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Abstract 
 

Charging of Proteins and Protein Complexes in Native Mass Spectrometry 
 

by 
 

Anna Christine Susa 
 

Doctor of Philosophy in Chemistry 
 

University of California, Berkeley 
 

Professor Evan R. Williams, Chair 
 
 

Electrospray ionization (ESI) mass spectrometry is a powerful analytical tool for investigating 
the identities, structures, functions, and energetics of biomolecules.  ESI transfers intact molecules 
from buffered aqueous solutions in which they are folded or in native conformations into the gas 
phase for mass spectral analysis.  ESI is widely used for the analysis of proteins in mass spectrometry, 
but the factors that influence charging of protein ions formed by ESI are not well understood.  Higher 
charge states of protein ions are desirable because they fragment more easily in tandem mass 
spectrometry methods, leading to more sequence coverage than lower charge protein ions.  Lower 
charge protein ions are advantageous in native mass spectrometry when preservation of native protein 
conformation is desirable.  The work described in this dissertation explores factors that control 
charging of macromolecular ions in native mass spectrometry.  This work provides evidence that the 
charging of macromolecular ions is not significantly limited by ion evaporation of cations, such as 
alkylammonium or alkali metal ions, or proton transfer to salts that are commonly added to aqueous 
buffered ESI solutions.  In addition, a novel and simple method for ESI of proteins directly from 
buffers commonly used in biochemistry laboratories is demonstrated.  In native mass spectrometry, 
protein solutions are typically desalted and buffer exchanged into volatile ammonium salt buffers to 
prevent salt adduction to the protein ions because salt adduction significantly hinders detection and 
sensitivity of mass spectral analysis.  However, some salts are essential for protein structure and 
function, and this new method of ion desalting allows formation of protein and protein complex ions 
directly from buffers that contain high ionic strengths of nonvolatile salts to mimic the intracellular 
and extracellular environments.  This technique greatly impacts the way native mass spectrometry is 
performed because it eliminates the need to reinvestigate properties of the proteins and protein 
complexes in traditional ammonium salt buffers used in mass spectrometry. Therefore, biochemists 
will no longer need to adapt their protein solutions to make them suitable for mass spectrometry.  
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Chapter 1 
 

Introduction 
 
1.1 Overview 
 
 A major analytical challenge that arose at end of the 20th century and continued into the 21st 
century is determining components of complex mixtures from biological or environmental sources.  
Complex biological mixtures such as the human genome,1,2 proteome,3-5 metabolome,6 and glycome7 
require distinguishing anywhere from ten to hundreds of thousands of individual components.8  Other 
complex mixtures such as petroleum can contain over twenty thousand components with distinct 
elemental compositions.9,10  New instrumentation and techniques are constantly being developed to 
probe these biological and environmental complex mixtures reliably, rapidly and accurately.11-13 
 Mass spectrometry has been a leading technique for the analysis of complex mixtures because 
analytes can be detected and identified at concentrations as low as parts-per-trillion based on the mass-
to-charge ratio (m/z) of the analyte.  Mass spectrometry (MS) was limited to the study of atoms and 
small molecules with moderate to high vapor pressures until the ionization of relatively large molecules 
such as tetrodotoxin (319 Da), bleomycin (1512 Da), and palytoxin (2680 Da) with Californium-252 
plasma desorption in the 1970s.14,15  In the late 1980s and early 1990s, electrospray ionization (ESI) 
and matrix-assisted laser desorption ionization (MALDI) were developed.16-19  With these new 
ionization methods, intact biomolecules such as proteins, virus capsids, and ribosomes could now be 
detected and analyzed in the gas phase.20-23  In the years since the development of ESI and MALDI, 
the majority of research in the field of mass spectrometry has been focused on the development of 
applications and instrumentation as well as understanding fundamentals of these two ionization 
techniques. 

Native mass spectrometry is the study of biomolecular ions formed from buffered aqueous 
solutions and detected and analyzed with mass spectrometry.  A key advantage of studying 
biomolecules in the gas phase is that separating biomolecules from solvent or other components of 
buffers can simplify analysis, yet information about structures, functions, and reactivities of the 
biomolecules can be retained into the gas phase.24-26  Even weakly-bound protein complexes can be 
ionized with ESI and detected while maintaining memory of native structures and functions.27-29  
However, factors that affect the charging of proteins and protein complexes formed by ESI from 
solutions in which they have native forms and functions are not fully understood.30-33 In Chapters 2 
and 3, new insights for factors that affect charging of proteins and protein complexes in the final 
stages of the ESI droplet as the ion goes from solution to the gas phase are explored.  A method for 
manipulating protein ion charge from buffered aqueous solutions is demonstrated.  In Chapters 4 and 
5, a simple and fast method for counteracting the adverse effects of salts on the ionization and 
detection of proteins and protein complexes from buffered solutions that contain high ionic strengths 
of nonvolatile salts to mimic the intracellular and extracellular environments is presented.  This is the 
first technique for native mass spectrometry of protein and protein complex ions formed directly from 
buffers containing greater than 150 mM nonvolatile salts without any salt removal before ESI.  The 
work described in this dissertation was conducted with the goal of understanding what factors control 
charging of proteins and protein complexes as well as new advances for detection and analysis of 
biomolecules in native mass spectrometry.  In this chapter, electrospray ionization mechanisms and  
factors that affect protein ion charging and methods to manipulate protein ion charging are discussed 
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in depth in sections 1.2 and 1.3, respectively, and techniques to counteract the adverse effects of salts 
in native mass spectrometry are explored in section 1.4.  

 
1.2 Electrospray Ionization (ESI) of Proteins and Protein Complexes 
 

ESI is initiated by applying a potential difference of 0.5 to 3.0 kV between the solution of 
interest, which is inside a capillary, and the orifice of the instrument. The potential difference between 
the capillary and the instrument orifice creates an electric field that pulls the solution out of the 
capillary as charged droplets which undergo solvent evaporation and fission until just the charged 
analyte remains.  The work in this dissertation describes nano-electrospray ionization (nano-ESI), in 
which a few microliters of analyte solution are inserted into a borosilicate glass capillary that is pulled 
to a tip with an opening that is a few micrometers in diameter or smaller.  The main benefit of nano-
ESI compared to conventional (macrospray) ESI is that the flow rates of nano-ESI are nanoliters per 
minute compared to microliters per minute; therefore much lower volumes (only a few microliters) of 
sample solutions are required.34  In addition, the ionization efficiency of nano-ESI is much higher 
compared to macrospray.34  

ESI droplet dynamics and mechanisms are extensively studied,35-42 but the ion formation 
mechanism is debated and the factors that control charging of biomolecules from aqueous solutions 
are not fully understood. 30-32,43-50  It is of interest to understand the factors that control charging of 
proteins and protein complexes because the charging can affect their structures,51 and reactivities,52 as 
as well as efficiencies of dissociation and detection.53,54  Droplet fission occurs when the number of 
charges on an evaporating droplet reaches or is very close to the Rayleigh limit.40  The droplet surface 
tension is overcome by Coulombic repulsion and the droplet produces many small progeny droplets.  
From one fission event, about 100 progeny droplets are produced that have 33 % of the charge and 
0.3 % of the mass of the original droplet.40  Several ion formation mechanisms have been proposed 
to account for the charging of ions.  There are two main ESI mechanisms, the ion evaporation 
mechanism (IEM) which describes ion formation as ion evaporation of analyte from charged droplets 
and the charged residue mechanism (CRM) which describes ion formation from solvent evaporation 
and fission.  In addition to these two main ESI mechanisms, several others have been proposed that 
will also be described in detail.  
 
Charged Residue Mechanism 
 

In the charged residue mechanism (CRM) for ion formation, gas-phase ions are produced by 
solvent evaporation and Rayleigh fission in the late stages of droplet lifetime.55  Globular protein and 
polymer charging is related to the Rayleigh limit charge, ZR, of spherical droplets roughly the same 
size as the analyte molecule.43,56-58  The charge at which the Rayleigh limit is reached for a spherical 
droplet is given by the equation: 
 

ZRe = 8π(ε0γR3)1/2 
 
where ZR is the integer unit of the Rayleigh charge, e is the elementary charge, ε0 is the permittivity of 
the medium, γ is the surface tension of the droplet, and R is the radius of the droplet.59  Some evidence 
for the CRM is that the charge of globular protein and dendrimer ions of molecular weights 6 to 1400 
kDa formed from aqueous solutions is close to the maximum number of charges predicted for 
spherical water droplets of similar sizes to the globular ions.56  It has been shown that protein ions 
formed from aqueous solutions are typically charged close to the number of charges predicted with 
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the Rayleigh limit for water droplets of similar sizes to the protein ion, and the number of charges on 
a protein ion increases with the square root of the mass of the ion.32,56,58  This trend is useful for 
predicting the charge of globular protein ions for which individual charge states are not resolved due 
to heterogeneity of the sample.  The extent of charging of denatured protein ions often exceeds ZR 
and can be limited by the proton-transfer reactivity of the protein ion relative to that of the 
electrospray solvent or other molecules in solution.43,60,61 
 
Ion Evaporation Mechanism 
 

In the ion evaporation mechanism (IEM), gas-phase ions are produced from the surface of 
the ESI droplet when the electrostatic energy at the surface of the droplet overcomes the Gibbs free 
energy barrier for the process 
 

X+(aq)→X+(H2O)n(g) 
 
where X+ is the ion of interest and n is the number of water molecules.17,62  This mechanism has been 
proposed primarily for the formation of salts (such as alkali metal ions) and small molecules,17 but has 
also been suggested for the formation of peptide ions.63  

The experimental evidence for ion evaporation is primarily from the investigation of ESI of 
alkali metal ions.17,64,65  Some have shown that relative abundances of monatomic alkali metal ions 
detected trends with the solvation energy values of the ions,65,66 but this trend with solvation energy 
values is not consistent for alkali metal cluster ions or mixtures of alkali metal cluster ions.64,65  This 
suggests that solvation free energies of alkali metal ions influence ionization, but other factors also 
play a role.  One of the challenges of correlating the relative abundances of alkali metal ions detected 
with solvation free energy values is that the efficiency of detection for each metal ion species can be 
different and therefore needs to be taken into account. 

Recently, McLuckey and coworker showed that exposure of aqueous ESI droplets containing 
proteins to organic vapors can decrease the adduction of alkali metal ions to protein ions,67 and 
suggested that this occurs from organic solvent molecules forming clusters with alkali metal ions at 
the surface of the ESI droplet which evaporate from the droplet at a faster rate than aqueous solvated 
alkali cluster ions.  However, this was only investigated with sodium ions, and it would be interesting 
to determine if this also occurred with other cations with a range of solvation energy values.  
 
Combined Charged Residue-Field Emission Model 
 

The combined charged residue-field emission model (CCRFEM) for ionization of proteins 
formed from buffered aqueous solutions combines aspects of both the CRM and IEM. In the 
CCRFEM, macromolecules, such as protein molecules, are located in the center of the ESI droplet 
and follow the CRM.  “Charge carrier” ions such as salts or buffer ions in ESI solution are emitted 
from the surface of the droplet at critical electric field strengths.68,69  The emission of these charge 
carriers from the surface of the ESI droplet decreases the total charge of the droplet, resulting in fewer 
charges on the macromolecule after solvent evaporation and fission occurs.  The critical electric field 
strength at which emission of the charge carriers occurs depends on the solvation energy of the charge 
carrier ion.  Ions with lower solvation free energies will undergo ion evaporation at lower electric field 
strengths, therefore carrying away more charge from the droplet, which will result in lower charged 
protein ions.  

Hogan et al. reported that some evidence for the CCRFEM is that protein ions formed from 
aqueous solutions with cations of lower solvation energies are less charged than protein ions formed 
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from solutions containing cations with higher solvation energies.69  They reported that the average 
charge of protein ions formed from aqueous ammonium acetate is higher than the average charge of 
these ions formed from aqueous triethylammonium bicarbonate, and concluded that this is because 
triethylammonium evaporates from the droplet at a lower critical electric field strength than 
ammonium because triethylammonium has a lower solvation free energy value.69 However, an 
alternative reason for why protein ions formed from triethylammonium bicarbonate solutions are less 
charged than those from ammonium acetate solutions is that the protein ions undergo proton transfer 
with triethylammonium/triethylamine, which reduces the protein ion charge.  Triethylammonium 
bicarbonate is a common solution additive to ESI solutions for protein charge reduction because 
triethylamine is basic.70-72  In addition, Hogan et al. did not use the same counter ion or pH for all 
solutions,69 which could also affect the protein conformation in solution and ion charging.73,74 

Recently, Bush and coworkers32 observed that the charging of protein ions formed from 
aqueous solutions has a molecular weight dependence with the number of charges predicted by the 
Rayleigh limit for water droplets of similar sizes to the proteins. Protein ions with molecular weights 
greater than 130 kDa are charged closer to the the number of charges predicted with the Rayleigh limit 
than protein ions with lower molecular weights.32  The authors suggested this is consistent with charge-
carrier emission of buffer ions from ESI droplets limiting the charging of protein ions (with molecular 
weights less than 130 kDa).32  The effects of cations on the charging of proteins formed from aqueous 
solutions are discussed in Chapters 2 and 3.  
 
Proton Transfer between Ammonia/Ammonium and Protein Ions 
 

Another cation that is sometimes thought to influence the charging of protein ions and protein 
complex ions formed from aqueous solutions is ammonium.  Ammonium salts are commonly used 
as buffers in native mass spectrometry because ammonium is nonvolatile and does not adduct to 
protein ions, but the effects of proton-transfer reactivities between ammonium/ammonia and protein 
ions has been debated.  Kebarle and coworkers proposed that charging of protein ions formed by ESI 
from aqueous ammonium salt solutions is limited by proton-transfer between the protein ion and 
ammonium or ammonia.44,75,76  This is suggested to occur at the surface of the ESI droplet in the final 
stages of solvent evaporation such that NH3 formed in the last stages of the ESI process can accept a 
proton from the protein ion resulting in less highly charged protein ions.75  The effects of proton-
transfer between protein ions and ammonia/ammonium are discussed in Chapter 3. 
 
Chain Ejection Model 
 

Another model for ion formation of protein ions is the the chain ejection model (CEM). In 
this model, unfolded proteins in aqueous ESI droplets are ejected from the droplet as highly charged 
elongated structures due to a combination of electrostatic repulsion and hydrophobicity.46,47,49,50,77-79  
Coulombic equilibration between the polypeptide chain and the droplet accounts for highly charged 
unfolded protein ions.  It is suggested unfolded proteins ionize by the CEM during the early stages of 
the ESI droplet, but folded proteins in the droplet ionize by the CRM during late stages of the ESI 
droplet. 

Evidence for CEM is primarily computational,46,47,49,50,77-79 but recently some experimental 
evidence has been reported.80  Protein ion charge states corresponding to unfolded ions typically have 
fewer sodium ions adducted than those of folded or lower charge protein ions, and Konermann and 
coworkers80 suggested this difference in number of sodium ions adducted to folded and unfolded 
protein ions is due to ejection of unfolded protein ions early in the desolvation of the ESI droplet but 
folded protein ions remain in the droplet for longer times and therefore adduct more sodium ions.80  
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However, it has also been shown that high charge protein ions formed from solutions containing 
trivalent metal ions are more adducted with trivalent metal ions than lower charge protein ions.81  This 
could be due to either the trivalent metal ions preferentially adducting to the high charge protein ions 
or adducting to lower charge protein ions and increasing the overall protein ion charge.81 
 
1.3 Factors that Influence Protein Ion Charging and Methods to Manipulate 

Protein Ion Charging 
 

 
Why Protein Ion Charge is Important  

 
Many factors affect the extent of charging of protein ions in ESI, including the surface tension 

of the ESI droplet,43,82 instrumental parameters,51,83-85 supercharging methods,43,86-90 and gaseous 
reactions with acids or bases,60,61,91,92 but the conformation of a molecule in solution is one of the most 
significant.51,83,84  Protein ions formed from solutions in which they are denatured, such as 
water/organic solvent/acidic, will result in broad high charge-state distributions of ions.  In contrast, 
protein ions formed from solutions in which they are in native or native-like conformations will result 
in narrow, low charge-state distributions.51  Multiple conformations of a protein in solution at one 
time can result in multi-modal charge-state distributions.51,83 

The number of charges on protein ions affects the types of information obtained in the gas 
phase.  High charge-state protein ions are advantageous for fragmentation techniques such as electron 
capture dissociation and electron transfer dissociation because higher charge states have larger capture 
cross sections and therefore fragment more efficiently than lower charge ions.13,54,93-96  Several types of 
mass spectrometers are m/z range limited to m/z 4000, which makes it impossible to detect high 
molecular weight ions with low charge.  Increasing the charge of an ion can decrease the m/z value of 
the ion so it is detectable by most mass spectrometers.  Higher charge states are also detected more 
efficiently in mass spectrometers that use charge sensitive detection.97,98  In contrast, lower charge ions 
are desirable because the gas-phase collisional cross sections of lower charge protein ions are often 
similar to cross sections calculated from protein crystal structures, indicating that lower charge ions 
retain more native conformations in the gas phase.25,99  Lower charge protein and protein complex 
ions are often more compact and more stable against induced conformation changes.27,72,100  In 
addition, lower charge-state protein complex ions can also dissociate along the weakest solution-phase 
interface, which provides information about solution-phase protein complex stability,28,72 and is useful 
for determining complex assembly patterns.27,71,72,100 Because the information obtained by mass 
spectrometry is affected by the charge of proteins and protein complexes, it is essential to understand 
what affects protein ion charging and how to manipulate charge. 
 
Ways to Influence Ion Charging 
 

Several methods can be used to manipulate protein ion charge in order to obtain either lower 
or higher charged ions.  One way to increase protein ion charge is with techniques called 
“supercharging”.  Supercharging methods typically involve adding reagents to the ESI solution or 
changing instrumental parameters,43,81,86,88,101-103 which results in higher charged protein ions formed 
during ESI.  The most common method of supercharging is adding reagents that typically have boiling 
points and surface tensions higher than that of a typical denaturing solution (water/methanol/acid) 
to the ESI solution.86,90,103,104  These reagents concentrate in the ESI droplet such that they constitute 
most of the droplet in the late stages of ESI and the droplet can hold more charge, resulting in more 
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highly charged desolvated protein ions.43,82  Supercharging reagents are effective for both solutions in 
which proteins are denatured, such as water/methanol/acid, and solutions in which proteins are 
folded, such as buffered aqueous solutions.43,82,86,90,102-104  The exact mechanism of supercharging with 
these reagents in aqueous solutions is debated,43,86,101,104-110 but is thought to be due to chemical or 
thermal protein unfolding in the ESI droplet.107  Another method of supercharging is adding 
millimolar concentrations of trivalent metal ions to the ESI solution.81  Trivalent metal ions either 
preferentially adduct to high charge-state protein ions or adduct to low charge ions and therefore 
increase the charge of protein ions.81  A third method of supercharging was discovered, called 
“electrothermal supercharging”.87,88  In this method, highly charged protein ions are formed from 
aqueous buffered solutions (typically ammonium bicarbonate) simply by applying a high voltage to 
the ESI capillary.87,88  It is thought that the mechanism of electrothermal supercharging is thermal 
protein unfolding in the ESI droplet due to collisional heating of the droplet at higher ESI voltages.87  
One main benefit of electrothermal supercharging compared to adding supercharging reagents to ESI 
solutions is that electrothermal supercharging eliminates the need to investigate how supercharging 
reagents will affect the stability of the protein in solution.88 

The charge of protein ions formed from solutions in which they are denatured or native can 
be significantly increased or decreased by reacting the protein ions with bases or acids either in solution 
or in the gas phase.52,76,91,92,111-114  A decrease in protein ion charging can occur from adding very basic 
molecules to aqueous ESI solutions111,114 as a result of proton-transfer reactions or competition for 
protons in the ionization process.  Proton-transfer reactivities of protein ions with volatile bases, 
formed by ESI from solutions in which the proteins are denatured, have been investigated extensively 
both experimentally52,60,100,113,115-118 and computationally.45,52,61,75,76,113  The apparent gas-phase basicities 
of high charge state ions are lower than that of lower charge-state ions.52,60,113,116  Conformation also 
affects the apparent gas-phase basicities of protein ions,52,113,116  such that the apparent gas-phase 
basicity of compact protein ions is lower than that of denatured protein ions of the same charge state.52  
Even exposing ESI droplets to acidic or basic vapors between the atmospheric and vacuum interfaces 
of the mass spectrometer91,92 can increase or decrease protein ion charging from pH induced unfolding 
of proteins in the ESI droplets.  

Another way to reduce protein ion charge is reacting protein ions with anions in the gas 
phase.119-121  Recently, Lermyte et al. reduced the charge of large protein complexes (up to 336 kDa) 
by up to 40 charges to form 2+ protein complex ions by reacting the protein complex ions with 
dicyanobenzene anions.121  McLuckey and coworkers showed that the 23+ through 9+ charge states 
of myoglobin were formed from solutions in which myoglobin was denatured, and upon reaction of 
these myoglobin ion with perfluorodimethyl-1,3-cyclohexane anions, the charge of myoglobin ion was 
reduced to only the 1+ and 2+ charge states.120  These ion/ion reactions are very effective for reducing 
protein ion charge, and can be useful for distinguishing components in heterogeneous samples. 
Reducing protein ion or protein complex ion charge simplifies the mass spectra by increasing 
separation between m/z values of the charge states.  
 A simple method for decreasing protein ion charge is to form the ions from aqueous solutions 
containing cations that weakly adduct to the protein ions, then collisionally activate the adducted 
protein ion to remove the adduct and charge.122  Tetramethylammonium and tetraethylammonium 
adduct to protein ions weakly, and can carry away charge without fragmenting the protein ion with 
collisional activation.122  This is discussed in detail in Chapter 2.  
 
1.4 Salts in Solution: Essential and Problematic in Native Mass Spectrometry  
 
Adverse Effects of Nonvolatile Salts in Protein Solutions on ESI  
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Interactions between ions and proteins can significantly influence protein structure and 

function, and high ionic strengths of salts are often necessary to maintain the native structures and 
functions of proteins and protein complexes.123-128  Buffers that mimic the intracellular environment 
typically contain 150-200 mM ionic strengths of nonvolatile salts.129   However, salts in solutions can 
adversely affect the ionization and detection of proteins and protein complexes.  Salts can adduct to 
protein and protein complex ions which distributes the analyte ion signal over multiple peaks.  This 
reduces the detection limit for large ions and the ability to detect and identify post-translational 
modifications or proteins with similar masses.  Salts can form clusters which increase baseline noise 
and cause ion suppression which significantly lowers sensitivity.130-133 Individual charge states of 
protein complex ions can be difficult to resolve by native MS if buffers such as Tris-HCl or HEPES 
are present in protein solutions in concentrations as low as 10 mM.130  Although most biochemical 
laboratories typically use buffers that contain high (>100 mM) ionic strengths of nonvolatile salts for 
protein solutions, analysis of these protein samples by native mass spectrometry requires the removal 
of these salts.  To prevent these adverse effects of nonvolatile salts in native mass spectrometry, salts 
are typically removed from solutions with methods such as dialysis,134 diafiltration,135 or ion 
chromatography.130  Protein and protein complex solutions are buffer exchanged into volatile 
ammonium salt solutions because ammonium does not adduct to the proteins and protein complexes.  
Ammonium acetate is most commonly used as a buffer in native mass spectrometry, but ammonium 
bicarbonate is another popular choice.88,130  However, ammonium salt buffers can be problematic if 
specific salts are needed to maintain the native structures and functions of the protein or protein 
complex.108  This also requires reinvestigation of the properties of the protein or protein complex in 
the ammonium salt buffer using traditional biochemical techniques.   
 
Techniques for Desalting Protein Ions  
 

Several techniques for the removal or prevention of salt adducts to protein ions during ESI 
have been developed. These techniques for desalting protein ions are useful for forming ions from 
solution that contain low ionic strengths (<25 mM) of nonvolatile salts, and are beneficial if low ionic 
strengths of nonvolatile salts in solution are necessary to maintain structures and functions of the 
proteins or protein complexes.136-138  One technique for decreasing salt adduction to protein ions in 
ESI is adding reagents to the solution that desalt protein ions,130,133,139-141 such as high concentrations 
of ammonium acetate,108,130,133 or compounds with high affinities for sodium (or other cations) such as 
anions with low proton affinity values,140 supercharging reagents,141 or amino acids.139  These additives 
to the ESI solution are useful for decreasing sodium ion adduction to protein and protein complex 
ions, but they can disrupt protein or protein complex structures or activities.108  In addition, these 
solution additives are only useful for desalting protein ions formed from aqueous solutions containing 
less than 25 mM NaCl.108,139,141,142 

Another technique for desalting protein ions is reacting ESI droplets with organic vapors.67  
McLuckey and coworkers demonstrated that protein ions formed from aqueous solutions containing 
10 mM ammonium acetate and up to 1 mM sodium chloride are less sodium ion adducted after 
reaction with organic vapors such as acetonitrile during ESI.67  This method decreases the sodium ion 
adduction to protein ions by up to 47%.67  Reaction of positively charged protein ions with organic 
vapors is useful for solutions containing up to 1 mM sodium chloride, but it is ineffective for negatively 
charged protein ions.67  This technique is only useful if a protein solution contains very low 
concentrations of salts (<1 mM), but most biologically relevant buffers contain two orders of 
magnitude more salt.  A potential complication of this technique is that reacting ESI droplets with 
organic vapors could disrupt the native conformation of the protein ions.  McLuckey and coworkers 
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showed results indicating that holo-myoglobin ions were not denatured upon reaction with organic 
vapors, but other protein or protein complex ions were not investigated.67 
 The diameters of ESI emitter tips can affect the extent of salt adduction to protein and peptide 
ions.143-145  Schmidt et al.144 showed that insulin ions formed water/methanol/acid with 1 mM sodium 
chloride with ~1 µm diameter emitter tips have fewer sodium ions adducted than ions formed with 
~12 µm tips, and suggested this is due to solvent evaporation and concentration of salts in the ESI 
droplets or oxidation of the solvent.144  Similarly, Hu et al.143 reported that peptide ions formed from 
aqueous solutions of 0.1 to 25 mM sodium chloride with 0.6 µm or smaller ESI emitter tips are less 
sodium ion adducted than those from 1.2 µm emitter tips, and they proposed that the droplets from 
the smaller emitter tips undergo more solvent acidification and less solvent evaporation and fission 
events than larger droplets.143 

These techniques for desalting protein or protein complex ions have only been shown to be  
effective for ions formed from solutions with sodium chloride concentrations up to 25 mM,67,130,133,139-

141,143,144 but most buffers that mimic the cellular environment contain 150 to 200 mM salt.  In addition, 
these methods for desalting protein and protein complex ions have only been investigated for ions 
formed from either pure water or aqueous ammonium salt solutions with NaCl, but other ions that 
adduct to proteins such as potassium or Tris are commonly present in buffers.  Currently, methods 
for desalting protein and protein complex ions from aqueous solutions containing salts other than 
ammonium and low concentrations of sodium are very limited. A method for desalting proteins and 
protein complex ions from buffers containing physiologically relevant ionic strengths of nonvolatile 
salts (150-200 mM) with submicrometer ESI emitter tips is discussed in Chapters 4 and 5.  This is the 
first technique for desalting protein/protein complex ions directly from buffers commonly used in 
protein chemistry that does not require removal of the salts prior to ESI, and is the only method for 
ESI of proteins/protein complexes from buffers containing physiologically relevant ionic strengths of 
nonvolatile salts. 
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2.1 Abstract 
 

The effects of eight different cations with ionic radii between 69 and 337 pm on the charging 
of peptides and proteins with electrospray ionization from aqueous acetate salt solutions are reported. 
Significant adduction occurs for all cations except NH4

+, and the average protein charge is lower when 
formed from solutions containing salts compared to solutions without salts added. Circular dichroism 
and ion mobility results show the protein conformations are different in pure water compared to salt 
solutions, which likely affects the extent of charging. The average charge of protein and peptide ions 
formed from solutions with Li+ and Cs+, which have Gibbs solvation free energies (GSFEs) that differ 
by 225 kJ/mol, is similar. Lower charge states are typically formed from solutions with 
tetramethylammonium and tetraethylammonium that have lower GSFE values. Loss of the larger 
cations that have the lowest GSFEs is facile when adducted protein ions are collisionally activated 
resulting in the formation of lower analyte charge states. This reaction pathway provides a route to 
produce abundant singly protonated protein ions under native mass spectrometry conditions. The 
average protein and peptide charge with NH4

+ is nearly the same as that with Rb+ and K+, cations with 
similar GSFE and ionic radii. This indicates that proton transfer from NH4

+ to proteins plays an 
insignificant role in the extent of protein charging in native mass spectrometry. 
 
2.2 Introduction 
 

Electrospray ionization (ESI) is widely used to produce intact, multiply charged gas-phase 
macromolecular ions directly from solution for analysis by mass spectrometry (MS).1,2 Multiple 
charging has the advantage that the mass-to-charge (m/z) ratios of the intact molecular ions are 
typically within the upper range of most mass spectrometers. The extent of charging depends on many 
factors, including solution-phase conformation,3-5 solvent surface tension,6,7 basicities of the analyte 
and solvent,1,2,7,8 instrumental parameters,3-5,9 and other factors. Broad distributions of high charge 
states are formed from solutions in which proteins are denatured, whereas more narrow distributions 
of low charge states are formed from aqueous buffered solutions where proteins have native or native-
like conformations. The extent of charging from either denaturing or buffered aqueous solutions can 
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be significantly increased by supercharging6,7,10-19 or decreased by addition of bases either in solution7 
or in the gas phase.20,21  

Several ESI ion formation mechanisms have been proposed to account for the observed 
charging, including the charge residue mechanism (CRM),22 the ion evaporation mechanism (IEM),23 
and the combined charge residue field emission model (CCRFEM),24 which incorporates aspects of 
both of the former mechanisms. Highly charged droplets that are produced by ESI can undergo 
solvent evaporation and Rayleigh fission to form smaller, highly charged droplets that carry away a 
significant fraction of the original droplet charge.25,26 In the IEM, gas-phase ions are produced from 
the ESI droplet when the electrostatic energy at the surface of the droplet overcomes the Gibbs free 
energy barrier for the process 
 

X+(aq)→X+(H2O)n(g) 
 
where X+ is the ion of interest and n is the number of water molecules.23,27 In the CRM, gas-phase 
ions are produced by solvent evaporation in the late stages of the droplet lifetime.22 Globular protein 
and polymer charging is related to the Rayleigh limit charge, ZR, of droplets roughly the same size as 
the analyte molecule, a result that is consistent with the CRM for ion formation under native 
conditions.6,28 In contrast, much less charge would be expected if these ions were produced by the 
IEM.6 

Ions, or buffers commonly used in native ESI mass spectrometry, can also affect charging of 
proteins and peptides, an effect related to the ionic strength as well as charge state of the ions.29-34 
Ammonium acetate is extensively used as a buffer in native ESI mass spectrometry. The extent of 
protein charging from aqueous ammonium acetate solution is often thought to be determined by 
proton transfer from NH4

+ to the protein.2,35-49 It was proposed that “NH4
+ ions present at the surface 

of the shrinking water droplet, which are part of the excess charge on the droplet, are expected to 
attach themselves to the basic sites and ultimately lead to their protonation”.35 However, other results 
indicate that cations typically adduct to acidic sites such as carboxyl groups.50,51 In the CCRFEM, small 
ions that reside at the droplet surface evaporate from the droplet at a rate determined by their solvation 
energy and the electric field strength at the droplet surface, whereas macromolecules are located in the 
interior of the droplet and ionize by the CRM.24  Salts with low solvation energies carry away some of 
the droplet surface charge resulting in fewer charges available to the macromolecule.24 

Here, the effects of cations with a wide range in Gibbs solvation free energy (GSFE) values 
in aqueous acetate solutions on protein and peptide charge are investigated. The extent of charging 
trends with the GSFE, but loss of large cations with low GSFE values readily occurs from adducted 
molecular ions in the gas phase resulting in formation of lower charge states. This dissociation pathway 
results in a facile method to produce singly protonated protein ions in native mass spectrometry. These 
results also show that proton transfer reactions from protonated ammonia to proteins and peptides 
do not play a significant role in the extent of charging in native mass spectrometry. 
 
2.3 Experimental 
 

Data were acquired using either a Waters Q-TOF Premier hybrid mass spectrometer or a 
Waters Synapt G2 High Definition mass spectrometer (Waters, Milford, MA, USA) equipped with a 
Z-spray nanoelectrospray (nano-ESI) ion source. Peptide or protein solutions (50 µM) with 25 mM 
acetate salts (unless otherwise noted) were prepared using Millipore Milli-Q water. The pH of all 
protein and peptide solutions except those in cesium acetate and rubidium acetate solutions ranges 
from 6.5 to 6.9. The pH of the protein and peptides in cesium and rubidium acetate solutions is 5.0, 
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likely a result of different suppliers for these salts. Nano-ESI emitters, made by pulling borosilicate 
glass capillaries (1.0 mm o.d./0.78 mm i.d.; Sutter Instruments, Novato, CA, USA) to a tip i.d. of 
approximately 1 m with a Flaming/Brown micropipette puller (model P-87; Sutter Instruments), were 
filled with ~5 µL of sample. A 1.0-1.5 kV potential was applied to a platinum wire (0.127 mm diameter, 
Sigma, St. Louis, MO, USA) that is in contact with the solution to initiate ion formation by nano-ESI. 
Gentle source conditions that minimized ion activation were used. For ion mobility experiments, the 
traveling wave ion mobility cell was operated at a He flow rate of 180 mL/min, an IMS gas (N2) flow 
rate of 90 mL/min, a traveling wave velocity of 1000 m/s, and a wave height of 40 V. 

The average charge was calculated as an abundance weighted sum of all individual charge states 
divided by the total ion abundance for all charge states. The uncertainties correspond to the standard 
deviation of three replicate measurements from three separate ESI emitters. Angiotensin II, 
bradykinin, substance P, bovine ubiquitin, egg white lysozyme, β-lactoglobulin, and ammonium 
acetate were obtained from Sigma (St. Louis, MO, USA); Substance P (free acid) from GenScript 
(Piscataway, NJ, USA); Substance P methyl ester from American Peptide Company (Sunnyvale, CA, 
USA); Lithium acetate, sodium acetate, potassium acetate from Fisher Scientific (Pittsburgh, PA, 
USA); Tetramethylammonium acetate and tetraethylammonium acetate from MP Biomedicals (Solon, 
OH, USA); Cesium acetate and rubidium acetate from Alfa Aesar (Ward Hall, MA, USA). All 
chemicals were used without further purification. 

Circular dichroism (CD) measurements were performed using a Jasco 810 spectropolarimeter 
(JASCO, Inc., Easton, MD, USA). Solutions were stirred with a Teflon stir bar in a 1.0 cm quartz 
cuvette at room temperature during wavelength scan analysis from 190 to 260 nm. 
 
2.4 Results and Discussion 
 
2.4.1 Effects of cations on protein and peptide charge 
 

Ions of eight different proteins and peptides were formed by nano-ESI from aqueous 
solutions containing nine different acetate salt solutions to determine how cations affect the charge 
states that are produced. Protein and peptide ions formed from these solutions are expected to have 
native or native-like structures. These biopolymers have pI values between 4.8 and 12.0,52 and the 
Gibbs solvation free energies of the different cations span a 475 kJ/mol range.53 Extensive cation 
adduction generally occurs for all protein and peptide ions formed from these acetate salt solutions, 
with the most adduction occurring with sodium and potassium (Supplemental Table 2.1). Protonated 
molecular ions with no NH4

+ adducts are produced with ammonium acetate, but with the other 
cations, minimal or no protonated ions are formed. For example, over 30 Na+ adduct to the 5+ charge 
state of ubiquitin formed from sodium acetate solution, whereas no NH4

+ adducts to this same charge 
state with ammonium acetate (Figure 2.1). Alkali metal acetate and alkylammonium acetate clusters 
are also abundant, especially below m/z ~1500 (Figure 2.1). Ammonium acetate clusters are not 
observed. 

The Rayleigh limit charge of a water droplet of the same size as each ion was estimated by 
approximating the molecules as spheres with densities of 1 mg/mL6,28  (ZR,m) and also by using gas-
phase collisional cross sections (σ) 20,54-56 of the lowest charge state reported for the molecular ions to 
obtain the radius approximating the ion as a sphere (ZR,σ). These values, along with the maximum 
(Zmax) and average (Zave) charge of these ions formed from water without salts added and aqueous 
solutions with NH4

+ or Rb+ are given in Table 2.1. The charge of protein and peptide ions formed 
from NH4

+ and Rb+ acetate solutions are compared because the ionic radii of NH4
+ and Rb+ are 

similar (148 pm and 149 pm, respectively) as are their GSFEs (−285 kJ/mol and −275 kJ/mol, 
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respectively; all values are relative to a GSFE of tetraethylammonium (TEA+) which is arbitrarily 
assigned a value of zero).53 ZR,σ is consistently larger than ZR,m by an average of 27 % and these values 
provide an indication of the range of uncertainties in estimating the charging predicted by the CRM. 
Zmax for protein and peptide ions formed from water is within one charge of ZR,σ except for β-
lactoglobulin where Zmax is much lower than ZR,σ. For the biopolymer ions formed from pure water, 
Zmax is 83 % of ZR,σ and 106 % of ZR,m, respectively. Lower charge states of biopolymer ions are 
produced from ammonium acetate and rubidium acetate solutions; Zmax is 75 and 69 % of ZR,σ for 
these respective solutions, and Zmax is 95 and 88 % of ZR,m. These results are consistent with those of 
De la Mora who reported that the Zmax and Zave of protein ions formed from water or ammonium 
acetate are within 60 to 110 % of ZR.28 Results for dendrimers showed a correlation between ion 
charging in different solvents and ZR calculated using the surface tension of the different solvents.6 
These results provide support for large globular protein ions being formed by the CRM. In contrast, 
ions formed by the IEM would have significantly less charge.6 

The average protein charge as a function of the relative Gibbs solvation free energy of the 
cations is shown in Figure 2.2. The dashed lines in the figures correspond to the average charge of 
these protein ions formed from aqueous solutions without salts added, which are higher than those 
from solutions containing acetate salts, although the effects of salts are minimal for β-lactoglobulin 
(Figure 2.2). The average protein ion charge decreases by 4 ± 1 % from Li+ (GSFE is −475 kJ/mol) 
to Cs+ (−250 kJ/mol), a range of 225 kJ/mol in Gibbs solvation free energy. With 
tetramethylammonium (TMA+) and TEA+ acetate, which have the lowest Gibbs solvation free 
energies,53the average charge is much lower. The most significant change in protein charging occurs 
between Cs+ and TMA+. Protein ions formed from TMA+ and TEA+ acetate solutions have on average 
32 and 43 % less charge, respectively, than those formed from Cs+ acetate solutions. The lower 
charging for protein ions formed from solutions with salts could be a result of cation evaporation 
from the ESI droplet lowering the overall charge available for the protein as would be the case for the 
CCRFEM.24 

The relative ion evaporation rates for alkali metal and alkylammonium ions differ significantly 
and correlate with the Gibbs solvation free energies (GSFEs) of the ions at low concentrations (< 
10−5 M), but the differences in ion evaporation rates for the different ions is significantly less at high 
concentrations (> 10−5 M) and the correlation with the GSFEs of the cations is low.57-59 The relative 
rates of ion evaporation for the alkali metals do not depend strongly on GSFE at high concentration, 
and the rate of evaporation for Li+ is higher than that of Cs+,27,58 which is the opposite of the trend 
reported at low salt concentrations. The lower charging of protein ions formed from Cs+ solutions 
compared to that from Li+ solutions is inconsistent with the relative ion evaporation rates reported 
for these alkali metal ions at high concentrations 27,58  if the protein ions are formed by the CCRFEM. 
The relative rate of ion evaporation of TEA+ is approximately 5 times that of Cs+ at high 
concentrations,58 which is consistent with the CCRFEM for the formation of lower protein charge 
from the alkylammonium acetate versus the alkali metal ion acetate solutions. 

Some studies suggest that peptide ions are produced by the IEM60-62 whereas others indicated 
the possibility that peptide ions are produced by the CRM.6,62 In contrast to proteins, the average 
charge for peptide ions formed from water without salts added can be lower (three different forms of 
substance P), higher (angiotensin II) or similar (bradykinin) to the average charge when the alkali metal 
or ammonium acetate salts are added (Figure 2.3). The average charge of all peptide ions, except 
SubPNH2, is lower when these ions are formed from TMA+ and TEA+ acetate solutions compared to 
the average charge of these ions formed from the other solutions. There is no significant dependence 
of the average charge of SubPNH2 ions on the GSFE of the cations. The protein and most peptide 
ions investigated here follow a similar trend, in which similar charge states are formed from 
ammonium and alkali metal ion acetate solutions and lower charge states are formed from 
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alkylammonium acetate solutions. The higher average charge of angiotensin II ions formed from alkali 
metal ion and ammonium acetate salt solutions than from pure water suggests that evaporation of 
small cations does not play a significant role in the charging of these ions. 

 
2.4.2 Effects of protein and peptide structure on charge 

 
The shapes of molecules in solution can significantly affect the charge of these ions in ESI. 

The effects of salts on the secondary structure of ubiquitin (Figure 2.4), β-lactoglobulin and lysozyme 
(Supplemental Figures 2.2 and 2.3) were investigated using circular dichroism (CD) in the far-UV 
region, which probes α-helical and β-sheet content. The CD spectrum of ubiquitin in water without 
salts added is distinctly different from the CD spectra of ubiquitin in 25 mM ammonium acetate and 
25 mM sodium acetate solutions. There is greater ellipticity at 208 nm in water, indicative of more α-
helical structure,63 than when salts are present. There are more subtle differences in the CD spectra of 
ubiquitin in ammonium acetate and sodium acetate, indicating that the identity of the cation has only 
a small influence on the secondary structure of ubiquitin in these solutions. CD spectra of β-
lactoglobulin and lysozyme (Supplemental Figures 2.2 and 2.3) in water without salts added and water 
with either ammonium acetate or sodium acetate added show similar trends. The CD signal for 
lysozyme in water has greater positive ellipticity between 225 and 230 nm, indicative of more α-helical 
structure63 (Supplemental Figure 2.3) and the signal for β-lactoglobulin in water is less intense at 217 
nm than the corresponding signal of β-lactoglobulin in ammonium acetate and sodium acetate. These 
CD results show that these proteins have measurable differences in their secondary structure in water 
without added salts compared to when ammonium acetate or sodium acetate is in the solution and 
that the identity of the cation also has subtle effects on secondary structure in solution. 

Ion mobility spectrometry (IMS) was also used to determine whether ubiquitin ions formed 
from water without salts and with ammonium acetate or sodium acetate retain different conformations 
in the gas phase. Arrival time distributions of (U + 6H)6+ formed from water and from ammonium 
acetate and for (U + 4Na + 2H)6+ formed from sodium acetate solutions are shown in Figure 2.5. The 
arrival time distributions of (U + 6H)6+ formed from ammonium acetate have two broad features 
centered at 10 and 14 ms, whereas the arrival time distributions for the same ions formed from water 
has a very broad feature at 13.5 ms with a less abundant undefined shoulder at 10 ms. The arrival time 
distributions of (U + 6H)6+ formed from these two solutions show a distinct range of conformer 
families with the more compact conformers most abundant in ammonium acetate solution. These 
data clearly show that the gas-phase conformations of protonated ubiquitin 6+ formed from water 
and ammonium acetate solutions are different, and therefore the solution-phase structures of these 
ions are most likely different as well, a result consistent with the CD measurements. The greater 
abundance of more compact conformers from ammonium acetate solution is also consistent with the 
lower charging observed from this solution. 

No (U + 6H)6+ is formed from the sodium acetate solution, but the arrival time distribution 
of (U + 4Na + 2H)6+ has a feature centered at 9 ms with a shoulder at 10.5 ms. This indicates that the 
partially sodiated ions are even more compact than the compact conformers of the fully protonated 
ions with the same charge state formed from water or ammonium acetate. Nonspecific cation 
adduction to gaseous protein ions typically results in compaction of structure compared to the 
protonated form, even when the ions are formed from the same solution.64 The CD results show that 
the protein conformation in aqueous solutions without salts added is different than in ammonium 
acetate solutions. IMS results show that this conformational difference in solution translates to a 
difference in the conformation of gas-phase ions. The difference in solution-phase conformation of 
proteins in solutions without salts versus with salts added likely contributes significantly to the 
difference in protein charging from these solutions. 
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CD spectra were also obtained for angiotensin II and the three forms of SubP in water with 
and without salts added to determine if the salts affect the secondary structure of these peptides. The 
CD signal for these peptides in water without salts added is the same as that with ammonium acetate 
or sodium acetate added (Supplemental Figures 2.1 and 2.4) indicating that there is not a significant 
difference in the secondary structure of these peptides with and without salts. The C-termini of the 
three forms of SubP differ and this affects the relative charging of these peptides from acetate 
solutions and water. This indicates that the primary structure of the peptide plays a role in the effect 
of cations on the extent of charging. 

 
2.4.3 Effect of internal energy on protein charge 

 
Energetic collision of multiply charged ions with gases can lower the charge states in ESI.65 

The effects of collisional activation on the average charge of ubiquitin ions formed from various 
acetate salt solutions and from pure water as a function of collision voltage are shown in Figure 2.6a. 
For K+, Rb+, Cs+, TMA+, and TEA+ acetate solutions, the average charge decreases with increasing 
collision voltage. For example, the average charge of ubiquitin ions formed from TEA+ acetate 
decreases from 2.95 ± 0.02 to 1.03 ± 0.04, at collision voltages of 0 and 70 V, respectively. In contrast, 
there is a minimal decrease in the average charge of ubiquitin ions formed from water without salts 
added, and aqueous solutions with Li+, Na+ or NH4

+ over the same range of collision voltages. The 
average charge of ubiquitin ions formed from solutions with TMA+ and TEA+ is lower than with the 
other ions at 0 V. Based on results at high collision voltage, it is likely that some collisional activation 
that occurs in the source, even with soft conditions, lowers the charge from that originally produced 
by ESI. 

The decrease in average charge with increasing collision energy can be attributed to two 
dissociation pathways: loss of adducted cations and preferential fragmentation of the high charge ions. 
Loss of TEA+ and TMA+ from ubiquitin is facile whereas loss of Li+ or Na+ does not occur prior to 
backbone fragmentation at higher collision energy. For example, collisional activation of (U + 7Cs − 
2H)5+ at 60 V results in the sequential loss of Cs+ to form (U + 6Cs − 2H)4+ and (U + 5Cs − 2H)3+ 
exclusively whereas collisional activation of (U + 7Na − 2H)5+ at the same voltage results in b2

+, b3
+, 

y3
+ and y4

+ fragments but no loss of Na+. High charge states of ubiquitin ions formed from water, 
ammonium acetate, sodium acetate and lithium acetate solutions fragment to form b and y ions at 
collision energies of ~30 V and higher. In contrast, b and y ions from ubiquitin ions generated from 
the other acetate salt solutions start to form between 50 - 80 V. These results are consistent with the 
loss of the larger cations taking away internal energy and thus more internal energy deposition is 
required to produce backbone cleavage. 

The binding energies of these cations to gaseous proteins and peptides are not known, but the 
gas phase binding energies of water molecules to these cations have been reported.66-69 The binding 
energies of a water molecule to Li+, Na+, NH4

+, K+, Rb+, Cs+, TMA+ and TEA+ are 142, 100, 83, 75, 
67, 57, 38 and 29 kJ/mol, respectively.67-69 This ordering is nearly the same as the GSFE values of 
these cations. We expect there to be a similar trend in the binding energies of these cations to peptides 
and proteins. Larger cations should be bound less strongly to the peptide or protein and should be 
more readily lost. The higher collision voltage necessary to form b and y ions for the large cations can 
be attributed to the energy lost as a result of breaking the bond between the cation and protein; 
additional energy must be added to form b and y fragments. 

Hogan et al.24 found that the charge states of several protein ions formed by ESI from 
triethylammonium bicarbonate solutions are lower than the charge states of the corresponding ions 
formed from ammonium acetate solutions. Triethylammonium evaporates more rapidly from a 
droplet than ammonium HoganJr:2009ct} and could lower droplet charge and the overall charge of 



 26 

the protein. However, TEA+ adducts much less strongly to the protein ion and is easily lost as a result 
of gas-phase collisional activation, which also lowers the overall charge of the protein ion. 

 
2.4.4 Effects of cation proton transfer reactivity on protein and peptide charge 

 
Adduction of basic molecules, such as diethylamine, in the ESI solution can result in lower 

charging of proteins 7,44,70,71 as a result of these molecules preferentially carrying away charges as a result 
of proton transfer from the protein to the basic molecules. Charging of proteins and protein 
complexes from aqueous ammonium acetate solutions is often attributed to proton transfer from 
NH4

+ to the protein.2,35-49 The GSFE of NH4
+ (285 kJ/mol) is between that of K+ (295 kJ/mol) and 

Rb+ (275 kJ/mol) and the ionic radius is nearly the same as Rb+. The average charge of the protein 
ions formed from NH4

+ (25 mM solution) is higher than that of Rb+ and K+ by 5 ± 2 % and 5 ± 1 %, 
respectively. Neither Rb+ nor K+ can undergo proton transfer reactions, and this difference in protein 
charging for solutions containing NH4

+ versus Rb+ or K+ is minor. The initial pH of the rubidium 
acetate solutions is slightly lower than that of the ammonium and potassium solutions, but the similar 
results from Rb+ and K+ solutions suggest that this difference in initial solution pH has a negligible 
effect on the protein and peptide ion charge. Higher concentrations of ammonium acetate have little 
effect on protein or peptide charge. The average charge of proteins and peptides is 2 ± 1 % and 1 ± 
1 % lower, respectively, when these ions are formed from 100 mM ammonium acetate solutions 
compared to 25 mM. The negligible difference in charging from solutions containing NH4

+ versus 
Rb+ or K+, and the minimal effect of NH4

+ concentration on protein charge indicates that proton 
transfer of NH4

+ to the protein ion is insignificant in the extent of protein charging in native mass 
spectrometry. However, while interaction of NH4

+ to deprotonated acidic sites in the protein can 
reduce the number of cation adducts,35,38,72,73 such as sodium, and proton transfer from NH4

+ to the 
acidic sites may occur, our results indicate that this does not result in a significant change in the overall 
net charge on the protein ions. 

 
2.4.5 Generating singly charged and neutral proteins 

 
Low charge state ions of proteins and protein complexes are often more compact and more 

stable to induced conformation changes and gas phase collisional cross sections of low charge states 
of proteins are often similar to cross sections calculated from crystal structures.20,74,75 The charge states 
of proteins can be reduced by several different methods, including ion-ion,76 ion-electron,77,78 or ion-
molecule reactions.21,44 Low charge state ions can also be readily formed by collisionally activating 
protein or peptide ions complexed with TMA+ and TEA+. For example, collisional activation of (U + 
2TMA + H)3+ results in nearly exclusive formation of (U + TMA + H)2+ and (U + H)1+ at 40 V and 
80 V collision energies, respectively (Figure 2.6b). The (U + H)1+ ion can be formed from (U + TMA 
+ H)2+ with a 96 % yield at the latter collision voltage. Similarly, (M + H)1+ of several other protein 
ions, including cytochrome c, myoglobin, and melittin can be formed from a native ESI solution using 
this method. Because some of the collisional energy deposited into the ion is required to break the 
noncovalent interaction of the cation and the protein, this method to produce singly protonated ions 
may not significantly perturb the structures of large proteins and protein complexes. 

The number of TMA+ or TEA+ adducts is often greater than the net ion charge (Figure 2.1). 
When the number of adducts is equal to the net charge state of the ion, the protein molecule itself has 
a net charge of zero. Similarly, the protein molecule has a net negative charge when the number of 
positively charged adducts exceeds the overall net charge of the adducted protein ion. Isolating and 
collisionally activating these positively charged ions that are generated by ESI would lead to a 
negatively charged or neutral beam of protein molecules that is selected for both mass and energy. 
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2.5 Conclusions 
 

The effects of different cations on the charge states of protein and peptide ions produced in 
electrospray ionization from aqueous acetate solutions were investigated. The charge states of three 
proteins formed from aqueous solutions without added acetate salts are higher than those formed 
from solutions with added salts whereas the charge states of peptides can be higher, lower or the same 
as those formed with added salts. Results from circular dichroism measurements show that the protein 
secondary structure differs in aqueous solutions without salts added compared to solutions containing 
either sodium or ammonium acetate. Ion mobility results show that protonated molecular ions with 
the same charge state formed from water and aqueous ammonium acetate solutions differ, indicating 
that the solution-phase structures differ as well. These results indicate that the origin of the difference 
in protein charging with and without salts is an effect of differences in protein conformation in these 
solutions. 

Collisional activation of proteins adducted to the larger cations that have low Gibbs solvation 
free energies produces facile loss of the cations resulting in intact protein ions with fewer charges. 
This dissociation pathway may account for the substantially lower protein charging from solutions 
containing cations such as TMA+ and TEA+. The protein ions formed from TMA+ and TEA+ 
solutions are less charged than those formed from ammonium or alkali metal ion solutions even at 
conditions where no intentional collisional activation occurs. This suggests that the CCRFEM may 
also contribute to the lower charging observed. 

Although charging depends on the ionic strength of the aqueous solution, similar extents of 
protein and peptide charging containing equal concentrations of either ammonium acetate or rubidium 
acetate indicate that proton transfer from protonated ammonia to proteins and peptides does not play 
a significant role in the extent of charging in native mass spectrometry. 

Formation of singly protonated protein ions from higher charge state ions that are adducted 
to larger cations is readily achieved by collisional activation to induce loss of the charged cation, leaving 
the intact singly protonated protein ion. This method can not only produce protein ions with just one 
charge, but should also provide a route to generating either beams of neutral protein molecules or 
protein anions that are selected for both mass and kinetic energy from multiply charged positive ions 
formed by ESI. 
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2.8 Tables and Figures 
 
Table 2.1. ZR,σ and ZR,m for water droplet the same size as ion of interest compared to Zmax and Zave for 
ions formed from aqueous solutions without salts added, or with 25 mM NH4

+ or Rb+. 
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Figure 2.1. Nano-ESI mass spectra of 50 µM bovine ubiquitin ions formed from 25 mM aqueous 
solutions of (a) ammonium acetate, (b) sodium acetate, and (c) tetramethylammonium acetate. (*) 
indicate (b) sodium acetate or (c) tetramethylammonium acetate clusters, some of which are multiply 
charged. 
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Figure 2.2. Average charge state of 50 µM (a) β-lactoglobulin, (b) bovine ubiquitin, and (c) egg-white 
lysozyme formed from 25 mM (solid diamond) or 100 mM (solid diamond) acetate salt solutions and 
water (dashed line) plotted as a function of relative Gibbs solvation free energy of the cation 
(referenced to TEA+, which is assigned a value of zero). 
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Figure 2.3. Average charge state of 50 µM (a) SubPNH2, (b) SubPOMe, (c) SubPOH, (d) angiotensin 
II, and (e) bradykinin formed from 25 mM (solid diamond) or 100 mM (solid diamond) acetate salt 
solutions and water (dashed line) plotted as a function of relative Gibbs solvation free energy of the 
cation (referenced to TEA+, which is assigned a value of zero). 
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Figure 2.4. Circular dichroism spectra for 25 µM ubiquitin in 25 mM sodium acetate (green line), 25 
mM ammonium acetate (red dashed line), and water (blue dotted line). 
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Figure 2.5. Ion mobility arrival time distributions of ubiquitin (U + 6H)6+ formed from water (green 
dotted line), 25 mM ammonium acetate (red solid line) and (U + 4Na + 2H)6+ formed from 25 mM 
sodium acetate (blue dashed line). 
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Figure 2.6. (a) Average charge of ubiquitin ions formed from 25 mM (unless otherwise noted) acetate 
salt solutions from collision voltages 0 to 70 V. (b) Collisional activation of (U + H + 2TMA)3+ at 0 
V (top) to form (U + H + TMA)2+ at 40 V (middle) and (U + H)1+ at 80 V (bottom). (*) indicates 
stable low abundance cluster ions at same m/z as precursor that are also isolated at 0 V. 
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2.9 Supplemental Information 
 
Supplemental Table 2.1. Average number of cation adducts per charge state of each protein/peptide 
ion.  

 
  Average number of adducts    
protein/peptide Charge state Li+ Na+ K+ Rb+ NH4+ Cs+ TMA+ TEA+ 
angiotensin II 1+ 0.7 0.7 0.7 1.3 0.0 1.0 2.3 2.0 
  2+ 4.0 4.0 4.3 4.0 0.0 2.7   0.3 
bradykinin 1+ 1.0 0.0 0.0 1.0 0.0 2.0 2.0 2.0 
  2+ 4.0 4.0 2.0 4.0 0.0 4.0 0.0 0.0 
SubP 1+         0.0   1.0 1.0 
  2+ 1.7 2.0 1.7 2.0 0.0 2.0 0.0 0.0 
  3+ 1.0   1.0 0.0 0.0 0.0 0.0 0.0 
SubPOMe 1+ 0.3       0.0   1.0 1.0 
  2+ 2.0 3.0 3.0 2.0 0.0 3.0 0.0 0.0 
  3+ 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
SubPOH 1+   0.0     0.0 0.0 2.0 2.0 
  2+ 3.0 3.0 3.0 3.0 0.0 2.7 0.0 0.0 
  3+     0.0 0.0 0.0 0.0     
ubiquitin 2+                 
  3+             12.0 5.7 
  4+   0.7   0.3 0.0 0.7 28.0 11.7 
  5+ 5.8 26.7 14.7 9.0 0.0 10.3     
  6+ 6.7 1.7 0.3   0.0       
lysozyme  3+               7.0 
  4+             10.0 7.7 
  5+             2.0   
  6+   1.0 5.3 3.0 0.0 3.0 0.0   
  7+ 3.7 26.7 7.7 5.7 0.0 5.7     
  8+ 1.0 9.3 4.7 4.7 0.0 2.0     
  9+ 1.0 2.0 3.0 3.0 0.0 1.0     
  10+ 0.0               
β-lactoglobulin 4+               3.0 
  5+             9.0 6.7 
  6+ 0.3 20.1     0.0   12.0   
  7+ 3.0 20.0 24.7 11.0 0.0 10.0     
  8+ 5.0 36.7 35.1 9.7 0.0 5.5     
  9+ 0.0       0.0 2.0     
  10+ 0.0               
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Supplemental Figure 2.1. CD spectra of 50 µM (a) SubPOH, (b) SubPNH2, and (c) SubPOMe in 
water (blue dashed line), 25 mM sodium acetate (purple dotted line) and 25 mM ammonium acetate 
(red dashed line). 
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Supplemental Figure 2.2. CD spectra of 25 µM β-lactoglobulin in water (blue dashed line), 25 mM 
sodium acetate (purple dotted line) and 25 mM ammonium acetate (red dashed line). 
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Supplemental Figure 2.3. CD spectra of 25 µM lysozyme in water (purple dotted line), 25 mM 
sodium acetate (red dashed line) and 25 mM ammonium acetate (blue dashed line). 
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Supplemental Figure 2.4. CD spectra of 25 µM angiotensin II in water (blue dotted line), 25 mM 
ammonium acetate (red dashed line) and 25 mM sodium acetate (green line). 
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Chapter 3 
  

Charging of Proteins in Native Mass Spectrometry 
 

This chapter is reproduced with permission from: 
 

Anna C. Susa, Zijie Xia, Henry Y. H. Tang, John A. Tainer, Evan R. Williams 
 “Charging of Proteins in Native Mass Spectrometry” 

Journal of the American Society for Mass Spectrometry, 2017, 28(2): 332-340 
© 2017 American Society for Mass Spectrometry 

 
3.1  Abstract 
 

Factors that influence the charging of protein ions formed by electrospray ionization from 
aqueous solutions in which proteins have native structures and function were investigated. Protein 
ions ranging in molecular weight from 12.3 to 79.7 kDa and pI values from 5.4 to 9.6 were formed 
from different solutions and reacted with volatile bases of gas-phase basicities higher than that of 
ammonia in the cell of a Fourier-transform ion cyclotron resonance mass spectrometer. The charge-
state distribution of cytochrome c ions formed from aqueous ammonium or potassium acetate is the 
same. Moreover, ions formed from these two solutions do not undergo proton transfer to 2-
fluoropyridine, which is 8 kcal/mol more basic than ammonia. These results provide compelling 
evidence that proton-transfer between ammonia and protein ions does not limit protein ion charge in 
native electrospray ionization. Both circular dichroism and ion mobility measurements indicate that 
there are differences in conformation of proteins in pure water and aqueous ammonium acetate, and 
these differences can account for the difference in the extent of charging and proton-transfer 
reactivities of protein ions formed from these solutions. The extent of proton-transfer of the protein 
ions with higher gas-phase basicity bases trends with how closely the protein ions are charged to the 
value predicted by the Rayleigh limit for spherical water droplets approximately the same size as the 
proteins. These results indicate that droplet charge limits protein ion charge in native mass 
spectrometry and are consistent with these ions being formed by the charged residue mechanism.  
 
3.2 Introduction 
 
 Many factors affect the extent of charging of intact gas-phase macromolecular ions formed by 
electrospray ionization (ESI),1-19 but the conformation of a molecule in solution is one of the most 
significant.3-5 Broad distributions of highly charged protein ions are formed from solutions in which 
proteins are denatured, such as water/methanol/acid solutions. In contrast, narrower distributions of 
lower charge states are formed from buffered aqueous solutions in which proteins are in native or 
native-like conformations.3 Other factors, such as surface tension of the ESI droplet,6,7 instrumental 
parameters,3-5,8 supercharging methods,7,9-13 and gaseous reactions with acid or base vapors16-19 can also 
affect the extent of charging of protein ions formed by ESI. The maximum extent of charging of 
denatured and supercharged protein ions can be limited by the proton-transfer reactivity of the ion 
relative to that of the electrospray solvent or other molecules in solution.6,18,19 

Factors that limit the extent of charging of protein ions formed from buffered aqueous 
solutions by ESI are debated,15,20-27 and several mechanisms for ion formation of protein ions from 
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buffered aqueous solutions have been proposed.23,28-30 In the charged residue mechanism (CRM) for 
ion formation, multiply charged gas-phase ions are formed by solvent evaporation in the late stages 
of droplet lifetime.28 De la Mora15 and others7,31,32 showed that the extent of charging of globular 
macromolecular ions formed from aqueous solutions is close to the number of charges predicted by 
the Rayleigh limit (ZR) for a water droplet that is approximately the same size as the macromolecule. 
The maximum charge of globular protein and dendrimer ions from 6 to 1400 kDa formed from 
aqueous solutions was between 65 to 110 % of ZR and proportional to the square root of the molecular 
weight, suggesting the formation of globular ions from 6 to 1400 kDa follows the CRM.15 The 
maximum charge of polyethylene glycol (PEG) ions with molecular weights greater than 50 kDa 
exceeded ZR, suggesting that these ions are formed from nonspherical droplets that fail to undergo 
Coulombic fissions because the PEG backbone is highly charged.15 In the chain ejection model 
(CEM), folded native protein ions are formed by the CRM, but highly charged unfolded protein ions 
are ejected from the ESI droplet before complete desolvation occurs.20,33-36 

Salts, or buffers commonly used in native ESI mass spectrometry, can also affect the extent 
of charging on protein ions formed from aqueous solutions.22,37-40 In the combined charged residue-
field emission model (CCRFEM) for ion formation, small ions residing at the droplet surface 
evaporate from the droplet at a rate determined by the electric field strength at the droplet surface and 
ion solvation energies, and macromolecules located in the interior of the droplet ionize by the CRM.29 
In the CCRFEM, buffer ions with low solvation energies evaporate, carrying away charge from the 
ESI droplet, such that less charge remains on the macromolecules in the droplet after solvent 
evaporation.29 Recently, Allen et al.31 reported that protein ions formed from buffered aqueous ESI 
solutions with molecular weights less than 130 kDa were charged less than ZR, but protein ions with 
molecular weights greater than 130 kDa were charged closer to ZR. The authors suggested that this is 
consistent with charge-carrier emission of buffer ions limiting the charge of protein ions with 
molecular weights less than 130 kDa formed from buffered aqueous ESI solutions.31 

It has also been proposed that the extent of charging of proteins from native solutions is 
limited by proton-transfer reactivity between protein ions and commonly added salts, such as 
ammonium acetate or ammonium bicarbonate, which are extensively used as buffers in aqueous ESI 
solutions. 2,23,26,41-49 Kebarle and coworkers suggested that charging of protein ions formed by ESI from 
aqueous ammonium salt solutions is limited by proton-transfer between the protein ion and 
ammonium or ammonia at the surface of the ESI droplet in the final stages of solvent evaporation. 
23,41,47 In this mechanism, NH3 formed in the last stages of the ESI process can accept a proton from 
the protein resulting in less highly charged ions.41  

Adding basic molecules directly to aqueous ESI solutions can result in lower protein ion 
charging49,50 either as a result of proton-transfer reactions or competition for protons in the ionization 
process. Protein ions formed from aqueous solutions can be denatured by exposing the ESI droplet 
to gaseous acids or bases which increase the charging as a result of the change in protein 
conformation.16,17 The proton-transfer reactivities of protein ions with volatile bases, formed by ESI 
from solutions in which the proteins are denatured, have been investigated experimentally 4,18,51-56 and 
modeled computationally.14,19,26,41,47,56 Proton-transfer reactions between protein ions and volatile basic 
molecules show that the apparent gas-phase basicity of high charge state ions is lower than that of low 
charge state ions,14,18,52,56 and that proton-transfer rates between protein ions and basic molecules 
depend on temperature51,57,58 Conformation also affects the proton-transfer reactivity of protein 
ions.14,52,56 The apparent gas-phase basicity of disulfide-intact lysozyme ions formed from solutions in 
which the protein conformation is compact is lower than that of disulfide-reduced lysozyme ions of 
the same charge state formed from solutions in which the protein is denatured.56  

Here, we investigate factors that limit the extent of charging of protein ions formed from 
buffered aqueous solutions using proton-transfer reactions with volatile molecules more basic than 
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ammonia, circular dichroism and ion mobility mass spectrometry. Cytochrome c has nearly identical 
secondary structure in solutions of aqueous ammonium acetate or potassium acetate, and the charge-
state distributions of cytochrome c ions formed from these solutions are similar. Moreover, the protein 
ions formed from these solutions do not react with 2-fluoropyridine which is 8 kcal/mol more basic 
NH3. These results show that charging of protein ions in native mass spectrometry is not limited by 
the presence of NH4

+ or NH3 in solution. The extent of the proton-transfer reactivities of protein ions 
formed from native aqueous solutions depends on conformation and how closely the ions are charged 
to ZR. These results indicate that the charge on the ESI droplets limits the extent of charging of the 
molecular ions of proteins in native mass spectrometry. 

 
3.3 Experimental 
 
3.3.1 Proton-transfer reactions 
 

Mass spectral data were acquired using a 9.4 T Fourier-transform ion cyclotron resonance (FT-
ICR)  mass spectrometer that is described elsewhere 59. Protein ions were formed from aqueous 
ammonium acetate, potassium acetate or pure water solutions by nanoelectrospray ionization using 
borosilicate capillaries (1.0 mm o.d./0.78 mm i.d., Sutter Instruments, Novato, CA, USA) that were 
pulled to a tip i.d. of 0.8 µm or 1.6 µm with a Flaming/Brown micropipette puller (Model P-87, Sutter 
Instruments, Novato, CA, USA). Tip diameters were measured with a scanning electron microscope 
(Hitachi TM-1000 SEM, Schaumburg, IL, USA) at the Electron Microscope Laboratory at UC 
Berkeley. Nanoelectrospray was initiated by applying a potential of about +0.7 to 1.2 kV to a 0.127 
mm diameter platinum wire inserted into the capillary and in contact with the sample solution.  

Volatile bases were degassed using several freeze-pump-thaw cycles and introduced into the 
mass spectrometer through a sapphire leak valve to a vacuum chamber pressure of 1.0 x 10-8 Torr 
(base pressure is ~3 x 10-10 Torr) measured using an ion gauge located remotely from the ion cell. The 
ion gauge was not calibrated to the pressure of the volatile basic molecules in the ion cell. Rate 
constants of cytochrome c ions formed from water/methanol/acetic acid and reacted with pyridine 
are within 35-85% of those reported by Schnier et al.14 Protein ions were reacted in the cell with 2-
fluoropyridine (2-FP), pyridine, diethylamine (DEA) and dipropylamine (DPA) for up to 120 s.  
Lyophilized protein powders of equine cytochrome c, bovine carbonic anhydrase, jack bean 
concanavalin A, human holo-transferrin, equine myoglobin, 2-FP, DEA, DPA, ammonium acetate, 
potassium acetate and sodium acetate are from Sigma (St. Louis, MO) and pyridine is from Fisher 
Scientific (Waltham, MA). Protein solutions were prepared at 10 µM in Millipore Milli-Q water, 10 
mM ammonium acetate, 10 mM potassium acetate, or 10 mM sodium acetate, except for holo-
transferrin where 200 mM ammonium acetate was used to maintain sufficient ion signal.  
 
3.3.2 Ion mobility mass spectrometry 
 

Arrival time distributions and mass spectral data were acquired using a Waters Synapt G2 
(Waters, Milford, MA, USA) that is located at University of California, San Francisco. The traveling 
wave ion mobility cell was operated with a constant wave velocity of 800 m/s, wave height of 40 V, 
helium flow rate of 180 mL/min, and IMS (N2) flow rate of 90 mL/min. The time of flight mass 
analyzer was operated in sensitivity mode (“V”). Calculated collision cross sections were obtained 
from the arrival time distributions using the procedure described by Bush et al.60 Cytochrome c, 
ubiquitin, bovine serum albumin, avidin, β-lactoglobulin, and concanavalin A were used as calibrant 
ions. Arrival times were assigned as the center of the full-width at half-maximum for the arrival time 
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distribution for each ion. Average collision cross sections, CCSav, were calculated as an average 
weighted sum of the collision cross sections for each charge-state distribution.   

The charge-state distributions of protein ions obtained with the FT-ICR and Synapt mass 
spectrometers are similar, except for carbonic anhydrase ions formed from pure water. Charge states 
up to the 19+ and 15+ were observed with these respective instruments. The higher charging with 
the FT-ICR mass spectrometer is likely due to more droplet heating in this instrument which can 
result in some unfolding of the protein in the droplet prior to ion formation.10 

 
3.3.3 Circular dichroism 
 

Circular dichroism (CD) data were acquired using a Jasco Model 815 spectropolarimeter 
(JASCO, Inc., Easton, MD, USA). Wavelength scans from 190 to 260 nm at 20 °C were acquired for 
solutions containing 10 µM cytochrome c in pure water, 10 mM ammonium acetate, potassium acetate, 
and sodium acetate.  
 
3.4 Results and Discussion 
 
3.4.1 Effects of protein conformation on protein ion charging 
 

The average charge of cytochrome c and carbonic anhydrase ions formed from pure water is 
higher than that from aqueous ammonium acetate (Table 3.1). The charge-state distribution of 
carbonic anhydrase ions formed from pure water is bimodal (Supplemental Figure 3.1), with a small 
distribution of higher charge state ions indicative of partially unfolded structure.3 The conformation 
of proteins in aqueous solution can be affected by the presence of salts.61,62 To determine if these 
differences in charging from pure water versus aqueous ammonium salt solutions are due to salts in 
solution affecting the conformation of the proteins, the α-helical and β-strand content of cytochrome 
c and carbonic anhydrase was probed using circular dichroism (CD). CD spectra of 10 µM cytochrome 
c and carbonic anhydrase in pure water, 10 mM ammonium acetate, and 10 mM potassium acetate 
from 200 to 260 nm are shown in Figure 3.1a and 1b. K+ was chosen because NH4

+ and K+ have 
similar ionic radii,63 activity coefficients,64 and Gibbs solvation free energies.63 The CD spectrum of 
carbonic anhydrase in pure water has a band at 204 nm that is absent in the CD spectra of carbonic 
anhydrase with ammonium or potassium acetate (Figure 3.1a). This band corresponds to a molar 
ellipticity contribution from tryptophan residues that couple with other aromatic residues.65 This band 
in the spectrum of carbonic anhydrase in water but not in ammonium or potassium acetate indicates 
that the conformation is different in water when these two salts are not present. The CD spectra of 
cytochrome c in pure water, ammonium acetate and potassium acetate have unresolved bands at 208 
and 222 nm (Figure 3.1b).  These bands are characteristic of a predominately α-helical protein.65 The 
ellipticity at 222 nm of cytochrome c in pure water is slightly more negative than that of cytochrome c 
in aqueous potassium or ammonium acetate solutions. The ellipticity of a partially denatured protein 
can become more negative at 222 nm as a result of the loss of positive ellipticity contributions of 
aromatic side chains.65 The CD spectra of carbonic anhydrase and cytochrome c in aqueous 
ammonium and potassium acetate solutions are very similar (Figure 3.1a-b), indicating that secondary 
structure of the protein in these solutions is also similar. These CD measurements indicate that the 
presence of salts in solution affects the secondary structure of carbonic anhydrase and to a lesser 
extent, cytochrome c, compared to that in pure water, and the secondary structure of these two 
proteins is similar in ammonium and potassium acetate.  
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The protein conformation in solution can also affect the resulting conformations of ions 
produced by ESI from these solutions.66-68 Ion mobility experiments were performed to investigate if 
the gas-phase conformations of carbonic anhydrase and cytochrome c ions formed from pure water 
and aqueous ammonium acetate differ. The collision cross sections of carbonic anhydrase and 
cytochrome c ions formed from pure water and aqueous 10 mM ammonium acetate as a function of 
charge state were obtained using traveling wave ion mobility mass spectrometry and are shown in 
Figure 3.1c. The collision cross sections for the same charge state ions formed from pure water or 
ammonium acetate solutions are indistinguishable within experimental error with the exception of 
12+ charge state of carbonic anhydrase. For this charge state, the cross section is slightly larger when 
this ion is formed from water compared to that formed from ammonium acetate (Figure 3.1d). The 
more extended conformers of the 12+ charge state of carbonic anhydrase ions formed from pure 
water are more abundant compared to those formed from ammonium acetate (Figure 3.1d). 
  The collisional cross sections of the 6+ through 8+ charge states of cytochrome c ions formed 
from 10 mM aqueous ammonium acetate and pure water are indistinguishable, except for the relative 
abundances of the the two conformers of the 8+ charge state (Figure 3.1d). The compact conformer 
of 8+ cytochrome c is slightly more abundant from 10 mM ammonium acetate than from pure water 
(Figure 3.1d). Higher charge states of cytochrome c and carbonic anhydrase ions that are formed from 
pure water have larger collision cross sections than the lower charge states that are formed from both 
ammonium acetate and pure water (Figure 3.1c). These ion mobility measurements show that the 
conformations of cytochrome c and carbonic anhydrase ions formed from pure water can be different 
than the conformation of these ions formed from 10 mM ammonium acetate. The CD measurements 
show that cytochrome c and carbonic anhydrase have different secondary structure in pure water and 
ammonium acetate, and this produces a difference in the gas-phase conformations. These results show 
that the difference in charging of cytochrome c and carbonic anhydrase ions formed from pure water 
and 10 mM ammonium acetate is likely due to differences in conformations of the proteins in these 
solutions.  
 
3.4.2 Gas-phase proton-transfer reactions between protein ions and volatile bases 
 
 In order to determine if proton transfer reactivity between NH3 and proteins affects the charge 
of protein ions formed from aqueous ammonium acetate solutions,23,46,47 proton-transfer experiments 
for five proteins ranging in molecular weight from 12.3 to 79.7 kDa and pI values of 5.4 to 9.6 were 
performed with volatile bases with gas-phase basicities (GB) that are higher than that of NH3 (196 
kcal/mol). The charge-state distribution of each protein (cytochrome c, myoglobin, carbonic 
anhydrase, concanavalin A dimer, holo-transferrin) did not change when these ions were reacted with 
2-fluoropyridine (2-FP) (GB = 204 kcal/mol) for 120 s at 1.0 x 10-8 Torr. Lower charge states of these 
five proteins were formed by proton transfer to pyridine, diethylamine (DEA), and dipropylamine 
(DPA), which have GB values of GB = 215, 221, 225 kcal/mol, respectively.69 For example, there is 
no change in the charge-state distribution of concanavalin A dimer ions after reaction with 2-FP for 
120 s (Figure 3.2). However, reaction of these ions with pyridine (120 s) results in a decrease in relative 
abundance of the 16+ charge state and increase in the relative abundances of the 14+ and 13+ (Figure 
3.2). The absence of any proton-transfer between the five proteins and 2-FP (204 kcal/mol) indicates 
that no proton-transfer reaction with NH3 (196 kcal/mol) would occur under these same conditions.  
These results show that the apparent GB values for all the protein ions formed directly from aqueous 
ammonium acetate are more than 8 kcal/mol higher than the GB of NH3.  
 The concentration of the bases in these experiments is very low and is substantially lower than 
the corresponding concentration of ammonium in solution and gaseous ammonia in the ESI interface, 
although the long reaction times used in these experiment at least partially compensates for this 
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difference. To evaluate if ammonium or ammonia affect protein charging from aqueous buffered 
ammonium acetate solutions, cytochrome c ions were formed from either 10 mM ammonium acetate 
or 10 mM potassium acetate. Potassium has a similar ionic radius,63 activity coefficient,64 and Gibbs 
solvation free energy63 to ammonium but potassium cannot undergo proton transfer reactions with 
protein ions. In addition, secondary structure of cytochrome c in ammonium and potassium acetate 
solutions is very similar (Figure 3.1a and 3.1b). The charge-state distributions of cytochrome c ions 
from these solutions are the same (Figure 3.3, top). This result provides compelling evidence that the 
presence of NH4

+ or NH3 in solution does not affect the charging of proteins in native mass 
spectrometry. Moreover, the charge-state distributions of ions formed from either aqueous 
ammonium acetate or potassium acetate solutions do not change upon reaction with 2-FP (Figure 
3.3). This demonstrates that the apparent gas-phase basicity of proteins is greater than the gas-phase 
basicity of NH3 whether or not NH3 or NH4

+ is present. Acetate and water can potentially proton-
transfer with proteins. Different anions can affect protein charging from solutions in which proteins 
are denatured70 or solutions in which proteins have native structures.71 In these experiments, acetate 
and water are present in both the ammonium and potassium acetate solutions, and therefore should 
not affect our conclusion about NH4

+ or NH3 not affecting protein charge. These results clearly show 
that proton-transfer between proteins and NH3 does not affect the charge of ions formed from 
ammonium acetate solutions and that proton transfer to ammonia does not limit the charging of 
proteins in native mass spectrometry. 
 
3.4.3 Charging of Protein Ions and the Rayleigh Limit 
 

To determine if the charging of the protein ions under these conditions is close to ZR,7,15,31,32 
the maximum and average charge of the protein ions, Zmax and Zav, respectively, were compared to ZR 
for water droplets of comparable sizes to the proteins. ZR was calculated by approximating protein 
ions as spheres with a density of 1 g/cm3.7,15,31,32 For protein ions formed from aqueous ammonium 
acetate, Zav is between 73.2 and 86.5 % of ZR and Zmax is between 85.7 and 95.0 % of ZR, which is 
within the range of previously reported values.15,31,32 However, Zav and Zmax for protein ions formed 
from pure water are higher than the values for ions formed from aqueous ammonium acetate. Zav for 
ions formed from pure water is between 93.6 and 96.1 % of ZR and Zmax  is between 137 and 142 % of 
ZR.  

To determine if the difference in the conformation of the protein in pure water compared to 
in aqueous ammonium acetate can account for Zmax greater than ZR for protein ions formed from pure 
water, ZR(CCS) was calculated by approximating the protein ions as spheres with densities obtained from 
average collision cross sections, CCSav. CCSav values were calculated as an average weighted sum of 
the collision cross sections for each charge-state distribution from the solution from which the ions 
were formed. ZR(CCS) takes into account, in part, conformational differences of protein ions formed 
from pure water and aqueous ammonium acetate because protein ions with larger collision cross 
sections have lower effective densities. The average effective density of protein ions formed from 
aqueous ammonium acetate is 0.58 g/cm3, which is comparable to previously reported values.60 
However, the effective densities of cytochrome c and carbonic anhydrase ions formed from pure water 
are slightly lower than those of ions formed from aqueous ammonium acetate (Table 3.1). 

 ZR, ZR(CCS), Zmax and Zav for protein ions formed from pure water and aqueous ammonium 
acetate are shown as a function of molecular weight (Supplemental Figure 3.2) and normalized to ZR 
(Figure 3.4). Zmax and Zav for protein ions formed from ammonium acetate increase with the square 
root of molecular weight (Supplemental Figure 3.2), consistent with previously reported results.15,31,32 
ZR(CCS) is greater than ZR by an average of 41 ± 14 % (Figure 3.4), consistent with protein ions formed 
from pure water that are partially elongated and not spherical. Zmax for protein ions formed from pure 
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water is between 85 and 110 % of ZR(CCS) and Zav is between 56 and 75 % of ZR(CCS). The results are 
consistent with the higher charging for the ions formed from pure water being a result of their less 
compact structures compared to those formed from ammonium acetate.  

Recently, Allen et al. investigated the effects of charge carrier emission of buffer ions on the 
charging of proteins ions formed from buffered aqueous ESI solutions by comparing Zav of protein 
ions to ZR.31 The authors calculated ZR by approximating the ions as spherical with densities of 0.6, 
1.0, and 1.2 g/cm3. For a density of 1.0 g/cm3, Zav of protein cations with molecular weights between 
5.8 and 468 kDa was 60-90 % of ZR.31 Zav of protein cations with molecular weights less than 130 kDa 
were only up to 83 % of ZR, but Zav of ions greater than 130 kDa were closer to ZR.31 The authors 
suggest that this shows a molecular weight dependence of protein ions charging to ZR that is consistent 
with charge-carrier emissions of buffer ions at critical field strengths limiting the charge of protein 
ions.31 Here, the molecular weight range of proteins investigated is much smaller, only 12.3 to 79.7 
kDa, but there is no trend between protein molecular weight and charging of protein ions to ZR within 
this molecular weight range. (Figure 3.4). Zmax of the protein ions formed from aqueous ammonium 
acetate is close to ZR, ranging from 86 to 95 % ZR. The extent of charging is very close to that expected 
from the charged residue mechanism, given that factors, such as conformation, can affect charging in 
this simplistic assumption in determining ZR. Our results suggest that if charge-carrier emission from 
aqueous ammonium acetate solutions occurs, it does not significantly affect the charge of the protein 
ions in native mass spectrometry.  
 
3.4.4 Factors that affect the relative proton-transfer reactivities of protein ions 
 

The relative proton-transfer reactivities of the five proteins with basic molecules was 
investigated by comparing the change in charge-state distributions when the ions are reacted with 
DPA (Table 3.1). The relative extent of proton-transfer between the five proteins investigated and 
DPA does not trend with the protein pI, number of basic residues, or the fraction of basic residues in 
the protein (Table 3.1, Figure 3.5b-e). The extent of proton-transfer between protein ions and DPA 
is greater for ions formed from pure water than from aqueous ammonium acetate (Table 3.1). The 
proton-transfer reactivity of a protein ion is affected by both the number of charges and the ion 
conformation.56,72 The ions from pure water are more highly charged than those formed from aqueous 
ammonium acetate, which can increase proton-transfer reactivity but are also less compact, which can 
decrease proton-transfer reactivity. Some partial collapse of the more highly charged, less compact 
ions may also occur in the gas phase73 which would result in higher proton transfer reactivity. The 
time scale of the ion mobility measurements and the proton transfer reactivity experiments differ 
significantly, and any change in conformation in the latter may not be reflected in the ion mobility 
measurements.  

The extent of proton-transfer of protein ions with DPA trends with how closely the ions are 
charged to ZR. Figure 3.5a shows the absolute decrease in protein ion charge, ∆Zmax and ∆Zav, upon 
reaction with DPA (120 s) as a function of percent Zmax and Zav of ZR for the protein ions before 
reaction. Protein ions with the greatest Z/ZR value undergo the most proton-transfer with DPA 
(Figure 3.5a). This suggests that how closely protein ions are charged to ZR affects the proton-transfer 
reactivities of the ions.  
 
3.5 Conclusions 
 

Factors that limit the charge of protein ions formed by ESI from aqueous solutions by ESI 
were investigated. The charge-state distributions of cytochrome c ions formed from aqueous 



 53 

potassium acetate or ammonium acetate are the same. Potassium has a similar Gibbs solvation free 
energy, activity coefficient, and ionic radius to ammonium, so any ion evaporation that occurs should 
be similar for both ions. However, potassium cannot undergo proton transfer reactions with proteins. 
The similar charging of cytochrome c ions formed from potassium or ammonium acetate solutions 
shows that the presence of NH4

+ or NH3 does not affect charging in native mass spectrometry. Protein 
ions from these two solutions do not proton-transfer with 2-fluoropyridine, which has a gas-phase 
basicity that is 8 kcal/mol higher than that of ammonia, demonstrating that the apparent gas-phase 
basicity of protein ions formed in native mass spectrometry is greater than that of ammonia.  

Protein ions formed from aqueous ammonium acetate solutions are charged closely to the 
values predicted by the Rayleigh limit for spherical water droplets similar in size to the proteins. The 
average charge of protein ions formed from aqueous ammonium acetate is between 73 and 87 % of 
ZR, which is within the range of previously reported values. The maximum charge of protein ions 
formed from aqueous ammonium acetate is between 86 to 95 % of ZR. The maximum charge of the 
protein ions is close to ZR, suggesting the charge-carrier emission process in the combined charged 
residue-field emission model does not significantly limit the charging of these protein ions.  
The extent of proton-transfer between protein ions formed from aqueous solutions and molecules 
with much higher gas-phase basicities depends on several factors. Protein ions formed from pure 
water are more highly charged with less compact conformations than those formed from aqueous 
ammonium acetate and undergo more proton transfer with basic molecules. The extent of proton-
transfer between protein ions with more basic molecules is related to how closely the protein ions are 
charged to ZR for spherical water droplets of comparable size to the proteins. These results are 
consistent with the charged residue mechanism in which ESI droplet charge limits the charge of 
protein ions formed from buffered aqueous solutions, when the proteins have compact folded 
conformations. This knowledge of the factors limiting the charging of protein ions formed from 
buffered aqueous solutions forms a foundation for efforts to join mass spectrometry with other 
solution techniques, such as high-throughput X-ray scattering, to reduce gaps between cloning library 
technologies and the throughput capacity of analytical platforms to characterize proteins.74 
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3.8 Tables and Figures  
 
Table 3.1. Molecular weight, pI,75 number of basic residues, maximum charge (Zmax), average charge 
(Zav), extent of proton-transfer with DPA, and effective density values for each protein. Ions formed 
from 10 mM aqueous ammonium acetate solution unless otherwise noted  
 

 
molecular 
weight 
(kDa) 

pI  

number 
of 
basic 
residues 

Zmax Zav 
reaction with DPA 
 (120 s) 

Effective 
Density 
(g/cm3) -∆Zmax  -∆Zav 

cytochrome c 12.3 9.6 24 8 7.1 1.0 ± 0.0 1.1 ± 0.1 0.50 
cytochrome c 
(water) 12.3 9.6 24 12 8.1 3.0 ± 0.0 1.8 ± 0.1 0.44 

myoglobin 17.6 7.4 32 9 8.0 0.3 ± 0.5 0.6 ± 0.3 0.52 
carbonic anhydrase 29.1 6.8 43 12 9.8 0.7 ± 0.5 0.4 ± 0.1 0.74 
carbonic anhydrase 
(water) 29.1 6.8 43 19 12.9 4.3 ± 2.0 2.8 ± 0.1 0.69 

concanavalin A dimer 51.7 6.0 48 17 15.1 1.3 ± 0.5 1.5 ± 0.5 0.58 
holo-transferrin 
(200 mM ammonium 
acetate) 

79.7 5.4 64 21 19.2 1.7 ± 0.5 1.4 ± 0.3 0.60 
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Figure 3.1. (a) CD spectra of 10 µM carbonic anhydrase and (b) 10 µM cytochrome c in pure water 
(solid blue line), 10 mM ammonium acetate (green dotted line), and 10 mM potassium acetate (purple 
dashed line). (c) Collision cross sections of 10 µM cytochrome c ions (pink) and carbonic anhydrase 
ions (blue) and formed from 10 mM ammonium acetate (square, diamond, respectively) or pure water 
(triangle, circle, respectively) as a function of charge state. (d) Arrival time distributions of cytochrome 
c 8+ ions and carbonic anhydrase 12+ ions formed from water (blue) or 10 mM ammonium acetate 
(green) 
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Figure 3.2. Mass spectra of concanavalin A dimer ions formed from 10 mM ammonium acetate after 
reaction with either 2-fluoropyridine or pyridine for (a) 0 and (b) 120 s  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 63 

 
 
Figure 3.3. Mass spectra of 10 µM cytochrome c ions formed from 10 mM ammonium acetate  and 
10 mM potassium acetate reacted with 2-fluoropyrine for 0 and 120 s 
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Figure 3.4. Zmax (purple square), Zav (pink triangles), ZR(CCS) (blue circles) for protein ions formed from 
aqueous ammonium acetate (filled) or pure water (open) relative to ZR (green line) as a function of 
molecular weight. ZR represents the maximum number of charges on a protein predicted using the 
Rayleigh limit for a droplet the same size as a spherical protein with a density of 1.0 g/cm3. ZR(CCS) 
represents the maximum number of charges predicted using the Rayleigh limit for a spherical droplet 
with the same radius as the CCSav for the protein ions.  
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Figure 3.5. (a) The percent Zmax (circle) and Zav (square) of ZR, for protein ions formed from aqueous 
ammonium acetate (filled markers) or pure water (open markers) prior to reaction with a base v. the 
decrease in Zmax (circle) and Zav (square) after 120 s reaction with DPA. (b) fraction of basic residues, 
(c) molecular weight (d) number of basic residues (e) isoelectric point (pI) for each protein as a 
function of the decrease in Zmax (circle) and Zav (square) after 120 s reaction with DPA. (i) corresponds 
to cytochrome c, (ii) myoglobin, (iii) carbonic anhydrase, (iv) concanavalin A dimer and (v) holo-
transferrin ions, respectively.  
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3.9 Supplemental Information 
 
Supplemental Table 3.1. Collisional cross sections (CCS) of cytochrome c and carbonic anhydrase 
ions formed from pure water or 10 mM aqueous ammonium acetate.  

 10 mM ammonium acetate 
CCS (Å2) 

Water 
CCS (Å2) 

Cytochrome c   
6+ 1150, 1250 1150, 1250 
7+ 1510, 1640, 1970 1520, 1650, 1980 
8+ 1750, 1990 1750, 1980 
9+ - 1800, 1960, 2040 
10+ - 1880, 2030, 2100 
11+ - 1940, 2100, 2160 
12+ - 2180, 2230 
Carbonic anhydrase   
9+ 2060 2060 
10+ 2070, 2390 2060, 2390 
11+ 2100, 2430, 2760 2080, 2430, 2750 
12+ 2460, 2810, 3160 2600, 2830, 3140 
13+ - 2710, 2900, 3230 
14+ - 2800, 3120, 3290 
15+ - 3380 
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Supplemental Figure 3.1. Mass spectrum of 10 µM carbonic anhydrase formed from pure water 
(FT-ICR). 
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Supplemental Figure 3.2. Zmax (purple square), Zav (pink triangles) for protein ions formed from 
aqueous ammonium acetate (filled) or pure water (open) as a function of molecular weight. Green line 
represents ZR, the maximum number of charges on a protein predicted using the Rayleigh limit for a 
droplet the same size as a spherical protein with a density of 1.0 g/cm3. ZR(CCS) (blue circles) represents 
the maximum number of charges predicted using the Rayleigh limit for a spherical droplet with the 
same radius as the CCSav for the protein ions. 
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Chapter 4 
 

Small Emitter Tips for Native Mass Spectrometry of 
Proteins and Protein Complexes from Nonvolatile 
Buffers that Mimic the Intracellular Environment 

 
 

This chapter is reproduced with permission from: 
 

Anna C. Susa, Zijie Xia, Evan R. Williams 
 “Small Emitter Tips for Native Mass Spectrometry of Proteins and Protein Complexes from 

Nonvolatile Buffers that Mimic the Intracellular Environment” 
Analytical Chemistry, 2017 

© 2017 American Chemical Society 
 

4.1  Abstract 
 

Salts are often necessary to maintain the native structures and functions of many proteins and 
protein complexes, but many buffers adversely affect protein analysis by native mass spectrometry 
(MS). Here, protein and protein complex ions are formed directly from a 150 mM KCl and 25 mM 
Tris-HCl buffer at pH 7 that is widely used in protein chemistry to mimic the intracellular 
environment. The protein charge-state distributions are not resolved from electrospray ionization MS 
using 1.6 µm diameter emitter tips resulting in no mass information. In contrast, the charge-state 
distributions are well-resolved using 0.5 µm tips, from which the masses of proteins and protein 
complexes can be obtained. Salt adduction to protein ions decreases with decreasing tip size below 
~1.6 µm but not above this size. This suggests that the mechanism for reducing salt adduction is the 
formation of small initial droplets with on average fewer than one protein molecule per droplet which 
lowers the salt-to-protein ratio in droplets that contain a protein molecule. This is the first 
demonstration of native mass spectrometry of protein and protein complex ions formed from a buffer 
containing physiological ionic strengths of nonvolatile salts that mimics the intracellular environment, 
and this method does not require sample preparation or addition of reagents to the protein solution 
before or during mass analysis.   
 
4.2 Introduction 
 
 Interactions of ions with proteins, whether specific or nonspecific, can significantly influence 
protein structure and function.1-6 Tris and phosphate buffers as well as potassium and sodium chloride 
are often used to stabilize the native structures and functions of proteins and protein complexes by 
mimicking the intracellular environment, which has an ionic strength of 100-200 mM.7 Salts provide 
the high ionic strength necessary for some protein complexes to assemble, and specific salts can be 
essential for some protein-protein, protein-ligand, and enzyme-cofactor interactions.8-10 For example, 
casein kinase 2 (CK2), a serine/threonine selective protein kinase, forms spherical structures at an 
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ionic strength of 500 mM but forms ring-like structures at 200 mM that are stabilized by the cofactor 
MgCl2.10 

In native mass spectrometry (MS), electrospray ionization (ESI) is used to produce intact 
gaseous ions of proteins and noncovalent complexes directly from aqueous solutions. Native MS is 
widely used to measure the masses of large biomolecules such as intact protein complexes, DNA, 
ribosomes and virus capsids.11-15 The stoichiometries of intact protein and protein complexes can be 
obtained from molecular weight measurements and noncovalent (specific-ion or ligand) binding 
information can be obtained from tandem MS experiments.16-20 However, some salts commonly used 
in protein sample preparation, such as sodium, potassium, Tris and phosphate buffers adversely affect 
the ionization process. Salts can significantly lower sensitivity by increasing baseline noise and can 
cause ion suppression.21-24 Many salts can also adduct to protein ions which distributes the protein 
signal over multiple ions, reducing the detection limit for large proteins and protein complexes. For 
large molecules or complexes for which adduct ions are not resolved, salt adduction broadens the 
mass spectral peaks, reducing the mass measuring accuracy and the ability to detect and identify post-
translational modifications or proteins with similar masses in complexes. Robinson and coworkers 
showed that the increase in mass due to adduction to noncovalent complexes can be estimated based 
on the peak widths for charge states of the complex.11 Individual charge states of large protein complex 
ions, such as alcohol dehydrogenase, are difficult to resolve if Tris or HEPES is present in 
concentrations even as low as 10 mM.21  

To circumvent the adverse effects of some salts on protein signal in native mass spectrometry, 
salts are typically removed from solutions prior to ESI using methods such as dialysis,25 
diafiltration,26,27 or ion chromatography.21,28 Because high ionic strengths are often necessary to 
maintain protein structure, solutions are often buffer exchanged into volatile ammonium salt 
solutions, such as ammonium acetate or ammonium bicarbonate, because these ammonium salts do 
not adduct to proteins. Desalting ESI solutions and buffer exchanging into ammonium salt solutions 
can significantly alter the structure and function of some proteins that require specific salts to 
assemble. For example, an activator protein, NtrC4 from Aquifex aeolicus, requires millimolar 
concentrations of specific salts to form a 270 kDa homohexamer.29,30 Removing salts that are necessary 
for complexes to assembly makes analyzing these complexes by native mass spectrometry challenging.  

Several alternatives to desalting protein samples before ESI make it possible to retain specific 
salts necessary for protein structure and function. These methods include buffer loading using high 
concentrations, e.g., 1 M, of ammonium acetate,21,24 adding low concentrations of reagents that desalt 
protein ions in the ESI process,31-34 or reacting ions with organic vapors.35 These methods of reducing 
sodium adduction to protein ions are effective for proteins in pure water or water with volatile 
ammonium salts that contain between 1 and 20  mM NaCl.21,24,31-35 Schmidt et al. also reported fewer 
sodium ions adducted to insulin ions formed from water/methanol/acid solution with ESI emitters 
with ~1 µm diameter tips than with ~12 µm tips.36 The authors proposed that the lower sodium 
adduction with the smaller tip was due either to less solvent evaporation and thus lower concentration 
of contaminants prior to ion release or higher extent of solvent oxidation and formation of H3O+.36 
Although these methods are effective for solutions with relatively low concentrations of salts and for 
volatile buffers, native MS has not been reported from typical buffers used in protein chemistry that 
mimic the intracellular environment.   
 Here, a simple and fast method for desalting protein and protein complex ions formed by ESI 
of solutions containing a buffer that mimics the intracellular environment is demonstrated. The signal-
to-noise ratios (S/N) and resolution of protein and protein complex ions formed with nano-
electrospray emitters with tip diameters less than 1 µm are higher than those of ions formed with tip 
diameters greater than 1 µm. We show that this ion desalting method is more effective than adding 
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reagents that desalt protein ions. This is the first demonstration of desalting protein ions during ESI 
directly from a biologically relevant buffer that is commonly used in many different laboratories to 
investigate protein chemistry. 

 
4.3 Experimental 
 

Mass spectral data were acquired using a Waters Quadrupole-Time-of-Flight (Q-TOF) 
Premier mass spectrometer (Waters, Milford, MA, USA). Protein ions were formed by nano-
electrospray ionization using borosilicate capillaries (1.0 mm o.d./0.78 mm i.d., Sutter Instruments, 
Novato, CA, USA) that were pulled with a Flaming/Brown micropipette puller (Model P-87, Sutter 
Instruments, Novato, CA, USA) to form tips with inner diameters that range from 0.2 µm to 38 µm. 
Tip diameters and taper lengths were measured with a scanning electron microscope (Hitachi TM-
1000 SEM, Schaumburg, IL, USA) at the Electron Microscope Laboratory at UC Berkeley. Tips were 
measured in triplicate, and the standard deviation of the tip diameter for each tip size is ± 10 %. The 
borosilicate capillaries were filled with 5 µM protein solution, and nano-electrospray was initiated by 
applying a potential of about +0.6 to 2.0 kV to a 0.127 mm diameter platinum wire that is inserted 
into the capillary and is in contact with the sample solution. The electrospray voltage (0.6 – 2.0 kV) 
and the sampling cone voltage (100-200 V) were optimized for each emitter tip.  The extraction cone 
voltage, voltage in the collision cell, and source temperature were 5.0 V, 5.0 V and 80 °C, respectively. 
The backing pressure in the source region was maintained at ~6 mbar. Ions formed from aqueous 
solutions with 25 mM ammonium bromide were collisionally activated as previously described.33 Mass 
spectral replicates were acquired with at least three different tips, and one spectrum from each set of 
replicates is shown.  

The width, centroid and area of each protein or protein complex ion charge state was 
determined by fitting these data to Gaussian functions in OriginPro. The masses of salt-adducted 
protein ions were determined from the centroid of the unresolved adducts for each charge state in the 
distribution. The masses of unadducted ions were calculated from the elemental composition using 
average masses.  The extent of adduction was obtained from the difference between these two masses 
for each charge state. The average number of adducts for each charge state was determined from the 
difference in mass between the mass of the salt-adducted protein ion and the theoretical mass and 
dividing by the mass of the primary adducting species, Na+ from 10 mM Na+ acetate or K+ from 25 
mM Tris-HCl 150 mM KCl (Supplemental Figure 4.6). Average charge was determined from a 
weighted abundance corresponding to the area of each charge state. Signal-to-noise (S/N) ratios were 
determined from the signal of the most abundant protein ion charge state to the noise in a baseline 
region that is m/z 100 lower than that of the protein charge state. The ratio of oligomeric species was 
determined as a ratio of the corresponding area of each oligomeric species. The reported error for 
each measurement is the standard deviation of replicate measurements with at least three different 
emitters.  

Lyophilized protein powders of yeast alcohol dehydrogenase (ADH), bovine serum albumin 
(BSA), jack bean concanavalin A, egg white avidin, ammonium acetate, ammonium sulfate, 
ammonium phosphate dibasic, ammonium bromide, tris hydrochloride and m-nitrobenzyl alcohol (m-
NBA) are from Sigma (St. Louis, MO) and were used without further purification. 
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4.4 Results and Discussion 
 
4.4.1 Effects of Tip Diameter on Salt Adduction to Protein Ions 
 

In order to evaluate the effects of emitter tip diameter on the extent of salt adduction on 
protein ions, BSA ions were formed from aqueous 10 mM sodium acetate solutions using nano-ESI 
emitters with tips ranging in inner diameter from 0.2 µm to 38 µm. The most abundant charge states 
of BSA ions are 14+ and 13+, and the average charge of BSA ions is similar for all tip sizes 
investigated. The average charge of BSA ions is 13.53 ± 0.14 and 13.41 ± 0.21 with the 0.2 µm to 38 
µm tips, respectively. Higher protein charging occurs from smaller tip diameters when ions are formed 
from solutions containing organic solvents and acid,37,38 or from aqueous buffered solutions in which 
the protein has a net positive charge which can result in protein surface interactions at small tip sizes.39 
The net charge of BSA in this solution is negative (pI = 5.6),40 consistent with no change in charging 
with tip size.39 

Representative mass spectra of BSA ions formed from 0.7 µm and 2.9 µm diameter tips, and 
the average number of sodium ions adducted to the 14+ and 13+ charge states of BSA ions as a 
function of emitter tip diameter are shown in Figure 4.1. Because individual adducts to BSA ions were 
not resolved, the increase in mass from adduction was determined from the centroid of the adducted 
protein ion charge states and the theoretical mass of the unadducted ion. Individual adducts to 
cytochrome c, a lower molecular weight protein, formed from 10 mM sodium acetate are well-resolved, 
and these results show that the adducts from this solution are primarily Na+ (Supplemental Figure 
4.6).  Therefore, we estimate the number of adducts to BSA by assuming all adducts are Na+, 
recognizing that there may be a small contribution from other adducts as well. The number of sodium 
ions adducted to BSA decreases with decreasing tip diameter from 1.6 to 0.2 µm. The 14+ charge 
state of BSA formed with 1.6 µm diameter tips has 108 ± 15 Na+ adducted (2,362 ± 300 Da greater 
than the calculated mass of BSA), but the same charge state from 0.2 µm tips only has 22 ± 3 Na+ 
adducted (470 ± 66 Da greater than the calculated mass of BSA). More ions adduct to the 14+ charge 
state than to the 13+ charge state for all tip sizes investigated. Sodium adduction to BSA does not 
change significantly with tip diameters greater than ~1 µm. The number of Na+ adducts on the 14+ 
charge state of BSA ions formed from tip diameters from 1.6 to 38 µm is between 103 and 123 Na+ 
(2,266 to 2,706 Da greater than the calculated mass of BSA). This number of adducts is slightly higher 
than the 99 acidic residues of BSA, indicating that sodium ions are adducted to mostly the carboxylate 
form of nearly all acidic residues as well as coordinating to polarizable functional groups, such as the 
amide oxygen atoms.41,42 These results demonstrate that using emitters with submicrometer diameter 
tips is beneficial for desalting protein ions formed by nano-ESI from aqueous solutions.  
 
4.4.2 Desalting protein ions from a buffer that mimics the intracellular environment  
 

To determine the effectiveness of submicrometer tips at desalting protein ions directly from 
buffers that are commonly used in biochemical laboratories, protein and protein complex ions were 
formed from 150 mM KCl and 25 mM Tris-HCl at pH 7 (Figure 4.2). This buffer is commonly used 
to prepare protein samples because it mimics the intracellular environment.7,43 Bovine serum albumin, 
concanavalin A, and alcohol dehydrogenase (ADH) ions were formed using both 1.6 µm tips, on the 
lower end of commonly used tip sizes in native mass spectrometry, and 0.5 µm tips. The spectra 
shown in Figure 4.2 are representative of at least three replicate measurements with different tips for 
each measurement.  
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With the 1.6 µm tips, there are ions corresponding to discrete salt clusters below m/z 4000, 
and a broad, unresolved multimodal peak is between m/z 4000 and 8000 in the mass spectrum of BSA 
(Figure 4.2a). Individual protein ion charge states are not resolved, and it is not possible to obtain the 
molecular weight of the protein from these spectra (Figure 4.2a). In contrast, the protein charge-state 
distribution of the BSA is well resolved with the 0.5 µm tips  (Figure 4.2b). The protein ions are salt 
adducted, but the individual adducts are not resolved. The molecular mass of these salt adducted BSA 
ions is 1955 ± 41 Da greater than the calculated mass. The adducts to carbonic anhydrase ions formed 
from these solutions are well-resolved and demonstrate that the adduction is nearly exclusively due to 
K+ (Supplemental Figure 4.6). Thus, the 1955 ± 41 Da greater mass observed for BSA corresponds 
to ~50 K+ adducts on each charge state (Figure 4.2b). The much higher m/z of the broad multimodal 
peak observed with the 1.6 µm tips (Figure 4.2a) indicates a significantly higher number of adducts to 
the BSA ions.   

Similar results are obtained for concanavalin A and for alcohol dehydrogenase, both of which 
form tetramers in solution.  There is a broad bimodal peak between m/z 3500 and 6500 in the spectra 
of both proteins with the 1.6 µm tips. In striking contrast, the charge-state distributions of the 
tetramers of both proteins are well resolved with the 0.5 µm tips.  The relative abundance ratio of the 
concanavalin A dimer to tetramer is 0.75, which is close to that reported previously for concanavalin 
A formed from ammonium acetate solutions of similar ionic strength.44  The molecular masses of 
concanavalin A tetramer and alcohol dehydrogenase ions with the 0.5 µm tips are 2890 and 4680 Da 
(~75 and ~120 K+ adducted), respectively, greater than the theoretical masses of the adduct-free 
protein complex ions. The ratio of adducts to ion charge is about 4-5 for BSA and the two tetramer 
complexes.  

The centroids of the bimodal peaks in the broad, high m/z peaks for both concanavalin A 
(Figure 4.2c) and for alcohol dehydrogenase (Figure 4.2e) obtained with the 1.6 µm tips are not the 
same for both protein complexes and appear at lower m/z values than the corresponding charge- state 
distributions of tetramer of concanavalin A (Figure 4.2d) and the tetramer of alcohol dehydrogenase 
(Figure 4.2f) obtained with the 0.5 µm tips. Moreover, the tetramer is the only protein species observed 
for alcohol dehydrogenase with the 0.5 µm tips, yet the broad peak with the 1.6 µm tips is bimodal. 
These results indicates that the broad, high m/z peaks for both proteins obtained with the 1.6 µm tips 
is not due to salt adduction on the protein tetramer ions but rather from clustering of salts and sample 
impurities. Commercially purchased yeast ADH contains significant impurities, and 2 % of the sample 
is citrate buffer. It is possible that citrate buffer ions form large ionic clusters with KCl and Tris-HCl 
and also some ADH monomer ions.  

Protein ions formed directly from buffers with KCl or NaCl concentrations of 100-200 mM 
and Tris that mimics the intracellular environment have not been reported previously. This is the first 
demonstration of directly measuring resolved charge-state distributions of protein and protein 
complex ions formed by nano-ESI from a biologically relevant buffer with high concentrations of 
nonvolatile salts, and this method eliminates any sample preparation needed to desalt protein solutions 
prior to ion formation and mass analysis. 
 
4.4.3 Desalting ions from aqueous ammonium salt solutions  
 

In order to determine the effectiveness of nano-ESI emitters with submicrometer tip sizes at 
desalting protein ions formed from aqueous ammonium acetate solutions that are commonly used in 
native mass spectrometry, protein and protein complex ions were formed from 175 mM ammonium 
acetate solution with 1.6 µm and 0.5 µm tips (Figure 4.3). With the 1.6 µm tips, charge states of ADH 
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tetramer ions are resolved, but the widths of the individual charge states are broad (Figure 4.3a).  The 
3652 ± 88 Da higher mass with the 1.6 µm tips for the 23+ charge state corresponds to 166 ± 4 Na+ 
adducted. The baseline is elevated due to impurities in the sample (Figure 4.3a). When ADH ions are 
formed from this same solution using 0.5 µm tips, the peaks are much narrower. The number of Na+ 
adducts on the 23+ charge state is 42 ± 10 (924 ± 220 Da), and the baseline chemical noise is 
significantly lower (Figure 4.3b). The S/N ratio of the most abundant charge state formed with the 
0.5 µm tips is 105 times larger than with the 1.6 µm tips (Supplemental Table 4.1). The average number 
of Na+ adducts on charge states of the avidin tetramer ions formed from aqueous ammonium acetate 
with both sizes of tips is similar, but the baseline noise is significantly reduced with the small tip size 
(Supplemental Figure 4.1). The number of Na+ adducts on the individual charge states of BSA and 
concanavalin A ions formed from ammonium acetate is similar from both tip sizes (Supplemental 
Figure 4.1). These results demonstrate that submicrometer tips are useful for desalting protein ions 
from solutions that contain salt impurities, such as buffer salts, in the lyophilized solid sample, but are 
less effective when there are minimal salts present in the sample.  

Solutions containing sulfate or phosphate are typically challenging in native mass spectrometry 
because sulfate and phosphate adduct to protein ions.45 In order to determine if submicrometer tips 
are also useful for desalting protein ions from solutions containing phosphate and sulfate, BSA ions 
were formed from 10 mM aqueous ammonium phosphate or ammonium sulfate with both 1.6 µm 
and 0.5 µm tips (Figure 4.3). With the 1.6 µm tips, the individual charge states of BSA ions are resolved 
but very broad from adduction, the baseline is elevated, and cluster ions are are abundant compared 
to the protein signal, especially for ammonium phosphate. Sulfate appears to adduct to the protein to 
a significantly higher extent, and the broad peaks in the multimodal distribution at high m/z 
correspond to salt adducted charge states of BSA. With the submicrometer tips, the baseline chemical 
noise is essentially eliminated and individual charge states of BSA are well resolved for both solutions. 
The abundance of low m/z cluster ions is also significantly reduced (Figure 4.3). The spectra of BSA 
from these solutions with the 0.5 µm tips are nearly identical to that obtained from ammonium acetate 
(Supplemental Figure 4.1). These results demonstrate that the adverse effects of anions, such as 
phosphate and sulfate, can be significantly reduced using submicrometer emitter tips. 
 
4.4.4 Combining Ion Desalting Methods: ESI Solution Additives and Small Tips 
 
 Reagents that are added to the solution prior to ion formation, such as high concentrations of 
ammonium acetate,21,24 supercharging reagents,32 e.g., m-nitrobenzyl alcohol, or select anions,33 e.g., 
ammonium bromide, can also be used to desalt protein ions formed in native mass spectrometry. In 
order to determine the effectiveness of these reagents at desalting protein ions formed from a buffer 
that mimics the intracellular environment, the effectiveness of these reagents at desalting protein ions 
was evaluated with ADH in aqueous 150 mM KCl 25 mM Tris-HCl buffer with 1.6 µm tips. The 
concentrations of these additives were chosen based on previously reported conditions where these 
additives were found to be effective in pure water or aqueous ammonium salt solutions containing up 
to 20 mM NaCl. There is ion signal between m/z 3000 and 7000 in the spectra with each of these 
additives (Figure S-2). However, there are no resolved charge-state distributions, and it is not possible 
to obtain the mass of the protein from these data. Thus, these previously reported methods are 
ineffective with this biologically relevant buffer.  
 In order to determine if these reagents could further improve the ion desalting that is achieved 
using the emitters with the submicrometer tips, results were obtained for the same solutions using 0.5 
µm tips (Supplemental Figure 4.3 and Supplemental Table 4.1). The charge-state distribution is clearly 
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resolved for ADH ions formed with the small tips without additives. Because the number of individual 
adducts could not be resolved, the number of K+ ions adducted to the protein and protein ions formed 
from the small tips with and without solution additives was estimated by assuming all adduction was 
K+ (Supplemental Figure 4.6). The average number of K+ adducted to the 23+ charge state formed 
without any additional solution additives is 123 ± 30 (4,651 ± 1,140 Da). The number of K+ adducts 
is 97 ± 32 (3,640 ± 1,216 Da), 121 ± 15 (4,575 ± 570 Da), and 163 ± 23 (6,156 ± 874 Da) K+ with the 
addition of m-NBA, ammonium bromide and ammonium acetate, respectively. These results show 
that addition of these ion desalting additives to the ESI solution does not significantly remove salt 
adduction to the protein ions when submicrometer emitter tips are used. Addition of m-NBA does 
decrease the abundance of low mass salt clusters (Supplemental Figure 4.3), as shown previously,32 
which could be beneficial if the protein ion signal is in the m/z range of the cluster ions. Solution 
additives that desalt protein ions have been shown to reduce salt adduction for ions formed from 
aqueous solutions with 1 to 20 mM NaCl,24,31-33 but these additives are not effective for 150 mM KCl 
25 mM Tris-HCl at pH 7 with either size tips. Nano-ESI emitters with small tip diameters are much 
more effective for desalting protein ions formed from solutions with salt concentrations higher than 
20 mM compared to adding reagents that desalt protein ions to the ESI solution, but combining both 
methods does not further improve the desalting of protein ions under these conditions.  
 
4.4.5 Time Dependence of Ion Signal 
 

The time evolution of the total ion signal and total protein ion signal of ADH, BSA and 
concanavalin A formed from 150 mM KCl 25 mM Tris-HCl with 0.5 µm tips as a function of time 
was investigated (Figure 4.4 and Supplemental Figure 4.4). Initially, the total ion signal is high but 
there are no distinguishable protein ions. The total ion signal is composed of primarily (nKCl+K)+ 
clusters, but much less abundant (nKCl+H)+, (nKCl+2H)2+, (nKCl+2K)2+ clusters are also observed. 
Multiply charged KCl cluster ions have been previously reported.46  After ~30 seconds to several 
minutes (Supplemental Figure 4.4), the total ion signal sharply decreases, and the high m/z salt clusters 
decrease in abundance. With the sharp decrease in total ion signal, there is a concomitant increase in 
protein ion signal and resolved protein ion charge states are observed. For some of the tips, a shift 
back to high total ion signal and low protein signal occurred for several seconds, only to shift back to 
the desalted protein ions (Supplemental Figure 4.4). The trend of increasing protein ion signal as the 
salt cluster ion signal deceases was reproduced at least 20 times, although the fluctuations in total ion 
count and time dependence of the onset of protein ion signal is highly tip dependent (Supplemental 
Figure 4.4). It is possible that this time dependence of ion desalting with small tips is due to a shift in 
spraying modes47,48 where larger droplets are formed upon initiation of electrospray, and smaller 
droplets are formed when the spray stabilizes.  
 
4.4.6 Mechanism for desalting protein and protein complex ions with submicrometer tips  
 

The effect of tip size on the extent of sodium adduction to BSA ions (Figure 4.1) suggests a 
plausible mechanism for the ion desalting observed with the smaller tips.  There is essentially no effect 
for tip sizes above 1.6 µm and a steady decrease in salt adduction with decreasing tip diameters below 
1.6 µm. If the initial droplet that is formed by ESI contains one or more protein molecules, then the 
ratio of salt to protein will remain essentially constant when solvent evaporation from the droplet 
occurs.  If, on the other hand, the ESI droplets contain on average fewer than one protein molecule, 
then each droplet that contains a protein molecule will have a lower salt-to-protein ratio. This ratio 
will continue to decrease as the initial droplet size decreases, and the majority of salt will be contained 
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in droplets that do not contain a protein molecule. Solvent evaporation from droplets that do contain 
a protein molecule will result in fewer salt molecules that can associate with the protein molecule. 

For the 5 µM protein solutions used here, an initial droplet that is 85 nm in diameter would, 
on average, contain just one protein molecule. With 150 mM KCl, this droplet would contain on 
average 30,000 K+ with a K+-to-protein ratio of 30,000. Droplets above this size would have this same 
ratio. However, an initial droplet that is 30 nm in diameter would have a K+-to-protein ratio of 1,400 
and only one in ~22 droplets would contain a protein molecule.  Based on the observed trend in 
sodium adduction with tip size (Figure 4.1), the transition from droplets containing on average fewer 
than one protein molecule per droplet occurs at a tip size of between 1.2 and 1.6 µm. This result would 
suggest that the initial ESI droplet diameter is about 1/14 to 1/20 of the inner diameter of the 
electrospray emitters. 

The size of initial droplets formed in ESI depends on many factors including ionization 
current,49-51 flow rate,52,53 ESI emitter diameter,36 and solution composition.54-56  Recently, Bush and 
coworkers reported that droplets formed by ESI using similar tips (~1-3 µm) and conditions common 
for native mass spectrometry are ~60 nm in diameter.49 Thus, under similar conditions, their 
measurements of initial droplet diameter correspond to ~1/17th or less of the tip size, consistent with 
the range of values we infer from our measurements. With the submicrometer tips, potassium chloride 
salt clusters are still observed in the mass spectra.  However, the very large salt clusters, such as 
observed for concanavalin A and alcohol dehydrogenase (Figure 4.2c,e) with the large tip size are 
absent with the small tip size (Figure 4.2d, f). This is likely due to the smaller initial droplet containing 
fewer salt molecules that can form the large clusters. 

Even with the smallest tips, there are many more potassium ions in the initial droplet than 
ultimately adduct to the protein.  Some potassium ions may be lost by ion evaporation as solvent 
evaporation occurs.57 It is also possible that a Rayleigh fission event occurs which would further reduce 
the K+-to-protein ratio if one of the fission product droplets contains the protein molecule. Huber 
and coworkers used high-speed microscopic images to observe fission of large 48 µm diameter 
droplets charged close to the Rayleigh limit and found that ~100 progeny droplets were produced, 
and these droplets carry away 0.3 % of the mass of the original droplet.58 If similar fission events 
occurred for the much smaller initial droplet sizes reported here, then the diameter of the progeny 
droplets formed by the 0.5 µm tips and 1.6 µm tips would be ~1 nm and 3 nm in diameter, respectively. 
However, these droplet sizes are much smaller than the largest protein complex investigated here, 
concanavalin A tetramer, which is ~8 nm in diameter.59,60 This suggests that the protein and protein 
complex ions are formed directly from the initial droplets produced from the electrospray process for 
the submicrometer tip sizes. 
 
4.5 Conclusions 
 

A simple method for desalting protein and protein complex ions formed by electrospray 
ionization from 150 mM KCl 25 mM Tris-HCl buffer pH 7 buffer without any sample preparation or 
change to solution composition is demonstrated. This buffer is commonly used in protein chemistry 
to mimic the intracellular environment but adversely affects protein analysis by native mass 
spectrometry. Solutions containing nonvolatile salts are typically cleaned up to remove these ions or 
buffer exchanged into ammonium acetate which is the typical volatile buffer used in native MS. The 
use of submicrometer electrospray ionization emitter tips leads to a reduction of salt adduction onto 
protein ions and clearly resolved charge-state distributions of proteins and protein complexes can be 
obtained. This method is equally applicable to other aqueous solution compositions that are often 
used in native mass spectrometry. The reduction in sodium adduction obtained with the small tips is 
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similar to or better than that achieved with other methods for desalting ions during ESI, including 
buffer loading,21,24 addition of reagents,31-34 or reaction with organic vapors.35 

The reduction of salt adduction and salt cluster formation appears to be attributable to the 
small initial droplet size produced by submicrometer electrospray emitter tips. Formation of droplets 
that contain on average, fewer than one protein molecule per droplet, limits the exposure of an 
individual protein molecule to salts, and is consistent with reduction of salt adduction with emitter tip 
size below ~1.4 µm.  Although the results presented here are only for one biologically relevant buffer 
and several protein and protein complex ions, extending the capabilities of native mass spectrometry 
to large macromolecules and macromolecular complexes in such buffers should eliminate to the need 
to reinvestigate properties of these molecules in ammonium buffers that are ubiquitously used in 
native MS but not typically used in protein chemistry laboratories. Future studies will include 
investigating this method with a wider range of biologically relevant buffers, such as phosphate 
buffers, in addition to reagents that are commonly added to buffers such as glycerol or reducing agents. 
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4.8 Tables and Figures  
 

 

Figure 4.1. Average number of Na+ adducted to 14+ and 13+ charge states of BSA ions obtained 
from 10 mM aqueous sodium acetate as a function of emitter tip inner diameter. Electrospray 
ionization mass spectra of BSA ions from 10 mM aqueous sodium acetate with (a) 2.9 µm or (b) 0.7 
µm emitter tips  
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Figure 4.2. Electrospray ionization mass spectra of protein and protein complex ions obtained from 
150 mM KCl 25 mM Tris-HCl buffer pH 7 with 1.6 µm (a,c,e) and 0.5 µm (b,d,f) diameter emitter 
tips. 
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Figure 4.3. Electrospray ionization mass spectra of alcohol dehydrogenase ions obtained from 175 
mM ammonium acetate with 1.6 µm (a) and 0.5 µm (b) diameter emitter tips. Electrospray ionization 
mass spectra of bovine serum albumin ions obtained from 10 mM ammonium phosphate (c-d) or 10 
mM ammonium sulfate (e-f) with 1.6 µm (c,e) and 0.5 µm (d,f) diameter emitter tips. 
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Figure 4.4. Total ion signal (purple squares) and total bovine serum albumin signal (green circles) 
obtained from electrospray ionization of 5 µM bovine serum albumin in 150 mM KCl 25 mM Tris-
HCl buffer at pH 7 with a 0.5 µm diameter emitter tip. Each time point corresponds to six signal 
averaged spectra. 
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4.9 Supplemental Information 
 
Supplemental Table 4.1. Signal to noise ratio and number of adducts to ADH tetramer (with and 
without solution additives that desalt proteins), BSA, and concanavalin A tetramer, avidin ions 
obtained from ammonium acetate or 150 mM KCl 25 mM Tris-HCl buffer at pH 7 with 0.5 µm and 
1.6 µm diameter emitter tips. 

 Tip Diameter S/N of most abundant charge state Number of Adducts per charge state 

ammonium acetate 
ADH tetramer (175 mM) 

1.6 µm 6 

24+   129 ± 14  (Na+) 
23+   166 ± 4 
22+   173 ± 22 
21+   184 ± 14 

0.5 µm 630 

26+   39 ± 7 
25+   40 ± 8 
24+   41 ± 9 
23+   42 ± 10 

BSA (175 mM) 

1.6 µm 5550 
16+   6 ± 0.2 
15+   8 ± 0.5 
14+   9 ± 1.6 

0.5 µm 218000 
16+   6 ± 0.1 
15+   7 ± 0.3 
14+   9 ± 0.3 

Concanavalin A tetramer (175 mM) 

1.6 µm 90000 
21+   49 ± 1 
20+   52 ± 2 
19+   58 ± 8 

0.5 µm 134200 
21+   46 ± 2 
20+   48 ± 3 
19+   53 ± 2 

Avidin (10 mM) 

1.6 µm 200 
17+    2 ± 2 
16+    7 ± 2 
15+   36 ± 22 

0.5 µm 1260 
17+    14 ± 6 
16+    21 ± 11 
15+    21 ± 13 

150 mM KCl 25 mM Tris 
BSA 

1.6 µm - - 

0.5 µm 251 
15+ 50 ± 2 (K+) 
14+ 52 ± 2 
13+ 52 ± 2 

Concanavalin A tetramer 

1.6 µm - - 

0.5 µm 750 
20+ 75 ± 24 
19+ 70 ± 12 
18+ 84 ± 26 

ADH tetramer 

1.6 µm - - 

0.5 µm 570 
24+ 124 ± 30 
23+ 123 ± 30 
22+ 123 ± 27 

+ 1.5 % m-NBA 

1.6 µm - - 

0.5 µm 330 
24+ 118 ± 16 
23+   97 ± 32 
22+   97 ± 30 

+ 25 mM NH4Br 
(Collision Voltage 20 V) 

1.6 µm - - 

0.5 µm 90 
24+ 115 ± 4 
23+ 121 ± 15 
22+ 121 ± 13 

+ 1 M ammonium acetate 

1.6 µm - - 

0.5 µm 12 
23+ 163 ± 22 
22+ 186 ± 48 
21+ 185 ± 55 
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Supplemental Figure 4.1. Electrospray ionization mass spectra of bovine serum albumin and 
concanavalin A ions obtained from 175 mM ammonium acetate and avidin from 10 mM ammonium 
acetate with 1.6 µm (a,c,e) and 0.5 µm (b,d,f) diameter emitter tips. 
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Supplemental Figure 4.2. Electrospray ionization mass spectra of ADH ions obtained from 150 
mM KCl 25 mM Tris buffer at pH 7 with 1.6 µm diameter emitter tips with the addition of (a) 1M 
ammonium acetate (b) 25 mM ammonium bromide (collision voltage 20 V) (c) 1.5 % m-NBA 
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Supplemental Figure 4.3. Electrospray ionization mass spectra of ADH tetramer ions obtained 
from 150 mM KCl 25 mM Tris-HCl buffer with 0.5 µm diameter emitter tips (a) without any 
solution additive or with (b) 1 M ammonium acetate, (c) 25 mM ammonium bromide (collision 
voltage 20 V) or (d) 1.5 % m-NBA 
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Supplemental Figure 4.4. Total ion signal (blue) and total protein signal (orange) of concanavalin 
A, BSA, ADH ions obtained from 150 mM KCl 25 mM Tris-HCl at pH 7 with 0.5 µm diameter 
emitter tips as a function of time. Each time point represents six signal averaged spectra.  
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Supplemental Figure 4.5. Scanning electron microscope images of 1.6 µm and 0.5 µm tips.  
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Supplemental Figure 4.6. Electrospray ionization mass spectra of (a) cytochrome c ions obtained 
from 10 mM sodium acetate showing a m/z spacing between adducts to the 6+ charge state which 
corresponds to Na+ adduction, and (b) carbonic anhydrase ions obtained from 25 mM Tris-HCl 150 
mM KCl showing a m/z spacing between adducts to the 10+ charge state which corresponds to K+ 
adduction. 
 



 93 

Chapter 5 
 

Native Mass Spectrometry from Buffers that Mimic the 
Extracellular Environment 

 
 

This chapter is reproduced with permission from: 
 

Anna C. Susa, Zijie Xia, Evan R. Williams 
 “Native Mass Spectrometry from Buffers that Mimic the Extracellular Environment” 

Submitted to Angewandte Chemie, 2017 
 
5.1  Abstract 
 

Nonvolatile salts are essential for the structures and functions of many proteins and protein 
complexes, but nonvolatile salts can severely degrade performance of native mass spectrometry by 
adducting to protein and protein complex ions thereby reducing sensitivity and mass measuring 
accuracy.  Here, small nanoelectrospray emitters are used to form ions of protein and protein 
complexes directly from high ionic strength (>150 mM) nonvolatile buffers that mimic the 
extracellular environment.  Charge-state distributions are not obtained for protein and protein 
complexes from six commonly used nonvolatile buffers with conventional sized nanoelectrospray 
emitter tips but these distributions are clearly resolved with 0.5 µm tips.  This method enables mass 
measurements of proteins and protein complexes directly from commonly used nonvolatile buffers 
and eliminates the need to buffer exchange into ammonium acetate or other volatile buffers 
traditionally used in native mass spectrometry. 
 
5.2 Introduction 
 
 Ions can significantly influence protein structure and function with specific salts regulating 
some interactions between proteins and protein binding with ligands and co-factors.1,2  Salts also 
provide high ionic strength required for some protein complexes to assemble.3 In native mass 
spectrometry (MS), volatile buffers, such as ammonium acetate and ammonium bicarbonate, are 
typically used to provide high ionic strength in order to measure masses, stoichiometries, and 
structures of large protein complexes.4-6 These volatile buffers also provide the additional advantage 
of desalting protein ions at high buffer concentrations.7,8  However, buffers containing nonvolatile 
salts are often used in biochemistry to mimic the extracellular and intracellular environment, which 
has an ionic strength of 150-200 mM.9 Nonvolatile salts degrade mass spectra by adducting to protein 
and protein complex ions, which distributes the analyte ion signal over many peaks thereby reducing 
detection limits, resolution, and mass measuring accuracy. Salt cluster ions also increase chemical noise 
and cause ion suppression which significantly lowers sensitivity.8,10 Individual charge states of protein 
complex ions can be difficult to resolve if buffers, such as Tris-HCl or HEPES, are used in 
concentrations even as low as 10 mM.8 To avoid these adverse effects of salts on protein ion signal, 
nonvolatile salts are typically removed from solutions by dialysis,11 diafiltration,12 or ion 
chromatography,8 and the solutions are buffer exchanged into aqueous ammonium salt solutions prior 
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to electrospray ionization (ESI). Ammonium salts do not adduct to protein ions significantly during 
ESI. However, removing nonvolatile salts from solution can change the structures and chemistry of 
some proteins.  

There are alternatives to desalting protein samples before ESI in order to retain specific salts 
and to reduce the effects of low levels of nonvolatile salts. Reagents that desalt protein ions in the ESI 
process or in the gaseous phase can be used for solutions containing up to 25 mM NaCl. 7,8,13-17  
Nanoelectrospray (nano-ESI) emitters with tip diameters ~1 µm or smaller produce ions that have 
less sodium ion adduction than do those formed using larger tips.18-20 This method has been 
demonstrated for solutions containing organic solvents and acid in which proteins are denatured and 
from aqueous solutions with up to 25 mM NaCl.18,19  It has been proposed that the droplets from the 
smaller emitter tips undergo more solvent acidification and less solvent evaporation and fission events 
than larger droplets.18 Recently, submicrometer tips were used to produce resolved charge-state 
distributions of proteins and protein complexes from a 150 mM KCl 25 mM Tris-HCl pH 7 buffer 
that mimics the intracellular environment.20 Here, we demonstrate for the first time that this simple 
and fast method for producing resolved charge-state distributions of proteins and protein complexes 
is effective for six common buffers containing nonvolatile salts at high ionic strengths (150 mM and 
greater with >137 mM NaCl) that mimic the extracellular environment. 
 
5.3 Experimental 
 

Mass spectral data were acquired using a Waters Quadrupole-Time-of-Flight (Q-TOF) 
Premier mass spectrometer (Waters, Milford, MA, USA). Borosilicate capillary emitters (1.0 mm 
o.d./0.78 mm i.d., Sutter Instruments, Novato, CA, USA) were pulled with a Flaming/Brown 
micropipette puller (Model P-87, Sutter Instruments, Novato, CA, USA) and the tip size was varied 
by changing the velocity and pull parameters. Emitter tip diameters were measured with a scanning 
electron microscope (Hitachi TM-1000 SEM, Schaumburg, IL, USA), and the tip size has a standard 
deviation of ± 10 %. Nano-electrospray was initiated by applying a potential of about +0.6 to 2.0 kV 
to a 0.127 mm diameter platinum wire that is inserted into the capillary and is in contact with the 
sample solution (~5 µL) and the potential was optimized for each sample.  The sampling cone, 
extraction cone and collision cell were held at 100 V, 5 V and 5 V, respectively, and the source 
temperature was 80 °C. The backing pressure in the source region was maintained at ~6-7 mbar. Mass 
spectral replicates were acquired with at least three tips.  The centroid of each protein or protein 
complex ion charge state was determined by fitting the data to Gaussian functions in OriginPro. The 
percent mass increase from salt adduction to the proteins and protein complexes was determined from 
difference between mass calculated from the centroid of the unresolved adducted ions and mass of 
unadducted ions calculated from the elemental composition using average masses.  All chemicals were 
from Sigma (St. Louis, MO) and were used without further purification. 
 
5.4 Results and Discussion 
 

The effects of nano-ESI emitter tip diameter on mass spectra for several protein and protein 
complexes formed from a phosphate buffered saline (PBS) solution (aqueous 137 mM NaCl, 2.7 mM 
KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4) are shown in Figure 5.1e-i and are compared to 
conventional nano-ESI spectra obtained from aqueous 150 mM ammonium acetate without added 
nonvolatile salts (Figure 5.1a-d).  A 1.6 µm tip was chosen because it is on the small end of commonly 
used nano-ESI emitters; commercially available emitter tips are typically greater than 2 µm 
(Supplemental Table 2).  Mass spectra of four proteins/protein complexes formed from PBS show 
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well resolved salt clusters at low m/z and a broad multimodal peak at m/z > 2500 (Figure 5.1e-h).  For 
comparison, results for the same proteins in a 150 mM ammonium acetate solution without added 
nonvolatile salts show well resolved charge-state distributions for these proteins/protein complexes 
(Figure 5.1a-d). No molecular mass information can be obtained from any of the spectra obtained 
from the PBS solution using 1.6 µm tips.  In contrast, the charge-state distributions of the protein and 
protein complexes are well resolved from PBS with the 0.5 µm emitter tips (Figure 5.1i-l).  The charge-
state distributions of these four proteins and protein complexes from PBS are similar to those from 
ammonium acetate (Figure 5.1), but the width of these peaks indicate that the ions are adducted with 
some salt. Adducts to the lowest molecular weight protein, myoglobin, are resolved and show that 
these ions are adducted with a combination of phosphate, potassium and sodium ions (1-3 phosphate 
ions in addition to ~1 K+ and up to 10 Na+). The salt adduction from PBS to myoglobin (17.6 kDa), 
carbonic anhydrase (29 kDa), concanavalin A dimer (52 kDa), avidin tetramer (64 kDa), and 
concanavalin A tetramer (102 kDa) ions increases the masses of these proteins and protein complexes 
by 1.7 ± 0.2, 1.9 ± 0.2, 3.6 ± 1.0, 8.0 ± 0.6, and 3.4 ± 1.0 %, respectively. For comparison, salt 
adduction from ammonium acetate without any added nonvolatile salts increases the masses by 0.2 ± 
0.1, 0.1 ± 0.1, 2.9 ± 0.6, 0.3 ± 0.2, 1.8 ± 0.1 %, respectively, indicating that the extent of salt adduction 
does not directly trend with protein molecular weight but must depend on other factors as well. These 
results demonstrate that submicrometer emitter tips are useful for obtaining resolved protein complex 
ion and protein ion charge-state distributions from solutions containing high ionic strengths of 
nonvolatile salts and that this technique is applicable to proteins and protein complexes with a range 
of pI values, molecular weights and stoichiometries.  

The effectiveness of submicrometer emitters for desalting protein and protein complex ions 
from five additional buffers commonly used in many biochemical laboratories to investigate protein 
structure and function was investigated. Avidin tetramer ions formed from five buffers containing 
~170 mM nonvolatile salts with conventionally sized nano-ESI emitters (1.6 µm inner diameter tips) 
and smaller emitters (0.5 µm tips) are shown in Figure 5.2. Similar results for myoglobin and 
concanavalin A are shown in Supplemental Figures 5.1-5.2. Broad, multimodal peaks are observed 
from m/z ~3000 to 8000 for each of the buffers with the 1.6 µm emitter tips and no individual charge 
states of the avidin tetramer ions are resolved.  In contrast, the charge-state distributions of avidin 
tetramer ions (+14 to +16) are well resolved with the 0.5 µm emitter tips for all five buffers (Figure 
5.2, bottom). The masses of the ions are ~9.6-11.5 % greater than the calculated mass with each of 
these buffers (Supplemental Table 1) indicating a substantial extent of salt adduction. The adducts to 
myoglobin ions from each of these buffers are resolved, and each adduct is composed of either 
multiple Na+ with or without a buffer ion (PIPES, MOPS, HEPES, TRIS, MES) (Supplemental Figure 
5.3). The origin of the broad peaks at high m/z formed with the larger 1.6 µm tips is difficult to 
ascertain, but these peaks start at lower m/z than the clearly resolved protein charge-state distributions 
formed with the 0.5 µm tips.  This effect is most dramatic for MES where the m/z of the broad peak 
formed with the 1.6 µm tip is below that of the highest charge state formed with the 0.5 µm tip.  These 
results indicate that the broad peaks formed at high m/z with the 1.6 µm tips are predominantly large 
salt clusters that may not contain a protein molecule.  
 We recently proposed that this desalting phenomenon with small emitter tips occurs when 
initial droplets are small enough to contain on average fewer than one protein molecule, such that 
small droplets that contain a protein molecule have a lower ratio of salt to protein than larger droplets 
that contain on average multiple protein molecules.20  The much larger salt cluster ions observed with 
the larger tips than with the smaller tips (e.g., Figure 5.2e vs. 5.2j) is consistent with this mechanism. 
The charge-state distributions of the protein and protein complexes from all six buffers with the 
submicrometer emitter tips are nearly identical to those from aqueous ammonium acetate with the 
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larger emitter tips, indicating that any effects of acidification and proton-enrichment of the smaller 
droplets is negligible.18 

This is the only method to produce protein and protein complex ions directly from buffer 
solutions containing nonvolatile salts at concentrations that mimic the extracellular environment that 
does not require any additional preparation of the sample, such as buffer exchanging into ammonium 
salt solutions. This technique is useful for proteins and protein complexes that are not stable in 
conventional native MS buffers that contain ammonium salts or that require high strengths of specific 
salts in solution to maintain native forms and functions. This method for native MS from buffers that 
are commonly used in protein chemistry laboratories eliminates concerns that aqueous ammonium 
salts will alter the native forms and functions of proteins and makes native MS more compatible with 
other traditional biophysical techniques. 

 
5.5 Conclusions 
 

This is the only method to produce protein and protein complex ions directly from buffer 
solutions containing nonvolatile salts at concentrations that mimic the extracellular environment that 
does not require any additional preparation of the sample, such as buffer exchanging into ammonium 
salt solutions. This technique is useful for proteins and protein complexes that are not stable in 
conventional native MS buffers that contain ammonium salts or that require high strengths of specific 
salts in solution to maintain native forms and functions. This method for native MS from buffers that 
are commonly used in protein chemistry laboratories eliminates concerns that aqueous ammonium 
salts will alter the native forms and functions of proteins and makes native MS more compatible with 
other traditional biophysical techniques. 
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5.8 Tables and Figures  
 

 
Figure 5.1. Electrospray ionization mass spectra of 5 µM avidin tetramer (a,e,i), concanavalin A (b,f,j), 
carbonic anhydrase (c,g,k) and myoglobin (d,h,l) ions formed from 150 mM aqueous ammonium 
acetate with 1.6 µm emitter tips (a-d) or phosphate buffered saline with 1.6 µm emitter tips (e-h) and 
0.5 µm emitter tips (i-l). 
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Figure 5.2. Electrospray ionization mass spectra of 5 µM avidin tetramer ions formed from aqueous 
solutions containing 150 mM NaCl and 20 mM of the following buffers (a,f) Tris-HCl, (b,g) MOPS, 
(c,h) PIPES, (d,i) HEPES, (e,j) MES with 1.6 µm emitter tips (a-e) or 0.5 µm emitter tips (g-j) 
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5.9 Supplemental Information  
 
 
Supplemental Table 5.1. Percent mass increase from salt adduction to avidin tetramer, concanavalin 
A dimer and tetramer ions obtained from seven buffers with 0.5 µm diameter emitter tips unless 
otherwise noted. The mass of unadducted ions was calculated from the elemental composition using 
average masses. 
 
Buffer Avidin 

tetramer 
Concanavalin A 
 dimer 

Concanavalin A 
tetramer 

Ammonium acetate (1.6 µm) 0.3 ± 0.2 % 2.9 ± 0.6 %  1.8 ± 0.1 % 
Ammonium acetate (0.5 µm) 0.06 ± 0.2 % 1.6 ± 0.6 % 1.6 ± 0.1 % 
150 mM NaCl 20 mM Tris-HCl 9.6 ± 0.4 % 3.6 ± 0.8 % 3.0 ± 0.4 % 
150 mM NaCl 20 mM HEPES 9.8 ± 1.6 % 3.4 ± 0.4 % - 
150 mM NaCl 20 mM PIPES 10.7 ± 1.3 % 6.0 ± 0.8 % 4.6 ± 0.3 % 
150 mM NaCl 20 mM MES 10.9 ± 0.4 % 8.3 ± 1.9 % - 
150 mM NaCl 20 mM MOPS 11.5 ± 0.3 % 5.5 ± 0.9 % 4.6 ± 0.8 % 
137 mM NaCl 2.7 mM KCl  
10 mM Na2HPO4 1.8 mM KH2PO4
  

8.0 ± 0.7 % 3.6 ± 1.0 % 3.4 ± 1.0 % 

Tris-HCl: tris(hydroxymethyl)aminomethane hydrochloride 
HEPES: 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 
PIPES: piperazine-N,N′-bis-2-ethanesulfonic acid 
MES: 2-(N-morpholino)ethanesulfonic acid 
MOPS: (3-(N-morpholino)propanesulfonic acid 

 
 
 
 
 
Supplemental Table 5.2. Diameters of commercially available nano-ESI emitter tips 
 
Supplier Product Tip size (µm) 
Thermo Scientific ES791, ES792 7, 20 
New Objective - 2-100 
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Supplemental Figure 5.1.  Electrospray ionization mass spectra of concanavalin A obtained from 
aqueous solutions containing 150 mM NaCl and 20 mM of the following buffers (a,f) Tris-HCl (b,g) 
MOPS (c,h) PIPES (d,i) HEPES (e,j)  MES with 1.6 µm (a-e) and 0.5 µm (f-j) diameter emitter tips.  
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Supplemental Figure 5.2. Electrospray ionization mass spectra of myoglobin obtained from aqueous 
solutions containing 150 mM NaCl and 20 mM of the following buffers (a,f) Tris-HCl (b,g) MOPS 
(c,h)  PIPES (d,i) HEPES (e,j)  MES with 1.6 µm (a-e) and 0.5 µm (f-j) diameter emitter tips. 
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Supplemental Figure 5.3. Adducts to myoglobin 8+ charge state obtained from 150 mM NaCl and 
20 mM Tris-HCl, MOPS, PIPES, HEPES, MES and PBS with 0.5 µm diameter emitter tips and 
ammonium acetate with 1.6 µm and 0.5 µm diameter emitter tips. 
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Chapter 6 
 

Summary and Future Directions 
 
 

The work in this dissertation provides insight into the factors that control charging of 
macromolecules in native mass spectrometry (Chapters 2 and 3) and presents a novel method for 
native mass spectrometry of proteins and protein complexes from buffers that mimic the cellular 
environment (Chapters 4 and 5).  Understanding of the factors that control protein ion charging in 
ESI is beneficial to the field of native mass spectrometry because it facilitates interpretation of mass 
spectral data and aids in developing methods to manipulate protein ion charge, which is useful for 
tandem mass spectrometry experiments.  The method for desalting protein and protein complex ions 
from solutions containing high ionic strengths of nonvolatile salts can significantly alter the way native 
mass spectrometry experiments are performed because it eliminates the need to adapt protein 
solutions so that they are compatible with mass spectral analysis.  

Several applications of desalting ions with submicrometer nano-ESI emitter tips could be 
investigated in the future. Many protein complexes require specific buffer conditions with nonvolatile 
salts.  The work presented here in this dissertation demonstrates the use of submicrometer nano-ESI 
emitters to desalt protein and protein complex ions from samples that are relatively stable in 
conventional mass spectrometry solutions such as aqueous ammonium acetate.  It would be 
remarkable to use submicrometer emitter tips to desalt protein complex ions for a complex that is 
only stable in a very specific buffer.  It would also be interesting to investigate a protein or protein 
complex that undergoes conformational change with high ionic strengths of specific salts.  The 
technique of desalting ions with submicrometer emitter tips could also be a tool to enable the study 
of salt-loving (halophilic) proteins in the gas phase.  Halophilic proteins are distinguished from non-
halophilic proteins by their inability to maintain native conformations and activities in low salt 
solutions (typically less than 1 M salt).  This would demonstrate that proteins or protein complexes 
that require very specific salt solution conditions to maintain their native structures and functions can 
be studied in the gas phase without disrupting their native forms and functions by buffer exchanging 
into aqueous ammonium acetate.  
 The work described in this dissertation focuses on protein ions and protein complex ions 
formed from native solutions, but it would be interesting to determine if the submicrometer emitter 
tips can desalt protein ions formed from denaturing solutions containing guanidinium or urea.  High 
concentrations of compounds such as guanidinium or urea are commonly used to denature proteins, 
however these compounds are not compatible with ESI. This would be beneficial for investigating 
the folding/unfolding of proteins with different concentrations of denaturants in combination with 
mass spectrometry.  The capability of forming ions directly from denaturing solutions with 
guanidinium or urea would also be useful for checking protein purity by mass spectral analysis directly 
after protein purification without needing to exchange the protein solution into a denaturing solution 
compatible for mass spectral analysis, such as water/methanol/acid solutions.  
 Another avenue for the use of small emitter tips is for the formation of very small droplets 
that contain only one analyte of interest.  This could be useful for investigating analyte systems for 
which concentration effects interfere with data acquisition or analysis or for mixing droplets that each 
contain a single analyte to determine bimolecular reaction rates.  
 The factors that affect the extent of protein ion charging from aqueous solutions were 
thoroughly investigated (Chapters 2 and 3), but there are some aspects that could still be explored. 
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The experiments in this dissertation are focused on positively charged protein and protein complex 
ions and cations (alkali metal ions, alkylammonium, and ammonium), but effects of anions on 
negatively charged protein and protein complex ions would also provide insight into factors that 
control charging of protein ions in ESI.  Experimental evidence for two of the more recent ion 
formation mechanisms for macromolecules in ESI, the chain ejection model (CEM) and combined 
charged-residue model (CCRFEM), is limited; therefore, more experiments to conclusively determine 
the ESI ion formation mechanism for macromolecules would be of interest.  These experiments are 
challenging, because in order to investigate these ion formation mechanisms, often more than one 
experimental condition is changed at once. For example, changing the identity of buffer ion in the 
ESI solution can also affect the conformation of the protein or a solution additive can change the 
surface tension of the ESI droplet.  
 This dissertation provides insight into the factors that control the charging of macromolecules 
in ESI and demonstrates the first technique for ESI of proteins and protein complexes directly from 
buffers containing ionic strengths of nonvolatile salts that mimic the cellular environment.  This 
changes the way native mass spectrometry is performed by making it more compatible for solutions 
commonly used in biochemical laboratories.  

 
 

 




