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Abstract 
 

Biophysical Mass Spectrometry Techniques for Probing the Higher-Order  
Structure of Proteins and Complexes 

 
by 
 

Harry John Sterling, Jr. 
 

Doctor of Philosophy in Chemistry 
 

University of California, Berkeley 
 

Professor Evan R. Williams, Chair 
 

  
 
 Electrospray ionization mass spectrometry (ESI-MS) is a powerful analytical platform for 
answering a wide variety of questions about the identity, quantity, structure, function, dynamics 
and energetics of biological molecules.  Key advantages of ESI-MS include unrivaled specificity, 
attomole sensitivity, and the capacity for simultaneous analysis of complex mixtures with analyte 
masses that differ by less than 1 ppm.  The low flow rates and sub-micron sized droplets formed 
with “nano” ESI allows biomolecular ions to be readily formed from purely aqueous or buffered 
aqueous solutions, and these ions have been shown to retain a “memory” of their solution-phase 
structures so that higher-order structural information can be obtained directly from a gas-phase 
measurement.  All of the work described in this dissertation was undertaken in an effort to 
develop new nanoESI-based techniques that augment the existing array of biophysical mass 
spectrometry techniques for probing the structure/function relationships of biological molecules 
in their native environments.  In part one, a hypothesis for the origin of nanoESI “supercharging” 
is developed and exhaustively tested utilizing a variety of solution- and gas-phase techniques 
with a range of different proteins and protein complexes.  The results of all of these studies 
support the hypothesis that the origin of aqueous solution supercharging is the rapid chemical 
and/or thermal denaturation of a protein or protein complex analyte in an evaporating ESI droplet 
due to enrichment of the reagent caused by its high boiling point relative to that of water.  
Aqueous solution supercharging has recently been used in a variety of new applications and an 
understanding of its underlying mechanism is therefore essential.  In part two, two new 
biophysical mass spectrometry applications are described.  The first is a tandem-MS application 
of aqueous solution supercharging for obtaining hydrogen/deuterium exchange (HDX) rate 
constants in real-time with nearly single amino acid spatial resolution, and the second describes 
an MS method to obtain the quaternary structure of protein complexes that require high 
concentrations of essential salts.  Finally, two ideas for new HDX-MS methods that capitalize on 
the mechanism of aqueous solution supercharging are outlined.  
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Chapter 1 
 

Introduction 
 
 

1.1 Synopsis 
 

Prior to the widespread use of electrospray ionization (ESI) and matrix-assisted laser 
desorption ionization (MALDI) beginning in the early 1990’s, the over 100-year-old discipline 
of mass spectrometry (MS) [1, 2] was largely limited to the study of atoms and small molecules 
with moderate to high vapor pressures.  Using these or other “soft” ionization techniques, 
however, molecules without measurable vapor pressures, such as proteins and DNA, can be 
ionized and transferred to the gas phase intact.  Even weakly bound protein-protein complexes 
can be ionized intact and many of these gas-phase ions retain a “memory” of their solution-phase 
structures [3-10].  In the years since their development, the overwhelming majority of new 
instrumentation, applications, analytical techniques, and basic research in mass spectrometry has 
utilized or been focused on ESI,  MALDI, or some derivative thereof.  Indeed, the comparatively 
new subdiscipline of biophysical mass spectrometry owes its simplicity and widespread practice 
to these groundbreaking developments [11-13]. 

Biophysical mass spectrometry may be defined broadly as the study of the identity, 
quantity, structure, function, dynamics and/or energetics of biological molecules using a mass 
spectrometer.  Remarkably, and in contrast to many other biophysical techniques, the dynamic 
range of the size of molecule that can be studied with MS spans more than five orders of 
magnitude, from the 19 Da protonated water molecule (a very important biological molecule!) 
[14] to intact viruses weighing in at many MDa [15-17].  Another key advantage to studying 
biological molecules in the gas phase is the separation of the molecules of interest from the 
solvent and other components found in biological matrices or buffers.  This can significantly 
increase the specificity, speed, and sensitivity with which a particular analysis can be performed 
and may reveal clues about the role solvent plays in biomolecular structure [18].  While the 
solvent, salts, and co-factors of a solution matrix are often critical for retaining the information 
being sought, many strategies exist to either encode the information in the molecule prior to ion 
formation, or the information can be kinetically trapped in the molecule during ion formation and 
remain trapped for the duration of an experiment. 

All of the work described in this dissertation was performed using nanoESI, a derivation of 
the original technique that, perhaps counterintuitively, uses significantly less sample but results 
in much higher sensitivity [19].  NanoESI also allows biomolecular ions to be formed from 
purely aqueous solutions easily.  This is colloquially referred to as native mass spectrometry 
since analytes can retain their native set of conformations up to, during, and after ion formation 
[20].  This suggests that there are effectively unlimited possibilities for the development of new 
MS applications and techniques to probe how biomolecules behave and interact with each other 
in their native environments.   

The work described herein was conducted with the general goal of adding new analytical 
techniques to the biophysical mass spectrometry toolbox.  Part one describes the origin of 
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nanoESI “supercharging” as the rapid chemical and/or thermal denaturation of a protein or 
protein complex analyte in an evaporating ESI droplet.  Although this might be more accurately 
described as answering a fundamental question about the mechanism of ESI charging and 
supercharging rather than the development of a new application, supercharging reagents have 
been “in the toolbox” for more than a decade and a fundamental understanding of their 
mechanism of action is critical to using them correctly.  Part two describes two methods for 
obtaining information about the higher-order structure of proteins and protein complexes.  The 
first is a new application of native supercharging for obtaining the hydrogen/deuterium exchange 
(HDX) rate constants of an intact protein in real-time, and the second describes a method to 
obtain the quaternary structure of protein complexes that require concentrations of salt that are 
normally poisonous to ion formation and subsequent MS measurement.  The work is summarized 
and a brief description of two proposals for new top-down HDX techniques that capitalize on our 
understanding of native protein supercharging is given in Chapter 9. 

 
1.2 Biophysical Mass Spectrometry 
 

Many important questions that are asked by biophysical chemists can be answered by 
combining the “soft” ionization technique of ESI with modern mass spectrometers.  For 
example, ESI-MS has been widely used to study how proteins fold into their native 
conformations [21], to study the biochemistry of post-translational modifications [22], to monitor 
structure and structural dynamics [23], and to model the kinetics of protein complex assembly 
[24].  These are just a few of the many interesting ways a gas-phase measurement can be used to 
obtain information about how molecules behave in their native solution-phase environments 
[25].  These types of analyses are frequently enhanced by orthogonal separation techniques such 
as high performance liquid chromatography, capillary electrophoresis, and ion mobility.  
Because ESI and nanoESI are carried out at atmospheric pressure, it is relatively simple to 
interface these orthogonal methods with an ESI-MS experiment, and in the case of ion mobility, 
the mobility separation can even be performed within an instrument before and after a mass 
filter.  The following subsections provide a brief overview of the critical elements of ESI and 
some analytical techniques that are the foundation of the work described herein.  

 
1.2.1  Models of Electrospray Ionization  After more than 20 years, there still exists a 

spirited debate about the mechanism by which ions are formed during ESI [26-31].  This is due, 
in part, to the myriad types of analyte that can be ionized with the method.  Desolvated metal 
ions and inorganic anions, small organic molecules and large polymers, peptides and proteins, 
RNA and DNA, and even intact virus particles can be readily ionized with ESI.  It is not 
surprising, then, that for such a universal ionization technique there does not exist a single, 
unifying description of its mechanism.  The “ion evaporation model” (IEM) first described by 
Iribarne and Thomson [32, 33] and the “charged residue model” (CRM) of Dole [11] are the two 
prevailing models in the literature.  Though it is tempting to accept one of these models based on 
ones own observations, or to trust that the former is correct for small “surface-active” analytes 
and the latter is correct for larger molecules [34, 35], the development of new models or the 
refinement of these existing models is an area of active research [36-44]. 

As described in both the IEM and CRM, the initial charged droplets are formed the same 
way and undergo multiple cycles of (a) solvent evaporation to the Rayleigh limit followed by (b) 
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coulombic explosions that produce small, highly-charged progeny droplets.  These processes are 
illustrated in Figure 1.1.  In the case of positive ion ESI, a positively charged electrode in contact 
with the analyte solution induces the formation of a double layer at the electrode surface and the 
accumulation of positive electrolyte ions at the sprayer tip.  If the coulombic repulsion at the tip 
is high enough, the meniscus can transform into a cone (Taylor cone [45]) and a jet of charged 
particles is formed and accelerated toward the entrance aperture of the mass spectrometer held at 
ground (or more negative potential than the solution), establishing a circuit of electrons and 
positively charged particles.  During this acceleration, the charged droplets undergo evaporation 
of neutral solvent molecules, which reduces the droplet volume but leaves the total droplet 
charge unchanged.  The maximum charge that can be sustained on a spherical droplet is 
described by the Rayleigh limit, given in equation 1.1: 

 
zRe = 8π(ε0γR3)1/2   (eq. 1.1) 

 
where zR is the unit charge limit, e is the elementary charge, ε0 is the permittivity of the 
surrounding medium, γ is the surface tension, and R is the droplet radius [46].  When an 
evaporating droplet reaches ~80–95% of the Rayleigh limit, the droplet surface tension is 
overcome by coulombic repulsion and the droplet emits many small progeny droplets that can 
carry away just 2% of the solution mass but 15% of the total charge [34, 47].  The magnitude of 
these mass and charge losses are different for different types of solutions, but there is always a 
large bias towards higher charge loss relative to mass loss [48].  The progeny droplets are 
therefore formed close to their limit for surface disruption and progeny droplet emission.  This 
process repeats for both the progeny droplets and also for the original parent droplet.  It is at this 
stage in the ESI droplet lifetime that IEM and CRM diverge in the description of the formation 
of fully desolvated, gas-phase ions, noted (c) in Figure 1.1. 

The IEM was originally developed with experimental and theoretical consideration of 
clusters of sodiated sodium chloride, [(NaCl)n(Na)m]m+, formed by ESI [32].  The cluster ions are 
predicted to desorb from an evaporating droplet when the number of solvent molecules decreases 
to the point at which the free energy of solvation is insufficiently negative and the internal 
energy of the ion cluster is sufficient to overcome the activation barrier imposed by long-range 
coulombic repulsive forces and short-range, ion-polarizability attractive forces [32].  This is 
calculated to occur in charged droplets less than 10 nm in radius, whereas larger droplets are 
expected to reach the Rayleigh instability limit and fission by coulombic explosion [32].  In the 
latter case, the next or later generation progeny droplets are expected to cross over into the size 
regime where ion evaporation is likely to occur [32].  Experimental support for IEM as a sound 
mechanism for small molecule and cluster ion formation has come from a number of other 
groups [49-54]. 

Fenn has used the IEM to describe the formation of protein ions in ESI [28], though the 
consensus seems to favor the CRM for large molecules [34, 35].  In the original CRM, solute 
molecules remain fully solvated through many iterations of the coulombic fission process so that 
eventually a single solute molecule resides in a droplet charged below the Rayleigh instability 
limit [11].  When the remaining solvent molecules evaporate, the charges are left to condense 
onto the molecule thereby forming a multiply-charged gas-phase ion.  Different droplets will 
have different numbers of charges at the time of charge-carrier condensation, resulting in a 
distribution of ions with different  m/z ratios.  Different analyte conformations at the time of 
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charge condensation also contributes to the formation of ions with different m/z ratios.  
Refinements to the CRM have been proposed [36-41], but this basic description is generally the 
same.   

An interesting observation made with protein ions early in the study of the ESI mechanism 
that is consistent with the CRM, and inconsistent with the IEM, is the formation of aggregates, 
which are charged to a lower extent per monomer than the individual monomer ions themselves 
[55].  These aggregate ions follow the general trend of charge increasing linearly with the square 
root of the mass of the ion [56], suggesting they are formed by the same process.  Fernandez de 
la Mora demonstrated that this empirical relationship between charge and mass can be derived 
using the CRM for globular proteins [34].  These predictable trends in charging are also 
analytically useful.  For example, a decrease in relative intensities of higher order protein 
aggregates with decreasing analyte concentration and a general trend of intensities of dimer > 
trimer > tetramer, etc. has been used to distinguish aggregates that are artifacts of the ESI process 
from specific oligomers that exist in the solution prior to electrospray [57, 58].  

 
1.2.2  Influencing Protein Ion Charge State Distributions  Many factors can affect the 

distribution of charge states observed for protein and protein complex ions in ESI.  Proteins 
electrosprayed from purely aqueous, or buffered aqueous solutions, where the analytes are in 
their native conformations generally have narrow distributions of low charge state ions, whereas 
proteins electrosprayed from more denaturing solutions of organic solvents, and/or at extremes 
of solution pH for pH-sensitive analytes, generally have broad distributions of high charge state 
ions [59, 60].  Other factors such as analyte and solvent gas-phase basicities [61-63], solvent 
surface tension [30, 64, 65], and many different instrument parameters [66-69] can also affect the 
charge states observed.  Controlling these variables is an essential part of using ESI effectively in 
general, and can be used specifically to either decrease or increase analyte charge as an analytical 
tool. 

The reduction of analyte charge can be done easily by the addition of a co-solvent, such as 
imidazole or triethylamine, that has a high gas-phase basicity relative to that of the analyte, or by 
leaking similarly basic molecules into the mass spectrometer after ESI of the analyte [62, 63, 70].  
Charge reduction occurs as a result of competition for charge between the analyte and the base in 
the final stages of ion formation and/or due to proton transfer from the analyte to the neutral base 
in the gas phase.  Other strategies for reducing protein charge states in the gas phase have been 
developed, including by reaction of the protein analyte with perfluoro-1,3-dimethylcyclohexane 
anions produced in a glow-discharge source [71] and by reactions with “bipolar” ions produced 
by irradiation of a bath gas of medical air and CO2 with α particles from a 210Po source [72].  
These charge reduction techniques can be used where complex mixtures result in spectra with 
high peak densities that are difficult to interpret.  By reducing analyte charge, small differences 
in the spacing of peaks at low m/z become larger differences at higher m/z (where chemical noise 
is typically lower) allowing easier identification of the peaks that compose a charge state 
distribution.  Charge reduction of native proteins and protein complexes may also prove to be 
beneficial in the effort to preserve the solution-phase structures of these analytes for gas-phase 
experiments such as measurement of the collision cross section [70]. 

Obtaining high charge states of proteins ions is as simple as spraying them from solvents 
that contain concentrations of organic solvent, and/or at a pH, that is sufficient to unfold or 
denature the analyte in solution prior to ESI.  To achieve even higher charge states than can be 
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obtained with denaturing solutions alone, small quantities of “supercharging” reagents can be 
added to the ESI solution [30, 64, 65].  For example, addition of m-nitrobenzyl alcohol (m-NBA) 
to 1% (v/v) final volume in a denaturing solutions of the 12.4 kDa protein cytochrome c 
containing 50% methanol and 3% acetic acid results in an increase in the maximum charge state 
from 21+ to 24+ and an increase in the average charge state from 17.3+ to 20.8+ compared to the 
same solution without the reagent [65].  In ESI solutions containing high concentrations of 
organic solvents, supercharging reagents work by increasing the effective surface tension of the 
droplet in accord with the Rayleigh equation (eq. 1.1) [30].  This increase in the effective surface 
tension occurs as the more volatile, lower surface tension organic solvent component(s) 
preferentially evaporate resulting in an increase in the concentration of the low vapor pressure, 
higher surface tension supercharging reagent [30].  ESI droplets with higher surface tension will 
accommodate more charges on the droplet surface, resulting in gas-phase ions with higher 
charge.  This approach to increasing the charge of peptides and proteins electrosprayed from 
denaturing solutions has been used in a variety of MS and MS/MS applications [73-78]. 

Increasing analyte charge can be beneficial since most mass analyzers have higher 
sensitivity and resolution at lower m/z and because most fragmentation techniques are more 
efficient for more highly charged ions.  For example, in an electron capture dissociation 
experiment performed in an ion cyclotron resonance mass spectrometer, a more highly charged 
precursor ion will have a higher electron capture cross section and higher signal-to-noise ratios 
during fragment ion detection since both capture cross section and ion detection are proportional 
to charge.  However, in experiments where maintaining the native structure(s) of the protein or 
protein complex analyte in the ESI solution prior to ionization is essential, using high 
concentrations of organic solvents and/or acids is not possible.  McLuckey and coworkers have 
used acidic [79] and basic [80] vapors entrained in the counter-current drying gas of the 
atmosphere/vacuum interface to cause pH-induced unfolding of protein analytes in the ESI 
droplets.  This approach allows for neat water solutions to be used as the solvent,  thereby 
keeping the analytes in their native or native-like conformations up to the ms timescale transfer 
of the analyte to the gas phase, but is ineffective for buffered solutions. 

Loo and coworkers were the first to demonstrate that the same supercharging reagents 
useful for increasing ion charge from denaturing solutions can also be used to supercharge 
proteins and protein complexes from purely aqueous, or buffered aqueous, solutions [81].  The 
authors correctly point out that since the surface tension of supercharging reagents are lower than 
that of water, a change in the droplet surface tension cannot be the mechanism of action since 
this model would predict a decrease in charge rather than the increase in charge they observed 
[81].  No hypothesis for how these supercharging reagents work in aqueous solutions was 
proposed.  To this end, we developed and tested a very simple hypothesis to explain native 
supercharging, as described in detail in Chapters 2–6.  Briefly, we suggest that the increase in 
charge results primarily from chemical and/or thermal denaturation of the analyte that occurs in 
the ESI droplet during solvent evaporation, and that the charge enhancement from analyte 
denaturation or destabilization can overcome the charge-reducing effects of lower droplet surface 
tension.  A variety of solution and gas-phase techniques, including thermal activation, circular 
dichroism (CD), hydrogen/deuterium exchange (HDX), traveling-wave ion mobility (TWIMS), 
and chemical crosslinking, are used to demonstrate that conformational changes to the analytes 
are the primary source of charge enhancement, but are in no way the only factors that determine 
the observed charge state distributions in native supercharging.  Understanding this mechanism 
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of action is important not only for our understanding of the ESI process in general, but also 
because native supercharging is emerging as a useful analytical tool [82-85].  Chapter 7 
describes the first MS method for obtaining HDX rate constants in real-time, which takes 
advantage of the mechanism of native supercharging to obtain unfolded, high-charge precursor 
ions for fragmentation by electron transfer dissociation without the “back-exchange” that occurs 
with the typical approach to HDX-MS experiments.  

 
1.2.3  Ion Suppression  Forming gas-phase ions with ESI is straightforward, but there are 

many variables that can influence the ionization efficiency and ultimately the sensitivity of the 
mass measurement.  Once these variables are optimized, ESI is capable of forming analyte ions 
with attomoles of single analytes [86] or from complex mixtures containing many thousands of 
analytes [87].  One of the most critical experimental variables that affect charging is the 
composition of the sample solution.  The salts and buffers that are typically used for solutions of 
biological molecules, such as TRIS, PBS, HEPES, etc., can cause excessive ion suppression and 
peak broadening.  This occurs as a result of competition for charge in the case of additives that 
are highly basic as described above [63], and/or as a result of adduction to the analyte of interest 
in the case of non-volatile salts like sodium chloride [88].  For proteins, the extent of adduction 
is dependent on the analyte isoelectric point and on the pH of the solution [89].  In the case of 
positive ion ESI of proteins, the abundance and identity of the adducting species is also 
dependent on the proton affinity of the anionic component of the salt [90, 91].  Large clusters of 
salts can also cause a significant depression of analyte ion signal [88].  When denaturing 
solutions are appropriate for an analysis, separation of the analytes of interest from non-volatile 
salts and buffers can be done easily with chromatographic separation, either offline with spin 
columns or online with reversed-phase HPLC.  For experiments where only aqueous solutions 
are appropriate, separations can also be performed with spin columns or with dialysis.  However, 
when information about the solution-phase structure or dynamics is sought, separation from 
essential salts or co-factors may be proscribed [57]. 

The most commonly used buffer salts in native ESI-MS experiment are ammonium acetate 
and ammonium bicarbonate because both the cation and anion are volatile and because 
ammonium ions can act as a source of protons for ionizing biomolecules.  At high concentration, 
ammonium acetate can also be used to minimize metal cation adduction onto proteins [88].  This 
“buffer loading” results in significantly higher signal-to-noise for the peaks of interest since the 
analyte signal is more concentrated at the m/z of the fully protonated ion rather than being spread 
out over multiple m/z’s corresponding to one, two, three… metal cations.  It also appears to 
minimize the formation of salt clusters [88].  For example, an 11-fold increase in signal-to-noise 
was observed for the 8.6 kDa protein ubiquitin when it was electrosprayed from a purely aqueous 
solution containing 20 mM sodium chloride and 7 M ammonium acetate compared to the same 
solution without the very high concentration of ammonium acetate [88].  Although this technique 
is also effective for large protein complexes [92, 93], the stabilities of many biomolecular 
complexes are dependent on ionic strength [94-96].  In Chapter 8, the use of buffer loading for a 
protein that requires mM concentrations of Mg2+, BeF3

–  and ADP, to assemble into an ATPase-
active homo-hexameric complex is described.  By correlating the results of an ATPase activity 
assay with buffer-loaded ESI spectra, a range of ammonium acetate concentrations is found that 
facilitates an accurate mass measurement without disrupting the native solution-phase complex 
formation. 
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1.2.4  Analyte Labeling Strategies  With the “soft” ionization afforded by ESI, protein 

and protein complex ions have been shown to retain a “memory” of their solution-phase 
structures [3-10].  At most, this implies that the ion conformations in the two phases are similar 
so that, for example, proteins with unfolded conformations in the spray solution prior to ion 
formation will be more unfolded in the gas phase.  Likewise, proteins with native or native-like 
conformations in the spray solution prior to ion formation will have more compact, native-like 
structures in the gas phase.  This occurs as a result of kinetic trapping of the ion due to the gentle 
nature of the ionization process and the vacuum atmosphere of a mass spectrometer, but can 
change with time if the ion is trapped long enough to sample more stable gas-phase 
conformations [97].  Nonetheless, valuable information about higher-order protein structure and 
shape can be obtained directly from MS and ion mobility-MS experiments due to the kinetic 
trapping effect, albeit with relatively low spatial resolution [98-100]. 

Higher spatial resolution structure and dynamics information can be obtained by coupling 
solution-phase “footprinting” [101] with an ESI-MS measurement [102].  Oxidative footprinting 
strategies, which utilize hydroxyl and/or oxygen radicals in the sample solution to oxidize 
solvent-accessible functional groups of the analyte of interest, were first used with nucleic acids 
[103], and then later with proteins [104].  Because the reactivity of the analyte functional groups 
are attenuated by solvent accessibility, information about protein structure, sites of ligand 
binding, protein-protein complex interfaces and the dynamics of protein folding can be obtained 
[105-107].  The technique is particularly well suited for analysis by MS since the modifications 
are covalent and the changes in mass are easily distinguished with modern instruments. 

Hydrogen/deuterium exchange (HDX) coupled to high resolution MS is another type of 
footprinting strategy that can also be used to obtain information about the structure, 
intermolecular interactions, and dynamics of proteins and protein complexes [21, 108-111].  The 
“bottom-up” approach to HDX-MS is more widely practiced, whereas the “top-down” approach 
has some significant advantages that make it an appealing area for further development.  Chapter 
7 describes a new method that combines the top-down approach with nanoESI supercharging for 
obtaining HDX-MS rate constants in real-time, and Chapter 9 outlines two new top-down 
methods that are derivatives of this supercharging method.   

In the bottom-up approach, the analyte solution is prepared either fully protonated or 
deuterated at relatively high concentration, and then rapidly diluted into either D2O or H2O, 
respectively.  The exchange of hydrogen and deuterium atoms occurs promptly on side chains 
and solvent-exposed amides, whereas the exchange rates of the amide protons protected from 
solvent in the more hydrophobic folds of the protein, or those involved in hydrogen bond 
interactions, are much slower [112].  After a fixed period of exchange, the reaction is 
“quenched” by lowering the pH to ~3.0 and decreasing the temperature to ~0 °C, where the 
intrinsic exchange rates of the amide protons are close to their minima [112].  The protein is then 
proteolyzed with an enzyme that is active in acidic solution, such as pepsin, and the resulting 
peptides are separated by HPLC and either mass analyzed directly or fragmented by MS/MS 
methods before mass analysis.  Multiple iterations of this process at different pulse labeling 
periods are required to obtain the necessary data for analysis of the exchange kinetics.   

One of the obstacles of the bottom-up approach is that during the proteolysis and HPLC 
steps, amide hydrogens from protected regions of the native protein that did not exchange during 
the pulse labeling period become exposed to the bulk solvent.  This can cause back-exchange and 
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concomitant loss of the HDX information being sought.  Online pepsin columns, short 
chromatography methods, and back-exchange correction factors can mitigate these effects [113-
115].  One of the significant advantages of the bottom-up over the top-down approach is the 
effectively unlimited mass range of the protein or protein complex analyte [116-118].  
Conversely, the top-down approach to HDX-MS has the advantage that nearly single amino acid 
spatial resolution can be obtained [119-121], whereas the spatial resolution of the typical bottom-
up approach is limited by the extent and overlap of proteolysis products.  

In the typical top-down approach, the exchange and quench steps are identical to those in 
the bottom-up approach, but rather than proteolysis and LC-MS or LC-MS/MS, the intact protein 
is fragmented in the gas phase.  In this case, the acid quench decreases the intrinsic exchange 
rates and simultaneously unfolds the analyte so that higher charge state ions are formed.  This is 
desirable because most fragmentation methods are more efficient for more highly charged ions.   
A considerable amount of research indicates that the HD “scrambling” that occurs with “slow 
heating” fragmentation methods, such as collisionally activated dissociation [122-124], does not 
occur or is minimal with electron capture or electron transfer dissociation [119-121, 125-129].  
Because these electron dissociation methods can cause extensive backbone fragmentation 
without scrambling, very high spatial resolution is possible for proteins up to ~20 kDa [120].  
One of the new methods proposed in Chapter 9 is aimed at increasing the mass range for 
obtaining high spatial resolution HDX-MS data in the top-down manner. 
 
1.3 Instrumentation 
 

There are many varieties of mass spectrometers and ion mobility spectrometers that have 
different strengths and weaknesses depending on the type of analysis that is desired.  Brief 
descriptions of the basic principles of mass and shape selection and ion detection are given here 
for the hybrid quadrupole-time-of-flight (Q-TOF), Fourier transform-ion cyclotron resonance 
(FT-ICR), linear trapping quadrupole-orbitrap (LTQ-orbitrap), and traveling-wave ion mobility 
(TWIMS-MS) instruments utilized in the work described in this dissertation.  All of these 
instruments were operated with nanoESI ion sources. 

 
1.3.1  Q-TOF  Hybrid Q-TOF instruments combine the speed, efficient mass selection and 

MS/MS capabilities of a series of quadrupole mass filters with the high resolution, mass 
accuracy, and effectively unlimited mass range of a reflectron-equipped time-of-flight mass 
filter, which allows for a very sensitive and fast mass analysis.  This instrument format is widely 
used in bottom-up LC-MS/MS proteomics experiments because the speed and sensitivity are 
sufficient to obtain MS and subsequent MS/MS spectra of many abundant peptides that may 
elute within a given, seconds-wide, chromatographic peak [130].  It is also the instrument of 
choice for analyzing large macromolecular complexes [92]. 

A quadrupole mass filter is composed of four evenly spaced rods that are ideally parabolic 
in shape, but are more commonly round since round rods are easily manufactured [131].  
Balanced potentials of opposite polarity are applied to adjacent rods so that the positively 
charged rods are opposite one another and the negatively charged rods are opposite one another 
and the potential in the center of the space between the four rods is zero.  A cross section of the 
rods is defined as the x, y plane and the ion trajectory down the length of the rods is defined as 
the z-axis.  When a quadrupole is operated as mass filter (or more accurately, an m/z filter), the 
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potentials, Φ0,  applied to the rods have both DC and RF components described by equation 1.2: 
 

Φ0(t) = U – VRFcosΩt                 (eq. 1.2) 
 
where U is the DC component and VRF is the alternating component, with a typical operating 
frequency, Ω, ~1 MHz [131].  Mass selection is accomplished one of two ways.  Either the 
magnitudes of U and VRF are scanned with a constant U:VRF ratio or U and VRF can be kept 
constant and Ω scanned.  By setting U to zero, a quadrupole can also be operated as just an ion 
guide.  This is the basis of the triple-quadrupole tandem mass spectrometer, where the first 
quadrupole region can be used for mass selection, the second for collisionally activated 
dissociation (CAD) by operating as collision cell and RF-only ion guide, and the third for mass 
selection of the CAD product ions and unreacted precursor.  Additional details about the theory 
and practical considerations of quadrupoles are thoroughly reviewed elsewhere [131-133].  

The TOF component of this hybrid instrument adds the high resolving power and 
effectively unlimited mass range not feasible with a quadrupole mass filter.  The principles of ion 
separation by m/z in a TOF can be explained with a hypothetical packet of ions of different mass 
but the same charge.  First, the ion packet is pulsed into the TOF flight tube and accelerated 
electrostatically toward a detector some distance away.  Because the ions have the same charge, 
they begin their flight with equal kinetic energies.  With the well-known equation for kinetic 
energy (KE): 

 
KE = 1/2mV2                    (eq. 1.3) 

 
it is clear that ions with different mass, m, will have different velocities, V.  Therefore, lighter 
ions will arrive at the detector sooner than heavier ions.  Calibration of the flight times with ions 
of known m/z results in a simple and robust mass analyzer.  The Waters Q-TOF Premier™ and 
Synapt™ TWIMS-MS instruments used in the experiments described in this dissertation are 
equipped with a “reflectron” ion mirror, which is placed ~1 m from the accelerating lenses and 
used to redirect the ions at a shallow angle from their original trajectory toward a detector.  This 
increases the flight path without significantly changing the instrument footprint and facilitates 
energy focusing, both of which result in the much higher resolving power of reflectron-TOF 
instruments [134]. 

TOF mass spectrometers are typically equipped with a microchannel plate detector at the 
end of the flight path.  These detectors are composed of an array of small, continuous-dynode 
electron multipliers.  When an ion collides with one of the channels, electrons are ejected from 
the surface and accelerated electrostatically down the channel where they collide with the surface 
causing even more secondary electrons to be ejected.  This process repeats down the central axis 
of the channel resulting in an avalanche of electrons that is converted to an electrical signal that 
is proportional to the number of ions hitting the microchannel at a given moment. 

 
1.3.2  FT-ICR  FT-ICR mass spectrometers are the highest-performing MS instruments 

owing to their unmatched resolving power and mass accuracy [135].  The Berkeley-Bruker 
instrument used in some of the experiments described herein is comprised of a hexapole ion trap, 
a series of electrostatic ion guides, and a home-built ion cell positioned in the center of 9.4 Tesla 
superconducting magnet [7].  The hexapole ion trap is a variation on the quadrupole ion guide, 
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with balanced potentials of opposite sign applied to adjacent rods.  Although hexapoles and 
higher multipoles cannot be used as mass filters, they produce potential wells that approach the 
ideal square shape as the order of multipole is increased [136].  An endcap electrode on the cell-
side of the hexapole and a skimmer cone on the source side of the hexapole provide the trapping 
potentials along the z-axis. For this instrument, the hexapole ion trap is used to accumulate ions 
so that packets of ions can be gated into the ICR cell.  A series of electrostatic ion guides 
between the hexapole and ion cell maintain stability in the x, y plane and provide the necessary 
acceleration along the z-axis to overcome the magnetic mirror effect induced by the fringe field 
of the magnet.  During the ~2 ms injection period, the potential applied to the trapping plates on 
the ion source side of the cell is lowered  to allow ions in and the potential applied to the trapping 
plates on the back side of the cell is increased to prevent ions from escaping out the back of the 
magnet.  After the injection period, the source side trapping plates are raised to the same 
potential as the back side trapping plates, stabilizing the ions in a potential well along the z-axis 
of the cell.  A highly simplified description of trapping and detection in the x, y plane of the ion 
cell is given below.  A more in-depth description of the theory and practical aspects of FT-ICR 
mass spectrometers, written by the co-inventor of the technique, Alan Marshall [137], is 
available [138]. 

Stabilization in the x, y plane occurs as a result of the Lorentz force imposed by the 
magnetic field on the ions, which causes them to rotate about the z-axis with a frequency, ωc, that 
is dependent on ion mass, m, charge q, and the strength of the magnetic field B, given here as 
equation 1.4: 

 
ωc = qBm-1               (eq. 1.4) 

 
This is the ideal, unperturbed cyclotron frequency [138].  Because the magnetic field is fixed and 
(ideally) uniform in an ICR cell, the cyclotron frequency of an ion can be used as a signature of 
its m/z.  To measure the cyclotron frequency of an ion trapped in an ICR cell, a spatially uniform 
oscillating electric field is applied across the ion cell.  If this applied “excitation” waveform has 
the same frequency as the cyclotron frequency of the trapped ions, the ions will absorb some of 
the energy resulting in an increase in their cyclotron radius and coherence for all ions with the 
same m/z.  The cyclotron radius can be tuned with the amplitude of the excitation waveform so 
that the packet of ions comes near, but does not collide with, a pair of opposed, electrically-
coupled “detection” plates.  The excitation waveform is applied for a short period and then 
turned off.  As the ion packet passes one plate, and then a half cycle later approaches the other 
plate, an alternating image current is established between the plates that has a frequency equal to 
the cyclotron frequency of the excited ion.  Over time, ions lose energy through collisions with 
neutral gas molecules, resulting in loss of coherence, a decrease in the cyclotron radius and the 
concomitant free-induction decay of the signal.  Charge-charge interactions also contribute to 
loss of coherence.  To obtain a mass spectrum, the time-domain signal in the detection circuit is 
amplified and Fast Fourier transformed into a frequency-domain spectrum.  The resulting 
frequency spectrum is easily converted to an m/z spectrum by calibration with ions of known 
m/z. 
 

1.3.3  LTQ-orbitrap  The LTQ-Orbitrap™ is a commercial instrument (ThermoFisher) 
that combines the speed and sensitivity of a linear trapping quadrupole and the high resolving 
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power and mass accuracy of the Orbitrap™ detector [139].  Like in ICR-MS, an alternating 
image current with a frequency determined by the ion m/z is induced in a pair of electrically-
coupled pickup electrodes, and this time-domain signal is subsequently Fast Fourier transformed 
to a frequency-domain spectrum and then converted to an m/z spectrum after calibration with 
ions of known m/z.  A distinct advantage of the Orbitrap™ over an ICR is that trapping and 
detection occurs in a purely electrostatic trap without a magnetic field and has sufficient mass 
accuracy (2–5 ppm [139]) and resolution (up to 150,000 [139]) for many high-throughput LC-
MS/MS applications [140].  The design of the orbitrap is based on the Kingdon trap [141], with a 
specially shaped, central “spindle-like” electrode and an outer “barrel-like” reference electrode 
that is coaxial with the central electrode and serves as the pickup for detecting the image current 
transient [139].  Ions injected into the trap perpendicular to the z-axis will stably orbit around the 
spindle electrode and oscillate harmonically in a coherent packet along the z-axis with motion 
that is independent of the radial motion around the central electrode [142].  The frequency of the 
motion along the z-axis is dependent only on m/z (and a field curvature constant) and is therefore 
useful for mass analysis and detection.  As with detection in an ICR instrument, the amplitude of 
the signal is proportional to the ion charge and the resolution is ultimately limited by loss of 
coherence due to collisions with neutrals and/or space charge effects. 

 
1.3.4  TWIMS-MS    The Waters Synapt™High Definition Mass Spectrometer is currently 

the only commercially available instrument that combines a traveling-wave ion mobility 
spectrometer with a mass spectrometer.  It is a hybrid Q-TOF like the Premier™ described above 
in section 1.3.1, but with three regions of stacked-ring ion guides between the mass-filtering 
quadrupole and the reflectron-equipped TOF.  For the stacked ring ion guides, an RF waveform 
of opposite polarity is applied to adjacent rings, resulting in radial confinement of ions injected 
down the central axis.  Because DC potentials are superimposed on the ring electrodes at a fixed 
interval in an axial-directed traveling waveform, ions can effectively “surf” the traveling wave 
[143].  For mobility analysis, a bath gas of neutral molecules (typically N2 or He [144]) is leaked 
into the vacuum chamber of the second set of ring electrodes.  Ions with the same charge, but 
different shape, will become separated from one another based on their collision cross sections.  
The set of stacked ring electrodes before the mobility cell can be used as either an ion guide or as 
collision cell for mass-selected CAD before mobility analysis.  The set of stacked ring electrodes 
after the mobility cell can be used as an ion guide or as a collision cell for conformer-selected 
CAD [145]. 
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Figure 1.1  Illustration of the central elements of electrospray ionization wherein charged 
droplets of analyte are formed in an electric field and accelerated toward the mass spectrometer 
entrance, undergoing mutiple cycles of (a) solvent evaporation to the Rayleigh limit followed by 
(b) coulombic explosions that produce small, highly-charged progeny droplets.  IEM, CRM and 
other models of ESI differ in their descriptions of (c), the formation of desolvated gas-phase ions.  

 
 
1.5  Figure 
 
 



 
 
 
 
 
 
 
 
 

Part One: The Origin of Native ESI Supercharging 
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2.1 Abstract 
 

The use of m-nitrobenzyl alcohol (m-NBA) to enhance charging of non-covalent complexes 
formed by electrospray ionization from aqueous solutions was investigated.  Addition of up to 
1% m-NBA can result in a significant increase in the average charging of complexes, ranging 
from ~13% for the homo-heptamer of NtrC4-RC (317 kDa; maximum charge state increases 
from 42+ to 44+) to ~49% for myoglobin (17.6 kDa; maximum charge state increases from 9+ to 
16+).  Charge state distributions of larger complexes obtained from heated solutions to which no 
m-NBA was added are remarkably similar to those containing small amounts of m-NBA.  
Dissociation of the complexes through identical channels both upon addition of higher 
concentrations of m-NBA and heating is observed.  These results indicate that the enhanced 
charging upon addition of m-NBA to aqueous electrospray solutions is a result of droplet heating 
owing to the high boiling point of m-NBA, which results in a change in the higher-order 
structure and/or dissociation of the complexes.  For monomeric proteins and small complexes, 
the enhancement of charging is lower for heated aqueous solutions than from solutions with m-
NBA because rapid folding of proteins from heated solutions that do not contain m-NBA can 
occur after the electrospray droplet is formed and is evaporatively cooled. 
 
2.2 Introduction 
 

An important advantage of electrospray ionization (ESI) for the analysis of large 
molecules, including synthetic [1, 2] and biopolymers [3, 4], large complexes [5-8], and even 
intact viruses [9, 10], is the formation of ions with multiple charges.  Multiple charging decreases 
the m/z of large molecular ions to a range where virtually any type of mass spectrometer can 
perform measurements. The performance of many instruments, including orbitrap [11] or 
Fourier-transform ion cyclotron resonance mass spectrometers [12], improves with decreasing 
m/z, making it possible to obtain molecular masses of peptides, proteins or other macromolecules 
with low ppm and even sub ppm mass measuring accuracy, even when present in complex 
mixtures [13].  Multiple charging also greatly enhances structural information obtainable from 



 25 

tandem and even MSn experiments [8, 14], making it possible to obtain significant sequence 
information from proteins as large as 229 kDa [14].  

The detailed mechanism of ion formation and the origin of ion charging in ESI has been 
hotly debated [15-21].  Numerous factors can influence the extent of charging observed, 
including ion conformation [22, 23], solvent and analyte gas-phase basicity [24-26], droplet size 
[27], instrumental conditions [28], etc.  Small basic molecules, either added to the solution [24] 
or in the gas phase [24-26], can result in a significant lowering of the charge state distribution of 
a protein owing to competition for charge.  Analyte charge reduction has also been achieved by 
electrospray ionization in the presence of α particles from a 210Po source [29], reaction with ions 
of the opposite polarity [30], or by in-source collisions which can increase rates of endothermic 
proton transfer and dissociation of more highly charged ions [25, 26].  

Although many methods can reduce charging of analyte molecules in ESI, comparatively 
few methods enhance multiple charging.  Charge state distributions of proteins formed by ESI 
from solutions in which proteins are denatured are shifted to significantly lower m/z (higher 
charge states) than when formed from buffered aqueous solutions where the structures are native 
or native-like [22, 23].  Information about different conformations that exist in solution have 
been obtained by modeling the often overlapping envelopes of charge state distributions [31].  In 
addition to protein denaturation, addition of low concentrations of some small molecules, such as 
glycerol or m-nitrobenzyl alcohol (m-NBA), can result in a dramatic increase in both the average 
and maximum charge states of ions [19, 32-38].  For example, addition of 1.0% m-NBA to 
47/50/3% water/methanol/acetic acid solutions containing cytochrome c results in a shift in the 
average (and maximum) charge states from 17.3 (21) to 20.8 (24) [33].  This “supercharging” 
phenomenon can be useful in tandem MS experiments for protein and peptide sequencing [19, 
34-38], particularly for electron capture dissociation experiments where the capture cross section 
increases significantly with increasing precursor charge state [39, 40].  Ion-ion collision rates 
also increase significantly with increasing charge state [41] and addition of m-NBA to increase 
the charge states of tryptic peptides and phosphopeptides was found to greatly improve protein 
identification in electron transfer dissociation experiments [38].  Because of the low volatility of 
these compounds compared to that of water/methanol, their concentration increases as solvent 
evaporation of the more volatile components from the droplets occurs.  For solutions that contain 
significant fractions of methanol, this will result in an increase of the droplet surface tension, and 
a greater charge density necessary to reach the Rayleigh limit [42], which for a spherical droplet 
is given by: 

 
zRe = 8π(ε0γR3)1/2 

 
where zR is the unit charge limit, e is the elementary charge, ε0 is the permittivity of the 
surrounding medium, γ is the surface tension, and R is the droplet radius.  In contrast, the charge 
states of ions formed from pure aqueous solutions to which small amounts of m-NBA is added 
can be reduced owing to the lower surface tension of m-NBA (50 ± 5 mN/m) [33] compared to 
that of water (71.99 mN/m at 25 °C) [43].  For example, the average charge state of a 
poly(propyleneimine) (DAB-16), which cannot undergo large conformational changes [44], is 
decreased when m-NBA is added to aqueous solutions containing this molecule, but is increased 
when m-NBA is added to methanol solutions [19] (22.07 mN/m at 25 °C) [43].  



 26 

In a series of experiments by Grandori and coworkers [45-47], the charge state distributions 
of proteins were not directly correlated to the solvent surface tension.  However, the difficulty of 
distinguishing effects of changes in surface tension vs. effects of changing protein conformation 
and other known factors that affect charging make it difficult to draw definitive conclusions from 
these experiments. 

Recently, Loo and coworkers demonstrated that addition of m-NBA to aqueous solutions 
results in increased charging of noncovalent complexes [48]. Charge enhancements ranging from 
8% for the 690 kDa α7β7β7α7 20S proteasome complex to 48% for the zinc-bound 29 kDa 
carbonic anhydrase-II protein were observed.  Because the surface tension of m-NBA is lower 
than that of water, addition of m-NBA to aqueous solutions should, in the absence of other 
factors, result in a lowering of surface tension and hence a lower charge state distribution leading 
Loo and coworkers to question the role of surface tension on charging, although no other 
mechanism to explain these results was proposed. 

Here, effects of addition of small amounts of m-NBA on non-covalent complexes are 
investigated and compared to results from heating the same solutions without m-NBA.  These 
results indicate that the charge enhancement effect of m-NBA on non-covalent complexes 
electrosprayed from aqueous solution is a result of droplet heating owing to the high boiling 
point of m-NBA, which results in preferential evaporation of water from the droplet and reduced 
evaporative cooling.  Conformational changes and even dissociation of the complexes can occur 
as a result of the droplet heating. 
 
2.3  Experimental 
 

Mass spectra were acquired using a quadrupole time-of-flight mass spectrometer equipped 
with a Z-spray ion source (Q-Tof Premier, Waters, Milford, MA).  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) to a tip i.d. of ~1 µm with a Flaming/Brown micropipette puller 
(Model P-87, Sutter).  A platinum wire (0.127 mm diameter, Sigma, St. Louis, MO) was inserted 
through the capillary into the solution and electrospray was initiated and maintained by applying 
1-1.3 kV to the wire relative to instrument ground.  The capillaries were resistively heated with 
NiCr wire wrapped around a cylindrical aluminum collar that is solid except for a small hole 
through which the capillary is held (Figure 2.7).  The temperature of the heating collar was 
monitored continuously with a thermocouple and temperature meter (Omega, Stamford, CT).  m-
NBA was purchased from Sigma-Aldrich (St. Louis, MO) and was used without further 
purification.  Raw data was smoothed three times using the Waters MassLynx software Mean 
smoothing algorithm with a 25 Da window for the PAx(LFN)y and NtrC4-RC complexes and a 3 
Da window for myoglobin.  Relative abundances of proteins and complexes were estimated by 
summing the intensities of each charge state of a given protein complex, and dividing that value 
by the sum of the intensities for all the complexes and proteins. The instrument was calibrated 
with CsI clusters formed by nano-ESI of a 24 mg/mL solution of CsI in 70:30 Milli-Q:2-
propanol prior to mass measurement. 

The PAx(LFN)y proteins were provided by Prof. Bryan A. Krantz (University of California, 
Berkeley) and were electrosprayed from a solution containing 5 mM ammonium bicarbonate and 
100 mM ammonium acetate, pH = 7.8, at a protein complex concentration of ~5 µM.  The 
protein complexes therein are truncation constructs of the Anthrax toxin prepore assembly, 
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composed of heptameric [49] and octameric [56] ring-shaped oligomers of the Protective 
Antigen (PA) protein that bind up to three [49] and four [56] Lethal Factor (LF) ligand proteins, 
respectively.  The NtrC4-RC protein was provided by Prof. David E. Wemmer (University of 
California, Berkeley) and was electrosprayed from a solution containing 600 mM ammonium 
acetate, pH = 7.8,  at a protein concentration of ~25 µM.  The protein complexes in this solution 
are homooligomers of a truncation construct of a σ54 activator protein from Aquifex aeolicus 
[50]. Myoglobin solutions were prepared from lyophilized powder (Sigma-Aldrich, St. Louis) by 
dissolution in 40 mM ammonium acetate, pH = 7.8, at a protein concentration of ~5 µM. 
 
2.4  Results 
 

In order to test the hypothesis that the effect of supercharging observed by adding m-
NBA to aqueous solutions containing non-covalent complexes is due to a change in the higher-
order structure of the complex owing to heating of the electrospray droplet from which they are 
formed, experiments with three different complexes ranging in size from 17.6 to 632 kDa were 
performed.  In these experiments, ESI mass spectra were obtained from solutions using 
nanospray capillaries surrounded by an aluminum collar, the temperature of which can be 
accurately varied from room temperature to >90 °C by resistive heating (Figure 2.7).  These 
spectra were compared to those obtained at room temperature under identical conditions but to 
which small amounts of m-NBA was added to otherwise identical solutions.  Results for these 
three complexes are described below. 

 
2.4.1  Myoglobin   An ESI mass spectrum of myoglobin (17.6 kDa) electrosprayed from 

aqueous solution containing 40 mM ammonium acetate, pH = 7.8, at 26 °C, is shown in Figure 
2.1a.  The most abundant charge state distribution corresponds to myoglobin (~94%) and a 
significantly less abundant charge state distribution corresponding to apomyoglobin (~6%) is 
also observed.  Both charge state distributions are centered at the 8+ charge state, with an 
average (and maximum) charge of 7.9 (9) and 7.6 (9) for myoglobin and apomyoglobin, 
respectively.  Addition of even small amounts of m-NBA results in a significant change in both 
the charge state distributions and relative abundances of these two ions (Table 2.1, Figure 2.1a).  
With 0.4% m-NBA, the average (and maximum) charge states are 11.8 (16) and 13.9 (20) for 
myoglobin and apomyoglobin, respectively.  Thus, addition of m-NBA to solutions in which the 
conformation of myoglobin should be “native” results in a significant increase in both the 
maximum and average charge state.  Furthermore, the charge state of myoglobin appears to reach 
a maximum at which point loss of the heme co-factor occurs.  The newly formed apomyoglobin 
then takes on additional charges.  Significantly, the relative abundances of the myoglobin and 
apomyoglobin ions change dramatically with the addition of m-NBA (Figure 2.2a).  Without m-
NBA, the abundance of apomyoglobin is only ~7% that of myoglobin but this value is ~76% 
with 0.4% m-NBA.  Thus, addition of even small amounts of m-NBA results in significant loss 
of heme from myoglobin.   

Heating of the solution in the capillary (no m-NBA) also results in a change in the charge 
state distributions of these ions, although this effect is less dramatic than when m-NBA is added 
to the solutions.  At 92 °C, the highest temperature at which signal could be obtained, the 
average (and maximum) charge state of myoglobin and apomyoglobin are 8.5 (10) and 11.9 (17), 
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respectively.  Again, myoglobin appears to reach a maximum charge state that is lower than that 
for apomyoglobin.  The relative abundances of these ions also change dramatically with solution 
heating;  the relative abundances of myoglobin and apomyoglobin are ~34% and ~66%, 
respectively, at 92 °C compared to ~94% and ~6% at 26 °C (Figure 2.2b). 

The significant abundance of intact myoglobin even at a solution temperature of 92 °C is 
surprising.  Myoglobin can precipitate at elevated temperature [51, 52] and this may account for 
the lower signal-to-noise ratio at high temperature.  Because the tip of the capillary extends past 
the resistively heated aluminum collar (Figure 2.7) and is exposed to laboratory room 
temperature air, temperature of the solution in the tip of the capillary is likely lower than that of 
the solution contained within the region of the heated collar.  In addition, rapid evaporative 
cooling after formation of the electrospray droplet can occur which could lead to folding and 
reincorporation of the heme group under these lower-temperature solution conditions.  A mass 
spectrum acquired after the heated solution cooled from 92 to 30 ºC shows that the charge state 
distributions and relative abundances of both myoglobin and apomyoglobin return to the original 
values measured prior to heating the solution (data not shown), indicating that the 
folding/unfolding process is reversible.  Results from circular dichroism experiments indicate 
that myoglobin refolding can take place on the millisecond time frame [53]. 
 

2.4.2  NtrC4-RC Complex  The σ54 activator protein complex from the thermophilic 
bacterium Aquifex aeolicus is a homooligomer of the protein NtrC4, which is composed of three 
domains termed R, C, and D [50]. An ESI mass spectrum of a truncation mutant with only the R 
and C domains (NtrC4-RC; 44.9 kDa) formed from an aqueous solution containing 600 mM 
ammonium acetate, pH = 7.8, is shown in Figure 2.3a.  The predominant signal corresponds to 
monomer and dimer, but charge state distributions for a trimer, tetramer and heptamer are also 
observed.  ESI spectra of these solutions to which up to 1.0% m-NBA are added are shown in 
Figure 2.3a.  As was observed for myoglobin, the average (and maximum) charge state of the 
monomer increases with m-NBA concentration; from 13.6 (15) to 16.0 (18) upon the addition of 
1.0% m-NBA.  This charge enhancement effect is also observed for the higher-order complexes 
(Table 2.2) although the relative enhancement is lower. For example, the average (and 
maximum) charge state for the heptamer without m-NBA and with 0.5% m-NBA is 35.7 (42) and 
40.2 (44), respectively. An increase in the maximum charge state was observed for just the 
tetramer and heptamer.  The relative abundances of these higher-order complexes also changes 
with increasing m-NBA concentration.  The abundance of the heptamer decreases from ~6% to 
<1% with the addition of m-NBA with a concomitant increase in the monomer abundance 
(Figure 2.4a).  These results indicate that not only does m-NBA increase the average charge 
states of proteins and their complexes from aqueous solutions containing high concentrations of 
ammonium acetate, but the addition of m-NBA can also result in a decrease in the abundances of 
the higher-order complexes. 

Results obtained from heating the aqueous solution (600 mM ammonium acetate) 
containing NtrC4-RC are shown in Figure 2.3b.  Heating has only a minor effect on the charge 
states of the monomer and dimer (Table 2.2).  For the monomer, the average (and maximum) 
charge states are 13.6 (15) and 14.2 (16) at 32 and 60 °C, respectively.  For the dimer, these 
corresponding values are 19.6 (23) and 20.3 (23).  In contrast, this effect is more apparent for the 
heptamer, for which the average (and maximum) charge states are 35.7 (42) and 40.2 (43) at 32 
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and 60 °C, respectively.  The slightly lower values at 74 °C are likely due to poor ion counting 
statistics owing to the very low abundance of the complex at this temperature. 

The relative abundances of the higher-order complexes also change as a function of 
temperature.  The heptamer abundance decreases from ~5% to <1% as the solution temperature 
is increased from 32 to 74 °C, respectively, with a concomitant increase in both the monomer 
and dimer abundances over this temperature range. 
 

2.4.3 PAx(LFN)y  Protective antigen (PA) is a 83 kDa protein component of anthrax toxin 
that binds to host cell surfaces and assembles into a ring-shaped homooligomer that can bind 
lethal factor (LF), a 90.7 kDa protein, after proteolytic activation [49]. The resulting complex 
forms a transmembrane channel through which LF translocates into the host’s cytosol where this 
enzyme can catalyze a reaction that disrupts the host cell.  LFN is a 30.9 kDa truncated form of 
LF that includes the PA binding site.   An ESI mass spectrum of these two proteins obtained 
from an aqueous solution containing 100 mM ammonium acetate and 5 mM ammonium 
bicarbonate, pH = 7.8, is shown in Figure 2.5a.  The most abundant charge state distribution 
corresponds to a complex with 7:3 stoichiometry, i.e. PA7(LFN)3.  Also apparent at much lower 
abundance are complexes corresponding to PA7(LFN)2 and PA8(LFN)4.  Although much lower in 
abundance, this recently discovered latter complex may play an important role in the toxicity of 
anthrax [56]. Some lower order oligomers that are likely intermediates in the formation of both 
PA7(LFN)3 and PA8(LFN)4 are also observed. 

Addition of m-NBA results in a slight increase in both the average and maximum charge 
states of these proteins and protein complexes but this effect is subtle and is only observed at low 
m-NBA concentration.  For example, the average (and maximum) charge states increase from 
10.5 (12) to 10.8 (12), 43.7 (48) to 44.0 (49), and 47.7 (50) to 48.3 (51) for LFN, PA7(LFN)3 and 
PA8(LFN)4, respectively, upon the addition of 0.01% m-NBA (Table 2.3).  Higher concentrations 
of m-NBA result in only a minor increase in these values for LFN but not for these two 
complexes. 

Upon the addition of even small amounts of m-NBA to the solution containing PA and 
LFN, the relative abundance of the PA7(LFN)3 complex decreases substantially whereas the 
relative abundances of both the PA7(LFN)2  and PA8(LFN)4  increases (Figures 2.5a, 2.6a).  A 
concurrent increase in the abundance of LFN indicates that PA7(LFN)3 dissociates by loss of LFN 
to form PA7(LFN)2 or more directly to the individual monomer constituents.  PA monomer was 
observed at low relative abundance for both higher m-NBA concentrations and temperature.  

Results from heating the solution containing PA and LFN, are shown in Figure 2.5b.  
Increasing the solution temperature from 26 to 43 °C results in a change in the average (and 
maximum) charge state from 10.5 (12) to 10.9 (12), 43.7 (48) to 45.5 (46), and 47.7 (50) to 49.7 
(52) for LFN, PA7(LFN)3 and PA8(LFN)4, respectively.  As observed with the addition of m-NBA, 
the relative abundance of PA7(LFN)3 decreases whereas that for PA8(LFN)4 increases with 
increasing temperature (Figures 2.5b, 2.6b).  The increase in the relative abundances of the LFN 
monomer is consistent with dissociation of the larger complexes as was the case for addition of 
m-NBA.  The abundance of PA7(LFN)2 relative to PA7(LFN)3 increases from 8 to 12%  when the 
solution is heated from 34 to 38 °C, which is consistent with the former complex being formed 
by the loss of a single LFN from PA7(LFN)3 as opposed to higher thermal stability of the smaller 
complex.  The absolute intensity of PA8(LFN)4 decreases only slightly upon heating to 38 °C 
indicating that the heptameric complex does not interconvert to the octameric complex and that 
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the octameric complex is more thermally stable than the heptameric complex.  However, 
PA8(LFN)3 is observed at 38 °C, and the abundance of this complex is roughly equal to that of 
PA8(LFN)4 at 43 °C, so the enhanced thermal stability of the octameric complex compared to the 
heptameric complex appears modest.  The lower signal-to-noise ratio at both the higher 
temperature and higher m-NBA concentration is likely due to the low solubility of PA oligomers 
that are not bound to at least two LFN proteins, although other factors may also play a role.  

To determine if the increased charging observed by adding m-NBA was due to factors 
associated with the electrospray ionization process rather than a result of a solution-phase 
reaction that occurs prior to electrospray, a solution containing 0.05% m-NBA was prepared and 
allowed to sit at room temperature for 30 minutes.  The solution was centrifuged and dialyzed 
(1:10,000; 10 kDa cutoff) against 200 mM ammonium acetate, pH = 7.8.  Because PA oligomers 
not bound to LFN have limited solubility in ammonium acetate solutions, dissociation of the these 
complexes by reaction or interaction with m-NBA would result in a significant loss of signal as 
the precipitate would be removed by centrifugation.  A mass spectrum obtained from the 
dialyzed supernatant was identical to that obtained without adding m-NBA (data not shown), 
indicating that low concentrations of m-NBA do not change the relative abundances of the 
higher-order complexes. 
 
2.5  Discussion 
 

Because the boiling point of m-NBA (177 °C at 3 Torr) [43] is much higher than that of 
water (100 °C at 760 Torr) [43], preferential evaporation of water from droplets containing even 
small amounts of m-NBA will occur.  This will result in droplets that are enriched in m-NBA 
with increasing droplet lifetime.  Since the surface tension of m-NBA is lower than that of water, 
the charge density on a droplet at the Rayleigh limit is lower.  Thus, in the absence of any 
conformational effects, analyte charging via a charge residue mechanism should be lower for 
aqueous droplets that contain m-NBA.  However, because of the lower vapor pressure of m-
NBA, the rate of evaporative cooling of the droplet will be lower so that droplets containing m-
NBA will have a higher temperature and longer lifetime than those that just contain water.  Since 
the temperature of the droplets containing m-NBA is higher, conformational changes of the 
analytes contained in the droplets can occur.  Typically, heating aqueous solutions containing 
protein and non-covalent protein complexes can result in significant denaturation and/or 
dissociation. 

The similarity between spectra of these complexes electrosprayed from solutions 
containing m-NBA and those that are heated is striking, both with respect to the increase in the 
average and maximum charge state and with respect to the pathway and extent of dissociation 
observed.  Furthermore, no evidence of gas-phase dissociation, i.e. asymmetric charge 
partitioning [54, 55], of any of the complexes was observed, indicating that dissociation occurred 
in solution.  These results indicate that the increased charging of complexes observed by adding 
m-NBA to aqueous solutions are due to structural changes of the complex caused by solution 
heating in the ESI droplet.  This suggests that the surface area of the entire complex is increasing 
either due to partial denaturation of one or more individual constituents or due to more gross 
conformational changes. 

The similarity between spectra with m-NBA and from heated solutions is more pronounced 
for the larger complexes.  In the case of myoglobin, the extent of charging and loss of heme is 
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greater with increasing m-NBA concentration than from heated solutions.  Even at 92 °C, the 
abundance of myoglobin is significant.  A complicating factor in these experiments is that the 
solution in the capillary tip, which is surrounded by ambient air at room temperature, may be 
lower than that surrounded by the heating collar.  In addition, droplets formed by electrospray 
will undergo evaporative cooling in competition with collisional heating.  Thus, the temperature 
in the droplet is unknown, but it is likely to be significantly below the original heated solution 
temperature.  Thus, a small protein such as myoglobin, which can fold rapidly [53], may do so in 
the taper of the electrospray emmitter or electrospray droplet prior to formation of the isolated 
gas-phase ion.  In contrast, a droplet containing m-NBA will have a higher temperature due to 
slower evaporative cooling but comparable collisional heating.  The higher droplet temperature 
likely results in significant unfolding and loss of the heme group resulting in the higher observed 
charging with increasing amounts of m-NBA.   

With either m-NBA or with solution heating, myoglobin apparently reaches a maximum 
extent of charging before loss of the heme occurs.  The average charge state of myoglobin is 
84% that of apomyoglobin with 0.4% m-NBA and is 71% at 92 °C.  This observation is 
consistent with the thermal unfolding mechanism described by Awad and Deranleau [52], who 
proposed that a conformation change in the region of the heme group occurs first, followed by 
unfolding of the helical regions, and then precipitation. 

A similar result is obtained for the NtrC4-RC monomer and to a lesser extent the 
homodimer.  Both show significantly increased charging upon the addition of increasing 
amounts of m-NBA but this effect is less upon heating the solutions.  In contrast, charge state 
distributions for the heptameric complex are remarkably similar upon heating or upon addition of 
m-NBA.  This result can be rationalized by the relative time frame for assembly of a large 
macromolecular complex, which typically requires significantly more time than folding of an 
individual protein that can occur rapidly and on the time frame of the droplet lifetime.  Once the 
complex is dissociated at high temperature, there is insufficient time upon cooling of the 
electrospray droplet to reform the higher-order structures, whereas folding of the individual 
constituent proteins is rapid. 

Results for the PA/LFN complexes also indicate that m-NBA results in heating of the 
electrospray droplets and that the increased charging observed for the higher-order complexes is 
a result of structural changes caused by this heating.  The higher droplet temperature with m-
NBA added is also strongly indicated by the striking similarity between the relative abundances 
of the PA7(LFN)3 to PA8(LFN)4 with increasing m-NBA or with increasing temperature. These 
solution-phase heating experiments show that PA8(LFN)4 is more thermally stable than PA7(LFN)3 
and becomes the dominant form of the higher order complex at high temperature as is also the 
case upon addition of 0.05% m-NBA. 
 
2.6  Conclusions 
 

Addition of m-NBA can result in an increase in both the average and maximum charge 
state of proteins and non-covalent complexes formed by ESI from aqueous solutions despite the 
lowering of the surface tension of droplets from which these ions are formed.  Similar results are 
obtained from heated solutions containing the same complexes but to which no m-NBA is added.  
Electrospray droplets that contain m-NBA will undergo preferential evaporation of water 
resulting in increasing concentrations of m-NBA.  Because m-NBA has a low vapor pressure, the 
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rate of evaporative cooling of droplets that are enriched in m-NBA will be lower resulting in a 
higher droplet temperature.  Structural changes to complexes that occur as a result of the higher 
droplet temperature appear to be the primary origin of the increased charging observed with m-
NBA in aqueous solution, although other factors may also play a role. 

The enhanced charging observed by adding m-NBA to aqueous solutions containing 
individual proteins is even more pronounced than that observed upon solution heating.  Although 
proteins can unfold in heated solutions, they can also rapidly fold during the lifetime of an 
electrospray droplet, which is evaporatively cooled to lower temperatures.  In contrast, assembly 
of macromolecular complexes typically occurs more slowly so that the effects of heating a 
solution and adding m-NBA to room temperature solutions on the resulting charge state 
distributions and the extents of dissociation are remarkably similar for the larger complexes. 

By comparison, experiments in which effects of analyte conformation are carefully 
controlled indicate that addition of m-NBA to aqueous solutions result in a decrease of the 
charge states due to a lowering of the surface tension of the electrospray droplet, but an increase 
in charging is observed when organic solutions of lower initial surface tension are used [19]. The 
results here show that conformations of macromolecular complexes can be affected by the 
increased droplet temperature when m-NBA is added to aqueous electrospray solutions and that 
significant structural changes and even dissociation of the complexes can occur.  This 
mechanism for charge enhancement from aqueous solutions containing m-NBA can explain the 
observation of Loo and coworkers who found that m-NBA can increase the charge state of 
protein complexes, although other factors may also play a role.  This illustrates that surface 
tension is just one of many competing factors that can influence analyte charging by ESI.  These 
results also indicate that additives, such as m-NBA, which can enhance charging of 
macromolecular complexes should be used with caution because structural changes and even 
dissociation of the complex as a result of droplet heating may occur. 
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2.7  Tables and Figures 
 
Table 2.1  Results for average (and maximum) charge states for myoglobin and apomyoglobin. 

Myoglobin m-NBA (%)   Temperature (oC) 

  0 0.025 0.1 0.4   26 62 92 
Myoglobin 7.9 (9) 8.6 (11) 9.8 (16) 11.8 (16)   7.9 (9) 8.2 (9) 8.5 (10) 

Apomyoglobin 7.6 (9) 8.5 (11) 12.2 (20) 13.9 (20)   7.6 (9) 7.5 (9) 11.9 (17) 
 
 
Table 2.2  Results for average (and maximum) charge states for the NtrC4-RC protein and its 
homooligomers. 
NtrC4-RC m-NBA (%)   Temperature (oC) 

  0 0.10 0.50 1.0    32 44 60 74 
Monomer 13.6 (15) 13.9 (15) 15.5 (17) 16.0 (18)   13.6 (15) 13.9 (15) 14.2 (16) 14.2 (16) 

Dimer 19.6 (23) 19.8 (23) 21.0 (23) 20.7 (23)   19.6 (23) 20.0 (23) 20.3 (23) 20.3 (23) 
Trimer 24.2 (26) 24.2 (26) 25.1 (26) 24.1 (26)   24.2 (26) 24.6 (26) 24.7 (26) 24.7 (26) 

Tetramer 28.3 (30) 28.8 (30) 29.0 (31) 28.1 (30)   28.3 (30) 28.5 (30) 28.7 (30) 28.6 (30) 
Heptamer 35.7 (42) 40.1 (43) 40.2 (44) 39.1 (42)   35.7 (42) 38.3 (43) 40.2 (43) 39.9 (42) 

 
 
Table 2.3  Results for average (and maximum) charge states for  LFN monomer and PAx(LFN)y 
protein complexes. 
PAx(LFN)y m-NBA (%)   Temperature (oC) 

  0 0.01 0.025 0.038 0.050   26 34 38 43 

LFN 10.5 (12) 10.8 (12) 10.8 (12) 10.9 (12) 11.0 (12)  10.5 (12) 10.7 (12) 10.8 (12) 10.9 (12) 

PA7(LFN)2 43.0 (46) 43.2 (46) 42.9 (45) 43.0 (46) 43.3 (44)  43.0 (46) 43.3 (46) 43.9 (46) N/A 

PA7(LFN)3 43.7 (48) 44.0 (49) 43.5 (47) 43.6 (47) 43.3 (46)  43.7 (48) 44.0 (48) 43.9 (47) 45.5 (46) 

PA8(LFN)3 N/A N/A 44.7 (45) 44.8 (45) 47.4 (50)  N/A N/A 48.6 (50) 48.7 (50) 

PA8(LFN)4 47.7 (50) 48.3 (51) 47.7 (51) 48.3 (51) 48.2 (51)   47.7 (50) 48.2 (50) 48.8 (51) 49.7 (52) 
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Figure 2.1  Mass spectra of myoglobin and apomyoglobin as a function 
of (a) % m-NBA and (b) heating collar temperature.  The region between 
m/z 880 and 1440 is expanded x6 in all but the 92 °C spectrum. 
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Figure 2.2  Relative abundances of myoglobin (squares) and 
apomyoglobin (triangles) as a function of (a) % m-NBA or (b) heating 
collar temperature.  Relative abundances were estimated by summing 
the intensities of each charge state of a given protein or complex, and 
dividing that value by the sum of the intensities for all the proteins and 
complexes. 
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Figure 2.3.  Mass spectra of the NtrC4-RC protein and its 
homooligomers as a function of (a) % m-NBA and (b) heating collar 
temperature. 
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Figure 2.4  Relative abundances of NtrC4-RC protein and its 
homooligomers as a function of (a) % m-NBA and (b) heating collar 
temperature.  Relative abundances were estimated by summing the 
intensities of each charge state of a given protein or complex, and 
dividing that value by the sum of the intensities for all the proteins and 
complexes. 
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Figure 2.5  Mass spectra of the proteins and protein complexes from the 
Anthrax toxin constructs, PAx(LFN)y, as a function of (a) % m-NBA and 
(b) heating collar temperature.   PA monomer is the 63 kDa product of 
proteolytic activation of PA-83 which forms the heptameric and 
octameric rings to which LFN binds.  The absolute abundance of PA-83 
does not change significantly in any of the experimental conditions 
indicating the heptameric and octameric complexes dissociate in 
solution by loss of LFN (see text).   The charge state distributions with 
low abundance between m/z 5,100 and 11,000 are sub-stoichimetric 
complexes of PA and LFN that do not change significantly in any of the 
experimental conditions. 
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Figure 2.6  Relative abundances for the proteins and protein complexes 
from the Anthrax toxin constructs, PAx(LFN)y, as a function of (a) % m-
NBA and (b) heating collar temperature.   Relative abundances were 
estimated by summing the intensities of each charge state of a given 
protein or complex, and dividing that value by the sum of the intensities 
for all the proteins and complexes. 
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Figure 2.7  Schematic diagram of the nanospray capillary heating collar 
showing the resistive heating element connected to a DC power supply 
and temperature control via thermocouple and temperature meter. 
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3.1  Abstract 
 
The effects of two supercharging reagents, m-nitrobenzyl alcohol (m-NBA) and sulfolane, 

on the charge-state distributions and conformations of myoglobin ions formed by electrospray 
ionization were investigated.  Addition of 0.4% m-NBA to aqueous ammonium acetate solutions 
of myoglobin results in an increase in the maximum charge state from 9+ to 19+, and an increase 
in the average charge state from 7.9+ to 11.7+, compared to solutions without m-NBA.  The 
extent of supercharging with sulfolane on a per mole basis is lower than that with m-NBA, but 
comparable charging was obtained at higher concentration.  Arrival time distributions obtained 
from traveling wave ion mobility spectrometry show that the higher charge state ions that are 
formed with these supercharging reagents are significantly more unfolded than lower charge 
state ions.  Results from circular dichroism spectroscopy show that sulfolane can act as chemical 
denaturant, destabilizing myoglobin by ~1.5 kcal/mol/M at 25 °C.  Because these supercharging 
reagents have low vapor pressures, aqueous droplets are preferentially enriched in these reagents 
as evaporation occurs.  Less evaporative cooling will occur after the droplets are substantially 
enriched in the low volatility supercharging reagent, and the droplet temperature should be 
higher compared to when these reagents are not present.  Protein unfolding induced by chemical 
and/or thermal denaturation appears to be the primary origin of the enhanced charging observed 
for noncovalent protein complexes formed from aqueous solutions that contain these 
supercharging reagents, although other factors almost certainly influence the extent of charging 
as well. 

 
3.2  Introduction 
 

With electrospray ionization (ESI), gaseous multiply charged molecules can be formed 
directly from solution, which is a significant advantage for the analysis and structural 
characterization of large molecules and noncovalent complexes by mass spectrometry (MS).  
Multiple charging results in m/z ratios of large molecules that are typically within a range where 
the performance of most mass spectrometers excel, making it possible to measure masses of 
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large molecules with virtually any type of mass spectrometer.  Multiply charged ions can often 
be more readily fragmented in tandem MS experiments aimed at structural characterization, such 
as peptide or protein sequencing [1], and higher charge state ions can be more readily detected in 
some mass spectrometers, such as the orbitrap and Fourier-transform ion cyclotron resonance 
(FT/ICR) instruments, where the ion signal is directly proportional to charge [2, 3].  The masses 
of individual ions up to 100+ MDa have been measured in FT/ICR MS [4-6] and mass 
information has been obtained from intact viruses using instruments in which both the m/z and 
the charge of an individual ion are measured directly [7, 8]. 

Although ESI mechanisms [9-16] are still debated, several well-known factors contribute to 
the extent of charging, including analyte conformation [17, 18], solution pH [19], instrumental 
parameters and desolvation conditions [20], solvent and analyte basicity [21-23], and solvent 
surface tension [13].  While many methods to decrease analyte charging have been developed 
[21-25], few techniques to increase charging have been reported.  Protein ions formed from 
denaturing solutions can have significantly higher charge states compared to those formed from 
aqueous solutions where the molecules are in a native or native-like state [17, 18].  Charging of 
proteins in ESI from denaturing solutions can be further enhanced by adding small amounts of 
some low-volatility compounds [13, 26, 27].  For example, addition of m-NBA to denaturing 
solutions (methanol/water/acetic acid) containing cytochrome c resulted in an increase in the 
maximum charge state from 21+ to 24+ and an increase in the average charge state from 17.3+ to 
20.8+ [27].  This “supercharging” method has been used to produce higher charge state ions for 
improved structural information from MS/MS experiments [28-32].  The mechanism for  
supercharging by these added reagents has been controversial.  As a charged droplet formed by 
ESI evaporates, the composition of the droplet will become enriched in the less volatile 
components [13].  For example, m-NBA is significantly less volatile than water or methanol, so 
the presence of even low initial concentrations of m-NBA results in a significant increase in its 
concentration as droplet evaporation occurs.  The surface tension of a solution containing 
water/methanol/acetic acid with m-NBA in which a protein is largely denatured will increase as 
droplet evaporation occurs and the increased surface tension can lead to enhanced charging of 
proteins from these solutions [13, 27].   

In a recent study of droplet evaporation and discharge dynamics, Grimm and Beauchamp 
[33] reported that trapped methanol droplets produced by ESI that initially contained 2% m-NBA 
evaporate down to a core size that remained unchanged for the duration of the analysis (~1 s), 
consistent with nearly complete evaporation of the methanol on this long time frame.  As the 
droplet composition changes, several physical properties, including droplet surface tension, 
effective basicity and temperature, can change as well.  For example, an increased droplet 
lifetime will result in more collisions as the droplet is introduced into the mass spectrometer, and 
there will be less evaporative cooling at the later stages when the droplet composition is 
significantly enhanced with the supercharging reagent.  This should result in a droplet with a 
higher temperature than one that does not contain the supercharging reagent, and this higher 
temperature may cause destabilization or denaturation of the protein complex [34].  Because of 
the potential for some additives to affect protein conformation or other factors that can affect 
charge, either in bulk solution and/or in the electrospray droplet, effects of any individual 
parameter, such as droplet surface tension, can be more difficult to identify in experiments where 
many factors contribute to charging. 
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In the late 1800s, Lord Rayleigh predicted that the maximum number of charges, zRe, that a 
spherical droplet can hold is given by eq. 1; 
 

zRe = 8π(ε0γR3)1/2                  eq. 1 
 

where zR is the unit charge limit, e is the elementary charge, ε0 is the permittivity of the 
surrounding medium, γ is the surface tension, and R is the droplet radius [35].  The charge on a 
large ion formed by either a charged residue [36] or ion evaporation [37] process should be 
related to the overall charge density on a droplet.  Because m-NBA has a higher surface tension 
than methanol [27], addition of even small amounts of m-NBA to solutions that contain 
substantial amounts of methanol will result in an increase in the droplet surface tension as 
methanol preferentially evaporates from the cluster, and enhanced charging of the analyte can 
occur.  For example, addition of m-NBA to methanol solutions containing an amine-
functionalized dendrimer, poly(propyleneimine (DAB-16)), resulted in a significant increase in 
charging to this molecule whereas addition of m-NBA to aqueous solutions containing the same 
dendrimer resulted in a decrease in charging [13].  The surface tension of m-NBA (50 ± 5 mN/m 
[27]) is higher than that of methanol (22.1 mN/m at 25 ºC [38]), but lower than that of water 
(72.0 mN/m at 25 ºC [38]).  Because DAB-16 cannot undergo large conformational changes 
[39], the studies with this dendrimer provide a more rigorous test of the effects of droplet surface 
tension on charging than studies using proteins [40-44], where competing effects, such as 
conformational changes, can occur. 

Recently, Loo and coworkers found that addition of m-NBA and some other compounds, 
including sulfolane, to aqueous solutions containing noncovalent protein complexes can result in 
enhanced charging [43, 44].  Based on circular dichroism and H/D exchange measurements, they 
concluded that addition of 1.0% m-NBA to aqueous solutions does not affect the solution-phase 
structure of myoglobin in the initial solution [43].  Because m-NBA has a lower surface tension 
than water, enrichment of m-NBA in an evaporating droplet should result in a lower surface 
tension and lower charge state in the absence of competing effects, such as protein structural 
changes.  We recently proposed that the enhanced charging observed for protein complexes in 
ESI from aqueous solutions containing supercharging reagents, such as m-NBA, are the result of 
protein conformational changes that occur as a result of reduced evaporative cooling of the 
electrospray droplet as the concentration of the low volatility supercharging reagent is increased, 
resulting in higher droplet temperatures compared to solutions that do not contain these 
supercharging reagents [34].  The extent of charging and dissociation observed for large 
macromolecular protein complexes was similar under conditions where solutions were heated in 
the ESI nanospray emitter, or small amounts of m-NBA were added to unheated solutions 
containing the same noncovalent complex, consistent with thermal denaturation [34].  In contrast 
to results for large complexes, heated solutions containing smaller proteins, including 
myoglobin, did not result in a significant change in the observed charge-state distributions 
whereas addition of m-NBA did result in significant increases to the maximum and average 
charge states.  The similar charge-state distribution in heated and unheated solutions without m-
NBA is consistent with rapid folding of the protein in the unheated part of the tip of the ESI 
capillary [34] or in the ESI droplet as a result of evaporative cooling. 

A powerful method to probe molecular conformation is ion mobility spectrometry, which 
has been applied to a wide range of interesting problems [45-47].  Accurate collision cross 
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sections can be obtained from the arrival times of ions in a drift tube instrument and used to infer 
information about ion structure.  These data can provide a constraint for molecular modeling 
making it possible to eliminate structures that are calculated to be energetically competitive, but 
that have different cross sections.  Traveling wave ion mobility spectrometry (TWIMS) has been 
recently developed [48, 49] and used to separate conformers of noncovalent complexes [50-54].  
In TWIMS, ions are gated into a low-pressure chamber composed of stacked ring electrodes to 
which a radio frequency of opposite polarity is applied to adjacent rings, resulting in radial 
confinement of the ions.  DC potentials are superimposed on the ring electrodes at a fixed 
interval in an axial-directed traveling waveform.  Ions can “surf” the traveling wave and are 
separated from other ions of the same charge state based on their collision cross sections. 

To determine whether the enhanced charging observed for complexes in aqueous solutions 
containing supercharging reagents is due to protein conformational changes and unfolding, 
effects of solution heating and two supercharging reagents, m-NBA and sulfolane, on the 
charging of myoglobin were investigated.  TWIMS is used to measure changes to ion 
conformation that accompany enhanced charging observed with both supercharging reagents.  In 
addition, circular dichroism spectroscopy is used to observe and quantify disruption of secondary 
structure as a function of sulfolane concentration and solution temperature. Together, these data 
strongly suggest that higher charge states of myoglobin that are formed with these supercharging 
reagents added to aqueous solutions are significantly more unfolded than the lower charge state 
ions, and that this unfolding most likely occurs in the electrospray droplets as a result of 
chemical and/or thermal denaturation. 

 
3.3  Experimental 
 

Arrival time distributions and mass spectra were acquired using a hybrid quadrupole/ion 
mobility/time-of-flight instrument (Synapt™ High Definition Mass Spectrometer; Waters, 
Milford, MA, USA) equipped with a Z-spray ion source.  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, 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 inserted into the capillary so that contact with the 
solution was made.  Electrospray was initiated and maintained by applying 1 – 1.3 kV to the wire 
relative to instrument ground.  A cylindrical aluminum collar placed around the capillary, which 
can be resistively heated with NiCr wire, was used for experiments at elevated solution 
temperatures [34].  The temperature of the heating collar was monitored continuously with a 
thermocouple and temperature meter (Omega, Stamford, CT, USA). Myoglobin solutions were 
prepared from lyophilized powder (Sigma-Aldrich, St. Louis, MO, USA) by dissolution in 20 
mM ammonium acetate, pH = 7.0, at a protein concentration of ~20 µM.  m-NBA and sulfolane 
were purchased from Sigma-Aldrich (St. Louis, MO, USA) and were used without further 
purification.  

The TWIMS mobility cell was operated in linear ramp mode for wave height (5 – 16 V) 
with wave velocity at 300 m/s, and a pressure of 0.4 Torr of argon.  Pressures were maintained at 
1.4, 1.6 x 10-2, and 8.3 x 10-7 Torr in the backing, trap, and TOF regions, respectively.  The TOF 
analyzer was operated in “V” (single reflectron) mode.  Mass spectra were smoothed three times 
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using the Waters MassLynx software Mean smoothing algorithm with a 5 unit window and 
arrival time distributions were smoothed three times with a 1 unit window.   

Circular dichroism (CD) spectra were measured on a Jasco Model 810 spectropolarimeter 
(JASCO, Inc., Easton, MD, USA).  Temperature melts, monitored at 222 nm, were performed 
with 1 µM myoglobin in Milli-Q water (Millipore, Billerica, MA, USA) containing 0%, 2.5%, 
5.0% and 7.5% sulfolane. The solution temperature was increased from 25 °C to 75 °C by 1 
°C/minute over 50 minutes in a 1 cm quartz cuvette with constant mixing using a Teflon stir bar. 
Wavelength scan experiments were performed with the same ~1 µM myoglobin in Milli-Q water 
(Millipore, Billerica, MA, USA) containing 0%, 2.5%, 5.0% and 7.5% sulfolane at fixed 
temperatures to qualitatively observe protein unfolding.  
 Equilibrium chemical denaturant melts were obtained by titrating myoglobin solutions 
(~10 µM in 20 mM phosphate buffer, pH 6.9) containing 0%, 2.5%, 5.0% and 7.5% sulfolane 
with ~6 M guanidine hydrochloride ((GdmCl) MP Biomedicals, Solon, OH, USA) in a 1 cm 
quartz cuvette with constant mixing using a Teflon stir bar.  The CD222 nm unfolding curves were 
normalized, baseline-corrected, and fit to a two-state model, U D N, where U is the unfolded 
state and N is the native state of myoglobin. The free energy of folding, ΔGN, was obtained from 
the fit profiles using equation 2,  
 

fu = 1/(1+exp((-ΔGN - m[GdmCl])/RT)) eq. 2 
 

where  fu is the fraction unfolded, R is the gas constant, T is temperature, and m is the linear 
proportionality constant. 

Negative ion mass spectra were obtained with a quadrupole time-of-flight mass 
spectrometer equipped with a  Z-spray ion source (Q-Tof Premier, Waters, Milford, MA, USA) 
[34]. Ions were formed using nanoelectropsray emitters as described above.  Myoglobin 
solutions were prepared from lyophilized powder (Sigma-Aldrich, St. Louis, MO, USA) by 
dissolution in 200 mM ammonium acetate, pH = 8.0, at a protein concentration of ~10 µM. 

 
3.4 Results 
 

3.4.1  Ion Mobility   
 

3.4.1.1  m-NBA  Nanoelectrospray mass spectra of myoglobin in aqueous 20 mM 
ammonium acetate solution, pH 7.0, with 0 to 0.40 % m-NBA are shown in Figure 3.1.  Without 
m-NBA, the charge-state distribution is narrow and the average and maximum charge states are 
7.9+ and 9+, respectively (Figure 3.1a; Table 3.1).  No apomyoglobin or heme is observed, 
indicating that the transfer of ions from solution through the TWIMS mobility cell and TOF 
instrument is sufficiently gentle that no dissociation occurs.  Addition of 0.03% m-NBA (Figure 
3.1b) results in a modest shift in the average charge state to 8.4+ and no dissociation of the 
complex occurs.  A more significant shift in the average (9.7+) and maximum (15+) charge state 
is observed with 0.10% m-NBA (Figure 3.1c).  A small abundance of heme+ (m/z 616) and the 
corresponding 10+ and 9+ charge states of apomyoglobin are observed.  With 0.4% m-NBA, the 
average and maximum charge state is 11.7+ and 19+, respectively.  Heme+ and high charge 
states of apomyoglobin are also observed with low abundance indicating that a small fraction of 



 50  
 

the noncovalent complex has dissociated.  Results from Loo and coworkers indicate that addition 
of up to 1.0% m-NBA does not affect the conformation of myoglobin in bulk solution [43].  This 
suggests that the appearance of heme+ and apomyoglobin at higher concentrations of m-NBA is 
not due to changes in protein conformation as a result of its addition to the initial solution, but 
rather, dissociation of myoglobin must occur either in the electrospray droplet or in the gas 
phase.   

Ion mobility data for ions formed from each of these solutions were obtained and these data 
are shown in Figure 3.2.  The relative ion abundances are also given in Figure 3.2 to show how 
these change with increasing m-NBA concentration.  The arrival time distributions (ATDs) of 
ions with the same charge state that were formed from solutions containing different amounts of 
m-NBA are overlaid.  In each case, the ion mobility data for a given charge state does not 
appear to depend significantly on m-NBA concentration.  However, these data do show that the 
higher charge state ions that are formed with m-NBA have significantly higher cross sections, 
consistent with more unfolded structures.  The arrival time data were not calibrated, so these data 
only provide information about relative differences in conformation for each charge state. 

There is a single peak in the ATDs of each of the 7+ – 9+ charge states, with equal reduced 
arrival times, calculated by multiplying the estimated peak centroids by the charge state [55], for 
the 7+ and 8+ (~68 ms) and a slightly longer reduced arrival time for the 9+ (~73 ms), consistent 
with a single conformer or family of conformers with similar collision cross sections for each 
charge state.  These data, taking into account the nonlinear relationship between arrival time and 
mobility [56], indicate that the 7+ and 8+ ions have similar cross sections and that of the 9+ is 
slightly higher.  Based on drift tube IMS results for the 8+ and 9+ ions of apo- and 
holomyoglobin by Shelimov and Jarrold [57], these ions likely have relatively compact 
conformations or families of conformers.  Although addition of m-NBA dramatically reduces the 
relative abundances of these low charge state ions, it does not appear to have any measurable 
effect on their structures.  The 10+ and higher charge states are only formed from solutions 
containing m-NBA.  The ATD of the 10+ is considerably broader with tailing to longer arrival 
times, and a longer reduced arrival time (~83 ms) consistent with partial unfolding for some 
fraction of the population.  There are three and four well resolved peaks in the ATDs of the 11+ 
and 12+, respectively, and these peaks occur at longer reduced arrival times than those for the 
lower charge states, indicating that even the more compact conformers of these charge states are 
partially unfolded.  The 13+ also has multiple peaks in the ATD.  The most compact conformer 
(~107 ms) is a minor fraction of the population indicating that the majority of these ions are 
more unfolded.  Multiple conformers are also observed for the 14+ and 15+ but just a single peak 
is observed for the 16+ – 19+ ATDs.  The reduced arrival times for these high charge state ions 
progressively increase with increasing charge.  These data, taking into account the nonlinear 
relationship between arrival time and mobility [56], indicate a slight increase in cross section 
with charge, consistent with the trend of increasing collision cross sections measured by 
Shelimov and Jarrold for denatured apomyoglobin up to 22+ [57].  
  

3.4.1.2  Sulfolane  Nanoelectrospray mass spectra of myoglobin (in aqueous 20 mM 
ammonium acetate, pH 7.0) with 0 to 1.0 % sulfolane are shown in Figure 3.3.  The average and 
maximum charge states increase with higher concentrations of sulfolane, but the extent of charge 
enhancement is less than that obtained for a comparable concentration of m-NBA.  For example, 
the average and maximum charge states obtained with 0.4% sulfolane are 9.7+ and 16+, 
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respectively, whereas these values for 0.4% m-NBA are 11.7+ and 19+.  The results obtained for 
sulfolane are similar to those reported by Loo and coworkers, who observed a maximum charge 
state of 18+ with a 276 mM sulfolane solution (~2.6%, vol/vol).  In contrast, they report less 
supercharging with m-NBA than what is obtained under the conditions of these experiments 
(Figure 3.1).   

The ATDs and reduced arrival times for ions formed from solutions containing sulfolane 
are shown in Figure 3.4, and these data are overlaid the same as those in Figure 3.2.  As was the 
case with m-NBA, the ATD data for a given charge state does not depend significantly on the 
sulfolane concentration for most charge states, but the high charge states that are only formed 
with sulfolane present are significantly unfolded.  The ATDs for each charge state (Figure 3.4) 
are very similar to the corresponding data obtained with m-NBA (Figure 3.2), suggesting 
comparable extents of unfolded structure.  There are some differences in relative peak intensities 
within a distribution, e.g., data for 13+ in Figures 2 and 4, but the reduced arrival times of these 
peaks are nearly identical indicating that the same conformers or multiple unresolved conformer 
families exist, but the relative populations of these conformers can differ slightly. 
 

3.4.2  Solution Heating 
 

Nanoelectrospray mass spectra of myoglobin in aqueous 20 mM ammonium acetate, pH 
7.0, with the solution in the nanospray capillary heated to 30 ºC and 88 ºC are shown in Figure 
3.5.  There is no increase in the maximum charge state and only a minor increase in the average 
charge state at the higher temperature.  This result is consistent with previous results [34], 
although no loss of heme is observed under these conditions.  The ATDs of the 7+ – 9+ ions do 
not depend on the capillary temperature and the data for these charge states are very similar to 
those for the corresponding charge states formed from unheated solutions that contain either m-
NBA or sulfolane. 
 

3.4.3  Circular Dichroism Spectroscopy 
 

The stability of the native state of myoglobin as a function of sulfolane concentration was 
investigated using circular dichroism at 222 nm, which reflects the extent of alpha helical 
structure in proteins [58].  In these experiments, solutions containing ~10 µM myoglobin in 20 
mM phosphate buffer, pH = 6.9, and either 0%, 2.5%, 5.0%, or 7.5% sulfolane were titrated with 
~6 M guanidine hydrochloride. Unfolding curves are shown in Figure 3.6a.  Higher 
concentrations of sulfolane could not be used because sulfolane absorbs at these wavelengths and 
therefore interferes with the measurement near 10% concentration. Also, m-NBA was not used 
due to interference with the measurement at concentrations ≥ 0.1%.  The CD222 nm denaturation 
profiles were normalized, baseline-corrected, and fit to a two-state model, from which the free 
energies for folding are obtained using eq. 2 (average m = 5.1 ± 0.3 kcal/mol/M).  The free 
energies of folding as a function of sulfolane concentration are shown in Figure 3.6a.  These free 
energies are linear (R2 = 0.99) with respect to sulfolane concentration and have a slope of 1.5 ± 
0.1 kcal/mol/M.  Thus, sulfolane significantly destabilizes the native structure of myoglobin with 
increasing concentration. 

No observable loss of helicity occurs with even the highest sulfolane concentration that was 
used for CD222 nm analysis (7.5%) at room temperature.  Therefore, the relative helical content of 
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myoglobin was measured as a function of temperature between 25 °C and 75 °C for solutions 
containing 0%, 2.5%, 5.0%, and 7.5% sulfolane (Figure 3.6b).  Without sulfolane, myoglobin 
retains considerable helicity at higher temperatures (Figure 3.6b), consistent with previous CD222 

nm measurements [59].  The effects of sulfolane at higher concentration and higher temperature 
are more pronounced.  A significant loss of helicity occurs between 50 – 65 °C at the highest 
concentration.  Effects at even higher temperature were not investigated because myoglobin can 
aggregate at temperatures above this range [60].  CD spectra of ~10 µM  myoglobin with 5% 
sulfolane at 25, 35, 45, 55, 65, and 75 °C are inset in Figure 3.6b.  These spectra clearly show 
that significant unfolding of myoglobin occurs by 75 °C.  
 

3.4.4  Supercharging of Negative Ions 
 

Negative ion nanoelectrospray mass spectra of 10 µM myoglobin (in aqueous 200 mM 
ammonium acetate, pH 8.0) with 0 to 0.4% m-NBA and 0 to 1.0 % sulfolane are shown in Figure 
3.7.   Charging is enhanced with increasing concentrations of both reagents, with m-NBA having 
a greater effect than sulfolane on a per mole basis (Table 3.1).  Some heme– and apomyoglobin 
with slightly higher average charge is observed with 0.4% m-NBA (Table 3.1).  The extent of 
supercharging is significantly less than that observed for positive ions formed from the same 
solutions (Table 3.1).   

Konermann and Douglas previously reported that the extent of charging of denatured 
ubiquitin and cytochrome c is much lower for negative ions than for positive ions [61].  To 
determine if the extent of charging of myoglobin for negative ions has a similar insensitivity to 
protein conformation, positive and negative ion mass spectra of a 5 µM myoglobin solution 
containing 50% acetonitrile were obtained with all instrument parameters the same except for the 
instrument polarity (Figure 3.8).  Significant loss of native structure of myoglobin in this solution 
was confirmed by CD spectroscopy, and is consistent with apomyoglobin as the major charge 
state distribution in both mass spectra.  The extent of charging for positive ions is much greater 
than for negative ions (Figure 3.8, Table 3.1).  These results suggest that the extent of charging 
of myoglobin for negative ions can be similarly insensitive to structural change as was reported 
for denatured ubiquitin and cytochrome c [61].  This relative insensitivity to structure could 
account for the much lower supercharging observed for negative ions compared to positive ions 
if supercharging in purely aqueous solutions is caused by a change in protein structure as a result 
of chemical and/or thermal denaturation in the electrospray droplet.  In contrast to these results, 
Fenselau and coworkers observed much higher charge states for negative myoglobin ions 
electrosprayed from 50% methanol solutions at both acidic and basic pH [62].  This discrepancy 
illustrates the difficulty of trying to ascribe ESI analyte charging phenomena, including 
supercharging, to a single parameter, where many competing factors, including instrumental 
parameters, are at work. 

 
3.5  Discussion 
 

The ion mobility data provide compelling evidence that the higher charge state ions of 
myoglobin, formed when small amounts of either m-NBA or sulfolane are added to aqueous 
solutions, are significantly more unfolded than the lower charge state ions formed with or 
without the supercharging reagents.  The charge-state distributions in ESI mass spectra can 
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reflect the conformation of proteins in solution [17, 18], with folded native-like structures having 
fewer charges than structures that are more unfolded.  The increased charging observed with 
higher concentrations of supercharging reagents is consistent with a change in the solution-phase 
conformation from more native to more unfolded structures.  Both our CD results and those of 
Loo and coworkers [43, 44] indicate that neither m-NBA nor sulfolane significantly affect the 
secondary structure of myoglobin when these reagents are in the initial solutions at low 
concentration.  In addition, results from hydrogen deuterium exchange (H/DX) experiments with 
both ubiquitin and the protein heterodimer barnase-barstar, indicate that tertiary and quaternary 
structure is also not significantly affected by the low concentrations of supercharing reagent in 
the intial solution [63].  

Our CD results clearly demonstrate that myoglobin is destabilized with increasing sulfolane 
concentration by 1.5 ± 0.1 kcal/mol/M.  By comparison, the guanidine hydrochloride used in 
these experiments destabilizes myoglobin by ~4.7 kcal/mol/M.  Therefore, sulfolane is ~30% as 
effective as guanidine hydrochloride, a widely used chemical denaturant, for destabilizing the 
native structure of myoglobin.  Thus, the conformational change of myoglobin caused by these 
supercharging reagents, as indicated both by the increasing charge-state distribution and by the 
TWIMS data, must occur in solution during droplet evaporation or in the final stages of ion 
desolvation.  Unfolding after formation of the “naked” ions would not by itself result in 
enhanced charging. 

Denaturation of myoglobin in the electrospray droplet could occur either by chemical or 
thermal denaturation, or a combination of both.  Droplet evaporation results in increased 
concentrations of these supercharging reagents owing to their low vapor pressures.  As clearly 
shown by our CD experiments, the native structure of myoglobin is progressively destabilized 
with increasing sulfolane concentration, resulting in a greater fraction of these ions that are 
denatured in the electrospray droplet.  In addition, the droplet temperature will increase owing to 
less evaporative cooling at the later stages of the droplet lifetime.   

The similar ion mobility data for the low charge state ions formed with either m-NBA or 
sulfolane compared to when these supercharging reagents are not present indicate that gross 
structural changes during ESI do not occur to the entire solution-phase population when low 
initial concentrations of these supercharging reagents are used.  Because the composition of 
droplets that undergo Rayleigh fission may not be uniform, the lower charge state ions may be 
formed from those droplets that contain less reagent.  There could also be structural differences 
not reflected in the ion mobility data.  However, it is difficult to draw definitive conclusions from 
these data because many different factors, in addition to structure, affect charging, and additional 
structural changes may also take place in the gas phase. 

 
3.5.1  Conformational Changes in the Electrospray Droplet 

 
Significant changes in the secondary and tertiary structure of sperm whale myoglobin occur 

rapidly at temperatures > ~70 ºC [60], with at least some loss of heme expected [64].  The 
similar appearance of the nanospray mass spectra at 30 and 88 ºC (Figure 3.5) is consistent with 
refolding occurring at lower temperature.  The ion mobility data in Figure 3.5 clearly 
demonstrate that the gas-phase ions formed from the higher temperature solutions have folded 
conformations with similar cross sections to those ions formed from unheated solutions, 
consistent with solution-phase folding in the tip of the nano-ESI capillary or potentially in the 
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ESI droplet.  Results from previous circular dichroism experiments indicate that myoglobin can 
fold in the ms time frame [65, 66], which is sufficiently fast for refolding to occur in the droplet 
which is evaporatively cooled, and it has been shown that myoglobin can recover a substantial 
fraction of its helicity after thermal denaturation [66].  In addition, the temperature-dependent 
CD measurements made with 0% sulfolane described above show that at 75 °C, there is little loss 
of helical content, so even modest evaporative cooling could allow the protein to refold to a more 
native state.  Therefore, as evidenced by the fast folding observed in these capillary heating 
experiments, and the ms timescale for folding [65, 66] and unfolding [67-69] measured by 
others, it is reasonable to postulate that an unfolding transition can also occur on the timescale of 
ESI. 

The CD222 nm guanidinium denaturation profiles obtained here show that chemical 
denaturation is also likely as the concentration of the supercharging reagent in the droplet 
increases.  For example, with the 25 ºC denaturing strength measured in these experiments (1.5 ± 
0.1 kcal/mol/M), a solution initially containing 1% sulfolane (0.11 M) would only need to 
become enriched in sulfolane by ~40x to destabilize the native state of myoglobin ~7 kcal/mol so 
that the free energies of the native and unfolded states are equal.  Because sulfolane is 
significantly less volatile than water (sulfolane b.p. = 287.6 ºC at 760 torr), this or even greater 
extents of enrichment is plausible.  Furthermore, results from the temperature-dependent CD222 nm 
measurements show that the effects of sulfolane become more pronounced with increasing 
temperature.  Higher droplet temperatures will reduce the magnitude of enrichment necessary to 
reach a ΔGN ≈ 0 kcal/mol for myoglobin.  Evidence for enrichment of the supercharging reagent 
can be inferred from the results of Loo and coworkers who observed supercharging reagents 
adducted to their protein analytes in the gas phase [43].   

Under the conditions of these experiments, the extent of supercharging obtained with 
sulfolane is less than that obtained with m-NBA on a per mole basis, although in high enough 
concentration, sulfolane can supercharge to similar levels observed with lower concentrations of 
m-NBA.  The difference in supercharging extents may be attributed in part to the different 
boiling points of these two compounds.  Sulfolane has a lower estimated boiling point than m-
NBA (101 ºC versus 177 ºC at 3 Torr, respectively; value for sulfolane at 287 ºC and 760 Torr 
[38] is adjusted to 3 Torr [70]).  This would result in a lower extent of droplet heating for 
solutions containing sulfolane as compared to solutions with m-NBA at the same initial 
concentration.  Again, it is difficult to draw definitive conclusions about the influence of just a 
single physical parameter because many competing factors contribute to the extent of charging 
observed in ESI mass spectra, including analyte conformation [17, 18], surface tension [13, 26, 
27], droplet size [71], instrumental parameters [20], solvent and analyte gas-phase basicity [21-
23, 43], etc. 

Loo and coworkers have recently suggested that a significant factor in protein complex 
supercharging from aqueous solution is proton transfer as a result of the relatively low solution- 
and gas-phase basicity of the supercharging reagents compared to the protein complex analyte 
[43].  In addition, they suggest that the supercharged protein complexes may be transferred to the 
gas phase with the native or native-like conformation intact [43], although the broader charge 
state distributions they observed are more consistent with some structural changes to the native 
conformation(s).  m-NBA supercharges to a greater extent than sulfolane on a per mole basis for 
both positive and negative ions (Figure 3.7, Table 3.1) suggesting that proton transfer is not the 
primary origin of charge enhancement.  
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As clearly shown in a number of previous studies, solvent and analyte gas-phase basicity 
does affect charging in electrospray ionization [21-23, 43], so it cannot be ignored in a study of 
the mechanism of supercharging.  However, our results strongly suggest that protein unfolding is 
the primary cause of supercharging from aqueous solutions.  Loo and coworkers have called into 
question the charged residue mechanism and the role of solvent surface tension in the ionization 
of protein complexes because their calculations indicate that these supercharged ions exceed the 
charge limit predicted by the model for a protein electrosprayed from aqueous solutions 
containing m-NBA, sulfolane, and benzyl alcohol (another reagent found to supercharge) [43].  
However, those charge-limit calculations were made assuming a compact spherical shape of the 
protein and a spherical droplet, whereas the results shown here strongly suggest that unfolding 
occurs in the electrospray droplet when proteins are supercharged from purely aqueous solution. 

 
3.6  Conclusions 

 
Addition of either m-NBA or sulfolane to aqueous solutions can increase both the average 

and maximum charge state of proteins and protein complexes.  Because both m-NBA and 
sulfolane have higher boiling points than water, the concentration of these supercharging 
reagents will increase as droplet evaporation occurs, which will lower the droplet surface 
tension, and hence lower the maximum charge density of the droplet.  As the concentration of the 
low vapor pressure supercharging reagent increases, evaporative cooling will be reduced 
compared to droplets that do not contain these supercharging reagents.  With reduced 
evaporative cooling to offset collisional heating that occurs in the ESI interface, the temperature 
of the droplet will be higher late in the droplet lifetime after most of the more volatile solvent has 
evaporated.  Results from TWIMS experiments clearly show that the higher charge state ions 
formed from solutions containing these supercharging reagents have conformations that are 
significantly more unfolded than those of lower charge state ions originating from solutions 
either with or without the supercharging reagents.  Results from CD experiments clearly 
demonstrate a direct relationship between myoglobin destabilization and sulfolane concentration.  
Because m-NBA and sulfolane do not appear to affect protein conformation at the low 
concentrations in the initial solutions, these results strongly suggest that protein unfolding occurs 
in the electrospray droplet as a result of chemical and/or thermal denaturation owing to higher 
concentrations of the supercharging reagent and elevated droplet temperature.  Thus, the effects 
of protein unfolding on charging are greater than those of decreased droplet surface tension in 
these experiments, although other factors, such as basicity of the supercharging reagents, almost 
certainly influence the extent of charging as well.  In contrast, for analytes that undergo only 
minimal conformational changes, such as many denatured proteins in water/methanol/acetic acid 
solutions or DAB-16 [13], droplet surface tension appears to play a primary role in the 
mechanism of supercharging. 

Because droplet evaporation occurs rapidly, addition of these supercharging reagents to 
solutions containing functional proteins or protein complexes in aqueous solutions can result in  
denaturation and unfolding after the electrospray droplet is formed.  This capability may find 
applications in protein folding studies where inducing conformational changes is desired.  This 
protein denaturing method could also be used to unfold proteins in solution-phase H/D exchange 
experiments to produce supercharged ions that are more readily dissociated using electron 
capture or electron transfer dissociation.  There is increasing evidence that the extent of H/D 
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scrambling can be minimal with electron capture [72-75] and electron transfer dissociation [76-
78] so that information about the rates of exchange in solution can be obtained from gas-phase 
dissociation experiments with individual amino acid resolution.  Initial results in our laboratory 
with solution H/D exchange of ubiquitin followed by top-down electron transfer dissociation 
indicate that addition of small amounts of m-NBA to the solutions does not affect H/D exchange 
rates compared to rates measured by NMR under comparable conditions [63].  Addition of m-
NBA in these experiments has the advantage that H/D exchange data can be continuously 
acquired at room temperature without the need to quench the exchange reaction, and highly 
charged ions, which are ideal for either electron transfer or electron capture dissociation, are 
formed, which may make it possible to extend top-down H/D exchange experiments to even 
larger proteins and protein complexes. 
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3.8  Tables and Figures 
 
 
Table 3.1  Results for average (and maximum) charge states for holo- and apomyoglobin. 

 
% m-NBA 

0.00 0.03 0.1 0.4 
Holomyoglobin (+) 7.9 (9) 8.4 (10) 9.7 (15) 11.7 (19) 
Apomyoglobin (+) N/A N/A 9.5 (10) 11.1 (13) 
Holomyoglobin (-) 6.4 (7) 6.6 (7) 6.6 (8) 7.1 (8) 
Apomyoglobin (-) 6.0 (6) 5.9 (6) 5.9 (6) 6.4 (7) 

        
  % Sulfolane 
  0.0 0.1 0.4 1.0 

Holomyoglobin (+) 7.9 (9) 8.3 (9) 9.7 (16) 11.1 (17) 
Apomyoglobin (+) N/A N/A N/A 12.4 (14) 
Holomyoglobin (-) 6.4 (7) 6.7 (8) 6.7 (8) 6.7 (8) 
Apomyoglobin (-) 6.0 (6) 6.0 (6) 6.0 (6) 6.2 (7) 

        
    Temperature   

  30 ºC 88 ºC  

Holomyoglobin (+)   7.9 (9) 8.4 (9)  

     

    1:1 Aqueous:Acetonitrile   
  Positive Ion Mode  Negative Ion Mode  

Holomyoglobin  8.1 (9) 5.9 (7)  
Apomyoglobin   9.3 (18) 5.8 (7)   
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Figure 3.1  Nanoelectrospray ionization mass spectra of 20 µM 
myoglobin in aqueous ammonium acetate solutions containing a) 0.00%, 
b) 0.03%, c) 0.10%, and d) 0.40% m-NBA.  * indicates charge states of 
apomyoglobin.  Molecular structure of m-NBA is inset in a). 
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Figure 3.2  Arrival time distributions (ATD) (left) and relative ion 
abundances (right) for different charge states of myoglobin formed by 
nanoelectrospray ionization from aqueous ammonium acetate solutions 
containing either 0.00%, 0.03%, 0.10%, or 0.40% m-NBA.  The ATDs 
of the same charge state formed from solutions containing different 
amounts of m-NBA are overlaid.  The most intense peaks in each ATD 
are labeled with the reduced arrival time (in ms), calculated by 
multiplying the estimated peak centroids by the ion charge. 
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Figure 3.3 Nanoelectrospray ionization mass spectra of 20 µM 
myoglobin in aqueous ammonium acetate solutions containing a) 0.0%, 
b) 0.1%, c) 0.4%, and d) 1.0% sulfolane.  * indicates charge states of 
apomyoglobin.  Molecular structure of sulfolane is inset in a). 
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Figure 3.4 Arrival time distributions (ATD) (left) and relative ion 
abundances (right) for different charge states of myoglobin formed by 
nanoelectrospray ionization from aqueous ammonium acetate solutions 
containing either 0.0%, 0.1%, 0.4%, or 1.0% sulfolane.  The ATDs of 
the same charge state formed from solutions containing different 
amounts of sulfolane are overlaid. The most intense peaks in each ATD 
are labeled with the reduced arrival time (in ms), calculated by 
multiplying the estimated peak centroids by the ion charge. 
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Figure 3.5  Nanoelectrospray ionization mass spectra (a and b) and 
arrival time distributions (c-e) of the 7+ – 9+ charge states of myoglobin 
formed from aqueous ammonium acetate solutions at 30 and 88 ºC. 
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Figure 3.6  Circular dichroism (222 nm) denaturation profiles of 10 µM 
myoglobin in solutions containing 0%, 2.5%, 5.0%, or 7.5% sulfolane.  
(a) Guanidine hydrochloride denaturation profiles; free energies for 
folding, ΔGN, were obtained from fit profiles using eq. 2, with average m 
= 5.1 ± 0.3 kcal/mol/M. Inset: ΔGN values obtained for each 
concentration of sulfolane fit to a linear function with a slope of 1.5 
kcal/mol/M of sulfolane and an intercept of -7.0 kcal/mol (R2 = 0.99).  
(b)  Temperature denaturation profiles showing effects of sulfolane 
concentration on the relative helical content of myoglobin; CD spectra 
of myoglobin with 5% sulfolane as a function of temperature inset. 
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Figure 3.7  Negative ion nanoelectrospray ionization mass spectra of 10 
µM myoglobin in 200 mM ammonium acetate, pH = 8.0, solution 
containing (a) 0%, (b) 0.03%, (c) 0.10%, or (d) 0.40% m-NBA, or (e) 
0%, (f) 0.10%, (g) 0.40%, or (h) 1.0% sulfolane. 

 
 
 
 
 
 

 
 

Figure 3.8  Positive (top) and negative (bottom) nanoelectrospray 
ionization mass spectra for 10 µΜ myoglobin in a 1:1 200 mM 
ammonium acetate (pH 7.0):acetonitrile solution.  Both CD spectra and 
the high abundances of apomyoglobin indicate substantial disruption of 
the native protein structure from these solutions. 
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Chapter 4 
 

The Role of Conformational Flexibility on Protein Supercharging in 
Native Electrospray Ionization 

 
This chapter is reproduced with permission from 

Sterling, H.J.; Cassou, C.A.; Trnka, M.J.; Burlingame, A.L.; Krantz, B.A.; Williams, E.R. 
“The Role of Conformational Flexibility on Protein Supercharging  

in Native Electrospray Ionization” 
Physical Chemistry Chemical Physics 2011, 13, 18288-18296. 

© 2011 Royal Society of Chemistry 
 
 

4.1 Abstract 
 

Effects of covalent intramolecular bonds, either native disulfide bridges or chemical 
crosslinks, on ESI supercharging of proteins from aqueous solutions were investigated.  
Chemically modifying cytochrome c with up to seven crosslinks or ubiquitin with up to two 
crosslinks did not affect the average or maximum charge states of these proteins in the absence 
of m-nitrobenzyl alcohol (m-NBA), but the extent of supercharging induced by m-NBA 
increased with decreasing numbers of crosslinks.  For the model random coil polypeptide 
reduced/alkylated RNase A, a decrease in charging with increasing m-NBA concentration 
attributable to reduced surface tension of the ESI droplet was observed, whereas native RNase A 
electrosprayed from these same solutions exhibited enhanced charging.  The inverse relationship 
between the extent of supercharging and the number of intramolecular crosslinks for folded 
proteins, as well as the absence of supercharging for proteins that are random coils in aqueous 
solution, indicate that conformational restrictions induced by the crosslinks reduce the extent of 
supercharging.  These results provide additional evidence that protein and protein complex 
supercharging from aqueous solution is primarily due to partial or significant unfolding that 
occurs as a result of chemical and/or thermal denaturation induced by the supercharging reagent 
late in the ESI droplet lifetime. 

 
4.2  Introduction 
 

The ability to produce multiply charged ions of large molecules directly from aqueous 
solution with electrospray ionization has many advantages for the analysis of proteins and 
protein complexes using mass spectrometry (MS).  A key advantage is that multiple charging 
reduces the analyte m/z ratio into a range where the performance of many measurements, 
including accurate mass and tandem MS, can be excellent.  Many factors can affect the extent of 
protein charging observed in ESI, including analyte conformation [1-4], solvent and analyte 
basicity [5-7], solvent surface tension [8-10], and instrument parameters [11-14].  Charge states 
can be lowered by using ion-molecule [6, 7] or ion-anion [15, 16] reactions, which can reduce 
mass spectral complexity of mixtures by reducing the number of peaks observed in a mass 
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spectrum, but can require mass analyzers with high m/z capability.  In contrast, there are 
relatively few methods to systematically increase analyte charge, which can be especially 
advantageous for MS/MS experiments or for instruments, such as orbitrap or Fourier transform 
ion cyclotron resonance mass spectrometers, where sensitivity increases with ion charge.  
Unfolded proteins can charge to a significantly greater extent compared to the same protein in a 
globular or a native state [1-3].  Multiple charge state distributions of the same protein or protein 
complex can often be observed in ESI mass spectra, and information about different 
conformations that coexist in solution has been inferred from modeling these distributions [4].  
McLuckey and coworkers recently demonstrated that the charge states of proteins formed by ESI 
from purely aqueous solutions can be significantly increased by introducing acid vapor into the 
counter-current drying gas of an ESI interface, resulting in a lowering of the pH in the ESI 
droplet and concomitant acid denaturation of the protein [17]. 

Addition of small amounts of some low-volatility “supercharging” reagents to ESI 
solutions can also significantly increase ion charge states [8-10, 18-29].  For ions formed from 
acidified solutions containing both water and organic solvents where the protein is largely 
unfolded, higher charging is predominantly the result of increased surface tension of the ESI 
droplet that occurs when the concentration of the supercharging reagent in the droplet increases 
as higher volatility solvents with lower surface tension preferentially evaporate [8-10, 29].  The 
maximum number of charges, zRe, which a spherical droplet can hold is related to surface 
tension, γ, by eq. 1; 

zRe = 8π(ε0γR3)1/2        (eq. 1) 
 
where zR is the unit charge limit, e is the elementary charge, ε0 is the permittivity of the 
surrounding medium, and R is the droplet radius [30].  In the absence of any competing factors, 
the charge on an ion should be related to the charge density on the droplet surface [10, 31].  

For ions formed from purely aqueous or buffered aqueous solution, conformational 
changes induced by the supercharging reagent in the late stages of ESI droplet evaporation 
appear to be the major factor in increased charging observed for proteins [22-24], although this 
mechanism remains controversial [26-28].  As the charged aqueous droplets containing a 
supercharging reagent evaporate, the concentration of the supercharging reagent increases owing 
to its high boiling point compared to water.  For example, the boiling point of m-NBA, a 
commonly used supercharging reagent, is 177 °C at 3 Torr [32], from which a value of ~405 °C 
at 760 Torr can be estimated [33].  The rapid increase in supercharging reagent concentration in 
the later stages of the ESI droplet lifespan has two complementary effects.  First, the lifetime of 
the ESI droplet is extended [34] due to the lower evaporation rate compared to a purely aqueous 
droplet without the reagent.  This can result in more collisional activation and less evaporative 
cooling, causing an increase in the droplet temperature compared to droplets without the reagent.  
Higher droplet temperatures can destabilize the native form of proteins due to thermal 
denaturation, and even partial unfolding of the protein can cause increased charging [22].  
Second, the supercharging reagents can act as chemical denaturants, which increasingly 
destabilize the native protein structure as the concentration of the reagent increases during 
droplet evaporation [23, 24].  Sulfolane, a reagent found by Loo and coworkers to be effective at 
supercharging proteins and protein complexes from aqueous solutions [26], is a chemical 
denaturant, destabilizing the native structure of myoglobin by 1.5 kcal/mol/M, making sulfolane 
~30% as effective at destabilizing this protein as guanidinium chloride [23]. 
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Results from hydrogen/deuterium exchange [24] and circular dichroism (CD) experiments 
[23] show that native protein conformations are essentially unaffected at the low reagent 
concentrations typically used in the solutions prior to ESI.  Similarly, solution pH is essentially 
unaffected by addition of up to 1.0% m-NBA [25].  However, as the concentration of the reagent 
rapidly increases during droplet evaporation, the native structures of proteins are increasingly 
destabilized, resulting in conformational changes and concomitant higher charging [23, 24].  The 
increased droplet temperature and reagent concentration effects are complementary in that the 
denaturing strength of sulfolane increases with increasing solution temperature [23].  The 
chemical and/or thermal denaturation caused by the supercharging reagent in the ESI droplet is 
analogous to McLuckey and coworkers’ acid-induced denaturation in the ESI droplet, in which 
protein unfolding occurs in the acidified droplet on the timescale of droplet evaporation [17]. 

In contrast to results for proteins, addition of small amounts of m-NBA to aqueous 
solutions containing an amine-functionalized dendrimer, poly(propyleneimine) (DAB-16), 
results in a lowering of the charge states [10].  Because DAB-16 cannot undergo significant 
conformational changes [35], the lowering of the charge state distribution for this ion can be 
attributed to a lowering of the surface tension of a droplet enhanced in m-NBA (50 ± 5 mN/m) 
[9] compared to a pure aqueous droplet (72 mN/m at 25 °C) [32].  Thus, for proteins, the charge 
enhancement due to unfolding can overcome the charge-lowering effects of reduced droplet 
surface tension, both caused by the increase in supercharging reagent concentration in the 
aqueous ESI droplets.   

The effects of supercharging reagents on protein ion conformations have been investigated 
using ion mobility.  Relative extents of protein unfolding induced by supercharging were 
measured using traveling wave ion mobility spectrometry for both ubiquitin [24] and myoglobin 
[23].   Arrival time distributions show that the higher charge state ions that are formed by 
supercharging are significantly more unfolded than lower charge state ions.  Recently, Hogan et 
al. measured the mobilities of monomers and homooligomers of phosphorylase B ions formed 
from aqueous solutions containing the charge-reducing reagent triethylammonium formate 
(TEAF) and the supercharging reagent sulfolane using a differential mobility analyzer-mass 
spectrometer [27].   An average decrease in mobility of ~8.8%, corresponding to increased 
collision cross sections, was measured for common-charge-state ions formed with sulfolane 
compared to when sulfolane was absent [27].  The authors concluded that the decrease in 
mobility was likely due to adduction or “trapping” of sulfolane in the protein interior, although 
no change in mass was measured [27].  An alternative explanation for these results is that partial 
unfolding occurred. 

Here, the relationship between protein conformational flexibility and the extent of 
supercharging from purely aqueous solutions is investigated using proteins that are 
conformationally restricted either with various numbers of native disulfide bonds or various 
numbers of covalent chemical crosslinks.  The extent of supercharging has an inverse correlation 
with the number of crosslinks, which provides additional support for our hypothesis that protein 
conformational changes caused by chemical and/or thermal denaturation in the electrospray 
droplet are the primary cause of supercharging proteins and protein complexes from purely 
aqueous solutions.  These results also suggest that the extent of supercharging is likely to be 
protein-dependent and may be affected by the protein stability and radius of gyration of the 
unfolded states of the protein in solution. 
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4.3  Experimental 
 

 All mass spectra were acquired using a LTQ-mass spectrometer (Thermo Fisher 
Scientific, Waltham, MA, USA) equipped with a nanoelectrospray source.  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, 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 inserted into the nanoelectrospray emitter 
so that contact was made with the solution, and ESI was initiated and maintained by applying 0.6 
– 1.2 kV to the wire relative to instrument ground.  Solution heating was done using a cylindrical 
aluminum collar placed around the capillary which was resistively heated with NiCr wire [22].  
The temperature of the heating collar was monitored continuously with a thermocouple and 
temperature meter (Omega, Stamford, CT, USA).  All proteins and m-NBA were purchased from 
Sigma-Aldrich (St. Louis, MO, USA) and used without additional purification. 

Reduced/alkylated RNase A and phospholipase A2 were prepared by first denaturing the 
proteins in 6 M guanidine hydrochloride (MP Biomedicals, Solon, OH, USA), 200 mM 
ammonium acetate solution, and then reacting in the dark at ambient temperature with a ~100× 
molar excess of dithiothreitol (DTT) and either iodoacetamide or iodoacetic acid (Sigma-
Aldrich, St. Louis, MO, USA) for ~1.5 hours.   The solutions were dialyzed into 20 mM 
ammonium bicarbonate and either flash-frozen in liquid nitrogen before being stored at –80 °C 
or they were used immediately for analysis.   

Cytochrome c and ubiquitin were crosslinked using suberic acid, bis(3-sulfo-N-
hydroxysuccinimide ester) (BS3), from 1.50 mL solutions that were 10 µM in protein, 90 mM in 
potassium phosphate and 0.3 M in sodium chloride (pH 7.6).  To initiate the reaction, 30 µL of a 
freshly made 5 mM solution of BS3 in extra dry dimethyl sulfoxide (DMSO; Acros Organics, 
Waltham, MA, USA) was added.  The mixture was left to react at room temperature for 30 
minutes, at which point the reaction was quenched with 100 µL of 100 mM ammonium acetate.  
The reaction mixture was dialyzed into 100 mM ammonium acetate (pH 7.0).  For cytochrome c, 
crosslinking was also done with 1,3-diformyl-5-ethynylbenzene (DEB) [36] from a 98 µL 
solution that was 18 µM in protein and 100 mM in HEPES (pH 8.0), equilibrated at 37 °C with 
10 mM DEB (added from 10× stock solution in DMSO).  Sodium cyanoborohydride (Acros 
Organics, Waltham, MA, USA) was added to a final concentration of 20 mM (from 50× stock in 
0.01 N NaOH), and the sample was incubated for 1 hour at 37 °C.  Crosslinking was quenched 
and the buffer exchanged for 100 mM ammonium acetate (pH 7.0) by applying the sample to a 
gel-filtration spin column that had been equilibrated into this buffer (ZebaSpin, 7 kDa MWCO, 
Thermo Scientific, Waltham, MA, USA). 

 
4.4 Results and Discussion 
 

4.4.1  Crosslinks and Supercharging  The small homobifunctional crosslinking reagent 
BS3 can covalently bind surface-accessible amino groups within ~11.4 Å of its end-to-end 
distance [37].  The extent to which a crosslinked protein can unfold is limited both by the 
number of crosslinks and the locations where they are formed.  This approach to limiting protein 
conformational flexibility was used previously to investigate how conformational changes affect 
asymmetric charge partitioning in gas-phase dissociation of protein-protein complexes [38].  
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Nanoelectrospray mass spectra of 10 µM BS3-crosslinked cytochrome c in 100 mM ammonium 
acetate (pH 7.0) solution containing 0 to 1.5% m-NBA are shown in Figure 4.1.  Multiple peaks 
corresponding to between two and seven crosslinks, as well as multiples of derivatized protein 
where only one end of the crosslinking reagent is attached and the other end remains unreacted 
(“dead-ends”), are observed for each charge state.  The two native covalent thioether crosslinks 
to the heme group [39] are included in the total number of crosslinks for determining how the 
average and maximum charge vary with the number of crosslinks.  Dead-end crosslinks are not 
included because they do not likely restrict protein unfolding.  It is notable that the observed 
trends in charging and the extent of charging as a function of m-NBA concentration for 
molecules with a single dead-end crosslink are similar to the corresponding variant with the same 
number of complete crosslinks but without a dead-end crosslink, indicating that converting the 
primary amine of a lysine side chain or the N-terminus to a less basic amide does not 
significantly affect the trends observed. 

Without m-NBA, neither the average nor maximum charge states of cytochrome c with 
between two and seven crosslinks depend significantly on the number of crosslinks (Figure 4.1, 
Table 4.1).  The average charge is ~7.0+ and the maximum charge state is either 7+ or 8+.  The 
similar charge state distributions for ions with different numbers of crosslinks indicate that the 
crosslinkers do not cause any major structural changes to this protein.  Both the average and 
maximum charge states for each of the six variants increases with increasing concentration of m-
NBA, but more charging occurs for variants that have fewer crosslinks (Table 4.1).  The average 
charge of each variant as a function of m-NBA concentration is shown in Figure 4.2a.  There is a 
clear inverse relationship between the extent of supercharging and the number of crosslinks. 

Even with seven crosslinks, charging is still increased with m-NBA (Table 4.1), 
suggesting that some unfolding can still occur.  The effects of the crosslinks will depend on 
which residues are bound, so not all crosslinks are equally effective at restricting conformational 
flexibility.  Fales and coworkers used trypsin proteolysis and MS/MS to find the most favorable 
positions of BS3 crosslinks in cytochrome c [40].  Some of the crosslinks, including the most 
easily formed Lys25–Lys27 crosslink, bind residues within the same loop or helix, whereas 
others, such as the Lys72–Lys86 crosslink, bind residues from different structural elements [40].  
Crosslinks within a loop or helix, such as a Lys25-Lys27 crosslink [40], should only have a 
modest effect on cytochrome c unfolding.  Even crosslinks between different regions of the 
protein may still allow considerable unfolding or elongation to occur.   

When lysine residues and/or the N-terminus are crosslinked with BS3, these primary 
amines react by acylation to form amides, which reduces the gas-phase basicity of these potential 
protonation sites.  To determine if the decrease in gas-phase basicity affects the trends we 
observe, cytochrome c was also reacted with DEB.  DEB crosslinks primary amines (the N-
terminus and lysine side chains) through reductive amination to form stable secondary amine 
linkages [36] which should increase the gas-phase basicity of these sites.  For these ions, there is 
a decrease in the extent of supercharging with increasing numbers of crosslinks, although this 
effect is smaller for the DEB-crosslinked cytochrome c than for the BS3-crosslinked cytochrome 
c (Table 4.1, Figure 4.2b).  A comparison of the extents of supercharging for BS3- and DEB-
crosslinked proteins is complicated by the shorter end-to-end distance of DEB (~7.3 Å) [36] 
versus BS3 (~11.4 Å) [37], which results in a different propensity to crosslink various sites.  
Nonetheless, it is clear from these results that the extent of supercharging in cytochrome c is 
limited by the conformational constraints induced by these crosslinks.   
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Similar results were obtained for BS3-crosslinked ubiquitin.  Only one or two BS3 

crosslinks were formed.  Both the average and maximum charge of these ions increases with m-
NBA, but as was the case for cytochrome c, there is a lower extent of supercharging with 
increasing numbers of crosslinks (Table 4.1, Figure 4.2c).  Interestingly, for all three forms of 
ubiquitin (zero, one and two crosslinks), the average and maximum charge increased very little, 
if at all, above 0.5% m-NBA, suggesting that the native state(s) of ubiquitin may require less m-
NBA to unfold compared to cytochrome c which increases in average and maximum charge with 
up to 1.0% of the supercharging reagent (Figure 4.2, Table 4.1). 

 
4.4.2  Random Coil and Native RNAse A The protein RNase A with all of its disulfide 

bonds reduced is widely recognized as a model unfolded polypeptide [41-45] due, in part, to its 
random coil CD spectra [43, 46-50] and lack of protection in hydrogen/deuterium exchange 
experiments [43, 45].  In recent synchrotron-based small angle X-ray scattering experiments, 
Sosnick and coworkers found that the radius of gyration of fully reduced RNase A does not 
change in 0–6 M guanidinium chloride [51].  For the experiments described here, all of the 
disulfide bonds of RNase A were reduced with DTT and capped using either iodoacetic acid or 
iodoacetamide to form carboxymethyl or carbamidomethyl derivatives, respectively, to prevent 
the disulfide bonds from reforming.  The effects of supercharging these random coil RNase A 
derivatives are compared to supercharging native RNase A present in the same solutions so that 
any uncertainties owing to minor environmental or instrumental differences can be eliminated in 
this comparison. 

Nanoelectrospray mass spectra of ~1:1 mixtures of reduced/alkylated RNase A (ra-RNase 
A) and native RNase A in aqueous 200 mM ammonium acetate (pH 7.2) solutions containing 0 
and 1.5% m-NBA are shown in Figure 4.3a and 4.3c.  Without m-NBA, the charge state 
distributions (CSD) for both the carboxymethyl derivative (Figure 4.3a; “acid-form”) and the 
carbamidomethyl derivative (Figure 4.3c; “amide-form”) are bimodal, with much higher relative 
abundances for the high charge state distribution (19+ – 10+) than for the low charge state 
distribution (9+ – 7+).  The broad distribution of high-charge peaks indicate that the majority of 
the derivatized protein is unfolded in solution, as expected [41-45], whereas the low-charge 
distribution indicates that there is a small population that retains some residual or transient 
higher-order structure in solution.  In contrast, the native (nonderivatized) protein in both 
mixtures has a single gaussian-shaped CSD with a much lower average (6.9+) and maximum 
(8+) charge than the random coil derivatives (Table 4.2), consistent with a family of native or 
native-like structures in solution. 

There is a significant increase in the average and maximum charge state of native RNase A 
with increasing m-NBA concentration (Table 4.2, Figure 4.3).  Without m-NBA, the average and 
maximum charge state of native RNase A is 6.9+ and 8+ whereas these values with 1.5% m-
NBA are 10.3+ and 13+, respectively.  In striking contrast, a decrease in the average charge state 
with increasing m-NBA concentration occurs for the high charge state distribution (19+ – 10+) 
of both the RNase A derivatives, whereas the corresponding low charge state distribution (9+ – 
7+) of these same molecules increases in average charge (Table 4.2).  Thus, m-NBA is effective 
at supercharging native RNase A and the derivatized forms that have some higher-order structure 
in the initial solution, whereas from the same solution, it causes decreased charging for the 
derivatized forms of RNase A that are already unfolded in solution.  The opposing trends in 
charging for the derivative forms of RNase A and native RNase A as a function of initial m-NBA 
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concentration can be clearly seen in Figure 4.3b and 4.3d, which shows the normalized 
abundances of the charge states for each of these molecules as a function of m-NBA 
concentration.  The decrease in charging with increasing m-NBA concentration for the unfolded 
forms of these RNase A derivatives is consistent with a surface tension effect.  The surface 
tension of a droplet enhanced in m-NBA (pure m-NBA; 50 ± 5 mN/m) [9] is lower than that of 
pure water (72 mN/m at 25 °C) [32], and in the absence of significant conformational changes to 
an analyte, the lowered surface tension can cause reduced charging [10].  In contrast, the 
increased charging of RNase A with m-NBA is consistent with partial unfolding of the molecules 
in the ESI droplet.  Thus, the competing effects of both surface tension and chemical and/or 
thermal denaturation induced by addition of m-NBA can be observed for these different analytes 
formed from the same ESI droplets.  Nearly identical results are observed for both forms of ra-
RNase A (Table 4.2), indicating that any effects of basicity caused by these chemical 
modifications on charging are negligible. 

 
4.4.3  Supercharging “Denatured” Proteins from Aqueous Solution  To determine the 

effects of adding m-NBA to an aqueous solution containing a “denatured” protein, an ESI mass 
spectrum of native RNase A formed from an aqueous solution to which HCl was added (pH 1.9) 
and heated at 50 °C for five minutes prior to and during analysis was obtained (Figure 4.4b).  
The average and maximum charge state of RNase A from this solution is 10.9+ and 14+, 
respectively, which is significantly higher than those obtained from a “native” solution (Figure 
4.4a; 200 mM ammonium acetate, pH 7.2), consistent with a significant loss of structure of this 
protein in the heated, acidified solution.  The extent of acid/heat induced charge enhancement is 
only somewhat higher than that observed from “native” aqueous solutions containing 1.5% m-
NBA (Table 4.2, Figure 4.3) indicating that m-NBA present in the ESI droplet is nearly as 
effective at disrupting the native structure of this protein as the acid/heat treatment used here.  

With m-NBA added to the 50 °C “denaturing” solution, the average and maximum 
charge states increase further to 14.1+ and 17+, respectively (Figure 4.4c).  This result is 
consistent with some studies which indicate that in similarly low pH, high temperature solutions 
[52, 53], or in solutions with high denaturant concentration [54], native RNase A retains a 
significant amount of native structure.  For example, Fink and coworkers measured 11% helix 
and 17% β-sheet content in native RNase in a pH 2.0, 65 °C solution [53].  Upon addition of 
guanidinium chloride to this “denaturing” solution, they observed a noncooperative loss of the 
remaining helical structure [53].  Similarly, Lustig and Fink measured a loss of secondary 
structure upon addition of methanol to a pH 2.0, 70 °C, 5 M guanidinium chloride solution of 
RNase A [55].  These experiments demonstrate the additive effect of two or more denaturants 
when the analyte still has residual structure that can be disrupted, and illustrates that some 
higher-order protein structure can remain even in solutions often thought to be more fully 
denaturing.  Here, the addition of m-NBA to the “denaturing” acidified and heated solution 
appears to have a similar additive effect causing additional unfolding and concomitantly higher 
charging to occur during ESI. 

It is interesting that there is a higher average charge with a tighter distribution of charge 
states and a lower maximum charge for the “denatured” native RNase A with 1.5% m-NBA 
compared to both forms of the raRNase A with 1.5% m-NBA, which should be largely unfolded 
(Table 4.2).  The higher average charge and tighter distribution of charge states for RNase A 
could be the result of the high denaturant concentration/conditions causing even transient 
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intramolecular interactions that may occur for raRNase A to become less favorable, while the 
lower maximum charge could be due to the intact disulfide bonds, which may not allow the 
protein to unfold as much as the disulfide-reduced protein. 

 
4.4.4 Highly disulfide-bonded phospholipase A2  Phospholipase A2 (PLA2) proteins 

from diverse sources have native structures that are highly resistant to denaturation [56-58].  For 
example, there is no change in the optical rotary dispersion (ORD) spectrum of honeybee PLA2 
from 10 to 90 °C [59] and no change in the ORD or CD spectra of porcine PLA2 upon increasing 
the urea concentration from 0 to 8 M [60].  Common among the members of the PLA2 
superfamily of enzymes [61] are a large number of disulfide bonds (5–8) for their relatively 
small sizes (13–18 kDa) [62-64].  The high density of disulfide bonding is the foundation of their 
rigid structures and their stability to proteolysis and resistance to denaturation [57, 58].  
Nanoelectrospray mass spectra of phospholipase A2 from cobra venom (c-PLA2; 7 disulfide 
bonds) in aqueous 200 mM ammonium acetate (pH 7.2) solutions containing 0 to 1.5% m-NBA 
are shown in Figure 4.5a-d.  There is a significant increase in average (from 7.0+ to 8.9+) and 
maximum (8+ to 11+) charge state for c-PLA2 with 0 and 0.5% m-NBA, respectively (Table 
4.3).  Additional increases in average charge to 9.5+ and 10.2+ occurs with 1.0 and 1.5% m-
NBA, respectively, whereas the maximum charge does not change above the 13+ observed with 
1.0% m-NBA (Table 4.3).    

Similar results were obtained for phospholipase A2 from honeybee venom (hb-PLA2; 6 
disulfide bonds) (Figure 4.5e-h).  Each charge state in the distribution for hb-PLA2 is composed 
of a series of peaks separated by 160 Da, corresponding to multiple glycosylations that have been 
previously characterized [65].  Each glycoform was used in the calculation of average and 
maximum charge.  There is also a charge state distribution for an unknown species (labeled * in 
Figure 4.5e-h) that is consistent with a large C-terminal fragment of hb-PLA2, but was not 
characterized further and is treated as an impurity herein.  Without m-NBA, the average and 
maximum charge states are 7.8+ and 9+, respectively (Figure 4.5e, Table 4.3).  The average and 
maximum charge state of hb-PLA2 increase to 9.1+ and 10+, respectively, with 0.5% m-NBA 
(Figure 4.5f, Table 4.3).  The average and maximum charge are 9.9+ and 11+, respectively, with 
1.0% m-NBA (Figure 4.5g, Table 4.3).  There is very little change in charging with 1.5% m-
NBA (10.0+ (12+) Figure 4.5f, Table 4.3). 

Despite their inherent resistance to denaturation, both cobra and honeybee PLA2 can be 
supercharged with m-NBA.  To investigate whether this additional charging is due to structural 
changes occurring in regions between the disulfide bonds, we prepared fully 
reduced/carboxymethylated derivatives of both proteins and obtained mass spectra from aqueous 
200 mM ammonium acetate (pH 7.2) solutions containing 0 to 1.5% m-NBA.  Broad charge state 
distributions at high charge (16+ – 6+ (cPLA2), 19+ – 10+ (hbPLA2)) are formed without m-
NBA, consistent with significantly more unfolded structures in solution when the disulfide bonds 
are reduced and capped.  In contrast to the results for raRNase A, a very minor increase in 
charging was observed with 0.5% m-NBA, although no significant additional charging occurs 
with 1.0% or 1.5% m-NBA (Table 4.3).  These results suggest that surface tension effects may be 
overcome by the loss of some residual or higher-order transient structure of the 
reduced/carboxymethylated lipases.  Nonetheless, the higher charging observed for both of these 
derivatives (even without m-NBA) compared to the highest average and maximum charge for the 
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corresponding native proteins indicate that the disulfide bonds of the native proteins likely limit 
the extent of supercharging, similar to what was observed for native RNase A (Table 4.3). 

 
4.5  Conclusions 

 
The effects of reduced conformational flexibility, induced either by native disulfide bonds 

or by chemical crosslinkers, on the extent of supercharging in aqueous solutions with m-NBA 
were investigated.  Supercharging occurs even for extensively crosslinked proteins that cannot 
fully unfold, but there is a clear reduction in the extent of supercharging with increasing numbers 
of chemical crosslinkers.   Although supercharging occurs for native RNase A formed from 
aqueous solutions containing ammonium acetate (pH 7.2), a decrease in charge is observed for 
derivatized forms of RNase A in which the disulfide bonds are reduced and there is minimal 
residual higher-order structure.  Changes to basicities at potential sites of protonation induced by 
the chemical modifications had no noticeable effect on the extent of charging or supercharging 
with m-NBA indicating that the intrinsic proton transfer reactivity at these sites does not affect 
the extent of supercharging in these experiments. 

Although many factors can affect charging in ESI, including conformation [1, 2], solvent 
and analyte basicity [5-7], solvent surface tension [8-10], and instrument parameters [11-14], 
these results provide additional support for our hypothesis that conformational change, induced 
by enrichment of the supercharging reagent late in the ESI droplet lifetime, is the primary origin 
of supercharging of native proteins or protein complexes in aqueous solutions.  Previous circular 
dichroism and H/D exchange results indicate that these supercharging reagents do not cause a 
change in protein structure at the low concentrations used in the initial solutions [23, 24], but can 
destabilize protein conformation in the ESI droplet by chemical [23, 24] and/or thermal [22] 
denaturation as the concentration of the supercharging reagent increases owing to preferential 
evaporation of water.  The lower surface tension of the supercharging reagents compared to 
water can result in a lowering of the charge states for molecules where significant 
conformational changes are not possible [10], and the results described here show that a lowering 
of charge states can also occur for proteins in aqueous solution when the protein has little or no 
higher-order structure.  Thus, the additional charging induced by analyte unfolding can overcome 
the competing effects of lower droplet surface tension to produce a net supercharging effect for 
protein and protein complexes formed from aqueous solution.  Because supercharging depends 
in part on conformation, the extent of supercharging will be protein-dependent and will likely be 
influenced by protein stability as well as the radius of gyration of the unfolded states of the 
protein. 

 
4.6  References 
 
1. Chowdhury, S. K.; Katta, V.; Chait, B. T. Probing Conformational Changes in Proteins by 

Mass Spectrometry. J. Am. Chem. Soc. 1990, 112, 9012-9013. 

2. Loo, J. A.; Loo, R. R. O.; Udseth, H. R.; Edmonds, C. G.; Smith, R. D. Solvent-Induced 
Conformational Changes of Polypeptides Probed by Electrospray-Ionization Mass-
Spectrometry. Rapid Commun. Mass Spectrom. 1991, 5, 101-105. 



 80 

3. Konermann, L.; Douglas, D. J. Equilibrium Unfolding of Proteins Monitored by 
Electrospray Ionization Mass Spectrometry: Distinguishing Two-State from Multi-State 
Transitions. Rapid Commun. Mass Spectrom. 1998, 12, 435-442. 

4. Dobo, A.; Kaltashov, I. A. Detection of Multiple Protein Conformational Ensembles in 
Solution Via Deconvolution of Charge-State Distributions in ESI MS. Anal. Chem. 2001, 
73, 4763-4773. 

5. Iavarone, A. T.; Jurchen, J. C.; Williams, E. R. Effects of Solvent on the Maximum Charge 
State and Charge State Distribution of Protein Ions Produced by Electrospray Ionization. J. 
Am. Soc. Mass Spectrom. 2000, 11, 976-985. 

6. Loo, R. R. O.; Smith, R. D. Proton-Transfer Reactions of Multiply-Charged Peptide and 
Protein Cations and Anions. J. Mass Spectrom. 1995, 30, 339-347. 

7. Williams, E. R. Proton Transfer Reactivity of Large Multiply Charged Ions. J. Mass 
Spectrom. 1996, 31, 831-842. 

8. Iavarone, A. T.; Jurchen, J. C.; Williams, E. R. Supercharged Protein and Peptide Ions 
Formed by Electrospray Ionization. Anal. Chem. 2001, 73, 1455-1460. 

9. Iavarone, A. T.; Williams, E. R. Supercharging in Electrospray Ionization: Effects on 
Signal and Charge. Int. J. Mass Spectrom. 2002, 219, 63-72. 

10. Iavarone, A. T.; Williams, E. R. Mechanism of Charging and Supercharging Molecules in 
Electrospray Ionization. J. Am. Chem. Soc. 2003, 125, 2319-2327. 

11. Thomson, B. A. Declustering and Fragmentation of Protein Ions from an Electrospray Ion 
Source. J. Am. Soc. Mass Spectrom. 1997, 8, 1053-1058. 

12. Benkestock, K.; Sundqvist, G.; Edlund, P. O.; Roeraade, J. Influence of Droplet Size, 
Capillary-Cone Distance and Selected Instrumental Parameters for the Analysis of 
Noncovalent Protein-Ligand Complexes by Nano-Electrospray Ionization Mass 
Spectrometry. J. Mass Spectrom. 2004, 39, 1059-1067. 

13. Yang, P. X.; Cooks, R. G.; Ouyang, Z.; Hawkridge, A. M.; Muddiman, D. C. Gentle 
Protein Ionization Assisted by High-Velocity Gas Flow. Anal. Chem. 2005, 77, 6174-6183. 

14. Page, J. S.; Kelly, R. T.; Tang, K.; Smith, R. D. Ionization and Transmission Efficiency in 
an Electrospray Ionization-Mass Spectrometry Interface. J. Am. Soc. Mass Spectrom. 2007, 
18, 1582-1590. 

15. Stephenson, J. L.; McLuckey, S. A. Ion/Ion Reactions in the Gas Phase: Proton Transfer 
Reactions Involving Multiply-Charged Proteins. J. Am. Chem. Soc. 1996, 118, 7390-7397. 

16. Scalf, M.; Westphall, M. S.; Smith, L. M. Charge Reduction Electrospray Mass 
Spectrometry. Anal. Chem. 2000, 72, 52-60. 



 81 

17. Kharlamova, A.; Prentice, B. M.; Huang, T. Y.; McLuckey, S. A. Electrospray Droplet 
Exposure to Gaseous Acids for the Manipulation of Protein Charge State Distributions. 
Anal. Chem. 2010, 82, 7422-7429. 

18. Iavarone, A. T.; Williams, E. R. Collisionally Activated Dissociation of Supercharged 
Proteins Formed by Electrospray Ionization. Anal. Chem. 2003, 75, 4525-4533. 

19. Sze, S. K.; Ge, Y.; Oh, H.; McLafferty, F. W. Top-Down Mass Spectrometry of a 29-kDa 
Protein for Characterization of Any Posttranslational Modification to within One Residue. 
Proc. Natl. Acad. Sci. USA 2002, 99, 1774-1779. 

20. Davies, N. W.; Wiese, M. D.; Browne, S. G. A. Characterisation of Major Peptides in 'Jack 
Jumper' Ant Venom by Mass Spectrometry. Toxicon 2004, 43, 173-183. 

21. Kjeldsen, F.; Giessing, A. M. B.; Ingrell, C. R.; Jensen, O. N. Peptide Sequencing and 
Characterization of Post-Translational Modifications by Enhanced Ion-Charging and 
Liquid Chromatography Electron-Transfer Dissociation Tandem Mass Spectrometry. Anal. 
Chem. 2007, 79, 9243-9252. 

22. Sterling, H. J.; Williams, E. R. Origin of Supercharging in Electrospray Ionization of 
Noncovalent Complexes from Aqueous Solution. J. Am. Soc. Mass Spectrom. 2009, 20, 
1933-1943. 

23. Sterling, H. J.; Daly, M. P.; Feld, G. K.; Thoren, K. L.; Kintzer, A. F.; Krantz, B. A.; 
Williams, E. R. Effects of Supercharging Reagents on Noncovalent Complex Structure in 
Electrospray Ionization from Aqueous Solutions. J. Am. Soc. Mass Spectrom. 2010, 21, 
1762-1774. 

24. Sterling, H. J.; Williams, E. R. Real-Time Hydrogen/Deuterium Exchange Kinetics Via 
Supercharged Electrospray Ionization Tandem Mass Spectrometry. Anal. Chem. 2010, 82, 
9050-9057. 

25. Lomeli, S. H.; Yin, S.; Loo, R. R. O.; Loo, J. A. Increasing Charge While Preserving 
Noncovalent Protein Complexes for ESI-MS. J. Am. Soc. Mass Spectrom. 2009, 20, 593-
596. 

26. Lomeli, S. H.; Peng, I. X.; Yin, S.; Loo, R. R. O.; Loo, J. A. New Reagents for Increasing 
ESI Multiple Charging of Proteins and Protein Complexes. J. Am. Soc. Mass Spectrom. 
2010, 21, 127-131. 

27. Hogan, C. J.; Loo, R. R. O.; Loo, J. A.; de la Mora, J. F. Ion Mobility-Mass Spectrometry 
of Phosphorylase B Ions Generated with Supercharging Reagents but in Charge-Reducing 
Buffer. Phys. Chem. Chem. Phys. 2010, 12, 13476-13483. 

28. Yin, S.; Loo, J. A. Top-Down Mass Spectrometry of Supercharged Native Protein-Ligand 
Complexes. Int. J. Mass Spectrom. 2010, 10.1016/j.ijms.2010.06.032. 



 82 

29. Valeja, S. G.; Tipton, J. D.; Emmett, M. R.; Marshall, A. G. New Reagents for Enhanced 
Liquid Chromatographic Separation and Charging of Intact Protein Ions for Electrospray 
Ionization Mass Spectrometry. Anal. Chem. 2010, 82, 7515-7519. 

30. Lord Rayleigh Phils. Mag. 1882, 14, 184-186. 

31. Fenn, J. B.; Mann, M.; Meng, C. K.; Wong, S. F.; Whitehouse, C. M. Electrospray 
Ionization for Mass-Spectrometry of Large Biomolecules. Science 1989, 246, 64-71. 

32. CRC Handbook of Chemistry and Physics. In [Online] 89th ed.; D. R. Lide, Ed. 2008-
2009. 

33. Goodman, J. M.; Kirby, P. D.; Haustedt, L. O. Some Calculations for Organic Chemists: 
Boiling Point Variation, Boltzmann Factors and the Eyring Equation. Tetrahedron Lett. 
2000, 41, 9879-9882. 

34. Grimm, R. L.; Beauchamp, J. L. Evaporation and Discharge Dynamics of Highly Charged 
Multicomponent Droplets Generated by Electrospray Ionization. J. Phys. Chem. A 2010, 
114, 1411-1419. 

35. Scherrenberg, R.; Coussens, B.; van Vliet, P.; Edouard, G.; Brackman, J.; de Brabander, E.; 
Mortensen, K. The Molecular Characteristics of Poly(Propyleneimine) Dendrimers as 
Studied with Small-Angle Neutron Scattering, Viscosimetry, and Molecular Dynamics. 
Macromolecules 1998, 31, 456-461. 

36. Trnka, M. J.; Burlingame, A. L. Topographic Studies of the GroEL/GroES Chaperonin 
Complex by Chemical Crosslinking Using Diformyl Ethynylbenzene (DEB): The Power of 
High Resolution Electron Transfer Dissociation (ETD) for Determination of Both Peptide 
Sequences and Their Attachment Sites. Mol. Cell. Proteom. 2010, 9, 2306-2317. 

37. Onisko, B.; Fernandez, E. G.; Freire, M. L.; Schwarz, A.; Baier, M.; Camina, F.; Garcia, J. 
R.; Villamarin, S. R. S.; Requena, J. R. Probing Prpsc Structure Using Chemical Cross-
Linking and Mass Spectrometry: Evidence of the Proximity of Gly90 Amino Termini in the 
PrP 27-30 Aggregate. Biochemistry 2005, 44, 10100-10109. 

38. Jurchen, J. C.; Williams, E. R. Origin of Asymmetric Charge Partitioning in the 
Dissociation of Gas-Phase Protein Homodimers. J. Am. Chem. Soc. 2003, 125, 2817-2826. 

39. Bushnell, G. W.; Louie, G. V.; Brayer, G. D. High-Resolution 3-Dimensional Structure of 
Horse Heart Cytochrome-c. J. Mol. Biol. 1990, 214, 585-595. 

40. Pearson, K. M.; Pannell, L. K.; Fales, H. M. Intramolecular Cross-Linking Experiments on 
Cytochrome c and Ribonuclease A Using an Isotope Multiplet Method. Rapid Commun. 
Mass Spectrom. 2002, 16, 149-159. 

41. Harrington, W. F.; Sela, M. A Comparison of the Physical Chemical Properties of Oxidized 
and Reduced Alkylated Ribonuclease. Biochim. Biophys. Acta. 1959, 31, 427-434. 



 83 

42. Klee, W. A. Intermediate Stages in Thermally Induced Transconformation Reactions of 
Bovine Pancreatic Ribonuclease A. Biochemistry 1967, 6, 3736-3742. 

43. Woodward, C. K.; Rosenberg, A. Oxidized RNAse as a Protein Model Having No 
Contribution to the Hydrogen Exchange Rate from Conformational Restrictions. Proc. 
Natl. Acad. Sci. USA 1970, 66, 1067-1074. 

44. Pittz, E. P.; Bello, J. Interaction of Sodium Dodecyl Sulfate with Tyrosyl Chromophores in 
Ribonuclease A and Model Compounds. Arch. Biochem. Biophys. 1971, 147, 284-&. 

45. Bai, Y. W.; Milne, J. S.; Mayne, L.; Englander, S. W. Primary Structure Effects on Peptide 
Group Hydrogen-Exchange. Prot. Struct. Funct. Gen. 1993, 17, 75-86. 

46. Tamburro, A. M.; Boccu, E.; Celotti, L. Role of Disulfide Bonds in Protein Structure - 
Conformational Studies on Reduced Ribonuclease and Lysozyme. Int. J. Prot. Res. 1970, 
2, 157-164. 

47. Jirgensons, B. Circular Dichroism of Proteins of Known and Unknown Conformations. 
Biochim. Biophys. Acta. 1970, 200, 9-17. 

48. Noppert, A.; Gast, K.; MullerFrohne, M.; Zirwer, D.; Damaschun, G. Reduced-Denatured 
Ribonuclease A is Not in a Compact State. Febs Letters 1996, 380, 179-182. 

49. Qi, P. X.; Sosnick, T. R.; Englander, S. W. The Burst Phase in Ribonuclease a Folding and 
Solvent Dependence of the Unfolded State. Nat. Struct. Biol. 1998, 5, 882-884. 

50. Takahashi, S.; Kontani, T.; Yoneda, M.; Ooi, T. Circular Dichroic Spectral Study on 
Disulfide-Reduced Pancreatic Ribonuclease-A and Its Renaturation to Active Enzyme. J. 
Biochem. 1977, 82, 1127-1133. 

51. Jacob, J.; Dothager, R. S.; Thiyagarajan, P.; Sosnick, T. R. Fully Reduced Ribonuclease A 
Does Not Expand at High Denaturant Concentration or Temperature. J. Mol. Biol. 2007, 
367, 609-615. 

52. Talluri, S.; Scheraga, H. A. Amide H/D Exchange in the Thermal Transition of Bovine 
Pancreatic Ribonuclease-A. Biochem. Biophys. Res. Commun. 1990, 172, 800-803. 

53. Seshadri, S.; Oberg, K. A.; Fink, A. L. Thermally Denatured Ribonuclease-A Retains 
Secondary Structure as Shown by FTIR. Biochemistry 1994, 33, 1351-1355. 

54. Zhou, J. M.; Fan, Y. X.; Kihara, H.; Kimura, K.; Amemiya, Y. The Compactness of 
Ribonuclease A and Reduced Ribonuclease A. Febs Letters 1998, 430, 275-277. 

55. Lustig, B.; Fink, A. L. The Thermal-Denaturation of Ribonuclease-A in Aqueous-Methanol 
Solvents. Biochim. Biophys. Acta. 1992, 1119, 205-210. 



 84 

56. Nair, B. C.; Nair, C.; Elliott, W. B. Temperature Stability of Phospholipase-A Activity .2. 
Variations in Optimum Temperature of Phospholipases-A2 from Various Snake-Venoms. 
Toxicon 1976, 14, 43-47. 

57. Balsinde, J.; Balboa, M. A.; Insel, P. A.; Dennis, E. A. Regulation and Inhibition of 
Phospholipase A(2). Annu. Rev. Pharmacol. Toxicol. 1999, 39, 175-189. 

58. Verheij, H. M.; Slotboom, A. J.; De Haas, G. H., in Reviews of Physiology Biochemistry 
and Pharmacology. (Springer-Verlag, Berlin, 1981), vol. 91. 

59. Nair, C.; Hermans, J.; Munjal, D.; Elliott, W. B. Temperature Stability of Phospholipase-A 
Activity .1. Bee (Apis-Mellifera) Venom Phospholipase-A2. Toxicon 1976, 14, 35-42. 

60. Scanu, A. M.; Van Deenen, L. L. M.; De Haas, G. H. Optical Rotary Dispersion and 
Circular Dichroism of Phospholipase A2 and Its Zymogen from Porcine Pancreas. Biochim. 
Biophys. Acta. 1969, 181, 471-473. 

61. Six, D. A.; Dennis, E. A. The Expanding Superfamily of Phospholipase A(2) Enzymes: 
Classification and Characterization. Biochim. Biophys. Acta, Mol. Cell. Biol. Lipids 2000, 
1488, 1-19. 

62. Markert, Y.; Mansfeld, J.; Schierhorn, A.; Rucknagel, K. P.; Ulbrich-Hofmann, R. 
Production of Synthetically Phospholipase A(2) Variants Created with Industrial Impact. 
Biotechnol. Bioeng. 2007, 98, 48-59. 

63. Davidson, F. F.; Dennis, E. A. Evolutionary Relationships and Implications for the 
Regulation of Phospholipase-A2 from Snake-Venom to Human Secreted Forms. J. Mol. 
Evol. 1990, 31, 228-238. 

64. Dennis, E. A. Diversity of Group Types, Regulation, and Function of Phospholipase A(2). 
J. Biol. Chem. 1994, 269, 13057-13060. 

65. Weber, A.; Marz, L.; Altmann, F. Characteristics of the Asparagine-Linked 
Oligosaccharide from Honeybee Venom Phospholipase-A2 - Evidence for the Presence of 
Terminal N-Acetylglucosamine and Fucose in an Insect Glycoprotein. Comp. Biochem. 
Physiol. B: Biochem. Mol. Biol. 1986, 83, 321-324. 

 
 
 



 85 

4.7  Tables and Figures 
 
 
Table 4.1  Average and maximum charge states for crosslinked cytochrome c and ubiquitin as a 
function of m-NBA concentration in the electrospray solution. 

Number of 
Crosslinks 

Average (Maximum) Charge 
 

Cytochrome c % m-NBA 
BS3 0 0.5 1.0 1.5 

2 7.0 (8) 8.5 (11) 10.0 (12) 10.3 (13) 
3 7.0 (8) 8.4 (11)  9.7 (12) 10.0 (13) 
4 6.9 (8) 8.2 (11) 9.3 (12) 9.7 (13) 
5 6.9 (8) 8.0 (11) 8.9 (12) 9.2 (13) 
6 6.9 (7) 7.8 (9) 8.4 (9) 8.9 (12) 
7 7.0 (7) 7.6 (8) 7.9 (8) 8.2 (9) 
     

DEB     
2 7.0 (8) 7.5 (9) 9.9 (12) 9.8 (12) 
3 6.9 (8) 7.6 (9)  9.9 (12) 9.9 (12) 
4 6.9 (8) 7.5 (9) 9.7 (12) 9.6 (12) 
5 6.9 (8) 7.4 (9) 9.1 (10) 9.4 (11) 
     

Ubiquitin     
BS3     

0 5.6 (6) 8.4 (11) 8.5 (11) 8.8 (11) 
1 5.5 (6) 7.8 (10) 7.7 (10) 7.9 (10) 
2 5.8 (6) 6.4 (7) 6.5 (7) 6.6 (7) 
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Table 4.2  Average and maximum charge states for different forms of ribonuclease A (RNase A) 
as a function of m-NBA concentration in the electrospray solution. 

 
 

Average (Maximum) Charge (+) 
 

 % m-NBA 
RNase A 0 0.5 1.0 1.5 

Native 6.9 (8) 8.9 (12) 9.8 (12) 10.2 (13) 
Carboxymethylated 

(19+ – 10+) 
14.1 (19) 13.2 (19) 13.1 (19) 12.5 (19) 

Carboxymethylated 
(9+ – 7+) 

7.8 (N/A) 8.4 (N/A) 8.6 (N/A) 8.7 (N/A) 

     
Native 6.9 (8) 8.4 (11) 9.8 (12) 10.3 (13) 

Carbamidomethylated 
(19+ – 10+) 

13.7 (19) 13.2 (18) 12.8 (19) 13.1 (19) 

Carbamidomethylated 
(9+ – 7+) 

7.8 (N/A) 8.7 (N/A) 8.7 (N/A) 8.6 (N/A) 

     
 pH 1.9, 50 ºC  
 0 % m-NBA 1.5 % m-NBA 

Native 10.9 (14) 14.1 (17) 
 

 

Table 4.3.  Average and maximum charge states for different forms of phospholipase A2 from 
cobra and honeybee venoms as a function of m-NBA concentration in the electrospray solution. 

 Average (Maximum) Charge (+) 
 

 % m-NBA 
Phospholipase A2 0 0.5 1.0 1.5 

Cobra (7 disulfides) 7.0 (8) 8.9 (11) 9.5 (13) 10.2 (13) 
Cobra (reduced/carboxymethylated) 10.7 (16) 11.4 (16) 11.4 (16) 11.5 (16) 

     
Honeybee (6 disulfides) 7.8 (9) 9.1 (10) 9.9 (11) 10.0 (12) 

Honeybee (reduced/ carboxymethylated) 15.9 (19) 16.5 (21) 16.5 (21) 16.5 (21) 
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Figure 4.1   Nanoelectrospray mass spectra of 10 µM BS3-crosslinked 
cytochrome c in 200 mM ammonium acetate(pH 7.2) solution 
containing 0 to 1.5% m-NBA.  For each charge state, there are peaks 
corresponding to between two and seven crosslinks, with different 
numbers of dead-end crosslinks (inset).  Only intact crosslinks were 
included in average and maximum charge calculations. 
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Figure 4.2  Trends for average charge as a function of % m-NBA in the 
ESI solutions of crosslinked cytochrome c and ubiquitin. 
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Figure 4.3  Nanoelectrospray mass spectra of ~1:1 mixtures of ~ 10 µM 
reduced/carboxymethylated RNase A (a) and reduced/carbamidomethylated RNase A (c) 
with native RNase A from 200 mM ammonium acetate (pH 7.2) solutions containing 0 or 
1.5% m-NBA.  Normalized abundances of each charge state as a function of m-NBA 
concentration for reduced/carboxymethylated RNase A (b) and 
reduced/carbamidomethylated RNase A (d) with native RNase A. 
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Figure 4.4  Nanoelectrospray mass spectra of 10 µM RNase A in (a) 
200 mM ammonium acetate (pH 7.2) solution, (b) 50 ºC HCl solution 
(pH 1.9), and (c) 50 ºC HCl solution (pH 1.9)  containing 1.5% m-NBA. 
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Figure 4.5 Nanoelectrospray mass spectra of phospholipase A2 from (a–d) cobra venom and 
(e–h) honeybee venom from 10 µM ammonium acetate(pH 7.4) solutions containing 
between 0 and 1.5% m-NBA. 
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Chapter 5 
 

Protein Conformation and Supercharging with  
DMSO from Aqueous Solution 

 
This chapter is reproduced with permission from 

Sterling, H.J.; Prell, J.S.; Cassou, C.A.; Williams, E.R. 
“Protein Conformation and Supercharging with DMSO from Aqueous Solution” 

Journal of the American Society for Mass Spectrometry 2011, 22, 1178-1186 
© 2011 American Society for Mass Spectrometry 

 
 
5.1  Abstract 
 

The efficacy of dimethyl sulfoxide (DMSO) as a supercharging reagent for protein ions 
formed by electrospray ionization from aqueous solution and the mechanism for supercharging 
were investigated.  Addition of small amounts of DMSO to aqueous solutions containing hen egg 
white lysozyme or equine myoglobin results in a lowering of charge, whereas a significant 
increase in charge occurs at higher concentrations.  Results from both near-UV circular 
dichroism spectroscopy and solution-phase hydrogen/deuterium exchange mass spectrometry 
indicate that DMSO causes a compaction of the native structure of these proteins at low 
concentration, but significant unfolding occurs at ~63% and ~43% DMSO for lysozyme and 
myoglobin, respectively.  The DMSO concentrations required to denature these two proteins in 
bulk solution are ~3–5× higher than the concentrations required for the onset of supercharging, 
consistent with a significantly increased concentration of this high boiling point supercharging 
reagent in the ESI droplet as preferential evaporation of water occurs.  DMSO is slightly more 
basic than m-nitrobenzyl alcohol and sulfolane, two other supercharging reagents, based on 
calculated proton affinity and gas-phase basicity values both at the B3LYP and MP2 levels of 
theory, and all three of these supercharging reagents are significantly more basic than water.  
These results provide additional evidence that the origin of supercharging from aqueous solution 
is the result of chemical and/or thermal denaturation that occurs in the ESI droplet as the 
concentration of these supercharging reagents increases, and that proton transfer reactivity does 
not play a significant role in the charge enhancement observed. 

 
5.2 Introduction 
 

Electrospray ionization (ESI) of proteins generally results in a characteristic distribution of 
charge states that can be readily mass analyzed on virtually any type of mass spectrometer owing 
to the lowering of the m/z that occurs as a result of multiple charging for large molecules.  A 
major factor in the extent of charging is the conformation of a protein in solution.  Narrow 
charge state distributions at lower charge are generally formed from solutions in which a protein 
has a compact native or native-like structure, whereas significantly higher charge states and 
broader charge state distributions are typically formed from solutions in which the protein is 
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denatured [1-4].  Multiple distinct charge state distributions corresponding to different 
conformations of the same protein in solution are often observed and information about the 
populations of solution-phase conformers has been obtained by modeling these distributions [4].  
A number of factors in addition to protein conformation can affect charging in ESI, including 
solvent and analyte basicity [5-7], solvent surface tension [8-10], and instrument parameters [11-
14].  

Addition of small quantities of “supercharging” reagents, such as m-nitrobenzyl alcohol 
(m-NBA), to either aqueous “native” solutions [15-21] or “denaturing” solutions [8-10, 22-27] 
can cause an increase in the average and maximum charge states of peptides, proteins, or protein 
complexes compared to the same solutions without the reagents.  Increasing ion charge is often 
desirable because the performance of most mass analyzers improves at lower m/z and both the 
dissociation efficiency and the information obtained from many tandem mass spectrometry 
methods, such as electron capture or transfer dissociation, can increase significantly with charge 
[28-31]. 

Because many factors affect charging in ESI, attributing the increased charging observed 
with these supercharging reagents to just a single predominant factor can be challenging.  
Supercharging reagents generally have relatively low vapor pressures compared to other 
components in the initial solutions, resulting in a significant increase in their relative 
concentration in the ESI droplet as solvent evaporation occurs [32].  For example, the boiling 
point of m-NBA is 177 °C at 3 Torr [33], from which a value of ~405 °C at 760 Torr can be 
estimated [34].  The composition of ESI droplets that initially contain low concentrations of the 
supercharging reagent will rapidly become enhanced in the supercharging reagent as the more 
volatile components preferentially evaporate.  This will change a number of physical parameters, 
including the droplet surface tension [8-10], which can either be increased or decreased by the 
supercharging regent depending on the composition of the initial droplet.  In the absence of any 
significant analyte conformational changes, the charging observed with these supercharging 
reagents has been related to affects of surface tension [8-10].  The surface tension of m-NBA (50 
± 5 mN/m [9]) is higher than many organic solvents, e.g., methanol (22.1 mN/m at 25 °C [33]), 
but lower than water (72.0 mN/m at 25 ºC [33]).  Addition of m-NBA to methanol solutions 
containing the amine-functionalized dendrimer, poly(propyl)eneimine (DAB-16), which cannot 
undergo significant conformational changes [35] resulted in an increase in charging whereas 
addition of m-NBA to aqueous solutions containing this same molecule resulted in a decrease in 
charging, consistent with the changes in surface tension of the ESI droplet as evaporation occurs 
[10]. 

We have proposed that the primary origin of supercharging proteins and protein complexes 
from purely aqueous solution is conformational changes that can occur as a result of chemical 
and/or thermal denaturation, and that the decrease in droplet surface tension is a mitigating factor 
in the extent of supercharging [19-21].  Sulfolane, a supercharging reagent shown to be effective 
at increasing charge for proteins and protein complexes formed from aqueous solutions in which 
the structures are native [16], destabilizes the native structure of myoglobin by ~1.5 kcal/mol/M 
at 25 ºC, making it ~30% as effective as guanidinium chloride for unfolding this protein [20].  
The higher charge state ions produced from aqueous solutions with sulfolane and m-NBA have 
higher collision cross sections measured using ion mobility, consistent with more unfolded 
structures [20, 21].  At the typically low initial concentrations of reagent required for 
supercharging, no significant change to the native structure was observed using circular 
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dichroism spectroscopy (CD) [20] or hydrogen/deuterium exchange (HDX) MS [21].  However, 
as the ESI droplet becomes enriched with the reagent due to its relatively high boiling point, the 
concentration threshold for chemical and/or thermal denaturation can be reached and increased 
charging as a result of protein unfolding can occur.  This mechanism has been controversial [16-
18], in part, because many other factors, including proton transfer reactivity [5-7], also affect 
charging.  Loo and coworkers proposed that the relative proton transfer reactivity of the 
supercharging reagent compared to that of the protein may be a significant factor in 
supercharging from aqueous solutions [16]. 

Dimethyl sulfoxide (DMSO) added to denaturing solutions containing high concentrations 
of organic solvent can result in supercharging of peptides and proteins, an effect that can be 
attributed largely to surface tension [10, 27].  Here, the efficacy of DMSO for supercharging hen 
egg white lysozyme and equine myoglobin from aqueous solutions is investigated.  Both near-
UV CD and solution-phase HDX-MS are used to determine what conformation changes occur in 
these proteins in the initial ESI solutions as a function of DMSO concentration. These and other 
results indicate that protein conformational changes are the major factor in supercharging with 
DMSO from these solutions, and that proton transfer reactivity of DMSO or other supercharging 
regents cannot explain the enhanced charging observed with supercharging from aqueous 
solutions. 

 
5.3 Experimental 
 

Mass spectra were acquired using either a LTQ-mass spectrometer (Thermo Fisher 
Scientific, Waltham, MA, USA) or a 9.4 T Fourier-transform ion cyclotron mass spectrometer 
(FT-ICR) described elsewhere [36].  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, 
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 inserted into the nanoelectrospray emitter in contact with the solution, and ESI was 
initiated and maintained by applying 0.8 – 1.5 kV to the wire relative to instrument ground.  Hen 
egg white lysozyme and horse heart myoglobin were purchased from Sigma and were used 
without further purification.  Solutions were prepared with extra dry DMSO (Acros Organics, 
Waltham, MA, USA) as vol/vol fractions.  Estimates of DMSO enrichment during ESI were 
calculated by converting the vol/vol percents of the reagent to mole fractions using the known 
densities and molecular weights of DMSO and water. 

 
5.3.1  Hydrogen/Deuterium Exchange  Deuterated lysozyme and myoglobin were 

prepared for HDX studies by dissolving the solid proteins to 500 µM in D2O (Sigma) and heating 
these solutions for three hours at 50 °C.  The deuterated protein solutions were held at 4 °C prior 
to use.  The deuterium incorporation of lysozyme and myoglobin was measured at ~99% and 
~80%, respectively, using a 9.4 T FT-ICR mass spectrometer where isotopic resolution is readily 
achieved.  The deuterated proteins were diluted 50-fold into 200 mM ammonium acetate (pH 
7.4) solutions containing various concentrations of DMSO, mixed, and the resulting HDX 
monitored continuously using a LTQ mass spectrometer for ten minutes.  Mass spectra acquired 
between 3.5 and 4.5 minutes of exchange were scan-averaged and the peak intensities of the 
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scan-averaged mass spectra were used to calculate the relative extents of HDX for the analytes.  
The temperature inside the nanoelectrospray source was 44 °C. 

 
5.3.2  Circular Dichroism  Circular dichroism (CD) spectra were acquired on a Jasco 

Model 810 spectropolarimeter (JASCO, Inc., Easton, MD, USA).  20 µM protein solutions were 
prepared in 200 mM ammonium acetate (pH 7.4) solution containing various concentrations of 
DMSO and held at 44 °C for five minutes in a 1.0 cm quartz cuvette with constant mixing using 
a Teflon stir bar prior to wavelength scan analysis in the range 260 to 300 nm.  

 
5.3.3  Computations.  Initial structures for neutral and protonated water, sulfolane, and m-

nitrobenzyl alcohol were generated using Maestro 9.1 (Schrödinger, Inc., Portland, OR, U.S.A.).  
Energy-minimized geometries calculated at the B3LYP/6-31G* level of theory were further 
optimized at the B3LYP/6-311++G(2d,2p) or MP2(full)/6-311++G(2d,2p) level of theory using 
Q-Chem 3.2, and vibrational frequencies were computed.  The resulting electronic energies and 
unscaled vibrational frequencies were used to obtain 298 K enthalpies and Gibbs free energies.  
Proton affinities and gas-phase basicities (–ΔH° and –ΔG° for protonation of the neutral 
molecule, respectively) for each molecule were calculated using the neutral and protonated 
structures of lowest energy at 298 K. 

 
5.4 Results and Discussion 
 

5.4.1  Supercharging with DMSO 
 

5.4.1.1  Lysozyme Nanoelectrospray mass spectra of hen egg white lysozyme 
obtained from purified water with 0 – 99% (vol/vol) DMSO were obtained, and mass spectra 
with 0, 2 and 50% DMSO are shown in Figure 5.1a-c, respectively.  Without DMSO, the charge 
state distribution is narrow and the average charge, calculated as the abundance-weighted 
average of the observed charge states, is 7.7+ (Figure 5.1a).  Both the narrow distribution and 
low charge states are consistent with a native or native-like conformation of the protein in 
solution (Figure 5.1a). With 2% DMSO, the average charge decreases to 6.6+, but a similarly 
narrow distribution of charge states is observed (Figure 5.1b).  In contrast, the charge state 
distribution obtained from a solution containing 50% DMSO (Figure 5.1c) is slightly broader 
with a much higher average charge of 8.8+.  The average charge as a function of DMSO 
concentration over the entire range measured is shown in Figure 5.1d.  Small amounts of DMSO, 
up to 10%, result in narrow charge state distributions with lower average charge.  More charging 
and broader charge state distributions are observed with higher DMSO concentrations. The 
maximum average charge (9.3+) occurs with 80% DMSO and the average charge with a DMSO 
concentration of 99% is nearly one charge state lower (8.5+). 

 
5.4.1.2  Equine Myoglobin Similar trends in charging with DMSO concentration 

were obtained for equine myoglobin, although there are subtle differences.  Nanoelectrospray 
mass spectra of equine myoglobin aqueous solutions containing up to 50% (vol/vol) DMSO were 
acquired, and these data are shown in Figure 5.2.  Higher concentrations of DMSO resulted in 
nearly complete loss of signal for myoglobin ions, consistent with previous observations of 
aggregation of this protein with ~66–92% DMSO in D2O [37].  The mass spectrum of myoglobin 
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without DMSO (Figure 5.2a) is dominated by a narrow distribution of holomyoglobin ions with 
an average charge of 8.2+, with a low abundance of apomyoglobin ions with an average charge 
of 7.7+ also observed.  The charge state distributions for both holo- and apomyoglobin are 
relatively narrow, and these data are consistent with predominantly native or native-like 
structures for both forms of this protein in solution.  Although there are differences, the structure 
of apomyoglobin in aqueous solution is similar to that of holomyoglobin [38].  With 2% DMSO, 
the average charge for holo- and apomyoglobin decreases to 7.5+ and 6.5+, respectively (Figure 
5.2b), but there is no change in the range of charge states produced.  The maximum average 
charge states for both holo- (10.1+)  and apomyoglobin (9.7+) were obtained from the solution 
containing 30% DMSO (Figure 5.2c).  In contrast to the spectra with 0 and 2% DMSO, the 
charge state distributions in the spectrum with 30% DMSO are very broad and shifted to 
significantly higher charge.  In addition, the abundance of apomyoglobin ions is significantly 
greater than that of holomyoglobin. 

The average charge of holo- (black lines) and apomyoglobin (red lines) as a function of 
DMSO concentration are shown in Figure 5.2d, and the trends shown in these data are similar to 
that obtained for lysozyme.  The relative abundances of the holo- and apomyoglobin ions as a 
function of DMSO concentration are shown in Figure 5.2e.  A nearly complete inversion of the 
abundances of these ions occurs between 10 – 20% DMSO.  These data, along with the broader 
and higher charge state distributions with higher DMSO concentration are consistent with a loss 
of native structure of myoglobin and concomitant loss of heme at the higher DMSO 
concentrations used.  

 
5.4.2 Conformations of Lysozme and Myoglobin in Aqueous Solutions Containing 
DMSO 
 
In order to understand how DMSO affects protein charging from aqueous solution, it is 

important to know how it affects the conformation(s) of the proteins in the initial solution prior 
to ESI.  Both near-UV CD spectroscopy and solution-phase HDX experiments were performed, 
and these results are compared to results of supercharging experiments performed with identical 
solution conditions.  Changes in near-UV CD spectra reflect changes in the environment around 
aromatic residues [39].  Secondary structure analysis by far-UV CD was not done owing to 
interference by DMSO.  Extents of HDX can reflect solution-phase accessibility of backbone 
amide hydrogen atoms from which information about relative protein conformations can be 
inferred.  These data for both lysozyme and for myoglobin are described below. 

 
5.4.2.1 Near-UV CD Spectroscopy  CD spectra at wavelengths between 260–300 

nm were acquired as a function of DMSO concentration (20 µM lysozyme in 200 mM 
ammonium acetate; pH=7.4; T=44 °C) with 0 – 90% DMSO (Figure 5.3a, inset).  The maximum 
signal intensity in this wavelength range without DMSO occurs at 289 nm.  A plot of the signal 
intensity at this wavelength as a function of DMSO concentration is shown in Figure 5.3a.  The 
signal increases from 0 to 50% DMSO, consistent with a previous study of lysozyme in 
unbuffered water and DMSO at ambient temperature which showed that compaction of the 
tertiary structure of this protein occurs with up to a DMSO mole fraction of 0.6 (~86% vol/vol) 
[40].  As was observed previously [40], there is a subtle blue shift of the wavelength where the 
maximum intensity is observed with increasing DMSO concentration up until the point at which 
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CD signal in this region is essentially lost (Figure 5.3a, inset).  At 60% DMSO, there is a small 
decrease in signal followed by a dramatic loss of signal in the solutions with ≥70% DMSO, 
indicating significant loss of protein higher-order structure [40].  Protein denaturation under 
these experimental conditions occurs at a slightly lower DMSO concentration than observed 
previously [40].  Torreggiani et. al.  showed that the denaturation peak temperature of lysozyme 
decreases with increasing DMSO concentration between 0–50% [41].  The lower concentration 
of DMSO required for unfolding in our experiments at higher temperature (>60% at 44 ºC) is 
consistent with the slightly higher concentration required (>~86%) at ambient temperature [40].  
These data indicate that lysozyme initially becomes more compact in solution with up to 50% 
DMSO, but then unfolds when the concentration of DMSO is between ~50–70%. 

Similar experiments were performed for myoglobin, and these data are shown in Figure 
5.4a.  Significant precipitation occurred with ≥60% DMSO in these buffered solutions, so 50% 
was the maximum DMSO concentration used.  The maximum signal intensity without DMSO is 
at 269 nm (Figure 5.4a inset), and signal intensity at this wavelength is plotted as a function of 
DMSO concentration in Figure 5.4a.  Similar to the result for lysozyme, the CD signal increases 
with increasing DMSO concentrations up to 30%, suggesting that some compaction of the 
myoglobin structure occurs within this concentration range.  The signal decreases slightly at 40% 
DMSO, and complete loss of signal occurs with 50% DMSO.  As was the case for lysozyme, the 
curve maximum shifts to shorter wavelengths with increasing DMSO concentration (waterfall 
plot inset) up to the point at which CD is lost.  In contrast to lysozyme, there is a local maximum 
in the curves at ~294 nm that decreases continuously from 0 to 50% DMSO.  This may be a 
result of partial unfolding of a region of the myoglobin molecule even at low DMSO 
concentrations.  These results indicate that significant myoglobin unfolding occurs in these 
solutions with ~40–50% DMSO. 

 
 5.4.2.2  Solution-Phase H/D Exchange  To further probe the changes in protein 

higher-order structure that occurs with increasing DMSO concentration, fully deuterated 
lysozyme (500 µM in D2O) was diluted 1:50 into 200 mM ammonium acetate (pH 7.4) solutions 
containing 0 – 90% (vol/vol) DMSO.  Mass spectra were acquired continuously for ten minutes 
during which time HDX occurred.  Two isotopic distributions of the molecular ions owing to two 
distinct levels of HDX were observed indicating the presence of two forms of the protein.  The 
conformer that undergoes less exchange corresponds to a native or native-like structure whereas 
the higher exchanging form has sampled unfolded conformations resulting in more complete 
exchange.   The presence of two discrete forms (or two families of indistinguishable folded and 
unfolded structures) of the protein is consistent with two-state unfolding in the EX1 regime [42], 
and we refer to these two forms as compact and unfolded.  Spectra acquired from 3.5 to 4.5 
minutes of exchange were scan-averaged, and the relative abundances of the compact and 
unfolded forms of the protein were calculated from the sum of the relative abundances of the 
distinct isotopic distributions for each molecular ion corresponding to less or more HDX, 
respectively.  The fraction of the population that is unfolded as a function of DMSO 
concentration is shown in Figure 5.3b, which indicates no significant change in the tertiary 
structure of lysozyme occurs between 0 and 40% DMSO.  A small fraction of unfolded 
conformers is observed with 50% DMSO (partial mass spectra of the 7+ showing both 
distributions inset).  With 60% DMSO, the fraction of unfolded conformers increases to ~0.44.  
The corresponding partial mass spectrum of the 7+ charge state in the inset shows a larger 
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population of unfolded conformers whereas the fraction unfolded value is calculated from all of 
the observed charge states (12+ through 6+).  For all of the solutions with ≥70% DMSO, no 
peaks corresponding to compact conformations are observed for any charge state. 

These HDX results indicate that lysozyme unfolds between 50 and 70% DMSO in these 
buffered solutions, consistent with the concentration range where unfolding is observed by CD 
(Figure 5.3a).  Intersection of the interpolated CD and HDX data (when overlaid) occurs at 62% 
DMSO and is indicated by the dashed red line in Figure 5.3.  The HDX results show that there is 
a ~17% decrease in the average hydrogen incorporation for the compact conformations of 
lysozyme with increasing DMSO concentrations between 2–60%, consistent with compaction of 
the native structure demonstrated by Voets et al. using CD, small-angle neutron scattering, 
Rayleigh scattering and Fourier transform-infrared spectroscopy [40].  Even for a 60% DMSO 
solution, the molarity of water (~22 M) is high enough that the intrinsic rate of 
hydrogen/deuterium exchange should be fast enough to exchange the majority of solvent-
exposed backbone amides after four minutes, so that the average deuterium incorporation should 
still reflect global protection.  Rapid intrinsic exchange is indicated by the two discrete exchange 
populations observed throughout the entire range of DMSO concentrations, although a subtle 
decrease in the extent of exchange at the higher DMSO concentrations occurs (Figure 5.3b).  

Similar HDX-MS experiments were performed with myoglobin.  Deuterated myoglobin 
(~80% 2H incorporation) was diluted 1:50 into 200 mM ammonium acetate (pH 7.4) solutions 
containing 0 – 50% (vol/vol) DMSO.  Mass spectra were acquired continuously for ten minutes, 
and the relative abundances of the compact and unfolded forms of the protein after four minutes 
of exchange were calculated as described above for lysozyme.  The relative population of the 
unfolded form as a function of DMSO concentration is shown in Figure 5.4b and indicates no 
significant change in the tertiary structure of myoglobin occurs in solutions with 0–30% DMSO.  
Inset in Figure 5.4b are partial mass spectra of the 12+ charge state of apomyoglobin from the 
solutions containing 30, 40 and 50% DMSO, again showing discrete populations of exchange 
indicative of two-state unfolding in the EX1 regime [42].  The fraction of unfolded conformers in 
this concentration range (average of all charge states) increases from 8 to 44% for 
holomyoglobin and from 6 to 82% for apomyoglobin.  Both the CD and HDX-MS show that 
protein unfolding occurs between 30 – 50% DMSO concentration in these solutions, with the 
intersection of these interpolated data (when overlaid) equal to ~43% DMSO (vertical red line in 
Figure 5.4). 

In contrast to lysozyme, a much smaller decrease in the average hydrogen content (~8% for 
holo- and apomyoglobin) was observed for the folded forms of these proteins when the DMSO 
concentration was increased from 2 to 30%.  This could be the result of less global compaction 
for this protein, or it may be due to competing effects of global compaction and some unfolding 
in an isolated region of the protein, as suggested by the CD spectroscopy.  A high spatial 
resolution analysis of the HDX kinetics could potentially distinguish these two possibilities, but 
such an analysis is beyond the scope of the current work. 

 
5.4.3  Conformational Changes and Supercharging 
 

5.4.3.1  Lysozyme The average charge of the compact and unfolded conformers of 
lysozyme from the HDX experiments as a function of DMSO concentration is shown in Figure 
5.3c.  The trends in charging with DMSO concentration from these buffered solutions (200 mM 
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ammonium acetate) is similar to those obtained from unbuffered solutions (Figure 5.1d) 
indicating that the ammonium acetate has only a minor effect on supercharging.  There is a 
similar onset of supercharging at around 20% DMSO from both solutions, but the maximum 
charge state is slightly lower for the buffered solution (8.8+ vs. 9.3+), perhaps due to increased 
stabilization of the folded forms of the protein in the higher ionic strength solutions. 

The data in Figures 5.1d and 5.3c show that onset of supercharging occurs at a significantly 
lower DMSO concentration than is required to unfold lysozyme in the initial solution prior to 
ESI.  Furthermore, no significant change in charging occurs within the range of DMSO 
concentration where the change from a folded to an unfolded protein occurs in the initial 
solutions.  Because DMSO has a higher boiling point than water (bp of DMSO is 189 °C at 760 
Torr) [33], preferential evaporation of water in the ESI droplet will occur resulting in an 
enrichment in DMSO in the later stages of the droplet lifetime.  Because DMSO denatures 
proteins at high concentration, unfolding of the protein in the DMSO-enriched droplet can occur, 
and this unfolding can result in significant enhancement in charge at higher DMSO 
concentrations. 

DMSO does not form an azeotrope with water [43], so the extent to which droplets have to 
become enriched in DMSO in order for unfolding to occur can be estimated from these data.  
The unfolding indicated by the trend in charging occurs at ~20% DMSO whereas this onset in 
the initial solutions occurs at ~63% indicating that the droplet becomes enriched in DMSO by 
about 5× (mole fraction).  These results are consistent with the decrease in charging observed at 
low concentration (2 and 10% DMSO) which indicate that compaction of the native structure 
occurs in the initial solutions containing up to 50% DMSO.  These values are rough estimates 
because other factors influence charging as well, including relative gas-phase basicities and 
droplet surface tension.  For example, the droplet surface tension will be lowered as the DMSO 
concentration is enriched resulting in less charging than predicted without taking this effect into 
account. 

 
5.4.3.2  Myoglobin The average charge of myoglobin ions from the HDX 

experiments as a function of DMSO concentration is shown in Figure 5.4c.  The compact and 
unfolded conformers of apomyoglobin are distinguished in the figure with either a solid or 
dashed line, respectively, whereas the average charge of the compact and unfolded (present in 
the 30–50% DMSO solutions only) conformers of holomyoglobin have the same average charge, 
so the lines overlap and are indistinguishable in the figure.  The onset of supercharging occurs 
between 10 and 20% DMSO (Figure 5.4c) compared to between 2 and 10% DMSO (Figure 5.2d) 
in the unbuffered solutions.  The transition from holo- to apomyoglobin occurs at ~40% DMSO 
in the buffered solutions compared to ~15% DMSO in the unbuffered water solutions (Figure 
5.2e).  Both of these results are consistent with greater stabilization at higher ionic strength for 
this protein.  Considerably more DMSO is required to unfold myoglobin in the initial buffered 
solution (red vertical line in Figure 5.4) compared to that required to induce supercharging.  
From these results, we can estimate enrichment of DMSO in the ESI droplet by ~3× (mole 
fraction).  This is comparable to the ~5× enrichment deduced from the lysozyme data and does 
not take into account any kinetic effects that could limit conformational changes that can occur 
in a rapidly evaporating droplet. 

Supercharging of myoglobin from aqueous solution also occurs with both m-NBA and 
sulfolane [20].  It is of interest to note that the extent of supercharging, on a per mole basis, 
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appears to relate well with the ordering of the boiling points of these reagents [20]: m-NBA (177 
°C at 3 Torr) > sulfolane (287.6 °C at 760 Torr) > DMSO (189 °C at 760 Torr) [33].  More 
enrichment of the higher boiling point supercharging reagents will occur, but other factors, such 
as the relative denaturing strengths of the three reagents, droplet surface tension, relative gas-
phase basicities, etc., will also affect the extent of supercharging observed. 

 
 
 
5.4.4  Proton Transfer Reactivity of Supercharging Reagents 
 

5.4.4.1 Gas-phase Basicity of DMSO  The maximum charge states of multiply 
protonated ions formed by ESI can be limited by several factors, including the relative proton 
transfer reactivity between the multiply protonated ion and neutral molecules in the solvent or 
with the solvent itself [6, 7, 44].   Solvents with high basicity can reduce the extent of charging 
[7] and the maximum charge states of protein and peptide ions formed from denaturing solutions 
has been related to solvent gas-phase basicity [6, 44, 45], indicating that proton transfer 
reactivity can have a significant affect on the maximum charge states produced by ESI.  Loo and 
coworkers have suggested that proton transfer reactivity can play a significant role in 
supercharging from aqueous solutions [16].  However, the data shown here appear to rule out 
this mechanism for supercharging observed with DMSO.  In the absence of any conformation 
changes, it is difficult to rationalize how a single supercharging reagent could reduce protein 
charge at low concentration, and then increase charge at high concentration based on proton 
transfer reactivity.  DMSO has a gas-phase basicity (GB) of 853 kJ/mol, which is significantly 
higher than that of water (660 kJ/mol) [46].  The highest charge state of lysozyme formed from 
water is 9+, and the apparent GB of this charge state formed from solutions where the structure is 
native-like is between 933 and 958 kJ/mol depending on the conformer formed [47].  The 
apparent GB values of lysozyme ions with lower charge states or this same charge state of more 
unfolded ions are even higher [47].  Thus, proton transfer from the protein to either DMSO or to 
water should not occur spontaneously.  Conversely, proton transfer from protonated water or 
protonated DMSO to the protein is exothermic based on the apparent GB of the protein, but 
proton transfer from protonated water is more exothermic so more charging should take place 
without DMSO present in the solution if this mechanism played a role. 

Although water dimers and higher order clusters are more basic than water itself, and the 
basicities are influenced by solvent and the local environment of the molecules, the disparate 
trends in charging of these proteins at low and high DMSO concentration cannot be explained by 
proton transfer reactivity.  The slight reduction in supercharging of lysozyme at 99 vs. 90% 
DMSO may occur as a result of proton transfer owing to the much higher concentration of 
DMSO compared to protein and the potential for any energetic collisions that may occur in the 
ESI interface to drive endothermic proton transfer reactions to some extent.  Protonated DMSO 
clusters were observed at high DMSO concentration.  This may be due to competitive ionization, 
but the higher basicity of such clusters may cause some limited proton transfer from the proteins 
to occur at the highest DMSO concentrations used.  Alternatively, the slight reduction in 
charging at 99% in the unbuffered solution may be related to the “partially collapsed” 
conformations observed by Voets, et al. at DMSO mole fraction > 0.9 [40]. 
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5.4.4.2 Calculated Proton Affinities and Gas-Phase Basicities of Sulfolane and m-
NBA  Both sulfolane and m-NBA are commonly used supercharging reagents and have the 
advantage that even greater extents of supercharging can be typically achieved with much lower 
initial solution concentrations.  The proton affinities (PA) and GB values for these two 
supercharging reagents have not been previously reported, so these values were determined using 
computational chemistry.  The lowest-energy structures of protonated sulfolane and m-NBA are 
shown in Figure 5.5.  The energetically most favorable protonation site is the sulfonyl oxygen 
atom of sulfolane, and one of the nitro oxygen atoms for m-NBA.  From the computed 298 K 
enthalpies of these structures as well as those for H2O and H3O+, PA and GB values were 
computed at the B3LYP/6-311++G(2d,2p) and MP2(full)/6-311++G(2d,2p) levels of theory and 
these values are given in Table 1.  B3LYP results in slightly higher values than MP2.  Although 
there are some uncertainties in calculated PA and GB values, those obtained here for water are 
only slightly below their experimentally measured values (691 and 660 kJ/mol, respectively).  
These results indicate that GB values of m-NBA and sulfolane are similar and that these 
molecules are less basic (lower GB) than DMSO by roughly 50 – 75 kJ/mol, but more basic than 
water by roughly 125 – 150 kJ/mol.  Thus, all three of these supercharging reagents are 
significantly more basic than water.  These results indicate that proton transfer reactivity or 
protection of protonation sites on the protein by any of these three supercharging reagents is not 
a significant factor in the origin of supercharging from purely aqueous solutions. 

 
5.5  Conclusions  

 
DMSO is an effective supercharging reagent for protein ions formed from aqueous 

solutions, although considerably higher concentrations are required to obtain significant charge 
increases compared to either m-NBA or sulfolane.  A decrease in the average charge of both 
lysozyme and myoglobin occurs at low concentrations of DMSO in the initial solutions, 
consistent with a compaction of the native structure as indicated by both near UV-CD 
spectroscopy and solution HDX-MS.  Protein unfolding occurs at high DMSO concentrations, 
where extensive charge enhancement is also observed.  The concentrations required for solution-
phase unfolding of myoglobin and lysozyme are ~3–5× higher (mole fraction) than is required 
for the onset of supercharging.  This is consistent with the ESI droplets becoming enriched with 
the reagent during solvent evaporation due to its much lower vapor pressure compared to water.  
As the reagent concentration increases in the droplet, chemical and/or thermal denaturation 
occurs, and the unfolded protein molecules can carry away more charge.  These supercharging 
reagents are much more basic than water, indicating that the proton-transfer reactivities of these 
reagents are not the cause of charge increases, but as with surface tension effects, may limit the 
extent of supercharging observed at high reagent concentrations. 
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5.7  Tables and Figures 

 

Table 5.1  Table of proton affinities (PA) and gas-phase basicities (GB).  Values for water and 
DMSO from reference [46] and values for sulfolane and m-NBA calculated using B3LYP and 
(MP2 full) with the 6-311++G(2d,2p) basis set. 

 PA (kJ/mol) GB (kJ/mol) 
Water 691 660 
DMSO 884 853 

Sulfolane 830 (817) 801 (787) 
m-NBA 834 (811) 800 (779) 
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Figure 5.1  Nanoelectrospray mass spectra of hen egg white lysozyme 
(10 µM) in unbuffered water solutions containing (a) 0%, (b) 2%, and 
(c) 50% DMSO; (d) the average charge, calculated as the abundance-
weighted average of the observed charge states, as a function of DMSO 
concentration. 
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Figure 5.2 Nanoelectrospray mass spectra of equine myoglobin (10 µM) 
in unbuffered water solutions containing (a) 0%, (b) 2%, and (c) 30% 
DMSO; (d) the average charge, calculated as the abundance-weighted 
average of the observed charge states, and (e) the relative abundances of 
holo- versus apomyoglobin as a function of DMSO concentration.   
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Figure 5.3   Changes in tertiary structure of hen egg white lysozyme (20 
µM) in 200 mM ammonium acetate (pH 7.4) solutions as a function of 
DMSO concentration measured by (a) circular dichroism at 289 nm 
(wavelength scans inset) and (b) solution hydrogen/deuterium exchange 
mass spectrometry (HDX-MS); (c) the average charge of ions in these 
HDX-MS experiments calculated as the abundance-weighted average of 
all the charge states in the distributions. 
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Figure 5.4  Changes in tertiary structure of equine myoglobin (20 µM) 
in 200 mM ammonium acetate (pH 7.4) solutions as a function of 
DMSO concentration measured by (a) circular dichroism at 269 nm 
(wavelength scans inset) and (b) solution hydrogen/deuterium exchange 
mass spectrometry (HDX-MS); (c) the average charge of the ions in 
HDX-MS experiments calculated as the abundance-weighted average of 
all the charge states in the distributions.   
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Figure 5.5  Low-energy calculated structures for protonated m-NBA 
(top) and sulfolane (bottom), with protonation sites circled.  Relative 
Gibbs free energies (kJ/mol at 298 K) indicated for protonated m-NBA 
using B3LYP and (MP2 full) with the 6-311++G(2d,2p) basis set. 
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Chapter 6 
 

Supercharging Protein Complexes from Aqueous Solution Disrupts 
their Native Conformations 

 
This chapter is reproduced with permission from 

Sterling, H.J.; Kintzer, A.F.; Feld, G.K.; Cassou, C.A.; Krantz, B.A.; Williams, E.R. 
“Supercharging Protein Complexes from Aqueous Solution Disrupts their Native 

Conformations” 
Journal of the American Society for Mass Spectrometry 2012, 23, 191-200. 

© 2012 American Society for Mass Spectrometry 
 
 

6.1 Abstract 
 

The effects of aqueous solution supercharging on the solution- and gas-phase structures of 
two protein complexes were investigated using traveling-wave ion mobility-mass spectrometry 
(TWIMS-MS).  Low initial concentrations of m-nitrobenzyl alcohol (m-NBA) in the electrospray 
ionization (ESI) solution can effectively increase the charge of concanavalin A dimers and 
tetramers, but at higher m-NBA concentrations, the increases in charge are accompanied by 
solution-phase dissociation of the dimers and up to a ~22% increase in the collision cross section 
(CCS) of the tetramers.  With just 0.8% m-NBA added to the ESI solution of a ~630 kDa anthrax 
toxin octamer complex, the average charge is increased by only ~4% compared to the “native” 
complex, but it is sufficiently destabilized so that extensive gas-phase fragmentation occurs in 
the relatively high pressure regions of the TWIMS device.  Anthrax toxin complexes exist in 
either a pre-channel or a transmembrane channel state.  With m-NBA, the prechannel state of the 
complex has the same CCS/charge ratio in the gas phase as the transmembrane channel state of 
the same complex formed without m-NBA, yet undergoes extensive dissociation, indicating that 
destabilization from supercharging occurs in the ESI droplet prior to ion formation and is not a 
result of coulombic destabilization in the gas phase as a result of higher charging.  These results 
demonstrate that the supercharging of large protein complexes is the result of conformational 
changes induced by the reagents in the ESI droplets where enrichment of the supercharging 
reagent during droplet evaporation occurs. 
 
6.2 Introduction 
 

Electrospray ionization (ESI) mass spectrometry (MS) of proteins or protein complexes 
results in a characteristic distribution of charge states from which information about the solution-
phase conformations of the analytes can be inferred [1].  For aqueous or buffered aqueous 
solutions where the protein or complex has a “native” or “native-like” set of conformations, ESI 
typically results in narrow, low-charge distributions, whereas the distributions from solutions 
that are more denaturing are typically broad and high-charge.  In addition to the solution-phase 
conformations of the analyte [2, 3], many factors can affect the ion charge state distribution, 
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including analyte and solvent basicities [4-6], solvent surface tension [7-9], and various 
instrument parameters [10-13].  Controlling these factors to reduce or increase ion charge can be 
of great analytical utility.  For example, a number of methods have been shown to lower ion 
charge states [5, 6, 14-16], facilitating identification of components from heterogeneous mixtures 
that can have complex mass spectra because of high peak densities. 

Increasing ion charge can be highly desirable because the performance of most mass 
analyzers, and the efficiency of most tandem-MS techniques, improves with higher analyte 
charge.  One method for increasing the charge states of peptides, proteins and protein complexes 
is the addition of a small quantity of a low-volatility “supercharging” reagent to the ESI solution 
[7-9, 17-34].  In both “denaturing” and “native” ESI solutions, supercharging reagents, such as 
m-nitrobenzyl alcohol (m-NBA) [7], can cause significant charge enhancement compared to the 
same solutions without the reagent.  During evaporation, ESI droplets become enriched with the 
reagent due to their very high boiling points relative to water and/or the organic solvents and 
acids that are typically used [35-37].  For example, the boiling point of m-NBA is 177 °C at 3 
Torr [38], equal to ~405 °C at 760 Torr [39].  In “denaturing” solutions containing acetic acid 
and relatively high concentrations of organic solvents, in which most proteins are more unfolded, 
these reagents increase the droplet surface tension as the more volatile components preferentially 
evaporate [8, 9].  This enrichment results in an ESI droplet with a higher surface tension and thus 
a higher charge density needed to reach the Rayleigh limit [40].  More highly charged ions can 
be formed from droplets with a higher charge density.  In contrast, the enrichment of the 
supercharging reagent lowers the surface tension of droplets in purely aqueous or buffered 
aqueous solutions (surface tension of m-NBA is 50 ± 5 mN/m [8] compared to 72 mN/m at 25 °C 
for water [38]).  In the absence of other factors that affect charging, this should cause a decrease 
in the analyte charge, as occurs for an amine-functionalized dendrimer, poly(propyleneimine) 
(DAB-16) [9], which cannot undergo significant conformational changes [41].  In contrast, when 
this molecule was electrosprayed from a methanol solution containing m-NBA (methanol surface 
tension = 22.1 mN/m at 25 °C [38]), the charge increased compared to the same solution without 
the reagent [9]. 

We have proposed that the increase in charge observed for protein and protein complexes 
supercharged from purely aqueous or buffered aqueous solutions results primarily from chemical 
and/or thermal denaturation of the analyte that occurs in the ESI droplet during solvent 
evaporation, and that the charge enhancement from the conformational changes of the analyte 
can overcome the charge-reducing effects of lower droplet surface tension [19-23].  Using 
circular dichroism spectroscopy (CD) to monitor the transition of equine myoglobin from folded 
to unfolded states, the denaturing strength of sulfolane, a compound found by Loo and coworkers 
to be an effective supercharging reagent [24], was measured to be ~1.5 kcal/mol/M at 25 °C, 
which is ~30% as effective as guanidinium chloride (a common denaturant in protein folding 
studies) for unfolding this protein [21].  In addition, the denaturing strength of sulfolane 
increases at higher temperatures [21].  Reagent enrichment increases the ESI droplet lifetime 
[35], which should result in an increased number of collisions with neutral gas molecules in the 
atmosphere/vacuum interface.  This should in turn reduce the rate of evaporative cooling and 
increase the effective temperature of the droplet [19].  In addition to CD [21, 22], results from 
experiments using thermal activation [19], hydrogen/deuterium exchange-MS [22, 23], traveling 
wave ion mobility-MS (TWIMS) [22, 23], and chemical cross-linking [20] are consistent with 
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the hypothesis that chemical and/or thermal denaturation of the analyte in the ESI droplet is the 
primary origin of aqueous solution supercharging of proteins and complexes. 

Here, we use TWIMS-MS to examine the effects that low initial concentrations of m-NBA 
have on the solution- and gas-phase conformations of the dimers and tetramers of the 25 kDa 
protein concanavalin A and an anthrax toxin octameric complex (~630 kDa).  At low initial 
reagent concentrations, all of the complexes can be supercharged modestly, but at higher initial 
reagent concentrations, all of the complexes undergo disruptions of the native conformations that 
manifest as either solution- or gas-phase dissociation or as an increase in their collision cross 
sections. 
 
6.3  Experimental 

 
Mass spectra and TWIMS arrival time distributions were acquired using a hybrid 

quadrupole/ion mobility/time-of-flight instrument (Synapt™ G2 High Definition Mass 
Spectrometer; Waters, Milford, MA, USA) equipped with a Z-spray ion source.  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, 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 ESI was initiated and maintained by 
applying ~1 kV to the wire relative to instrument ground.  Solutions of concanavalin A were 
prepared from lyophilized protein (Sigma; used without further purification) and solutions of 
anthrax toxin complexes were prepared as described in detail elsewhere [42].  m-NBA was from 
Sigma and was used without further purification.   

TWIMS arrival times for all ions were assigned as the center of the full-width half-
maximum (FWHM) of the arrival time distribution peak.  Arrival times were used to calculate 
the collision cross sections utilizing the calibration protocol of Bush et al. [43].  Homotetramers 
of concanavalin A and alcohol dehydrogenase and 14-mers of GroEL formed from ~10 µM 
solutions were used as calibrant ions.  Average charge was calculated as the abundance-weighted 
average of each charge state in a given charge state distribution.  Relative abundances of 
concanavalin A monomers and oligomers were calculated from the sum of the peak areas for 
each species, and because of differences in ionization and detection efficiencies, are only useful 
for comparisons of changes in their relative abundances.  For concanavalin A monomer and 
dimer peaks that have the same m/z, the relative contributions of each were obtained from the 
normalized intensities of the TWIMS arrival time distributions.  

For the concanavalin A crosslinking experiments, lyophilized protein (Sigma) was 
dissolved in crosslinking buffer composed of 18 mM potassium phosphate and 60 mM sodium 
chloride, with the pH adjusted to 6.8 with sodium hydroxide.  The final protein concentration 
was 90 µM.  An identical solution was prepared but with the addition of m-NBA to 1% v/v.  
Suberic acid bis(3-sulfohydroxysuccinimide ester) (Sigma) dissolved in extra dry DMSO (Acros 
Organics) was added to both solutions at a final concentration of 480 µM and allowed to react 
for 30 minutes at room temperature.  The crosslinking reaction was quenched with the addition 
of ammonium acetate to a final concentration of 33 mM.  The solutions were dialyzed against 20 
mM ammonium acetate (pH 7.0).  After dialysis, aliquots were diluted 1:10 with neat formic acid 
and nanoelectrosprayed directly.  
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Collision cross section calculations of the anthrax toxin pre-channel complexes were 
performed with the projection approximation algorithm in MOBCAL [44].  For the octamer pre-
channel complex, PA8(LFN)4, the crystal structure coordinates (PDB code 3KWV; [45]) were 
used directly in the calculation.  For the heptamer pre-channel complex, PA7(LFN)3, the 
calculation was performed with coordinates generated from a homology model built using 
COOT [46] with the crystal structure coordinates of the PA heptameric ring (PDB code 1TZO; 
[47]) and three LFN molecules docked onto the ring by Least Squares Quotient alignment of 
PA2LFN ternary complexes from the PA8(LFN)4 coordinates (PDB code 3KWV; [45]).  Pre-
channel and channel state models were made in CHIMERA [46] using PDB structures 3KWV 
and as a hybrid with 3KWV and 1V36, respectively.  

 
6.4  Results and Discussion 
 

6.4.1  Effects of Supercharging and Ionic Strength on Charge, Ion Abundance, and 
Collision Cross Section  Concanavalin A from canavalia ensiformis is a 25.6 kDa protein that 
reversibly self-assembles to form dimers and tetramers in relative abundances that depend on 
solution pH, temperature, and ionic strength [48-50].  Nanoelectrospray mass spectra of ~10 µM 
concanavalin A in 200 mM ammonium acetate, pH 6.8, solutions containing 0–1.5% m-NBA are 
shown in Figure 6.1a–d.  The mass spectrum obtained from the electrospray solution without m-
NBA (Figure 6.1a) is dominated by relatively narrow charge state distributions for tetramer 
(black triangles) and dimer (brown squares), and a low relative abundance charge state 
distribution for monomer (green circles).  With 0.5% m-NBA, the average charge state for all 
three forms of the protein (monomer, dimer, and tetramer) increases significantly, and all three 
charge state distributions are broader than without m-NBA (Table 6.1; Figure 6.1b).  Modest 
additional increases in average charge and range of charge states are observed for the tetramer 
and dimer with 1.0 and 1.5% m-NBA, whereas the average charge of the monomer decreases 
somewhat at these higher concentrations (Table 6.1; Figure 6.1c–d).   

The normalized abundances of the three forms of the protein as a function of m-NBA 
concentration are shown in Figure 6.1e.  There is a significant increase in the normalized 
abundance of the monomer with 1.0 and 1.5% m-NBA that is concomitant with a decrease in the 
normalized abundance of the dimer at these higher reagent concentrations.  In contrast, the 
normalized abundance of the tetramer is essentially constant at all reagent concentrations.  These 
results are consistent with m-NBA causing dissociation of the dimer into its constituent 
monomers.  All monomer ions have the same or higher m/z than the dimer ions.  In nozzle-
skimmer dissociation experiments that cause gas-phase dissociation of native and supercharged 
concanavalin A dimers, the product monomer peaks are observed at higher, the same, and lower 
m/z’s than the average of the precursor dimer distribution owing to predominantly symmetric 
dissociation [51, 52] (Figure 6.7).  The higher charge state monomer ions and the absence of 
lower charge state monomer ions in the mass spectrum with m-NBA (Figure 6.1b-d) indicate that 
the dimers dissociate in solution and not in the gas phase where charge is conserved.  It is not 
possible to determine from these data alone whether dissociation occurs prior to ESI or in the 
ESI droplets. 

 Previous HDX-MS and CD experiments aimed at elucidating the origin of aqueous 
solution supercharging show that the native structures of proteins remain intact until the 
concentration of the supercharging reagent is increased in the ESI droplet owing to preferential 
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evaporation of water [21-23].    To determine if m-NBA affects the dimer–monomer equilibrium 
prior to ESI, solutions of the protein were crosslinked with suberic acid bis(3-
sulfohydroxysuccinimide ester) with and without 1% m-NBA in the crosslinking buffer.  
Comparison of nanoESI mass spectra obtained for the two crosslinked protein solutions diluted 
to 90% formic acid to ensure complete dissociation of non-crosslinked dimers shows that the 
extent of crosslinking is effectively identical for the two preparations (Figure 6.8).  This indicates 
that m-NBA does not measurably affect the dimer–monomer equilibrium prior to ESI.  Because 
the dimer dissociation does not occur in the gas phase, the dimer dissociation observed with m-
NBA (Figure 6.1b-d) must occur in the ESI droplet. 

The results of TWIMS-MS experiments in which the collision cross sections of 
concanavalin A tetramer ions are measured as a function of ion charge state are shown in Figure 
6.2.  For the same ion charge states formed from solutions containing different concentrations of 
m-NBA, there are only small differences in the measured collision cross sections, consistent with 
previous TWIMS-MS arrival time distributions of myoglobin supercharged with m-NBA or 
sulfolane [21].  The collision cross sections of the 19+ – 25+ charge states are essentially the 
same, whereas for the 26+ and higher charge states, the collision cross sections increase 
significantly with increasing charge state.  These results indicate that modest increases in charge 
as a result of supercharging may occur without gross conformational changes, but that beyond 
some threshold, which is likely protein-specific, enhanced charging may be accompanied by 
significant changes to the native conformations. 

Less supercharging was observed for hen egg white lysozyme when this 14.3 kDa protein 
was electrosprayed from 200 mM ammonium acetate compared to pure water solutions using 
dimethyl sulfoxide as the supercharging reagent [22].  Buffers can stabilize folded forms of the 
protein, and may partially or fully counteract the destabilizing effects of the supercharging 
reagents during droplet evaporation and formation [22].  To investigate the effects of buffer 
concentration on the extent of supercharging of concanavalin A, nanoelectrospray mass spectra 
of ~10  µM concanavalin A from solutions containing 1% m-NBA and either 600 mM 
ammonium acetate, 200 mM ammonium acetate or water (all at pH 7.0) were obtained (Figure 
6.3a-c).  The average charge and width of the charge state distributions for the tetramer and 
dimer increase dramatically with decreasing ionic strength.  The highest charge state observed 
for the tetramer is formed from the unbuffered solution (33+; Figure 6.3c) and has a collision 
cross section of 75.9 nm2,  which is ~22% higher than the average collision cross section of the 
tetramer obtained without m-NBA from a 200 mM ammonium acetate solution (Figure 6.2).  The 
change in relative abundance of all forms of the protein as a function of m-NBA concentration 
for each of the three ionic strength solutions are shown in Figure 6.4.  There is a significant 
increase in the normalized abundance of the monomer that is correlated with a decrease in ionic 
strength and is concomitant with a decrease in the normalized abundance of the dimer.  In 
contrast, the normalized abundance of the tetramer does not change significantly under these 
solution conditions.  The charge state distribution of the monomer ions relative to the charge 
state distribution of the dimer ions again suggests that dimer dissociation occurs in solution and 
not in the gas phase.  It is not possible to determine from these experiments alone if the increases 
in charging with decreasing ionic strength are due to dimer and tetramer destabilization, or if 
other factors such as competition for charge with ammonia in the gas phase or decreased droplet 
charge due to charge carrier emission [53, 54], are also limiting the extent of supercharging.  
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However, these results suggest that the buffer concentration should be minimized when 
maximum charging with supercharging reagents is desired. 

There are a significantly higher number of intermolecular hydrogen bonds (52 vs. 14) and 
salt bridges (12 vs. 0) for the tetramer compared to the dimer based on the protomer binding 
information obtained from the crystal structure of concanavalin A [55].  This should lead to a 
larger activation barrier for dissociation of the tetramer compared to the dimer, consistent with 
the absence of tetramer dissociation and the extensive dimer dissociation observed in these 
experiments.  Both thermodynamic [48, 49] and crystallographic [55] evidence suggest that the 
dimer-dimer binding interface of the tetramer is large and hydrophobic.  If solvent molecules are 
sufficiently excluded from this binding interface before and during ESI, then the effectiveness of 
the supercharging reagent as a denaturant may also be reduced [20-23], consistent with the 
relatively modest extent of supercharging and the absence of tetramer dissociation observed in 
these experiments.  

 
6.4.2  Complex Destabilization is Not Always Indicated by a Change in Collision 

Cross Section  Bacillus anthracis produces a binary toxin complex that assembles via 
heptameric [56] and octameric [57] ring-shaped homooligomers of the protective antigen protein 
(PA).  These complexes can form in solution or on host cell surfaces [57].  Proteolytic activation 
of the ~83 kDa PA results in loss of a ~20 kDa fragment and PA oligomerizes into either a 
heptameric [58] or octameric pre-channel complex [57].  Loss of the 20 kDa fragment exposes 
binding sites for the two other enzyme components of anthrax toxin, called lethal factor (LF) and 
edema factor (EF).  These heptameric and octameric PA complexes can bind up to three or four 
copies of LF and EF, respectively [45, 57].  Following endocytosis, the PA oligomer undergoes 
an acidic pH induced conformational transition into its translocase channel state [59].   The 
enzyme factors, LF and EF, are then trafficked across the cell membrane into the cytosol where 
they disrupt normal cellular function [60].   

Nanoelectrospray mass spectra of ~10 µM octamer-enriched PA oligomers bound to ~31 
kDa PA-binding domain of LF (LFN) [61] from 200 mM ammonium acetate, pH 7.8, solutions 
containing 0–0.8% m-NBA are shown in Figure 6.5.  All ions of the subcomplexes and protein 
monomers were removed in the quadrupole by allowing only ions with m/z > 8000 to travel to 
the IMS and TOF regions of the Synapt G2 instrument [62] used to obtain these data.  Without 
m-NBA in the solution, the spectrum is dominated by a single narrow charge state distribution 
for the octameric complex, with a much lower relative abundance charge state distribution for 
the heptameric complex (Figure 6.5a).  The abundance-weighted average collision cross sections 
for the octameric and heptameric complexes are 185 and 163 nm2, respectively, both of which 
are 95% of their calculated collision cross section using the projection approximation algorithm 
in MOBCAL [44] with the crystal structure coordinates of the octameric complex [45] and a 
homology model of the heptameric complex.  The good agreement between the measured and 
calculated collision cross section suggests that these complexes do not undergo gross 
conformational changes during ESI or in transit to the ion mobility cell [63].  With 0.4% m-NBA 
in the electrospray solution, the average charge for the octameric complex increases modestly 
from 49.0+ to 50.5+ and the average collision cross section also increases slightly from 185 to 
187 nm2.  There is a significant decrease in ion abundance for the heptameric complex so that it 
is not possible to measure the average charge or collision cross section.  A small population of 
high-charge LFN monomers are observed in the range m/z 1200–1800.  With 0.8% m-NBA in the 
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electrospray solution, there is a dramatic decrease in abundance for the octameric complex and a 
significant increase in the abundance of the high-charge LFN ions (Figure 6.5c).  There is also a 
low relative abundance charge state distribution corresponding to a PA2LFN subcomplex in the 
range m/z 3600–4600.  These lower mass LFN monomer and subcomplex ions must be the 
products of gas-phase dissociation in a region of the instrument beyond the mass-filtering 
quadrupole (m/z > 8000).  The average charge of the small population of octameric complexes 
that survives intact (Figure 6.5c inset) is 50.8+ and the average collision cross section is 185 nm2. 

In contrast to the solution-phase dissociation caused by m-NBA for supercharged 
concanavalin A dimers, a significant population of the supercharged octameric complex survives 
intact long enough to pass the mass filtering quadrupole but then dissociates in the gas phase, 
most likely in the relatively high-pressure regions of the ion mobility section of the instrument as 
a result of unintentional collisional activation.  The small population of octameric complexes that 
survives intact has essentially the same average charge as those from the 0.4% m-NBA solution 
(50.8+ vs. 50.5+) and a slightly lower average collision cross section (185 nm2 vs. 187 nm2).  
These results indicate that only very small changes in the rotationally-averaged size of the 
complex ion occur as a result of the m-NBA enrichment, whereas the extensive gas-phase 
dissociation of the intact octamer indicates that the native structure and subunit interactions are 
significantly destabilized.  This destabilization could occur first in the ESI droplet as a result of 
m-NBA-induced chemical and/or thermal denaturation [19-23], followed by either metastable or 
collisionally-activated dissociation (CAD) after the mass-filtering quadrupole.   

To determine if destabilization occurs instead as result of increased coulombic repulsion 
after the higher charge state ions are formed, the average charge of the octamer complex was 
increased by inducing a specific conformational change in the complex that occurs away from 
the PA–ligand binding interface [42], where the vast majority of dissociation occurs for the 
supercharged complex.  TWIMS-MS spectra of these complexes were acquired with the same 
instrument conditions but without m-NBA.  The conformational transition of anthrax toxin 
complexes from the cell-surface pre-channel state to the transmembrane channel state was 
revealed in previous MS experiments by a subtle increase in the average and maximum charge in 
the pH range 7.2 – 7.0 that occurs without a shift in the charge states of the subcomplexes or 
constituent monomers, indicating a specific conformational change of the complex rather than 
just pH-induced unfolding [42].  The transition midpoint observed using electron microscopy 
(EM) and CD was also in the pH range 7.2 – 7.0  [42].  Here, the pH titration was performed 
with the same octamer-enriched sample of anthrax toxin and with the same instrument conditions 
as was used in the supercharging experiments, but without m-NBA.  Nanoelectrospray mass 
spectra obtained from the pH 7.2 and 7.0 solutions (Figure 6.6) show a subtle increase in the 
average charge at the lower pH without any significant changes to the complex abundance or 
additional gas-phase fragmentation.  Mass spectra from the pH 7.8–7.2 solutions are all 
essentially identical, and mass spectra from the pH 7.0–6.6 solutions are also all essentially 
identical (Figure 6.9).  The low abundance LFN monomers are present in all spectra from pH 7.6–
6.6 with  approximately equal signal/noise.  A plot of the average charge and average collision 
cross section as a function of pH is shown in Figure 6.6c, which demonstrates that the shift to 
modestly higher charge states between pH 7.2 and 7.0 is concomitant with an overall compaction 
of the complex as measured by a subtle decrease in the collision cross section.  This is an 
interesting result because higher charge states for proteins are normally associated with more 
unfolded or elongated structures, but in this case, the rotationally-averaged size becomes more 
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compact and results in higher charging.  The oligomer in the prevailing model for the structure of 
the PA channel forms an approximately 100-Å long β-barrel domain [42, 64], and this extended 
domain appears to be able to accommodate more charges (Figure 6.6 inset). 

The gas-phase structures of the channel state of the toxin complex are somewhat more 
compact than the supercharged pre-channel state complex (183 nm2 vs. 185 nm2, respectively), 
with marginally lower average charge (50.5+ vs. 50.8+, respectively).  The ratio of collision 
cross section/charge is the same for these two forms of the complex (3.6 nm2/z), indicating that 
the coulombic repulsion should be essentially the same for the channel state complex and the 
supercharged pre-channel complex.  However, the extensive dissociation observed with 
supercharging of the pre-channel complex is not observed in any of the channel complex spectra 
(Figure 6.9).  This demonstrates that dissociation of LFN from the supercharged pre-channel 
toxin complex does not occur as a result of increased coulombic repulsion, but rather as a result 
of destabilization that occurs prior to ion formation, similar to the destabilization that occurs for 
concanavalin A dimers. 
 

6.4.3  Chemical and/or Thermal Destabilization in the ESI Droplet  All of the results of 
our studies aimed at elucidating the origin of aqueous solution supercharging have supported the 
hypothesis that the broad distribution of high charge ions observed with “native” protein and 
complex supercharging are caused by chemical and/or thermal denaturation of the analyte in the 
ESI droplet as the reagent concentration increases due to preferential evaporation of the solvent 
[19-23].  The TWIMS-MS results presented here indicate that chemical and/or thermal 
“destabilization” can occur without an extensive unfolding process.  This destabilization must be 
sufficient for accommodation of additional charges, but may not necessarily result in significant 
changes to the rotationally averaged size of the ion after its formation.   

The pre-channel to channel transition for anthrax toxin complexes occurs with a significant 
change in their solution-phase structures [42, 64-66].  Nonetheless, only a modest ~1% decrease 
in the collision cross section (Figure 6.6c) was measured for the octamer channel compared to 
the octamer pre-channel.  This illustrates that significant changes in solution-phase structures do 
not always result in significant changes in the collision cross section.  Similarly, supercharged 
pre-channel complexes have essentially unchanged collision cross sections compared to native 
pre-channel complexes, but the extensive gas-phase dissociation of the former clearly indicates 
that m-NBA causes destabilization of its native structure that is not related to an increase in 
columbic repulsion after ion formation.  Only the highest charge concanavalin A tetramers had 
measurably different collision cross sections (Figure 6.2), yet the dramatic dissociation of the 
dimers in the ESI droplet (Figure 6.3) clearly indicates that m-NBA is affecting the native dimer–
monomer equilibrium. 

Native solution supercharging of proteins and protein complexes has been used in a variety 
of studies, including comparisons of collision cross sections, CAD fragmentation pathways, and 
dissociation energies as a function of charge state [30]; attempts to map the binding sites of a 
cofactor [31] or ligands [32] utilizing top-down dissociation techniques; and for small molecule 
screening [33].  In each of these studies, the structures of the analytes formed by supercharging 
were assumed to be the same as those originating from buffered solutions without the 
supercharging reagent.  The results described here show that this may not always be the case, and 
that the potential for destabilization or more significant denaturation and unfolding of the analyte 
[19-23] should be considered when supercharging reagents are used.   
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6.5 Conclusions 

The results of these TWIMS-MS studies of supercharged concanavalin A oligomers and 
anthrax toxin octamer indicate that charge enhancement is the result of destabilization of the 
native solution-phase structures that may or may not be reflected as changes in the collision cross 
sections of the gas-phase ions.  Similar to what occurs with monomeric proteins, this 
destabilization appears to happen in the ESI droplet as water preferentially evaporates and the 
droplet becomes enriched in the high-boiling point reagent, which then acts as a chemical 
denaturant [19-23].  Concanavalin A oligomers are supercharged to a much greater extent in 
water versus 200 and 600 mM ammonium acetate solutions, concomitant with much more 
extensive solution-phase dissociation of the dimer and denaturation of the tetramer.  Further 
elucidation of the role of salts in charging [67] and supercharging is required, but these results 
indicate that buffer or other salt concentrations should be minimized where maximum charge 
through the use of supercharging reagents is desired. 

Despite the destabilization inherent to aqueous solution supercharging, this technique has 
potential for the development or improvement of ESI-MS applications that provide information 
about the structures, structural transitions, and dynamics of biomolecules and their complexes in 
solution [23, 32] and in the gas phase [31].  In applications in which rapid unfolding and/or 
subunit dissociation is desired but supercharging reagents are not sufficiently denaturing on the 
timescale of ESI, it may be possible to use low concentrations of some Hoffmeister salts to 
partially destabilize the equilibrium conformations prior to, and during, ESI and/or to introduce 
acid vapors in the countercurrent drying gas to lower the droplet pH during ESI, as demonstrated 
by McLuckey and coworkers [68].  This latter technique also works best in unbuffered solutions 
[68], so it should be particularly effective when combined with native supercharging from 
unbuffered solution. 
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6.7  Tables and Figures 

 
Table 6.1  Average charge (and range of charge states) observed for each oligomeric state of 
concanavalin A nanoelectrosprayed from 200 mM ammonium acetate solutions containing 0–
1.5% m-NBA. 
 Average charge (and range of charge states) (+) 
Concanavalin A 0% 0.5% 1.0% 1.5% 

tetramer 20.3 (22-19) 23.5 (27-21) 24.8 (30-22) 25.0 (30-22) 
dimer 14.3 (16-13) 17.4 (20-15) 17.8 (21-16) 18.0 (21-16) 

monomer 9.4 (10-8) 11.8 (15-9) 10.8 (16-9) 11.6 (17-9) 
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Figure 6.1  Nanoelectrospray mass spectra of ~10 µM concanavalin A 
in 200 mM ammonium acetate, pH 6.8, aqueous solution containing (a) 
0%, (b) 0.5%, (c) 1.0% and (d) 1.5% m-NBA.  The normalized 
abundances of concanavalin A monomer, dimer and tetramer as a 
function of m-NBA concentration are shown in (e). 
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Figure 6.2  Collision cross section of concanavalin A tetramers as a 
function of charge state for ~10 µM aqueous protein solutions 
containing 0–1.5% m-NBA.
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Figure 6.3  Nanoelectrospray mass spectra of ~10 µM aqueous 
concanavalin A solutions containing 1% m-NBA and either (a) 600 mM 
ammonium acetate, (b) 200 mM ammonium acetate, or (c) water. 
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Figure 6.4  Normalized abundances of concanavalin A monomer, dimer 
and tetramer as a function of m-NBA concentration for pH 7.0 aqueous 
solutions containing (a) 600 mM, (b) 200 mM, or (c) no ammonium 
acetate. 
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Figure 6.5  Nanoelectrospray mass spectra of ~10 µM octamer-enriched 
PA oligomers bound to LFN from 200 mM ammonium acetate, pH 7.8, 
aqueous solutions containing (a) 0%, (b) 0.4%, and (c) 0.8% m-NBA. 
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Figure 6.6  Nanoelectrospray mass spectra of ~10 µM octamer-enriched 
PA oligomers bound to LFN from 200 mM ammonium acetate aqeuous 
solutions at pH (a) 7.2 and (b) 7.0.  Models of the pre-channel and 
channel forms of anthrax toxin complexes are inset.  Plotted below the 
mass spectra are the average charge (red squares; right axis) and average 
collision cross section (black triangles; left axis) of the octamer complex 
as a function of solution pH. 
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Figure 6.7  Nanoelectrospray mass spectra of ~10  µM concanavalin A solutions containing just 
600 mM ammonium acetate (left) and 600 mM ammonium acetate with 1% m-NBA (right) at 
increasing cone voltages. 
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Figure 6.8  Nano ESI mass spectra of ~9 µM concanavalin A in 90% formic acid from solutions 
that (a) did not undergo crosslinking, (b) were crosslinked without m-NBA, and (c) were 
crosslinked in the presence of 1% m-NBA.  The complete absence of dimer in the spectrum of 
the control (a) illustrates that 90% formic acid is sufficiently denaturing so that the dimers 
observed in (b) and (c) must have an intermolecular crosslink.  The average number of 
intermolecular crosslinks on the dimers, and the number of intramolecular crosslinks on the 
protomers, are effectively equal for the two preparations, indicating that little or no change in the 
monomer-dimer equilibrium, or the structure of the solvent-accessible surface of the protomers, 
occurs prior to ESI.  Therefore, the dissociation of concanavalin A dimer that is observed with 
supercharging (Figure 6.1b–d) must occur in the ESI droplet. 
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Figure 6.9  Nanoelectrospray mass spectra of ~10 µM octamer-enriched PA oligomers 
bound to LFN from 200 mM ammonium acetate aqueous solutions at pH 7.8–6.6.  The y-
axis of the region below m/z 2000 in all spectra is expanded 4×. 
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Chapter 7 
 

Real-time Hydrogen/Deuterium Exchange Kinetics via 
Supercharged Electrospray Ionization Tandem Mass Spectrometry 

 
This chapter is reproduced with permission from 

Sterling, H.J.; Williams, E.R. 
“Real-time Hydrogen/Deuterium Exchange Kinetics via Supercharged Electrospray Ionization 

Tandem Mass Spectrometry” 
Analytical Chemistry 2010, 82, 9050-9057. 

© 2010 American Chemical Society 
 
 

7.1 Abstract 
 

Amide hydrogen/deuterium exchange (HDX) rate constants of bovine ubiquitin in an 
ammonium acetate solution containing 1% of the electrospray ionization (ESI) “supercharging” 
reagent m-nitrobenzyl alcohol (m-NBA) were obtained using top-down, electron transfer 
dissociation (ETD) tandem mass spectrometry (MS).  The supercharging reagent replaces the 
acid and temperature “quench” step in the conventional MS approach to HDX experiments by 
causing rapid protein denaturation to occur in the ESI droplet.  The higher charge state ions that 
are produced with m-NBA are more unfolded, as measured by ion mobility, and result in higher 
fragmentation efficiency and higher sequence coverage with ETD.  Single amino acid resolution 
was obtained for 44 of 72 exchangeable amide sites, and summed kinetic data were obtained for 
regions of the protein where adjacent fragment ions were not observed, resulting in an overall 
spatial resolution of 1.3 residues.  Comparison of these results with previous values from NMR 
indicates that the supercharging reagent does not cause significant structural changes to the 
protein in the initial ESI solution, and that scrambling or back-exchange is minimal.  This new 
method for top-down HDX-MS enables real-time kinetic data measurements under physiological 
conditions, similar to those obtained using NMR, with comparable spatial resolution and 
significantly better sensitivity. 

 
7.2 Introduction 
 

The rates of backbone amide hydrogen deuterium exchange (HDX) in solution can 
provide a wealth of information about the structures and conformational dynamics of proteins 
and protein complexes.  There is a substantial reduction of the exchange rates of different amide 
sites as a result of either intramolecular hydrogen bonding or from sequestration of the amide 
hydrogen atoms from bulk solvent, making these exchange rates a useful probe of higher-order 
structure and thermodynamics of local or global unfolding events [1].  Since the early studies of 
Linderstrom-Lang [2], measurements of HDX have been made using a variety of different 
analytical techniques, including NMR [3], IR [4], and Raman [5] spectroscopies, and mass 
spectrometry (MS) [6-9].  NMR has the advantage that exchange rate information about 
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individual amides is obtained, which is the ultimate spatial resolution possible with HDX.  Mass 
spectrometry has the advantage of high sensitivity, and it can be applied to much larger proteins.  
However, the spatial resolution with which information about HDX is obtained with mass 
spectrometry is often limited to relatively large regions of the protein defined by peptides formed 
by proteolysis.   

HDX coupled to MS is frequently performed with the “bottom-up” approach [6, 10, 11], 
although the more recently developed “top-down” approach appears promising [12].  In the 
former, fully protonated or deuterated protein is rapidly diluted into either D2O or H2O, 
respectively, allowed to exchange for a fixed period of time, and then “quenched” by lowering 
the pH (and temperature) into a range where the intrinsic exchange rate is a minimum (pH ~3.0) 
[1].  The protein is then proteolyzed with an enzyme that is active in acidic solution, such as 
pepsin, and the resulting peptides are separated by liquid chromatography (LC) and either mass 
analyzed directly or separated further in the gas phase and fragmented by tandem MS methods.  
During the proteolysis and LC steps, amides that were protected during the exchange period 
become exposed to the bulk solvent, which can cause some back-exchange and concomitant loss 
of HDX information.  This effect can be minimized, though not eliminated completely, with 
online pepsin columns, short chromatography methods, and/or back-exchange correction factors 
[9, 13, 14].  A significant advantage of the bottom-up approach is the theoretically unlimited 
mass range for the analyte, including large multimeric assemblies [15-17], although there is an 
irreversible loss of HDX information for two amides for each proteolytic cleavage [18].  

In the top-down approach, the exchange and quench steps are the same, but rather than 
proteolysis and LC-MS or LC-MS/MS, the intact protein is fragmented in the gas phase.  A 
significant advantage of the top-down approach is the potential for single amino acid spatial 
resolution compared to the traditional bottom-up approach where the spatial resolution is limited 
by the length and overlap of the peptides from proteolysis.  Slow heating methods that are 
commonly used to fragment gas-phase peptides and proteins, such as collisional activation, may 
cause scrambling, where intramolecular proton or hydrogen atom transfer can lead to loss of 
information about where exchange originally occurred in solution [19-21].  In contrast, recent 
work by a number of researchers has shown that scrambling is largely reduced when intact 
proteins or large peptides are fragmented with either electron capture dissociation [18, 22-24] 
(ECD) or electron transfer dissociation (ETD) [25-27].  The minimal scrambling that occurs with 
either ECD or ETD may be due to either nonergodic dissociation, where cleavage occurs before 
the recombination energy has time to dissipate in the molecule [28, 29], or the reduced 
precursors may dissociate before scrambling occurs because of low activation barriers for 
dissociation [30, 31].  In either case, there is a growing consensus that HDX coupled to ECD or 
ETD mass spectrometry can be a viable approach to obtain accurate amide exchange rate 
information [18, 22-27] with close to single amino acid spatial resolution possible. 

With both the bottom-up and top-down approach, the quench step affects the results of 
the experiment in multiple ways.  As described above, the primary effect is to reduce the pH to 
near the intrinsic exchange rate minimum, although this rate is still fast enough at ~6 × 10-3 min-1 
at 0 ºC (attenuated by the adjacent sidechains and local environment) [1] to cause some back-
exchange during any delay between the quench step and transfer to the gas phase.  Decreasing 
the pH can have the additional advantage of unfolding the protein and increasing the charge 
states of ions formed by electrospray ionization (ESI), which can dramatically improve both the 
sequence coverage and capture efficiency in ECD [32, 33] or ETD [34] experiments.   
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Increased analyte charging in ESI can also be obtained by adding small amounts of some 
“supercharging” reagents to the initial solution from which these ions are formed [35-37].  For 
example, ESI of a water/methanol/acetic acid solution containing 1% m-nitrobenzyl alcohol (m-
NBA) and cytochrome c resulted in an increase in the average charge state from 17.3+ to 20.8+ 
and the maximum observed charge state from 21+ to 24+ compared to the same solution without 
m-NBA [36].  Originally used with “denaturing” solutions consisting of water, methanol and 
acetic acid [35-37], m-NBA and other supercharging reagents were shown by Loo and coworkers 
to increase the charge states of proteins and protein complexes formed from aqueous solutions 
[38, 39].  Although many factors, including proton transfer reactivity [40], instrumental 
conditions [41], surface tension [37], etc., can affect charging in ESI, the charge enhancement 
observed for proteins and protein complexes in aqueous solutions containing a supercharging 
reagent appears to be predominantly a result of chemical and/or thermal denaturation that occurs 
in the electrospray droplet prior to ion formation [42, 43].  Sulfolane, a supercharging reagent 
found to be effective by Loo et al. [38], destabilizes the native form of myoglobin by 1.5 
kcal/mol/M, but has little effect on the native structure in the initial solution owing to the 
typically low concentrations used [43].  Because of the high boiling points of these 
supercharging reagents compared to water (b.p. of m-NBA and sulfolane are 177 ºC at 3 Torr 
[44] and 287 ºC at 760 Torr [44], respectively), the concentration of these supercharging reagents 
in the ESI droplets increases as water preferentially evaporates from the droplet, and can cause 
significant unfolding of the proteins in the droplet due to chemical and/or thermal denaturation 
[42, 43].  It is well known that the structure of the protein in solution can significantly affect the 
charging observed in ESI, where more unfolded structures become more highly charged [45-47].   

Here, we demonstrate that adding 1% m-NBA to aqueous solutions containing the protein 
ubiquitin can significantly increase charging.  Traveling wave ion mobility spectrometry 
(TWIMS) results show that the higher charge state ions that are formed with m-NBA are more 
unfolded than the lower charge state ions that are formed without this supercharging reagent, and 
ETD of these more highly charged and unfolded ions results in significantly improved fragment 
ion abundance and sequence coverage.  When ESI supercharging is combined with top-down 
HDX-MS, the quench step and the concomitant loss of information due to back-exchange can be 
eliminated, and the experiments can be performed continuously at physiological pH and 
temperature, as is done with NMR, but has the advantage of higher sensitivity.  This new method 
could make high spatial resolution, top-down HDX-MS a much simpler and faster experiment to 
perform, without HDX information loss due to back-exchange or scrambling. 

 
7.3 Experimental 
 

All solutions of bovine ubiquitin were prepared from lyophilized solid (Sigma, St. Louis, 
MO, USA) without additional purification.  Mass spectra for all HDX-MS experiments were 
acquired using an LTQ-orbitrap hybrid mass spectrometer (Thermo Fischer Scientific, Waltham, 
MA, USA).  ETD experiments were performed by reacting mass-selected precursor ions with 
fluoranthene anions for 30 ms.   Fully deuterated bovine ubiquitin was prepared (~99% 
deuterium incorporation measured using mass spectrometry).  Exchange for hydrogen was 
initiated by diluting a 1 µL aliquot of the deuterated ubiquitin solution into 99 µL of 200 mM 
ammonium acetate, pH = 6.2, containing 1.0% m-nitrobenzyl alcohol (Sigma, St. Louis, MO, 
USA).   The sample was mixed for a few seconds before a ~7 µL aliquot was loaded into a 
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nanospray capillary, ESI was established, and the first ETD spectrum was acquired within 
approximately two minutes.  The same capillary was used to obtain data up to 93 minutes, and 
new capillaries were used for the 185 and 385 minute timepoints.  Fragment ions were identified 
using a m/z uncertainty constraint of ± 0.005.  ESI mass spectra and TWIMS arrival time 
distributions of individual charge states of ubiquitin were acquired using a hybrid quadrupole/ion 
mobility/time-of-flight instrument (Synapt™ High Definition Mass Spectrometer; Waters, 
Milford, MA, USA) equipped with a Z-spray ion source.  Experimental procedures are described 
in detail in Supporting Information. 

 
7.4 Results and Discussion 
 

7.4.1 Supercharged ESI-TWIMS-MS   Relative abundances of charge states of ubiquitin 
formed by ESI (20 mM aqueous ammonium acetate, pH 7.0) from solutions that contain either 
0% or 1.0% m-NBA are shown in Figure 7.1a.  Without m-NBA, charge states ranging from 4+ 
to 7+ are formed.  With 1% m-NBA, the maximum charge state increases from 7+ to 10+, and 
the average charge increases from 5.5+ to 7.4+.  The corresponding arrival time distributions 
obtained by TWIMS for each of these charge states are used to calculate the reduced arrival 
times by multiplying the centroid of a given TWIMS peak by the ion charge [48].  These reduced 
arrival times as a function of charge are shown in Figure 7.1b.  The data are consistent with two 
generally separate families of conformers with the more compact conformations observed at 
lower charge states and the more unfolded or elongated conformers observed at higher charge 
states, with two distinct conformers, or families of conformations, observed for the 6+ and 7+ 
charge states.  These data also indicate a trend of additional unfolding with increasing charge 
state within these conformer families.  Koeniger and Clemmer measured the absolute collision 
cross sections of ubiquitin ions formed by ESI from a 49:49:2 water:acetonitrile:acetic acid 
solution and found that the 5+ – 7+ charge states had nearly identical collision cross sections, 
consistent with a compact conformation or family of conformers [49].  A transition to multiple 
partially folded and elongated conformations was observed for the 8+ and 9+ ions, and multiple 
elongated conformations were observed for 10+ – 13+ ions.  Here, the transition to a more 
unfolded structure(s) occurs at a lower charge state (between 6+ and 7+).  This may be due to ion 
heating in the traveling wave apparatus that can cause unfolding [50], and/or due to the different 
solution compositions or ESI source conditions used.  Nonetheless, these TWIMS results 
indicate that the higher charge state ions obtained by supercharging with m-NBA are 
significantly more unfolded than the low charge state ions that are formed with or without this 
supercharging reagent.  Similar results were obtained for myoglobin ions formed by electrospray 
from a purely aqueous solution containing either m-NBA or sulfolane [43], suggesting that the 
supercharging effect is not protein-specific and should be broadly applicable for inducing rapid 
protein unfolding (and/or analyte heating) in an ESI droplet.  The ESI mass spectra and TWIMS 
arrival time distributions from which the results in Figure 7.1 are derived are given in the 
Supporting Information. 

 
7.4.2  Supercharged ESI-MS/MS  The effects of charge state on ETD sequence coverage 

with supercharging reagent were investigated.  ETD of the isolated 7+, the maximum charge 
state observed without m-NBA, results primarily in formation of the 6+ and 5+ charge-reduced 
precursors (Figure 7.2a).  Some c and z• ions are observed, albeit in very low abundance.  
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Charge-reduced precursors are also formed upon ETD of the isolated 10+, the highest charge 
state observed with 1.0% m-NBA, but in striking contrast to the results without m-NBA, 
significantly more fragmentation is observed (Figure 7.2b).  These results clearly show the 
advantage of combining supercharging reagents, such as m-NBA, with ETD experiments even 
when these ions are formed from buffered aqueous solutions. 
 The sequence coverage results obtained from the c and z• ions formed by ETD of these 
two charge states are compared in Figure 7.3.  For the 7+ formed without m-NBA, there are six c 
and 17 z• ions resulting in 25% sequence coverage.  There are no cleavages between residues 35 
and 74, so only limited sequence information is obtained from the N-terminal end of the protein.  
For the 10+ charge state formed with 1.0% m-NBA, there are 41 c and 47 z• ions, with cleavage 
at 62 of 72 unique sites resulting in 86% sequence coverage.  For the 18 common fragment ions 
that are observed in both the 10+ and 7+ ETD spectra, the abundances, normalized for charge, 
are ~12× greater in the 10+ ETD spectrum indicating a substantially higher fragmentation 
efficiency for the higher charge state ion.  Five of the 23 fragment ions produced by ETD of the 
7+ are not observed in the ETD spectrum of the 10+, but the sequence coverage obtained with 
the 10+ is significantly higher and is more uniformly distributed.  The unique fragmentation 
observed for the 7+ is likely due to conformer dependent dissociation as has been observed 
previously with ECD of different ubiquitin conformers separated by ion mobility [51].  The 
sequence coverage values obtained here are somewhat higher than the 17% and 59% sequence 
coverage for 7+ and 10+ ions, respectively, obtained by McLafferty and coworkers using ECD 
[32]. 

 Even higher charge states can be obtained from solutions containing organic solvents and 
acid.  For example, the 13+ of ubiquitin is formed with the “quench” solution conditions used by 
Konermann and coworkers in their top-down HDX experiment (1:1 water:acetonitrile with 0.2% 
formic acid) [24].  To determine if this higher charge state results in greater sequence coverage, 
ETD of the 13+ and 10+ were compared, adjusting the fluoranthene anion abundances so that the 
precursors were depleted to a similar extent.  The sequence coverage for the 13+ formed from 
the water/acetonitrile/formic acid solution was 81% compared to the 86% obtained from the 10+ 
formed by supercharging from aqueous solution, consistent with previous results that show 
protein shape can play a greater role in fragmentation efficiency than charge state [51].  The 
similar sequence coverage for these two ions formed from solutions where the protein 
conformations differ indicates that the extent of unfolding caused by the supercharging reagent 
during the electrospray process is adequate for high sequence coverage with ETD. 

 
7.4.3  Amide HDX Kinetics at Individual Residues.  ETD spectra of fully deuterated 10+ 

ubiquitin (formed with 1.0% m-NBA) exchanging with hydrogen as a function of time were 
obtained for times up to 385 minutes using a single nanospray capillary (~7 µL) to acquire data 
from 2 to 94 minutes and two additional capillaries to obtain data at 185 and 385 minutes.  
Amide exchange kinetics for individual residues were obtained from these kinetic data.  An 
example of partial ETD mass spectra showing the c17 and c16 fragments measured at 3, 41, and 92 
minutes are shown in Figure 7.4.  The isotopic distributions of both ions shift to lower m/z with 
longer times as deuterium is exchanged for hydrogen.  The isotopic distributions of the fragment 
ions in these exchange experiments are significantly broader than the natural isotopic distribution 
without exchange (Figure 7.4, inset) owing to the statistical nature of the HDX process.  The 
average deuterium content for each fragment ion is obtained from the difference in the average 
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molecular weights of the exchanged and unexchanged fragments calculated using the intensity 
weighted average of the observed isotopic peaks.  The difference in the average deuterium 
content in two sequential fragment ions provides information about the extent of exchange at the 
individual amide site. 

For example, the difference in the average deuterium content of the c17  and c16 fragments 
as a function of time provides information about the amide exchange kinetics at residue 18 
(Glu18).  The average deuterium content for the Glu18 amide obtained from these data as a 
function of time is shown in Figure 7.5a (open squares).  It is apparent from these data that this 
site is essentially completely exchanged by ~100 minutes.  The scatter in these data, as well as 
the slightly negative values at the two longer times (185 and 385 min.) can be attributed to 
subtracting two relatively large numbers corresponding to all the exchange that occurs in the c17  
and c16 fragments, where a small relative error in either or both average exchange values lead to a 
large relative error for the difference in these values.  These data can be reasonably fit with a 
single exponential function from which an HDX rate constant of 4.5 × 10-2 min-1 is obtained for 
the amide of Glu18.  

Exchange rate constants with single residue resolution were obtained for 44 of the 72 
backbone amides (76 residues – the N-terminus and three prolines) residues.  This resolution is 
slightly higher than that obtained by Konermann and coworkers (39 of 72) using ECD of all 5+ 
through 12+ charge states.24  The exchange rate constants for these residues varied between >1.4 
and <3.5 × 10-3 min-1, which represents a three orders of magnitude kinetic window for this 
experiment as implemented here (Table 7S-1; Supporting Information).  For example, single 
residue resolution was obtained for Val5, but in contrast to Glu18, very little exchange for 
hydrogen was observed over the entire 385 minute experiment (filled squares, Figure 7.5a) 
resulting in a lower limit to the exchange rate constant of 3.5 × 10-3 min-1.  Significant protection 
of this amide from the bulk solvent can be inferred from this very slow exchange constant and is 
consistent with its protected position within a beta strand [52]. Adjacent to Val5 on both the N- 
and C-terminal sides, very fast exchange occurs at residues 1–2 and  7–12 where essentially 
complete exchange occurs in less than three minutes.  The vastly different rates of exchange at 
these neighboring amide exchange sites clearly indicate that neither H/D scrambling nor back-
exchange occurs to any significant extent at these sites. 

 
7.4.4 Amide HDX Kinetics at Contiguous Residues For residues where sequential 

fragment ions are not observed, the next nearest neighbor is used to calculate the summed HDX 
kinetics for the residues between where cleavages occur.  Examples of summed kinetic data are 
shown in Figure 7.5b for a two-amide sum, and a three-amide sum. The summed HDX kinetics 
of Leu67, His68, and Leu69 (+ symbol) are best fit to a single exponential with a half-life of ~7 
minutes and with a constant offset corresponding to ~1 deuterium.   The data for these three 
residues are consistent with one well-protected amide and two amides with similar rates of 
exchange.  Although three exchange rate constants can be obtained for these three residues, no 
information about which of the three residues is the slow exchanger is obtained.  For Gly75 and 
Gly76 (filled triangles), nearly complete exchange occurred by the first measurement, indicating 
both amides exchange on a timescale near the upper limit of exchange for the experiment (>1.4 
min-1).  

There are 12 regions of the protein where summed kinetics were obtained, with the longest 
section corresponding to five residues (Lys48 – Asp53).  The average spatial resolution observed 
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with this supercharged ESI HDX-MS approach is calculated as the average of all the segment 
lengths (including single residues) and is equal to 1.3 residues.  This is significantly higher 
spatial resolution than was previously obtained for HDX-MS analysis of ubiquitin using either 
pepsin proteolysis and direct mass analysis of the proteolytic fragments [53] or using 
collisionally activated dissociation of the intact protein [54], and somewhat higher resolution 
than was reported for a single time-point analysis of ubiquitin exchange kinetics using an acid-
quenched, top-down approach [24].  To the best of our knowledge, this is the first example of 
using top-down mass spectrometry to report exchange rate constants for H/D exchange of a 
protein, whereas reporting rate constants (or protection factors) is common with NMR 
experiments [55-58].   

 
7.4.5  Redundant Information to Reduce Uncertainty  Some of the HDX kinetic data 

can lead to ambiguities in interpretation, but there is redundant information in these data that can 
eliminate some uncertainty in individual rate constants.  For example, Asn25 and Thr55 have 
similar initial exchange rate constants, but Asn25 appears to be biexponential with ~40% fully 
exchanged by ~200 minutes (open circles; Figure 7.5c), with little exchange occurring after that, 
whereas Thr55 can be fit to a single exponential function.  The apparent biexponential behavior 
observed for Asn25 could either be due to scatter in the data and error induced by subtracting 
two relatively large numbers, where a small relative uncertainty in one or both values leads to a 
large relative uncertainty in the subtracted value.  Or it could indicate two or more different 
conformations in solution and/or dynamical events that reside in the EX2 regime [54] on a much 
longer timescale than the duration of this experiment.  If these data were truly biexponential, 
adjacent residues should have similar offsets.  The HDX kinetics for the residues adjacent to 
Asn25 do not show a similar ~0.4 Da offset, suggesting it is more likely due to a bias in one (or 
both) sets of fragment ion data. 

Redundant data can also occur in regions of the protein where both c and z• ions overlap.  
This occurred for four residues, and statistically indistinguishable rate constants were obtained 
from both the c and z• ions data for Thr12, Lys29, and Leu56 (Table 7S-1; Supporting 
Information), whereas different kinetic data was obtained for Asp32 (Figure 7.5d).  An offset 
value of  –0.4 provided a best fit for the c ion data (open triangles), whereas the z• ion data (open 
square) is biexponential and indicates a significant fraction of this population does not exchange 
on the time frame of this experiment.  The discrepancy between the results obtained for these c 
and z• ions at this one site may be due to different conformations of the protein that are probed 
individually by the respective c and z• ions [51], or it could be due to the previously discussed 
error induced by the subtraction. 

One approach to determine if the information obtained from the both c and z• ions for 
Asp32 is different is to use summed kinetics to investigate the region of the primary sequence 
immediately adjacent to this residue to see how they are affected.  The summed kinetic data for 
Ile30 + Gln31 + Asp32 are shown in Figure 7.5d.  The resulting summed data is analogous to 
results obtained from the bottom-up method where proteolytic digestion defines the length of the 
fragments. This in silico digestion makes it possible to choose the residues at which to “digest” 
the protein to provide comparable data.  Results from in silico digestion at residues before and 
after residues 30 and 32, respectively, are shown in Figure 7.5d and show that the summed 
kinetics using c and z• ions are essentially the same.  This result suggests that the different rate 
constants obtained from the c and z• ion data for Asp32 do not reflect different solution-phase 
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conformers.  Based on this result, the value we report for Asp32 in Table 7S-1 is the average of 
the two single residue experimental values for this residue. 

 
7.4.6 Comparison to NMR Data Amide HDX rate constants obtained in these MS 

experiments and values reported from previous NMR experiments [56, 57] are given in Table 
7S-1 for comparison. On average, the rate constants obtained from our MS measurements are 
higher than those determined by NMR.  However, a direct comparison of the rate constants is 
complicated by differences in experimental conditions used to obtain all three sets of data.  
Slightly different solution conditions were used in each of the three experiments, which may 
affect the absolute exchange rate constants due to local structural differences influenced by pH, 
buffer ions, or ionic strength.  Different solution temperatures were also used, which can affect 
protein structure and dynamics and the resulting HDX kinetics.  For example, the generally faster 
exchange kinetics observed here could be due to faster “breathing” dynamics that occur at 38 °C 
compared to 30 °C [56] or 25 °C [57] for the two NMR experiments. 

A more meaningful comparison is to compare the relative rates of exchange at each site in 
the protein in order to observe the regions of the protein that are either more or less protected 
from exchange.  To do this, we normalized the (negative) logarithms of the rate constants for 
each of the three data sets and plotted these “relative protection” values against the amino acid 
sequence, where a value of 1 indicates the slowest exchange rate observed and a value of 0 
indicates the fastest exchange rate observed within a set of experimental data (Figure 7.6).   The 
absence of a point for the MS data (red diamond) or the NMR data (black square [56] or black 
triangle [57]) indicates single residue resolution was not obtained for that amide.  Overall, the 
MS results agree very well with the NMR results as indicated by comparable “relative 
protection” in regions of high protection (e.g. residues 3–6), in regions of intermediate protection 
(e.g. residues 54–56), and regions of low protection (e.g. both termini).  Individual discrepant 
data points are observed randomly across the protein, but this is also the case when just the two 
NMR data sets are compared.  For example, results from one NMR experiment [57] show 0.2 
relative protection for residue 65, whereas MS and the other NMR experiment [56] show zero 
relative protection at this site.  To more thoroughly evaluate these comparisons, the relative 
protection factors obtained by MS were plotted versus those from the individual NMR 
experiments, and the two NMR data sets with each other (Figure 7S-2, in Supporting 
Information).  The slopes of the two MS versus NMR plots ((slope = 0.90; R2 = 0.84) [56] or 
(slope = 0.90; R2 = 0.84) [57]) are somewhat better than the two NMR data sets against each 
other (slope = 0.85; R2 = 0.83) and the correlation coefficients are essentially equal for all three 
comparisons.  The generally good agreement between the MS protection factors reported here 
and those obtained by NMR indicates that this supercharging MS method provides meaningful 
HDX values with nearly single amino acid spatial resolution as is typically achieved with NMR. 

 
7.5 Conclusions 
 

By combining ESI supercharging with top-down HDX-MS, real-time amide exchange rate 
constants for individual residues can be obtained with significantly higher sensitivity than NMR.  
The generally good agreement between values obtained with this MS method and previous NMR 
values indicates that H/D scrambling does not occur to any significant extent, and these results 
provide additional evidence that the ESI supercharging reagent does not cause significant 
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changes to the protein structure in the initial solution, but causes proteins to denature in the 
electrospray droplet.  Because the droplet lifetime is short (ms), this method significantly reduces 
the potential for back-exchange to occur when HDX is performed near physiological pH because 
even the fastest intrinsic exchange rates are significantly slower.  The supercharging reagents 
have the additional advantage of increasing the charge states formed by ESI, which increases the 
fragmentation efficiency and the resulting sequence coverage obtained using ECD or ETD.  
Although not done here, including results from other precursor charge states would likely 
improve the spatial resolution of this method, and this may become important for larger proteins 
where ETD fragmentation may become more limited. 

The fastest reported rate constants are ~1.4 min-1, and were limited by the long dead time in 
these initial experiments.  Data at significantly shorter times could be obtained using a mixing 
apparatus, such as those used by Konermann and coworkers [18],  to measure significantly faster 
rate constants.  By using a supercharging reagent in the diluant, only a single mixing “T” is 
required to initiate H/D exchange and back-exchange would be essentially eliminated.  An 
advantage of using a mixing system is the ability to continuously acquire data for a single time 
point so that scan averaging can be used to improve the signal-to-noise ratios of these 
measurements.  This could result in more precise rate constants than were obtained in this 
experiment, where two minutes of real-time data were averaged for a given experimental time 
point.  This type of continuous-flow approach requires much more protein than one based on a 
few nanoelectrospray capillaries as demonstrated here, but the significantly better sensitivity of 
mass spectrometry compared to NMR could make this an attractive method when a large 
quantity of the protein of interest is not readily available. 
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7.7 Figures 
 
 
 
 

 
Figure 7.1  Plot of the (a) ESI-MS relative charge state abundances of 
10 µM ubiquitin (20 mM aqueous ammonium acetate, pH 7.0) formed 
with and without 1% m-NBA, and (b) TWIMS reduced arrival times as a 
function of charge state, which shows two distinct families of 
conformers. 
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Figure 7.2  Electron transfer dissociation mass spectra of the isolated (a) 7+ and (b) 10+ ions 
obtained from a 3.75 µM ubiquitin, 200 mM ammonium acetate, pH 6.2, solution containing 0% 
and 1% m-NBA, respectively.  In both cases, these were the highest charge states that could be 
reliably isolated with sufficient S/N to perform ETD. The reduced precursors are indicated with a 
*.  Insets are expansions of the m/z 827 – 877 regions to illustrate differences in fragmentation 
efficiencies. 
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Figure 7.3   Sequence coverage of ubiquitin obtained from ETD of the 
7+ and 10+ charge states of 3.75 µM ubiqutin formed by electrospray 
from a 200 mM ammonium acetate, pH 6.2, solution containing 0% and 
1% m-NBA, respectively.  25% and 86% sequence coverage was 
obtained for the 7+ and 10+, respectively. 
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Figure 7.4  Partial ETD mass spectra of fully deuterated 10+ ubiquitin showing the c17 (left) and 
c16 (right) fragment ions obtained at 3, 41, and 92 minutes during exchange for hydrogen.  The 
monoisotopic peak (m) and each isotope peak in the distribution are labeled.  Partial ETD spectra 
for the fully protonated c17 and c16 fragment ions obtained without HDX are inset. 
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Figure 7.5 Example hydrogen/deuterium exchange kinetics, where 
single residue resolution was obtained for (a) Val5 and Glu18 and (b) a 
three-residue sum and a two-residue sum were obtained for Leu67, 
His68, and Leu69, and Gly75 and Gly76, respectively.  Single residue 
resolution results for (c) Asn25 and Thr55 illustrate decay to different 
average deuterium content endpoints.  Exchange kinetics for (d) Asp 32 
plotted with c ion data (red) and z• ion data (black), and as part of a 
three-residue in silico digestion (Ile30 + Gln31 + Asp32).  Data were fit 
to single or double exponential functions where appropriate. 
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Figure 7.6  Comparison of “Relative Protection” from HDX for individual residues obtained by 
MS (red diamonds), NMR [56] (black squares), and NMR [57] (black triangles) across the 
protein.  “Relative Protection” is calculated as the (negative) logarithm of the exchange rate 
constants normalized within a data set. 
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7.8 Supporting Information 
 

7.8.1  Experimental 
 

7.8.1.1 ESI-HDX-MS Mass spectra for all HDX-MS experiments were acquired using an 
LTQ-orbitrap hybrid mass spectrometer (Thermo Fischer Scientific, Waltham, MA, USA) 
equipped with a fluoranthene anion source for ETD experiments.  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, USA) to a tip inner diameter of ~1 µm with a Flaming/Brown 
micropipette puller (Model P-87, Sutter).  A platinum wire (0.127 mm diameter, Sigma, St. 
Louis, MO, USA) was inserted through the capillary into the solution and electrospray was 
initiated and maintained by applying ~800 V to the wire relative to instrument ground. The 
temperature inside the instrument nanospray source was maintained at ~38 °C.  For ETD, either 
the 7+, 10+ or 13+ charge state was isolated and subsequently reacted with fluoranthene anions 
for 30 ms.  The resulting fragment ions were measured in the orbitrap analyzer set to 100,000 
resolution for detection. 

A 375 µM solution of fully deuterated bovine ubiquitin was prepared by dissolving solid 
protein (Sigma, St. Louis, MO, USA) in a deuterium water (Euriso-top, Saint-Aubin Cedex, 
France) solution containing 19 mM ammonium acetate and 0.005% D-formic acid (Cambridge 
Isotopes, Andover, MA, USA) and heating the solution at 68 °C for three hours.  The protein was 
then stored at room temperature for more than one week after which time ~99% deuterium 
incorporation was measured using mass spectrometry.  Exchange for hydrogen was initiated by 
diluting a 1 µL aliquot of the deuterated ubiquitin solution into 99 µL of 200 mM ammonium 
acetate, pH = 6.2, containing 1.0% m-nitrobenzyl alcohol (Sigma, St. Louis, MO, USA).   The 
sample was mixed for a few seconds before a ~7 µL aliquot was loaded into a nanospray 
capillary, ESI was established, and the first ETD spectrum was acquired within approximately 
two minutes.  The remaining sample was held in a 38 °C heatblock for the 185 and 385 minute 
timepoints.  Mass spectra were recorded continuously for the first 12 minutes, after which time 
the voltage applied to the electrospray capillary was set to zero to minimize change in solution 
pH that can occur during ESI [1], and the data acquisition was paused.  Mass spectra were again 
recorded between 18 – 22 minutes and four minutes of data were acquired every ten minutes up 
until 92 minutes.  A new nanospray capillary was loaded with a fresh 7 µL, 38 °C aliquot for 
each of the 182 and 380 minute timepoints.  For each timepoint, two minutes of continuous 
acquisition were scan averaged.  For example, the 10 minute timepoint was obtained by scan 
averaging data between 9 and 11 minutes. 

 The identities of the fragment ions were assigned using a m/z uncertainty constraint of ± 
0.005 and Protein Prospector (http://prospector.ucsf.edu/prospector/mshome.htm) to calculate 
exact masses.  The average extent of H/D exchange for each c or z• ion at a given timepoint was 
determined from the average mass of each fragment, calculated using the intensity-weighted 
isotopic abundances with and without HDX.  That average extent of H/D exchange for each ion 
was subtracted from that of the nearest neighboring c or z• ion toward the termini to give either a 
single amide HDX timepoint value or a summed value when adjacent fragment ions were not 
detected.  These values as a function of time were fit to exponential functions using Igor Pro 4.07 
to obtain HDX rate constants. 
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7.8.1.2 Traveling Wave Ion Mobility Spectrometry ESI mass spectra and arrival 

time distributions of individual charge states of ubiquitin were acquired using a hybrid 
quadrupole/ion mobility/time-of-flight instrument (Synapt™ High Definition Mass 
Spectrometer; Waters, Milford, MA, USA) equipped with a Z-spray ion source.  Ions were 
formed using nanoelectrospray emitters prepared identically as described above.  Ubiquitin 
solutions were prepared by diluting solid protein in 20 mM ammonium acetate, pH = 7.0,  to a 
protein concentration of 10 µM with either 0% or 1.0% m-NBA.  The mobility cell was operated 
in linear ramp mode for wave height (5 – 16 V) with wave velocity = 300 m/s, and a pressure of 
0.4 Torr of argon.  The TOF analyzer was operated in “V” (single reflectron) mode.  Mass 
spectra were smoothed three times using the Waters MassLynx software mean smoothing 
algorithm with a 5 unit window and arrival time distributions were smoothed three times with a 1 
unit window. 

 
7.8.2  Results and Discussion 
 

7.8.2.1 Supercharged ESI-TWIMS The ESI-MS and TWIMS arrival time 
distributions for each charge state formed with and without m-NBA are shown in Figure 7S-1.  
For the 0% m-NBA solution, charge states ranging from 4+ to 7+ are formed.  A small 
abundance (~3%) of 9+ and 7+ dimer is also observed.  With 1% m-NBA, the maximum charge 
state increased from 7+ to 10+, and the average charge increased from 5.5+ to 7.4+.  The dimer 
abundance is significantly lower (<0.6%) indicating that m-NBA decreases the dimer stability.  
The TWIMS reduced arrival times, estimated by multiplying the centroid of a given peak by the 
charge [2], increase from 32.2 ms for the most abundant 4+ conformer, or family of unresolved 
conformations, to 47.2 ms for the most abundant 6+ conformer, or family of unresolved 
conformations.  These distributions extend to longer arrival times, indicating that some partially 
unfolded conformers are present as well.  In contrast, the data for the 7+ indicates that the 
majority of the ions are significantly unfolded (reduced arrival time = 62.0 ms) and that even the 
minor population of more compact ions (reduced arrival time = 53.4 ms) are slightly more 
unfolded than the major compact conformer for the 6+.  The arrival time distributions for the 8+ 
– 10+ charge states, which are only formed from solutions containing 1.0% m-NBA, each consist 
of a single peak that shifts to slightly longer reduced arrival times with increasing charge state, 
consistent with a single conformer, or family of unresolved conformations, with cross sections 
indicating significant unfolding. 

 
7.8.3  References 
 

1. VanBerkel, G. J.; Zhou, F. M.; Aronson, J. T. Changes in Bulk Solution Ph Caused by the 
Inherent Controlled-Current Electrolytic Process of an Electrospray Ion Source. Int. J. 
Mass Spectrom Ion Process. 1997, 162, 55-67. 

 
2. Shelimov, K. B.; Clemmer, D. E.; Hudgins, R. R.; Jarrold, M. F. Protein Structure in 

Vacuo: Gas-Phase Confirmations of Bpti and Cytochrome C. J. Am. Chem. Soc. 1997, 119, 
2240-2248. 

 



 158  

3. Johnson, E. C.; Lazar, G. A.; Desjarlais, J. R.; Handel, T. M. Solution Structure and 
Dynamics of a Designed Hydrophobic Core Variant of Ubiquitin. Struct. Fold. Des. 1999, 
7, 967-976. 

 
4. Bougault, C.; Feng, L. M.; Glushka, J.; Kupce, E.; Prestegard, J. H. Quantitation of Rapid 

Proton-Deuteron Amide Exchange Using Hadamard Spectroscopy. J. Biomol. NMR 2004, 
28, 385-390. 

 
5. Bai, Y. W.; Milne, J. S.; Mayne, L.; Englander, S. W. Primary Structure Effects on Peptide 

Group Hydrogen-Exchange. Prot. Struct. Funct. Gen. 1993, 17, 75-86. 
 
Note:  References [3] and [4] here are references [56] and [57] in section 7.6. 
 



 159  

7.8.4  Tables and Figures 
 
Table 7S-1   Amide HDX rate constants obtained using ESI supercharging coupled to top-down 
MS/MS compared to rate constants previously measured using NMR. 

Amino 
acid 

MS 
k (min-1) 1SD 

NMR 
[3] 

k (min-1) 
NMR [4] 
k (min-1) 

 
Amino 

acid 
MS 

k (min-1) 1SD 
NMR[3] 
k (min-1) 

NMR[4] 
k (min-1) 

M ≥1.2 1.6E-1    D >1.4  >1.1E-2 >1.68 
Q ≥1.2 1.6E-1 >1.1E-2 >2.03  Q40 2.3E-1 1.5E-1 >1.1E-2 1.31E-1 
I 3.5E-3 1.0E-3 1.1E-6 <3.83E-5  Q 7.6E-2 5.5E-2 2.2E-3 5.37E-2 
F 3.7E-3 2.0E-3 3.2E-6 <3.63E-5  R 1.8E-2 * 8.8E-4 1.67E-2 
V <3.5E-3  8.0E-7 <3.63E-5  L 1.8E-2 * >1.1E-2  
K 8.3E-3‡ 1.3E-3 1.3E-4 6.93E-4  I <3.5E-3   3.5E-6  
T 7.4E-1 2.1E-1 >1.1E-2   F 1.9E-1 1.7E-1 4.0E-4 6.69E-3 
L >1.4  >1.1E-2 >1.68  A >1.4  >1.1E-2  
T 1.2 1.2 >1.1E-2   G 2.5E-1 1.8E-1 >1.1E-2  

G10 1.4 2.8 >1.1E-2 >2.03  K >1.4   1.1E-2 5.16E-2 
K 7.9E-1 4.4E-1 >1.1E-2 1.32E-2  Q >1.4   >1.1E-2 >2.03 
T 5.6E-1 1.7E-1 >1.1E-2 >2.03  L50 >1.4   3.7E-4 5.75E-3 
I 2.0E-2 4.0E-3 1.0E-4 1.63E-3  E >1.4   >1.1E-2 1.39E-1 
T >1.4   >1.1E-2 >1.68  D 1.2E-2 6.6E-3 >1.1E-2 >2.03 
L 9.2E-3 6.3E-3 5.1E-7 <3.63E-5  G 2.0E-1 8.8E-2 >1.1E-2  
E >1.4  >1.1E-2   R 1.2E-1 4.4E-2 6.8E-4 1.06E-2 
V 2.3E-2 1.8E-2 3.7E-6 <3.63E-5  T 3.6E-2 1.2E-2 1.2E-4 9.31E-3 
E 4.5E-2 1.1E-2 6.7E-4 3.54E-3  L 1.5E-2 4.0E-3 1.3E-5 <3.63E-

5 P Proline  >1.1E-2   S >1.4   >1.1E-2 1.59E-1 
S20 6.1E-1 3.8E-1 >1.1E-2 >2.03  D 5.0E-2 * >1.1E-2 5.55E-2 
D 4.5E-3 8.4E-3 1.2E-5   Y 5.0E-2 * 8.1E-5  
T 9.1E-2 6.6E-2 3.8E-4 3.08E-3  N60 9.3E-1 4.2E-1 >1.1E-2  
I 7.8E-3 4.7E-3 4.1E-5 3.45E-4  I 4.5E-1 5.7E-2 8.2E-4 9.16E-3 
E >1.4   >1.1E-2   E >1.4   >1.1E-2 7.43E-2 
N 1.5E-1 8.2E-2 8.3E-4 1.19E-2  K >1.4   >1.1E-2 >2.03 
V <3.5E-3   2.1E-6 <3.63E-5  E >1.4   >1.1E-2  
K 1.4E-2 * 6.6E-7 1.16E-5  S >1.4  >1.1E-2 2.04E-1 
A 1.4E-2 * 8.4E-5   T 6.5E-1 1.9E-1 >1.1E-2 1.74E-1 
K 1.7E-2 9.0E-3 1.1E-5 <3.83E-5  L <3.5E-3   9.4E-4 1.23E-1 
I30 5.5E-3 3.5E-3 6.9E-7 <3.63E-5  H 1.0E-1 * >1.1E-2 7.88E-2 
Q 4.6E-1 2.7E-1 1.9E-3   L 1.0E-1 * 9.1E-4 >1.68 
D 5.0E-2 2.6E-2 >1.1E-2 1.40E-1  V70 >1.4   1.0E-4 1.44E-3 
K 1.2 1.7 >1.1E-2 5.46E-1  L 1.1E-2 2.0E-3 >1.1E-2  
E 5.6E-1 3.1E-1 4.2E-3 4.80E-2  R ≥1.1 2.3E-1 >1.1E-2  
G 1.7E-1 5.7E-2 >1.1E-2 2.61E-1  L ≥1.1 2.3E-1 >1.1E-2  
I 4.0E-3 1.2E-2 7.8E-4 1.46E-2  R 1.1 1.1E-1 >1.1E-2  
P Proline  >1.1E-2   G ≥1.4 1.3E-1 >1.1E-2  
P Proline  >1.1E-2   G ≥1.4 1.3E-1 >1.1E-2 >2.03 

Error in the rate constants are reported as one standard deviation calculated in the Igor Pro 4.07 fitting algorithm.  
Summed rate constants are indicated by boxes around the contributing residues.  Where the kinetics are such that 
two rates are indistinguishable, the data was fit to a single exponential and is indicated with a * in the 1SD field.  
Rates from reference [3] were back-calculated from published protection factors according to the method described 
in [5].  The assignment of Lys6‡ as the slower rate and Thr7 the faster rate can be inferred from the rate constants of 
the adjacent residues, respectively. 
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Figure 7S-1 Nanoelectrospray mass spectra of aqueous solutions 
containing 10 µM ubiquitin and 20 mM ammonium acetate with (a) 0% 
and (b) 1% m-NBA.  The corresponding TWIMS arrival time 
distributions (c–i) are overlaid by charge state.  Reduced arrival times 
were estimated by multiplying the charge state by the centroid of the 
peak, indicated with a * in the figure. 
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Figure 7S-2   “Relative Protection” values compared in plots of (a) MS versus NMR [3], (b) MS 
versus NMR [4], and (c) NMR [3] versus NMR [4].  “Relative Protection” is calculated as the 
(negative) logarithm of the exchange rate constants normalized within a data set. 
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Chapter 8 
 

Effects of Buffer Loading for Electrospray Ionization Mass 
Spectrometry of a Noncovalent Protein Complex that Requires High 

Concentrations of Essential Salts 
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Protein Complex that Requires High Concentrations of Essential Salts” 
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8.1 Abstract 
 

Electrospray ionization (ESI) mass spectrometry (MS) is a powerful method for analyzing 
the active forms of macromolecular complexes of biomolecules.  However, these solutions often 
contain high concentrations of salts and/or detergents that adversely effect ESI performance by 
making ion formation less reproducible, causing severe adduction or ion suppression.  Many 
methods for separating complexes from nonvolatile additives are routinely used with ESI-MS, 
but these methods may not be appropriate for complexes that require such stabilizers for activity.  
Here, the effects of buffer loading using concentrations of ammonium acetate ranging from 0.22 
to 1.41 M on the ESI mass spectra of a solution containing a domain truncation mutant of a σ54 
activator from Aquifex aeolicus were studied.  This 44.9 kDa protein requires the presence of 
millimolar concentrations of Mg2+, BeF3

–  and ADP, (at ~60 ºC) to assemble into an active homo-
hexamer.  Addition of ammonium acetate can improve signal stability and reproducibility, and 
can significantly lower adduction and background signals.  However, at higher concentrations, 
the relative ion abundance of the hexamer is diminished while that of the constituent monomer is 
enhanced.  These results are consistent with loss of enzymatic activity as measured by ATP 
hydrolysis and indicate that the high concentration of ammonium acetate interferes with 
assembly of the hexamer.  This shows that buffer loading with ammonium acetate is effective for 
obtaining ESI signal for complexes that require high concentrations of essential salts, but can 
interfere with formation of, and/or destabilize, complexes by disrupting crucial electrostatic 
interactions at high concentration. 
 
8.2 Introduction 
 

Electrospray ionization mass spectrometry (ESI-MS) is an important technique for studying 
intact noncovalent complexes of biomolecules owing to its capacity to provide information about 
stoichiometries [1], binding interfaces [2], relative [3, 4] and absolute [5] equilibrium constants, 
conformations [6], and assembly kinetics [7], with high sensitivity, speed, and specificity. An 
important factor in the ability to obtain high quality mass spectra is the compatibility of the 
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analyte complex with the solvent systems typically employed in ESI-MS, i.e., aqueous 
ammonium acetate or ammonium bicarbonate solutions with minimal nonvolatile salts or 
detergents.  Nonvolatile salts and detergents, often used to stabilize biomolecule complexes, are 
typically removed by buffer exchange into solutions of ammonium acetate or ammonium 
bicarbonate using microcentrifuge gel filtration columns or dialysis prior to analysis [8].  Even 
low millimolar concentrations of metal ion salts, such as sodium chloride or phosphate, can 
cause severe ion suppression and peak broadening due to cluster and adduct formation.  
However, the roles of specific ions are well known for many noncovalent complexes of proteins 
with other proteins [9], peptides [10], nucleic acids [11], small molecules [12], cations [13], 
anions [14], nucleotides [15], etc., and the presence of these ions in the analyte solution can 
therefore be essential in order to obtain an accurate measurement of the native or native-like 
state of the complex.  Other biophysical techniques used to study noncovalent complexes, such 
as native gel electrophoresis, small angle X-ray scattering, NMR, electron microscopy and 
analytical ultracentrifugation, are not compromised by the presence of metal ion salts.   

Both desorption electrospray ionization [16] and matrix-assisted laser desorption ionization 
[17] are less affected by salts than ESI.  Nonetheless, several approaches that make it possible to 
more readily electrospray from solutions containing metal ion salts and biomolecules have been 
developed.  Konermann and coworkers used tartrate anions as weak chelators to minimize non-
specific adduction in ESI-MS studies of Ca2+ and Zn2+ binding proteins [18].  In an ESI-MS 
based enzymatic activity assay of cAMP-dependent protein kinase A, addition of methanol and 
acetic acid was shown to improve detection of phosphopeptides from solutions that required 
micromolar concentrations of cAMP, Mg2+ and ATP [19].  High concentrations of a volatile 
buffer can dramatically reduce the adverse effects of salts in ESI [20].  Addition of up to 7 M 
ammonium acetate to solutions containing 20 mM sodium chloride, and either cytochrome c or 
ubiquitin, resulted in a ~7 and 11-fold improvement in signal-to-noise for these respective 
proteins [20].  This buffer loading technique [20] was shown to be effective for a noncovalent 
protein complex by Robinson and coworkers [8] who demonstrated significantly improved 
resolution for the ~150 kDa tetramer of alcohol dehydrogenase with 1 M ammonium acetate 
solutions that contained this protein and either 10 mM Tris-HCL or 10 mM HEPES.  Buffer 
loading with 1 M ammonium acetate was used to obtain mass spectra of different oligomeric 
states of wild-type and mutant DnaB and DnaC proteins from Escherichia coli, which require up 
to 0.1 and 1.0 mM ATP and Mg(OAc)2, respectively, to assemble [21].  However, the stabilities 
of many complexes can depend on both ionic strength and specific ionic cofactors [22-27], so 
this buffer loading method is most effective when the salt tolerance of the complex is known. 

Here, effects of ammonium acetate concentration on ESI mass spectral resolution and 
complex stability of a domain truncation mutant of a σ54 activator (NtrC4-RC) from the 
thermophilic bacterium Aquifex aeolicus, which requires millimolar concentrations of Mg2+, 
BeF3

–  and ADP (at ~60 ºC) for assembly into a ~270 kDa homo-hexamer [28, 29], are 
investigated.  This truncated form of the full-length NtrC4 protein was chosen because it is 
somewhat more soluble than the full length protein and activation with the essential salts induces 
a change in the stoichiometries of the observed complexes from mixed homooligomers with no 
ATPase activity to a hexamer with similar ATPase activity to that of the full-length protein [29].  
A spectrophotometric ATPase activity assay [30] of the hexamer was used to independently 
measure the effects of ammonium acetate concentration on the abundance of the functional form 
of this complex.  At lower concentrations, ammonium acetate can increase the stability, 
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reproducibility, and accuracy for measuring the mass and abundance of this noncovalent 
complex in solution, but at higher concentrations, it can interfere with assembly of the complex 
presumably by displacement and/or interference of the critical electrostatic interactions with the 
essential salts. 

 
8.3  Experimental 
 

8.3.1  Protein Expression and Purification 
  

Protein expression and purification are described in detail elsewhere [29].  Briefly, NtrC4-
RC was subcloned into a PSKB3 plasmid with a His6 tag, expressed in E. coli. BL21 (DE3), 
harvested by sonication, and purified with a Ni-agarose column.  The plasmid was sequenced at 
the University of California at Berkeley DNA sequencing facility.    
 

8.3.1  Mass Spectrometry 
 

Mass spectra were acquired using a quadrupole time-of-flight mass spectrometer equipped 
with a Z-spray ion source (Q-Tof Premier, Waters, Milford, MA).  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, USA) to a tip inner diameter of ~1 µm with a Flaming/Brown 
micropipette puller (Model P-87, Sutter).  A platinum wire (0.127 mm diameter, Sigma, St. 
Louis, MO, USA) was inserted through the capillary into the solution and electrospray was 
initiated and maintained by applying ~1 kV to the wire relative to instrument ground.  This 
voltage was adjusted to the lowest value at which ion current was stable.  All other instrument 
parameters, including the source backing pressure (5.9 torr), were the same for all experiments.  
The solutions were heated prior to and during data acquisition using a capillary heater described 
elsewhere [31].  The temperature of the capillary heater was monitored continuously with a 
thermocouple and temperature meter (Omega, Stamford, CT, USA).  Raw data was smoothed 
three times using the Waters MassLynx software Mean smoothing algorithm with a 75 unit 
window.  Average molecular masses were obtained by deconvolving the centroids of each peak 
in a given charge state distribution with a signal-to-noise > ~3, and those for the hexamer were 
corrected for non-specific adduction by the method of McKay, et al. [32].  Relative abundances 
of proteins and complexes were estimated by summing the intensities of each charge state of a 
given protein or protein complex, and dividing that value by the sum of the intensities for each 
charge state in the distributions of monomer + dimer + hexamer.  This does not take into account 
effects of mass dependent ion transfer or detection efficiency or ionization efficiency.  Thus, the 
trends in these relative abundances as a function of ammonium acetate concentration are more 
meaningful than the actual absolute values.  The instrument was calibrated with CsI clusters 
formed by nano-ESI of a 24 mg/mL solution of CsI in 70:30 Milli-Q:2-propanol prior to mass 
measurement. 
 

8.3.2  ATPase Activity Assays 

14.5 µL samples of NtrC4-RC in the presence of MgCl2, BeCl2, NaF, and various 
concentrations of ammonium acetate were incubated at 70 °C for 5 min. Then, 0.5 µL of 30 mM 
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ATP was added to the samples bringing the final reaction concentrations to 50 µM NtrC4-RC, 1 
mM ATP, 1 mM MgCl2, 1 mM BeCl2, 9 mM NaF, and either 0.22, 0.34, 0.45, 0.68, 0.95, 1.14 or 
1.41 M ammonium acetate.  At various time points, 3 µL aliquots were quenched with 350 µL of 
0.88 M HNO3.  A color-developing solution (400 µL) consisting of 44 µM Bi(NO3)2, 31.1 µM 
(NH4)6Mo7O24, and 0.11% ascorbic acid was added to the quenched reactions.  Exactly 
four minutes after the addition of color-developing solution, the amount of free phosphate in 
solution (a product of ATP hydrolysis) was measured using the absorbance of 700 nm light, 
which is proportional to phosphate concentration [30].  These absorbance measurements were 
obtained for multiple time points and used to calculate kcat, the moles of ATP hydrolyzed per 
mole of protein per minute.  Measurement of kcat at each buffer concentration was performed in 
triplicate, and the averaged results, with error bars representing one standard deviation, are 
shown in Figure 8.1b.  

8.4  Results and Discussion 
 

ESI mass spectra obtained from solutions that contained 25 µM protein monomer, 1 mM 
ADP, 5 mM MgCl2, 1 mM BeCl2, 9 mM NaF, and seven different concentrations of ammonium 
acetate, ranging from 0.22 M to 1.41 M, are shown in Figure 8.1a. BeF3

–, which mimics 
phosphorylation, is formed from 1 mM BeCl2 as the limiting reagent and 9 mM NaF in excess.  
These solutions were heated to 63 ºC  prior to, and during, the experiments.  The presence of the 
salts and nucleotide, and the elevated temperature, are required for a conformational change in 
the regulatory domain of the monomer that makes it possible for the protein to assemble into a 
hexamer [29].  Without the salts, nucleotide, and heat, this domain truncation mutant assembles 
into a heptamer and other mixed oligomers, whereas the stoichiometry of the complex composed 
of the native, full-length protein is a hexamer [29].  Three replicate spectra of each solution, each 
acquired using a different nanoelectrospray capillary, were measured and the spectra in Figure 
8.1a were selected from the replicates as a typical spectrum with respect to peak centroids, 
widths, and relative abundances.  Signal at the two lowest ammonium acetate concentrations was 
significantly less reproducible than at the higher concentrations.  

The spectrum acquired with 0.22 M ammonium acetate (Figure 8.1a) has a low-intensity 
charge-state distribution consisting of broad peaks that correspond to the mass of the hexamer.  
The high baseline from m/z 2000 to ~6000 may obscure a relatively low signal corresponding to 
the monomer, while the dimer is partially resolved with four charge states that have increasing 
peak widths with decreasing charge state.  At 0.34 M ammonium acetate, charge-state 
distributions of both the monomer and dimer are clearly observed, albeit with very broad peaks 
(Table 8.1).  The broad baseline below m/z 6000 decreases with increasing ammonium acetate 
concentration and is essentially flat at concentrations ≥ 0.68 M.  In addition, there is a significant 
shift of the centroids of all of the peaks in the three charge state distributions to higher m/z at 
0.34 M ammonium acetate concentration, presumably due to salt adduction which leads to a 
significant increase in ion mass (Table 8.1).  At ammonium acetate concentrations above 0.45 M, 
the relative abundance of the hexamer decreases dramatically with a concomitant increase in the 
relative abundance of the monomer.  These trends continue with ammonium acetate 
concentration up to 1.41 M, where the relative abundance of the hexamer is only ~3% and that of 
the monomer is ~55% (Table 8.1).  In comparison, the relative abundances of the hexamer and 
monomer at 0.45 M, the lowest concentration at which signal is reproducible, are ~21% and 
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~20%, respectively.  At all concentrations of ammonium acetate, the experimental masses for 
monomer, dimer and hexamer are higher than the theoretical molecular weights listed in Table 
8.1, which were calculated from the known amino acid sequence of the NtrC4-RC protein.  The 
mass of the unactivated monomer measured without essential salts or heat (44.9 kDa) is lower 
than that measured for the monomer from activated, heated solutions, indicating significant 
association with BeF3

– and ADP in the ESI solution and non-specific adduction of Mg+ and/or 
Cl- [29].  No signal for other oligomers was observed.  The dramatic increase in the relative 
abundance of monomer as a function of ammonium acetate concentration is consistent with 
interference of the hexamer assembly pathway rather than a decrease of hexamer due to non-
specific aggregation or other loss channels. 

Ionic strength is well known as a factor in the stability of biomolecules, and high 
concentrations of ammonium acetate have been used to specifically reduce the binding affinities 
of protein complexes [3, 33].  To corroborate that the observed decrease in signal-to-noise of the 
hexamer from solutions with the highest concentrations of ammonium acetate occurs in solution 
prior to the ESI process, ATPase activity was measured in an independent assay [30] to 
determine the abundance of active hexamer in solution.  The NtrC4 catalytic site for ATP 
hydrolysis is formed by interdomain contacts that exist only in the hexamer [28, 34, 35], so a 
change in the rate of ATP hydrolysis can be used to indicate the relative concentration of active 
hexamer in solution.  The decrease in ATP hydrolysis with increasing ammonium acetate 
concentration (Figure 8.1b) is concomitant with the decrease in the relative abundance of the 
hexamer, and increase in the relative abundance of the monomer, measured by ESI-MS (Figure 
8.1a) at the higher ammonium acetate concentrations.  At the two lowest ammonium acetate 
concentration, the low signal reproducibility and high baseline make it difficult to draw direct 
comparison with the activity assay.  Nonetheless, these results are consistent with the ammonium 
acetate at high concentration displacing interactions between the protein and the essential 
salts/nucleotide, inhibiting the conformational change in the receiver domain that is required for 
oligomerization into the active form of the complex [29].   
 
8.5 Conclusion 
 

These results demonstrate that buffer loading with ammonium acetate can dramatically 
improve the resolution and the mass accuracy of nanoESI-MS measurements of noncovalent 
protein complexes that require low millimolar concentrations of nonvolatile salts and/or 
nucleotide to assemble into their physiologically relevant form.  However, high concentrations of 
ammonium acetate can disrupt key interactions by displacement and/or interference of crucial 
electrostatic contacts that allow for assembly.  Taken together, these effects provide additional 
evidence that within a range of suitable solution conditions, including temperature and ionic 
strength, ESI-MS can be invaluable for obtaining stoichiometric and thermodynamic information 
about macromolecular complexes. 
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8.7  Table and Figure 
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Figure 8.1  The effect of ammonium acetate concentration on the 
abundance of the hexameric oligomer of NtrC4-RC assembled in the 
presence of millimolar concentrations of MgCl2, NaF, BeCl2 and ADP 
measured at 63 ºC by (a) nanoESI mass spectrometry and (b) ATPase 
activity which is related to the concentration of the hexamer of NtrC4-
RC in solution.  kcat is calculated as moles of ATP hydrolyzed per mole 
of protein per minute. 
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Chapter 9 
 

Summary & Future Directions 
 
 

9.1  Summary 
 

The mechanism of native ESI supercharging has been thoroughly examined using a variety 
of solution- and gas-phase techniques, and results from these experiments unambiguously 
demonstrate that the primary origin of protein and protein complex supercharging is disruption 
of the native structure of the analyte that occurs in the ESI  droplet during the ion formation 
process as a result of enrichment of the supercharging reagent.  ESI droplets become enriched in 
the reagent due to their high boiling points compared to water.  Preferential evaporation of water 
from ESI droplets undergoing multiple iterations of solvent evaporation down to the Rayleigh 
limit of stability, followed by coulombic explosion, results in mature droplets with significantly 
higher concentrations of the low volatility reagent. As this enrichment occurs, the reagent can act 
as a chemical denaturant and cause significant unfolding of the analyte, which in turn allows for 
the formation of a broad distribution of high charge state ions.  These broad, high-charge 
distributions frequently appear nearly identical to the charge state distributions of protein ions 
formed from solutions containing high concentrations of organic solvents and/or at extremes of 
pH where the analytes are more unfolded or elongated prior to ESI.  In addition, because of the 
low volatility of the reagents, ESI droplet lifetimes are longer, resulting in an increased number 
of collisions with neutral gas molecules in the atmosphere/vacuum interface, which should cause 
a reduction in the rate of evaporative cooling and a concomitant increase in the effective 
temperature of the droplet.  Therefore, chemical and thermal denaturation processes can disrupt 
the native conformations of the protein analyte in the ESI droplet as the reagent concentration 
increases.    

With a variety of different proteins and protein complexes, TWIMS was used to show that 
the higher charge state ions formed with supercharging reagents have larger collision cross 
sections than the same analytes at lower charge (Chapters 3, 6, and 7).  This is strong evidence 
that some unfolding or denaturation occurs.  Although some additional unfolding may occur after 
ion formation due to unintentional ion heating, this cannot be used to account for the higher 
charging itself (Chapter 5).  Therefore, the unfolding that occurs with supercharging must take 
place either in the ESI droplet during the ion formation process or prior to ESI in the bulk 
solution.  A key requirement for some applications of aqueous solution supercharging is that the 
native structures of the analyte(s) remain intact in the ESI solution prior to ion formation.  Using 
CD, HDX-MS, and chemical crosslinking, it was shown that the low initial concentrations of 
reagent used (typically <1.5%) are not high enough to cause significant changes to the analyte 
structure in the bulk solution (Chapters 3, 5, 6, and 7).  Since unfolding does not occur in the 
bulk solution prior to ESI, and unfolding after ion formation cannot induce the condensation of 
additional charge carriers, the unfolding observed with TWIMS must occur in the ESI  droplet.  
As such, the extent of supercharging was shown to be limited by either chemical crosslinks or 
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native disulfide bonds that can reduce the conformational flexibility of the protein analyte 
(Chapter 4).  

Three different supercharging reagents were used in this work, in part to confirm that the 
proposed mechanism is broadly applicable and also because some of the analytical techniques 
cannot be used with a particular reagent due to interference (e.g. m-NBA with CD) or because 
low solubility preclude their use (m-NBA and sulfolane).  For example, although dimethyl 
sulfoxide is not nearly as effective as m-NBA or sulfolane for increasing ion charge, it is 
completely miscible in aqueous solution and does not form an azeotrope upon heating.  This 
allowed for experiments utilizing CD and HDX-MS to determine the extent of reagent 
enrichment in the ESI droplet at the onset of supercharging (~3–5×; Chapter 5).  Another critical 
element of the mechanism is that the reagents act as chemical denaturants.  By monitoring the 
CD222 nm transition of equine myoglobin from folded to unfolded states, the denaturing strength of 
sulfolane was measured to be ~1.5 kcal/mol/M at 25 °C (Chapter 3).  This is ~30% as effective 
as the commonly used denaturant guanidinium chloride for unfolding this protein.  The 
denaturing strength of sulfolane was also shown to increase with solution temperature.  Thus, as 
the temperature of the droplet increases due to reduced evaporative cooling, the analyte can 
undergo thermal denaturation and more effective chemical denaturation.  The thermal 
denaturation effect alone was demonstrated by comparing the strikingly similar charge state 
distributions and dissociation patterns of three protein complexes that were heated directly in the 
ESI capillary prior to ion formation with those that were supercharged with increasing 
concentrations of m-NBA (Chapter 2). 

This mechanism of action does not preclude other factors, such as relative gas-phase 
basicity, solvent surface tension, or various instrument parameters, from affecting the charge 
state distributions observed with native supercharging.  Indeed, experiments  described in 
Chapter 4 with a random-coil polypeptide illustrate that the reduction in droplet surface tension 
caused by the presence of a supercharging reagent can limit the extent of supercharging.  
Nonetheless, this description of the mechanism of supercharging was sufficient to serve as the 
foundation for the development of the first application for obtaining the HDX rate constants of 
an intact protein in real-time using MS (Chapter 7). 

The original goal of the work described in this dissertation was the development of new 
analytical methods that could be used by other practitioners of biophysical mass spectrometry to 
obtain information about the higher-order structure of proteins and protein complexes.  Chapters 
7 and 8 describe two such methods, whereas the majority of this work was dedicated to 
elucidating the mechanism of native supercharging, which is much more an exploration of ESI 
fundamentals.  Nonetheless, this understanding is key to the development of new supercharging 
applications that make use of the rapid formation of high charge, denatured ions.  Two such 
applications currently in development are described below. 

 
9.2  Future Directions 
 

Two extensions of the real-time, top-down method for HDX-MS described in Chapter 7 
have been conceived, and preliminary experiments are underway at the time of this writing.  The 
first is aimed at extending the mass range for top-down HDX-MS.  It combines proteolysis at 
neutral pH (“nicking”) with HDX-MS and native supercharging.  The central premise is that 
proteolysis of a protein target in its native conformation at neutral pH should not cause any 
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additional unfolding beyond the protein’s normal “breathing” fluctuations.  After a period of 
time sufficient to cause a significant fraction of protein molecules to become nicked, HDX is 
initiated and supercharged, tandem MS spectra are acquired as described in Chapter 7.  Rather 
than a single precursor protein, however, the nicked protein will ideally separate into two or 
more smaller precursors during ESI as a consequence of the destabilization and unfolding that 
occurs with supercharging.  HDX-MS data are obtained for each precursor individually and then 
the results are simply concatenated.  This approach should provide for much higher spatial 
resolution than could be obtained if the whole protein was analyzed without the nicking step.  
Because there are many available enzymes that are active at neutral pH, multiple enzymes could 
be used simultaneously to improve selectivity for finding accessible nicking sites and extend the 
mass range of the target protein. 

The second new method in development also takes advantage of the destabilization and 
unfolding that occurs with native supercharging.  Here, the interface region of a protein–protein 
dimer can be mapped by performing the top-down HDX-MS method described in Chapter 7 on 
the dimer and on the individual monomer proteins from separate solutions.  Assuming the two 
monomers do not undergo gross conformational changes upon dimer formation, differences 
between the HDX rate constants for the individual monomers compared to the rate constants for 
those same monomers from a solution of the dimer should reveal the residues within the contact 
patches of the dimer interface that are protected from fast exchange.  The destabilization and 
unfolding that occurs during native supercharging serves as the driving force for rapidly 
dissociating the dimer in the ESI droplet and the formation of unfolded, high-charge monomer 
ions that are amenable to high efficiency fragmentation. 
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