the bicarbonate anion. The extent of supercharging from native solutions

achieved with this very simple and reversible technique is significantly higher than what can

be obtained with supercharging reagents, like m-NBA or sulfolane, in native MS.

Experimental

Mass spectra were acquired using either a Thermo LTQ-orbitrap™ or FT-ICR hybrid mass

spectrometer (Thermo Fischer Scientific, Waltham, MA, USA), a Waters Q-TOF Premier™

hybrid mass spectrometer (Waters, Milford, MA, USA) or the Berkeley-Bruker 9.4 T FT-

ICR mass spectrometer.46 Ions were formed using nanoelectrospray emitters prepared by

pulling borosilicate capillaries (1.0 mm o.d./0.78 mm i.d., Sutter Instruments, Novato, CA,
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USA) to a tip i.d. of ~1 µm with a Flaming/Brown micropipette puller (Model P-87, Sutter

Instruments, Novato, CA, USA). A platinum wire (0.127 mm diameter, Sigma, St. Louis,

MO, USA) was placed in the nanoelectrospray emitter in contact with the solution and 5 mm

from the emitter tip. ESI was initiated by applying ~1.0 kV to the wire relative to the

instrument ground with the emitter tip positioned 5 mm from the entrances of the Thermo or

Waters instruments, or 3 mm from the entrance of the Berkeley-Bruker instrument. The

spray potential was then increased or decreased incrementally for studies of the effects of

spray potential on the analyte charge-state distributions, while all other instrument

parameters were kept constant. The values for Fraction Unfolded are calculated by dividing

the sum of the relative abundances for “high-charge” peaks in the protein charge-state

distribution by the sum of the relative abundances for all peaks in the protein charge-state

distribution. “High-charge” and “low-charge” peaks correspond to the two bell-shaped

curves of the observed bimodal distributions. Error bars or precision values are one standard

deviation of the mean of the replicate measurements at a given experimental condition.

Proteins and ammonium bicarbonate, perchlorate, phosphate and sulfate salts were from

Sigma (St. Louis, MO, USA) and used without further purification. Ammonium acetate was

from Fischer Scientific (Pittsburgh, PA, USA) and ammonium thiocyanate was from J.T.

Baker (Center Valley, PA, USA), and both were used without further purification. Detailed

descriptions of the individual experiments are provided in the Supporting Information.

Results and Discussion

Effects of Source Temperature and Spray Potential on Protein Charge-state Distributions

The effects of the temperature of the heated metal entrance capillary (Thermo LTQ) on the

charge-state distributions (CSD) obtained from nESI of bovine ubiquitin (20 µM, 200 mM

ammonium bicarbonate, pH 7.0, aqueous solution; 1.2 kV spray potential) are shown in

Figure 1a-c. At 150 °C (Figure 1c), the CSD is narrow and is dominated by the 5+ charge-

state. In contrast, the CSD at 300 °C (Figure 1a) is much broader, and is centered around the

10+ charge-state. At 200 °C (Figure 1b), the CSD is bimodal with distributions centered

around both the 5+ and 10+ charge-states. The narrow CSD at low charge-state measured at

150 °C (Figure 1c) is consistent with typical “native” ESI spectra of ubiquitin,47,48 and the

broad CSD of predominantly high charge ions at 300 °C (Figure 1a) is more consistent with

spectra of ubiquitin measured from denaturing conditions.49,50 Similar transitions from a

narrow, low-charge CSD to a bimodal CSD of low- and high-charge ions, and then to a

predominantly high-charge CSD have been observed previously by incremental chemical17

and thermal51 denaturation of ubiquitin in the bulk ESI solution. The range of charge-states

observed here at 300 °C (17+ – 4+) is broader, with higher maximum charge, than that

observed previously by Loo et al. for ubiquitin electrosprayed from a denaturing solution of

18:77:5 acetonitrile:water:acetic acid (13+ – 7+)17 or by Chait and coworkers who heated an

unbuffered aqueous ESI solution (pH 2.8) to 93 °C prior to ion formation (13+ – 6+).51 In

both of these chemical17 and thermal51 denaturation experiments, the observation of a

bimodal CSD at intermediate denaturing conditions was attributed to a two-state unfolding

process,52,53 where the high-charge and low-charge ions are formed by ionization of the

populations of unfolded and folded proteins, respectively.

Assuming a two-state model, the population of unfolded conformers here is determined from

the sum of the relative abundances of the 17+ – 7+ ions, and the population of folded

conformers from the sum of the relative abundances of the 6+ – 4+ ions. The fraction of

unfolded ubiquitin as a function of nESI spray potential at four different entrance capillary

temperatures is shown in Figure 1d. At the lowest and highest capillary entrance

temperatures (150 and 300 °C, respectively), the spray potential has little effect on the extent

of unfolded structures. In contrast, the abundance of unfolded structures depends strongly on
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the spray potential at intermediate temperatures. For all source temperatures above 150 °C,

the total ion abundance is typically greater at the higher spray potentials.

To determine if the transition from folded to unfolded structures with a change in spray

potential is reversible, equine cytochrome c was continuously nanoelectrosprayed while the

spray potential was switched 20 times between 0.8 and 1.8 kV. Similar to the results for

ubiquitin shown in Figure 1b, cytochrome c nanoelectrosprayed at 1.8 kV (entrance

capillary at 200 °C) results in a bimodal CSD (Figure 2), consistent with previous results

from heated solutions.51,54 For the 10 spectra obtained at 1.8 kV, the average fraction

unfolded (0.79 ± 0.03) is significantly higher than that obtained at 0.8 kV (0.06 ± 0.03). The

total ion abundance at the 1.8 kV spray potential was, on average, ~4× higher than at 0.8 kV.

After alternating the spray potential 20 times, it was not possible to maintain a stable spray

at 1.8 kV, but spectra obtained at sufficient spray potential to obtain high-charge ions with

high relative abundance could be maintained for more than five minutes. These results

demonstrate that it is possible to rapidly switch between a low-charge, native distribution of

ions and a high-charge, unfolded distribution of ions, and to maintain a sufficiently high

spray potential long enough to obtain both MS and MS/MS data of high charge, unfolded

protein ions.

Effects of Different ESI Interfaces on Electrothermal Supercharging

The normal operating temperature range and hardware geometries of ion sources vary from

instrument to instrument. To determine if this electrothermal supercharging method could be

duplicated on different ion sources that are operated at lower temperatures, spectra of a

mixture of cytochrome c and ubiquitin (100 mM ammonium bicarbonate, pH 7.3 aqueous

solution) were obtained on the 9.4 T Berkeley-Bruker FT-ICR46 with the entrance capillary

set to either 125 or 180 °C (the maximum operating temperature). A bimodal charge-state

distribution was observed at the highest temperature/spray potentials for both proteins,

similar to the results obtained on the Thermo LTQ instrument. The fraction unfolded

calculated from the relative abundances (corrected for ion charge) of the high-charge ions

(ubq: 14+ – 7+; cyt c: 16+ – 9+) and low-charge ions (ubq: 6+ – 5+; cyt c: 8+ – 7+) as a

function of nESI spray potential are shown in Figure 3. No high-charge ions are observed

for either protein at 125 °C, even at the highest spray potentials where stable nESI can be

reliably maintained (1.4 kV). In contrast, the population of high-charge ions increased

significantly with increasing spray potential for cytochrome c at 180 °C. The fraction of

unfolded ubiquitin also increases with increasing spray potential at the highest entrance

capillary temperature, but to a lesser extent than that observed for cytochrome c. Within this

range of spray potentials, the total ion abundance did not vary by more than 30%.

Similar experiments were performed on a Waters Q-TOF Premier instrument, which is

equipped with a “z-spray” ion source that utilizes a skimmer cone with a small aperature to

separate atmospheric pressure from the first pumping stage of the instrument. This source is

normally operated at ~80 °C, but was increased to 140 °C for this experiment. No high-

charge ions for either protein could be formed even up to ~2 kV spray potential. In addition

to the lower operating temperature, the “z-spray” source geometry may play a role in

keeping the proteins in their native conformations in solution throughout the ESI

introduction process.

Effects of Ionic Strength and Buffer Identity on Protein Charge-state Distributions

Previous supercharging experiments with m-NBA in ammonium acetate solutions showed a

decrease in the extent of supercharging with an increase in the ionic strength of the solution,

consistent with more stable protein structure at higher ionic strength.32 Both the ammonium

cation and acetate anion fall on the ‘stabilizing’ ends of the respective Hofmeister series.55
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To determine the effects of ionic strength on electrothermal supercharging, nESI mass

spectra from solutions of 10 µM ubiquitin in pure water and up to 1.0 M ammonium

bicarbonate, pH 7.0, were measured over a range of spray potentials between 0.75 and 1.3

kV. In contrast to supercharging with m-NBA in ammonium acetate, the extent of

electrothermal supercharging with ammonium bicarbonate is higher at 100 mM (Figure 4),

where the effect appears maximized at the source temperature used (220 °C), than at 1 or 10

mM. With 0.5 and 1.0 M ammonium bicarbonate, the highest spray potential tested (1.3 kV)

is required to approach the fraction unfolded observed with 100 mM between 0.9 and 1.3 kV

(~0.78). At lower spray potentials, the extent of unfolding is significantly lower in the 500

mM and 1 M bicarbonate solutions. As was the case for the mixture of ubiquitin and

cytochrome c, the total ion abundance did not vary by more than 30% over this range of

spray potentials. The fraction unfolded in the pure water solution is ~0.13 and does not vary

as a function of the spray potential. In contrast, the fraction unfolded in the 1 mM solution is

< 0.10 at the lower spray potentials (0.75 – 1.10 kV). This difference may be due to the

folded form of the protein being stabilized at low ammonium bicarbonate concentration, but

the results at higher concentration suggest that the ammonium bicarbonate contributes to

protein unfolding in the ESI droplets.

In striking contrast to the results obtained with ammonium bicarbonate, high charge-state

ions of proteins could not be obtained using this method when 100 mM ammonium acetate

was used as a buffer. To determine if the difference in electrothermal supercharging between

bicarbonate and acetate is, in part, related to Hofmeister stabilization/destabilization

effects55,56 in the ESI droplets, four other ammonium salts that span the range of the

Hofmeister anion series were used as “buffers” in 10 mM, pH 7.0, solutions containing 20

µM ubiquitin. The ordering of the effectiveness of the different ammonium salts for

inducing protein denaturation (fraction unfolded) obtained here: phosphate (0.98 ± 0.01) >

thiocyanate (0.95 ± 0.01) > bicarbonate (0.7 ± 0.2) > sulfate (0.6 ± 0.5) > perchlorate (no

high-charge ions) ~ acetate (no high-charge ions) does not follow the expected ordering.

Phosphate is on the stabilizing end of the Hofmeister series and perchlorate is on the

destabilizing end of the series.55 Here, their effects are the opposite. Using these results for

fraction unfolded, we also examined their relative solution- and gas-phase acidities,

solvation energies, and solubilities, but none of these physical parameters correlate with the

extent of supercharging observed without at least one significant outlier for a given

parameter. These trends are under further investigation. Although phosphate and thiocyante

appear to induce more efficient unfolding under these conditions, bicarbonate is a superior

choice for electrothermal supercharging because there is no competing cluster ions formed

or ion adduction with ammonium bicarbonate, and the overall signal-to-noise ratios are

better.

Mechanism of Electrothermal Supercharging

Proteins can unfold in solution as a result of many factors, including changes in pH or

temperature. For positive ions, ESI solutions become more acidic with time,57,58 and protein

conformational changes induced by ‘pulsating’ versus ‘cone-jet’ mode ESI have been

attributed to differences in the solution pH when spraying in these two different regimes.59

Here, electrical contact with the solution is made with a platinum wire which is located 5

mm from the tip where droplets are formed. Any pH change that occurs at the electrode

surface will take time to diffuse to the tip, and no time dependence to the electrothermal

supercharging effect was observed. Furthermore, the supercharging effect is fully reversible

with a change in the magnitude of the spray potential, indicating that the pH of the bulk

solution is not changing sufficiently to induce structural changes. In addition, the extent of

supercharging increases with increasing buffer capacity of the ammonium bicarbonate up to

100 mM, which is inconsistent with any pH change in the bulk solution or ESI droplet.
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Thermal denaturation of proteins is well known, but even with the capillary entrance

temperature of 300 °C on the Thermo LTQ, the air temperature inside the ESI source is just

40 °C, which is significantly less than the >100 °C temperature required to unfold ubiquitin

in neutral pH, aqueous solutions.52,53 Thermal unfolding of cytochrome c at neutral pH

occurs in two steps, with a minor transition at ~50 °C and then a major one at ~85 ° C.60–62

These significantly higher equilibrium unfolding temperatures strongly suggest that the

bimodal charge-state distributions observed in these experiments are the result of rapid

thermal denaturation of the protein analytes in the ESI droplets, because the nESI emitter is

at too low of a temperature for unfolding to occur in bulk solution and unfolding after a bare

ion is formed cannot result in increased ion charging. Droplet heating appears to occur

through increasingly energetic collisions with gaseous molecules between the nESI emitter

tip and the heated entrance capillary when the nESI spray voltage is increasesd, as well as

through collisions with hot neutral gas molecules (and blackbody radiation) within the

entrance capillary. The nESI spray potential can also affect the spray characteristics, which

may also play a role. Similar enhanced charging is observed when the source region is

purged with SF6 gas, indicating that an electrical discharge does not play a role in

electrothermal supercharging, although some fragmentation of the higher charge state ions

was observed, presumably due to the high center-of-mass collision energy. Aqueous

ammonium bicarbonate decomposes to ammonia, carbon dioxide and water at elevated

solution temperature, but the rate of decomposition is much too slow to significantly affect

the buffer composition during the ESI droplet lifetime.63

The significant increase in the fraction of unfolded protein with increasing spray potential

observed at 175 and 200 °C for ubiquitin (Figure 1d), and for cytochrome c at 200 °C

(Figure 2), indicates that the effective temperatures of the ESI droplets may be controlled by

increasing or decreasing the droplet acceleration. Similar control over the effective

temperature of the droplets is evident from the results obtained from the mixture of ubiquitin

and cytochrome c (Figure 3, data at 180 °C). The significantly higher extent of

electrothermal supercharging of cytochrome c compared to ubiquitin in the mixture is

consistent with thermal unfolding, because the melting temperatures of cytochrome c (50

and 85 °C)60–62 are lower than that of ubiquitin ( > 100 °C),52,53 although other factors,

such as the rates of unfolding, will contribute to the observed fraction unfolded.

The precision of the ubiquitin data at the intermediate temperatures is lower than it is for the

data at the temperature extremes, as indicated by the larger error bars on the 175 and 200 °C

data compared to the 150 and 300 °C data in Figure 1d. This is consistent with the thermal

unfolding behavior of ubiquitin, where the transition from predominantly folded to

predominantly unfolded conformations occurs in a narrow (~10 °C at pH 3.6) temperature

range,51 so that small variations in solution temperature can result in significant changes to

the relative populations of folded and unfolded analyte molecules. Here, small variations in

the collisional energy deposition into the ESI droplets would produce small changes in

droplet temperatures that would result in large changes in the relative populations of

unfolded and folded conformers causing the observed decrease in precision at the

intermediate temperatures where the transition between these forms of the protein occurs.

Protein denaturation/destabilization in ESI droplets is the principle origin of the formation of

highly charged ions with aqueous solution supercharging using reagents, such as m-

NBA.29–34 Protein unfolding in ESI droplets has also been induced by McLuckey and co-

workers who entrained vapors of acidic64 and basic65 molecules into the counter-current

drying gas in the atmosphere/vacuum interface to cause pH-induced protein unfolding in

ESI droplets formed from unbuffered solutions. Interestingly, the two-state unfolding

observed here for ubiquitin was not observed previously in aqueous solution supercharging

experiments using 1% m-NBA.33 This may be due to a distribution of m-NBA
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concentrations in the evaporating droplets. In addition, the extent of supercharging of

ubiquitin with 1% m-NBA is significantly lower (maximum 10+ ion) than that obtained here

with electrothermal supercharging (maximum 17+ ion), suggesting that the protein

unfolding induced here by droplet heating is far more extensive and efficient than that which

can be achieved through chemical/thermal means29–34 using supercharging reagents.

Furthermore, in the absence of conformational changes, supercharging reagents in purely

aqueous solutions can reduce ion charge because of lowered droplet surface tension,

mitigating the extent of supercharging.22,30 These results clearly demonstrate that for

instruments with “hot” ion sources, such as the Thermo LTQ equipped with a heated metal

entrance capillary, electrothermal supercharging is more effective than supercharging

reagents at forming high-charge protein ions from purely aqueous solutions.

The effects of entrance capillary temperature on protein unfolding using other solvent

systems have been examined. For example, Mirza and Chait found no significant unfolding

as a function of capillary entrance temperature (up to 300 °C) for ubiquitin in aqueous acetic

acid (pH 2.4) or 70:30 water:methanol, lysozyme in aqueous acetic acid (pH 2.9) or 50:50

water:methanol, or cytochrome c in 50:50 water:methanol.66 In contrast, they did observe

modest unfolding of lysozyme in 50:50 water:methanol containing 5 mM ammonium

acetate, cytochrome c in 50:50 water:methanol containing 10 mM ammonium acetate, and

myoglobin in 70:30 water:methanol containing 10 mM ammonium acetate. The authors

hypothesized that the presence of the ammonium acetate may extend the ESI droplet

lifetimes, enabling higher energy deposition through collisions with neturals and

concomitant droplet/analyte heating.66 Results from an elegant experiment that replaced dry

nitrogen with humid nitrogen in the atmosphere/vacuum interface of their ESI source were

consistent with this hypothesis. A similar effect may account for the enhanced supercharging

observed here from ammonium bicarbonate solutions compared to pure aqueous solutions.

Dixon and coworkers have also examined the effect of entrance capillary temperature on

protein CSDs.67 Using a 13.6 kDa truncation mutant of the protein DnaB from Escherichia

coli in a 10 mM ammonium acetate, pH 7.6, solution, they observed no significant change in

the charge-state distribution when the entrance capillary temperature was increased from 40

to 240 °C for positive ion ESI.67 Interestingly, a significant increase in the fraction unfolded

was observed for negative ion ESI of the same protein when the entrance capillary

temperature was increased from 40 to 240 °C. In all of these previously reported examples

where unfolding is induced with droplet heating, the proteins were either destabilized

chemically prior to ESI66 or had populations of unfolded protein even when the entrance

capillary temperature was just 40 °C,67 indicating that the folded forms of the proteins were

only marginally stable in the initial solutions. Laserspray ionization has also been used to

rapidly denature proteins from fully aqueous buffered solutions at neutral pH.68

Conclusions

Electrothermal supercharging makes possible the reversible formation of narrow, low-

charge distributions and broad, high-charge distributions of protein ions formed by nESI

from purely aqueous, ammonium bicarbonate solutions at neutral pH simply by changing the

nESI spray potentials. The primary origin of the high-charge ions appears to be denaturation

induced by rapid heating of the ESI droplet that occurs in the atmosphere/vacuum interface

and is enhanced by a destabilizing effect caused by the bicarbonate anion. For instruments

with energetic ESI interfaces, the extent of supercharging is much greater than has been

achieved with supercharging reagents, such as m-NBA or sulfolane. In contrast,

supercharging reagents are more effective for “cool” ion sources, such as the Waters “z-

spray” source.29,31,32 The capability to rapidly and reversibly switch from “native” ESI to

effectively denaturing ESI from the same buffered aqueous solution with only a change in

the ESI potential could be advantageous for analytical measurements. For example, it may
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be desirable to monitor a change in the native, solution-phase structure by measuring subtle

shifts in the ESI charge-state distribution3 or measuring ion mobility arrival time

distributions under native conditions, and then rapidly switch to a high-charge distribution to

obtain MS/MS spectra with much higher fragmentation efficiency and sequence coverage

than is possible with lower charge-state ions. Another application is an extension of real-

time HDX-MS33 to larger and/or more stable analytes that are not sufficiently charged with

supercharging reagents. At a minimum, electrothermal supercharging should obviate the

need for organic solvents and acids in nESI solutions so that large proteins can be ionized

from buffered, neutral pH, solution conditions and analyzed with mass spectrometers with

limited m/z range. This technique may also find application in the development of new ion

sources as a means to measure relative droplet temperatures during the ESI process.

Although this reversible electrothermal supercharging method was demonstrated with nESI,

high charge state ubiquitin ions are also formed from aqueous ammonium bicarbonate

solutions using a standard ESI interface with a solution flow rate of 5 uL/min at high source

temperature, suggesting that this method to produce high charge state ions should be broadly

applicable. Finally, these results suggest that ~150 mM ammonium bicarbonate may be the

ideal buffer for nESI of native proteins because the electrothermal supercharging effect can

be controlled and maximized, there are no adverse effects on total ion abundance, the

solution will be adequately buffered at pH ~7, and 150 mM ammonium bicarbonate has an

ionic strength that is similar to that of many biological samples.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Nanoelectrospray mass spectra of 20 µM bovine ubiquitin in a 200 mM ammonium

bicarbonate, pH 7.0, solution obtained on a Thermo™ LTQ with the entrance capillary

temperature set to (a) 300 °C, (b) 200 °C, and (c) 150 °C with a nESI spray potential of 1.2

kV and a spray tipto-entrance capillary distance of 5 mm. Fraction unfolded as function of

nESI spray potential is shown in (d) for four different entrance capillary temperatures.
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Figure 2.

Nanoelectrospray mass spectra of 20 µM equine cytochrome c in a 200 mM ammonium

bicarbonate, pH 7.0, solution obtained on a Thermo™ LTQ with the entrance capillary

temperature set to 200 °C and the nESI spray potential at either (a) 0.8 kV or (b) 1.8 kV with

a spray tip-to-entrance capillary distance of 5 mm. The spray potential was alternated 20

times with 30 s of continuous data obtained after each change in potential.
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Figure 3.

Fraction unfolded as function of nESI spray potential for a mixture of 25 µM cytochrome c

and 10 µM ubiquitin in a 100 mM ammonium bicarbonate, pH 7.3, solution with the

entrance capillary temperature on the 9.4 T FT-ICR instrument46 at either 125 or 180 °C (the

maximum temperature). The spray tip-to-entrance capillary distance was 3 mm.
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Figure 4.

Fraction unfolded as function of nESI spray potential for 10 µM ubiquitin in either Milli-Q

water or pH 7.0 ammonium bicarbonate solutions that vary in concentration from 1 mM to 1

M. The spray tip-to-entrance capillary distance was 5 mm.
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